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Abstract A cladistic study was undertaken to make the infrageneric classification and to e-
valuate the phylogenetic relationships in the genus Gentiarna. As a monophyletic group, Gen-
tiana is based on three synapomorphies and includes 23 series and 10 monotypic Sections.
Two genera, Tripterospermum and Crawfurdia, were selected as the outgroups. Most
character complexes were surveyed and 61 informative characters from morphology, paly-
nology and cytology were used for this study. The analysis resulted in 51 equally parsimo-
nious cladograms and the one with the lowest f-value of 0. 213 was selected as the base for
discussing cladistic classification and making cladistic analysis. Results of the cladistic classi-
fication support most of the current systematic classification of Gentiana, with main differ-
ences in the circumscription of some sections (e. g. , Frigida, Isomeria and Chondrophylla).
In the cladogram, Gentiana was first split into two clades, the perennial clade and the annual
clade. In the perennial clade, Sect. Pneumonanthe emerged earlier and is the most primitive
taxon in this genus. Two subclades, the Asian subclade and the European subclade, came
out after Sect. Pneumonanthe. The Asian subclade includes eight sections (Cruciata, O-
tophora. Frigida, Microsperma, Monopodiae, Kudoa, Phyllocalyx and Isomeria). The first
two sections which form the Cruciata-branch diverged at a low level, especially Sect. Cruci-
ata is also a primitive taxon of the genus Gentiana. The remaining sections which constitute
the Frigida-branch are more advanced. The European subclade includes Sect. Gentiana,
Sect. Ciminalis and Sect. Calathianae. This subclade is regarded as a relatively isolated and
specialized one in Gentiane. The annual clade consists of two sections (Dolichocarpa and
Chondrophylla), of which Sect. Chondrophylla is a more advanced taxon. In addition,
Sect. Stenogyne was considered 1o be of a hybrid origin between the two genera T'ripteros-

permum and Gentiana with some characters of its parents. A strict consensus tree summaries
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the points of agreement in all the 51 equally parsimonious trees. The phylogenetic relation-
ships of the sections and series in the genus Gentiana are also strongly supported by this con-
sensus tree.

Key words Gentiana; Phylogeny; Cladistic classification; Cladistic analysis
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Gentiana, a large genus of about 361 species, is widely distributed all over the world ex-
cept Africa.. The majority of species are centred in Asia. A number of articles on its taxono-
my have been published since the establishment of Gentiana by Linnaeus. However, only a
few of them dealt with the evolutionary relationships among its infrageneric taxa, such as
Kusnezow (1894). The present paper represents an attempt to make an infrageneric classifi-
cation and to analyse the phylogenetic relationships of the infrageneric taxa, using the princi-

ples and methodologies of cladistics.
1 Gentiana as a monophyletic group

One of the essential principles of cladistics is the concept of strict monophyly. A mono-
phyletic group must contain all the descendants derived from a common ancestor. There-
fore, the erection of monophyletic groups is the starting point for cladistic analysis.

There have been different standpoints on the concept of Gentiana. Gentiana sensu lato,
as traditionally circumscribed, is a very heterogeneous assemblage of morphologically diverse
groups, including Tripterospermum, Craw furdia, Megacodon and Gentianella sensu lato.
Gentianella sensu lato further consists of Gentianella sensu stricto, Comastoma, Gentianop-
sis, and Pterygocalyx. Gentiana is circumscribed in the present paper in the strict sense, as
equivalent to subgenus Eugentiana Kusnezow (1894). This concept has been widely accept-
ed by most 20th century authors on Gentianaceae, e. g., H. Smith (1965, 1936), Cz-
erepanov (1973). It is narrower than Gentiana sensu lato mentioned above, but much
broader than Gentiana as defined by Holub (1973) and Love et al. (1975) who restricted
Gentiana to the five European species treated by Tutin (1972) as Sect. Gentiana.

According to the synapomorphy principle in phylogenetic systematics, only strictly

monophyletic taxa may be regarded as historical entities, and the only logical basis for infer-
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ring monophyly is to show that the component taxa of a group possess one or more shared,
derived character states, or synapomorphies. Gentiana is a monophyletic group separated
from the other genera of Gentianaceae by the following three synapomorphies: (1) plants
with quadrangular, erect or ascending stems; (2) well developed corolla plicae (folds) be-
tween the lobes (the plicae in Sect. Gentiana, Ser. Otophorae and Ser. Decoratae being
very small and considered as a reduced and specialized result); and (3) seeds with various.
kinds of testa, such as reticulate, reticulately thickened, honeycomb-like, spongy, and
sometimes with various wings.

As a monophyletic group, Gentiana includes 23 series and 10 monotypic sections (See
Table 2) which were mostly recognized in a systematic revision of all the species of Gentiana

by the present authors (Ho et al. , 1990).
2 Character analysis

The character analysis in the present paper focuses on homology analysis of characters
and their polarization. Some essential principles and methods (e. g. , outgroup comparison,
character correlation, commonality principle, recapitulation law, geographical progression
rule and irreversibility of chromosome polyploidy from low to high, etc. ) were used to po-
larize the character states.

In subtribe Gentianinae, Gentiana is more closely related to Tripterospermum and
Craw furdia than to the other genera. The three genera share two synapomorphies (corolla
with plicae between the lobes; calyx with a continuous intracalycular membrane) and thus
form a monophyletic group. Among them, Tripterospermum and Craw furdia are further
closely related to each other and are more primitive. They were, therefore, selected as the

outgroups. The relationships of the three genera is shown in Fig. 1.

. . Fig. 1 Cladogram showing hypothesized relationships of
Gentiana  Crawfurdia  Tripterospermum the plicate-corolla group in Subtrib. Gentianinae.

1==stem quadrangular, erect or ascending
' 2=calyx with a continuous intracalycular membrane
7 3 6 3=calyx tube with 10 vascular bundles
4 5

4=corolla with plicae between lobes

4’ =plicae very developed

5 = stamens asymmetrical, and unequal in length, at the
apex unilaterally and uniformly curved downwards

1 8 6=glands turning a collar-like disc covering the base of the
ovary
4 7 = seeds with reticulate, reticulately thickened, honey-
2 comb-like to spongy pits and winged or unwinged

| 8=seeds with reticulate pits, triquetrous in shape with un-
equal three ridges which form three unequal faces
The character information used in this analysis was taken to a great extent from our

own studies on Gentiana, and sometimes also from the literature (e. g. , some cytological in-
formation). 61 informative characters were used for this analysis and surveyed below (Table
1). All the characters are multiply coded, where number 0O represents the plesiomorphic

state and numbers 1~4 represent apomorphic states. Number 9 indicates that the character
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is unavailable or its information is lost. In some cases, a taxon has both plesiomorphic and

apomorphic states, then this taxon was scored as the plesiomorphic state.

