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Abstract

Yuan Y.-M. 1993. Seedcoat micromorphology and its systematic implications in Gen-
tianaceae of Western China. Bot. Helv. 103: 73-82.

Scanning electron microscopy of the seedcoats of 46 species from 7 genera of Gen-
tianaceae from mountainous regions of Western China reveals a high diversity of seed
micromorphology. Two main types can be distinguished. The first comprises Gentiana,
Gentianopsis and some species of Swertia with sculptured seedcoats. It may further be
divided into several sub-types each of which corresponds to cither a genus or a section.
The second type is characterized by smooth seedcoats and is observed in Comastoma,
Gentianella, Halenia, Lomatogonivm and some species of Swertia.
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Introduction

The family Gentianaceae has a world-wide distribution and comprises 80 genera with
about 700 species. It is of great interest both to botanists and laymen be its lacge diversity
and the beauty of the flowers of some species. Many studies have been devoted to its
morphology, palynology, cytology and systematics. Some authors have also used micro-
morphology of seedcoats to try to improve its classification. Miége & Wiiest (1984)
studied the European species of Gentiana L. and Gentianella Moench extensively, using
scanning electron microscopy (SEM). They showed that seedcoat micromorphology may
be used to subdivide these genera into sections; they also provided a key based on
seedcoat characters for these species. The seedcoats of some species of Gentiana sect.
Calathianae (Froelich (=sect. Cyclostima Griseb.) have also been studied by Miller
{1982) using SEM.

With its high number of gentianaceous species, the Southwestern mountainous region
of China including the Gansu, Qinghai, Sichuan, Tibet and Yunnan provinces may
represent one of the most important diversification centres of the family. But studies on
the seed micromorphology of the family in this region are lacking, except for a few
general taxonomic descriptions containing brief mentions of seed characters observed
under the light microscope. Seed characters under the light microscope have been used
by Ho (1988) to distingnish and genera. In a revision of the classification of the genus,
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Ho & Liu (1990) have recently recognized six types of seed micromorphology for the
genus Gentiana, The study, however, consisted only of a very general description of the
main types of seedcoats. Detailed observations on more species and a systematic overall
evaluation of the seed micromorphology in the genus Gentiana and the other related
genera are still necessary.

The present SEM observations on seeds of 46 species of 7 genera from Western China
were carried out to elucidate the systematic value of seed micromorphological characters
and, furthermore, to detect evolutionary trends among seed microcharacters and their
correlation with other characters.

Materials and methods

The species examined are listed in the text. All the seeds examined were collected in the field a¢
various localities, either in the Gansu, Shaanxi and Yunnan Province of Western China. Voucher
speciments are deposited in the Herbarium of the Botanical Institute of the University of Ncuchatcl
(NEU).

Sceds suitable for scanning electron microscopy were selected and soaked in warm water until
they reachied their full size and were then fixed in 65% ethanol. After dehydration with ethanaol and
then acetone, the seeds were critical-point dried with CO,, mounted on stubs and subscquently
examined with a Philips PSEM-500 scanning electron microscope after being sputter-coated with ca.
40 nm gold.

Some of the terms defincd by Barthlott (1981) were used.

Observations

1. Seedeoat types in the Gentignaceae

The seeds examined may be classified into two groups and several subdivisions, based
principally on the shape of the epidermal ornamentations of the seedcoat, particularly
the curvature of the outer periclinal wall, or so-called primary sculpture of the seedcoat.

The first is the Gentiana group, inclnding species of the genera Gentiana, Gentianapsis
Ma, and some of Swertia L. with varied sculpture, from fine reticulations to complicated
honeycomb-like or finger-like types. This gronp may be further divided into the follow-
ing subdivisions based on the nature of the primary sculpture:

a) fine reticulate type: the curvature of the outer periclinal wall of the seedcoat forms
fine reticnlate ornamentation with varied shapes and sizes of the meshes. This type is the
commonest in Gentiana sect. Cruciata Gaudin (Fig. 1) and sect. Chandrophyfiae Bunge
(Fig. 9~16).

b) semi-winged type: the seeds have a narrow, obligue wing along one side, as in G.
pudica Maxim. (Fig. 2).

¢) compound lamellar type: the seeds are covered with supercellular membranous
lamellae which form spongy and complex hexagonal pits as in &, apiata N. E. Br. (Fig.
3-4).

d) honeycomb type: the outer periclinal wall of the secedcoat forms honeycomb-like
supercellular pits as in . caflistantha Diels et Gilg (Fig. 5-8).

¢) undulate type: the epidermal cells rise up into undulation-like sculptore as in G.
expansa H. Sm. (Fig. 17-19).
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) winged type: the seeds have peripheral wings., They are either triquetrous, with
wings along three edges as in G. striata Maxim. (Fig. 20), or discoid, with wings along
the periphery, as in S. erpthrosticta Maxim. (Fig. 29). The scuipture on the wings and
seedcoats is of undulate type.

g) pitted type: the seedcoats have irregular pits on their surface as in . difuta (Turcz.)
Bentham et Hooker fil. (Fig. 31) and Gentianopsis barbata (Froelichy Ma (Fig. 24).

h) finger-like type: the epidermal cells of the seedcoat protrude to form finger-like
projections. This type is confined to the genus Gentianopsis (Fig. 21-23).

The second group includes the species of Gentianella, Comastoma (Wetist.) Toyckuni,
Lomatogonium A. Braun, Halenia Borkh. and some of Swertia, with smooth or almost
smooth seedcoats. The outer periclinal wall never forms projections or any other super-
cellular appendages (Fig. 25-28 and 30). The only diversity seems to be in the very fine
dissimilarities of the epidermal cells and in the cuticle morphology of the cell wall, the
so-called tertiary sculpture. It is, therefore, unnecessary to create any subdivision,

2. Seedcoat characters in Gentian

Just as the highest diversity of species occurs in the genus Gentiana, so does the
highest diversity of seedcoat micromorphology. As demounstrated in sections Calathi-
anae, Preumonanthe {(Gled.} Gaudin, and Ciminalis (Adanson) Dumort. by Miége &
Wilest (1984) and Miiller (1982), the seed micromorphology can provide a taxonomically
significant character useful in evaluating intrageneric relationships within the genus. Qur
present studies on Chinese species mostly confirmed this, but some variations were also
noted. The followings are details given section by section.

In sect. Cruciata six species were observed: G. crassicaulis Duthie ex Burkill, G.
dahurica Fischer, G. fetissowii Regel et Winkler, G. macrophylia Pallas, G. officinalis H.
Smith and G. strantinea Maxim. The results show a very uniform micromorphology with
fine reticulate sculpture on the seedcoat surfaces of all species. The veins forming the
reticulations are smooth and much less marked than those of another similar group, sect.
Chondrophyliae. The meshes are smooth and irregular in shape. No distinct interspecific
differences were observed (Fig. 1).

Dolichocarpa T. N. Ho is a new secticn separated from sect. Chondropiiyiiae by Ho
(1875) and based on G. prostrata Haenke. Only one of its species, G. pudica, was
investigated. Each seed has a very narrow, oblique wing along one side, so it was
considered a semi-winged type in tbe present paper. However, the ornamentations on the
seedcoat and wing are similar to that of sect. Chondrophyllae, i.e. reticulate (Fig. 2).

In section Frigida Kusn. only one species, G. apiata N. E. Br,, endemic to Mt.
Taibaishan in Central China, was studied. It has a compound lamellar type of seedcoat
with supercellular membranaceous lamellae covering the seeds. The lameilae are formed
of a complex, sponge-linke structure in which the veins are usvally polygonal with a very
thin membranous cover (Fig. 3-4). This type seems to be the most complicated in the
genus and is confined to tbis section.

Section Monopodiae T. N. Ho is also a new section, segregated from section Frigida
by Ho (1985). Three species, G. farreri Balf. f., G. callistantha and G. regescens Hemsley,
were investigated here. The primary sculpture patterns of the species from honeycombs
with membranous cells (Fig. 5—8). The cells are penta-, hexa- and heptagenal, mainly
hexagonal. A unique feature of the seeds of all species examined in this section is the
special secondary sculpture they posses. These secondary sculpture patterns, such as the
hexagonally raised papillae in G. callistantha (Fig. 5-6) or the hexagonal nets in G.
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Jfarreri (Fig. T) and G. regescens (Fig. 8 A), are restricted to this section and are, therefore,
good diagnostic characteristics. Interspecific differentiation is provided by the shape of
the secondary sculpture and the height of the primary sculpture, that is, of the cells. In
addition, some immature seeds of G. rigescens have a membranous cover over their
honeycomb sculpture which may represent a developmental variation (Fig. 8 B).

Sect. Stenogyne Franchet is heterogeneous in seed micromorpbology. Four species,
G. strigta, G. souliei Franchet, G. prinuliflora Franchet and G. expansa, were examined.
Two different types of seeds were found. The former two species have triquetrous seeds
with three winged edges (Fig. 20}, but the latter two have more or less elliptical unwinged
seeds (Fig. 17-19). The sculpture in all these species is of undulate type, protrusious by
the raising of the epidermal cells (Fig. 17-20).

We paid the most attention to section Chondrophyllae: 18 species were examined; &,
alsinoides Franchet, G. anisostemon Marquand, G. aperta Maxim., G. aristata Maxim.,
G. asteracalyx Diels, G. crassuloides Bureau et Franchet, G. exigua H. Sm., G. heleonastes
H. Sm. ex Marquand, G. intricata Marquand, G. leucomelaena Maxim., G. piaszekii
Maxim., G, pratii Kusn., G. praticela Franchet, G. pseudoaguatica Kusn., G. spathulifolia
Kusn., G. squarrasa Ledeb., G. tricalor Diels et Gilg, and G. vandellioides Hemsley. The
seedcoat sculpture patterns mostly belong to the fine reticulate type. The raised striations
of the epidermal cell boundaries interconnect to form the reticulation. The width of the
gaps between striations, the size and the shape of the meshes vary from species to species.
However, three groups can be recognized. The first, represented by C. crassuloides
(Fig. 9), has straight and smooth, or almost smooth, rather narrowly spaced striations.
Most of the species examined, including G. aperta, G. aristata, G, crassuloides, G. pi-
aszekii, G. pseudoaquatica, G. spathulifolia and G. mricelor, belong to this group (Fig. 9-
10). The second, represented by (. squarresa (Fig. 12), has more or less pronounced
anticlinal undulations and micropapillate secondary sculpture on the periclinal walls and
the raised boundaries of the seedcoat cells. G. leucamelaena, G. pratii and G. vandellioides
also belong to this group (Fig. 11-12). The third, represented by G. asterocalyx and G.
alsinoides, has rather rough striations with some fine irregular, floccose structures
(Fig. 13-16). This group also includes . anisostemon, G. exigua, G. huricata and G,
praticela. 1t is interesting to note that all species of the first and second group were
collected from Gansu and Shaanxi, the northernmost part of the area investigated, but
the species of the third group were collected from Yunnan, the southernmost part of the
area.

3. Seedcaat characters in Gentianella, Comastama, Lomataganium, Halenia, Swertia and
Gentianopsis

In the genus Gentianella the seed of two populations of Gentianella azurea (Bunge)
Holub were examined. Both have very smooth seedcoats with no obvious sculpture
(Fig. 28). This results confirmed the previous, more detailed observations by Miége &
Wiiest (1984) on the European species of the genus.

In the genus Comastoma, C. pulmonarium (Turcz.) Toyokuni and C. pelycladum
{Diels et Gilg) T. N. Ho were observed, both showing smooth seedcoats very similar to
that of Centianella, but granulate on the surface. A few differences can be found between
the above two species: the former has a granulate surface, the latier a somewhat undulate
one (Fig. 25-27).
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Two species of Lamategonium were examined, namely L. rotatum (L) Fries ex Nyman
and L. macranthuwm (Diels et Gilg) Fernald. They also have smooth seedcoats similar to
those of Gentianelia and Comastoma. No interspecific difference was found.

Only one species of Halenia, H. elliptica D. Don, was thoroughly studied. 1t is also
similar to Gentianella in having smooth type seedcoats.

Observations on four species of Swertia, namely S. erythrosticta, S. diluta, S. dichota-
ma L., and §. tetraptera Maxim., revealed a variable situation in the genus. S. erpthros-
ticta has peripherally winged seeds. The seedcoats are usunally smooth or irregularly
wrinkled {Fig. 29). The seeds of 5. difuta have irregularly pitted surfaces, a feature unique
among the materials examined (Fig. 31). However, some seeds of the species have mem-
branous undulation-like covers over these pits (Fig. 32). This we suppose to represent a
developmental variation and the pitted sculpture may be formed from the peeling off of
the membranous cover layer. The seeds of S. dichatoma and 5. tetraptera are similar to
those of Comastoma and Halenia, with very finely granulate (or occasionally smooth)
surfaces (Fig. 30).

Three taxa of Gentianopsis, G. paludosa (Hooker fil.) Ma var. paludosa, G. paludosa
var. ovata-deltoidea (Burkill) T. N. Ho, and G. barbata, were examined in this genus,
Characteristically, all materials show finger-like sculpture on the outer surfaces of the
seedcoats. The finger-like projections are usnally longer along the periphery and shorter
on both the dorsal and ventral surfaces (Fig. 21-23). Some interspecific variations of
sculpture were observed. The seeds of . paludosa possess finger-like projections
throughout their ripening process (Fig. 21-22), while the seeds of G. barbata vsually
have finger-like projections only along the periphery (Fig. 23), or have only pits instead
of this type projections on their whole surface at maturity (Fig. 24). This may represent
a developmental variation where the pits were formed from the shedding of the finger-
like projections.

Discussion

Seed morphology has been used for a sectional classification of the genus Gentiana.
The present examinatioris of more species and genera from China under SEM further
confirmed that seeds of the family show considerably diversity but also relative stability
in certain taxa. Among the closeiy related genera in the subtribie Gentianinae, two groups
have been recognized, based on the position of floral glands: the Gentiana group, includ-
ing Gentiana, Crawfurdia Wall., Tripterospermum Blume and Megacodan (Hemsley) H.
Sm., and the Gentianella group, including Gentianella, Comastoma, Gentianopsis, Lo-
matogonium, Lomatoganiopsis T. N. Ho et S. W, Liu, Swertia and Halenia (Ho & Liu
1990). The present studies on seedcoats confirms this division to a certain extent. Al-
though only the largest genus Gentiana was studied here, the former group has sculptured
seedcoats, while the latter has mostly more or less smooth seedcoats, except for the genus
Gentianopsis and some species of Swertia. Gentianopsis was based on Gentiana sect.
Crassapetalim Froelich ex Griseb. (Ma 1951). Both gross and micromorphology confirm
the division. The specific finger-like sculpture on the seedcoats also justify its isolated
position in the Gentignella group mentioned above. 1t is also far from the Gentiana group
from the point of view of seedcoat sculpture.

1a the genus Genrtiana, different patterns of seedcoat sculpture generally distinguish
sections and may be diagnostic characters, except that sections Cruciata and Chondrao-
phyliae have somewhat similar reticulate seedcoat sculpture even though they are quite
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different in gross morphology. Section Monopodiae was split off from section Frigida on
the basis of their different branching patterns (Ho 1985). The seedcoat micromorphology
confirms this division, since sect. Frigida has primary sculpture of the compound lamellar
type and no obvious secondary sculpture, while sect. Monopodiae has honeycomb-like
primary sculpture with special hexagonally raised secondary scuipture. In sect. Chondro-
phyliae \hree different groups of seedcoat sculpture with subtle differences were distin-
guished. This seems to be correlated with the geographical distribution as mentioned
above. In Sweriia and Gentiana sect. Stenogyne seed micromorphology is not always
congruent with the gross morphology, especially as regards the presence of wings and the
shape of the seeds. Since only limited numbers of species were studied, it is necessary to
check more species before any valid conclusion can be drawn.

The developmenial variations of seed micromorphology are worthy to be taken into
account, no only because the give a better comprehension of sculpture development but
also because they snpply indications for understanding both the evolution of the sculp-
ture patterns and the relationships between the different types of the sculpture. They also
remind ws of the importance of avoiding the confusion between developmental and
phylogenetic variations of sculpture when we compare different taxa: Genitanopsis bar-
bata and Swertia diluta, for example, have similar seedcoat sculpture patterns at maturi-
ty, but these patterns have very different origins.

T am much indebted to Prof. Ph. Kiipfer for his kind support during this study and to Dr. K.-L.
Huynh for his kind gnidance in electron microscopy and critical reading of the manuscript. Mr, E.
Fortis kindly prepared the SEM-micrographs; Dr. B. Ciot and M. Krihenbiihi read the manuscript;
Hui Ma, Xiang-qgiong Li, Qing Zhou and Ping Wu helped me in collecting materials; Ms. E. Boss
and C. Fischer kindly polished the English of the text; an anonymous reviewer improved the style
of the text; T am very grateful for all this help.
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Karyological studies on Gentiana section Cruciata Gaudin
(Gentianaceae) from China

YONG-MING YUAN
Botanical Institute, University of Neuchétel, Chantemerle 22, CH-2007, Neuchitel, Switzerland.

SUMMARY — Chromosome numbers and karyotype structures were detetmined for
12 populations of 6 species of Gentiana L. sect. Cruciata Gaudin from China. The
basic chromosome number x = 13 was confirmed for all the taxa. G. straminea Maxim.
is tetraploid (22 = 52); while G. crassicandis Duthie ex Burkill, G. daburica Fischer, G.
fetissowii Regel et Winkler, G. macrophylia Pallas and G. officinalis H. Sm. are diploid
(2n=206). The chromosome numbers of G. crassicanlis and G. officinalis are reported
here for the first time. The karyotypes of the species belong to the 1A and 2A types
according to STEBBINS’ asymmetry classification of karyotypes. The existing karyologi-
cal studies on the genus Gentiana are concisely reviewed and the differentiation of
species and its mechanisms are discussed.

INTRODUCTION

1. Karyological background of the genus «Gentiana» L.

Gentiana (Gentianaceae) is a subcosmopolitan genus with 15 sections and
361 species, according to Ho and Liu (1990). 312 species are known in Asia, of
which 247 occur in China. The mountain regions of SW China and NE Burma
(between 25°-34° N and 91°-105° E) are rich in species and may represent one
of the most important centers of origin and diversification (Ho and Liu 1990).

There is no doubt that cytological characters, especially chromosome
numbers and karyotypes, play an important role in modern plant taxonomy.
But, referring to the genus Gentiana, chromosome data have contributed little
towards resolving the problems of classification and phylogeny, because for
many species, especially some key species from Asia, the existing chromosome
data are extremely incomplete. Among the total of 361 species, about 95 have
been studied cytologically so far (Table 1). All the European species (ca. 29)
and almost all the American species (ca. 30) of the genus have thus been
investigated. But, although a high specific diversity occurs in China, very few
species (ca. 5) have been observed cytologically: Some beautiful Chinese
ornamental species such as G. sino-ormata Balf. {. and G. farrerii Balf. f. were
introduced in Europe more than 50 years ago, but, surprisingly, still no
chromosome number reports exist for them.
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TaBLE 1 - Gametic chromosome numbers known for the sections of the genus Gengiana (data upto
1991, our data not included),

Number of species in a section for which each gametic chromosome
number has been reported *

Section afb
p=7 8 91011121314 1516 18 1920 21 22 24 26 48
Calathianae 14/14 1 11 2711 1 :
Chondrophyilae 23158 310 1 4 4 1 .1 2 1-
Ciminalis 77 7
Cruciata 8/21 1? 1?7 3 1» 3
Dolichocarpa 312 2 1
Fimbricoma 0/4
Frigida 6{18 3 2 1
Gentiana 5/5 5
Isomeria 0/18 -
Microsperma 0/10
Monopodiae 2{37 11
Otaphora 0/12
Phyllocalyx 01
Preumonanthe 27138 26 1
Stenogyme 0/14
Total 951369 1 12 311 1 533 2 7 113 1 7 2 2 2 51

a: the number of species for which a chromosome number has been reported.

b: total number of species belonging to each section according to Ho and Liv (1990), except for the
sections Calathianae (after MULLER, 1982) and Ciminalis [a.fter Tutm, 1972). There are therefore 8
mote species hete than in the text.

* Species with different chromosome number reports were calculeted repeatedly.

Actually, some pioneer karyological observations have been made on
Gentiana (e.g. Saka1 1934, 1940; Woycickr 1933), but their results were either
indefinite or were mentioned only briefly in regional stodies. The genus was
not properly known till the studies of Rork (1949) and Favarcer (1949,
1952). Rork (1949) studied a wide geographical range, including species from
Asia, Europe and America, while FAVARGER (1949, 1952) mainly studied the
European species. These contemporary contributions permitted a significant
advance in our cytotaxonomical knowledge of Gentiana. Since then, chromo-
some number counts on the genus have been accumulating (see for example,
the obsetvations of MeHra and GIiLL (1968), MALLIKARJUNA et al {1987),
Wabpa (1967) and VaSUDEVAN (1975} on the Himalayan species, SKALINSKA
(1951), Kuprer (1974, 1980), Love and Love (1975, 1986) and MULLER
(1982) on European species, ZHUKoOVA (1967, 1980, 1982), KRASNOBROV ¢f 4/,
(1980) and KrocuLEvIicH (1978) on Russian species, SHiGENoBU (1982, 1984)
on Japanese species, PosT (1983} and WeAvVER and ROUDENBERG (1975) on
American species, BORGMANN (1968) on New Guinea species).
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From the chromosome data available, one finds that most of the sections
(they were defined mainly using gross morphological criteria) are polybasic,
except for the two European sections Ciminalis (Adanson) Dumort, and Gen-
tiana whose members all have 22 =36 and 2# =40 chromosomes respectively.
So far, chromosome numbers of 2# =14, 16, 18, 20, 22, 24, 26, 28, 30, 32, 36,
38, 40, 42, 44, 48; 52 and 96 have been recorded for the genus (cf. Table 1).
The cytotype with the lowest chromosome number of 2#=14 was reported
only for G. nivalis L. The chromosome number 27 =26 is the most widely
distributed both geographically and specifically, e.g. in the sections Preumo-
nanthe (Gled.) Gaudin and Cruciata. The numbers 27 =24, 26, 42 have been
recorded for the section Frigida Kusn. The greatest diversity of chromosome
numbers occurs in the sections Calathianae Froelich (=sect. Cyclostigmma Gri-
seb.) and Chondrophyllae Bunge. The first is well represented in Europe, the
second in Asia, MULLER (1982) published rhe numbers 2# = 14, 20, 22, 28, 30,
32, and 38 for the section Calathianae. Although the chromosome data availa-
ble are quite incomplete and the majority of its species has still not been
investigated cytologically, the section Chondrophyllae also shows a great varia-
tion with 2n= 18, 20, 24, 26, 36, 40, 44, 48, 96-98. Intraspecific polyploidy
was recorded for G. carinata Griseb. with #=10 and 20 from the W Himalaya
(Vasuoevan 1975), and G. #ipponica Maxim. with 27 =36, 96, 97 and 98 from
Japan (SHiGENoBU, 1982). There are some sections such as Isomeriz Kusn.,
Microsperma T.N. Ho, Monopodiae (H. Sm.) T.N. Ho and Stenogyne Franchet
for whom no chromosome data are as yet available.

The geographical distribution of the chromosome numbers shows that in
N America the number most commonly found was 2#=26. Two cytological
dlvemty centers can be recognized based on the existing chromosome data.
One is in European Alps and the other in the Himalaya. But one may also
expect to find high diversity in the mountain regions of W China which is rhe
area of the highest specific diversity for this genns.

The mechanisms of chromosome variation in the genus Gentiana are not
well understood. MULLER (1982) suggested centric fission from an ancestral
number of x=35 to explain the origin of the number n=7 in sect. Calathianae.
But it is still difficult to explain the relationships among so many different
numbers and the existence of a real relarionship of chromosomal centric fission
and Robertsonian rranslocation (centric fusion) still remains to be confirmed. It
is obviously impossible to draw a valid conclusion concerning chromosomal
evolution without considering the high specific diversity occurring in W China.

Hovrue (1973) and LOvE and LovE (1972, 1975, 1986) have advocated the
splitting of the genus Gentiana into several smaller so called monobasic genera,
based on limited morphological criteria and basic chromosome numbers. The
proposed genera are named Calathiana Delarbre (= sect. Calathianae), Chondro-
phylla A. Nelson (= sect. Chondropbyllae p.p., based on G. prostrata Haenke),
Ciminalis Adanson (=sect. Ciminalis), Dasystephana Adanson (=sect. Pneu-
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monantbe p.p., based on G. asclepiadea L.), Favargera Love et Love (=sect.
Frigide p.p., based on G. froeblichii Jan ex Reichenb.), Gentiana L. s. str.
{=sect. Gentiana), Gentianodes Love et Love (=sect. Frigida p.p.+ sect. Iso-
meria p.p. + sect. Microsperma p.p. + sect. Monopodiae p.p., based on G. frigida
Haenke), Holubogentia Love et Love (=sect. Chondrophyllae p.p., based on G.
pyrenaica L.), Kuepferella Lainz (= sect. Chondropbyllac p.p., based on G. boryi
Boiss.), Prenmonanibe Gled. (=sect. Prnenmonantbe excl. G. asclepiadea) and
Tretorhiza Adanson (=sect. Cruciata). However, these further divisions of
Gentiana have rarely been accepted {(PRINGLE 1978; Ho and Liu 1990). In fact,
the split groups do not necessarily possess a unique basic number, e.g. in
Calathiana at least 7 different basic numbers have been shown to exist. What's
more, basic numbers are still not always congruent with morphology in these
groups. The majority of species of the genus is uninvestigated cytologically and
new basic numbers are still being found, one after another. Thus, splitting
might well simply add to the confusion, while the real cytological mechanism
influencing the variation of chromosome numbers is not yet well understood.
More studies on the chromosomes and karyotypes of the whole genus are
needed before considering recognizing these groups. MUOLLER's (1982) study on
the section Calathianae is an example which should be followed. He studied the
cytotaxonomy and cytogeography of 14 species of the section extensively,
throughout their whole distribution area. This kind of study is absolutely
needed for the other sections.

The present studies were carried out in order to answer some of the
questions cotcerning chromosome data of Chinese species, especially the spe-
cies from the high altitude regions of W China. We attempted, by observing as
many species as possible, to find the key chromosome numbers and the links
between them, in order to explain the cytotaxonomical and cytogeographical
relationships among different species of the genus, and to undetstand the
evolutionary history of the genus better. On this basis we hoped to then
establish a natural and useful classification. Since the existing chromosome
data suggest that the combination of dysploidization and polypleidization play
a great role in speciation of the genus, we paid special attention to the analysis
of karyotype structure, in order to evaluate karyotype repatterning and to
elucidate the basic chromosome numbers for each section. The results obtained
will be published successively, the first part presented here concerning the
karyology of the section Cruciata.

2. Karyological studies on «Gentiana» sect. «Cruciatay Gaudin

The section Cruciata comprises 21 species distributed in the Eurasian
temperate area, with a specific concentration center in W China and the
Himalayan region. Among the 21 species, 16 occur in China (Ho and Liu
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1990). Chromosome numbers have been published previously for 8 species, but
no detailed karyotype was given. Wovcickr (1933) was the first to give an
approximate gametic chromosome number of #=ca. 16-18 for G. fetissowii
Regel et Winkler from this section. RORk (1949) did the most extensive
investigation on chromosomes of the section. She counted chromosome
numbers of 27 =26 and 52 for five taxa of the section (see Table 2) which were
confirmed by later workers, except the count of 2n=42 for G. macrophylia
Pallas which was found to be 2n =26 by KroGuULEVICH (1978) and 2»=24 by
BeLaeva and Stevinsky {1975, 1977).

ZHUKoVA (1967) gave 21 =52 for G. walujewii Regel et Schmalh. and G.
tibetica King ex Hooker fil., and 2rn=16 for G. phlogifolia Schott et Kotschy
{=G. cruciata ssp. phlogifolia (Schott et Kotschy) Tutin) for which Rork (1949)
and LOvE and LovE (1986) counted 2# =52, MATVEEVA and TIKHONoOVA (1968)
published 2# =26 for G. olgae Regel et Schmalh. KroGULEVICH (1978) counted
2n =26 for G. decumbens L. but Love and LovE (1986) found 2# =52 for this
taxon under the name Tretorbiza decumbens (L.) Love et LOv. The present
paper gives a primary karyoilogical observation on the section with detailed
karyotype analyses.

MATERIALS AND METHODS

The taxa analyzed were Gentiana crassicanlis Duthie ex Burkill, G. daburica
Fischer, G. fetissowii Regel et Winkler, G. macrophylla Pallas, G. officinalis H. Sm. and
G. straminea Maxim. The species along with their origins are listed in Table 2. Seeds
were collected in the field. The sampling sites are shown in Map 1. Vouchers were
collected at the same places and were deposited both in the herbarium of the
University of Neuchétel, Switzerland (NEU) and in that of Lanzhou University, China
(LZU). Seeds were germinated in petri dishes on wet filter papers at room temperature.
Root tips were pretreated with a saturated water solution od a-bromonaphthalene for
110 minutes at room temperature and then fixed with Carnoy 3:1 for at least four
hours. After washing out the fixer completely with water, the root tips were stained in
196 aceto-orcein for one hour, and then heated gently for 2-3 minutes over a flame,
before, being squashed in 459% acetic acid. This procedure mainly follows that of
KrinenstUHL and KUprer (1992). Photographs were taken with a Leitz-Diaplan
microscope and drawings were made with the camera lucida apparatus from remporary
and permanent shdes.

The well spread chromosomes were measured from at least five cells. The
terminologies used for centromere positions were those defined by LEvan ez a/. (1964).
StEBBINS’ (1971) asymmetry classification of karyotype, and the intrachromosomal
asymmetry index (A} and interchromosomal asymmetry index (A;) introduced by
RoMERO Zarco (1986) were followed.
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Map. 1. — The sampling si&s' of the populations of Gentiana sect. Cruciata examined. & G.
crassicaulis, & G. daburica, I, G. fetisowii, ® G. macrophylla, B G. officinalis, 4 G. straminea.

RESULTS

1. Chromosome number.

All the populations of G. crassicaulis, G. daburica, G. fetissowii, G.
macrophylia and G. officinalis investigated were uniformly diploid, with 2rn=26
(Table 2 and Figs. 1-4,6). However, one individual of G. fetissowit was found
to have a chromasome number of 2#=26 + 2B. Along wirh rthe two very small
B-chromosomes, we discovered two chromosomes showing telomeric secondary
constrictions which did not appear in other individuals. The populations of G.
straminea were tetraploid with 27 =52 (Table 2 and Fig. 5). The chromosome
numbers for G. crassicaulis and G. officinalis are reported here for the first
time. The chromosome numbers for the other species were confirmed. The
basic number of the section Cruciata is then undoubtedly x=13.
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2. Karyotype siructures.

The karyotype of the species investigated are illustrated in Figs. 7-12.
Karyotype structure, chromosome length range, the ratio between longest and
shortest chromosomes, the proportion of the chromosomes where the arm
ratios are higher than two, karyotype classification after STEBBINS (1971) and
karyotype asymmetry indices (A, and A,) after RomMERO Zarco (1986) are
listed in Table 3. The chromosomes of the section are small, and the mean

TasLE 2 - Chromosome numbers of Gentiana sect. Cruciata.

Taxon Coll. Lo_ca]jty and Chrom. Author
no. altitade no.{2#)
G. crassicandis G129  Lijiang, Yunpan, 3250m 26 . “presént
G, cruciata — = 52 Rork (1949); Majovsky & a4l (1974);

HomrL & WierrerING (1979);
SEmMERENKO (1983);
Live & Love (1986)

G. phlogifolia — - 52 Rork (1949); Léve & Lave (1986)
16 ZHUKOVA {1967)

G. daburica G153  Xiahe, Gansu, 2950m 26 present
G183 Hezuo, Gansy, 2900m 26 present
— - 26 Rork (1949)

G. decumbens — - 26 KrocuLEVICH {1978)
— —_ 52 Lave & Love (1986)

G. fetissowii G168 Lanzhou, Gansu, 2460m 26 present
- - 32-36* Wovcickr (1933)
G. macrophylla G176  Maqu, Gansu, 3350m 26 present
G184 Hezao, Gansu, 2900m 26 present
G195  Dangchang, Gansu, 2650m 26 ptesent
— - 42 Rork {1949)
24 BaLaEva & SreLvinsky (1975, 1977)
26 KroguLevich (1978)

G. officinalis G165 Lanzhou, Gansu, 2600m 26 present
G.175 Hezuo, Gansa, 2900m 26 present

G. olgae — — 26 Matveeva & TikHonova (1968)

G. straminea G134 Xiahe, Gansu, 2950m 52 present
G179 Maqu, Gansu, 3350m 52 present
G189  Luqu, Gansa, 3300m - 352 present
- - 52 Rowk {1949)

G. tibetica — - 52 Zuukova (1967)
G. walvjewii — — ‘52 ZHukova (1967)

* the number originally given was gametic, #=ca. 16-18.




Figs. 1-6. — Metaphase chromosomes of Gentiana spp. 1. G. macrophylla (G 176} 21= 26, 2. G.
crassicanlis (G 129) 2n=126, 3. G. fetissowii (G 168) 2n =26, 4. G. daburica (G 153) 2n=26, 5. G.
straminea (G 154) 2n =352, 6. G. officinalis (G 175) 2n=26, Arrows indicate the satellited chromo-
somes.






Figs. 7-12. — Karyograms of Gentiana spp. 1. G. macropbylia (G 176), 8. G. crassicanlis (G 129),9. G.
fetissowii (G 168), 10. G. daburica (G 1533), 11. G. officinalis (G 179), 12. G. straminea (G 154).
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TaBLe 3 - Karyotype structure of Gentiana sect. Cruciata.

Length
Texon i;’“' Karyotype range LS P Type A A
C. structure {um) i

G. crassicaulis G129 2u=2m(SAT) +22m+ 2sm 1426 179 0.08 2A 0235 0.169
G. daburica G153 2n=2m({SAT+20m + 4sm 1426 188 000 1A 0286 0.171
G183 Zn=2m(SAT)+22m+2sm 1.3-22 1.75 008 2A 0.183 0.198

G. macrophylla G176 2n=2m{SAT)+22m+2sm 14-22 170 000 1A 0297 (.13
G184 2x=2m{SAT)+24m 1625 155 0.00 1A 0.228 0.119

G195 2n=2m{SAT)+20m+4M 1626 169 000 1A 0.189 0.148

. fetissowii G168 2Zn=2m(SAT+20m+4M 1522 1.82 0.00 1A 0.184 0.165
. officinalis G165 2n=2m{SAT)+21m+ 3sm 1.5-2.6 171 0.04 2A 0237 0.157
G175 2n=2m(SAT)+22m+ Zsm 1.4-22 157 0.00 1A 0.154 0.124

G. straminea G154 Zu=4m{SAT)+44m+4sm 1.6-3.0 192 0.04 2A 0.223 0.158
G179 2#=2m{SAD+42m+2M+ 1629 182 004 2A 0214 0.166

+ b6sin
G189 2¢=2m{SAT)+ 50m 1.221 174 0.00 1A 0205 0.122

(N g

L: length of the longest chromosome in a karyotype.

S: length of the shartest chromosome in a karyotype.

P: proportion of the chromosomes of which the arm ratioes are more than 2 in a karyotype.
Type: referring to the classification of karyotypes of Stesems {1971).

A, the intrachromosomal asymmetry index defined by Romero Zarco (1986).

Ay the interchremosomal asymmetry index defined by Romero Zarco (1986).

lengths range from 1.2 to 3.0 pm. According to STEBBINS’ (1971} classification,
the karyotypes of the populations belong either to type 1A or 2A and have very
uniform metacentric chromosomes. Only a few submetacentric chromosomes
(usually involving the longest pair) were found, with the arm ratios ranging
from 1.7 to 2.2 in each karyotype. Some chromosomes are sometimes so similar
morphologically that it is difficult to recognize homologous pairs, except for
the four longest, two satellited and two shortest ones. However, on the whole,
the karyotypes of all the populations are very symmetrical. The commonest
karyotype of the diploid species is 2 = 2m(SAT) + 22m + 2sm. The tetraploid
species G. straminea has chromosomes similar to the diploid species. We
noticed that two or occasionally four satellites were visible.

The variations of karyotype mainly involved the changes of satellite
number and position, the appearance of additional secondary canstrictions and
the changes of arm ratios of some chromosomes. Heterozygous chromosome
pairs were found in some populations of G. officinalis, The longest pair of
chromosomes of the population G165 was heterozygous with one submetacen-
tric chromosome (arm ratio = 2.16) and another metacentric (arm ratio = 1.18),
but in population G175, the heterozygous pair were the satellited chromo-
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(A} against interchromosomal asym- 010 -
metry index (A;) of the karyotypes of
the populations examined. The symbols
of the species are the same as those used 1 1 L !
in Map 1. 015 020 025 030 A

somes with different sizes and arm ratios. Usually there is a pair of chromo-
somes bearing satellites in every karyotype, but exceptions with no visible
satellite or with only one satellite exist. Additional secondary constrictions
were observed in G168, G129, and G183. All the variations mentioned above
may be of little importance for classification, but their presence at least
revealed that species and even populations are heterogeneous and that some
structural changes of chromosomes exist which accumulate the fundamental
material necessary for karyotype repatterning.

According to STEBBINS’ (1971) classification, the asymmetry of the karyo-
types in this section seems very conservative. The 2A type does not differ
significantly from the 1A type among the species of the section. In fact, in the
2A type, usually only one pair of chromosomes is submetacentric with an arm
ratio a little higher than 2. The asymmetry indices are quite close to one
another; the differences between populations of the same species and between
different species are also on the same scale. We can see in the scatter diagram
(Fig. 13} that species overlap and that no clear disjunction exists between
them, except however for populations of G. daburica (G153 and G183) and G.
crassicanlis (G129) which have an asymmetry level slightly higher than the
others.
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DISCUSSION

Qur karyological observations clearly established that the basic chromo-
some number of x =13 is fairly stable in this section. The ouly chromosome
number variation, 2»=26+2B, observed in G. fetissowii, seems to be the
result of chromosome structural changes. Considering the chromosome
numbers previously reported for the section Cruciata, one realizes that most
reports were either diploid (27 =26) or tetraploid {27 =52} {(cf. Table 2). The
number 2» =16 reported by ZHUKOVA (1967) for G. phlogifolia is very differ-
ent from the basic number and -needs to be confirmed. For the same taxon,
both Rork (1949) and LovE and Love (1986) always counted 2#=52. For G.
macrophylia, a widely distributed and polymorphic species, we always found
2n=26, but BaLaeva and Srerivinsky (1975, 1977) reported 24 =24, which
could be the result of structural changes of the chromosomes. In addition,
Rork (1949) reported 21 = 42 for the same species introduced in Ottawa. This
we suppose could be caused by natural hybridization in the botanical garden.

The diploid species known for the section Cruciata are mainly distributed
in the northern and western parts of China, in Siberia, the Far East and
Ceniral Asia. The most widespread and the only species of the section native to
Europe, G. cruciata, is always tetraploid. A few other tetraploid species are
regionally sympatrical with diploid species in W. China. G. straminea especially
may be found on the same sites as the diploid species G. macrophylla and G.
daburica mn SW Gansu {Map 1). The southernmost species of the section, G.
crassicanlis, distributed in the high mountain meadows (usually above 3000m)
of the Yunnan, Sichuan, Tibet and Gansu Provinces in SW China is similar to
G. ttbetica (2n=52) but much bigger than the latter. It was suspected to be a
polyploid species, but our observation revealed that it is diploid, with 2»=26
chromosomes. The distribution pattern of the cytotypes, in accordance with
the high diversity of species, indicates that the western and southwestern
highland of China represents the most important diversification and probably
origin center of the section.

G. macrophylla, G. fetissowii and G. officinalis form a very closely related
complex. Some authors treated them as intraspecific variations (e.g. Ma ef al
1964). They can be distinguished by some trivial characters such as the ratio of
the length of the corolla and calyx, corolla colour and shape. They are
parapatrically distributed with a contact zone in SW Gansu where our mater-
ials were collected. The karyotype analysis indicates that their karyotypes are
also similar to each other. We suppose that they might have been differentiated
from a common ancester by structural changes of chromosomes and that up till
now, the reproductive barrier has not become effective between them, there-
fore permitting occasional hybridization and backerossing between the popula-
tions. This could explain why it is difficult to differentiate them morphologi-
cally, as well as why the variations between their karyotypes are so small. The
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other diploid species, G. crassicaulis and G. daburica, may have followed a
similar differenciation process, but they are now well isolated genetically, and
have also become well differentiated ecologically from the other diploid spe-
cies, G. crassicaulis occupying higher altitudes and G. daburica drier and
sunnier places. Karyologically both species have a greater karyotype asymmetry
than the others (Fig. 13).

The mechanisms of speciation in the section could be both rapid and
gradual. Polyploidization supplies the possibility of rapid speciation, but at the
diploid level the main cause of speciation is probably structural changes of
chromaosomes and gene mutations, reinforcing the barriers between populations
and between species gradually. We suppose that equal or occasionally unequal
reciprocal translocation is the main mechanism of chromosome structural
changes in the section, because in the diploid species all the populations have
the same number and a similar karyotype with 2 high proportion of metacentric
chromosomes. Therefore the breakages probably often happen withiu or near
the centromeres and easily result in an equal reciprocal translocation. Obvious-
ly this will not influence the asymmetry of the karyotype. However, analyses of
chromosome pairing during meiosis and studies of chromosome banding might
supply some more direct evidence and are therefore necessary to complete our
knowledge of these questions.
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INTRODUCTION

Section Frigida Kusn. s. 1. refers to the circumscription of the section by
SMITH (1961) and PRINGLE (1978). They lumped section Isomeria Kusn,
with the section Frigide Kusn. both of which were recognized by
KUSNEZOW (1895) in his first comprehensive monograph of the genus. But
some other authors split the group into several sections or even genera; for
examples, LOVE & LOVE (1972) established two genera for this group,
mainly according to the basic chromosome numbers {(see below): the
monotypic Favargera Love et Love based on Favargera froelichii (Jan ex
Reichenb.} Love et Love (= Gentiana froelichii Jan ex Reichenb.) and
Gentianodes Love et Love which included all the other members of this
gronp. But, in their very recent revision of the classification of Gentigna L.,
Ho (1985) and Ho & LIU (1990) adopted a rather narrower concept for the
section and rejected the splitting of the group into different genera. They
recognized the sections Isomeria and Frigida of KUSNEZOW (1895) and esta-
blished three additional sections: Monropodiae T. N. Ho and Phyllocalyx T.
N. Ho, split from the section Frigida sensu Kusnezow, and Microsperma
T. N. Ho split from Isomeria sensu Kusnezow. The diagnostic characters of
these newly established sections were mainly the branching patterns, habits
and seed characters. For the sake of convenience, we follow their narrower
sections in the following discussion.

According to Ho & Liv (1990), the section Frigida sensu Ho & Lin
consists of eighteen species distributed in the northern temperate area, from
Europe to Asia and North America, with a high concentration in the moun-
tainous regions of Southwestern China and Northeastern Burma (15
species). Two species, G. frigida Haenke and G. froelichii, are endemic to
the Alps, Carpathians and Southwestern Bulgaria. North America shares 2
species, G. algida Pallas and G. glauca Pallas with Northeastern and Eastern
Asia. The sections Monopodiae and Microsperma, consisting of 37 and 10
species respectively, are restricted to Eastern and Southeastern Asia and the

Extrait du Bulletin de la Société neuchditeloise
des Sciences naturelles, t. 116, fasc. 2, 1993
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Fig. t. The sampling sites of the populations of Genfiana species examined and their cor-
responding chromosome numbers,
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adjacent Himalayan are¢a, The highest diversity occurs in the southwestern
provinces of China and the eastern Himalayan region. The monotypic
section Phyllocalyx includes only G. phvllocalyx C. B. Clarke found in the
Himalaya and Southwestern China.

Chromosome numbers have been reported for seven species and one
variety of this group, from Europe, Northeastern and Eastern Asia, and
North America (cf. Table 1). Among them, G. algida, the most widespread
species of this group, and G. glauca have been well studied, The numbers
reported for the whole group are of 2n = 24 for most species. Nevertheless,
a few species differ. Thus G. froelichii was always counted as having
2n = 42 chromosomes (FAVARGER 1965; LOvVKaA ef al. 1971, 1972). It is
precisely based on this distinct number that LOVE & LOVE (1972) esta-



TABLE 1,
The previous reports of chromosome numbers on Gentigna sect, Frigida s 1,
Taxon Origin Chrom. no. {2n) Reference
sect. Frigida s.s.
G, algida Siberia 24 KRASNOBOROV &
ROSTOVTSEVA (1975)
Siberia 24 KRASNOBOROV ef al. (1980)
Tunkinsky M. 24 KROGULEYVICH (1976)
Sayanskiy Mt. 24 KROGULEVICH (1978)
Colorado 24 LOVE & LOVE (1975)
Japan 24 SHIGENOBLU (1984}
Altai 26 SOKOLOVSKAYA &
STRELKOVA (1938)
NE Yakutsk 24 YURTSEY & ZHUKOVA
(1582)
W Chuokotka 24 ZHUKOVA (19673)
unkown 26 ZHUKOVA (1967b)
Anyuy Mt. 24 ZHUKOVA (1980)
W Chukotskiy 24 ZHUKOVA & PETROVSKY
{1976}
. algida var. Japan 24 SHIOENORU (1984)
igaraskii
G. frividg Czechoslovakia 24 MURIN (1974)
Tairy Mi. 24 SKALINSKA (1951)
G. froelichii Slovenia 42 FAVARGER (1965)
Slovenia 42 LOVKa et al. (1971, 1972)
G. glauca Alaska 24 DAWE & MURRAY (1979}
Alaska 24 JOHNSON & PACKER (1968}
Yukon 24 MULLIGAN & PORSILD
{1969)
Kamchaika 24 SOKOLOVSKAYA (1963,
1968)
W Chukotskiy 24 ZHUKOVA (1966)
Chukotskiy 24 ZHUKOVA (1969)
Yuzhnyy
Anyuyskiy Mt. 24 ZHUKOVA (1980)
Chukotka 24 ZHUKOvVA (1982)
Chukotskiy 24 ZHUKOVA & TIKHONOVA
(1971)
G. romanzowii Kamchatka 24-26 SOKOLOVSKAYA (1963)
sect. Monopodiae
G. formosana Taiwan 26 Hsu (1968)
G. yakushimensis | Japan 26 SHIGENOBU (1984)

blished the genus Favargera typified on G, froelichii. In addition, G.
Jformosana Hayata (= G, davidii Franchet var. formosana (Hayata) T. N,
Ho) from Taiwan and G. yekushimensis Makino from Japan were found to
have 2n = 26 chromosomes (Hsu 1968; SHINGENOBU 1984). Although
there is a high diversity of species, no observation has been made on the
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Chinese and the Himalayan species, not even on some of the beantiful orna-
mental species such as G, sino-ornata Balf. f. and G. farreri Balf. f. which
were introduced in Europe more than 50 years ago.

Stenogyne Franchet is a poorly known section both taxonomically and
cytologically; nevertheless it has often been accepted (PRINGLE 1978; Ho &
Lru 1990). According to the current circumscription of Ho & Liu (1990),
the section contains fourteen species: ten are completely restricted to South-
western China, two are relatively widespread in Northwestern and Central
China, one is extending to Eastern Burma from Southwestern China and
one is endemic to Thailand. None of them has been studied cytologically.
Chromosome numbers are completely nnkown for this section.

Following our reports on sections Crucigta Gaudin (YUAN, in press) and
Chondrophyilae Bunge (KUPFER & YUAN, submitted), this paper contri-
butes additional chromosome data from China on the genus Gentiana.

MATERIALS AND METHODS

25 populations of 18 species were observed in this investigation. The
species names and populations, along with their origins and chromosome
numbers are listed in Table 2. The sampling sites are shown in Fig. 1. All the
voucher specimens were deposited in the herbaria of the University of
Neucbétel, Switzerland (NEU) and of Lanzhou University, China (LZU).
Seeds and flower buds were collected in the field and the flower buds were
fixed with Carnoy. Chromosomes were observed either from mitosis in
young ovaries and root tips germinated from seeds, or from meiosis of
polien motber cells, as indicated in Table 2. For observations on mitosis of
root tips, the aceto-orcein squashing method was used and the procedure is
the same as in our previous reports (YUAN, in press). SNOW’s (1963)
method was employed for the observations of meiosis and ovary mitosis.

The terminologies for centromeric positions introduced by LEVAN ef al,
(1964), the karyotype classification of STEBBINS (1971) and the karyotype
asymmetry indices defined by ROMERO ZARCO (1986) were followed.

RESULTS
1. Sect. Frigida s.l.

Most species of the section Frigida s. 1. have 2n = 24 or n = 12 chromo-
somes. This confirms their diploid level and the basic number of x = 12
(Table 2). This, for example, is the case for G. cephalantha Franchet ex
Hemsley, G. duclouxii Franchet, G. melandrifolia Franchet ex Hemsley,
G. regescens Franchet ex Hemsley, G. veitchiorum Hemsley, G. yunnarensis
Franchet, G. apiata N. E. Br. and G. nubigena Edgew. (Fig. 3-4, 6-7, 9 and
11-13). Tetraploid numbers were found for the first time for G. farreri and
G. sino-ornata with n = 24 (Fig. 5) and 2n = 48 (Fig. 8). Furthermore, the
basic number of x = 13 was also found in this group, in G. callisfanthea Diels
et Gilg and in G. delavayi Franchet, which were diploid with 2n = 26 (Fig.
2 and 10). According to Ho (1988), these two species belong respectively to
the sections Monopodiae and Microsperma (cf. Table 2).



TABLE 2.

Origins of the materials examined and their chromosome numbers

Collection Locality Examined | Chromosome
Taxon number and oltitude organs number
sect. Monopodiae
G. callistontha G173 Xiahe, Gansu, 2950m rooi 2n=126
. cephalantha G135 Dali, Yunnan, 2800m ovary 2n=24
G, duciouxii G142 Kunming, Yunnan, 2050m | ovary 2n =24
. farreri G045 Xiahe, Gansu, 2950m anther n=24
G156 Xiahe, Gansu, 2950m root 2n =48
G194 Magii, Gansu, 3200m root 2n =48
G, melandrifolia | G137 Dali, Yunnan, 2100m anther n=12
. regescens G090 Kunming, Yunnan, 2000m | anther n=12
Gl36 Dali, Yunnan, 2300m anther n=12
Gil44 Kunming, Yunnan, 2150m [ anther n=12
G150 Kunming, Yunnan, 2200m | ovary 2n =24
. sino-ornata G177 Maqii, Gansu, 3500m toot 2n =48
G. veitchiorum G200 Xiahe, Gansu, 2950m toot 2n=24
sect. Microsperma
G. delavayi Gl12 Lijiang, Yunnan, 2850m anther n=13
ovary 2n=26
G, yunnanensis  j G107 Lijiang, Yunnan, 2500m anther n=12
sect. Frigide s.5.
G. apiata G077 Taibaishan, Shaanxi, root 2n =
3700m
. nubigena G030 Magqii. Gansu, 3800m ovary 2n =
sect. Stenogyne
G, expansa G117 Lijiang, Yunnan, 2850m root 2n =34
. gentilis G152 Kunming, Yunnan, 2200m | anther n=12
. pterocalyx G106 Lijiang, Yunnan, 2500m amther n=17
G, primulifiora | G151 Kunming, Yunnan, 2200im | root n =42
G. rhodaentha G091 Bijiang, Yunnan, 1500m ovary 2n =46
G098 Lijiang, Yunnan, 2500m ovary 2n =46
G143 Kunming, Yonnan, 2200m | ovary 2n =46
G. striata G188 Liign, Gansu, 3050m root 2n=46

Observations on meiosis in some species (cf, Table 2} indicated that both
the diploid species, e.g. G. yunnanensis, G. regescens, and the tetraploid
species sucb as G. farreri have regular pairing and segregation of homo-
logous chromosomes. Only bivalents were observed in the diakinesis of
these species. However, the meiosis of some species such as G, melandrifolia
and G. cephalantha are not synchronous, contrary to G. regescens and
G. yunnanensis where the meiosis are fairly synchronous.




Karyotype analysis of selected species indicated that their chromosomes
were dominantly metacentric and therefore the karyotypes were rather
symmetrical, which can be seen from both the karyotype classification (1A
or 2A) and the asymmetry indices (A1 and Az). The sizes of chromosomes
were small to medium (Table 3).

2. Sect. Stenogyne

1n section Stenogyne, three different numbers were discovered (Table 2).
G. expansa H. Sm. and G. pterocalyx Franchet ex Hemsley had 2n = 34 and
n = 17 chromosomes (Fig. 14 and 16}; their basic number therefore shonld
bex = 17, G. gentilis Franchet and G, primulifiora Franchet had n = 21 and
2n = 42 chromosomes respectively (Fig. 15 and 17); their basic number is
therefore probably x = 21, Whereas G. rhodantha Francbet ex Hemsley and
G. strigta Maxim. had 2n =46 and x = 23 (Fig. 18 and 19). All these
numbers are new for the section. Among them, x = i7 and 23 are aiso
recorded for the first time for the genus Gentiana. In addition, G. rhodantha
shows very specific heteropycnosis. 1ts chromosomes form very obvious
chromocentres which scatter in late prophase nuclei (Fig. 18).

The karyotypes of the section were more asymmetrical with a higher
proportion of submetacentric and acrocentric chromosomes. The classifi-
cation of karyotype was of 2A and 3A types. The karyotype asymmetry
indices further indicated that the asymmetry was mainly intrachromosomal,
that is, due to the difference between the arms of each individual chro-
mosome, The intrachromosomal asymmetry indices (A1) of G. expansa and
G. primuliflora were as high as 0.459 and 0.503 respectively, while their
interchromosomal asymmetry indices (Az) were equal to or even slightly
lower than those of the members of other sections. Chromosome sizes of the
species of this section were smaller (Table 3).

DISCUSSION

Our results have documented chromosome numbers for the first time for
all the 18 species of Gentiana investigated and revealed two new basic
numbers, x = 17 and 23, for the genus. These two newly found numbers fill
the only gaps of the spectrum of chromosome numbers of Gentiana (YUAN,
in press; KUPFER & YUAN, submitted); thus a continuous series of gametic
chromosome numbers from 6 to 26 can be found in the genus, which
suggests rather complicated and reticulate relationships among the different
cytotypes. Both dysploidization and polyploidization were probably
important processes in the chromosome evolution of this genus. There is no
simple relationship between the chromosome numbers and classification,
because each basic chromosome number is not simply confined to a single
infrageneric group.

Referring to the section Frigida s.s., the basic number is dominantly
x = 12, with the exception of G. froelichii with x = 21 or x = 7 (2n = 42).
Moreover, G. algida was generally found to have 2n = 24 chromosomes in
North America, Northeastern and Eastern Asia (cf. Table 1), except for the
two reports of 2m =26 by SOKOLOVSKAYA & STRELKOVA (1938) and
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TABLE 3.

Karyotype structures of some species of Gentiana sect. Frigida s.1. and
sect. Stenogyne

Length
Coll. range
Taxon No. Karyotype fump | L/S| P |Tipe| A Az

G. callistantha | G173 | 2n = 2m(SAT)
+24m 1.8-3.1 | 1.70 | 0.00 | 1A [ 0.176 | 0.143

G, sing-ornata | G177 | 2n = 40m + 8sm 2.0:3.1 1152 (0,13 | 2A | 0.298 | 0.130
G. veitchiorum | G200 | 2n.= 18m+ 6sm 2744163000 |1A |0.306]0.131

G. apiata GO77 | 2n = 20m + 4sm 2.1.3.0]1.40 | 0.00 | 1A ;0.282 [ 0.103

G. expansa G117 | 2n = 2m(SAT) + 1.7-2.81 1.69 0.29 | 2A | 0.459 |1 0.134
+ 8m + 2dsm

G. primufifiora | GI51 | 2n=12m+24sm+ | 1.4-1.9 | 1.40 | 0.7]1 | 3A | 0.503 | 0.095
+ Gist

L: length of the longest chromosome in a karyotype.

5: length of the shortesi chromosome in a karyotype.

P: proportion of the chromosomes of which the arm ratie is higher than two in a karyotype.
Type: referring 10 the classificalion of karyotype of STEBBINS {1971).

Al the intrachromosomal asymmetry index defined by ROMERQO ZARCO {1986).

Az: the inlerchromosomal asymmetry index defined by ROMERO ZARCO .c.

ZHUKOVA (1967b), In section Monopodiae, in addition to the common
number for many species of 2n = 24 that was revealed by our investigation,
2n = 26 was also reported for G. formosane from Taiwan (Hsu 1968),
G. yakushimensis from Japan (SHIGENOBU 1984) and G. callistantha from
Western China by our present investigation. So, both the basic number
x =12 and 13 are present and their relationships and taxonomic implica-
tions need to be confirmed by more studies. The situation in section Micros-
perma seems similar to that in section Monopodige: the only two chro-
mosome reports on this section contribiited by our present study show that
both x = 12 and 13 exist. Therefore, at least three different basic numbers,
x=12(67), 13, 21 (77), exist in section Frigida s.1.

Love & LOVE (1972) simply divided this group into two genera according
to their basic chromosome numbers: the monotypic Favargera with a basic
number of x = 7 (217?) based on G. froelichii, and Gentianodes with a basic
number of x = 6 (12?) including all the other members of sect. Frigida s.1.
However, some species such as ¢. delavagyi which they included in their
x = 6 genus have in fact another basic number {x = 13). Additional caraful
and critical reconsiderations of these groups are therefore necessary.

Furthermore, Ho {1985) recognized smaller sections in this group. The
present investigation shows that these sections are also chromosomally poly-
basic. 1n particular, she recognized the section Microsperma mainly by its



annual (or rather biennial) babit, but as demonstrated in section Chon-
drophyllae (KUPFER & YUAN, submitted), plant habits are not congruent
with chromosome numbers in the genus. The two annual species belonging
to the section Microsperma, G. delavayi and G.’ yunnanensis, also have
different basic numbers (x = 13 and 12 respectively).

Stenogyne is a poorly known section. Our present investigation took its
chromosome number into account for the first time and revealed numbers
very distinct from those of other members of the genus. In addition to the
numbers 2n = 42 and n = 21 of G. gentilis and G. primulifiore which have
been reported for the European G. froelichii of the section Frigida, the other
numbers of 2n = 34 or n = 17 of G. expansa, G. pterocalyx and 2n = 46 of
G. rhodantha and G. strigta have not been recorded in the genus Gentiana
before, The higher and obviously secondary basic numbers x = 17, 21 and
23 suggest a specialized and isolated position of this section in the genus.
The karyotype data also supports that: all the species of the section analyzed
have rather small chromosomes and more asymmetrical karyotypes; their
intrachromosomal karyotype asymmetry indices are much higher than that
of others (Table 3). According to STEBBINS (1971, p. 90}, there is a predo-
minant trend in flowering plants toward increasing asymmetry of the
karyotype. Therefore, from the point of view of chromosome number and
karyotype asymmetry, the section Stenogyne is a more advanced group than
the other sections of the genus.

In addition, we demonstrated previously that the common chromosome
numbers of G, aristata Maxim. and G. nivalis L. (2n = 14), G. squarrosa
Ledeb. and G. ferglouensis Hacq. (2n = 38) of sections Chondrophyllae and
Calathionge Froelich may have derived independently (KUPFER & YUAN,
submitted). This could also be the case for the 2rn = 42 of G. primulifiora
and G. gentilis of the section Stenogyre revealed here and G. froelichii of
section Frigida reported previously (FAVARGER 1968; Lovka et al, 1971,
1972), because the former two species are very isolated both morphologi-
cally and geographically from the latter. These phenomena suggest that the
same basic number may not necessarily indicate 2 monophyletic origin and
therefore, chromosome number cannot become a good criterion for classifi-
cation until the cytogenetic mechanism influencing the variation of chro-
mosome numbers in the genus Gentiana is well understood.
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Résumé

Les nombres chromosomiques de 8 espéces appartenant aux sections Frigida
Kusn. s.1. (sect. Monopodiae T.N. Ho et sect. Microsperma T.N. Ho inclus) et
Stenogyne Kusn. du genre Gentigna sont mentionnés pour la premiére fois. Les
25 populations étudiées proviennent des montagnes de ’ouest et du sud-ouest de
la Chine. Dans la section Frigida s.l., G. apigia N, E. Br,, G. cephalantha Hemsley,
G. duclouxii Franchet, G. melandrifolia Hemsley, G. nubigena Edgew., G. regescens
Hemsley, G. veifchiortn Hemsley et G, yunnanensis Franchet offrent toutes la
méme valence chromosomique 4 2n = 24 chromosomes; en revanche, G. callis-
tanthg Diels et Gilg and G. delavayi Franchet possédent 2n = 26 chromosomes;
enfin, G. farreri Balf. f. et G. sino-ornata Balf, f, s¢ sont révélés tetraploides &
2n = 48 chromosomes. La polyploidie est signalée pour la premiére fois dans la
section. Le découpage de la section Frigidas . par HO & LIU {1990) n’a pas conduwit
2 une meilleure adéquation des données caryologiques et morphologiques; chacune
des petites sections reste polybasique. Le sect. Frigida s.s. parait le plus homogéne,
toutes les espéces offrant 2i = 24, 4 'exception de Pespéce européenne G. froeh-
lichii 4 2n = 42.

Les données relatives au sect. Sterrogyne sont fragmentaires et hétérogénes. .
expansa H, Sm. et G. pterocalyx Hemsley ont 2n = 34 chromosomes; . gentilis
Franchet et &. primuliflora Franchet offrent 2n = 42 chromosomes alors que G,
rhodantha Hemsley et G. striata Maxim. partagent un troisiéme nombre somatique,
21 = 46. Tous ces nombres sont nouveaux pour la section, les nombres 24 = 34 et
2n = 46 sont méme inédits pour le genre. Sur la base des données caryologiques, la
section Stemogyne parait relativement isolée aw sein du genre. Elle contraste non
seulement par ses nombres chromosomiques somatiques relativement élevés, anx
relations phylétiques incertaines, mais aussi par ses chromosomes relativement petits
et ses caryotypes particuliérement asymétriques.

L’ensemble de nos données récentes (YUAN, in press; KUPFER & YUAN,
submitted) ont montré que le genre Gesriana possédait une série continue de
nombres gamétiques de n = 6 & n = 26, La polyploidie et la dysploidie ont donc
participé d’une maniére particuliérememt intense A ’évolution du genre. D’une
maniére générale, I'identité de nombres chromosomiques entre deux espéces du
genre Gentigna n’indique pas nécessairement une parenté étroite mais reléve sans
doute, dans plusieurs cas, d’homoplasies. L'interprétation des données caryolo-
giques nécessite donc une extréme prudence et implique I'étude paralléle des carac-
téres morphologiques, biochimiques et phytochimigues.

Summary

Chromosome numbers are documented here for the first time for 18 species
including 25 populations of Gentiana sect. Frigida Kusn. 5.1, and sect. Stenogyne
Kusn. from the high altitude regions of Western and Southwestern China. In the
sect. Frigida s.l., G. apiata N. E. Br., G. cephalontha Hemsley, G. duclouxii
Franchet, G. melondrifolia Hemsley, G, nubigena Edgew., G. regescens Hemsley,
G, veitchiorum Hemsley and . yunmanensis Franchet all had 2n = 24 chro-
mosomes; whereas G. callistantha Diels et Gilg and . delavayi Franchet had
21 =26 chromosomes; G. farreri Balf. f. and G. sino-ornalg Balf. f. were
tetraploids with 2n = 48 chromosomes. The tetraploid number 2n = 48 was found
for the first time for the section. In sect. Stemogyne, G. expansa H. Sm. and
G, pterocalyx Hemsley had 2n = 34 chromosomes; G. genfilis Franchet and G.
primulifiora Franchet had 2n = 42 chromosomes; (. rhodantha Hemsley and
G, strigta Maxim, had 2»n = 46 chromosomes. All these chromosome numbers were
found for the first time for the section, among them 2n = 34 and 2n = 46 were new
numbers for the genus. Systematic relationships of these species are discussed on the
basis of their chromosome numbers.
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In the course of our karyological investigation on the genus Gentiana from China (Kiipfer
and Yuan, Yuan (a), Yuan and Kiipfer, submitted), we paid attention to the other allied genera
including Gentianopsis Ma, Comastoma (Wettst )} Toyokum Lomatogonium A. Braun., Halenia
Borkh. and Swertia L.

The genus Gentianopsis was established by Ma (195]) to separate the Fringed Gentians
from the genus Gentiana in which they were included as section Crossopetafum Froelich of the
subgenus Gentianella Kusn. (Kusnezow 1895). Ma (1951) explained the full reason of his
segregation carefully and was followed by lltis (1965), Pringle (1978), Ho (1988) and Ho and
Liu (1990}, but was rejected by Gillett (1957), Smith (1977) and Pritchard and Tutin (1972) who
usuzlly treated this group as a section of the genus Gentianella Moench. However, both the
macro- and micromorphology of the related species qualify its generic standing. Iltis (1965)
has elucidated its morphological circumscription and nomenclatural aspects well.  According
to him, the genus comprises about 26 species distributed in the north temperate region. Chro-
mosome numbers have been reported for 10 taxa in the genus (Table 1). The previously re-
ported numbers are mainly 2n=78 with a few exceptions (Table ). No observation has
been made on Chinese materials,

The genus Comastoma was established from the homonymous section of the genus Gen-
tianella (or Gentiana subgen. Gentianefla as some authors suggested). It is characterized by a
vascularly fimbriate corolla. Pringle (1978), Ho (1988) and Ho and Liu (1990) recognized the
segregation, but some authors (e.g. Smith 1977, Gillet 1957, Pritch and Tutin 1972) considered
it as a section or a subgenus of the genus Gentianella. This genus compnises about 15 species
distributed in the north temperate region. Among them, C. tenelfum (Rottb.) Toyokuni has
been well studied karyologically, and was always found to have 2n=10 chromosomes (Favarger
1949, Krogulevich 1978, Love D. 1953, Johnson and Packer 1968, Skalinska et al. 1968,
Zhukova 1966); whereas C. falcatum (Turcz. ex Kar. et Kir.) Toyokuni from Siberia had 2n=
28 or 30 chromosomes and C. puimonaritm (Turcz.) Toyokuni from Siberia had 2n=12 chro-
mosomes (Krugolevich 1978); C. nanum (Wulfen) Toyokuni from ltaly had 2n=30 chromo-
somes (Love and Love 1986). The other species and all the Chinese material have still not
been studied karyologically.

Lomatogonitim comprises 24 species distributed in Europe, Asia and North America with
a higher concentration in Asia with about 20 species (Ho 1988). Only two species, L. rotaium
(L.) Fries ex Nym. and L. carinthiacum (Wulfen) Reichenb. have been observed karyologically.

=10 (L6ve and Léve 1982) and 2n=16 chromosomes {L&ve and Love 1986) have been
reported for the former species; 2n=40 (Fiirnkranz 1965), n=24 (Vasndevan 1975) and 2n==32
chromosomes (Krogulevich 1978, Léve 1986) for the latier.

Swertia is a highly diversified and widely distributed genus. Tt comprises about 170
species. Among them, 4] species have been observed karyologically. Chromosome numbers
of 2n=14 (1sp.), 16 (Isp.), 18 (2spp.), 20 (9spp.), 24 (3spp,). 26 (24 spp.), 28 (2spp.), 52 (1sp.)
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and 60 (1sp.) have been revealed and some species exhibited several different chromosome num-
bers (Goldblatt 1981-1990, Moore 1973-1977, Ornduff 1967-1968).

Halenia is mainly distributed in southwestern North America and northwestern South
America.  Only a few species are found in Eurasia. 14 species have been studied karyologically
and all possess 2n=22 (or n=11) chromosomes (Goldblatt l.c., Moore l.c., Ornduff L.¢.).

The present paper contributes more karyological data from China to these genera.

Table 1.

Chromosome numbers of Gentianopsis species*

Taxon

Chrom,

No. Qrigin

References

Previous reports
G. barbata

G. barbata form, simplex
. cifiata

G. ciliata ssp. doluchanovii
G. crinifa

. crinita ssp. Macounii
@, detonsa

G. holopetala
G. procera

G, vvedenskyi
Present results

G. barbata

G, grandis

G. lutea

G. paludose var. paludosa

G. paludosa var,
ovate-delfoideo

2n=ca. 50 Siberia

2n=78 Yakula
2n=78 Chuokotkiy Mt.
2n=178 South Ural
2n=ca. 70 Tunkingky

n=22 Jura
2n=44 Morocco
2n=44 Tatra
2n=4d4 Ceniral Pyrénées
2n=78 Ceniral Pyrénées
2n=7% East Ukraine
2n=178 Forest Home, New York
n=73 Castile, New York
2n=7% Manitoba
2n=78 Manitoba
2n=44 Tceland
2n=7% Teeland
2n=78 Iceland

n=]3 Kashmir

n=739 California
2n=ca. 80 unknown

n=3739 Wisconsin
2n=7% Manitocba
2n=26 unknown

n=13 Lijiang, Yunnan
2n=26 Lijiang, Yunnan
2n=152 Xiahe, Gansu

n=26 Lijiang, Yunnan
n=352 Lijiang, Yunnan

n=13 Lijiang, Yunnan
2n=26 Lijiang, Yunnan
2n=26 Hezuo, Gansu
n=26 Dangchang, Ganso

Belaeeva and Siplivinsky (1977)
Zhukova er al. (1977)
Zhukova and Petrovsky (1977}
Léve & Léve (1986)
Krogulevich {1976)

Favarger {1949}

Quézel (1957}

Skalinska ef af. (1959)

Live and Love (1975)

Léve and Love {1986)

Léve and Love (1986)

Rork (1949)

Rork {1949)

Léve and Lave (1982)

Love and Live (1982)

Love D. {1953)

Love A. (1983)

Live and Lave (1986)
Vasudevan {1975)

Post (1983}

Denniston (1913)

Rork (1949)

Léve and Love (1982)
Matveeva and Tikholova (1968)

**Ynan G097
**Ynan G097
**Yyan G163
**Yuan G111
**Yuan Gili
**Ypan G113
**Yuan G113
**Yuan G008
**Yuan G198

* Some of the previous reports of chromosome numbers were given using the names under the genus
Gentiana instead of the genus Gentianopsis in the original literatures.
** Yuan Gxxx refers to the collection number of 1the voucher specimen.

Materials and methods

The species examined are listed in Table 1 (Gentianopsis) and Table 2 (other genera). All
the voucher specimens are deposited in the herbaria of Lanzhou University, China (LZU) and
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the University of Neuchétel, Switzerland (NEU).

Chromasome observations were made either from the meiosis of pollen mother cells of
anthers or from the mitosis of young ovaries fixed in the field with absolute alcohol and glacial
acetic acid (3: 1), or from the mitosis of root-tips. For the observations on root-tips, seeds
collected in the field were germinated on wet filter papers in petri dishes. The suitable root-
tips, pretreated with a saturated aquaceous solution of a-bromonaphthalene for 1 hr and
20 min, were stained and squashed with the aceto-orcein method previously described
(Yuan (a), submitted). Snow’s (1963) method was followed for the observations on meiosis
of the pollen mother cells and the mitosis of young ovaries.

Drawings were made with a camera lucida apparatus using temporary stides. Each
chromosome number was determined from at least 10 different preparations.

Table 2. Chromosome numbers and origing of materials of examined species of
Comastoma, Lomatogonium, Swertia and Halenia

Taxon Origin and allilute Coll. No. Chrom, No. Previous report
C. polycladun  Xiahe, Gansu; 2900 m Gi6l 2n=16*
C. pulmonarimn  Luqli, Gansu; 3000 m G193 2n=18** 2n=12 (Krogulevich 1978}
Hezuo, Gansu; 2950 m Gl82 2n=18**
L. rotarum Lanzhau, Gansu; 2800 m G166 2n=16 2n=]0({L&ve and Love 1982),
_ : 16 (L8ve and Léve 1986)
L. macranthumr  Xiahe, Gansu; 2900 m G157 2n=6"
S. diluta Dangchang, Gansu; 2600 m G99 2n==20*
H. efliprica Hezuo, Gansu; 2980 m Gigs 2n==22 2n=22 (Favarger 1952, Weaver -

and Rudenberg 1975)
Lanzhou, Gansu; 2600 m G170 2n=22

* First chromosome number report for 1he species.
** New chromosome number for The species.