10

11

12

13
14

15

16

17

18

19

20

21

Table 1 Characters and character states used in the cladistic analysis of Gentiana
Herbs perennial (0); annual or biennial (1).
Roots arising from nodes of a rhizome (0); linear-cylindrical roots from collar (1); a fleshy stout tap-
root-like root (2); a fleshy stout taproot (3).
Roots arising from nodes of a rhizome (0); fibrous taproots (1).
Rhizome long and thick (0); short, slender and distinct (1) ; extremely shortened, thin and indistinct
.
Rhizome long and thick (0); extremely shortened and thickened rhizome-disc-like(1).
Rhizome long and thick (0); poor stolon (1); developed stolon (2).
Rhizome long and thick (0); plant without rljizome or stolon (1); stem at lower nodes creeping and
rooting (2).
Stem with sympodial branching of rhizome subtype (0); sympodial branching of stolon subtype (1).
Stem with sympodial branching of rhizome subtype (0); monopodial branching of perennial plant sub-
type with distinct plant axis and some weak branches (10); plant axis much shortened to retain al-
most only a terminal bud(2).
Stem with sympodial branching of rhizome subtype (0); monopodial branching of annual plant sub-
type with a distinct main stem (1); with fastigiate branches (2); branches crowded in a head (3).
Stem with sympodial branching of rhizome subtype (0); monopodial branching of annual plant sub-
type with caespitose and dichotomous branches (1). '
Basal vegetative rosette absent (0); rosette developed, with a terminal bud and many large leaves
(1) ; rosette reduced, with few and small leaves (2).
Basal vegetative rosette absent (0); rosette developed, with a lateral bud and many large leaves (1).
Cauline leaves decreasing in size from the middle to bath ends of stem (0); decreasing or increasing in
size from base to top of stem (1).
Cauline leaves decreasing in size towards top of stem (0); increasing in size towards top of stem (1);
crowded towards top of stem and the uppermost leaves surrounding inflorescence (2); the uppermost
leaves similar to calyx lobes in shape (3). ’
Cauline leaves decreasing in size towards top of stem and widely separated (0); most of the leaves
crowded at base of stem and much larger than the others (1).
Cauline leaves decreasing in size from the middle to both ends of stem (0); the whole plant with 1~
2 pairs of basal leaves (1); basal leaves 2~ 4 pairs and large, sometimes in an involucre-like shape
(2); all leaves closely spaced (3).
Inflorescence lax, axillary and terminal cymes with many flowers (0); a terminal inflorescence (clus-
ter) with many flowers (1); several flowers (2); a single flower (3).
Inflorescence lax, axillary and terminal cymes (0); many cymes with 1~3 flowers arranged at ends of
abundant branches (1).
Inflorescence lax, axillary and terminal cymes (0); flowers solitary and terminal unbranched flower-
ing stem (1).

Inflorescence lax, axillary and terminal cymes (0); flowers solitary and terminal at ends of branches
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41

42

43

.

Bracts 4 (rarely 2) per flower (0); 2(1); disappearing (2).

Flowers pedicellate or sometimes also cymes on peduncle-like branches (0); sessile (1).

Flowers 5-merous (0); 6~9-merous (1).

Flowers large-sized (4.1~7 cm long) (0); medium-sized (2. 6~4 cm long) (1); small-sized (1. 6~
2.5 cm long) (2); very small (0. 3~1.5 cm long) (3).

Intracalycular membrane highly developed and calyx tube split along one side (0); intracalycular
membrane reduced and calyx tube not split (1); intracalycular membrane considerably reduced and
calyx tube always entire and tubular, sometimes angled or winged (2).

Calyx lobes irregular and triangular or lanceolate (0); subequal and triangular to narrowly elliptic
(1); equal and linear-spathulate, linear-lanceolate to linear (2).

Calyx lobes irregular and triangular or lanceolate (0); subequal and triangular (1); narrowly triangu-
lar or ovate (2); spathulate (3); broadly oblong to flabelliform with keeled midveins (4).
Calyx lobes irregular and triangular or lanceolate (0); unequal and suborbicular (1); equal and ovate-
triangular with acuminate apex (2); oblanceolate (3).

Calyx lobes irregular, triangular or lanceolate (0); equal, triangular, ovate-triangular or ovate with a-
cute apex (1); filiform or subulate (2).
Calyx lobes irregular, triangular or lanceolate and much shorter than tube (0); equal, acinular or lin-
ear, nearly as long as tube (1).

Margins of calyx lobes not broadly membranous (0); very broadly membranous (1).

Corolla infundibuliform (0); broadly tubular (1); urniform or tubular (2).
Corolla infundibuliform, 3~4 times as long as calyx (0); tubular 2. 5~3 times as long as calyx (1);
ca. twice as long as calyx (2).

Corolla infundibuliform, 3~4 times as long as calyx (0); tubular-infundibuliform, 2~2.5 times as
long as calyx (1); campanulate, ca. twice as long as calyx (2); hypocrateriform (3).

Corolla lobed to above the middle so tube much longer than lobes (0); deeply lobed to the middle or
below so tube as long as to shorter than lobes (1).
Corolla plicae poorly developed, short and narrow, 1/4~1/3 as long as and narrower than lobes (0);
developed, longer but narrower, at least 1/2 as long as and narrower than lobes (1).
Corolla plicae poorly developed, short and narrow, 1/4~1/3 as long as and narrower than lobes (0);
well developed, large and symmetrical, at least 1/2 as long as and as wide as lobes, often entire (1);
margins of plicae fimbriate (2).
Corolla plicae asymmetrical, often obliquely truncate or triangular (0); symmetrical, narrowly trian-
gular (1).

Corolla plicae asymmetrical, often obliquely truncate or triangular (0); symmetrical, ovate-oblong
with truncate apex (1).

Corolla plicae asymmetrical, often obliquely truncate or triangular (0); reduced to a small tooth or au-
ricle on side of lobe (1).
Stigma-lobes free and recurved, oblong or linear (0); contiguous or connate, rounded and expanded
into a small discoid or funnelform structure but free after anthesis (1); discoid or funnelform structure
not {ree after anthesis (2).

Gynophore long (0); sessile or subsessile (1).
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44 Capsule cylindrical (0); narrowly ellipsoid or oblanceolate (1); obovoid or ellipsoid (2).

45 Capsule unwinged (0); winged along sutures towards apex (1).

46 Capsule large (often>>15 mm long) (0); small-sized (often<(10 mm long) (1).

47  Seeds triquetrous with three winged edges to form three unequal-sized faces (0); not triquetrous but
winged with narrow wings (1); unwinged (2).

48 Seeds triquetrous with three narrow winges which form three unequal-sized faces (0); not triquetrous
but few-angled with irregular spongy edges or winged with wing on one side or at one end of the body
(1); neither angled nor winged (2).