Results

The present investigation documents chromosome numbers of 11 taxa representing 5
genera of Genlianaceae from China. The results are shown in Table 1 and Table 2. The
chromosomes of the species examined are illustrated in Figs. 1-12.  Among them, observations
for 7 taxa were made for the first time,

In Gentianopsis, G. litea (Burk)) Ma, G. paludosa (Hook, f.) Ma var. paludosa and G,
paludosa var. ovato-deltoidea (Burk.}) Ma ex T. N. Ho, are diploid, with 2n=26 (n=13) chro-
mosomes (Figs. 2, 5-6); G. grandis (H. Smith) Ma is tetraploid with 2n=32 (n=26) chro-
mosomes (Fig. 4); while both diploid (2n=26, n=13} and tetraploid (2n=>352) cytotypes were
found for G. barbata (Froelichy Ma (Figs. 1,3).  All the numbers {or these species are reported
here for the first time, except that a different number, 2n="78, has been previously reported for
G. barbara from Russian Siberia and the Far East. The tetraploid number 2n=52 (n=26)
was found for the first time for the genus in the present study. The distribution pattern of the
different cytotypes of the genus, according to the previous reports and the resuits of this study,
is shown in Fig. 13,

In Comastoma, 2n=16 chromosomes were counted for C. polycladum (Diels et Gilg) T. N.
Ho for the first time (Fig. 7) and a different number, 2n=18, was recorded for C. pulmonarium
(Fig. 8) which had previously been reported to have 2n=12 chromosomes from Siberia. In
the karyotype of the first species, two chromsomes are obviously satellited, whereas in the
second no visible satellite was found, but instead two extra chromosomes. Extensive obser-
varions, on different preparations, of many individuals from two populations of the second
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2n==16 chromosomes with similar morphology (Figs. 9, 10). The chromosome number of the
latter species is reported here for the first time.

Swertia diluta (Turcz.) Benth. et Hook. f. was counted as 2n=20 here for the first time
(Fig. 12) and Halenia elliptica ID. Don as 2n=22 (Fig. 11) which confirmed the previous reports
for it.

Discussion

1. The basic chromosome number of the genus Gentianopsis and its systematic impli-
cations

Léve and Love (1975) and Léve (1953) had suggested the basic number x=11 for the
genus Gentianopsis, based on their observations of G. cifigia and G. detonsa. Meanwhile, they
suggested that taxa such as G, crinita (Froel) Ma and G. procera {Th. Holm) Ma with 2n=78
chromosomes should perhaps be placed in a different genus with a basic number of x=13.
With more chromosome data available now, we are able to draw the conclusion that the basic
number of the genus is x=13 rather than x=11, since most of the species observed, including
the type species of the genus G. barbara, are diploids, tetraploids or hexaploids of x=13 (Table
1). However, the exceptions of 2n=44 found in G. ciliata do indicate a separate position of
this species and seem rather stable. The only different report of 20=78 chromosomes from
Central Pyrenees (Love and Love 1986) is doubtful and needs to be confirmed. Correlatéd
with its distinct chromosome number, some morphological characters such as the shorter
pedicels (as long as the internodes of its stem) and the winged and reticulated seedcoat are
distinctly different from that of the other members of the genus which possess pedicels much
longer than the stem internodes, and seeds unwinged and sculptured with finger-like projections
on their seedcoats (Yuan {b) submitted). WNevertheless, as a whole, this species fits the cir-
comscriptions of the genus Geniianopsis well (itis 1965).  For G. detonsa, the report of 2n==44
from Iceland {(L&ve 1953) needs to be confirmed because the other reports were either hex-
aploid 2n=78 in the same area (Love 1983, Léve and Love 1986), or diploid with n=13
from Kashmir {Vasudevan 1975).

Ma (1951) and lltis (1965) have elucidated the generic characters of Gentianopsis well.
But some authors still consider it as a section of the genus Gentianella (e.g. Pritchard and Tutin
1972). The chromosome data however, suggests a separate generic position. The chromo-
some numbers available for Gensianella (excluding Comastoma and Gentianopsis) are tetraploid
{2n=36) or occasionally dipleid (2n=18) with the basic number x=9. Whereas, as elucidated
above, the basic number of Gentianopsis is x=13 which is by no means similar to that of Gen-
tiartefla but is the same as that of some sections of the genns Gentiana (e.g. sect. Cruciata and
sect. Preumonanthe). The seedcoat sculptures also indicate its closer relationship to Gentiana
than to Gentianella (Yuan (b) submitted), although some floral characters (e.g. the position of
glands and the unplaited corolla lobes) indicate a closer relationship with Gentianelia.

2. The origin and diversification of the genus Genfianopsis

From the distribution map of the cytotypes of Gentianopsis (Fig. 13), one can conclude
that except the European G. cifiata, all the examined species from Eastern Europe, Far Eastern
Russia and North America to Jceland are uniformly hexaploid with 2n=78 chromosomes.
Diploid cytotypes (2n=26) were found only in southwestern and western parts of China and
the adjacent Himalayan area. Tetraploid cytotypes (2n=2352) revealed by the present study,
restricted to Southwestern and Western China. Therefore, we suggest that the vnglaciated
mounatainous regions of Southwestern and Western China and the adjacent Himalayan area
may represent the most important centre of origin and primary diversification of the genus,
where af least three different diploid species and two tetraploid species exist. Polyploidization
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may be the main course of adaptive radiation from the centre towards the higher latitude area.
The tetraploid (inter- and intraspecific) cytotypes may be formed by primary polyploidization
around the centre, The hexaploid (inter- and intraspecific) cytotypes may have arisen from
secondary polyploidization or hybridization. The distinct European species @. ciliata may
be a specialized form derived from a 2n=>352 ancestor either by down dysploidy or hybridi-
zation, This still needs to be confirmed by a more detailed study.

3. The karyological aspects of the other genera.

The existing chromosome data suggest that Comastoma is a polybasic taxon. C. tenellum
was always found to possess 2n=10, C. nanum 2n=30; C. faleatum 2n=28 or 30; C. poly-
cladum 2n=16 and C. puimonarium 2n=12 from Siberia (Krogulevich 1978) but 2n=18 in the
present study. The relationships among those numbers are still far from clear. However,
the appearance of the smallest pair of chromosomes in C. pulmonarium correlated with the loss
of the big satellites may give us an indication concerning the variation of the basic chromosome
number (x=3§, 9).

Qur results revealed 2n=16 for both Lomatogonium rotatum and L. macranthum, which
further confirmed the basic number of the genus to be x=8. The chromosome number and-
morphology suggest a close relationship between Lomategonium and some species of Co-
mastoma, such as C. polycladum,

In Swertic 2n=20 chromosomes has been reported from very different regions such as
Japan, the Himalaya and Aftrica. Qur observation on §. diluta indicated that this number
also occurs in China. Many more observations on different species are needed before any
conclusion can be drawn. Our observation also confirmed 2n=22 for Halenia elliptica which
was congruent with the previous reports on the genus and further indicated that this genus is
fairly stable karyologically.

Summary

Chromosome numbers were documented for 11 taxa representing 5 genera of Gentianaceae
from China. Gentianopsis lutea, G. paludosa var. paludosa and var. ovato-deltoidea were di-
ploid with 2n=26; G. grandis was tetraploid with 2n=52 (n=26); while both diploid (2n=26,
n=13) and tetraploid (2n=>52) cytotypes were found for G. barbata. The tetraploid number
was found for the first time for the genus. The present results confirmed the basic number
x==13 for the genus and revealed that the mountainous regions of western and southwestern
China and the adjacent Himalayan area probably represent the most important origin and
primary diversification centre of the genus, with regard to the distribution pattern of ¢cytotypes,
The chromosome number of Comastioma polycladum was 2n=16 with two satellited chromo-
somes is reported here for the first time. The chromosome number of C. pulmonariunt was
2n=18, without any visible satellite which differed from previous reports. Lomatogonium
rotatum and L. macranthum all had 2n=16 chromosomes. N is the first report of chromosome
number for the second species. Swertia diluta was found to have 2n=20 chromosomes, again
mentioned for the first time. The chromosome nomber 2n=22 was confirmed for Halenia
elliptica.
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Abstract: Nineteen populations of fifteen species of Gentiana sect. Chondrophyllae from
China were observed cytologically. Gentiana alsinoides, G. anisostemon, G. asterocalyx,
G. exigua, G. heterostemon, G. intricata, G. praticola, G. pseudeaquatica , G. spathulifo-
lia, and G. subintricata all had the same chromosome number of 2n =20 {or n=10),
whereas G. piasezkii had 2n = 36, G. squarrosa 2n = 38, G. prawii 2n = 18, G. aristata
2n=14 (n=7), and G. heleonastes 2n = 12. All these chromosome numbers are docu-
menied here for the first time, except for G. squarrosa, where it is a new number report.
The basic numbers of x = 6, x =7 and x = 19 are new for the section. Karyotype analyses
of some species revealed that, except for a few cases, the species examined mainly had
metacentric chromosomes. 2n = 20 = 2m(SAT) + 18m was found to be the main type of
karyotype for the species with 2n = 20. Chromosomal evolution and its mechanism in this
section are also discussed.

Chondrophyliae Bunce consists of 158 species and represents the largest section
of the genus Gentiana L. It 1s a subcosmopolitan section and has its highest diver-
sity in Asia (154 species), especially in the mountain regions of SW China, where
88 species are found. One species of the section, G. guadrifaria BLume, extends to
SE Australia through SE Asia. Three species exist in North and Central America:
G. douglasiana Bong., endemic to West N America, G. pumilio STANDLEY & STEY-
ERM., endemic to Central America (Guatemala and Mexico} and a common spe-
cies, G. aquatica L., in North America and northwestern Asia. Two species occur
in Europe: G. boryi Boiss., endemic to Spain, and G. pyrenaica L. found in the
East Pyrenees, the Carpathians, SW Bulgaria and West Asia. One species, G.
atlantica Litarp. & Marg, occurs in Africa (Morocco) (Ho & Liv 1990}, Some
other closely related species, including G. prostrata Haenke (2n=36), G. nutans
Bunce (2n=36) and G. sedifolia Kuntn (n=20), have recently been separated into a
distinct section, Dolichocarpa T. N. Ho (Ho & Liv 1990}, and are therefore not
included in the present paper.

Recently, Love & Love (1975, 1978, 1986) have advocated the splitting of the
genus Gentiana into several smaller so-called monobasic genera based on basic
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chromosome numbers. They suggested three new genera for some species of sect.
Chondrophyilae,i.e., Holubogentia Love & Love (=Holubia Love & Love non Ou-
ver,1884), Kuepferella Lainz and Chondrophylla A. Newson, typified by the spe-
cies G. pyrenaica, G. boryi, and G. prostrata, respectively. Since the real cytolog-
ical mechanism influencing the variation of chromosome numbers is not clear and
a greater variation of basic numbers exists in Astan species, this splitting might
simply create more confusion and was therefore not followed in the present paper.

In addition, OMer (1989) established another new genus, Qaisera OMER, based
on G. carinata Grises, and including two other species. These species used to be
included in sect. Chondrophyllae but Ho & Lw (1990} treated them as a newly
named sect. Fimbricorona T. N. Ho (= sect. Eurythalia Grises., nomen ifleg.). The
diagnostic character of this group is the fimbriate corolla throat. The type species
is cytologically undistiguishable from many other species of sect. Chondrophyllae
because it has a chromosome number of 2n = 20 common to many others (see
below). The recognition of the new genus needs to be confirmed by more evi-
dence. For the time being we will leave it in the original sect. Chondrophyllae of
Gentiana.

At present, chromosome data are available for 23 species and 4 intraspecific
taxa of the section (Table 1). Almost all the species of the section from outside
Asia are known cytologically, except for the endemic Central American species G.
pumilio. The two European species have been observed repeatedly. Gentiana
pyrenaica was constantly found to possess 2n =26 chromosomes (Kurrer &
FavarGer 1967; Favarcer & Kurrer 1968; Love & Love 1975, 1986), while differ-
ent counts of 2n=20 (Kurrer 1968, Love & Love 1986) and 2n = 26 (Love & Love
1975) were given for the Spanish endemic species, G. boryi. The only representa-
tive of the section on the African continent, G. atlantica, was once suspected to be
the vicarious species of the Spanish G. boryi but it has a very different chromo-
some number of 2n = 48 (Korrer 1980). The American species, G. douglasiana,
was found to have n = 13, a very common number for the genus in that region
(TavLor & MuLuigan 1968, Poiar 1973). Among the 154 species in Asia, only 19
species have been observed cytologically. The observations were mainly made
from the Russian Siberia and Far East, Japan, New Guinea and the Western Him-
alaya. Different numbers, such as 2n = 18, 20, 24, 26, 36, 40, 44, 48, 96-98, have
been reported, although 2n = 20 (or n = 10) was found to be the commonest one.
Different numbers were found between certain closely related taxa such as G. nip-
ponica Maxim, var, nipponica (2n = 36) and var. robusta Hara (2n = 96-98), G.
quadrifaria var. quadrifaria (n = 9) and var. zeylanica Kusn. (n = 10), Intraspecif-
ic polyploidy was reported for G. carinata from the Western Himalaya (VasubevaN
1975) and for G. nipponica from Japan (Swicenosu 1982a, 1984). The two Taiwa-
nian species, . flavomaculata Havara and G. scabrida Havara, have unusual num-
bers of 2n = 24 and 2n = 44, respectively (Chuanc & al. 1963, Hsu 1968). Gentia-
na aquatica is a common species of North Asia and North America. It has 48
somatic chromosomes, the same number as the African species G. atlantica which
is completely isolated from it geographically. Different numbers have been report-
ed for the common Asiatic species, G. squarrosa Lepes.: 2n = 20 from Japan
(Smcenosu 1984) and 2n = 36 from Russian Siberia (Krasnosorov & al. 1980).
Although the section appears to have its highest diversity in the mountainous
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Table 1. Previous reports of chromosome data on Gentiana sect. Chondrophyliae

Taxon Habit Origin Chromosome References
number
G. altaica perennial Altai n=13 SokoLovskara &
StrELKOVA (1938)
G. aquatica biennial Siberia 2n =48 BeLaeva & SipLiviNsky
(1977, cited in
Acarova 1950)
G. argentea D, Don biennial W Himalaya n=10 Menra & Vasupevan
(1972)
W Himalaya n=10 Vasupevan (1975)
G. atlantica biennial Morocco 2n=48 Korrer (1980)
G. horyi perenmal Spain 2n=20 Korrer (1968)
Spain 2n=126 Leve & Love (1575)
Spain 2n=120 Love & Love (1986)
G. capitata biennial Nepal 2n=20 MaLLa & al. (1984)
W Himalaya n=10 MEHRA & VASUDEVAN
(1972)
G. capitata var. biennial W Himalaya n=10 Vasupevan (1575)
strobiliformis CLARKE
G. carinata biennial W Himalaya n =20 Meura & G (1968)
Kashmir n=10 Vir Jee & KacHroo
(1985)
W Himalaya n=10,20  Vasupevan (1975)
G. cruttwellii perennial New Guinea 2n =20 Borgmann (1964)
G. djimilensis perennial Aragats 2n =26 Voskaenian {1974,
cited in Agapova
(1990)
G. douglasiana biennial N America n=13 TarLor & MuLLIGAN
(1568)
N America n=13 Poiar (1973)
G. ettinghausenii F. MugLL. 7 New Guinea 2n =20 Borgmann (1964)
G. flavomaculata biennial Taiwan 2n=24 Chruang & al. (1963)
G. grandiflora Laxm. perennial Siberia 2n=26 KrocuLevic (1978)
G. jamesii perennial Hokkaido 2n=136 Sticenosu (1982a,
1984)
G. nipponica perennial Fukushima 2n =36 Suicengsu (1982a,
1984)
G. nipponica var. perennial Fuknshima 2n =96, 97, Swicenosu (19823,
robusta 98 1984)
G. pedicellata biennial Nepal 2n=18 MaLLa & al. {1984)
W Himalaya n=25 MEeHRA & VASUDEVAN
(1972)
W Himalaya n=9 Vasupevan (1975)
G. pedicellata var. biennial TIndia 2n=20 MarLikariuna (1985)
wightii Kusn. biennial Tndia 2n=20 MaLukarivna & al.
(1987)
G. piundensis Van Roven 7 New Guinea 2n=20 Boramann (1964)
G. pyrenaica perennial Pyrenees 2n =126 Favarcer & Kuorrer
(1968)
Pyrenees 2n =26 Kurrer & FavarGer
(1967)
Spain 2n =26 Love & Love (1975)
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Table 1 {continued)

Taxon Habit Origin Chromosome References
number

Pyrenees 2n=26 Love & Love {1986

G. quadrifaria biennial India n=9 ShHarMa & SARKAR
(1970)
G. quadrifaria var. biennial India n=10 MavrLikariuna (1985)
zeylanica biennial India n=10 MaLuikariuna & al.
(1987)
G. scabrida biennial Taiwan 2n=44 Hsu (1968), Cruanc
& al. (1963)
G. squarrosa biennial Siberia 2n=36 Krasnosorov & al.
(1980)
Japan 2n=20 Smcenoay (1984)
G. thunbergii biennial Japan 2n =36 Snicenosu (1982b,
1984)
G. zollingeri FawcerT biennial Japan n =10, Wapa (1966)
2n =20
Japan 2n=20 Suicenosu (1984)

Far East 2n =20 StaronusTsev (1985)

regions of SW China, no cytological observation has ever been made from these
regions before the present investigation.

From this short survey one realizes the great variation existing in chromosome
numbers in this section, thongh 2n = 20 seems to be the commonest number. It has
been found from New Guinea, Japan, India, the Himalaya and the Spanish Sierra
Nevada. The question thus arises whether the distribution pattern of the number in
so many different geographical regions indicates a primitive monophyletic origin
or a newly formed polyphyletic origin. In other words, what is the relationship
between the vanation of basic number and the pattern of geographical distribu-
tion? Which number could most probably be the ancestral basic number? And
what 18 the relationship between the ancestral number and the other derived num-
bers? To answer these questions, it is obviously necessary to observe as many spe-
cies as possible, especially those from the diversification and origin center(s). The
present paper, following our reports on sections of the genus (Yuan 1993, Yuan &
Kuprer 1993), intends to contribute more karyological data towards a better under-
standing of the cytotaxonomy and cytogeography of the genus Gentiana.

Material and methods

All the species examined here are biennial except one, G. praticola Francuer, which is
perennial. The sources of materials are listed in Table 2. The sampling sites are shown in
Fig. 18. The vouchers are deposited in the Herbarium of the University of Neuchérel,
Swirzerland (NEU) and the Herbarium of Lanzhou University, China (LZU). Mitotic
observations were made from root tips. Seeds were germinated on wet filter papers in petri
dishes. Root tips, pretreated with a saturated water solution of o-bromonaphthalene for
110 min at room temperature, were fixed with Carnoy 3 : 1. The preparation procedure
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Table 2. Origins of the Gentiana species examined and their chromosome numbers

Taxon Locality and altitude s.m. Collection no.  Chromosome no.
G. alsinoides Lijiang, Yunnan, 2950 m G123 2n=20
. anisostemon Kunming, Yunnan, 2200 m G148 2n=120
G. asterocalyx Lijiang, Yunnan, 2900 m G119 2n=20
G. aristata Lugii, Gansu, 3360 m G014 n=7
Lagii, Gansu, 3450 m G190 Zn=14
G. exigua Lijiang, Yunnan, 2400 m G101 2Zn =20
G. heleonastes Magii, Gansu, 3650 m G032 2n=12
G. heterostemon Dali, Yunnan, 2100 m G133 2n=20
G. intricata Lijiang, Yunnan, 3200 m G125 2n=20
G, piasezkii Mingxian, Gansu, 2400 m G061 2n =36
Dangchang, Gansu, 2250 m G068 2n =136
G. praticola Dali, Yunnan, 2200 m G134 2n =20
Kunming, Yunnan, 2200 m G149 2n=20
G. prattii Lugii, Gansu, 350 m G191 2n=18
G. pseudoaquatica  Luqii, Gansu, 3300 m Go15 n=10
G. spathulifolia Lanzheu, Gansu, 2400 m G004 2n =20
G. squarrosa Xiahe, Gansu, 3000 m G046 2n =38
Xiahe, Gansu, 2900 m G155 2n =38
G. subintricata Lijiang, Yunnan, 2900 m Gi21 2n=20

was the same as in our previous report (Yuan 1993). Meiotic observations were made from
pollen mother cells. Mitotic observations on G. heleonastes H. Sm. ex Marg. were made
from ovaries. Young flower buds were fixed from the field with Carnoy 3 : 1. After wash-
ing out the fixative completely with 70% ethanol, the flower buds were stained with
hydrochloric carmine (Snvow 1963) for 48 h at 60 °C, and were then gently heated for about
two min in 45% acetic acid. The selected anthers and ovaries were then squashed for
observation.

The chromosome parameters were measured from a number of cells varying from one
to five. Homologous chromosomes were recognized by their morphology. The 1erminolo-
gies for centromere positions introduced by Levan & al. (1964), the karyotype classifica-
tion of Stespms (1971) and the karyotype asymmetry indices defined by Romero Zarco
(1986) were followed.

Results

The present paper gives the first chromosome number reports for 14 species and a
new number record for one species of Gentiana sect. Chondrophyllae. The chro-
mosome numbers along with the origins of the materials examined are listed in
Table 2. The chromosome morphology is illustrated in Figs. 1-17. Most of the
species examuned, including G. alsincides FrancreT, G. anisostenion Mara., G.
asterocalyx DigLs, G. exigua H. SMm., G. heterostemon H. Sm., G. intricata Marq.,
G. praticola, G. pseudoaquatica Kusn., G. spathulifolia Maxim. ex Kusn,, and G.
subintricata T. N, Ho, have the same chromosome number of 2n = 20 {or n = 10),
which corresponds to the number most commonly reported for this section. Gen-
tiana piasezkii Maxim. was counted as 2n = 36, which is the same as some species
of the section reported from Japan (Table 1). Gentiana prattii Kusn. was counted
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Table 3. Karyotype structure of some species of Gentiana sect. Chondrophyilae. Chromo-
somal size range, karyotype formula, karyotype class according to Steseins (1971), and
the intra- and interchromosomal asymmetry indices Al and A2 according to Romero Zar-
co (1986) are given

Taxon Collec- Size range Karyotype formula Class Al . A2
tion no. {um)

G. alsinoides G123 2.0-2.9 2n=20=2m{SAT)+18m 1A 0,162 0.101
G. anisostemon G148 2,1-3.6  2n=20=2m(SAT)+18m 1A 0.154 0.168
G. asterocalyx G119 16-2.2 2u=20=2m(SAT)+18m 1A 0.212 0.077
G. aristata G190 24-36 2n=14=14m 1A 0.225 0.155
G. intricata G125 1.7-27 2n=20=4m+16sm 3A 0.502 0.146
G. piasezkii G068 1.9-2.8 2n=36=16m+2sm(SAT)}+18sm 2A  0.442 0.104
G. praticola (G134 1.7-27 2n=20=20m 1A 0.192 0.158
G. prattii G191 28-52 2n=18 =2m(SAT)+18m 1A 0.201 0.193
G. spathulifolia G004 2.0-3.3  2n =20 =2m(SAT)+18m 1A 0.154 0.144
G. squarrosa G155 13-2.2  2n =38 = 2m{(SAT}+36m 1A 0.192 0.178

and interphase nuclei: 12 chromocentres (prochromosomes) are constantly visible
in most prophase and some interphase nuclei (Fig. 16).

Karyotype structure was analysed in some species and the results are shown in
Table 3. For most species, the karyotypes are rather symmetrical and very similar
to each other, with a rather high proportion of metacentric chromosomes. Most
species with 2n = 20 have a pair of satellited metacentric chromosomes and 9
pairs of unsatellited metacentric chromosomes, Thus their karyotype is always
2n = 2m(SAT) + 18m. The chromosomes are small to medium. The asymmetry
classification and indices of karyotypes revealed little difference among species
except for G. intricata (and probably G. subintricata) which has a more asymmet-
rical karyotype (Table 3).

The geographical distribution of the species examined is shown in Fig. 18. 1t
can be seen that all the samples collected from the Yunnan Province have the same
number of 2n = 20, though some variation in the asymmetry of karyotypes does
exist, On the contrary, the species collected from the Gansu Province show a high-
er diversity of chromosome numbers: each of the species we examined has a dif-
ferent number.

Discussion

The basic chromosome nombers and their systematic implications for the sec-
tion. Since the section was found to be chromosomally polybasic, different basic
numbers, suchasx =9, 10, 12, 13 orx = 5, 6, 9, 13, have been suggested. Actal-
ly, both series are not incompatible, since x = 10 and 12 may have arisen from x=5
and x = 6, respectively (Kuprer 1980). The number x = 11 should in fact be added
to the series, because G. scabrida was found to have 2n = 44 (Cruanc & al. 1963,
Hsu 1968). However, some ambiguous cases exist, e. g., the species with 2n=36
can be interpreted either as tetraploid 2n =4x =36 (x =9) or as hexaploid
2n = 6x = 36 (x = 6). A similar explanation can also be given for the species with
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Fig. 18. The sampling sites and the chromosome numbers of the populations of Gentiana
sect. Chondrophyllae examined. B G. alsinoides (2n = 20), & G. anisostemon (2n = 20),
A G. asterocalyx (2n = 20), * G. aristata (n=7,2n=14), OG. exigua (2n = 20), @ G.
heleonastes (2n = 12), ®G. heterosiemon (2n = 20), ® G. intricata (2n = 20), ¢ G. pia-
sezkit (2n = 36), @ G. praticola (2n=20), 0 G. pratii 2n=18), A G. pseudoaquatica
(n = 10), @ G. spathulifolia (2n =20), @ G. squarrosa (2n = 38), + G. subintricata
(2n = 20)

2n =48 (x = 6 or 8). Referring to the species studied here, all the species with
2n =20 or n = 10 can then be considered to be either diploid (x = 10) or tetraploid
(x = 5), and fall within the commonest category of chromosome numbers for the
section. Karyotype analysis of Chinese species with 2n = 20 revealed that most of
them have a rather symmetrical 1A karyotype (see Table 3} and can be generalized
as 2n = 20 = 2m(S5AT) + 18m, except for G. infricata and probably G. subintrica-
fa which have more asymmetrical 3A karyotypes, suggesting that at the same
chromosome number level, changes in chromosomal structures might play an
important role in karyotype repatterning and thus in speciation of related species.
Therefore G. intricata may have a special position in the group.

A new basic number, x = 6, was found for the section in G. heleonastes, at the
diploid level of 2n = 12. This is also the lowest number in the genus. The newly
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found chromosome number and especially the very big and obvious chromocen-
tres that exist during the mitotic prophase suggest a specific position for the spe-
cies. Unfortunately, we were not able to obtain exact karyotype data for the spe-
cies so as to establish a proper comparison with that of other related species.
Therefore, the karyological relationships of the species and the origin of the new
number stifl remain uncertain. However, our observation has ascertained the exis-
tence of the basic number x = 6, which had been suggested before but with no
direct evidence from diploid species.

The present study revealed 2n = 14 and n = 7 for G. aristata. It is undoubtedly
a diploid with a basic number of x = 7. This number has previously been reported
only for G. nivalis, a geographically very isolated European species belonging to
the sect. Calathianae, and it has been suggested that this number derived from x=5
by centric fission (MoLLer 1982). A close relationship between G. aristata and G.
nivalis is very improbable. The karyotype analysis revealed that G. aristata has 14
metacentric chromosomes with arm ratios ranging from 1.07 to 1.58 without any
subtelocentric, telocentric, or even submetacentric chromosomes, thus reducing
the possibility of direct or simple centric fission from the x = 5 type (see below for
further discussion).

The chromosome number n=9 or 2n = 18 was previously reported for the
Himalayan species G. pedicellata (Vasubevan, 19735, MaLLa & al. 1984). We found
2n =18 for G. prattii. This species then undoubtedly has the basic number of
X =9. Its karyotype has an asymmetry similar to tha¢ of other 2n = 20 species.
Therefore, it is impossibie to identify any simple centric fusion. The origin of this
number also remains uncertain.

The species G. piasezkii has 36 somatic chromosomes, which is a very common
number in the perennial sect. Ciminalis (Apanson) Dumort. of Europe. But, only
four species in sect. Chondrophyllae were reported having this number: G. squar-
rosa from Russian Siberia (see below); two perennial species, G. jamesii HemsL.
and G. nipponica, and one biennial species, G. thunbergii (G. Don) Grises., from
Japan. They were considered as hexaploids of the basic number x = 6 (SHiGenoBU
1982a, b). Karyotype data of G. piasezkii showed a high similarity between many
chromosomes and a gradual variation in size. It seems very difficult, if not impos-
sible, to determine its basic number using only karyomorphological analysis.
Thus, detailed cytogenetical analysis is needed to confirm whether it is tetraploid
(x = 9) or hexaploid (x = 6). However, it is interesting to note that in the karyotype
of the species many individual chromosomes have arms of equal length even if
their total lengths are different. This should make vs aware of the possibility of
particular factors affecting the uniformity of chromosome arms and even whole
chromosomes. This uniformity of structure might also benefit certain specific
cytogenetical processes, such as exchange. If this were indeed the case, a translo-
cation involving a whole arm with the breakage happening near or within the cen-
tromere might be involved.

Gentiana squarrosa is a widely distributed species in East Asia. 2n = 20 and
2n = 36 have been reported for the species, respectively, from Japan (SHicEnoBU
1984) and Russian Siberia (Krasnoporov & al. 1980). Our investigations on two
populations of Gansu, however, constantly gave counts of 2n = 38, Thus the basic
number of these populations must be X = 19, which is a new basic number for the
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section and obviously a secondary one. Its karyotype consists of only metacentric
chromosomes, so the possibility of a simple centric fusion or fission relationship
between the 2n = 36 and 2n = 38 types can be excloded. If it is possible to exclude
a mis-identification of the species and the numbers can be confirmed, then this
species becomes a typical example of polyploidization combined with dysploidi-
zation (see further discussion below). In this genus, the number 2n = 38 has also
been reported for the European species G. terglouensis Hacq. of sect. Calathianae
and has been suggested to originate from a 2n = 40 type by dysploidy changes
(MuoLLer 1982),

The mechanisms of chromosome number variation in the section. The
mechanisms of variation of the basic chromosome number in the genus Gentiana
are not well understood. MOLLER (1982) suggested a centric fission origin forn =7
in G. nivalis from a supposed ancestral basic number of x = 5. But, considering the
species G. aristata which has the same number as the above and G. heleonastes
which has the lowest number in the genus (2n = 12), the origins of these numbers
seem less simple. The karyotype of G. gristata consists of seven pairs of metacen-
tric chromosomes of fairly uniform size. This does not correspond to the osual sit-
nation of centric fission which is generally associated with the presence of acro-
centric or telocentric chromosomes and the reduction of chromosome length in
offspring components, Furthermore, the only known diploid gentianaceous spe-
cies known to be of the x =5 type is Comastoma tenellum (Rorre.) Tovokuni,
which, although it used to belong to the genus Gentiana, is morphologically and
karyologically (with its very small chromosomes) quite distinct from the genus.
No real 2n = 10 type has yet been found in the genus Gentiana. Still, a symmetri-
cal karyotype seems a common situation in the whole genus, since our primary
investigation has revealed this to be the case in sect. Cruciata, sect. Monopodiae
T. N. Ho, sect. Frigida Kusn., sect. Microsperma T. N. Ho and sect. Stenogyne
FrancHeT (Yuan 1993, Yuan & Kuerer 1993). As mentioned above, the uniformity
of karyotype asymmetry as well as the uniformity of chromosome arm length
probably either cause or ¢lse indicate particular mechanisms which are still not
well understood. We suppose that polyploidization in combination with dysploid-
ization caused by unequal reciprocal translocation may play a great part in the
diversification of the basic number and the speciation of the section. As there is
little intraspecific polyploidy, nothing indicates that the higher gametic numbers
have arisen from simple polyploidization. Probably a lot of them are either dys-
ploids or perhaps polybasic allopolyploids. 1f the cytological variability of G.
sqarrosa is confirmed, 1t would represent an exemple of polyploidization (n = 10
— n = 20) followed by decreasing dysploidy (n =20 = n=19 - n=18). The
large series of basic chromosome numbers brings evidence for the importance of
dysploidy in the karyological evolution of the genus Gentiana (Yuan 1993). This
also applies to sect. Chondrophyllae. In our present state of knowledge, more
speculations about the basic numbers are vain if they are founded on karyological
criterion alone. Morphological and biochemical studies now in progress will
throw more light on the processes of karyotype evolution in the section as well as
in the genus.

Relationships between basic numbers, growth habits and classifications in
the section. The present study suggests that the relationship between the basic
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number and growth habit of the species is more complex than some previous
authors had expected. Love & Love (1975) and WEeaver & Rupenserg (1973)
believed that the perennial species of the section have the basic number of x = 13,
while the biennial species, which they called annual, have the basic number of
x =10, Love & Love (1975) went even further and gave a generic status to the per-
ennial species with x = 13, They established a genus Holubia, which they later
changed to Holubogentia (Love & Love 1978), based on G. pyrenaica (2n = 26).
They included the perennial Spanish species G. boryi in their new genus and gave
it a chromosome number of 2n = 26, unaware of an earlier chromosome number
report of 2n = 20 for the species (Koprer 1968). A year later, Lainz (1976) estab-
lished another genus, Kuepferella, based on G. boryi. Love & Love (1986) adopt-
ed this classification. Two new genera were thus established for perennial species
based on their different basic numbers. The biennial or so-called annual species
were left in sect. Chondrophyllae or the genus Chondrophylla A. NeLson, as some
authors suggested (Wess 1985, Love & Love 1986). The present study, in connec-
tion with previous reports shown in Table 1, revealed that no constant correlation
exists between growth habits and basic numbers in the section. For biennial spe-
cies the basic number is not only x = 10, but may also be x = 19 as in G. squarro-
sa(n=38),x=12(orx=6o0or x=8?) as in G. aquatica, G. atlantica (2n = 48},
and G. flavomaculata (2n = 24), x = 13 as in G. douglasiana (2n = 26), x =11 as
in G. scabrida (2n = 44), x =9 as in G. pedicellata (2n = 18) and perhaps G. thun-
bergii and G. piasezkii (2n=36), x=7 as in G. aristata, X =6 as in G. heleo-
nastes. For perennial species, the basic number is not only x = 13 as in G. altaica
Laxm., G. djimilensis C. Kocn, G. grandifiora Laxwm., and G. pyrenaica (2n = 26),
but also x = 10 as in G. boryi, G. praticola and G. cruttwellii H. Sm. (2n = 20),
X =9 (or x =67) as in G. jamesii and G. nipponica (2n = 36). Therefore, we sug-
gest that to obtain a better understanding of the variation of basic numbers, as
many species as possible should be investigated and more detailed and intensive
analyses be carried out, rather than just new ranks be added based on a limited
number of characters. :

Neither do the karyological data fit in with the classifications of the conserva-
tive authors, who took a broader generic concept but adopted some infrageneric
and intrasectional classes. In their most recent classification, Ho & Liu (1990)
divided the sect. Chondrophyllae into several series based mainly on vegetative
characters. According to their system, species with different basic numbers are
very often placed in the same series (e.g., G. asterocalyx (2n=20), G. aristata
(2n = 14) and G. heleonastes (2n = 12) were grouped together in ser. Linearifo-
liae T. N. Ho; G. boryi (2n = 20) and G. aquatica (2n = 48) were subordinated to
ser. Humilis Macq., G. capitata D. Don (2n = 20) and G. atlantica (2n = 48) in ser.
Capiratae T. N. Ho). In another case, species with the same basic nnmber fall
within different series. Gentiana spathulifolia, G. intricata, G. praticola, G. crutt-
wellii (2n = 20) were, for example, put into different series, 1n other words, the
gross morphology is not well correlated with the variation of the basic chromo-
some number, or else the correlation is not yet clearly recognizable in this section.
More careful morphological comparisons as well as detailed observations on the
growth habits of karyologically different taxa are thus urgently needed.

The geographical pattern of chromosomal variation in the section. Follow-
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ing our present results and previous data, a diversification centre of chromosome
number for the section seems to be sitwated in SW China and the adjacent Hima-
layan areas. Within our limited number of samples orginating from China, a high-
er diversity of chromosome numbers seems to exist in the high-altitude mountain
and meadow regions of SW Gansu, since all the samples collected from the north-
western mountains of Yunnan have the same number of 2n = 20, but samples col-
lected from the southwestern high-altitude regions of Gansu showed examples of
all the numbers found in the investigation, including 2n = 12, 14, 18, 20 (n = 10),
36, and 38 (see Table 2 and Fig. 18).

To some extent the presence of many Chinese species with 2n = 20 fills the
geographical gap of the cytotype between New Guinea, where three species were
counted as 2n = 20 (Boromann 1964), and the Himalayas where more than five
spectes were found to have 2n = 20 or n = 10 (see Table 1), and still further 1o the
Spanish Sierra Nevada, where G. boryi (2n =20, Koerer 1968) grows. Whether
this pattern indicates a polyphyletic or monophyietic origin of the number is still
uncertain. However, in the case of G. nivalis and G. aristata (2n = 14), and of G.
terglouensis and G. squarrosa (2n = 38), the identical numbers seem to have been
acquired independently, since for each pair of species, the two members are com-
pletely isolated from one another morphologically, geographically and also sys-
tematically.

Gentiana aristata (2n =14), G. heleonastes (2n=12), G. pseudoaquatica
(n = 10) are sympatrically distributed in SW Gansu. The individuals of these three
species grow together but can be easily recognized. This pattern suggests that
chromosome isolation may play an important role in their speciation.

In spite of the above-mentioned dicussions, however, no general conclusion on
the relationships between geographical distribution and chromosome number
variation can yet be drawn, because the chromosome data for the majority of the
species indigenous to China 1s still incomplete. To understand the geographical
pattern of the different basic numbers better, many more observaticns on species
from different regions are still needed.
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Abstract: The internal transcribed spacer (ITS) regions of 185-25S nuclear ribosomal
DNA from represematives of 23 species of the subtribe Gentianinae and one outgroup spe-
cies (Centaurium capitatum) were analyzed by polymerase chain reaction amplification
and direct DNA sequencing. Within the taxa analyzed, the length of the ITS1 region
varied from 221 to 233 bp, ITS2 from 226 to 234 bp. Of the aligned sequences of 497
positions, 151 sites involved gaps or nucleotide ambiguity, 133 were invariable and 213
showed divergence. In pairwise comparisons among the taxa of the subtribe Gentianinae
and the outgroup, sequence divergence ranged from 1.3% to 34.1% in ITS1, from O to
28.1% in ITS2 and from 0.6% to 27.5% in combined 1TS1 and 1TS2. Phylogenetic trees
generated from ITS sequences were highly resolutive and principally concordant with
morphological classifications for the major phylogenetic divisions in the subtribe. An
ancient divergence leading to two evolutionary lines was suggested in the subtribe by both
DNA sequence and morphological data. One line encompasses the genera Gentiana, Craw-
furdia and Tripterospermum, morphologically characterized by their glands on the base of
ovary and their plicate corolla, while the other line involves all other members of the sub-
cribe surveyed, characterized by their epipetalous glands and simple corolla without pli-
cae. Megacodon, with glands on the base of ovary but without plicae on its corolla, was
revealed to be more related to the latter group than to the former. Comastoma, Gentianel-
la and Gentianopsis were shown to be well-defined monophyletic genera. Prerygocalyx
showed much closer affinity to Gentianopsis than to any other genus. Some conflictions
were detected in the genus Swersia.

The subtribe Gentianinae (Gentianaceae) comprises a major part of the tribe
Gentianieae as well as the family Gentianaceae. It took its shape after the classic
work of G (1895), in which seven genera were recognized. Since that time,
several anthors have proposed classifications for this group {e.g., Giierr 1957,
Tovokunt 1963, Smire 1970, Ho & L 1990). Several new genera have been
created or split off from the original ones. An extreme example is the splitting of
the collective assemblage, the genus Gentiana s.1. The principal classifications of
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the subtribe and the circomscriptions of the different genera are summarized in
Table 1. The heterogeneous group of Gentiana s.). with two subgenera as circum-
scribed by Kusnezov (in G 1895) involves a big part of the subtribe as it is re-
cognized today. The two subgenera Jater recognized as distinct genera: Gentiana
s. str. and Gentianella. The former almost retains the original circomscription of
snbg. Eugentiana, despite some changes of nomenclature and infrageneric
classifications. Although some apthors (e.g., Horus 1973; Love & Love 1975,
1976) have advocated further splitting of Gentiana s. str. into several so-called
monobasic genera based on basic chromosome numbers, their proposais have not
been widely accepted (PringLe 1978, Ho & Liv 1990). The genus Gentianella for
its part was further divided into four genera, namely Comastoma based on sect.
Comastoma, Gentianopsis based on sect. Crossopetalum, Megacodon based on
sect. Megacodon and all other sections as Gentianella s. str. This splitting was
. accepted by some anthors (e.g., Ho 1988, Ho & Lw 1990, Iumis 1965, PrinGLE 1978)
but somehow rejected by others (e.g., Tutin 1972, Smivw 1970). In addition, the
monotypic genus Prerygocalyx which was included in Crawfirdia as a subgenus
by G (1895), was lumped with Gentianeila sect. Crossopetalum (= Gentia-
nopsis) by Smrm (1967). Marguano {1931, 1937) included the genera Crawfurdia
and Tripterospermum within the genus Gentiana as nominate sections. ToyokunI
(1965) has suggested the placement of the genus Megacodon into Gentiana. In our
present study, we adopt the circamscriptions of genera from Ho & Lw (1990),
except that we still leave Frasera as a distinct genus for the time being, instead of
incorporating it into Swertia,

The phylogeny of the subtribe Gentianinae is still not well resolved. How-
ever, two main evolutionary lines have often been suggested: the “Gentiana” line
comprising the genera Gentiana s.str. Crawfurdia, Tripterospermum, Mega-
codon, and probably Ixanthus, and the “Gentianella” line represented by all other
genera of the subtribe (GiLLerr 1957; Tovoxkuni 1963, 1965; Ho & Liv 1990). This
opinion is based on some morphological characters: The “Gentigna” line has
glands at the base of the ovary, corollas with plicae or folds between the lobes,
calyxes with a continuous membrane or rim extending completely around the
interior of the tube, and corolla lobes with 3 primary vascular bundles; while the
“Gentianella” line has so-called epipetalous glands — with glands, fovae, or spurs
born on the surface of the corrola alternating with the stamens, corollas without
any plicae or folds, corolla lobes with 5-9 vascular bundles and calyxes without
intracalycular membrane, Within the “Gentiana” line, Ho & L (1990) believe
that the climbing genera Crawfurdia and Tripterospermum with twisted stems
represent the primitive type and have the closest affinity with the genus Gen-
tiana, while Tovokur (1965) thought that the genus Megacodon is closely related
t0 Gentiana and has to be incorporated in Gentiana. In the “Gentianella” line, the
genera were suggested to be rather closely related to each other through a deve-
lopment series of glands to fovae, fovae accompanied by squamellae and the
development of the squamellae themselves, to the final development of spurs.
Thus Halenia was believed to be originated from a Swertia-like ancestor (GiLLETT
1957).

Contribution of chromosome data towards resolving the phylogenetic probiems
in this subtribe is limited. As demonstrated in our previous papers (Yuan 1993,



Phylogeny of Gentianinae based on ITS sequences

209

Table 1. Selected classifications on the subtribe Gentianinae. The sectional classification is shown

here only for the “Gentianella” group

Giue (1895) Gieeerr (1957) Tovokun (1963)  Swirn (1970) Ho & Liv (1990)
Crawfurdia
subg. Pterygocalyx Pterygocalyx Pterygocalyx
subg. Tripterospermum Tripterospermum Tripterospermum  Tripterospermum
subg. Dipterospermum Crawfurdia Crawfurdia
Jaeschkea Jaeschkea Jaeschkea Jaeschkea Jaeschkea
Gentiana
subg. Eugentiana Gentiana Gentiana Gentiana Gentiana
subg. Gentianella Gentianella  Gentianella Gentianella Gentianella
sect.-Dasystephana
sect. Andicola sect. Andicola
sect. Imaicola
sect. Stylophora
sect. Amerella sect. Amerella
sect. Antarctophila sect. Antarctophila
sect. Arctophila sect. Arctophila
sect. Crossopetalum Gentianopsis sect. Crossopetalum Gentianopsis
) Comastoma sect. Comastoma

sect. Megacodon Megacodon Megacodon Megacodon
Ixanthus Ixanthus Ixanthus {xanthus Ixanthus
Pleurogyne Lomatogonium Lomatogonium  Lomatogonium Lomatogonium

Lomatogonopsis
Swertia Swertia Swertia Swertia Swertia

Frasera
Veratrilla Veratrilla
Halenia Halenia " Halenia Halenia Halenia
Latouchea Lotouchea

Yuan & Kuerer 1993 a, b) and the references listed therein, most genera of this
subtribe are polybasic in nature; e.g., in Gentiana, a continuous series of gametic
numbers from n=6 to 24, and n=26 and 30 has been recorded; in Swertia,
n = 7-10, 12-14, 26, and 30 have been found. A parallel development of the dys-
ploid series is obviously involved in the karyological evolution of this subtribe. 1t
is very difficult, if not impossible, to evaluate phylogeny of the group only from
the karyological point of view. '

Although molecular systematics of plants has become flourishing recently
(DovLe 1993), not much study has been performed on the family Gentianaceae.
An attempt was made by Sytsma & Scuaar (1985, 1990) on the New World tropi-
cal shrub genus Lisianthus, by using restriction analysis on chloroplast DNA
(cpDNA) and nuclear ribosomal DNA (nizDNA). They successfully addressed
phylogenetic problems among the populations of a species complex. Their DNA-
based phylogeny was highly concordant with the isozyme-based one. Inter-
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estingly, they revealed a length variation of about 100 base pairs (bp) in the inter-
nal transcribed spacer (ITS) region between the 18 S and 5.8 S nuclear ribosomal
genes, both within and among individuals of populations. Recently, GieLLy (1994)
and GieLry & Taeerier (1994 and pers. comm.) have engaged in an investigation
of the phylogenetic utility of two non-coding fragments of cpDNA, the frnL
(UAA) intron and the intergenic spacer between the ¢rnL (UAA) 3’ exon and trnF
{(GAA) gene, using the European gentians of the subtribe Gentianinae as demon-
stration group. In their cladograms, the genus Gentiana formed a highly supported
monophyletic clade. All the other genera grouped together monophyletically as
the sister clade of Gentiana. The phylogenetic relationships among the taxa within
both clades are congruent to a certain extent but not fully with morphologically
defined classifications, and also conflict or remain disresolutive in some aspects,
e.g., sect. Ciminalis of the genus Gentiana, a monophyletic group strongly sup-
ported by morphological and karyological characters, was split into two relatively
distant clades. This problem may result from the property of uniparent inheritance
of cpDNA. Furthermore, their samples included only European taxa. Some impot-
tant groups from other regions are lacking. This drawback limited the possibility
of getting a general conclusion of phylogeny comprising the whole subtribe. Thus
analyses on both nuclear and chloroplast DNA involving more complete groups
are still essentially necessary to evaluate the phylogeny of this subtribe.

The internal transcribed spacer (ITS) region of 18 S-25 S ribosomal DNA
(ntDNA) has recently become of a favourite part of the nuclear genome for phy-
logenetic reconstruction (Batpwin 1992, 1993; Kim & Jansen 1994; Suyn & al.
1993; Worciecrowskr & al. 1993). This is because of its high copy numbers, rapid
concerted evolution, and diverse rate of evolution within and among component
subunits and spacers (Hamy & Zimmer 1992, HiLus & Dixon 1991). In addition,
the relatively small size (600-700 bp usually) of ITS region and the special posi-
tions of the spacers flanked by highly conservative coding regions are very favou-
rable for primer design and direct sequencing of polymerase chain reaction (PCR)
amplified products. In flowering plants, ITS sequences have been successfully
used 1o examine phylogenetic relationships among the genera of the tribe Madi-
inae of Asteraceae (BaLpwin 1992, 1993), among the genera of Winteraceae (Sun
& al. 1993), among the species of Krigia and its closely related genera of the
tribe Lactuceae (Asteraceae) (Kim & Jansen 1994), and among a dysploid species
group of Astragalus (Fabaceae) (Woiciecrowsk1 & al. 1993). All these studies
have shown a high congruence between the ITS-based phylogeny and morphol-
ogy-based or cpDNA-based ones, which indicated ITS to be a promising source of
nuclear phylogenetic markers which are especially suitable for interspecific stud-
ies or comparisons among closely related genera.

The present study was carried out to demonstrate the molecular evolution of the
ITS and the phylogeny among the closely related genera of the subtribe Gentia-
ninae, with the following questions addressed particularly: (1) the utility of ITS
sequences as a source of phylogenetic data in the subtribe Gentianinae; (2) the
phylogenetic relationships among the genera of the subtribe; (3) the congruence
between the ITS phylogeny and the existing classifications; (4) to find the sister
group of the genus Gentiana, which will be employed as outgroup in our future
phylogenetic studies of this genus.
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Material and methods

Plant material. Sources of plant matenal for 23 ingroup and one outgroup species are
given in Table 2. Leaves were collected directly in the field using the silica gel method
(CHase & HiLs 1991), except for Gentianella biebersteinii, G. caucasea, G. umbellata, and
Gentianopsis blepharophora, for which leaves were taken directly from conventionally
prepared herbarium specimen collecied within the last two years. Fresh leaves of the out-
group, Centaurium capitatum (= C. erythraea subsp. erythraea var. capitatum) were taken
from a living individual grown in the Botanical Garden of Neuchitel. This species was
selected as outgroup because it belongs to the subtribe Erythraeinae which is suggested to
be closely related to the subtribe Gentianinae. All voucher specimens were prepared and
deposited at the herbarium of the University of Neuchitel (NEU).

Despite of all our efforts in material collection, some taxa, namely Jaeschkea, Ixan-
thus, Veratrilla, Latouchea, and Lomatogoniopsis, are still missing from our material hst.
However, these missing genera are represented by a few species only.

Total DNA extraction. Total DNAs were extracted from 100-300 mg dried leaves
pulverized in liquid nitrogen or directly in 2 X CTAB buffer according to the protocol of
DovLe & DoviLe (1987), except the material taken from herbarium sheets mentioned above,
for which a modified procedure was used: a piece of leaf (about 5 X § mm) was ground
in 0.5 ml 2 X CTAB buffer in a 1.5 ml-microcentrifuge tube and subsequently incubated
at 65 °C for 30 min. Following once chloroform extraction, the aquaceous phase contain-
ing DNA was apphed to the QIAEX gel extraction kit (QIAGEN). The procedure suggest-
ed by the manufacturer was followed, with the DNA-CTAB mixture being used to re-
place the agarose gel designed in the original protocol of the manufacturer.

Amplification of ITS region and the primers nsed. A standard double-strand poly-
merase chain reaction (PCR) was applied to amplify the entire ITS region, using primers
YPI and YP4. Two internal primers, YP2 and YP3 were also used in subsequent sequenc-
ing. The primers YPI, YP2, YP3, and YP4 described here are equivalent with the primers
ITS5, ITS2, ITS3, and ITS4 designed by WuiTe & al. (1990}, respectively, except a minor
madification in YP1. The primer sequences are: YP1 = GGAAGTAGAAGTCGTAA-
CAAGG, YP2=GCTGCGTTCTTCATCGATGC, YP3 = GCATCGATGAAGAACG-
CAGC, YP4 = TCCTCCGCTTATTGATATGC (see BaLowan 1993: fig. 1, for the location
of each primer). All these primers were purchased from Microsynth (Switzecrland).

PCRs were carried out in 50 pl reaction mixture containing 34.75 pl sterile donble-
distilled water, 5 pl of 10 X Taq polymerase reaction buffer, 2 pl equaimolar 5 mM dNTF,
2, 5 pl each of 10 pM primer YP1 and YP4, 0.25 pl of 5 Unit/pl Taq DNA polymerase,
and about 3-12 ng (3 pl of 14 ng/pl) genomic DNA. For muliiple sample amplifications,
a master mix confaining all the components except the genomic DNA was premixed and
aliquoted. The aliquots were heated till 70 °C and then genomic DNAs were added. The
reaction mixtures were sealed with abont 15 1l mineral oil to prevent evaporation. The
thermal cycling was performed on a Perkin-Elmer thermal cycler with the following con-
ditions: 1 cycle of 2 min at 94 °C linked t0 35 cycles of I min at 94 °C, | min at 55 °C and
1 min with 4 sec extension for each cycle at 72 °C; and then 5 min at 72 °C 1o complete
primer extension.

Cleaning of the PCR products. After the cycling was completed, 5 pl reaction prod-
ucts were run on a 0.8% agarose gel 1o check the quality of amplification. To clean the ITS
fragments, 40 pl PCR products were run on a 0,.8% agarose gel with bigger wells which
were prepared by taping a regular comb to get bigger tooth. The gel was prepared and run
in 1 X TAE buffer. The agarose blocks containing ITS fragments were excised from the
gel with a scalpel under UV light, and then applied to the QIAEX gel extraction kit accord-
ing to the manufacturer's protocoi (QIAGEN). ITS fragments were finally recovered in
40 p1 TE buffer, which is sufficient to run many times sequencing.
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Table 2. The species, the origin of plant material, their representative numbers and the abbrevations
of generic names used in the following tables and illustrations. Voucher: K Pu. Kuprer; ¥ Y.-M. Yuan;
Z L. Zeurner. * C. capitatum WiLp. was treated as C. erythrea Rarn. subsp. erythreae var. capitatum

(WiLp.) MeLpErIs
No. Taxon Voucher  Locality
Gentiana
1 G. algida PaLL. Y91-S1  Trail Ridge, Rocky Mt Natl. Park, USA
2 G. aristata MaxmM. Y92-328 Maqii, Gansu, China
3 G. boryi Boiss. Z93-81  Hoya del Moro, Sierra Nevada, Spain
4 G. lutea L. ¥91-85 La Toumne, Neuchétel, Switzerland
5 G. verna L. Y93~-12  Grand Chavalard, Valais, Switzerland
Comastoma
6 Cm. cyananthiflorum Y92-230 Mt Yulong, Yunnan, China
(Franch. ex HemsL.) HoLus
7 Cm. pulmonarium Y92-279 Ruoergai, Sichuan, China
(Turcz.) TovoruN
Crawfurdia
g Cw. tibetica Franch. Y93-121 Mt Gongga, Sichuan, China
Frasera
9 F. speciosa Dougl, ex Hook. Y91-52  Towhee Trail, Bounlder, Colorado, USA
Gentianella
10 Gl biebersteinii (Bunge) Hous K91-Gl  Terek Valley, Mt Caucasns, Georgia
11 Gl. caucasea (Lobpices ex Sims) Hous K91-G2  Kazbek, Mt Caucasus, Georgia
12 Gi campestris (L.) Borner K93-Gl  Col du Pt, St Bernard, Italy
13 Gl umbellata (Bies.) HoLus K91-G3  Djvari Pass, Mt Caucasus, Georgia
Gentignopsis
14 Gs. blepharophora (Borpz) K91-G4  Djvari Pass, Mt Caucasus, Georgia
A. I Gavustko
15  Gs. grandis (H. Smrrn) Ma Y92-222 Lijiang, Yunnan, China
16  Gs. paludosa (Hook £.) Ma Y92-314 Magqi, Gansn, China
Halenia
17 H. elliptica D. Don Y93-53  Shiqii, Sichuan, China
Lomatogonium
18 L. macranthum (CieLs ex Gig) Fern Y9391 Ganzi, Sichuan, China
Megacodon
19 M. stylophorus (C. B, CLARKE) Y93-182 Mt Baima, Yunnan, China
H. Smirn
Pierygocalyx
20 P volubilis Maxim. Y93-120 Mt Gongga, Sichuan, China
Swertia
21 S franchetiana H. Smith Y93-129 Xining, Qinghai, China
22 S tetraptera Maxm, Y92-315 Maqii, Gansu, China
Tripterospermum
23 T cordatum (Marg.) H. Smrtu Y92-267 Mt Hualong, Shaanxi, China
Centaurium )
24 * (. capitatum WL, Z93-A  Hogby, Oland, Sweden (cultivated in

the Botanical Garden of Neuchétel)
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Sequencing of ITS region. Purified double-strand DNA (dsDNA) were directly
sequenced from both strands by the standard dideoxy chain termination technique. We
initiated our sequencing with the Sequenase kit (version 2.0, U.S. Biochemical), but shift-
ed to cycling sequencing later on, nsing the fmol DNA sequencing system (Promega). The
protocols recommended by the manufacturer were followed, using the primers YPI, YP2,
YP3, and YP4 end-labelied with [gama-32P]-dATP (Amersham). The following program
was performed on a thermal cycler (Perkin-Elmer): 1 cycle of 2 min at 94 °C, followed by
35 cycles of 45 sec at 94 °C, 45 sec at 55 °C, and | min at 72 °C, and finally cooled to
4 °C. This system gives good resolution for ITS sequences.

DNA sequence samples were separated on 6% acrylamide — & M urea gels. The gels
were fixed in 20% ethanol — 10% acetic acid for 10 min, transferred onto Whatman 3 MM
paper, vacuum dried at about 80 °C for 2 h, and then exposed to Kodak XAR X-ray films
for 10-14 h.

Sequence alignment. The sequence boundaries among the two spacers and the three
coding regions (18 S, 5.8 S, and 25 S genes) of mDNA were determined by comparison
with published sequences from Daucus carota and Vicia faba {Yokora & al. 1989). The
combined sequences of ITS| and ITS2 were aligned using 1he program Clustal (Hicoins &
al. 1992), with fixed gap penalty and floating gap penalty ar 10 and DNA 1ransitions
unweighted. The generated alignment was slightly adjusted manually to minimize gap
number. The inclusion of the ouigroup did not introduce any difficulty for sequence align-
ment,

Numbers and proportions of nucleotide site divergence were calculated for all possible
pairwise comparisons of ITS1, ITS2 and the combined ITSI and ITS2 sequence data.
Only the sites without gap and nucleotide ambiguity were included in the comparisons.
The formular P = Ng/(Ng + N;} X 100% was used for calculation, where P is the percent-
age of site divergence, N, is the number of divergent nucleotide sites and N; is the number
of identical nucleotide sites between the two sequences compared.,

Phylogenetic analysis. The potentially informative site, i.e., those with each of at least
two nucleotide states shared by two or more sequences, were used for phylogenetic recon-
struction. In our basic analysis, gaps were treated as missing data and character state chan-
ges were weighted equally. Phylogenetic trees were reconstructed using Fitch parsimony,
i.e., assuming unordered character states as implemented in PAUP 3.0s (Sworrorp 1991).
In order to explore the possible impact of gap coding and character state weighting on
phylogenetic tree construction, we implemented the following analyses in addition to the
basic analysis: (1) the informative insertion/deletion sites (i.e., shared by at least two
sequences) were excluded; (2) the informative insertion/deletion sites were excluded and
were coded as unweighted binary characters (0 for gap, 1 for insertion) regardless of their
size; (3) gaps were simply coded as a new state; and (4) gaps were coded as missing and
transversions were weighted 2 or 3 1imes over transitions, respectively, using the stepma-
trix method. In view of the high number of taxa included in this study, heuristic search
strategies were employed for the phylogenetic searches. Three different regimes of addi-
tion sequences and branch-swapping were performed, in order to be sure the most parsi-
monious trees have been found: (1) SIMPLE addition sequence and TBR (tree bisection-
reconnection) swapping; (2) CLOSEST addition sequences and TBR; and (3) 100 repli-
cates of RANDOM addition sequence and TBR swapping. Bootstrap values were calculat-
ed from 100 replicates of heuristic searches with SIMPLE addition sequence.

Results

ITS sequences and their divergence. For most taxa, approximately 640 bp of the
ITS1-5.85S-ITS2 regions were sequenced. However, we included only the ITSI1
and ITS2 regions in this paper, since sequence data for the 5.8 S gene was incom-



Table 3. Aligned DNA sequences of [TS1 and ITS2 of 23 representatives of subtribe Gentinaninae
and one outgroup Centaurium capitatum. See Table 2 for species names
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Table 3 {continued)

Taxon Hucleotida sltes
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The IUPAC (IUB) code was followed for nucleotide ambiguity, i. e., K=G/T, S=C/G, R=A/G,
Y=C/T, M=A/C, W=A/T, H=A/C/T, N=A/C/G/T. —=gap, =matched nucleotide to the first sequence.
* represents the gap sites which were considered in, gap treatments (see text)

plete for most taxa and the few complete 5.8 S sequences (164 bp) showed very
low sequence divergence. The aligned sequences of ITS1 (sites 1 to 251) and ITS2
(sites 252 to 497) are given in Table 3. The Iength and G + C content of each
sequence are given in Table 4. The length of 1TS1 in the taxa surveyed ranges
from 221 bp (Gentiana lutea) 1o 233 bp (Comastoma cyananthiflorum). The
length of ITS2 varied from 226 bp (Gentianopsis paludosa) to 234 bp (Gentiana
aristata). The G + C content varied from 52.8% (Gentiana aristata) to 63.5%
{Megacodon stylophorus) in ITS1 and from 57.1% (Tripterospermum cordatum)
10 65.1% (Megacodon stylophorus) in 1TS2. Sequence alignments of [TS1 requi-
red 23 gaps of 1 to 4 bp occurring in more than two sequences and 16 gaps of 1 bp
occurring in individual sequences. Alignments of [TS2 required 16 gaps of 1 to
5 bp shared by more than two sequences and 13 gaps of 1 bp ocenrring in individ-
ual sequences. Of the aligned 497 positions, 151 sites (96 in 1TS1 and 54 in ITS2)
involved gaps or nucleotide ambiguity; 133 sites (51 in ITS1 and 83 in ITS2) were
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identical for all the sequences surveyed; 213 sites (104 in ITS] and 109 in ITS2)
showed nucleotide divergence, i.e., possessed one or more nucleotide differences
in at least one sequence.

Pairwise comparisons between all possible combinations were carried out for
ITS1, ITS2 and combined ITS1 and ITS2, respectively (distance matrix not shown).
Ambiguous and gap sites were excluded from these comparisons. Sequence diver-
gence between pairs of species ranged from 1.3% (Comastoma cyananthiflorum
vs. C. pulmonarium and Gentianella biebersteinii vs. G. caucasea) to 34.1%
(Gentiana aristata vs. Frasera speciosa) in ITS1, from 0 (Gentianeila bieber-
steinii vs. G. caucasea) to 28.1% (Crawfurdia tibetica vs. Gentianopsis paludosa)
in ITS2 and 0.6% (Gentianella biebersteinii vs. G. caucasea) to 27.5% (Gentiana
aristata vs. Frasera speciosa) in combined ITSI and ITS2.

Phylogenetic analysis of ITS sequences. Using only the potentially informa-
tive data with gaps coded as missing, the same three most parsimonious trees of
631 steps with a consistency index of 0.53 and a retention index of 0.60 were
found by three different heuristic searches (see Material and methods). The three

Table 4. The accession numbers of EMBL. Database, length and G + C content of the nucleo-
tide sequences of ITS1, 1TS2 and ITS1 + 1TS2 of Gentianinae and the outgroup C. capitatum

Taxon ITS1 ITS2 ITS1 +ITS2

accession length G+ C accession length G+ C length G+C
number (bp) (%) number (bp} (%) (bp) (%)

G. algida Z48142 230 613 Z48117 231 606 461 61.0
G. aristata Z48100 229 528 Z48116 234 585 463 55.7
G. boryi Z48111 230  59.1 Z48118 231 584 461 588
G. lutea 748122 221  6l1.1 Z48119 231 628 452 619
G. verna 248133 232 60.3  Z48120 229 60.7 461  60.5

Cm. cyananthiflorum  Z48143 232 614  Z48125 229 603 462 60.8
Cm. pulmonarium ZA8144 227 61.7 Z4%121 229 60.7 456 610

Cw. tibetica 748145 228 535  Z48123 229 572 457 554
F. speciosa Z4R146 222 534  Z48124 228 60.5 451 57.0
Gl biebersteinii Z4g8147 230  59.1 ZAg126 229 616 459 603
Gl caucasea 748127 231 60.0  Z48101 230 61.7 461 607
Gl campestris 748104 232 586  Z48128 230 635 462 610
Gl umbellata Z48102 232 60.3 Z48132 230 609 462 606
Gs. blepharophora ZA8103 228 56.1 248129 226 604 455 5R2
Gs. grandis 248105 229 603  Z48130 227 586 434 597
Gs. paludosa Z48106 228 583 748131 226 580 454 58.1
H. elliptica Z48107 230 600  Z48134 229 394 459 597
L. macranthum Z48108 228 575 ZA8133 230 586 460 58.0
M. stylophorus Z43109 230 635 248137 229 651 459 64.3
P. volubilis Z43110 232 569  Z48136 232 608 464 5838
S. franchetiana 748112 231 59.7 Z48138 229 629 460 61.3
S. tetraptera 743115 230 574 748139 231 610 461 59.2
T. cordatum 743113 223 529 Z48140 226 5711 449 550

T. capitatum 248114 230 60.4 7481410 231 64.1 461 623
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Fig. 1. A-C. The phylograms of the three equally maximum parshienerated
from potentially informative ITS sequence data where gaps werejing. The
length of the branches is proportional to the number of steps conranches.

Tree length = 631; Ci=0.53; Ri=0.60. See Table 2 for the abf generic
names
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Fig. 2. The cladogram of the strict consensus of the three maximum parstmonius trees
showed in Fig. 1. Numbers above the internal branches are bootstrap values of 100 repli-
cates of heuristic searches

trees differed topologically from one another in their resolution of Swertia fran-
chetiana and the clade comprising Swertia tetraptera, Halenia elliptica and Fra-
sera speciosa (Fig. 1).

The strict consensus of the three rnost parsimonious ITS trees is highly re-
solved, and several clades are snpported with rather high bootstrap values as
shown in the cladogram (Fig. 2).

ITS sequences snggested an ancient divergence in the subtribe Gentianinae,
which separated the genera Gentiana, Crawfurdia and Tripterospermum from all
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Fig. 3. The cladogram of the strict consensus of the five maximum parsimonious trees
generated from the data matrix where 47 gap sites had been excluded from sequence data
and were included as unweighted binary characters (0 for gap, | for insertion). Numbers
above the internal branches are bootstrap values of 100 replicates of heuristic searches on
the same data marrix. Tree length = 750; Ci = 0.53; Ri = 0.60

other members of the subtribe surveyed here, and thus two clades, the Gentiana
and the Gentianella clade were formed. Both clades were supported by high boots-
trap values of 99% and 90%, respectively. In the Gentianella clade, the genera
Comastoma, Gentianella and Gentianopsis were verified as distinct groups; the
genus Lomatogonium showed a closer relationship with Comastoma. The genus
Pterygocalyx nested in-the Gentianopsis clade, which may be a significant indica-
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tion of its phylogenetic position. The genus Megacodon stands as sister group to
all other members of the Gentianelia clade. All these resolntions are somewhat
congruent with existing morphological classifications. However, conflicts or dis-
resolotion exist concerning Swertia and its allied genera Halenia and Frasera,
although a close relationship among them has been suggested.

Results vader different gap treatments and character state weighting. As
indicated in the method section, three additional analyses were carried ont in order
to explore the possible impact of gap coding on phylogenetic tree construction. In
the first regime, the 47 potentially informative gap sites (indicated by * in Table 3)
were excluded from phylogenetic analysis. A heuristic search generated 2 trees of
377 steps (Ci = 0.53, Ri = 0.60). The strict consensus of these two trees (not shown)
is concordant with that of the basic analysis (Fig. 2) except for a higher resolution:
the clade comprising Gentianopsis and Pterygocalyx standing as a sister group of
the clades Comastoma-Lomatogonium, Gentianella and Swertia-Halenia-Fra-
sera. Swertia franchetiana retained nncertain, In the second regime, the 47 gap
sites were excloded and coded as unweighted binary characters which were added
to the sequences data. Phylogenetic search of this regime generated $ trees of 750
steps (Ci = 0.53, Ri = 0.59). The strict consensus (Fig. 3) of these trees is princi-
pally congruent with that of the basic analysis. However, the resolntion within the
Gentiana clade is lower. A 100 replicates of bootstrap analysis on this data matrix
gave out a similar result of the basic analysis. The collapsing of the resolution
involved only those clades supported by low bootstrap values, comparing to the
trees of the basic analysis shown in Fig, 2. In the third regime, gaps were simply
coded as a new state (fifth nucleotide). This regime generated 3 trees of 787 steps
(Ci =0.5%, Ri =0.58, trees not shown). Despite of the difference of tree length,
the consensus of these trees is exactly the same with that generated from the
second regime.,

Two rounds of character state weighted analyses were also made to explore the
relative value of transversions versus transitions. The sequence data where gaps
were coded as missing generated 5 trees of 1000 steps when transversions were
weighted 2 times over transitions. The strict consensus of these trees is shown in
Fig. 4. The same data matrix generated a single tree of 1935 steps (Fig. 5) when the
weighting factor was set at 5: 1. The topology of these character state weighted
trees is principally concordant with that of the unweighted trees. The discrepancy
embodied the different resolution on Swertia franchetiana, Lomatogonium
macranthum, the clade comprising Frasera speciosa, Halenia elliptica and Swertia
tetraptera and the arrangement within the Gentiana clade. This discrepancy is inte-
restingly restricted to those clades supported by lower bootstrap values (Figs. 2, 3).

Discussion

ITS sequence comparison and evolution. The difference in the length between
ITST and ITS2 was similar in all the samples surveyed. In most species, it ranged
from 1 to 3 bp. The biggest difference is shown by Gentiana lutea where ITS2 was
10 bp longer than ITS1. Such small difference in length between ITS] and ITS2
has also been observed in Solanaceae, but in some other plant group, e.g., Com-
positae, ITS1 was much longer than ITS2 (Kim & Jansen 1994).

Among the taxa studied, the length variations of DNA sequences ranged from
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Fig. 4. The cladogram of the strict consensus of the five maximum parsimoniouns trees
generated from character state weighted analysis where transversions were weighted two
times over transitions. Tree length = 1000, Note that the resclution in the Gentianella
clade is higher but in the Gentiana clade is lower

0to 12 bpin 1TS1 and from O to 8 pb in ITS2. These variations were primarily due
to short insertion/deletion mutations. However, the present results are very differ-
ent from those reported for Lisianthus of the same family Gentianaceae. A length
variation of 100 bp in ITS1 has been reported among individuals within a popula-
tion of L. skinneri (Syrsma & Scuaat 1990). The reason and phylogenetic signifi-
cance of such a difference are not clear yet. For the samples we investigated, no
such big length variation was found, neither in the PCR nor in the sequencing step.

Point mutations were the primary source of the evolution of ITS sequences in
species surveyed, which can be seen from the rather high levels of sequence diver-
gence among and within genera (1.3%-34.1% in ITS1; 0-28.1% in ITS2). Such
relatively high divergence increased the phylogenetic resolutions of the ITS
sequences in the subtribe Gentianinae.

Phylogenetic resolution of ITS sequences in subtribe Gentiarinae. (1) The
subdivisions of the subtribe and the position of Megaco-
d an. As mentioned in the Introduction, it has been constantly suggested that the
subtribe Gentianinae contained two main subdivisions, the Gentiana and the Gen-
tianella line (GiLLett 1957, Tovokum 1963, Ho & L 1990). This was based on
morphological considerations. The former included the genera Gentiana, Craw-
Jurdia, Tripterospermum, Megacodon, and probably fxanthus, the latter all other
members of the subtribe. The principal morphological criteria are the position of
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Fig. 5. The phylogram of the single maximum parsimonious tree generated from charac-
ter state weighted analysis where transversions were weighted 5 times over transitions.
The length of branches is proportional te the steps constituting the branches. Tree length
= 1935. Note the resolution in the Gentiana clade and on the species Swertia franchetia-
na and Lomatogonium were different from those shown in Figs. 14

glands and persistence of plicate or folds on corolla. The ITS phylogeny of the
genera, as far as it has been investigated here, supports such a subdivision. An
ancient divergence of ITS sequences was suggested, which leads to the formation of
two clades: the “Gentiana” clade encompassing the genera Gentiana, Crawfurdia
and Tripterospermum and the “Gentianella” clade including all other members
investigated (Figs. 1, 2). However, the ITS data suggest that the genus Megacodon
belongs to the “Gentiantianella” line as a sister group of all the other members
of this clade, rather than to the “Gentiana” line as suggested by morphological
classifications (Toyoxkum 1963, Ho & Liuv 1990): However, if the morphological
characters are used for the discrimination of the subdivisions, Megacodon really
shows its ntermediate and ambiguous position, because it has the “Gentiana™
type of glands located on the base of ovary, but does not have any plicae or folds
on its corolla which suggests a closer relationship with “Gentianella™ line. The
ITS data clarifies the position of Megacodon as being in the “Gentianella” line.
Thus the inclusion of Megacodon in the “Gentiana™ line (Ho & Liu 1990) or even
within Gentiana (Tovoxun 1965) might be incorrect. The congruence of ITS data
with such morphological characters as the position of glands and persistence of
corolla plicae or folds indicates that those characters are phylogenetically truly
informative in subtribe Gentianinae, although no explicit phylogenetic treatment
of morphelogical data has yet been attempted on this group.
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{(2) The recognition and relationships of the genera
Comastoma and Gentianopsis. There is a controversy among morpho-
logical classifications on the recognition of the genera Comastema and Gentia-
nopsts that used to be included in Gentianella as distinct sections (see Tablel).
ITS sequence data, however, recognize them as distinct genera, since, as shown in
the strict consensus trees (Figs. 2—4), the species of each of these groups clnstered
together, respectively, as distinct monophyletic clades which were highly support-
ed and parallel to Gentianella clade, except that Pterygocalyx nested within Gen-
tianopsis clade, indicating their affinity (see discussion below). The two rather
distant species of Comastoma, one annnal and another perennial, clustered
together as a monophyletic gronp and showed close affinity with Lamaragonium.
Gentianopsis, however, was less related to both Comastoma and Gentianella.