49 Seed coat minutely and densely reticulate (0); reticulately thickened (1).

50 Seed coat minutely and densely reticulate (0); distinct reticulate (1); covered with membranous
lamellae which form shallow, simple, honeycombed and hexagonal pits (2); membranous lamellae
form deeply honeycombed pits (3); compex and spongy pits (4).

51 Seed coat minutely and densely reticulate (0); finely reticulate (1).

52 Seeds large (often>>1.2 mm long) (0); small (often<(1.2 mm long)(1).

53 Chromosome number x=7, 2n=2x (0); dominant chromosome numbers x=19, 10, 2n=2x (1);
chromosome number x=13, 2n=2x=52 (2).

54 Chromosome number x=7, 2n=2x (0); chromosome number series of x=15,14,13,12,11,10,9,
2n=2x, less often Zn=4x (1).

55 Chromosome number x=13, Zn=2x (0); chromosome number x=12, Zn=2x (1).

56 Chromosome number x=13, 2n=2x (0); chromosome number x=10, 2n=2x (1); chromosome
numbers x=10, 2n=4x=40 or x=9, 2n=4x=39 (2).

57 Pollen grains with striate-imperforate exine ornamentation with lirae very wide (0. 6~1 pm) (0);
dominantly striate-foveolate or striate-reticulate with lirae lower and wide (0. 4~0. 65 pm) (1)

58 Pollen grains with striate-imperforate exine ornamentation with lirae very wide (0.6~1 pum) (0);
striate-imperforate to striateless, perforate with lirae higher and wide (0. 4~0. 65 um) (1); typical
striate-perforate (2); striate-foveolate (3); striate-reticulate or reticulate (4).

59 Pollen grains with striate-imperforate exine ornamentation with lirae very wide (0.6~1 um) (0);
striate with lirae very thin (0. 15~0. 3 pm) (1).

60 Bacula erect or slightly recurved (0); lobed at tops (1).

61 Sexine thicker than nexine (0); sexine as thick as nexine to nexine thicker than sexine (1).
Growth habit (character 1)  All species of Gentiana are herbs, about half of which are

annuals, belonging to 11 taxa (Ser. Suborbisepalae, Ser. Tetramerae, Ser. Annuae, Ser.

Rubicundae, Ser. Orbiculatae, Ser. Humiles, Ser. Fastigiatae, Ser. Capitatae. Ser. Pi-

asezkianae, Sect. Fimbricorona and Sect. Dolichocarpa); the other half species are perenni-

als belonging to 20 taxa (Ser. Otopnorae, Ser. Decoratae, Ser. Apteroideae, Ser. Monant-
nae, Ser. Ornatae, Ser. Verticillatae, Ser. Sikkimenses, Ser. Depressae, Ser. Stragu-
latae, Ser. Uniflorae, Sect. Cruciata, Sect. Frigida, Sect. Gentiana, Sect. Pneumonan-
the, Sect. Phyllocalyx, Sect. Calathianae, Sect. Ciminalis, Ser. Napuliferae, Ser. Cori-
aceae and Ser. Grandiflorae); in Ser. Fimbriatae and Sect. Stenogyne both perennials and
annuals occur . The perennial habit is present in both outgroup genera and is therefore con-

sidered as a plesiomorphic state and the annual habit as apomorphic.
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Roots (characters 2~3) Related to the growth habit and the branching of the stem,
the roots of Gentiana are of five types: fibrous taproots, fleshy linear-cylindrical roots,
fleshy stout taproot, fleshy twisted taproot-like root and rhizomes or stolons with adventi-
tious roots. The first type: the roots of this type are fibrous or even woody. The primary
root is rather small but slightly thickened, forming a slender taproot with a few secondary
rootlets. This type is the commonest one in Gentiana and is typical in the annual plants. The
second type: the plants of this type have several to many fleshy, linear-cylindrical roots aris-
ing from the collar, and belong to 4 series ( Apteroideae, Monanthae, Ornatae,
Verticillatae) and some species of Sect. Stenogyne. The third type is typical of two alpine
series (Decoratae and Otophorae), of which the plant has a fleshy, stout, cylindrical or
fusiform, persistent taproot and a few smaller secondary rootlets. The fourth type is charac-
terized by 2~ 4 fleshy roots which are contiguous and twisted to form a stout taproot. It
represents a conspicuous transition from the fleshy linear-cylindrical root type to the true
stout taproot type and is only found in Sect. Cruciata. The last type, as the second and
third, is always associated with the branching of stem, and the plants have rhizomes or
stolons with adventitious roots from the nodes. This type is found in the majority of peren-
nial taxa. Both outgroup genera have rhizomes with adventitious roots which is here consid-
ered as a plesiomorphic state. All other types were treated as apomorphic states.

Rhizome and stolon (Characters 4~7) All the perennial plants in Gentiana have a
rhizome or stolon. There are four different rhizome types in Gentiana: long and thick (in
Sect. Gentiana and some species of Sect. Pneumonanthe); short, slender and distinct (in
Ser. Apteroideae, Ser. Monanthae and Sect. Frigida); extremely shortened, thin and in-
distinct in Ser. Ornatae and Ser. Verticillatae) ; extremely shortened and thickened, disc-
like (in Sect. Cruciata, Ser. Otophorae, Ser. Decoratae and some species of Sect. Stenogy-
ne and Sect. Pneumonanthe). The stolons occur in Ser. Sikkimenses, Ser. Depressae, Ser.
Stragulatae, Ser. Uniflorae, Sect. Phyllocalyx, Sect. Calathianae and Sect. Ciminalis.
However, in Ser. Grandiflorae, Ser. Napuliferae, Ser. Coriaceae and some species of Ser.
Fimbriatae, the stems at the lower nodes are creeping and rooting, even forming stolons,
this cases is considered as a secondary derivative. The annual plants have neither rhizome
nor stolon. The long and thick rhizome type is present in both outgroup genera and thus is
considered as a plesiomorphic state. The other rhizome or stolon types are coded as apomor-
phic states. The general evolutionary trends of the character states are from the reduction of
the rhizome to its disappearance, and then to the occurance of the stolon in annual plants.

Stem and ramification (characters 8~11) In Gentiana the stem is always erect or as-
cending, quadrangular with striae or angles, sometimes having a conspicuous caudex at the
base. The ramification is a very constant and significant feature, and provides a reliable di-
agnostic character for the definition and grouping of sections and series. There are two main

types and several subtypes of branching as follows:
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(1) Monopodial branching. The terminal bud (growing point of the plant axis) of the
plant is always present with great vitality and can grow continuously, lasting throughout the,
life of the plant. This type of branching falls into two subtypes:

A. Perennial plant subtype. The plant has a basal vegetative rosette with a terminal
bud sunk in it. The flowering stems grow up each year from the axillary buds of the outer
leaves of the basal rosette. They can grow continually and last for several years (in Ser.
Decoratae) or only for one year. The plant axis is either more or less elongate, at least dis-
tinct (in Ser. Apteroideae, Ser. Monanthae, Sect. Cruciata, Ser. Otophorae and some
species of Sect. Stenogyne and Sect. Pneumonanthe) or much shortened to retain only a
terminal bud (in Ser. Ornatae and Ser. Verticillatae).