(3) The phylogenetic position of Pterygocalyx. The system-
atic position of the monotypic genns Pterygacalyx is also in dispute. 1t was once
treated as a subgenus of Crawfurdia (GiLc 1895) because of its climbing habit,
Smiti (1967) transferred it to Gentianella sect. Crossopetalum (= Gentianopsis),
while others treated it as a distinct genns. The ITS data strongly support its close
relationship with Gentianopsis, since it nested within Gentianapsis clade, support-
ed by a rather high bootstrap value. However, we hesitated to transfer the species
to Gentianopsis nomenclatoral, since it differs markedly from Gentianopsis in
having a twisted climbing stem and winged seeds, despite its high similarity of
floral morphology with Gentianopsis.

(49) The sister groups of Gentiana. The genera Crawfurdia and
Tripteraspermum had been transferred to Gentiana as nominate sections by Mar-
Quanp (1931), since he thonght they overlapped with Gentiana sect. Stenogyne,
but Smrte (1965) maintained them as genera distinct from Gentiana and thought
they had no connection with Gentiana sect. Stenogyne. However, Ho & Liu (1990)
treated them as distinct genera bnt suggested a certain affinity between Gentiana
and them. Our analysis on ITS sequences precisely indicated that Crawfurdia and
Tripterospermum together formed a monophyletic clade standing as the sister
group of Gentiana (Figs. 1-3).

The phylogenetic utility and limitation of ITS sequences. The significant
congruence between ITS phylogeny and the morphological classifications de-
scribed above snggested that ITS region can provide usefnl information for
addressing phylogenetic questions among closely related species and genera.
However, some conflictions or disresolntions have also been encounntered, e.g., for
the genus Swertia. Although S. tetraptera, Halenia elliptica and Frasera speciosa
formed a monophyletic clade which was congruent with morphological sugges-
tions, 8. franchetiana, however, stood as sister group of Gentianelia-Comastoma
clade (Fig. 1 A) or nested in the Gentianella clade (Fig. 1 B, C). Gap coding and
character state weighting raised another problem, since they may also slightly
influence the resolution and topology of the trees (Figs. 3-5). Furthermore, there
is a relatively high level of homioplasy in ITS data of the subtribe Gentianinae.
This can be seen from the low consistency index. The relatively small size of 1TS
region may also limit its application in phylogenetic stndies on taxonomic levels
higher than genera. Therefore, ITS investigation reinforced with other data sets,
snch as cpDNA or other nuclear DNA fragments and morphological data, will
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give a better resolution or more reliable conclusions than ITS alone. Such an inves-
tigation is now under way in our laboratory to address phylogenetic problems in
the subtribe Gentianinae.
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INFRAGENERIC PHYLOGENY OF THE GENUS GENTIANA
(GENTIANACEAE) INFERRED FROM NUCLEOTIDE
SEQUENCES OF THE INTERNAL TRANSCRIBED SPACERS
(ITS) OF NUCLEAR RIBOSOMAL DNA'

YONG-MING YUAN,? PHILIPPE KUPFER,24 AND JEFF J. DOYLE?

Hnstinne of Botany, University of Neuchilel, Chantemexle 22, Neuchitel 2007, Switzerland; and
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The inierial transcribed spacers (ITSs) of nuclear ribosomal DNA have been sequenced for 20 species of Gentiana. By
incorporating previously released sequence data of eight specics, phylegenetic analyses using Fitch parsimony and character-
staie weighted parsimony were carried oot, The lengih of ITSI in the 1axa surveyed ranged from 223 10 238 bp and 1TS2
from 216 w0 234 bp. Sequence divergence beiween pairs of species canged from 5.0% o 48.9% in 1TS1, from 1.1% to
453% in ITS2, and from 3.2% to 46.1% in combined data of ITS1 and ITS2. The ITS phylogeny was generally congrueny
with morphelogical classifications except that G, asclepiadea was revealed to be closely related 10 seclion Genfiana instead
of seclion Preumonanthe and seciion Stenogyie was shown to be a paraphyletic group of the genus Genriana thar weuld
be beuer excluded frem the genus. A divergence among the three European endemic sections and the remaining sections
of the genus other than section Stenogyne was revealed. Thus the European species of the genus together do not form a
monophyletic group. A close relationship between the seciions Chandrapiiyfiae 5. 1. (including section Dolichocarpa).
Cruciata and Preumonanithe was suggesied. The section Frigidae s. 1. {including scciions Monopodiae, Isomeria, Microsper-
ina, and Phyllocalyx) comained two well-supported clades: section Frigidae s. su. and all othecs together. The monophyly
of the typically dysploid group section Chondropliyllae s. 1. was confirmed. Optimization of chromosome nmunbers on the
ITS phylogeny suggesied that 2r = 26 is a plesiomorphic state for the clade comprising sections Frigidae 5. 1., Cruciata,

Puewmonanthe, and Chondrophyliae 5. 1., and probably 2n

Chondrophiviiae s. 1.

Key words:

Gentiana, comprising 361 species, is the largest genns
in the family Gentianaceae. It is found mostly in the tem-
perate and alpine regions of the world: widely throughout
Asia (312 spp.), less commonly in Europe (29 spp.) and
North and Central America (35 spp.), and sparsely in
South America (three spp.), Africa (two spp. in Morocco
only), and eastern Australia (one sp.). Two centers of
diversity can be recognized: the principal one in the
mountains of SW China and adjacent NE Burma, be-
tween 25°-34°N and 91°-105°E, where 190 species, in-
cluding 98 endemics, occur; the second in the Alps and
Pyrenees with 27 species, including 17 endemics (Ho and
Liu, 1990). Gentiana is also a typical alpine plant, with
most species growing at altitudes >1000 m, G. urnula
being an extreme at 4000-6000 m in the Himalayas.

Taxonomists disagree about the circumscription of the
genus Gentiana. The name, in its traditional broadest
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20 is a plesiomorphic state for the dysploid group, section

Gentiana, Genlianaceae; inlernal transcribed spacers; nuclear ribosomal DNA.

sense, covers most genera of the subtribe Gentianinae,
including Gentianella, Gentianopsis, Comastoma, Craw-

Jurdia, Tripterospermum, Plerygocalyx, and Megacodon,

which are now treated as distinct genera by most authors;
but in its strict sense, this name covers only the five spe-
cies usually treated as its nominate section. This narrow-
est circomscription was advocated by Love and Love
(1972, 1975, 1976, 1986), Holub (1973), Lainz (1976),
Weber (1985), Omer (1989), Omer and Qaiser (1992),
and Omer, Ali, and Qaiser (1988). Atleast 12 new genera
(Calathiana, Chondrophyila, Ciminalis, Dasystephana,
Favargera, Gentianodes, Holubogentia, Kuepferella,
Preumonanthe, Mehraea, Qaisera, and Tretorhiza) have
been created by these anthors. These segregates, however,
have not been widely accepted. Most modern authors,
e.g., Pringle (1967, 1977, 1978, 1979), Ho (1983), Ho
and Liu (1990), have accepted a circumseription of the
genus, principally based on subgenus Eugentiana of Kus-
nezow (1891), excluding Gentianella and the other six
genera mentioned above but still including all the new
“genera”” split by Holub, Live and Léve, Omer, and oth-
ers within the genns Gentiana. This circumscription was
widely accepted in such standard references as Flora Eu-
ropaea {Tutin, 1972) and Flora Reipublicae Popularis
Sinicae (Ho, 1988}, and is therefore followed here. In this
circumscription, the infrageneric rank of section has been
applied to the major subdivisions. In their worldwide
studies, Pringle (1978) recognized ten sections, but Ho
and Liu (1990}, followed here (Table 1), recognized 15.

Concerning the infrageneric phylogeny of the genus



1. 83
Vo

NY

BOTA

JourNAL OF
ICAN

AMER

642

sted
as sugge and
the) w cnus, he
(=Coelan. of the igstel' to te
, =L r Sister 1o ae,
Gen”anaremalndzd to be a, Fr ’g’dnd
tion the geSt ruciaid, SiaS: a
iana, sec lade to was sug nae, C ier, Mas s fl‘om_
Ge"ﬂa sister < mn!he Ca!ﬂ'!hla arbonnll ana]yselusion
be e o anch ¢ 1982). ihemi‘?a o o
1) ions iiller, ir s1m se he
secti ection: Miil the na e ba ant
T sec lis ( d on draw r th mon d
other s ina base ve h nea Preu lis an
Cim 7, a, ha ne ion iminali 1.
and 19 taxa, a bra . secti ) in leve
2 Molho Europea:: fom‘egcheme’ -Ssecuc’;1 achig"e;ce for
= imite n‘an_ ition; ata m ca id
g :“-’_-o - o ]gcntion Gizolutlo';?]riﬁte posc; tog??h ?;d Sllgz:»gf)’sej Eiu
g% @ S itive interm npe 1um 1Ca n
£ S 5 inwitiv nte ro ve 1 a
S 3% w nte e gre ha em Ho W
S8 £3 was at ‘Eifaf’”"ﬁggest‘°t?i phy‘°°2ec“°“faemi° P most
Qs g 3 g tion nch s ince Asian ne, €1 t the s
% ¢ é@ 3% =g § Segwe\'er’ Sgenus’ slnt many Sre”"‘gg re]:ﬂ'e.‘“;e]:1 the gen,l:d
8l E H $z= 3 55 3 ge Whol?nto acct?':lt Sectloga coul gh whic whurdia athe
= |§ -3 i g X e B8 1 rea, i} ra to
%3 Tigk EEngggﬁﬁsu take ieved th ent a thro ra C lose
@ 58 TE. % E R 38 ¥ GO not belie adjac enus, gene be ¢
3&=E§3‘:=333£@“‘ 990) the he g ith the ed to ions
3 3\-““.:::30%; (]‘ and of ¢ ity Wi liev ctio
ng-—“-?.:}\ig_sh na e finity be e se f
8 RE&N SO E Chl‘-etyp af! ich they iana. f th Yy O
32 Eeg imitiv ed h tia o eny
§8%% = imi how hic Gen tern hylog Sty
5&88 primil nas mn, W nus G pat d phy ivers
O - 3 entia ermu he genu ution p. in an of di are
Z 33 Ge rosp of t istrib origi ters of | nae
§ 28 2 g fe ¢ of di he cen thia C-
3§ ‘Eg s 4 3 T’f;';stra‘ tyﬁaph'?als about tve. two nd Ca'!ahereas S<ee
Y 5 8§ §58¢ £3 an eog hint abov lis, a I, W odiae,
S BB “EE B ¥33 £ The g some tioned Cimina n cente Monop the
§ E E, § % o % g g‘_g _g[f-‘ UU may g]\"es As ng;e?lffa'naﬁ Eumpe;:ﬂphorastrjcted tOCru_
. g S -!éh %o:: °:° g g iGU Cw ol es genu "onS e in the . OF & Tes ”eﬂ.a" re
HEE S5E888 el the Secti ated calyx, “och as Isor igidae a
e8| 2 S &R o iC =l f M (. entr: Tryllo icoron h as igi ide
FI18| %3 @ e c = exis onc Phyl brico suc d Fr wi
g I o I:E Q - T o . h]y c ogyne, Fim tions ¢, an ave a ec-
p qe = = :‘i]ogns S’Z’:,mga, agdsome Bﬁ,‘choc‘ig;ter bu);r}:,ericaa gnly
i icrosp an e ian rth un f-
3 . Micr nter, Hae, Asi No re fo fA
P g sian ce nd”opmd in the asia to arpa a tinent o tion
= g 2 A ta Cho entratehou[ Eu]bolfchoc the’ con I i (Sec) ]'I']
3 ] ard, C IC
5l g at] CcOon oug nd . In Hani anae).
gl s ¥ (e ighly c n thr lge a enca. 1 G a thian on-
8 S ;3 g g 3 giftﬁbc";:;;dr O%hgouth 1;.? 1“0""'-'(‘:18'ectio"'ir C;zjgnﬂe’ ni?ﬁhe
& =8 = N - n ies ; e LR, o . -
£, = . ons lia a ecie Fro , Ca Lt Ver-
] 89 =3 o fi ustra o sp G. sie tions d Prn Il di
£ -4 R . w C ] . <. t
S s L 33 53|53 in A only ey and ngh sec idac, and Pacu gest tha
g B Sy 3 LE Lo o ica, hy altho Frig LN e sug the
1Y 33 398 : Chondrop  Dolichacamen hical pattorn, w e e
3 T3 . = 1 ion . 100s hia
18§ £5 2 ~ New Dolic. ectio hical ps ation lat [
313 3 e h 2 the lae, the s raphi ifical , Ca nd a
g1° &< G+ v £ dr"";hﬂgd, 0“13:1 the B d"’]‘:'rsgen”“];’gan one, ‘lxcept
b i = ) 10 do a 101 o n
| oa 2 are Base bly para sect En ian o
2 ] ified. roba sity: m the Asi e
W g sifie are p f diver ified fro the osom
= & eare I's QO iversifie from lear. . hrom me
& g 3 th o cente lis d“‘f'c:ers,iﬁe‘.I in is ““?] basic Ced by Sothe
W T . b : (& .
HE g and Chminalis Whose 6 - princip aracters  review ]%92,
S 3 2‘: o g 4 other ienanfhei g..aracterg;itica] (;he reCent]g Yuan’tota] of
& 2 < eum ica the e hav r an fa far.
g BN Pn olog been 5. W Kiipfe B). O 50
. g 23l Kary have is genu ies ( 3a, ically e
= : . ang
W 3 S nmbers, sphtth]ical sl fer, ]9?;1 CY‘OIO%enS'“e 2. 24,
35 5% 3 8 & o | & n hors to ryolog nd Kiip bserve an ex 20, 22, d
5 EE ¥ ks <0 18 ant ant_kar Yuan a been o show 16, 18, 2, 60, and
8|8 % L5 & o~ 2 relev 1993; 8 have e da"az 14, 48, S is @n =
518 Eg g & . ; Yuan, ecies ]5hr0m°som2n = ]2’ 44, 466‘””!‘"41“‘25: = 26
+ |8 oE ool = 61 spe ing ¢ iation : 40, 42, 0), Ci h.e("_.».m)-
: |z - & 3 € exist g] vana 6, 38, 2n = 4m0"a'm ' 2n = e-
3 z B Th umen‘3332 34,3 tiana () Pneu[ piadea s G. fro
3 3 » 1 o e
= hd ] 5 Of n 30; . s Gen or 52 asc g}' pecle 48) al
% g 2 28, tion = 26 . G. ional s or c-
o 2| § bt 26, sec 2n = 1C8, ton = 24 . IS¢
20l 2|3 2 The s ta (2 | spec A highe 2n
@ &|§ " “ 96, rucia tional one exc e ( has 273
] 53 2 = C ep ith dia T4 21,
H O = £ 5 36), exc 24 w TOPO gy 17, Hae,
% 2 S |4 ith' one excep Mo Steno x = rophylia -
° & = S v Wit . e (2”- and tion s of hond vara
= ] % 3-52 &D ig'lda _ 42): e sec mber: ions ighest '0“’
- 2 .8 Sk Frigi 2n = le; th e e sorsio he hig idizati
° g 3 ¥ § Ty g &8 S lichii stab oson the w loi
» g 55 =0 38 ively s rom le sho dysp
5 25 %E 3 5 3.6 g @ re]atlvegaslc Ch46), Wh’,hjanae‘ s. Thus dy
g § g g § g & _53 < ot B Ondary42 and Wd Cala_dy SEIEe
& & |3 3 S5 W £ = 34, é.rpa-a a]] dysploi
g |a oS 22 2 tichoc pica
= % - i 2 Dol and a ty
= = tion
L5} u "
8 I3
Y P4 ]
i ]
“ 21 g8
) E“ §
- %0
ARHE
<«
[—1




May 1996]

in conjunction with polyploidization, may play an im-
portant role in the karyological evolution of the genus,
especially in the three sections just mentioned. However,
we arc still confronted with many karyological problems,
for example, the polarity of dysploidization, karyological
relationships among different cytotypes, and the origin of
some common cytotypes that were geographically isolat-
ed (e.g., 2n = 48 of G. atlantica in northern Africa and
G. aguatica in central Asia). In short, one has 1o know
to what exwent the basic chromosome numbers of the ge-
nus Gentiana reflect its phylogeny before evaluating the
phylogenetic significance of karyological data. Such a
task is obviously beyond the resolution of conventional
karyological study.

Few studies on DNA have been conducted on the fam-
ily Gentianaceae. Phylogenies reconstructed by Sylsma
and Schaal (1985, 1990) on the New World trapical ge-
nus Listanthius using restriction analysis of chloroplast
DNA (cpDNA) and nuclear ribosomal DNA (nrDNA)
were highly congruent with relationships inferred from
isozyme variations. Gielly (1994) and Gielly and Taberlet
(1994) have investigaled Lhe phylogenetic utility of two
noncoding regions of cpDNA, the trul (UAA) intron and
the intergenic spacer between trnL (UAA) 3’ exon and
the rnF (GAA) gene, using the European gentians of
subtribe Genrianinae. In the resulting cladograms, the ge-
nus Gentiana formed a highly supporied monophyletic
clade; the remaining genera grouped wogether as the sister
clade of Genriana. The phylogenetic relationships among
the taxa within both clades were somewhat but not totally
congruent with morphologically defined classifications.
Examples of conflict included the splitting of section
Ciminalis of the genus Gentiana, a group strongly sup-
ported as monophyletic by morphological and karyolog-
ical characters, into two relatively distant clades, and the
placement of G. frigida (section Frigidae) as sister to the
remainder of Gentiana. Recently, the internal franscribed
spacer (ITS) region of ntDNA has widely been used to
infer phylogenetic relationships in different taxa (Bald-
win, 1992, 1993; Wojciechowski et al,, 1993; Suh et al,,
1993; Sang et al., 1994; Kim and Jansen, 1994; Hsiao et
al., 1995a, b; Jansen and Bain, 1995; Wendel, Schnabel,
and Seelanan, 1995). Our recent studies (Yuan and Kiip-
fer, 1995) on ITS sequences of nrtDNA of the subtribe
Gentianinae, which included five species of the genus
Gentiana, indicated that 1TS sequences were informative
in addressing phylogenelic relationships among the gen-
era of the subtribe. The genera Crawfurdia and Tripter-
ospermum were revealed to be the most closely related
groups to the genus Gentiana, and the five species of
Gentiana formed a highly supported monophyletic clade.
Since then we have concentrated our investigations on
the largest genus of the subtribe, Gentiana, to study fur-
ther the molecular evolution of the ITS regions and its
significance for resolving the infrageneric phylogeny of
the genus Gentiana. The following issues in particular
are addressed in this paper: (1) the utility of ITS sequenc-
es as a source of phylogenetnc data in inferring infrage-
neric phylogeny in Gentiana; (2) the phylogenetic rela-
lionships among the sections of the genus; (3) the con-
gruence between the ITS phylogeny and the existing clas-
sifications; (4) evaluation of the karyological conclusions.
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MATERIALS AND METHODS

Plant species and materials—NrDNA 1TS sequences of four Gen-
tiana spectes and 1he outgroups were directly taken from ovr previous
study (Yvan and Kiipfer, 1995). Sequences were oblained from a single
individual, or, in a few cases when the individual was too small, 2-3
pooled individuals of the same populalion from each of a further 20
species representing 12 sections. The reported chromosome number of
each species and the locality and altitude of each plant investigated are
given in Table 2. Leaves were collected directly from the field using
the silica gel method (Chase and Hills, 1991). All voucher specimens
were prepared and deposited in the herbarivm of the University of New-
chitel (NEU). Crawfurdia tibetica and Triprerospermum cordatum were
initially designated as outgroups, based on our previous study (Yuan
and Kiipfer, 1995). However, our subsequent phylogenetic analysis re-
vealed 1thal a section of our ingroup, section Stenogyne of the genus
Gentiana, nested within the ougroup clade. Thus we considered C.
tibetica and T. cordanem as ingroup taxa and included two more distant
laxa as ouigroups, Gentianopsis grandis and Megacodon stylophorus,
which belong o the sister clade of Gentiana—Crawfurdia clade in the
ITS phylogenetic tree of the subtribe Gentigninae (see Yuan and Kiipfer,
1995).

Collection of materials has presented of the biggest challenge in the
current investigation. Despile persistent attempts, three relatively small
sections, Fimbricorona {(four spp.), Phyllecalvx (one sp.), and Orhopho-
ra (12 spp.) remain unavailable 10 us.

Total DNA extraction—Total DNA was extracied from 100 10 300
mg of dried leaves pulverized in liquid nitrogen or directly in hot 2x
CTAB buffer according to the proiocol of Doyle and Doyle (1987},

Amplification of ITS region and the primers used—A standard dou-
ble-strand polymerase chain reaction {PCR} was vsed to amplify the
entire 1TS region, using primers YP{ and YP4. Two internal primers.
YP2 and YP3, were also used in subsequent sequencing. The primers
YP1, YP2, YP3, and YP4 arc identical 1o 1TS5, ITS2, 1TS3, and ITS4,
tespectively, of White et al. (1990) except for a minor modification in
YP1 (see also Baldwin [1993] for the locations of the primers). The
sequences of the primers are: YP1 = 5-GGAAGTAGAAGTCGTAA-
CAAGG-3', YP2 = 5-GCTGCGTTCTTCATCGATGC-3, YP3 = 5
GCATCGATGAAGAACGCAGC-¥, YP4 = 5-TCCTCCGCTTATT-
GATATGC-3'. All of these primers were purchased from Microsynth
(Windisch, Switzerland).

PCRs were carried out in 50-pL. reaction mixtures containing 34.75
pL of sterile double-distilled water, 5 pL of 10X Taq polymerase re-
action buffer (Appligene, Illkirch, France), 2 pL equimolar of 5 mmol/
L dNTF, 2.5 pL each of 10 pM primer YPI and YP4, 0.25 plL of 5
Unit/pL Taq DNA polymerase (Appligene, 11Kirch, France), and ~3—
12 ng (3 pL of 1-4 ng/fpL) of genomic DNA. For multiple-sample
amplifications, a masler mix containing all the componenls excepl the
genomic DNA was prepared and aliquoied. The aliquots were heated
to 70°C and then the genomic DNA was added last. The teaction
mixiures were sealed with =15 pL mineral oil 10 prevent evaporation.
PCR was performed on a Perkin-Elmer thermal cycler under the fol-
lowing conditions: one cycle of 2 min at 94°C linked 10 35 cycles of |
min at 94°C, 1 min at 35°C and | min with 4 extension for each cycle
al 72°C. Samples were held for a final 5 min a1 72°C 0 complete primer
exlension.

Purification of PCR products—Five microlitres of each PCR reac-
tion was run on a 0.8% agarosc gel to check the quality of amplification.
To purify the ITS fragments, 40 pL of each PCR reaction was lpaded
on a 0.8% TAE agarose gel. The agarose bocks containing 1TS frag-
ments were excised from the gel with a scalpel vnder UV light, and
applied to the (JAEX gel extraction kit according to the manufacturer’s
pretocol (QIAGEN AG, Basel, Switzerland). 1TS fragments were re-
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The 1axa, chromosome numbers, origins, and altitude of plant materials studied. Voucher: ¥ = Y.-M. Yuan; Z = L. Zeliner, (sccl.

Chondrophiyllac 5. 1. = secl. Chondrophyllae + sect. Dolichocarpa; sect. Frigidae s. 1. = sect, Frigidae + sect. 1someria + sect. Microsperma

+ sect, Monopodiae)

Mo, Taxon 2n Voucher Cnigin of malerial
Gentiana
secl. Calarhianae
| G. bavarica L. 30 Y93-11 Grand Chavalard, Valais, Switzeiland; 2200 m
2 G. verna .. 28 Y93-05 Grand Chavalard, Valais, Switzerland; 2100 m
sect. Choudrophyliae
30 G. aristara Maxim. 14 YO02-328 Maqil, Gansu, China; 3500 m
40 G. borvi Boiss. 20 Z93-51 Hoya del Moro, Sierra Nevada, Spain; 2300 m
5 G. pyrengica L. 26 Y93-14 Rila M., Borovetz, Bulgaria; 2600 m
secl. Cirinalis
6 G. alping Vill. 36 Y93-09 Grand Chavalard, Valais, Switzerland; 2200 m
7 G, clusii Perr, c1 Song. 36 Y9313 Grand Chavalard, Valais, Switzerland; 2100 m
sect. Cruciaia
8 G. wmacrophviia Pall. 26 Y92-271 Dangchang, Gansu, China; 2400 m
9 G. straininea Maxim. 52 Y92-313 Maqis, Gansu, China; 3500 m
seet, Dolichocarpa
10 G. crenulato-truncara T. N. Ho 18 Y92-31¢ Maqii, Gansu, China; 4200 m
11 G. haynaldii Kanitz 20 Y92-201 Zhongdian, Yunnan, China; 3400 m
sect. Frigidae
12 G. algida Pall. 24 Y91-51 Trail Ridge, Rocky Mt Nadl. Park, USA; 3100 m
13 G. frigida Hacnke 24 Y93-17 Rila Mt., Borovetz, Bulgaria; 2800 m
scel. Gentiana
147 G. huea L. 40 Y9I1-§5 La Tourne, Neuchiiel, Switzerland; 1200 m
15 G. punciaa L. 40 Y93-15 Rila Mt., Borovelz, Bulgarta; 2600 m
sect. fsomeria
16 G. depressa ID. Don ? Y92-118 Zhangmu, Tibet, China; 2800 m
17 G. wrnia H. Smith 26 Y92-71 Karu Pass, Langkazi, Tibet, China; 5200 m
sect. Microsperma
18 G. defavavi Franeh, 26 Y92-229 Lijiang, Yunnan, China; 2900 m
sect, Monopodiae
19 G. callistantha Diels et Gilg 26 Y92-298 Luqil, Gansu, China; 3500 m
sect. Prienmonanthe
20 G. affinis Griseb. 26 Ya1-S1 Towhee Trail, Boulder, Colorado, USA; 2300 m
21 G. asclepiadea L. 44 Y93-20 lzgorjalote Gjune Rescrve, Bulgaria; =400 m
22 G. parryi Engelm. 26 YaIl-54 South Park, Colorado, USA
secl. Steitogyne
23 G. geunilis Franch. 42 Y92-256 Western Hill, Kunming, China; 2100 m
24 G. rhodaimtha Franch. ex Hemsl. 46 Y93-124 Yingjing, Sichuan, China; 1100 m
Crawfurdia
25" C. tibetica Franch. ? Y93-121 Mt Gongga, Sichuan, China; 2700 m
Geitianopsis
26° Gs. grandis (H. Smith)Ma 52 Y92.222 Lijiang. Yunnan, China; 2900 m
Megacodon
27 M. stylophorus (C. B. Clarke)H. Smith ? Y93-i182 Mt. Baima, Deqin, Yunnan, China; 4 100 m
Tripterospermum
280 T. cordarum (Marq.)H. Smith ? Y92-267 Mt. Huanlong, Shaanxt, China; 2700 m

" Sequences laken from our previous study (Yvan and Kiipfer, 1995).

covered in 40 pL. TE buffer, which is sufficient to run several sequenc-
ing rcactions.

DNA Seguencing—Both strands of purificd donble-strand DNA
(dsDMNA) were directly sequenced hy siandard dideoxy chain termina-
tion technigues, using the cycling method of the fino! DNA sequencing
system (Promega, Madison, W1). The protocols recommended by the
manufaciuvrer were followed, using the primers YP1, YP2, YP3, and

YP4 5'end-labeled with [gamma-*F]-ATP {Amersham Rahn, Zirich,
Switzerland). The following program was performed on a thermal cy-
cler (Perkin Elmer, Foster City, CA): one cycle of 2 min a1 94°C, fel-
lowed by 30 cycles of 45 a1 94°C, 45 a1 55°C and 1 min at 72°C, and
finally cooled to 4°C. This system gave good resolution for these 1TS
sequences.

DNA sequencing samples were separated on 6% acrylamide—-8M urca
gels. After electrophoresis, the gels were fixed in 20% ethanol-10%
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acetic acid for 10 min, transferred onto Whatman 3 MM paper, vacuum
dried at = 80°C for 2 h, and then exposed to Kodak XAR X-ray films
for 10-14 h.

Sequence alignment—The sequence boundaries between the (wo

spacers and the three coding regions (18S, 5.85, and 255 genes) of

nrDNA were determined by comparison with published sequences from
Paucus carota and Vicia faba (Yokota et al., 1989) and with our pre-
vious data (Yuan and Kipfer, 1995). The combined sequences 1TS1 and
ITS2 were aligned using the program Clustal (Higgins, Bleasby, and
Fuchs, 1992), with fixed gap penalty and floating gap penaliy at 10 and
DNA wransitions unweighled. The generated alignment was slightly ad-
jusied manually to minimize the number of gaps. The inclosion of the
oulgronps did not intreduce any additional alignment ambigoity.

Pitylogenetic analysis—Potentially informative sites, those with each
of at least two character statcs shared by Two or more scquetices, were
used for phylogeny construction. The 13 sites from position 13 10 25
were excluded from most phylogenetie analyses because of their align-
ment ambiguity, although the inclusion of (hese sites does not affect the
topology of the resulting trees. For our basic analysis, phylogenetic irees
were reconstructed from the data set where gaps were coded as missing,
using unweighted Fitch parsimony, i.e., assuming unordercd character
stales as implemented in PAUP 3.1.1 (Swofford, 1993). To test for the
effect on phylogeny recenstruction of the expected higher rate of twran-
sition mulations over transversions, we tested a range of characier-state
weighting schemes. Analyses were conducted using the stepmatrix func-
tion of PAUP to weight transversions 2:1, 5:1, or 10:1 over transitions.
Three methods were used to reat characlers for which alignments sug-
gested that one or more taxa had experienced deletions or insertions:
(1) the 51 potentially informative gap sites, as indicated by * in Fig. 1,
were excloded from analysis; (2} the 51 potentially informative gap sites
were converted into 36 multistate characters where both spbstitutions
in the insertions and the deletions were taken into accouni, e.g., the
three sites 156-158 were considered as a single character unit and six
diffcrent characler states (---, A--, AA-, AC-, ACG and ACT) werc
rescored for thal character; (3) the gaps were simply coded as a new
stale (gapmode = newstate).

Unweighied analyses were also conducted using only ITS1 or 1T52,
with gaps coded as missing, 10 examine the rclative informativeness of
the two spacers.

In view of the number of 1axa included in this study, heuristic search
strategies were condugted. Four different heuristic searches using dJif-
ferenl taxon addition sequences, in combination with TBR (uwree bisec-
tion-reconnection) branch-swapping methods, were performed fot the
basic analysis, 10 maximize the probability of identifying the maost par-
simonious frees: (1) SIMPLE addition sequence; (2) CLOSEST addition
sequences; (3) AS1S addition sequences; and (4) 100 replicates of RAN-
DOM addition sequence. For all the other analyses, only the CLOSEST
and TBR options were performed. Bootstrap valves were calcnlated
from 500 replicates of heurisiic searches with SIMPLE addition se-
quences for the basic analysis where paps were coded as missing.

Chromesome nombers were optimized on the consensus 1TS wee gen-
crated {rom the bhasic analysis, using MacClade 3.0 (Maddison and
Maddison, 1992).

RESULTS

Variation in repeat unift—Nao clear evidence of mul-
tiple repeat types was found. Each PCR product was re-
solved, in mosr cases, as a single band on 0.8% agarose
gels. In a few cases, a weak smaller band was also re-
solved in addition to the regular band. The weak band
generated the same sequence as the regular band in two
examples examined, suggesting that they represent sin-
gle-stranded I'TS DNAs. From the sequencing step, how-
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ever, nucleotide polymorphism was often found for the
site 18 (C or G) and site 19 (A or G) (Fig. 1), in addition
10 some occasional polymorphic or ambiguous sites oc-
curring in individual sequences at low frequency.

ITS sequences and their divergence—The aligned se-
quences of ITS1 (siles 1 1o 255) and 1TS2 (sites 256 to
5035) are shown in Fig. 1. The sequences were deposited
in the EMBL Nucleotide Database. The length, G + C
content, and accession number of EMBL Nucleotide Da-
tabase of each sequence are given in Table 3. The length
of 1TSI in the taxa surveyed varied from 219 bp (G.
crenulato-truncaia) to 237 bp (G. verna). The length of
ITS2 varied from 216 bp (G. straminea) to 234 bp (G.
aristata). The multiple alignment of the sequences re-
quired 2535 sites for ITS1 and 250 for ITS2. The G + C
content varied from 52.8% (G. aristata) to 63.5% (M.
stylophorus) in ITS1 and from 56.4% (G. siraminea) 1o
65.1% (M. stylophorus) in ITS2. Of the 305 aligned po-
sitions, 135 sites (96 in ITS1 and 59 in ITS2) involved
gaps; 27 sites (17 in 1TSI and 10 in ITS2) involved nu-
cleotide polymorphism or ambiguity in individual se-
quences; 129 sites (50 in ITS1 and 79 in ITS2) were
identical for all the sequences surveyed; 194 sites (92 in
ITS1 and 102 in ITS2) showed nucleotide divergence,
i.e., possessed one or more nucleotide differences be-
Iween sequences.

Pairwise sequence similarities were calculated for all
possible combinations for ITS1, ITS2, and the combined
data of ITS1 and ITS2, using the data distance matrix
option in PAUE Within the genus Gentiana (including
section Stenogyne), the mean sequence divergence be-
tween pairs of species ranged from 5.0% (G. algida vs.
G. frigida) to 48.9% (G. aristata vs. G. verna) in 1TS1;
from 1.1% (G. algida vs. G. frigida) to 45.3% (G. ba-
varica vs. G. gengitisy in 1TS2 and from 3.2% (G. algida
vs. G. frigida) to 46.1% (G. aristata vs. G. gentilis) in
the combined data of I'TS1 and 1TS2 (distance matrix not
shown).

Phylogenetic analysis of ITS sequences—Basic phy-
logenetic analyses were performed on the data matrix
where gaps were coded as missing data. Only the poten-
tially informative sequence data were analyzed using
Fitch parsimony. The autapomorphic and constant sites
were ignored from analyses, since they do not contribute
any resolution on internal branches of the phylogenetic
trees. Four rounds of heuristic searches using different
regimes of stepwise addition of sequences generated the
same set of six equally most parsimonious trees of 535
steps, with a consistency index (CI) of 0.578 and a re-
tention index (R1) of 0.606. The strict consensus of the
six most parsimonious ITS trees was highly resolved, and
several clades were supported with relatively high boot-
strap values (Fig. 2).

The phylogeny of the 1TS sequences is largely con-
gruent with morphological classifications, wirh the mor-
phologically best defined sections supported. There 1s a
major dichotomy befween the three European endemic
sections (Calathianae, Ciminalis, and Gentiana) and the
remaining sections (other than section Stenogyne). Two
clades, one involving section Chondrophyllae s. 1. (in-
cluding section Delichocarpa) and the another involving
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Fig. 1.
followed for nucleotide ambiguity, ie., K = G/T, §
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»ITE1* - + 133 »

TCGRR-TGETEC - - GRARG- AGAL - GAUCCEAGGACA-TETTTGRAR ~-CCACGUEGCGT TOGEGA-COGGEGRARCCTC ~-GGRCCGATGCCCTARGCATGG {100}

TCGAR-TCCTEC - -GAMNC - AGAC- GACCCGAGGACH- TGTTT TAAATCCACSEECOT TUGGGA - CGEGGAAACCAC-GEACCGATGUCCCGAGCATGC
TOGA-TTCCTGCCTTAAGCAAADCARADTG-- - -~~~ ~GTTTTTAAC- - ~0GEG- TTTTGGE- - CCAAGGAAACCCC- GGGLCAATTCCCCGACCTTAN
TCGRA-TCCTGC- - TAAGC - AGRC-CGACCOGAGAACA- PGTTT - - ATCGLALGHEGCGT - CGEGA - CRAGGGAMCCGCAGERCCGATGCCOCGUGUATGA
TOGRA-TCCTGC - - TARGC - AGAC - GROCCGAGAACA - PGTTT - - ATCGLACGHGORT- CERGA- CGRGGGRARCCTT- GGJ\CCGJ\TGCCOCGJ\GCRCGA
CCCGAG

TCGAT=TCCTGEC - -~TARGC- AGAC- GACCCGAGAACA ~TGTTT- ~-ARCGARTGEOCGTTCGGEA -~ CEAGGEARNTAC «GGOCCGATCOCCCGAGCATEG
TCGAT=TCC~GC - ~TAMGC ~AGAC-CGACCCEAGRALA - TETTOT- ANCGAM GEGCETTCOGEA - CGAGEGAARCTAC ~GBCCOBATGC COCGRGTATCG
TCGAR-TCCTGC - - TAAGC - AGAC-GACCOGAGAACA-PGTTT - - ATCTUACGRGOGT - CGEGA- YGAGGGAAACCRE -GRACCGATGCCCCGAGIRGGA
TCOGAA-TCCTGC - - TAAGC - RGAC -GACCCOGRGAACA - TGTTT - - ACCGCACGEEGUAT -COGGA -~ COHEBGEAGACTAC- STACCATGCCCOGAGCACGE
TOGAT-TCCTGL - ~-GAASR ~ - -AC -GACCCGAGAACA - TETC T - - ANCGCACGGGLETTOGCGA - COAGOGAANCTAC »GEACCEATGCCCOGAGTACEG
TOGAT-TCCTEC - ~GAAGC~AGAC -GACCCGAGAACA - TETCT- ~-ARCECACGGGCETTOCGEA - COAGGCAAN TR L - GEACCEATGCOCCRAGTACES
TOGAA-TCCTGE - ~GARGC -AGAC-GACC -GRAGAACA - TOTTT - - AMAGCACGEECTTTOGGEA - CEAGEGAAAGEAC - GEATCGATGCOCCGAGTACEG
TCGAATTCCTGE - ~GRAACGERGACTGRCCCGAGGALARTGTTT - - ARACCALGEGCGTTCGEEA ~COAGGEARNCCAC - GRACCCATGCCCOCGRGTACEE
TCGAT-TCCTGC - ~GAAGC- AGAC-GACCCGRGAACA ~TGTTT- ~AACGCACGESCATTCGGEA - CAAGGE ARNCCAC - GRACCEATCCCCCGRGUATGE
TCGAT - TCCTGC - - RAMNGAGAG-CGGACCCERGEAM A ~TUTTT~~ ARCGCALGEGCATTCEEGR - CORGEGAGNCUAC- GEACCTGTGC COCGAGUATGS
TCGAT-TCCTGC - - GAAS- - AGAC- GACCTGAGAACA- PGTTT - - AACGCACGRGCAT TTAGGA - COAGGGRAA CCAC ~GEACARA TGCCOCGAGUATGS
TOGAT-TCCTGC - - GAMR-- - - ~-AC-GRCCOGAGAATA - TGTTT - -AATGCACGEGCAT TOGEGA - CGAGGGARRCCAC -GRACCOATGECCOGAG CATGS
TCGRA-TCOGGEC - - TAAGC - AGRC -GRCCOGAGAACA - TGTTT - - AACACACGAGCGT TCGEGARCCAGGGRARCTAC ~-GRACCHATGECCCGAGCATAG
TCGAA-TCCTGC - ~GAASR---AC-GACCCGAGGACA - TGTTT - - ARAGCACGGECGET TOGG0A - CRAGGEAARCTAC - GERCCGATGC CCCGAGTACGG
TOGAT-TCCTEC - ~TAAGC - AGAC-GACCCGAGAACA ~TGTTT- - AMCACACGGGCATTOGGEA -~ COMIGEAARCTTAC = GEACCCATGCOCCGAGCATTT
TOGAT-TCCTGL ——GARGC - BAMNC - GACTCGAGAACA-TGTTC - -AMCTCACGEGCATTCGGEA - COAGGGAANGEAC - CTADCGATGC TCCCAGCAAGE
TOGAT-ACCTEC - -GRASR - - ~AC-GACCCGAGAMCA -TCTTC- - ARCTCACGGGCGT TOGHGA - CRAGGRAAACCAC -GTACCCATGCCCCGAGCAAGG
TCGAT - TEGTGC - ~GRAGC - AGKC -GhCCOGAGAACA-TGTTT - - AR TCACGEGCATTTGGGA -COTGOGARALCAT -GGAC TUATGC COOGAGUARGG
TCGAMGTCCTGC - -GAMGT - AGAC-GhCC -G TGAACT - TGTAT - - ATCGRA- GEOCETCCGGEGA - COUGOGARACCAC -GEACCOGOGHCCCGAGRACES
TOGAA-TCCTGC- -GAAS - ~AGAC ~GACCCGAGAALA- TGTTT- - ANCGCRCGHGUETOCGEEC - COGEEGAANRCTAC- GERACTEGOGTCCOGAEOGOGEE
TOGAT-TY( -G - ~GARGC-AGAC -GACCOGAGAACA - TGTTN - - ARCTTACGOGCATTTGOGA - TGTAGGRARNCCAL -GEACCEATECCCOGRGUANGG

+ o +* A PR 22 'L +* +*

CETCGACCACCGGTORS- - -TOGTC -GTGCACACAACCAACDOCGGEGCGCAG - AAAL - GUGOCARGEAAAACCA - - - AAAAGSATGGCE-TGCCTOCTTT

CGTCGACCH

CETGGEACCACCGETCGC - - ~TUGTC - GTECARAACARCCARCCCCG - CHCAG- AMC-GOGCCAAGGM\AA(‘Ga -ARARMAGEATEECC-TGCCTCCCET
CGET-GACCRCCGOTOGCTCGTCGTGTATG - AAACAACCAACCOOCE- - - GCAG - AAAC- GCGCCARGEAARACCR - ~ RARAMNGGATGGUC- Y6 - ~TCCOGE
COTCGACCACCGGTOGC - ~ - TOGTC ~-GTGCARMCA -CCARCCCCGEECRAMGEARAC - G- GC ~-AAGGRAACCCT - - ARRMAGGT TTCCC -TTCCCCCCET
COTCCROCACOGETCEA - - TOGTG-GTGCAARC ARCCARDCCOGHEUECAG-ARAC ~GUECCAAGEARARCGT - AAARNGEAT TTETE - TGCCCOOCET
COTOGACCACOGETCGC -~ - TCETC -GTGLAAACAKCCAACCCOGGGOGCAG- ARAL ~-GUGCCARGGAAALCGH - - AANARGGATGECC -TGCCTOOCET
COTGTACCACOGGTCGC - - - TCETC -GTGLARACAKCCAACCCOGGGCECAG-AMMC ~-GLGOCARGGAAALCGA - - ARRARGGATGOCC -~ TGCCTCCCGT
G- == -KCACCGGECCEC- - »TC- TCCETECAAACARCCAACCCOG - - - GCAT =AANC-GOGCCARGEAARACGH - - ANAAAGEATGECC -TECCTOCCGT
COTCGGRCAACGGLOGC - - ~TTOTOC STECARACARCCARCCCOGEGCHCATTARNC - GOGCCARGEAAMACGH - - AARARGEATTEOC-TGCOCTCCET
CETGCACCACCGOTCRT - - ~TOGTC - GTGCARACARCARCCARCCYYGGUAG - RBAAC- ‘A= ARRAMAGGATTGCOC - TGOCTCCCGT

CGTCGRCCACCIGTCGT

COTOGACCACCBETCAT - - ~TCGTC-GTGCARACAACCARCCCCGOGCGCAT - AAAG -GOGCCARGGARAACGA - ARRARGGACTGCC - TGCCTCCCAT
CETCRALCACCRATGOC - ~TCOTC-GTECARACAACCARCCCCEGOCGCAG - ARAC - GOGCCAAGEARRACGA - - AARAAGGATGEOC -TGC- TCOCGT
COTCERCCACCRATORE - - ~TCG-COGTGCARAC AACCAACTCCEGGCGCAT- ARAC - GOGOCAAGEARRACTR - - AAGAAGGATGECC- TGCCTCECGT
CETCEACCACCRATOGE - - - TORTC -GTGEARACAACCARRCCCRGGCRCAG- ABAC - GEGCCARGEAAAACGA - - ARAAAGIATGGCC - TGCCTCCCGT
CGY-QGCCATCGGTCRC- - - TOETC-GTOCTAACAACAANC CCCOGECGRTGE - AA - - GOGCCARGEAAAATEA- -AARAAGEATGAOC- TGCTTECCGE
CECGEOCACTGETORT - ~- CCGTC- GTGCTARCARCAARCCCCGEGCETCGARAA - - GEGCCARCEAARAT T - - ARGARGGATTGGTCTCCTIGETGR
CCACGEOCACTAGTCAC - - - ARGTC-GTGCTAACATC ARACCCCGGGCECATTAA - - - CTGCCARGGAARAOG- - - ARARAGGATGGCR - TGCCTACC- A
CETCGACCATTEATONE - - - CORTC-GTCCACATANACARCCCCAGEEE0GT - AhAR- GOGCCARGEARAACAA - -GAANIGGATTGNC-TECCTCTCGA
OGCOEACCACOGETCGE - - ~TOGTC - GTGCAMACAAACAACCCOGGRCECAG- ARAA - GCOCCARGGAAAACGA ~AGARAGOGATGEC T-TGCCTCTOGA
CRACGGOCACCGGTORE - - ~THGTC- GTGCTAACAACAAACC - - - GOOGCATTARA - ~GOGCCARGEAARACAA - - AARAAGGATGGOC -TGCC-- -NNN

* “r + + + e + »ITE2 *+ i

CATGCOG- TACGC-GUTGTGAGGCEG-AGGAGUAC-GBGCG-COTARA -GEAACA RTOGCGTOBCOCOCOC- AACACCG-TGCATHRRAGCCATE-TCGET (300)

ATCOGCUG = TACGCTGETG TGAGGECEGE -AGCABCACAGEECATCCTARRTGEAACA ATOGCGTOGCCCCCC--ARCACCGCTGCATGAAGOCAGT -COGET
COTECOGTAATGC - CGTACGEC - ACGEGAGEACCANC-GTACG-CCTARA- GAAACA ATGTCGTCGCCCCCC- - ARCACCG- TGCATGAARMATTG - TCGOT
CETGTCGE- TATGC-GETECGEC - ACGGEAGGATCAC - AGATG - CCTARA ~GRAACA ATOGCETCGOCCCTCC-ARCACTG- TGCATGARACATTG-CATGT
COTGCOG-TATGC- GETECGC- ACGGGAGGATCAC - AGRCG~=CTARA ~GARACA ATCGOGTOGCCCCCCC- AACACCG- TGCATGARACATTG -CCGET
CACCCOG-TACGC-GETETGC- ACHG-AAGACCAC-GG-C0- CCTARA -GARATA ATCGOGTOGCIOCCCCTARCACOG- TGCATGARATOGTS -~ LGGT
CHCCCOG-TADGE - - GTGTGT - ACAGARGGACCAC -GEGLG-CCTAAA-GAARMCA RTCGOGTCGCCCOUTC- AACATOG- TGCATGRARTCGTG-COGET
COTGO0G- TACAC - GGG TGT - ACGGEAGGATCAC -GEGEAG-COTAAA-GAARMCA ATIGOGTTOGCCCGCC- AACACCE-TCTATCARACATTG - COGGT
COTGO0G- ThOGC- GOTGTGC - ACGEGAGEATCAC -GGGCG -CCTARA-GARMCA RTCGTTTC----- CCC-AMCACCG -TGTRTKARACATTG - COGGET
GCTACCGATTCOT--- -~ -~ CGACGG--AGATANC - -GACG- -CTAAA-GAAACA ATCOGCGTCGCCCCCCC - AACACOG- TGCATGAMCATTG ~COGET
COTGOOG-TATTC - GETTOGL - ACGGGRGEATC AL -GGROG- - CTAA- ~GRAACE ATCCCETCRCCOCCOC- ARCACOG- TGTATGARACATTGTOCGST
AGTGECCCATACGC- GETS TGCGALGGEAGGTACKC - GGGLG-COTAML ~GRAKCA  ATCGOGTCOGCCCCOCE - AACACCS - TGCATGATATCATG - COGGT
AGTECCG -TACCRA- GETETGT - COGGEAGGATUAC -GEGCE-CCTARA ~GAAACA ATCEOGTCGCCCCOCCC -ARCACCTE - TGCATGATATCATS - CCGET
CGCGLCG-TASGC -GGETEOGT - GCTGEAGGATCAC ~GGGCGE- COTGAA -GARACGE  ATTGCGTUGCCCCCT - =ACACCCG- TGCATGARATUATG-CCGET
CGCGOCG-TACGC -GETEOGT - CCTGEAGGATCAC~GGGCT - TCTGAA-GAAACA ATCGOGTUGCCCCCCC ACACCUG- TGCATCGARATCATG- COGET
COTGCCG=TACGC -GETGTGC - ATGGEAGEATCAC-GGGUG -CCTAR ~GAAACA AT-GOGTCGCCCCCCOCAMCACCE-TGCATCARATCATC - CCGLT
CGTGOCG-TACGCAGHTGTEC ~-ATEGEAGGATCAC -GGE0G - -CTARA- GAAACA ATCGCGTOGCCCCCOC- ARCACTG- TGCATGAAATCATG -CCGET
CGTGOCG-TRTGC - GETGTEC -ATGEGAGEATCAC -GGECG- CCTARM- GAAACA ATCOGUGTOGCCQCCCC- - AMCACTG- TGCATGARATCATA -COGET
COTGEO0G-TACGC- GATETG - ATGEGAGEATCAC -GGEIG- COTARA-GAARCA ATCGCGTCGCOCCCOC- AMCACOG- TGCATGRAATTOATG -QCGAT
CETECOG- TACGC-GOTETGC- ACGE-AGGATCAC - 3GGLG-COTARL -GAAACA ATCGTRAGACCCCOCC-AACACCE - TGCATGAMACATTG- CCGOT
OGTGCCE-TACGC-GETECHC - BATGHAGGATCAC -GE6UG-CCTGAR-GAAACA ATUGOGTOGUCCCOCC-- ACACCE- DECATGARATCE TG -CCGET
CBTTOCG-TACGC-GETG TGC-ACGEEACCATCAC ~GOECE-CCTARM-GAAALA ATOGCGTUGCCCCCC-AACACEG ~TGUATGAARCATTG- COGGT
CTF - ~CEETACGC -GGELL TGT - TCGGTAGGATCAC-GGGCGE- CCTARA ~GARACA ATCGC- TOGCCCCTCC -AARCOCG-TGCACGACATCATG - CCGGEA
CACGOCE-TTGEGC--GCTTGT- TOGETAGGA TCAC ~GOGCA- CCTARN -GAAACA RTCGOGTCECCCCTCC- AAC- COG-TCCACGARANTCATG-CCGET
CATTCOG=TACGC-GETG TETTT THETAGEATC AT -GGECA- CCTAAR-GAAACA ATCCTGETCGOCCOCA - - AAC- COG- TCGACGACGTCGTG- CTGGA
TGOGCCG-TACGC - GEAGTGC - ACGGERGGEARAR -AGGELG- CCTGART~ARACA ATCGCCETOGCOCCTC- - ARCCTOG- TGOGTTGACTCGT - - ACGGS
GOGOOG-TALGC - GEAGTGC - ACGOGRGEGUAACATEECE - CCT- AR~ GAAACA ATCOGCETCGCOCCCC- ~AACCTCG - TGOGTTARCTCGT - - AOGGG
NACATCOGTACGC -GGC - TGT-AAGATAGGATCAC ~GGGAG-CONAAA -GRARCA  RTTGOGTOGCLCOCT - - AACCCTA ~-TGCACGRCAACGTG- - TTGA

sites being considered in the phylogenetic analyses (see text).
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The aligned sequences of ITS1 and ITS2 of CGemriana and its outgroups. See Table 2 for species names. The TUPAC (IUB) code was
= C/G,R=A/G, Y =C/T,M = AIC, W = A/T,N = AICIGIT, — = gap. * =

the 51 gap
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=-GETATCAGGGEC-CEATATTEACTTCCOGTS - - --CTCCEA -CO0GECTGHCC TAAACGCAAGT - COCTTGOR-ACGGACACGRCGA- CAMGTGETGGET  (400)
TGOTGET

~CGTATGAGGGEC-GGATAGTGECTTCCOGTG - - - - CTCCEE-TGCGEC TGLUC TARA TECAAGT - CCCTTGCE -~ ACGGRCACGRCGAACAAG

- TCTOGEAGGGEC - GEATARTGECT TCCOGTGETOET T TCGG TECGEC TEECG TARA TGCARGT - CCOTTGCG ~-ACGGRCACGRACEA- CAAGTGGTGGT
- TGTOSTCGGGEC-GEATATTGECTTCCOGTA - - - ~CTTCGG-TECGECTGRICCTARA TECAAGST - CCCTTGCG ~-GOOGACACGALGA ~CAAGTGGTGET
= TETUGHAGGGGC-GEATATTGEGCT TCCOGTE - - - - CTTCGG- TROGECTGECC TAMA TGRAAGT - CCCTTCOG- ACGEACACGACGA - CAMGTGETGET
- CGTCGEAGEEGECTGEATATTGGCT TCOCGTG ~ ~ - CTOCEG- TGOGGC THGCCTARA TGCAAGT - CCCTTACG- ACGEACACGACGEA ~-CARGTGETEET
= OGTOGEAGGEEC - GRATATTGECT TCCOGTG - - - - CTCCGG- TGCGGL TAGCCTARA TGCAAGT -COCTTACG- ACGGACACGACGA-CANGTGOTGET
= PGTCGEAGGEGEC-GEATATTGGCTTUCTRIG - - - CTTCGG- TGOGEC TGRCOTARA TGCAAGT - COCTTGOG-ACGGACACGRCGA - CARGTGETGET
= TGTOGEAGGEEEC ~GEATATTGECTTOCCETG - - - - CTTCGG- TGOGGCTGRCCTARA TGCAAGT -CCCTTGCG - ACGOACATGACGA- CARGTGOTGET

TGCGECTGECCTARATACCAGT - COCTTGOG- ACGGACACGRIGA- CAAGTGGTEET
TGCEECTGLCCTRAROGCARGT - COCTTGOG- ACGGACACGRC GA- CAAGTGOTEET
TECGGCTERCCTARROGAMGTTCCCTTGOG- ACGGACRLUGRCGA- CANGTGGTGET
-CGTOBGAGGEEC -GEATATTGECTTCCOGETS - - - -CTTCAG- TECGECTGEC CTARA TGRANGT - COUT TRCG- GOGGRAGACGACGA- CRAGTGETGET
=CGTCTGAGEGGE -GGATATTGECTTOCOETS - - - -CT TOGG- TECGECTGEC CTARA TGEEAGT - COCT TROG- GOGGACACGRCGA- CAAG TGGTGET
-C0GTOGGAGEEEC-GGATATTEGCTTCCOGETG- - - ~-CTTC TG - TECGECTEECCTARATT T ANGT - CCCTTRCS ~-hOGGACACGACGA- CAAGTGETGGT
-CGTOGGAGGETG-MGATACTGOCTTCCOGTG- - - - CTTCGG- TACGECTGECCTARAT TCAAGT - COCTTECG- ACGGLGACGACGA-CAAGTGETCGT
- CATTGGAGGEEC -GEATATTGGCTTCCOGTG- - - - CTTCAG- TOOGACTGECCTARAT ICAMNGT - CCCTTECG ~ACGEACACGACGA- CAAGTGETGGT
~CTTOGE-TGCEGCTGECCTARNTTCAAGT- CCCTTGCG - ACGGACACGACGA- CAAGTGGTGGT
CTTOGG- TGCEECTEECCTARNTGURAGT - CCCTTGCG-ACGEACACGACEA - CARGTGETGET
CTTOGG- TECGGCTEECCTARN TG U GAGT-CCCTTGCG - GOGGACATGACGA- CARGTGETGEAT
CTTOGG- TCGECTGECCTARNTGC ARG T -CCCTTGUG-ACGGACACGACGA- CARGTGETGET
CTTCGE- TETGEC TGGCCTARNTICAAGT - ICTTGCG- ACGGACACGACGA - CAAGTGGTGOT
=CTIOGG-TRCGECTGRCCTRAAT - CAAGT ~-CTCTTGTG- ACGFACACGACGA- CAAGTGETGET
- IGTCAGRGEGEC -GGATATTGEC TTCLCGTA - - - ~CTTOGG- TOLEETTGGCCTARATGCARGT ~-CICTTCTG-ATGEUGACGACGA- CARGTGETGET
TGATATGAGEEEECEGEATGATEECTTCCOGTIC - - -~ TCTATT - CGC GG TGECCTARATE TEAGT - CCCTTGCG - ACGEACGTGACGA - CAAGTGETGET
TGEOETEAGGEEECECAARATEGECTTOCOGTE- - - - CTTGGC - CGCGEC TGO CCTARATECGCET - CCCTTGCG - ACGEACGOGACEA - CAAGTGETGET
CAGT-TGAGGEEC-GGATATTGEC - - MNNGTG— - ——CTANGE - TGCGGCTGECCTARA TECARGT -CTCTTGCG - ACGEACACGACGA - CAAGTGETGET

- COTOGGEAGGGEC -GEATATTGGCTTCCORTG-- - -CTTOGE
-COTOGGAGGEGC-GGATATTGGCT TCCCGETG - - - -CTTCGGE

* * aow LT LT " ww -

TCATTTACTTAGCTAAG -GTGTTGTC -GOGCGITECCCT-GTC - GGACGAGGAGACTTACTTGACCCTTATGCAT- ACGTCE - PCACGACGTCTGCGACG
TGATTT-CTCAGCTAAG- GTGETGTC—GRECECTGCCOC-GTC-GAACGAGGAGACTTACTTGACCCTTATGCAT- GOGTCG - TCACGACGTCTGICACG
TGATTARCCTCARCTCAG- GTECTGTT-GEACET TRACOC - GTC - GEATAMGGEAGACTTOC TTGRCCC TAATGCA - - AOGROG - TCACGACGCCTGCCALG
TGATTACCTCARCTCAG- TTGCTGTC ~GTACGTTGACCC - GTC - GGATGAGGAGACTTCC TCEACCCTAATRCAT - GCATCG- TCAQGAGGECGTGCCALG
TGATTACCTCARCTCAG -TTGETGTC - GCACGT TEACCC - GTC- BGACGAGGAGACTTOCTCGRCCC TAATGCAT - (GAGTCT - TCACGRCGCATGCCALG
TGETTTACTCAACTAM -GTGCTGTC -GCGLGITEC CCC-GTC-GOATAAGGAGAC T TACT TG ACCCTEATGCAT - ACGTCG ~-TCACGACCTOTGCGALG
TGATTTCCTCARCTAAG -GTGCTETC -3OGCGETECCCC- BTC- GGACGATGAGACT ARCTTGACCCTGATGCAT - ROGTCG ~-PTCACGACGTCTGUCALG
TGATTGCCTCAAMC TAAG- GTGTTETC - GOGCGTTTCCCC-GAC-GEATGAGGAGACTTCCTTGACCCTAA TGCAACGTCTCG -~ TCACGACGCOTGCGALG
TG-TTGCCTCAACTAAG- GTCCTGTC-GOTAGTTGCC— - - GTC- ~GATGAGEAGACTT-CTTGACCCT-ATGCAGCATGT - ——- - ACGRCGT-TGOCACG
TGATTACCTCAMC TCAG- CTECTCEG-GAACCTTAAACCCGTC ~GUEATGAGGAGACTTCC TTGACCCTCATGCAT- ~0GCOG-TCACGRCECSTGCCALG
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TGATTGOCTCGACTAAG -GTCGTGTC
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GOECCCTGCCOC -GTC -~ GRATGAGGAGACT TACT TGACCCTGATCTCGAGCGTOG - TCACGACGCCTGLCACG
BOGCGCTGCOCC -GTC-GEACGAGGAGACT TACTTCACCCTGATGCAT- GOGTOG-TCACGACGCCTGLCACG

GOGCETTGCOCCTETCAGGRTAAGGAGACT TCTTTGACCC TAACGCAT - GTGETOE- TCACGACGTATGCCANG
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TGARTTACTCARCTARG-GTGLOTGTC
TGARTTICTCAA
TGAATTACTCAACTANG -GTGCTETS -GOGCETTEACCL -GTC -GG COCTARCGCAT - ~TGCTOG -TCACGACGTATGC CACG
TE-TTECCTCAAC TAAG-GTGCTGTACGCTCOTTGCCCC -GTC - - CATTAGGAGACT TOCATGACCCTANTGC AC-GOGTTG-TCACGACGCCTGCCALG
TGATTGOCTCAACTAAG-GTGCTGTC - GUGCGITGCCOC —-GTC -GEACGAGEAGACT THC TTGACCCTGATGCAC -COGTCG-TCACGACGTCTGCCALG
TGATTGOCTCAACTAAG - ATGCTGTC - GCTCGTTEACCT-GTC -GEATCAGGAGAC T TCCATGACCC TAATGCAC -GOGTCG-TCACGRCGCCTGC CACG
TGATTGCCTCAACTALG- GTCGTGTC- - - GOGCTGUCC - ~ATC -GARCGGAGAGACTACGTAGACCCAGATGC AR - GCATCG-TCACGATGCCTGC TACG
TEATTGCCTCARCTAAG- GTECTGTOGTCRUGCTGC CCC -ATC -GRACGEAGAGACTC TS TAGRC CCTGATGCAR - GCRTOGATCACGRCGOTTGCTACG
TGATTGCCTCAACTARG- GTCCTCTOGT - GCGTTECACT -GTC -GAACGRAGGGACTCOETRGACCCTEATGIAT - GOGTCG - TCATGATGOCTGLTALG
TGATTGCCTCAACTAAG-GTCCTCTOGT - TCTACGACC - -OTC -GAAT TAGRAGACTCT. - COACCUTARTGCAL -GCGTCA- TTACGLTG - - - GCTACG
TGATTGCCTCAACT ARG -GTGCTETC -GG CGACGLOCT - —GTC ~GATTGAGGAGACTCOC - CBACCCTGATGTAT-COG TCG- TCACGACGTCTGC TACG
TGATTACCTCAACTAMG- GTOGIGTC - GOGCOCTGEON - -GT6 -GAACGEAGARGACTNNATTGACCC TEATGCAT -GOG TCG- TCATGACGTATGC CACG
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Fig. 1. Continued.

section Frigidae s. |. (inchiding sections Monopodiae,
Isomeria, Microsperma, and Phyllocalyx) agree with
some classifications but conflict with others., However,
the positions of section Stenogyne and of G. asciepiadea
do not agree with any existing classification: G. ascle-
piadea, which has either been included in the section
Prneumonanthe or segregated as a distinct genus (Das-
ystephana), nested as the sister group of the section Gen-
tiana, section Stenogyne, which was suggested as a prim-
itive section of the genus Gentiana, nested outside the
genus as part of the Crawfurdia-Tripterospermum cla-
de—the suggested sister group of the genus Gentiana.
Both of those unusual groupings were supported by high
bootstrap values (93% and 100%, respectively).
Optimization of chromosome numbers on the 1TS phy-
logeny swggested 2n = 20 or 2n = 26 as the plesiom-
orphic condition for the clade section Chondrophyilae s.
1., and 2n = 26 unequivocally as the plesiomorphic con-
dition for the clade comprising sections Chondrophyllae
8. 1., Cruciata, Pneumonanthe and Frigidae s. 1. (Fig. 2).

Results under different schemes of character state
weighting—Weighting transversions two times over tran-
sitions, the combined data of 1TS!] and ITS2 with gaps
coded as missing generated three trees of 868 steps. The
strict consensus of the three trees (not shown) was iden-
tical to the strict consensus of the unweighted trees (Fig.
2} except for better resolution in the clade of section
Chondrophyllge s. 1. (G. aristara grouped together with
G. crenulato-truncata as the sister clade of G. boryi and
G. pyrenaica). When the weighting ratio of transversions
vs. transitions was set at 10:i, six most parsimonious
trees (3081 steps) were generated. The strict consensus
(not shown) was less resaolved but was topologically con-
sistent with the 2:1 strict consensus tree, except for the
collapse of the basal branches differentiating the three
European sections, and the positions of C. tibetica and T.
cordatum relalive to section Stenogyne. These different
positions of C. tibetica and T. cordatum relative to sec-
tion Stenogyne were also observed in the strict consensus
of the three equally parsimonious trees identified at 5:1



648 AMERICAN JOURNAL OF BOTANY [Vol. 83
TapLE 3. The accession number of EMBL Nucleolide Dalabasc, length, and G + C conienl of the nucleolide sequences of 1TS1, 1TS2, and ITS]
+ IT52 of Centiana and its oulgroups.
1Ts1 ns2 1181 + ITS2
Tazgon Accession number  Length (b} G+ C( Accession nmhber Length (bp) GO0 length (bp) GO0
. bavarica 748094 230 61.3 ZAB075 23i 59.7 a61 60.5
G, verna 748093 237 57.8 ZA8092 23 61.5 468 59.6
G. aristata ZA8100 229 52.8 248116 234 58.5 463 55.7
G. borys 248111 230 591 7243118 231 584 461 58.8
G. pyrendica 248068 229 60.2 748087 231 58.9 460 59.6
G. alpina 248072 225 60.2 748073 232 60.4 457 60.2
G. clusii ZAB8097 232 G6l.2 748077 231 60.6 463 60.9
G. macraphylia Z48067 228 3938 748086 232 58.6 460 392
G. shraniinea 248070 227 60,1 748091 216 56.4 443 58.9
G. crenulalo-truncata ZA8098 219 582 Z48079 231 60.1 450 50.0
G. havnaldif 248065 228 509 748085 232 59.4 460 59.8
G. algida Z48142 230 61.3 Z48117 23 60.6 461 61.0
G. frigida Z48063 230 61.4 ZA48084 231 60.7 461 61.0
G. lutea 748122 221 61.1 Z48119 231 62.8 452 61.9
G. punciala 748066 236 509 ZA480838 231 64.1 467 62.0
G. depressa 748062 231 575 Z48081 230 51.2 461 577
G. urnula ZA8071 232 582 ZAS090 233 58.0 465 58.1
G, delavayi Z48099 228 56.1 ZA3030 230 572 458 56.6
G. callistamtha ZAB095 227 58.4 Z48078 230 58.5 457 58.4
G. affinis ZA8061 229 59.8 248074 230 59.1 459 594
. asclepiadea 743083 228 62.1 ZABYT6 230 64.6 458 63.4
G. parrvi 748096 230 58.5 X85370 231 603 461 594
G. geniilis 748064 227 57.1 ZA3082 227 58.4 454 577
G. rhodontha 243069 228 56.2 ZA308% 232 58.7 460 57.4
C. Nbetica ZA3145 228 53.5 ZA3123 229 57.2 457 55.4
Gs. grandis ZA8105 229 60.3 ZA3130 227 58.6 454 507
M. sivlophorus ZA8109 230 63.5 Z48137 229 65.1 459 64.3
T. cordatm 7ZA8113 223 52.9 Z48140 226 57.1 449 55.0

weighting, which was in all other respects identical to the
2:} strict consensus tree,

Results under different gap treatments—When the 51
potentially informative gap sites (indicated by * in Fig.
1) were excluded from phylogenetic reconstruction, un-
weighted parsimony analysis generated eight trees of 490
steps (Cl = 0.576, Rl = 0.616). The strict consensus (not
shown) of the eight trees had almost the same ropology
as that of the basic analysis (Fig. 2), except that the clade
comprising G. affinis and G. parryi collapsed. When the
51 gap sites were converted into 36 muldstate characters,
unweighted analysis generated six trees of 638 steps (Cl
= (0.578, Rl = 0.576). The strict consensus (not shown)
was largely the same as that of the basic analysis, except
for lower resolution in the section Frigidae s. . clade (G.
urnla, G. callistantha, and G. depressa collapsed) and
a slighdy different resolution in the section Chondro-
phyllae s. \. clade (G. haynaldii grouvped with G. crenu-
lato-truncata as sister of G. boryi and G. pyrenaica, and
G. aristata nested ont as sister clade of (he above four
species). When gaps were simply coded as a fifth char-
acter state, six trees of 687 steps (Cl = 0.591, Rl =
0.569) were generated whose strict consensus (not
shown) was exactly the same as that generated from the
second scheme where the 51 gap sites were converted
into 36 new mulcsiate characters.

The relative informativeness of ITS1 and ITS2—Two
subsets of sequences, ITSt and ITS2, were analyzed to
examine the relative informativeness of the two spacers.
ITS1 generated 267 trees of 282 steps (CI = 0.599, RI

= (.581) in an unweighted analysis with gaps coded as
missing. The strict consensus was poorly resolved (nor
shown), but most sectional groups can be recognized. In
contrast, ITS2 generated nine parsimonious trees of 248
steps (C1 = 0.565, Rl = 0.644). The strict consensus (not
shown) was topologically consistent with and almost as
highly resolved as the siricl consensus generated from the
combined data of both ITS1 and ITS2. This result indi-
cated that even though sequence divergence appears 1o
be higher in ITS1, 1TS2 was far more informative than
ITS], concerning both the number of most parsimonious
trees and the resolution of the strict consensus tree,

DISCUSSION

Infrageneric phylogeny of the genns Gentiana and
existing classifications—The infrageneric phylogeny and
classification of the genus Gentiana have been much de-
bated. Previous phylogenetic considerations were based
mainly on the European taxa. Carbonnier, Massias, and
Moiho (1977) and Miiller (1982), based on their phyto-
chemical and karyological studies and perhaps alse on
the long perennial hemicryprophyte biotype, suggested
that section Gentiana represents the primitive and ances-
tral rtype of the genus, that section Prewmnonanthe was
derived from it, and in trn the other sections such as
Cruciata, Frigidae, Calathianae, and Ciminalis originat-
ed from section Preumonanthe. The ITS phylogenetic
hypothesis, however, is not consistent with such sugges-
Hions, because, as can be seen from Fig. 2, all of the
Evuropean species of Gentiana together do not form a
monophyletic group. The ITS phylegeny suggests an an-
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100 G. bavarica (30}
62 ?HT: G. verna (28)
53 | 93 G. alpina (36)
62 Wl: G. clusii (36)
23 _93_: G. lutea (40)
5 G. punctata (40}
! G. asclepiadea (44)

G. aristata (14)

47 | 78 [ G. boryi (20)
74 31 e G. pyrenaica (26)

May 1996]

_|sect Catatrianas (€)

:l Sect. Ciminalis {E)

] sect. Gentiana (€)

8le

Sect. Chondrophyllas s.1. (AEN)

g8
o5 prraXe G. crenulato-truncata {18}
G. haynaldii (20}
84
83 G. macrophyila (26)
25 — G. straminea (52) —Jsect Cructaca (ag)
71 G. affinis (26)
82 _2!2—: G i 026 :ISeci. Prisumonaritte {REN}
L2 5> parryi 26)
98 : G. algida _(24)
3 G. frigida (24)
75 57 G. depressa (7) »
21 wo [ Lee G. urnula (26) Sect. Frigidao ... (AEN)
] (%] G, callistantha (26}
G. delavayi (26)
a7 G. pentilis (42)
100 ?: G. rhodantha (46) _Jsect stanogyne (a)
1710 i: C. tibetica (7)
75 T. cordatum (T
100 —— Gs, grendis (52}
19717 e M. seplophorus (D

Fig. 2. The siricl consensus lree of the six equally parsimonious irces generated from four rounds (SIMPLE, CLOSEST, ASIS, and 100 replicates
RANDOM]} of heuristic scarches on the combined sequence data of TTS1 and TTS2 with gaps coded as missing. Tree length = 5335, C1 = 0.578,
RT = 0.606. The sectional classification is atso shown. The numbers above the internal branches represent the bootstrap estimates from 500 replicales
of heuristic searches. The numbers wnder the internal branches are the numbers of character state changes (fransition/transversion) forming the
comesponded consensus branches. The “a” and “b” in 1he circles represen the optimized chromosome numbers for 1he corresponding nodes: “*a’™
representing 2n = 20426 and “b” representing 2n = 26. The numbers in the brackets fellowing each species represenl the somatic chromosome
number of the relevant species (7 means chromosome numbers not available). The boldface leners following each section indicate the geographical

disiribulion of 1he relevant sections: A = Asia. E = Europe, and N = North America.

cient divergence of the three European endemic sections
Calathianae, Ciminalis, and Gentiana plus G. asclepi-
adea from the remainder of the genus. This divergence,
to a cerfain extent, is supported by phytochemical evi-
dence (but see below for G. asclepiadea): among the spe-
cies investigated, only these three endemic European sec-
tions contain xanthone-0O-glycosides, whereas the other
sections contain mangiferin (xanthone-C-glycosides)
(Goetz, Hostettmann, and Jacot-Guillarmod, 1976a, b,
Carbonnier, Massias, and Molho, 1977; Massias, Carbon-
nier, and Molho, 1982; Mészaros, 1994). In the ITS phy-
logeny, section Gentiana is not basal, and although it is
sister to sections Ciminalis, and Calathianae, it is only
distantly related to sections Cruciata and Frigidae s. 1.
Section Frigidae s. 1., corresponding fo the sectional
circumscription of Smith (1970), was divided into sec-
tions Frigidae s. str., Monopodiae, Isomeria, Microsper-
ma, and Phyllocalyx by Ho and Liu (1990). Except for
the section Phyllocalyx, which is missing from our sam-
ples, our 1TS phylogeny supports the monophyly of this
entire group and two further well-supported clades: sec-
tion Frigidae sensu Ho and Liv (=Frigidae 5. sit.) and
all the others together, which also seems to be relevant
to chromosome number differentiation (Fig. 2). However,
the relationships and phylogenetic position of G. frigida

inferred from 1TS sequences here is significantly different
from that suggested by cpDNA sequences (Gielly, 1994,
L. Gielly and P. Taberlet, Laboratoire de Biologie des
Populations d’Altitude, Université Joseph Fourier,
France, personal communication}. In the cpDNA tree of
European Gentiana, G. frigida was sister to all other
members of the genus. This placement, which also is con-
tradictory to morphological conclusions, could be due to
relatively poor sampling of their ingroup. As demonstrat-
ed above, the European Gentiana species together do not
form a monophyletic group, and the closest relatives of
G. frigida are found outside Europe and therefore were
not included in their analysis, which made the species G.
frigida somewhat distinct from others. Nevertheless, we
should not disregard such incongruence between cpDNA
phylogeny and nuclear DNA phylogeny, because it may
tell us something of biological interest, such as hybrid-
ization or lingage sorting.