B. Annual plant subtype. The basal vegetative rosette is absent. The terminal bud is
developed and forms a stem which is more or less branched. The main stem is relatively
thick either with abundant branches (in Ser. Suborbisepalae, Ser. Tetramerae, Ser. Annu-
ae, Ser. Rubicundae and some species of Sect. Stenogyne) or with fastigiate branches (in
Ser. Fastigiatae) or many crowded ones (in Ser. Capitatae and Sect. Fimbricorona). How-
ever, sometimes the main stem is indistinct with caespitose and dichotomous branches (in
Sect. Dolichocarpa, Ser. Humiles, Ser Orbiculatae, Ser. Piasezkianae, Ser. Fimbriatae,
Ser. Napuliferae, Ser. Coriaceae and Ser. Grandiflorae).

(2) Sympodial branching. In contrast to monopodial branching, the growing point in
sympodial branching is lateral and constantly renewed. The plant without basal rosette has
rhizomes or stolons which have nodes, internodes, buds and adventitious roots. The growth
of the terminal bud slows down and stops after a period of time, then the lateral buds on the
nodes grow up instead. The flowering shoots develop annually from the buds on the nodes of
the rhizomes or stolons, as well as from the apex of the stolons. The sympodial brancing of
Gentiana exhibits two subtypes as follows

A. Rhizome subtype. The plant has a rhizome. Adventitious roots and a lateral rosette
arise first from a node and then buds in the axils of the outer leaves of the lateral rosette give
rise to the flowering stems. This subtype is found in Sect. Frigida, Sect. Gentiana and
some species of Sect. Pneumonanthe. However, most other species of Sect. Pneumonanthe
are somewhat different from this model in that the plants have no rosette and the buds of the
nodes give rise to the flowering stems directly.

B. Stolon subtype. This subtype is rather similar to the rhizome subtype but differs
from it in having overgroun stolons and runners. The stolons produce runners from the
nodes and these runners are ultimately terminated by a lateral rosette with a few small
leaves. The central bud of this rosette in time produces the flowering stems. This subtype is
found in Ser. Sikkimenses, Ser. Stragulatae, Ser. Depressae, Ser. Uniflorae, Sect. Phyl-
localyx, Sect. Ciminalis and Sect. Calathianae.

The stem of both outgroup genera is quite different from that of the genus Gentiana. It
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is single, terete, twining and twisted. However, the ramification of the stem in the out-
groups is the same as that of Sect. Gentiana and some species of Sect. Pneumonanthe [ (2),
A7]. This subtype is here considered as a plesiomorphic state whereas all other subtypes
mentioned above as apomorphic states.

Basal vegetative rosette (characters 12~13) A basal vegetative rosette, which con-
sists of a terminal bud or a lateral bud and a few basal rosette-leaves, is constantly present in
some taxa and provides a diagnostic character. The evolutionary trend of the basal vegetative
rosette with a terminal bud is always correlated with the shortening of the plant axis, so the
developed rosette with large and abundant leaves has an elongated axis (in Ser.
Apteroideae, Ser. Monanthae, Sect. Cruciata, Ser. Otophorae and some species of Sect.
Stenogyne and Sect. Pneumonanthe) whereas the reduced rosette with a few small leaves al-
ways has very short axis (in Ser. Decoratae, Ser. Verticillatae and Ser. Ornatae), repre-
senting a reduction series, The basal vegetative rosette with a lateral bud occurs in Sect.
Gentiana and Sect. Frigida and it is very like that of the outgroup T'ripterospermum but hav-
ing more pairs of basal leaves. Tripterospermum sometimes has a basal vegetative rosette
with a lateral bud and two pairs of basal leaves. The other outgroup, the genus Craw furdia
has not an rosette. In this cladistic analysis, the absence of the basal vegetative rosette is
considered plesiomorphic.

Arrangement of leaf size on stem (characters 14~17) In Gentiana the arrangement
of leaf size on stem is usually constant and certainly has taxonomic significance. By character
analysis, this arrangement is correlated with the evolution of the inflorescence. In Sect.
Fr‘igida, Sect. Gentiana, Sect. Gruciata and Ser. Otophorae, the inflorescence is a complex
cyme, so the cauline leaves are widely separated, and their size decreases towards the apex
of the stem and the largest is at the lower part of the stem. This type is relatively primitive
in Gentiana. With abbreviation, concentration and simplification of the inflorescence, the
upper internodes of the stem are abbreviated and the upper cauline leaves become crowded
and enlarged to surround the inflorescence. This type occurs in Ser. Apteroideae, Ser. Mo-
nanthae, Ser. Ornatae, Ser. Verticillatae, Ser. Sikkimenses, Ser. Stragulatae, Ser. De-
pressae, Ser. Uniflorae, Sect. Phyllocalyx, Ser. Suborbisepalae, Ser. Tetramerae, Ser.
Annuae and some species of Sect. Cruciata and Sect. Pneumonanthe. Especially in Ser.
Monanthae, Ser. Ornatae and Ser. Verticillatae, the inflorescence is reduced to a single
flower and the leaves and calyx lobes further become narrow in shape. On the other hand,
with the simplification of the inflorescence and abbreviation of the lower internodes of the
stem, most of the leaves are crowded at the base of the stem and the basal leaves are much
larger than the others. This type occurs in Sect. Calathianae and Sect. Ciminalis. In annual
taxa, the cauline leaves are widely separated and the whole plant has only 1~2 pairs of large
basal leaves (in Sect. Dolichocarpa) or these large basal leaves increase in number and some-

times form an involucre-like structure (in Ser. Humiles, Ser. Rubicundae, Ser. Orbicu-
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latae, Ser. Fastigiatae, Ser. Capitatae, Ser. Napuliferae, Ser. Fimbriatae and Sect. Fim-
bricorona). The cauline leaves of Ser. Coriaceae and Ser. Grandiflorae are different from
those of annual taxa in having closely spaced leaves. In Sect. Pneumonanthe, the lower
cauline leaves are much reduced to become small membranous scale-like. The cauline leaves
of Tripterospermum, Crawfurdia and Gentiana Sect. Stenogyne are widely separated and
their size decreases towards both ends of the stem. This state is here considered plesiomor-
phic.