A closer relationship among sections Preumonanthe,
Cruciata, and Chondrophyliae s. |. than previously hy-
pothesized has been suggested by 1TS sequences. Section
Chondrophyllae s. 1. was shown to be a monophyletic
group but further splitting of this group into two sections,
Chondrophyllae s. sir. and Dolichocarpa, advocated by
Ho (1985), was not supported by the ITS phylogeny.
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G. asclepiadea has been usually included in the section
Preumonanthe (Nilsson, 1967, Tutin, 1972), It is kar
yologically distinct from all other members of that sec-
tion, with 2n = 44 (Favarger, 1949; Skalinska, 1951; Ma-
jovsky, 1974; Gagnidze, Kiipfer, and Yuan, 1992), while
all the other members uniformly are 2n = 26. It was
based on its distinctive chromosome number that Live
and Léve (1976) elevated the species to a new genus,
Dasystephana. Pringle (1977) also questioned the sec-
tional position of the species but did not elaboraie. The
ITS phylogeny suggests iis closer relationship with sec-
tion Gentiana, although morphologically they are signif-
icantly different. This unexpected relationship is also sug-
gested by ¢pDNA data (Gielly, 1994; L. Gielly and P,
Taberlet, personal communication). Phytochemical evi-
dence contradicts this conclusion somewhat. As men-
tioned above, the three European sections, including Gen-
tiana, contain xanthone-O-glycosides (Carbonnier, Mas-
sias, and Molho, 1977; Mészaros, 1994), and these com-
pounds are lacking in G. asclepiadea, which has anly
mangiferin (xanthone-C-glycosides) (Goetz, Hostett-
mann, and Jacol-Guillarmod, 1976a). Since xanthone-C-
glycoside is apparently plesiomorphic in the entire genus,
the position of the species in the ITS phylogeny, there-
fore, requires either a reversal or parallel gains of xan-
thone-O-glycoside in section Gentiana and sects, Cim-
inalis + Calathianae.

Little is known about section Stenogyne, although it is
generally accepted as part of Gentiana (Smith, 1965,
1970, Pringle, 1978; Ho and Liu, 1990). 1t contains 14
species highly reswricted to southwestern China and the
adjacent area. Close relationships between the section and
the genera Crawfurdia and Tripterospermum have been
suggested (Smith, 1965; Léve and Love, 1976; Ho and
Lin, 1990). Smith (1963) “denied any direct connection
between this somewhat mysterious group and Crawfurdia
or Tripterospermum,” but still claimed that “‘though
sharply delimited from the genera Crawfurdia and Trip-
terospermum section Stenogyne seems to have a closer
affinity with them than with other Gentiana sections.”
Love and Love (1976) recommended the transfer of this
section to the genus Tripterospermum tentatively as a
snbgenus (genus Tripterospermum subgen. Stenogyne),
as they had no karyological information o make further
delimination. However, Ho and Liuv {1990) maintained it
as a section of Gentiara, claiming that the section rep-
resented the primitive type of the genus Gentiana,
through which the genus showed affinity with Crawfur-
dia and Tripterospermum. Its karyology supports a dis-
tinci position from Gentiana (Yuan and Kiipfer, 1993b).
If the 1TS phylogeny is correct, inclusion of this section
in the genus Gentiana makes the whole genus paraphy-
letic unless Crawfurdia and Tripterospermum are also in-
cluded in Gentiana. 1t seems more reasonable instead to
exclude this section from Gentiana and classify it as a
distinct genus. Together with Crawfurdia and Triprero-
spertnum, it appears to form a monophyletic sister group
to Gentiana. However, being aware of the insufficient
sampling of this section, we do not intend to make further
taxonomic treatment here, Further sampling of both this
section and the genera Crawfurdia and Tripterospermum
may help to clarify the taxonomic position of the section.

In general, with the exceptions discussed above, the
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ITS phylogeny is highly congruent with most classifica-
tions (Fig. 2). It is in particnlar quite close to the mor-
phologically defined sections proposed by Smith (1970).
Pringle’s (1978) classification was principally the same
as Smith’s, except for some nomenclatural changes and
the recognition of the section Kudoa, which was consid-
ered a part of section Frigidae by Smith (1970) or of
section Meonopodiae by Ho and Liu (1990). Regretiably,
no species of this group has been examined in our present
investigation, and thus the validity of section Kudoa can-
not yet be evaluated. The classification of Ho and Liu
(1990} is convenient to wse, but their further recognition
of some sections, such as Dolichocarpa, Monopodiae,
and Microsperma, etc., were not sopported by the ITS
phylogeny. Based on the ITS phylogeny, it seems advis-
able to keep the original circumscription of section Chon-
drophyllae 5. 1. and to treat section Frigidae s. 1. as two
groups: section Frigidae s. str. and a section to include
all the other members. However, the final decision on the
latter case can be made only when a more detailed anal-
ysis an this group is completed, which is currently being
undertaken.

Karyological evolution in Gentiana—The monophyly
of the dysploid group section Chondrophyliae s. 1. is sug-
gested by our 1TS sequence data, including the two kar-
yologically distinctive European species of the section,
G. boryi and G. pyrenaica, which had been elevated to
generic rank and treated, respectively, as Kuepferella and
Holubogentia (Love and Lave, 1975, 1976, Lainz, 1976).
As can be seen from Fig. 2, dysploidy is quite a common
phenomenon in Gentiana, occurring in many different
clades. Tdentical chromosome numbers are likely to have
developed independently in different clades making de-
limination of groups solely on the basis of chromosome
number inadvisable in Gentigna. Chromosome numbers
are conservative in some clades (e.g., section Ciminalis
and section Preumonanthe exchuding G. asclepiadea),
but variable in others (e.g., section Calathianae and sec-
tion Chondrophyilae s. 1.).

Optimization of chromosome numbers on the ITS phy-
logeny suggested that 2n = 20 or 2n = 26 is a plesiom-
orphic state for the clade section Chondrophyliae s. 1.
(shown as node ““a’ in Fig. 2) and 2rn = 26 is a plesiom-
orphic state for the large clade comprising sections Chon-
drophyiiae s. |., Cruciata, Pneumonanthe, and Frigidae
s. 1. (shown as node b in Fig. 2). Although the former
case is equivocal, 2r = 20 or 2r = 26, for the 1TS phy-
logeny, our previous karyological investigations suggest-
ed 2Zn = 20 as the ancestral number for that section (Y.-
M. Yuan, P. Kiipfer, and L. Zeltner, unpublished data).
For the latter case, it seems quite reasonable 10 consider
2n = 26 as plesiomorphic for that clade, since this num-
ber is the most widely distributed one in that clade, both
from the number of species and from the biogeographical
point of view. If this is the case, then all other numbers
of that clade, such as 2n = 24, 2n = 20, 2n = 18, and
2n = 14 are secondary derivatives of 2n = 26. Never-
theless, such consideration is greatly dependent on the
robustmess of the ITS phylogeny.

In addition, the differentiation of the chromosome
numbers 2n = 24 and 2n = 26 in the clade section Fri-
gidae s. 1. seems to be a good synapomorphic character
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and may be used for delimitation of subdivisions. How-
ever, no valid conclusion can be drawn yet on this point
before an analysis involving more species of this group
is carried out.

It is still impossible to evaluate the karyological rela-
tionships among the closely related dysploids of the clade
section Chondrophyilae s. 1. from the ITS phylogeny, not
only because of the limited number of dysploid species
analyzed but also because of the poor resolution of our
ITS phylogeny in this clade.

ITS evolution and its phylogenetic utility—The rela-
tive length of 1TS1 and ITS2 among the species surveyed
varied slightly from species to species, with either ITS)
or ITS2 being longer. The size of both spacers fell within
the range of those reported previously for other plants
(Suh et al., 1993). The length variation of ITS sequences
among the taxa surveyed here ranged from 0 to 13 bp in
ITS1 and from O to 25 bp in 1TS2. This variation was
due primarily to short insertions/deletions of 1 to 5 bp.
No case of longer length variation, such as that in Lis-
ianthius, in which a length variation of 100 bp in ITS1
was reported (Sytsma and Schaal, 1990), was observed.

Nucleotide substitution was the main source of se-
quence divergence in the 1TS. It has been shown that
ITS1 is more variable than 1TS2 bath in length and sub-
stitution in Asteraceae (Baldwin, 1992, 1993; Kim and
Jansen, 1994), Fabaceae (Wojciechowski et al., 1993) and
Winteraceae (Suh et al., 1993). This was also the case in
Gentiana, where ITS1 displayed higher divergence than
ITS2 among pairwise comparisons of the sequences.
However, comparison of the relative phylogenetic reso-
lution indicated that ITS2 was more informative than
IT8) in Gentiana. This result is parallel to the case of
Krigia (Kim and Jansen, 1994) where a higher level of
sequence divergence and homoplasy in ITS! than in ITS2
was observed. The reason for the differential levels of
divergence between 1TS] and 1TS2 is not yet clear.

The effect of character state weighting (transversion
vs. transition) on the resolution of phylogenetic trees is
likely o vary from case to case. Wojciechowski et al.
(1993) did not find that transversion weighting had an
important influence on the tree topology. In the present
study, weighting of transversions by different factors re-
sulted in slightly different tree topologies, and setting an
extremely high weight for transversions (ten times tran-
sitions) led to the collapse of some clades supported by
other analyses. However, the principal groups of the ter-
minal taxa were maintained, and the collapse was re-
stricted to internal clades supported by relatively low
bootstrap values. Different gap treatments also may in-
fluence the topology of trees constructed from the same
sequence data. Coding gaps as missing data seems pref-
erable to us, since information about nucleotide substi-
tutions in the taxa with the insertions in the regions cor-
responding to the gaps is retained; elimination of gap
sites leads to loss of phylogenetic information. Conver-
ston of gap sites to new characters did not significantly
improve the resolution of the phylogenetic trees con-
structed on the same data matrix. The topologies of 1TS
phylogeny of Gentiana were, then, not sensitive to dif-
ferent gap codings. Therefore, in general, the principal
groups of Gentiana suggested by our ITS phylogeny
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were robust against different molecular evolutionary as-
sumptions.

Wendel, Schnabel, and Seelanan (1995) recendy dem-
onstrated that not only has there been interlocus concert-
ed evolution among nTDNA repeats but also that this evo-
Iution was bidirectional foltowing allopolyploid specia-
tion in Gossypium. Thus inferences of phylogenetic re-
lationships among organisms originated from hybridization
or allopolyploidization can be misled, if considered only
on ITS or other mMDNA daca. Although the applicability
and extensiveness of this phenomenon need to be con-
firmed by more examples, this case does indicate that
considerations of other disciplines such as morphology
and cytogenetics should be taken into account to elabo-
rate the phylogenetic relationships inferred from ITS or
other ntlDNA data among organisms involved in hybrid-
ization and polyploidization. For the genus Gentiana, as
far as the species examined, ITS sequences are highly
homogeneous, even the polyploid species such as G. stra-
minea. The process of homogenization of ITS sequences
in Gentigna, especially in the polyploid species, is not
known, since the genomic organizations of the taxa are
still not clear.
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The nucleotide sequences of the internal ranscribed spacers (ITS) of nuclear ribosomal DNA of 24
representative species of seet. Chondraphyilae 5.0 have been determined and analysed phylogenetically,
together with some specics of other sections of the genus Gentiana, The TTS sequences strongly support
the monophyly of the sect, Chondrophyiias 5.l as a whole’complex including various different dysploid
cytotypes. Species, such as G, borw and G. pyrenaica, that had been split into distinct genera by some
cytotaxonamists have been proven to be closely related. However, the ITS sequences do not provide
sufficient information to make a robust estimation of the phylogenetic relationships among the closely
related species and dysplaid cytotypes of the complex, beyond recognizing their monophyly and rapid
cvelution,
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INTRODUCTION

The largest and the most widely distributed section of the genus Gentiana
(Gentianaceae), sect. Chondrophyllae Bunge s.l, comprises in its broad sense, as
circumscribed by Smith (Nilsson, 1967) and Pringle (1978), about 170 mostly
biennial species. There are only three species {G. prostrata Haenke, G. pyrenatca L. and
G. boryt Boiss.) of the complex in Europe; one species (G. atlantica Litard. & Maire) in
Africa {North Morocco); three species (G. aguatica L., G. douglasiana Bong., G. prostrata,
in North America; three species {(G. pumilio Standley & Steyerm., G. prostrata and G.
sedifolia Kunth) in Central America; three species (G. podocarpa Gniseb., G. prostrata and
G. sedifolia) in South America; and one species (G. guadnifaria Blome) in Australia. All
other species of the complex are found in Asia, highly concentrated in the mountain
regions of southwestern China and the nearby Qinghai-Tibet Plateau and the
Himalayas. While Ho (1985) and Ho & Liu {1990) treated this complex as three
independent sections, sect. Chondrophyllae Bunge s.s., sect. Dolichocarpa T. N. Ho and
sect. Fimbriorona T.N. Ho, based mainly on the shape of capsule and floral
appendages, Lainz (1976), and Love & Love (1975, 1978, 1986) have established
three independent genera based only on the three European species of the complex.
The segregated new genera’ are Chondrophylla A. Nelson, Holubogentia Love & Love
and Kuepferella Lainz, based on G. prostrata (2n = 36), G. pyrenaica (2n = 26) and G.
boryt (2n = 20) respectively. The discriminating characters of the segregates were
their different basic chromosome numbers. Omer (1989) segregated another new
genus, Quisera Omer, from this complex, based on G. carinata Griseb., which
corresponds to the new section Fimbricorona of Ho & Liu (1990). The discriminating
character was its fimbrate corolla throat. Taxonomically, a decision as to whether
this complex should be treated as a single section, as three different sections, or as
four or perhaps more different genera is needed as is an assessment of the monophyly
of the complex and its segregates.

To evaluate the validity of the segregates based on different basic chromosome
numbers, the extent of chromosome number variation among the taxa and the
karyological evolution of the complex must be determined. More extensive
karyological mnvestigations on Chinese species, together with previous studies on
species from other regions, revealed a wide range of chromosomal number variation
among the species of the complex. Different chromosome numbers, including
2n = 12, 14, 16, 18, 20, 22, 24, 26, 30, 32, 36, 38, 40, 44, 48, 60, and 96, have been
documented for the complex (Kipfer & Yuan, 1996; Yuan, Kipfer & Zelther,
unpublished). The wide range of chromosome number variation snggested the
polybasic nature and a chromosome evolution through the combination of
dysploidization and polyploidization for the complex. The number 2rn = 20 was
suggested as the ancestral number and the polarity of the dysploidization was
thought to be predominantly descending for this complex (Yuan ef af., unpublished).
The karyological conclusions do not favour the splitting of the complex either as
different sections or as different genera. However, karyological investigations cannot
supply robust estimates of monophyly and chromosome evolution because of the
high homoplasy of karyological data in this complex (Yuan e al., unpublished). They
need to be confirmed by other lines of evidence.

DNA data, particularly DNA sequences, can contribute sigmbcantly to the cases
in which morphological and karyological data are inconsistent, inconclusive,
defcient or poorly analysed (Patterson, Williams & Humphries, 1993). This is
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particularly true for plants as the sect. Chondrophylize 5.l complex where high
morphological and karyological homoplasy is involved and therefore morphological |
and karyological conclusions conflict (Yuan e al, unpublished). The internal
transcribed spacers (ITS) of nuclear ribosomal DNA has been proven to be useful
sources of characters for phylogenetic studies. ITS sequences can provide a valuable
set of characters for addressing lower-level phylogenetic questions, and were
suggested to play an especially useful role in angiosperm studies by offering
mmdependent assessment of lower-level phylogenetic hypotheses based on morphol-
ogy, karyology or chloroplast DNA (cpDNA) evidence (Baldwin ef al., 1993). Baldwin
{1992, 1993) first extensively demonstrated the utility of the I'TS region for
phylogenetic reconstruction in Asteraceae. Some other examples of studies using ITS
sequences are: Wojciechowski ez al. (1993) on Astragalus (Fabaceae); Soltis & Kuzoff
(1993, 1995) on Heuchera and Lomatuum (Saxifragaceae); Baum, Sytsma & Hoch {1994)
on Epilobum (Onagraceae); Hodges & Arnold (1994) on Agquilegia (Ranunculaceae),
Kim & Jansen (1994) on Krigia (Asteraceae); Campbell et al (1995} on some
Rosaceae; Oxelman & Lidén {1995) on some Caryophyllaceae; Wendel, Schnabel &
Seelanan (1995a,b) on Gossypium (Malvaceae); Downie & Katz-Downie (1996) on the
subfamily Apivideae (Apiaceae). The inferred phylogenies of ITS sequences from
previous studies were principally concordant with or ofien better resolved than
relationships inferred from cpDNA (e.g. Hodges & Arnold, 1994; Sang et al., 1999),
marphological data (e.g. Wojciechowskt ¢ al, 1993; Campbell e o, 1995),
karyological and cytogenetic data (e.g. Baldwin, 1993; Wajciechowski ¢t al,, 1993;
Hsiao ¢t al, 1995a,b). A few cases revealed incongruence between ITS-based and
cpDNA-based or morphology based phylogenies. Kim & Jansen (1994) showed in
Kngia (Asteraceae) that ITS trees were partially congruent with morphology and
cpDNA trees, but about 22.5% incongrucnce occurred amorng their data sets. They
concluded that I'TS sequence data may have limited utility in interspecific studies or
comparisons among closely related genera, especially in the groups which exhibit
high levels of sequence divergence. Soltis & Kuzoff (1993) also revealed important
discordance between ITS and cpDNA trees. However, the preponderance of data,
including morphology, chemistry and allozymes of the same taxa, favour the ITS
trees over the cpDNA trees, and the discordance was attributed to hybridization and
introgression. Among these examples, ITS phylogenies have provided useful
interpretations or confirmations on karyological evolution of some dysploid species
groups as in Asiragalus (Wojciechowski et al,, 1993), Eplobium (Baum et al, 1994),
Calycadenia (Baldwin, 1993), and the Pogideac (Hsiao et al, 1995a,b).

Our previous studies at generic level of Genttaninge (Yuan & Kiipfer, 1995) and at
sectional level of Gentiana (Yuan, Kiipfer & Doyle, 1996) have also proven the
phylogenetic utility of ITS sequences. The ITS phylogenectic trees generated by
parsimony analyses were principally congruent with morphological considerations,
and improved or clarified some morphological misinterpretations and conflicts. Five
species of the sect. Chondrophyliae s have been sampled. They formed a highly
supported monophyletic clade (Yuan ¢ al., 1996). Optimization of chromosome
numbers on the ITS phylogeny suggested that 2n = 26 is a plesiomorphic state for
a clade comprising sections Frigidae 5.1, Cruciata, Pneumonanthe, and Chondrophyllae s.1.,
and 2n =20 or 2z = 26 equivocally as the plesiomorphic condition for sect.
Chondrophyllae 5.l However, this investigation sampled only a limited number of
species (only five out of 170) and did not include all documented cytotypes of the
complex, and thus the conclusions are not necessarily applicable over the entire
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complex. It is obviously necessary to do a further and more extensive study for such
a big and diversified complex.

The present study is concentrated on the sect. Chondrophyllae 5.1, complex with the
following questions to be addressed in particular: {1) is the complex a monophyletic
group? (2) does ITS phylogeny support the splitting of the complex into different
sections (as by Ho & Liu, 1990) or different genera (as by Love & Love, 1975, 1978,
1986, and the others), and (3) what is the phylogenetic utility of I'TS sequences for
this group of morphologically simflar species?

MATERIAL AND METHODS
Plant species and matenal

ITS sequences were obtained from single individual, or 2-3 pooled individuals in
the cases of small plants of a further 19 species representing most of the documented
cytotypes of the complex sect. Chondrophyllae 5.l The species analysed, the origins of
the material and the chromosome numbers of the species are given in Table 1. The
chromosome numbers shown in the table were mostly observed directly from the
vouchers used for DNA extraction, except for a few cases, as indicated in the table,
when the numbers were obtained from literature. Leaves were collected directly from
the field uvsing the silica gel method {Chase & Hills, 1991) or were taken from
conventionally prepared and receutly collected herbarium sheets. All the voucher
specimens are deposited in the herbarium of the University of Neuchatel (NEU).
Regrettably, the species of the small section Fimbricorona (4 species) remain
unavailable to us. To assess the monophyly of the sect. Chondrophyllae s5.l. complex,
previous ITS sequences of five species of the complex and ten representatives of
other sections of Gentiana were also included. Two species of other genera, Crawfurdia
tibetica Franch. and Gentianella campestris (L.) Bérner, were used as outgroups.

Collection of ITS sequence data

Total DNA was extracted from about 2 g of fresh or 100 to 300 mg of dried leaves
pulverized in liquid mtrogen or directly in hot 2 X CTAB buffer according to the
protocol of Doyle & Doyle (1987). A standard double-strand polymerase chain
reaction (PCR) was used to amplify the entire ITS region, using the primers and
protocols described previously (Yuan & Kiipfer, 1995; Yuan ¢t af, 1996). The
amplified ITS fragments were purified by electrophoresis in a 1.6% agarose gel and
subsequently using the QIAEX gel extraction kit (QIAGEN AG, Basel). Both strands
of purified I'TS fragments were directly sequenced using primers 5' end-labelled with
digoxigenin (MWG-Biotech, Germany), the DIG-TAQ cycle sequencing kit
{Boehringer Mannheim GmbH) and the GATC-1500 Direct Blotting Electro-
phoresis DNA Sequencer {Constantz, Germany). The sequencing bands were
detected by anti-digoxigenin using DIG Nucleic Acid Detection Kit (Boehringer
Manuheim GmbH).
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Sequence abignment and phylogenetic analysis

The sequence boundaries between the two spacers and the three coding regions
(188, 5.88 and 258 genes) of ntDNA were determined by comparison with published
sequences from Daucus carota and Vicia faba (Y okota et al., 1989) and with our previous
data (Yuan & Kipfer, 1995; Yuan et af, 1996).

The pooled ITS1 and ITS2 sequences were aligned using the progressive multiple
alignment program Clustal W {version 1.5) for Power Macintosh (Thompson,

TaBLE 1. The species and the origin of materials analysed. Voucher: G, Y=Y-M. Yuan; K=P.

Kapfer; Z=L. Zeltner; A=E. Anchisi. The sequences of the species marked with “*' were

previously released (Yuan & Kiipfer, 1995; Yuan ef al, 1996). **The chromosome numbers

were observed directly from the vouchers used for DNA study except for those numbers
shown in bracts which were obtained from literature

Taxon Vacher Origin ek

sect. Chondrophyliae Bunge s. str

G. altgica Pall, Y9549 Hanasi, Xingjiang, China; 3100 m (26)
G. aristate Maxim.* Y92-328 Maqi, Gansu, China; 3500 m 14
C. atlantica Litard. & Maire Z93-52 Atlas Mt., Moracco; 2200 m? {48}
G. boryi Boiss.* 793-51 Sierra Nevada, Spain; 2300 m {20y
G. erassudoides Bureau & Franch. Y92-265 Mt. Taibai, Shaanxi, China; 2900 m 358
G. flexicaulis H, Sm. ex Marquand ¥92-264 Mt. Taibai, Shaanxi, China; 3400 m 14
G. heleonastes H. Sm. ex Marquand GO32 Maqii, Gansu, China; 3650 m 12
G. intricata Marquand ¥92-1908 Lijiang, Yunnan, China; 2700 m 20
G. pantheice Prain Burk. Y92-248 Dali, Yunnan, China; 3200 m 20
G. piaseckii Maxim. Y92-272 Mingxian, Gansu, China; 2900 m 36
G. pseudoaguatica Kusn, Y92-326 Maqu, Gansu, China; 3800 m 20
G. pyrenaica L.* Yoi-14 Mu. Rila, Borovetz, Bulgaria; 2600 m {26}
G. squarrosa Ledeb, G046 Xiahe, Gansu, China; 3000 m 38
sect, Dolichocarpa
G. crenulato-truncala

{Marquand) T. N. Ho* ' YO02-510 Maqii, Gansu, China; 4200 m 18
G. haynaldii Kanitz* : Y92-20) Zhongdian, Yunnan, China; 3400 m 20
G. hyalina T. N. Ho YO3-56 Maduo, Qinghai, China; 4300 m 12
G. hyalinaT.N. Ho aff. - Y289 Dingri, Tibet, China; 4500 m 30
G. tudfowii Marquand Y92-35 Mt. Xiangpi, Qinghai, China; 3800 m 16
G, ludlowii Marquand Ya2-58 Heimahe, Qinghai, China; 3400 m 32
G. fudlowti Marquand aff. Y9299 Nyalamu, Tibet, China; 4000 m 22
G. producia T. N. Ho Y95-79 Ganzi, Sichvan, China; 4000 m ?
G. pudicae Maxim. G178 Magqii, Gansu, China; 3700 m 20
G. sedifolia Kunth : A94-53 Chacaltaya de Bo Paz, Bolivia; 450 m {40)
G. teprasticha Marquand Y92-128 Dangxiong, Tibet, China; 4500 m 24
other sections
G. bavarica L.* ¥93-11 Grand Chavalard, Switzerland; 2200 m (30)
G. clusii Perr. & Song.* Y93-13 Grand Chavalard, Switzerland; 2100 m (36)
G. futea L* Y91-85 La Tourne, NE, Switzerland; 1200 {40}
G. aigida Pall* ¥91-510 Trail Ridge, Rocky Mt., USA; 3100 m (24)
G. callistantha Diels & Gilg* Y92-208 Lugii, Gansu, China; 3500 m 6
G. wrnula H. Sm.* Y92-71 Langkazi, Tibet, China; 5200 m 26
G. delaveyi Franch.* Y92-229 Lijiang, Yunnan, China; 2000 m 26
G. affinis Griseb.* Y91-51 Boulder Colorado, USA; 2300 m (26)
G. straminea Maxim.* Y92-313 Magqi, Gansu, China; 3500 m 52
G. riwdantha Franch. ex Hemsel * Y93-124 Yingjing, Sicbuvan, China; 1100 m 46
outgroups
C. tibetica Franch.* Y93-121 Mt Gongga, Sichwan, China; 2700 m ?

Gl. campestris (L.) Borner* K93-G1 Col du Pt. 5t. Bernard, Iraly; 2150 m {36)
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Higgins & Gibson, 1994). Two passes were conducted to get the basic alignment, i.e.
the aligned sequences of the first alignment were fed back again for a second round
of alignment process, using the default parameters with opening gap penalty at 10,
extension gap penalty at 5 and nucleotide transitions weighted. This alignment was
then used as the basic data matrix for phylogenetic analysis. To examine the
alignment ambignity and its impact on phylogenetic analyses, the alignment
processes were conducted for further eight rounds in the same way with the same
alignment parameters. Each time the generated alignment was subjected to
phylogenetic analysis and the aligned sequences were also loaded for a next round of
alignment.

Sites from 476 to 492 (Appendix} were excluded from our basic phylogenetic
analysis because of the high alignment ambiguity. Phylogenetic trees were
reconstructed with gaps coded as missing, using Fitch parsimony, i.e. equal weights
and unordered character states, as implemnented in PAUP 3.1.1 (Swofford, 1993).
Heunstic searches of 100 replicates of random addition of sequences, in combination
with ACCTRAN character optimization and TBR + MULPARS branch-swapping
options, were conducted to maximize the probability of identifying the most
parsimonious trees and to discover multiple islands of trees (Maddison, 1991).
Bootstrap values (Felsenstein, 1985) were calculated from 100 replicates of heuristic
searches using Fitch parsimony.

Character-state weighted parsimonious analyses were used to test the effects of the
more homoplasious character changes (transitions), and other phylogenetic inference
methods including neighbour-joining and maximum likelihood were alse used. No
important difference in tree topologies was found, and thus the results are not
shown.

RESULTS
Variation in repeat umt

No evidence of multiple repeat types was found in either PCR or sequencing.
Each PCR product was always resolved as a single band on 1.6% agarose gel. Some
sequences contained ambiguous sites thai could represent polymorphisms but these
were present at a low frequency. With the exception of the regions around site 18,
ambiguous sites were scattered throughout the sequences.

Sequence analysis

The basic alignment of the sequences of ITS1 {from site | through site 261) and
ITS2 (site 262 through site 515) are provided in the Appendix. All the sequences
were deposited in the EMBL Nucleotide Database. The length, G + C content, and
accession number of EMBL Nucleotide Database of cach sequence are given in
Table 2 and the Appendix. The length of ITS1 of the sampled sect. Chondrophyliae s.1.
species ranged from 215 bp (G. heleonastes H. Sm. ex Marquand to 233 bp (G. flexicautis
H. Sm. ex Marquand), and the length of I'TS2 ranged from 221 bp (the accession
92-89 of G. hyalma T.IN. Ho aff. with 2z = 30, and G. producta T.N. Ho) to 235bp
(G. flexscaubis). The multiple alignment of the sequences of sect. Chondrophyllae 5.1,
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together with the sequences of other sections and the outgroup species, assessed 261
sites for ITS1 and 254 sites for IST2. The G + C content of the complex varied from
52.8% (G. aristata Maxim.) to 60.9% (G. plasezkit Maxim } in ITS) and from 55.6%
(the accession 92-89 of G. Apalina aff. with 2n = 30) to 60.5% {G. pseudoaquatica Kusn.)
n ITS2.

The alignment of the sequences encountered some ambiguity. Several alignment
processes have been conducted to estimate impact on the phylogenetic reconstruc-
tion. The first pass of the multiple alignment of the 36 species, using the software
Clustal W for Power Macintosh {Thompson ¢ al, 1994) with its default settings
{transitions weighted, gap opening penalty set at 10, and gap extension penalty set at
3), generated 304 sites for pooled ITS1 and ITS2 sequences. The generated
alignment was directly loaded agam for the second round of alignment using the
same parameters. In the same way, ten rounds of alignments were conducted. The
resulting alignment of each round was also directly used as the data matrix for a

TasLE 2. The length and G+C content of the nucleotide sequences of 1TS1, I'TS2 and ITS1+1TS2
of sect. Chondrophyllaes. 1, and the other related species studied

ITS1 1T82 ITS1+1T52

Length GG Length G+C Length G+C
Taxon (bp} (%) {bp) (%) {bp) (%)
G. altaica 218 57.3 225 58.3 : 443 578
G. aristala 229 52.8 234 585 463 54.7
G, atlantice 231 57.2 232 57.8 - 463 57.4
G. boryi 230 59.1 231 58.4 461 k8.8
G. crassuloides 225 57.7 233 60.1 458 58.9
G. flexicaulis 233 56.7 235 557 468 56.2
G. heleonastes 215 54.4 227 59.4 442 57.0
G. intricata 223 56.5 228 55.7 45] 56.1
G. paniheica 228 57.4 229 56.8 457 57.1
G. pinsechii 220 60.9 226 59.8 446 599
G. psedoagquatica 227 59.9 228 60.5 455 60.2
C. pyrensica 299 60.2 231 58.9 460 59.6
G. squarrosa 221 55.7 223 58.7 444 57.3
G. erenulato-truncata 219 58.2 231 60.1 450 59.0
G. haynaldii 228 59.9 232 59.4 460 59.8
G. hyatinal2 226 55.7 228 57.9 454 56.8
G. hyalina30 224 54.9 22] 55.6 445 55.5
G, tudlouilf 225 57.8 224 6003 449 59.0
G. ludiowiiB2 221 57.0 228 56.1 449 56.6
G. tudlowi22 225 55.6 228 57.9 453 56.8
G. produncia 226 © 58O 221 574 447 57.7
G. pudica 219 57.1 223 59.2 442 58.2
G, sedifolia 231 58.8 231 59.3 462 59.1
G. tetrasticha 222 " 58.6 227 58.6 449 58.6
G. bavarice 230 613 231 59.7 461 60.5
G. clusii 232 61.2 23] 60.6 463 60.9
G. lutea 221 6l1.1 231 v 628 452 61.9
G. algida 230 61.3 231 60.6 461 61.0
G. callistentha 227 58.4 230 58.5 457 58.4
G. wnula 232 58.2 233 58.0 465 58.1
G. delavayi 228 56.1 230 57.2 458 -56.6
G, affinis 229 59.3 230 52.1 459 59.4
G. straminea 227 60.1 216 56.4 443 58.9
G. rhodantha 228 56.2 232 58.7 460 57.4
C. vibetica 228 535 229 57.2 457 55.4

Gl campestris 252 58.6 230 63.5 462 610
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TABLE 3. A comparison of the parsimonious wrees generated from different alignments of ITS
sequences of sect. Chondrophyliae 5. 1. and other species studied. L: length of the shortest trees;
Cl: consistency index; RI: retention index

Sequence Number Support for the cladc**
Mawrix*  length  of trees L al RI A°B CDE F G H | ]
Basic 498 27 270 0481 0477 + + o+ 0+ + 0+ o+ o+ + &
1 504 8 109 0459 0.454 + - - + o+ - =+ x4+
2 515 2 975 0467 0460 + + - + + - 4+ + + +
3 531 6 957 0469 0458 + + - + + + + + + +
4 538 32 904 0477 0467 + + -~ - + - + + + %
5 547 32 887 0484 0469 + + - + + - + + + +
6 547 296 867 0490 0473 + - ~ - 4+ = + + + +
7 552 26 858 0479 0463 + + - + + - + + + +
8 552 6 856 0481 0470 + + - &+ + o+ ¥ + + 4
9 556 8 887 0484 0474 + + = - + + + + *+ 4
10 553 952 B34 0492 0478 <+ + - - + - & 4+ + 4

*Basic corresponds the basic data matrix which was based on the alignment round two with sites from 476
10 492 excluded from parsimonious analyses. The numbers | through 10 refer to the data matrices directly
from the ten successive alignments by CLUSTAL W (see text).

**The clades A, B, C, D, E, F, G. H. |, and ] represent the corresponded clades shown in Fig. 1;
+supported; —not supported.

heuristic search of phylogenetic trees using the software PAUP (version 3.1.1;
Swofford, 1993). The consensus length of the alignments and some information of
the phylogenetic trees generated are shown in Table 3. The alignment generated
from the second round was selected as our basic alignment of the data matrix for
further phylogenetic searches because the later rounds of the alignments tend to
produce congruent estimates of trees and the resolution of these trees becomes
reasonably constant, although the alignments differ slightly. The alignment of the
second round generated 515 sites (Appendix). In this alignment, 217 sites involved
gaps of one to eight base pairs in individual sequences. The 17 sites from 476 to 492
shown in the Appendix were omitted from further phylogenetic analyses because of
alignment ambiguity. The high proportion of gaps indicates a rapid sequence
evolution among the closely related species of the complex.

The pairwise sequence divergence values were calculated from the basic
alignments for all possible combinations of pooled ITS] and ITS2 sequences, using
the DNADIST program of PHYLIP package (version 3.5¢; Fensenstein, 1994} with
Kimura’s two-parameter method (Kimura, 1980}, The mean sequence divergence
hetween pairs of species of the sect. Chondrophyliae 5.0 complex ranged from 2.62% (G.
hyalina with 2n = 12 [93-36] versus G. ludlowni Marquand aff. with 2r = 22 [92-99])
to 28.3% (G. anstata versus G. producta 'T.N. Ho) for the combined ITS! and ITS2
data (divergence data matrix not shown). The high sequence divergence values also
indicated a rapid evolution of the ITS sequences of the complex.

Phylogenetic analyses

To estimate the impact of the slight alignment ambiguity, parsimony analyses
were conducted on different data matrices generated from a series of abgnments.
Some information including number of the shortest trees, the length, the consistency
index and retention index of the trees gencrated and the congruence of their
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resolution of some clades is given in Table 3. While most species of the sect.
Chondrophyllae 5.l complex remained unresolved and a few species were resolved
diflerently among the different matrices, a few clades remained constant. The matrix
generated by the first pass of the alignment program produced eight trees of which
the strict consensus is topologically different from all others. However, the second
through the tenth gave consistent resolution for a few clades (Table 3). The other
species remained unresolved or were resolved differently. The second alignment was
chosen as the basic alignment used as the data matrix for further analyses.

The equally weighted parsimony analysis was conducted on the potentially
mformative characters of the second alignment and 17 ambiguously aligned sites
(476 through 492) were excluded. Heuristic tree search strategy was cmployed.
Alternating the starting tree led to different numbers of the most parsimonious trees
being retained, suggesting the existence of multiple tree islands. Therefore, a
heunstic search with 100 replicates of random addition of sequences and tree-
bisection-reconnection (TBR) branch swapping was conducted to maximize the
probability of identifying the tree islands. 27 equally parsimonious trees of 870 steps,
belonging to four tree islands (two islands of three trees, one island of six trees and
one island of 15 trees), were found. Their consistency (CI) index is 048! and
retention index (RI) is 0.477. The strict consensus of these trees is poorly resolved for
the species of sect. Chondrophyliae si. (Fig. 1). Only a few species were resolved
constantly: G. altaica Pall. from the Mt. Altai, G. pyrenaica from Bulgaria and G. bory:
from Spain form a relatively stable clade; the Chinese species G. kyalina with 2n = 30,
G. producta, G. ludlowii with 2r = 16 and G. pudica Maxim. formed a well supported
clade in every analysis we attempted; G. Ayaling with 2z = 12 always nested together
with a cytotype of 2r = 22 similar to G. ludlows; and 6. crassuloides Bureau et Franch.
(2n = 40) often nested with G. hgynalds Kanitz (2n = 20). Many other species or
cytotypes were resolved differently among the most parsimonious trees. None of the
27 equally parsimonious trees supports the monophyly of the segregates, sect.
Chondrophpllge s.s. and sect. Dofichocarpa. Nevertheless, the monophyly of the sect.
Chondropfyllae 5.1, as a whole complex was strongly supported by all the 27 trees (92%
bootstrap; Fig 1), _

When the parsimony analysis was enforced on the monophyly of the sect.
Dolichocarpa by topological constraint, one tree of 891 steps was generated which was
21 steps less parsimonious than the maximum parsimonions trees.

DISCUSSION
The monophyly of the sect. Chondrophyllae s.1. complex

As mentioned in the introduction, the sect. Chondrophyllas 5.l complex has been
considered cither as a single section, or as three different sections, or as several
different genera. The ITS phylogenies do not favour these segregates. None of the
ITS trees from any of the analyses supports the monophyly of the sect. Chondrophyliae
5.5, and sect. Dolichocarpa. Despite of the poor resolution of the ITS gene trees on the
relationships of the species and cytotypes, the monophyly of the sect. Chondrophyilas
s.L. as a whole complex is always strongly supported regardless of methods of analyses
{Fig. 1; Table 3). The sections Cruciata and Preumonanthe were always shown to be the
sister group of the complex. Particularly, G. boryi, G. pyrenaica and G. aliaica grouped
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together as a relatively highly supported clade. Therefore, the splitting of Lainz
{1976) and Love & Love (1975, 1978, 1986) on these species should be rejected. The
different basic chromosome numbers are not indications of phylogenetic isolation of
these species. The I'TS phylogenies do not suggest the splitting of sect. Dolickocarpa of
Ho (1985) either, because ne monaophyletic clade of either sect. Chondrophyllae s.5. or
sect. Dolichocarpa was obtained. One well supported clade of the ITS tree, shown as
clade ‘G’ m Figure 1, encompasses species of both sect. Chondrophyllae s.s. (G.

51 G. aitaica
G. boryi
+2 G. pyrenaica
G. anistata
G. atlantica
gt G. crassuloides
G. haynaidii
G. panthsica

G, cranulato-truncata

G. flaxicaulis
G, heleonastes

+2
y ‘;_. G hyaﬁng.‘m
_&)_ CoH  +7 G, ludiowii aff, 22
+5 + G. ludlowii32

G. hyalina30
i T G. producta

et 1 G. ludlowiilé
8 G. pudica
il G. intricata
+4 G. piasazkhii
G. pseudoaquatica
G. sedifolia '
G, squarrosa
G. tetrasticha
G. affinis
G. straminaa

G, bavarica
G. clusif

G, lutaa
G. algida
—— (. callistantha
G. umuila
l— G délavayi
96 — G. rhodantha
Lee . tibelica
Gl. campestris

|11

Figure 1, The strict consensus trec of the 27 equally parsimonious trees gencrated from PAUP heuristic
searches of 100 replicates random addition sequence on the combined 1TS1 and ITS2 sequences. Tree
length = 870, C1 = 0481, RI = 0.477. The numbers above the internal branches are boostrap values
caleulated from 100 replicates of heuristic searches. The numbers under the internal branches are the
decay indices, i.e. the numbers of exura sieps needed 0 desiroy the corresponded branches. The letiers
A theough ] in the circles are the clades compared for differem alignments (see texi and Table 3). The
thicker internal branches are supporicd by all analyses conducted.
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crassuloidesy and sect. Dolichocarpa (G. haynaldii). Regretiably, no species of sect.
Fimbricorona or genus Qgisera was available for our TTS investigations.

Although ITS phylogenies cannot provide direct verification of the relationships
among different dysploid cytotypes and therefore cannot verify the polarity of the
dysplaidization, ITS phylogenies do confirm the monophyly of the different dysploid
cytotypes. Besides the clade consisting of G. altaica (2n = 26), G. boryt (2rn = 20} and
G. pyrenatca (2n = 26), the clade consisting of the 27 = 12 cytotype (93-36) of G.
hyalina and 2n = 22 cytotype of G. ludlowii aff. (92-99), and the clade consisting of the
cytotype 2n = 30 of G. hyaling, the cytotype 2rn = 16 of G. ludiowr, the cytotype
2n = 20 of G. pudica and G. producta for which the chromosome number is unknown,
are also well supported examples of monophyletic dysploid complex.

It is necessary to point out here that the determination of the species names of this
complex is by no means an easy task, due to the high morphological variability of the
small biennial plants of the complex. Taxonomic circumscription of a certain species
and the subsequent determinations based on a few morphological diagnostic
characters is not guaranteed to recognize the right phylogenetic lineage and include
it within a scope of definite species. A morphologically defined species may include
several cytotypes belonging to more than one phylogenetic lineage. Meanwhile,
different dysploid cytotypes of a specific phylogenetic lineage might be misleadingly
placed into different species. Both situations, together with the existence of
unrecognized cryptic species, complicated the mterpretation and understanding of
phylogenetic relationships among the cytotypes of the complex. The cytotype of the
accession No. 92-89 (2z = 30} assessed as G. Ayafing had a distinct chromosome
number from the accession No. 93-36 (2r = 12); the cytotype of the accession No.
92-99 (2n = 22) assessed as G. ludlow: had a different number from the accession No.
92-35 (2n = 16} and accession No. 92-33 (22 = 32). If the taxonomic affiliation of the
cytotypes sampled is correct, then ITS phylogenies indicated that these two species
are polyphyletic. A close morphological and cytogenetic examination is needed to
solve this problem. However, the nesting of different cytotypes in the same highly
supported clade, such as the clade consisting of the cytotype 2z = 30 of G. hyalina, the
cytotype 2r = 16 of G. ludlows, the cytotype 2r = 20 of G. pudica and G. producta of
which chromosome number is unknown, does indicate that different basic
chromosome numbers of this camplex cannat be used as discriminating taxonomic
characters.

Rapid evolution of sect. Chondrophyllae s.). complex

Although the sequence divergence value among the species of the sect.
Chondroplyllae 5.l complex ranged from 2.62% to 28.5%, the resolution of the trees
was rather poor. Closer inspection of data matrix indicated a high proportion of
autapomorphic mutations. Both the parsimonious trees and distance trees are
characteristic in having rather short internal branches in contrast with the very long
terminal branches. Such a situation was also observed in sect. Calathiance from
chloroplast DNA sequences and was attributed to a star phylogeny, i.e. simultaneous
speciation of many species (Gielly & Taberlet, 1996}. This could be also the case for
sect. Chondrophptlae s... Most species of the complex shared few synapomorphic
characters, which suggested most of the species were derived simultaneously or
within a very short period of time followed by subsequent rapid radiation. Therefore,
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most mutations were autapomorphic. With regard to the high sequence divergence,
wide subcosmopolitan distribution, high morphological diversity, and the high
variation of basic chromosome numbers, rapid evolution has probably occurred
this complex, at the molecular, chromosomal and morphological levels. Many
species of this complex from the mountain regions of south-west China, centre of
diversity for the complex, have very small population sizes and rather resiricted
distributions. Paiches of species are often found on different hills of a small range,
which suggested that mutations were fixed rather rapidly in different local places.
However, very litdle is known about the reproductive and population biology of the
complex. A further study of these aspects would be useful to verify any evolutionary
patterns.

The rapid evolution of the complex might be attributed to the biennjal and
herbaceous life form of its species. Some biennial species, such as G. anstata, G.
crenulato-truncata T. N, Ho, G. crassulowdes, G. heleonastes etc., have accumulated more
autapomorphic mutations and therefore had longer terminal branches than some
other perennial species such as G. allaica, G. pyrenaica, and G. prasezkii etc. in both
parsimonious and distance trees (not shown). It has been suggested that ITS
sequences evolve faster in herbaceous, primarily annuval groups of comparatively
recent origin than in some ancient woody groups (Baldwin ef o/, 1995). Similar
correlations between plant life form and evolutionary rate have also been noted from
chloroplast DNA data (Gaut et al,, 1992; Gaut, Muse & Clegg, 1993; Wilson, Gaut
& Clegg, 1990). Generation time might be a reason for this situation m sect.
Chondrophyllae s1. complex, m which the biennial herbs had shorter generation time
resulted in faster accummulation of mutations than perennial ones.

Limat of phylogenstic inference of ITS sequences

It is generally considered that I'TS can provide valuable characters for addressing
lower level phylogenetic questions (Baldwin ¢ al,, 1995). In the case of the genus
Gentigna and its allied genera, the statement remains appropriate as far as closely
related genera and different sections within a genus are concerned (Yuan & Kiipfer,
1995; Yvan e &f, 1996). In a closely related group of species such as sect.
Chondrophyllae 5.1, ITS sequences failed to draw a robust conclusion of the species
phylogeny, although the sequence divergence remained high. This is particularly
ohvious when a fast evolving group is examined. The weakness of the phylogenetic
resolution was contributed in part by sequence alignment ambiguity, and in another
part by insufficient synapomorphic mutations which were further underscored by
frequent homoplasious substitutions.
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The aligned nucleotide sequences of ITS1 and ITS2 of Gentiana sect. Chondrophyliae 5.4, and the species of the
oulgroups and other sections compared. The numbers following species names are somatic chromosome nmmbers

of the corresponded eytotypes. €. = Crafirdia, G = Genttana, G. late- = G, crenulaio-tnemcata, Gf. = Gentianella.
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Sequence divergence was estimated within noncod-
ing sequences of hoth chloroplast DNA (cpDNA) ¢trrL
{UAA) intron and nuclear rihesemal DNA (nrDNA) in-
ternal transcrihed spacer sequences (ITS1 and ITS2)
for 10 species of the genus Gentiana L. (Gentianaceae).
Comparisons of evolutionary rates among these se-
quences {(cpDNA versus nrDNA, ITSI versus ITS2)
wera performed. It appears that sequence divergence
is on average two to three times higher in ITSs than in
the trnkL intron sequences and higher in 1TS1 than in
ITS2. Both the cpDNA intron and ITSs of nrDNA give
concordant phylogenetic trees. However, the ITS-
based phylogeny displays higher bootstrap values. At
the intrageneric level, at least in Gentiana, I'TSs (espe-
cially ITS2) sequences seem to be more appropriate in
the assessment of plant phylogenies. Nevertheless, the
cpDNA ¢tmL intron seems to be preferable at the inter-
generic level.  © 199 Academic Press, Inc.

INTRODUCTION

‘Comparative analysis of homaloguons DNA se-
quences represents an expanding area of plant system-
atics and evolution. The recent development of the PCR
and direct sequencing of PCR products has resualted in
an accumulation aof sequence data which facilitates the
study of plant phylogenies (reviewed by Olmstead and
Palmer, 1994). Both chloreplast DNA (¢cpDNA) and nu-
clear ribosomal DNA (nrDNA) have been used to infer
phylogenies at different taxonomic levels (reviewed by
Palmer ¢f al., 1988; Hamby and Zimmer, 1992). Cading
regians have been widely used at higher taxonomic lev-
els (family, tribe, etc.), but they are less infermative at
lower taxonaemic levels since they are highly conserva-
tive. Therefore, there is now a growing interest in the
analysis of noncoding sequences at lower taxonomic
levels such as genus and/er species.

Within ¢pDNA, the slowly evolving gene rbeL, which
encodes the large subunit of RUBISCO, has been

widely sequenced for aver 1000 plant species (Olmstead
and Palmer, 1994) and this has permitted the assess-
ment of phylagenetic relatienships at higher taxenamic
levels (e.g., Chase et al., 1993, and references therein).
Although some phylogenies were addressed at inter-
and intrageneric levels (see Conti et al., 1993; Gadek
and Quinn, 1993; Kron and Chase, 1993; Price and
Palmer, 1993; Seltis et al., 1993; Xiang ef al.,, 1993),
rbcLi is in some instances too conserved to resolve phy-
lagenetic relationships at these lower taxonomic levels
{e.g., Doebley et al., 1990; Gaut et al., 1992; Kim et al,,
1992; Soltis et al., 1993; Xiang et al., 1993). Currently
the focus is an more rapidly evelving sequences, such
as the genes matK (Johnson and Soltis, 1994; Steele
and Vilgalys, 1994) and ndhF (Scetland et ol., 1995),
or some noncoding sequences, such as the intergenic
spacers between rbeL and atpB (e.g., Golenberg et al,,
1998; Spichiger et al., 1993; Ehrendorfer et al., 1994;
Manen et al., 1994; Savalainen et al., 1994) and be-
tween ¢rnL (UAA) and traF (GAA) {e.g., Béhle et al,,
1994; Gielly and Taberlet, 1994a,b; Mes and ¢ Hart,
1994; van Ham ef al., 1994) or the ¢rnL (IJAA) intron
{e.g., Ferris et al., 1993; Bihle et al., 1994; Gielly and
Taberlet, 1994a,b; van Ham ef al., 1994; Gielly and Ta-
berlet, 1996). :

When studying the nnclear genome, the internal
transcribed spacer (ITS1 and ITS2) sequences of 185-
258 nrDNA are frequently used to assess plant phylo-
genetic relationships, due to (i) their small size and
high copy number, which make them suitable far direct
sequencing of PCR products, (ii) their rapid concerted
evolutian, and (iii) their higher amonnt of sequence di-
vergence compared to that of their flanking coding re-
gions (Hamby and Zimmer, 1991). Phylogenies have
been successfully ebtained at the intergeneric level
{e.g., Baldwin, 1992; Suh et al., 1993; Yuan and Kiipfer,
1995) and even the intrageneric level {(e.g., Baldwin,
1993; Ritland et al., 1993; Wajciechowski et al., 1993;
Kim and Jansen, 1994; Nickrent et al., 1994; Yuan et
al., 1996),

460

1055-7903/96 $18.00
Copyright @ 1996 by Academic Press, Inc.
Al rights of reproduction in any form reserved.



cpDNA ¢n]. INTRON VERSUS 2eDNA ITS SEQUENCES

Few comparisons of the evolutionary rates of both
cpDNA and nrDNA have yet been done. Wolfe et al.
(1987) previously showed that ¢cpDNA evolves half as
fast as nuclear DNA. In Krigia (Asteraceae), based on
restriction fragment length polymorphisms (RFLP), it
appears that nrDNA evolves 40 times faster than
cpDNA. However the rapid evelution of nrDNA se-
quences is mostly due to variations in the intergenic
spacer (IGS) sequences (Kim and Mabry, 1991). Se-
quencing of the ITS region of Astragelus (Fabaceae)
(Wojciechowski et al., 1993), Dendroseris, and Robinso-
nia (Asteraceae) (Sang et al., 1994, 1995) indicated se-
quence divergence values 10, 38, and 65 times greater,
respectively, than those estimated for cpDNA via re-
striction site mapping. In the Winteraceae, estimated
rates of nucleotide substitutions are 3.2-5.2 X 10-%
substitutions per site per year for ITS1 and 3.6-5.7 X
107" for ITS2 and are similar to the rate of 4.2-4.9 X
107 observed in rbcL (Suh et al., 1993).

Within nrDNA, only a few estimates are available
concerning the relative evolutionary rates of both spac-
ers. In the Winteraceae, as mentioned above, it seems
that ITS1 and ITS2 show the same substitution rate
(Suh et al., 1993). In the Asteraceae, ITS1 evolves 1.5-
2 times faster than ITS2 (Baldwin, 1992; Kim and Jan-
sen, 1994). On the other hand, in the filamentous fun-
gus Fusarium sambucinum, the rate of sequence diver-
gence within ITS2 is twofeld that of ITS1 (O’Donnell,
1992).

In order to determine whether ¢pDNA or nrDNA is
preferable for the assessment of intrageneric phyloge-
nies, we estimate sequence divergence values within
noncoeding sequences of both cpDNA (¢rnL intron) and
nrDNA (ITS1 and ITS2) for 10 species of the genus Gen-
tiana L. (Gentianaceae) and compare evolutionary
rates among these sequences (cpDNA versus nrDNA,
ITS1 versus ITS2). Phylogenetic trees were also con-
structed for the same set of species, using ¢trnL intron,
ITSi, ITS2, and 1TSs sequences,

MATERIAL AND METHODS

Species Analyzed and Sequence Origin

Table 1 summarizes species analyzed in the present
study (following Flora Europaea, Tutin et al., 1972) as
well as the accession numbers of the relevant se-
quences in the EMBL database. Sequences of cpDNA
(Gielly and Taberlet, 1998} and nrDNA (Yuan ef al.,
1996) were previously released independently in our
two labs for the same species.

Laboratory Procedures

Total DNA was extracted from minimal amounts of
fresh, silica gel-dried, or herbarium tissues, according
to the protocole of Doyle and Doyle (1990). Amplifica-
tion, purification, and direct sequencing of PCR prod-
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TABLE 1

Species Included in the Study (Following Flora Eu.
ropaea) and Accession Number in the EMBL Database
of the Sequences Analyzed

trnL
Section Species intron ITS1 ITS2
Centiana G. lutea L. X75702 2748122 7248119
G. punctata L. X77894 248066 Z48088
Preumonanthe G, asclepiedea L. XT77871 Z4B083 248076
Frigida G. frigida Haenke X77883 Z48063 Z48084
Chondrophyllae  G. pyrenaica L. X77895 Z48068 Z48087
G. boryi Boiss. X77874 Z48111 Z48118
Megaianthe G clusii Perr. & X77879 Z48097 Z48077
Song.
G. alpina Vill. X77868 Z48072 Z48073
Calathianae G. verna L. X75704 Z48093 Z48120
G. bavarica L. X75703 248094 248075

ucts were performed according to the classical pratocols
(see Gielly and Taberlet, 1994b). Chloroplast ¢rnL
(UAA) intron was amplified with primers “¢” (5'-CGAA
ATCGGTAGACGCTACG-3') and “d” (5"-GGGGATAGA
GGGACTTGAAC-3') (Taberlet et al., 1991); ITS1 and
ITS2 were amplified with primers YP1 (5°-GGAAGTAG
AAGTCGTAACAAGG-3') and YP2 (5'-GCTGCGTTCT
TCATCGATGC-3'), YP3 (5'-GCATCGATGAAGAACGC
AGC-3) and YP4 (5-TCCTCCGCTTATTGATATGC-
3'), respectively. The primers YP1, YP2, YP3, and YP4
described here are equivalent with the primers 1TS5,
ITS2, ITS3, and ITS4 designed by White et al. (1990),
respectively, except for a miner modification in YP1
(Yuan and Kiipfer, 1995). Single-stranded ¢cpDNA and
donble-stranded nrDNA were sequenced using the
standard dideoxy chain termination technique and %S-
labeled dATP or [y-*?P)JATP 5° end-labeled primers (for
more detailed information see Gielly and Taberlet,
1994b; Yuan and Kiipfer, 1995).

Data Analysis

Sequences of trrL intron, ITS1, and ITS2 were
aligned using the Clustal program (Higgins et al,
1992), with fixed and floating gap penalties of 10 and
transitions weighted, and with possible slight manual
modifications to optimize the multiple alignments gen-
erated. Since no reliable genetic distance can be ob-
tained nsing both substitutions and insertions/dele-
tions (Gielly and Taberlet, 1994b), we calculated for
each pair of species the percentage of mutational
events in irnL intron, ITS1, and ITS2 by employing the
formula of O’Donnell (1992): F = (Ts + Tv + ID)/L] X
100, where Ts = number of cbhserved transitions, Tv
= number of cbserved transversions, ID = number of
observed insertions/deletions (multibase length differ-
ences are scored as 1), and L = sequence length (Ts +
Tv + ID + number of sites showing the same nucleo-
tide). Such a formula, although it cannot be converted
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into a genetic distance, permits & comparison of the
phylegenetic informations on the relevant sequences
{Gielly and Taberlet, 1994b). Regressions of Pys; and
Pirsy over Poyy inyesn Were performed using the REG proce-
dure of SAS (1990) ta test the null hypothesis of (i)
slopes being equal teo one, (i) intercepts being equal to
zero, and (iii) the equality of slopes.

Phylegenetic relationships among the 10 species of
gentians were inferred via a Fitch parsimeny approach,
i.e,, assuming unordered character states, using a
PAUP 3.1.1 branch-and-bound search (Swofford, 1993).
Due to the large number of insertions/deletions in
these noncoding sequences, two different ways of treat-
ing information were employed: (i) gaps were treated
as missing data and (ii) the different mutational events
(substitutions and insertions/deletions) were coded in a
matrix of multistate characters, the nucleotide stretch
corresponding to one insertion/deletion (or twe overlap-
ping insertions/deletions) being considered as a single
site, regardless of its length (Gielly and Taberlet,
1994b). The data sets were then submitted to a boot-
strap analysis (1000 replications, branch-and-bound
aption) (Felsenstein, 1985),

RESULTS

Evolution ef cpDNA and nrDNA

Within ¢cpDNA, the average percentage of mutational
events is 5.17%, ranging from 1.59% (Gentiana clusii—
Gentiane alpina) to 9.25% (Gentiana pyrenaica-Gen-
tiana verna). For the same set of species, the average
sequence divergence for ITS1 is 15.36%, ranging from
6.49% (G. pyrencica~G. boryi) to 23.75% (G. boryi-G.
verna); the average for ITS2 is 10.15%, ranging from
3.43% (G. clusii~G. alpina) to 16 45% (G. boryi~-G. ba-
varica), If we combine ITS1 and ITS2 sequences, the
average percentage of mutational events is 12.76%, the
lowest value being 6.42% for G. clusii~G. alpina, and
the highest value being 19.66% for G. boryi~G. verna.
Insertions/deletions represented 3846, 23.66, and
11.69% of the divergence in the ¢#rnL intren, ITS1, and
ITS2, respectively. In this study, length mutations ob-
served are not attributable to variation in number of
tandemly repeated sequences (multiple alignments are
available upon request to the authors).

A total of 135 pairwise comparisons were made: 45
between the irnL intron and ITS1, 45 between the trnL
intron and ITS2, and 45 between ITS1 and ITS2. Pair-
wise comparisons of nuclear ribosomal ITS1 and ITS2
aver the chloroplast irnL (JAA) intron are plotted in
Fig. 1. In all cases, divergence within ITSs sequences
is higher than that within the trnL intren. On average,
ITS1 evelves 2.97 times faster than the irnL intron,
ranging from 1.39 (Geniiana frigida—G. boryi) to 7.68
times {Gentiana lutea—G. alpina). If we compare the
trnL intron with ITS2, it appears that the evolution of

GIELLY ET AL, -

ITS2 is, on average, 1.96 times faster than that of
cpDNA, the range being from 1.24 (G. frigida~G. pyre-
naica) to 5.79 times (G. lutea~G. alpina). Pooling ITS1
and ITS2 sequences showed an evelution of ITSs that
is 2.47 times that of cpDNA, ranging from 1.32(G. frig-
ida—G: pyrenaica) t06.72 times (G. lutea-G. alpine). In
most situations, sequence divergence in ITS1 is higher
than that in ITS2 {Fig. 1). In both regressions (P and
Pirge over P, inwwo), the slopes are not significantly dif-
ferent from one (P > 0.05 in both cases, values of ¢ test
being 0.782 and 0.660, respectively); the intercepts are
significantly different from zero (P < 0.001 in beth
cases); the two slopes are not significantly different
from each other (P = 0.682) (Fig. 1).

Phylogenetic Analyses of cpDNA
and nrDNA Sequences

The twe different ways of treating gap information in
cpDNA sequences resulted, via the branch-and-bound
search of PAUP, in four (gaps treated as missing) and
three {(substitutions and gaps coded in a matrix) most
parsimonious trees. G, frigide was taken as the out-
group since in a ¢pDNA based phylogeny it formed the
mest isclated clade of the European gentians (Gielly
and Taberlet, 1996). Strict consensus trees with boot-
strap values are presented in Fig. 2 (tree lengths and
consistency indexes are reparted in Table 2). The tweo
different gap treatments gave congruent tree topelog-
ies, especially regarding the position of Gentiana as-
clepiadea, which always grouped with G. lutea and
Gentiana punctata, and also regarding the internal po-
sition of G. pyrenaica and G. boryi of section Chondro-
phyllae.

For nrDNA, whatever the regions analyzed (ITS1,
ITS2, or ITS1 + ITS2) or the way of treating gap infor-
mation, the branch-and-bound search of PAUP always
generated a single most parsimonicus tree (Fig. 3; for -
length and consistency indexes see Table 2). In this
tree, as in cpDNA trees, G. asclepiadea always grouped
with species of section Gentiana. However, section
Chondraophyllae (G. pyrenaice and G. boryi) nested out-
side the rest of the species. Note that we obtained the
same topelogy for the cpDNA-based phylogenetic trees
by enforcing a topological constraint (section Chondra-
phyllae nesting cutside) and tree lengths were in-
creased by only one step when treating gaps as missing
data and by enly twe steps when including insertions/
deletions (Table 2).

DISCUSSION

The Differential Level of Sequence Divergence
in the Three Sequences Analyzed

The results reported here clearly show that sequence
divergence is higher in ITSs sequences of nuclear ribo-
somal DNA than in the nonceding region of chloroplast
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FIG. §. Relationships among the percentages of mutational events in ¢pDNA and nrDNA noncoding sequences.

DNA (2-3 times on average). This is less than the rate
of ntDNA observed in Astragalus, which is 10 times
higher than that of cpDNA (Wojciechowski et al., 1993),
and much less than the 40-, 38- and 65-fold rates ob-
served for Krigia (Kim and Mabry, 1991), Dendroseris
{Sang et al., 1994), and Robinsonia (Sang et al., 1995),
respectively. But this result is in contradiction with
Suh et al. (1993), who estimated nucleotide substitu-

67
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A i

J0 100
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G. Tutea

G. punciata

G. boryi
G. clusii
" G. alpina
G. verna
G. bavarica

G. frigida

tions rates for ITSs which appear to be similar to that
of rbeL in the Winteraceae.

Even between the two spacers of nuclear ribosomal
DNA, the sequence divergence is higher in ITS] than
in ITS2 in Gentiana (1.51 times on average). This resuit
is consistent with the case of the Asteraceae, where
ITS1 was found to change 1.5 to 2 times faster than
ITS2 (Baldwin, 1992; Kim and Jansen, 1994}, but op-

41

G. pyrenaica — 39

81

-F."i‘G :..; " Striet consensus of the trees retained by the branch-and-bound search algorithm of PAUP based on trnl, intron sequences analy-
seg: (A) gaps were treated as inissing data (four trees produced) and (B) gaps and substitutions were coded in a multistate characters matrix
{ three ‘trées produced, see text for explanations). Numbers indicate bootstrap estimates from 1000 replications. ’I‘ree lengths and consistency

and retention indexes are reparted in Table 2.
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TABLE 2

Number, Length, Consistency Index, and Retention Index for the Trees Produced
by the Branch-and-Bound Search Algorithm of PAUP

Gaps as missing data Gaps and substitutions coded
Region analyzed N L Cl RI N L Cl Rl
trnL intron 4 47 0.957 0.909 3 76 0.921 0.793
trnL intron” 1 48 0.938 0.864 6 78 0.897 0.724
ITS1 1 121 0.860 0.738 1 150 0.860 0.720
ITS2 1 53 0.755 0.755 1 25 0.879 0.760
ITS1 + ITS2 1 208 0.861 0.746 1 249 0.867 0.736

Note. N, number of trees retained by the branch-and-bound search algorithm of PAUP; L, tree length; Cl, consistency index; RI, retention

index.

° Search with topological conatraint enforeed, i.e., species of section Chondrophyllae nesting cutside the rest of the species.

poses resnlts for to the ascomycete F. sambucinum,
where ITS2 evolves 2 times faster than ITS1 (O'Don-
nell, 1992),

Despite that ITSs display higher sequence diver-
gences than trnL intron, we cannot assert that ITSs
evolve significantly faster than ¢raL intron (the slopes
of the regression lines presented in Fig. 1 are not sig-
nificantly different from 1). The reasons for the differ-
ential level of sequence divergence of noncoding se-
quences among these two genomes, and between the
two spacers of nrDNA, are not yet clear,

Phylogenetic Resolution of cpDNA versus nrDNA

The resuits indicate that both cpDNA- and nrDNA-
based phylogenies are principally congruent with mor-

G. pyrendica

— 100100,
G. boryi

G. frigida

F1G:. 3. Single most parsimonious tree deduced from ITSs se-
quences analyses (ITS1, ITS2, and ITS1 + ITS2) via the branch-and-
bound aearch algorithm of PAUP for the two distinet ways of treating
information (gaps treated as missing data/gaps and aubstitutions
coded in a multistate character matrix, see text for explanations).
Numbers on the tree indicate bootstrap estimates from 1000 replica-
tions: (i) above branches, analysis of ITS1 sequences, {ii) below
branches, analysis of ITS2 sequences, and (iii) circles on nedes, anal-
ysis of combined ITS1 and 1T52 sequences. Tree lengths and consis-
tency and retention indexes are reported in Table 2,

phological classification. The sectional circumserip-
tions have been respected. The resolutions of cpDNA
and nrDNA are mainly in agreement for most clades,
e.g., the placement of G. asclepiadea which nested with
species of the section Gentiana (Figs. 2 and 3, see also
Gielly and Taberlet, 1996; Yuan et al., 1996). Such con-
gruence between phylogenies based on the two ge-
nomes has also been reported in Compositae (Baldwin,
1992} and in Fabaceae (Wojciechowska ef al, 1993).
However, in our present study, disagreement between
the cpDNA- and nrDNA-based phylogenies has also
been revealed: the phylogenetic relationships of section
Chondrophyllae with other clades are presented differ-
ently in the cpDNA (Fig. 2) versus nrDNA phylogenies
(Fig. 8). Similar disagreement has been observed in
Krigio (Kim and Jansen, 1994). However, in the pres-
ent case, similar topologies for nrDNA and suboptimal
cpDNA trees were obtained by enforcing a topological
constraint in the cpDNA data set which increased tree
lengths by only one or two steps (Swofford, 1991). For
the set of species analyzed here, ntDNA seems to give
higher bootstrap values than ¢pDNA at the intragen-
eric level. Referring to the two ITSs sequences, it ap-
pears that the phylogenies constructed from ITS1,
ITS2, and ITS1 + 1TS2 exhibit exactly the same topol-
ogy (Fig. 3), although ITS2 showed lower divergence
than ITS1.

Phylogenetic Application of cpDNA versus nrDNA

Noncoding sequences are generally expected to re-
veal more information than coding regions at lower tax-
onomic levels. Some existing studies on both noncoding
sequences of cpDNA (e.g., Golenberg ef al., 1993; Béhle
et al,, 1994; Gielly and Taberlet, 1994b; Savolainen et
al., 1994) and internal transcribed spacer sequences of
nrDNA (e.g., Baldwin, 1992, 1993; Kim and Jansen,
1994; Yuan and Kiipfer, 1995) have demonstrated their
usefulness in resolving plant phylogenies al inter- and
intrageneric levels. Qur present analyses support that
conclnsion. As c&n be seen from these resnlts, both the
c¢pDNA intron and nrDNA ITSs exhibit valuable reso-
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lution at specific levels (Figs. 2 and 3). However, the
relative informativeness of cpDNA seems to be lower
at this taxonomic level than ITSs: the relationships
among G. lutea, G. punciata, and G. asclepiadea were
not ¢learly resolved in cpDNA trees due to lower diver-
gence of the cpDNA intron sequences (Fig. 2}, but were
resolved in the ITS-based trees (Fig. 3). This suggests
that, at least in Gentiana, cpDNA trnL (UAA) intron
sequences may be more appropriate at higher taxo-
nomic levels, such as intergeneric, and 1TSs sequences
are preferable in assessing phylageny at lower taxa-
nomic levels, such as interspecific. The reasan is that
the cpDNA intron displayed less sequence divergence
at intrageneric level and the level of homoplasy is low
in cpDNA sequences at intra- and inter-generic levels
(higher consistency index of the trees, Table 2; see also
Gielly and Taberlet, submitted for publication), and
that higher sequence divergence in ITSs corresponds
ta a higher level of homoplasy which can represent a
limitation in their use at higher taxonomic levels (Kim
and Jansen, 1994; Yuan and Kipfer, 1995).

Within Gentiana, ITS1 exhibits higher sequence di-
vergence than 1TS2 (Table 2), but gives a similar (the
present results) or lawer (Yuan ef al.,, in press) resolu-
tion than ITS2, since bath higher sequence divergence
and higher hamaplasy level have been involved in this
region. A similar situation has also been reported in
Calycadenia (Asteraceae) (Baldwin, 1993) and Arceu-
thobium (Viscaceae) (Nickrent e al., 1994), where the
percentage of patentially informative sites is higher for
ITS2. So we suppase that ITS2 alone could be se-
quenced for intrageneric phylogenies without lasing
any important phylogenetic resclution.

It is difficult to define a general rule for the chaice of
a particular gename (cpDNA or nrDNA) or a particular
region of the given genome (e.g., ITS1 versus ITS2) ta
address plant phylogenies. Sequence divergences can
vary greatly in chloroplast DNA, depending on genera
(Gielly and Taberlet, 1994a) and even within a genus
(Gielly and Taberlet, unpublished), and that could be
the case far nuclear DNA also. So, due to the heteroge-
neity of evolutionary rate of noncoding sequences of
cpDNA and alse nrDNA, it is quite impaossible to pre-
dict if the selected sequence(s} would evolve at a suffi-
cient rate to provide enough resolutian at the consid-
ered taxonomic level, Therefore, a preliminary study
should be performed before a large-scale analysis is car-
ried out,
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