Inflorescence (characters 18~23) The inflorescence in Gentiana is always a cyme.
The cyme may be simple with 1~3 flowers or complex with a few to many flowers. Howev-
er, there is a great deal of variation of the inflorescence with respect to the development of
pedicel, rachis, bracts and flower numbers, etc. Since the complex cyme with pedicellate
and bracteate flowers occupies almost throughout the stem and is present in both outgroup
genera, this type of inflorescence is considered as a plesiomorphic state and all the others as
apomorphies.

In Sect. Pneumonanthe the complex cyme is similar to that of the outgroups, but dif-
fers from it in the bracts of the flowers at the base which have been reduced to one pair, and
in the inflorescence being concentrated at the upper part of the stem. In Sect. Frigida,
Sect. Cruciata and Ser. Otophorae, with the disappearance of the bracts, the inflorescence
with many flowers seems more advanced than that of Sect. Pneumonanthe, In Sect. Gen-
tiana, with the abbreviation of the pedicels, the inflorescence becomes a verticillaster (the
flowers being crowded in a terminal cluster and sometimes also in few-flowered axillary
whorls). In Ser. Apterocideae, Ser. Monanthae, Ser. Ornatae, Ser. Verticillastae, Ser.
Sikk\imenses, Ser. Stragulatae, Ser. Uniflorae, Ser. Depressae and Sect. Phyllocalyx, the
inflorescence with sessile flowers is concentrated at the top of the flowering stem and sur-
rounded by more or less enlarged uppermost leaves, its flower numbers are reduced from
many via several to a single, representing a reduction series. Another reduction series of in-
florescence is present in Sect. Calathianae and Sect. Ciminalis. The inflorescence is strongly
reduced to a solitary, terminal and pedicellate flower at the top of the flowering stem, but
not surrounded by enlarged uppermost leaves. In Ser. Suborbisepalae, Ser. Tetramerae and
" Ser. Annuae, many cymes with 1~ 3 sessile flowers are arranged at the tops of abundant
branches. The inflorescence of Sect. Dolichocarpa, Sect. Fimbricorona, Sect. Stenogyne
and 10 series (Fimbriatae, Rubicudae, Piasezkianae, Orbiculatae, Humiles, Fastigiatae,
Capitatae, Napuliferae, Coriaceae and Grandiflorae) rather similar to that of Ser. Subor-
bisepalae, Ser. Tetramerae and Ser. Annuae, but the simple cyme is always reduced to a
single, smaller flower and the pedicels are more or less present.

Merism of flower (character 24) The flowers are generally 5-merous in Gentiana,
but 6~9 merous flowers are found in Ser. Verticillatae and Sect. Gentiana, and 4-merous

flowers in Ser. Tetramerae. The 5-merous flowers occur in both outgroup genera and repre-
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sent a plesiomorphic state.

Flower size (character 25) Tripterospermum and Craw furdia have large flowers, so
the reduction of flower size in Gentiana must be seen as an apomorphy. By character analy-
sis, the reduction trend of flower size is found consistent with that of the intracalycular
membrane.

Intracalycular membrane and calyx (characters 26 ~32), corolla (characters 33~
36) and corolla plicae (character 37~41) Gentianay Tripterospermum and Craw furdia in
subtrib. Gentianinae are characterized by the calyx having a continuous intracalycular mem-
brane and the corolla bearing plicae (or folds) between the lobes. By character analysis, the
evolution of the calyx and the corolla is found closely correlated with that of the intracalycu-
lar membrane. In Sect. Pneumonanthe, Sect. Cruciata, Sect. Gentiana and Sect. Frigida,
the intracalycular membrane is highly developed so that the calyx tube is split down one side
(in some species the calyx tube is more deeply split even to form a spathe with small irregu-
lar teeth) and the corolla is much exserted from the calyx and enlarged to become 3~4 times
as long as the calyx. The corolla is usually infundibuliform in shape and the corolla plicae are
large and asymmetrical.

In Ser. Apteroideae, Ser. Monanthae, Ser. Ornatae, Ser. Verticillatae, Ser. Sikki-
menses, Ser. Stragulatae, Ser. Uniflorae, Ser. Depressae, Sect. Phyllocalyx, Ser. O-
tophorae, Ser. Decorate, Ser. Suborbisepalae, Ser. Tetramerae, Ser. Annuae, Sect.
Stenogyne and Sect. Ciminalis, along with the reduction of the intracalycular membrane,
the calyx tube becomes narrow and not split so that the corolla is only limitedly exserted
from the calyx and shortened to 2~ 3 times as long as the calyx (in Ser. Suborbisepalae,
Ser. Tetramerae and Ser. Ahnuae), and its shape becomes tubular or urniform (in Ser.
Sikkimenses, Ser. Stragulatae, Ser. Uniflorae, Ser. Depressae and Sect. Phyllocalyx).
The corolla plicae are large and symmetrical or asymmetrical.

In Sect. Calathianae, Sect. Dolichocarpa, Sect. Fimbricorona and 10 series (Humiles,
Rubicundae, Fimbriatae, Piasezkianae, Orbiculatae, Fastigiatae, Capitatae, Napuliferae,
Coriaceae and Grandiflorae), the intracalycular membrane is often considerably reduced,
therefore, the calyx tube is never split down one side (always entire, tubular) and the corol-
la is often campanulate, small-sized and twice as long as the calyx, scarcely large-sized and
three times as long as the calyx. The corolla plicae are very large and symmetrical.

Crawfurdia of the outgroups has highly developed intracalycular membrane but
Tripteros permum has only reduced one. In this analysis, the former is considered plesiomor-
phic.

In addition, while the intracalycular membrane is reduced, the calyx lobes also exhibit
various shapes which provide a base for the definition and grouping of series (about 1/3 se-
ries are established based on calyx lobe shapes). The development of the intracalycular

membrane, the calyx and the corolla are not only correlated with each other, but also with
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that of the inflorescence. Along with the shortening and simplification of the inflorescence,
the intracalycular membrane is usually reduced.

Stigmas (character 42) The oblong or linear, free and recurved stigma lobes occur in
the majority of taxa of Gentiana and in both outgroup genera. Of 33 ingroups, three sections
(Calathianae, Ciminalis and Phyllocalyx) depart from the norm. Their stigma lobes are con-
tiguous or connate, rounded and expanded into a small disc or infundibuliform structure, ei-
ther fimbriate on the surface and free after anthesis or almost smooth and free or not free af-
ter anthesis. The first condition is found in Sect. Ciminalis, the second in Sect. Phylloca-
lyx, and the third in Sect. Calathianae. These expanded stigmas are diagnostic in Gentiana
and form the most important characters separating the three sections.

Gynophore (character 43) A gynophore is present in T'ripterospermum and Craw fur-
dia and in most taxa of Gentiana. This gynophore may elongate and become more apparent
with age (it may be short in the young flower and elongate considerably as the capsule ma-
tures ). However, of 33 taxa, 4 sections (Sect. Calathianae, Sect. Gentiana, Ser. O-
tophorae and Ser. Decoratae) have sessile or subsessile ovary. This character state is partial-
ly correlated with deeply lobed corolla (lobed to below the middle in Sect. Gentiana, Ser.
Otophorae and Ser. Decoratae), but exhibits mosaic evolution with long style (in the first
two taxa mentioned above).

Capsule shape (character 44~45) and size (character 46) The long, narrow, cylin-
drical and unwinged capsule is always regarded as a plesiomorphic state and is common in
most taxa of Gentiana and also in both outgroup genera. Of 33 ingroups, Sect. Fimbricoron-
a and 7 series (Humiles, Rubicundae, Fimbriatae, Orbiculatae, Fastigiatae, Capitatae and
Napuliferae) have short, broad, obovoid or ellipsoid, strongly compressed and winged cap-
sules. Their wings are rounded and broad at the apex but narrowed towards the base. The
narrowly ellipsoid or oblanceolate and winged capsule is found in 3 series (Grandiflorae, Pi-
asezkianae and Coriaceae) and represents a transition from cylindrical to obovoid capsule
t}fpes.

Both outgroup genera and 21 ingroups have large capsules, but 12 ingroups (Ser. Hu-
milies, Ser. Rubicundae, Ser. Fimbriatae, Ser. Orbiculatae, Ser. Fastigiatae, Ser. Na-
puliferae, Ser. Grandiflorae, Ser. Piasezkianae, Ser. Coriaceae, Sect. Fimbricorona and
Sect. Dolichocarpa) have small-sized capsules.

Seeds (characters 47~52) The seed character is certainly diagnostically important in
Gentiana. There is a great deal diversity of seed types. |

(1) The seed has a relatively thickend testa, it is large-sized and winged with either a
discoid wing which surrounds the convex lens-like body (in Sect. Gentiana) or a wing on
one side or at one end of the body, rarely without a wing (in Sect. Pneumonanthe and Sect.
Calathianae).

(2) The seeds vary from almost smooth to distinctly reticulate, they may be unwinged
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and relatively large (in Sect. Cruciata, Ser. Otophorae, Ser. Decoratae and some species of
Sect. Stenogyne ) or small-sized (in Sect. Fimbricorona, most species of Sect.
Dolichocarpa, and 10 series, such as Fimbriatae, Humiles, Rubicundae, Orbiculatae, Fasti-
giatae, Capitatae, Piasezkianae, Napuliferae, Coriaceae and Grandiflorae. ).

(3) The seed is covered with membranous lamellae which form: a. shallow or deep,
simple, honeycomb-like, hexagonal pits (in Ser. Apteroideae, Ser. Monanthae, Ser. Or-
natae, Ser. Verticillatae, Ser. Suborbisepalae, Ser. Tetramerae, Ser. Annuae, Ser. De-
pressae and some species of Ser. Sikkimenses and Ser. Uniflorae); b. complex, spongy,
hexagonal pits (in Sect. Frigida, Ser. Stragulatae and some species of Ser. Sikkimenses and
Ser. Uniflorae).

(4) Like type (3) a, but the body of the seed is surrounded by a broad discoid wing
(in Sect. Phyllocalyx).

(5) The seed has a densely and reticulately thickened testa and is rugose and unwinged
(in Sect. Ciminalis).

(6) The seed is small-sized and angled with several irregular spongy ridges (in G. nan-
nobella of Sect. Dolichocarpa) or with a wing on one side or at one end of the body (in a few
species of Sect. Dolichocarpa).

(7) The seed has a minutely reticulate testa and is large-sized, triquetrous with three
narrow wings on ridges which form three equal-sized faces (in some species of Sect. Stenog-
yne).

The seeds in T'ripterospermum and Craw furdia are large-sized, reticulate, triquetrous
with three narrow wings on ridges which form three extremely unequal-sized faces, rarely
not triquetrous. This type is regarded as a plesiomorphic state.

Character analyses show that the evolutionary trends of the seed types of Gentiana are
towards the decrease of the seed size and the development, reduction or even the disappear-
ance of the seed wing, and then towards the development of membranous lamellae of the
testa. With the development of membranous lamellae, the series of seed types form in which
the testa changes from shallow, simple, honeycomb-like and hexagonal pits to spongy,
complex, hexagonal pits. The occurrence of the seed type with shallow, simple, honey-
comb-like pits and a discoid wing (type 4) obviously represents a secondary event. The evo-
lutionary series of the seeds may be explained by the recapitulation law and the geographical
progression rule. Although most species in Sect. Dolichocarpa have smaller, reticulate and
unwinged seeds, the exceptions occur in a few species; for instance, G. pudica has a broad
wing on one side of the body of the seed. G. prostrata has unwinged to narrowly winged
seeds when young or mature, and the seeds of G. nannobella have several irregular spongy
ridges, this type remands one of the seed of Megacodon stylophorus, but of the later the
seeds are rather large. Ser. Otophorae is mainly distributed in NW. Yunnan and has reticu-

late and unwinged seeds. The only exception in this group is G. doxiongshanensis which is
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distributed in SE. Tibet, the northernmost margin of the distribution of this group, and has
seeds with shallow honeycomb-like pits. According to the geographical progression rule, the
more advanced seed type of G. doxiongshanensis might be derived from the primitive one of
Ser. Otophorae.

Chromosome analysis (characters 53~56) According to our own work and previous-
ly reported data, the chromosomes in Gentiana are median or submedian and similar in size,
so the karyotypes are rather symmetrical. Their chromosome number and ploidy, however,
exhibit remarkable variations. The basic chromosome numbers range from x=7~23 with
the commonest being x=9, 10, 12,13, 14, 15. The most frequent ploidy level is diploidy
(2n=2x). Gentiana has the following chromosome number series;

(1) Both Sect. Pneumonanthe and Sect. Cruciata have the basic chromosome number
x=13, and are mostly diploids (2n=2x=26). However, tetraploids (2n=4x) sometimes
occur in high altitude or high latitude regions, for example, G. straminea, G. tibetica, G.
walujewti and the European species G. cruciata and its subspecies, G. cruciata subsp.
phlogifolia, are all tetraploids. Intraspecific chromosome number variation also occurs in
some species, for example, G. macrophylla has chromosome numbers of 2n=24, 26, 42
and G. asclepiadea 2n=32,36,44.

(2) The majority of species of the Asian perennial series (Apteroideae, Monanthae,
Ornatae, Verticillatae, Suborbisepalae, Tetramerae, Annuae, Sikkimenses, Stragulatae,
Depressae and Uniflorae, etc. ) have the basic chromosome number of x=12 and are usually
diploids (2n=2x), though there exist some exceptions, for instance, in alpine regions of
central Asia. G. yakushimensis and G. dauvidii var. formosana in Taiwan of China and Japan
have the basic chromosome number of x=13 and both are diploids (2n=2x); G. lawrence:
var. farreri and G. sino-ornata in alpine regions of central Asia have the basic chromosome
number of x=12, and both are tetraploids (2n=4x); G. frigida distributed in Europe has
the chromosome number of 2n=42.

(3) In the three European sections, Sect. Gentiana has chromosome number of x=10,
2n =4x =40, Sect. Ciminalis has x=9, 2n=4x=36, (a), while Sect. Calathianae is
rather different by having x—14,15, less often 7,10,11; 2n=2x, less often 2n=4x. (b).

(4) The commonest chromosome numbers in Ser. Fimbriatae, Ser. Rubicundae, Ser
Orbiculatae, Ser. Humiles, Ser. Fastigiatae, Ser. Capitatae, Ser. Piasezkianae, Ser Na-
puliferae, Ser. Coriaceae, Sect. Fimbricoronae and Sect. Dolichocarpa, etc. are x=9,10,
2n=2x=18, 20. Exceptions often occur in a few widespread species, western Himalayan
species and American species or European species, for example, G. squarrosa has the chro-
mosome number x=9, 2n=4x=36, G. coronata x=10, 2n=2x=20 or 2n=4x=40, G.
scabrida x=11, 2n=4x=44, both G. aquatica and G. atlantica x=12, 2n=4x=48, G.
pyrenaica, G. douglasiana and G. grandifiora all x=13, 2n=4x=52 ( G. grandifiora

sometimes with x=12, 2n=4x=48).
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(5) Sect. Stenogyne has very high basic chromosome numbers of x=23,21,17, 2n=
2x=46, 42, 34.

Chromosome numbers of the outgroups have been reported only for three species in
Tripterospermum , which are x=10, 23, 2n=2x=20, 46, so the chromosome data are far
from enough for making a comparison of the chromosome numbers of Gentiana with those of
both outgroup genera. Since Subtrib. Gentianinae, to which Tripterospermum, Craw fur-
dia and Gentiana belong, is a primitive taxon in Gentianaceae and this family has the original
basic chromosome number of x=7 (Hong, 1990), the original basic chromosome number of
Gentiana may also be x=7.

It is here supposed that the Gentiana-ancestor, perhaps a diploid with x=7, might have
early diverged and formed two chromosome series with different chromosome numbers. The
first one, represented by 12 taxa (type 4), has basic chromosome numbers x=9,10, less
frequently 8, 11, 12, 13, and usually comprises diploids (2Zn=2x), less often tetraploids
(2n = 4x). This chromosome series is considered being derived through ascending aneu-
ploidy variations of the diploid Gentiana-ancestor. The second, represented by 21 taxa
(types 1,2,3) is considered the result of an early tetraploidization event of the Gentiana-an-
cestor and of the subsequent descending aneuploidy variation. The detailed procedure can be
further described as follows: initially the latter series might form the relatively primitive
chromosome number of x=13, 2n=2x=24 (type 1), then the chromosome complement
underwent an aneuploidy drop and formed x=12, 2n=2x=26 (type 2). On the other
hand, the chromosome numbers x=14,15,less often 11,10,7 and 2n=2x, less often 2n=
4x in Sect. Calathianae (type 3. b) might be derived from x=13, 2n=2x=26 of a Pneu-
monanthe-like ancestor, via the ascending (less often descending) aneuploidy variations and
the chromosome complement being retained at diploidy level (less often being redoubled).
The chromosome numbers of x=10,9,2n=4x=40 and 36 (type 3.a) is considered being
derived from an ancestor with the chromosome number of x=10, 2n==2x=20 through an a-
neuploidy drop and redoubling. These evolutionary trends may be explained by the irre-
versibility of chromosome ploidy from low to high and the geographical progression rule.
The infrageneric taxa (series and sections) or species which are distributed in the geographi-
cal distribution center of Gentiana (i. e., the mountains of SW. China, including NW.
Yunnan, W. Sichuan and SE. Tibet) and grow in low altitude places often have lower basic
chromosome numbers and are usually diploids in the chromosome series with ascending aneu-
ploidy variations (type 4), while those in the chromosome series with descending aneuploidy
variations have higher basic numbers (types 1,2). On the contrary, the infrageneric taxa or
species which are distributed outside the distribution center, often have higher basic chromo-
some number and are usually tetraploids in the chromosome series with ascending aneuploidy
variations (type 3. b), while those in the chromosome series with descending aneuploidy

variations (type 3. a) have lower basic number. The occurrence of high basic chromosome
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numbers in Sect. Stenogyne might be a secondary event. This section might be derived
through the hybridization between Tripterospermum and Gentiana after Gentiana had origi-
nated. The most primitive species of this section, G. rhodantha, which has the basic chro-
mosome number of x=23, may be of an origin from a species with x=13 and one with x=
10.

Pollen morphology (characters 57~61) The pollen of Gentiana is spheroidal, prolate
to perprolate, elliptical in equatorial view, trilobate-circular, scarcely triangular in polar
view; the size ranges from 22~48 X 20~35 um; the aperture is 3-colporate, scarcely 4-
colporate; the colpi are long, wide or narrow, with distinctly or indistinctly thickened mar-
gins; the ora is usually rounded, with lateral extension. The stratification of exine is dis-
tinct. The sexine is thicker than or as thick as the nexine, sometimes the nexine thicker
than the sexine; the exine surface has striate-imperforate, striate-perforate, striate-foveo-
late, striate—reticuiate, obscurely striate-reticulate and typically reticulate ornamentation,
rarely rugulate-reticulate ornamentation; on the collumellate layer, the bacuia are erect and
scattered , sometims lobed at tops and are arranged in one row, less often two rows.

Pollen grains of Tﬁpterospermum and Craw furdia are morphologically similar to those
of Gentiana. They are spheroidal or subspheroidal, scarcely prolate; the size ranges from 26
~52X 23~40 pm; the aperture is 3-colporate; the colpi are long and wide, with distinct
thickened margins. The sexine is thicker than the nexine; the exine surface has striate to
striate-reticulate ornamentations; the lirae are low, slightly wide to wide, supported by bac-
ula in two or more rows, less often one row.

By comparison with the outgroups, the general evolutionary trends of pollen grains in
Gentiana are from striate-imperforate, striate-perforate, striate-foveolate to striate-reticulate
or reticulate exine ornamentation; from long and wide colpi with distinctly thickened mar-
gins to short and narrow colpi with indistinct of nonthickened margins; and from
spheroidal, prolate to perprolate. Although there are rhany sexine ornamentation types, the
striate ornamentation is the basic pattern and the striate-imperforate type may be the most
primitive pattern whereas the reticulate may be the most advanced one. All other types
should belong to intermediates. It seems to exist three evolutionary steps from the striate-
imperforate to the reticulate ornamentation type. First, the striate-imperforate exine pro-
duces a few perforations between the lirae in the two polar regions, then produces more per-
forations towards the equator at last forms striate-perforate ornamentation type. Second,
the perforations of the striate-perforate ornamentation enlarge and fuse to form the striate-
foveolate ornamentation type. There may be two different ways to form striate-foveolate or-
namentation in Gentiana. In perennials (e. g., Ser. Ornatae, Ser. Verticillatae and Sect.
Ciminalis) , the perforations expand to different directions so that the foveolae are subequal
and rounded, whereas in annuals ( G. microphyta, G. rubicunda and G. albicalyx, etc. ),

the perforations enlarge and fuse along parallelly the lirae so that the foveolae exhibit ob-
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long, elliptic to irregularly long shapes. Third, the striate-foveolate ornamentation further
develops and forms striate-reticulate ornamentation, at last the muri disappear but the lami-
-nae enlarge and thus form typically reticulate ornamantation type.

Besides the characters mentioned above, there are some uninformative characters, i.
e., those present in all ingroups (symplesiomorphies or autapomorphies for the whole
genus) or in single taxon only (autapomorphies for single taxon), they have been excluded
from the present analysis. They are;

Caudex The plant in Sect. Cruciata has a stout caudex sheathed by fibrous old peti-
oles and that in Ser. Monanthae has a stout caudex sheated by membranous petioles.

Leaf texture Leaves of Ser. Coriaceae are thick and subcoriaceous.

Phyllotaxis Leaves of Ser. Verticillatae are in whorles of 3~8, the uppermost sur-
rounding the 5~8 merous flowers.

Petiole Petioles of Ser. Sikkimenses are broadened towards the top of the flowering
stem. . v

Corona of corolla In Sect. Fimbricorona the Corolla bears a corona of multicellular
hairs in the throat.

Stamens Anthers are contiguous in some species of Sect. Pneumonanthe and Sect.
Gentiana; in Sect. Stenogyne, filaments are asymmetrical, unequal in length, at the apex
unilaterally and uniformly curved downwards.

Style Styles in Tripterospermum, Craw furdia and Gentiana are variable. The styles
in Tripterospermum and Gentiana Sect. Stenogyne are filiform and the long but those in

Craw furdia and the other taxa of Gentiana are medium-length to short and linear.
3 Cladistic classification

A data matrix (Table 2) was constructed by 33 ingroups and 61 character states. The
data matrix was computed with the PAUP (Phylogenetic Analysis Using Parsimony) pro-
gram (Version 2. 4.1, David L. Swofford , Ill. State Nat. Hist. Surv. Urbana 61820), in
which the method of tree construction and search for equally parsimonious cladogram uses
alternate swapping branch algorithm. An unusually large number of equally parsimonious
trees (cladograms) were obtained (51 in total), all with a consistency index of 0. 601 and
173 steps in length. The f-ratio (f-value) ranges from 0. 213 to 0. 231. Close examination
of each of these most parsimonious trees shows that these trees are different from each other

'in the variation of the positions of 11 series (Fimbriatae, Humiles, Rubicundae, Orbicu-
latae, Fastigiatae, Capitatae, Piasezkianae, Napuliferae, Coriaceae, Grandiflorae and Fim-
bricoronae) (Fig. 3). However, there is one tree with the lowest f-value of 0. 213, which is
reproduced in Fig. 2. It was selected as the base for discussing cladistic classification and
making cladistic analysis.

In the cladogram (Fig. 2), 23 ingroup series are apparently grouped into five independent
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Fimbriatae; Rubicu

Ser. Fastigiatae; Napuli=Ser. Napuliferae; Coriac=Ser. Coriaceae; Grandi=Ser. Grandiflorae;

Ser. Capitatae; Fastig

Piasez=Ser.

Sect. Dolichocarpa.

Piasezkianae; Fimcor=Ser. Fimbricoronae; Dolich

plicae attached to one side of the lower part of each lobe; striate-imperforate exine ornamen-

tation of pollen grains, with very thin lirae supported by bacula lobed at tops) ; Ser. Monan-

thae, Ser. Ornatae and Ser. Verticillatae are grouped in Sect. Kudoa by four synapomor-
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Fig. 2 The most parsimonious claddogram based
on the data matrix in Table 2. The numbers refer to the

phies (flower solitary and terminal at the top of the flowering stem; regular, narrow, lin-
ear-lanceolate to linear calyx lobes and cauline leaves; large and regular corolla plicae); Ser.
Sikkimenses, Ser. Strgulatae, Ser. Uniflorae and Ser. Depressae are grouped in Sect. Iso-
meria by three synapomorphies (subequal to equal, triangular to flabelliform calyx lobes;

tubular to urniform corolla; developed stolons); Ser. Suborbisepalae, Ser. Tetramerae and
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Ser. Annuae are grouped in Sect. Microsperma mainly by four synapomorphies (annual
herbs; many cymes with 1~3 sessile flowers arranged at the ends of the abundant branch-
es; corolla tubular, 2~3 times as long as calyx; small-sized seeds with shallow honeycomb-
like pits); 11 series [ Fimbriatae, Rubicundae, Orbiculatae, Humiles, Fastigiatae, Capi-
tatae, Piasezkianae, Napuliferae, Coriaceae, Grandiflorae and Fimbricoronae (=Sect. Fim-
bricorona )] are combined into Sect. Chondrophylla mainly by three synapomorphies
(obovoid or narrowly ellipsoid, strongly compressed and winged capsule with a wing round-
ed and broad at the apex but narrowed towards the base; small-sized and unwinged seeds
with reticulate testa; corolla tubular-infundibuliform to campanulate or hypocrateriform, 2
~ 2.5 times as long as calyx). Because of these three synapomorphies just mentioned , it
seems more reasonable to put Ser. Grandiflorae in Sect. Chondrophylla than in Sect. Cimi-
nalis, although Ser. Grandiflorae is very similar to Sect. Ciminalis in growth habit and in
that plants have stolons and large flowers. Besides the 23 series mentioned above, the re-
maining 10 ingroups are supported by this cladistic classification to be established as 10
monotypic sections, namely, Pneumonanthe, Cruciata, Frigida, Monopodiae, Phyllocalyx,
Stenogyne, Gentiana, Calathianae, Ciminalis and Dolichocarpa. Thus, the 33 ingroups are
combined into 15 sections. This result agrees essentially with the current infrageneric classi-
fication of Gentiana which is accepted by most authors on Gentianaceae, but differs from
that mainly in the circumscription of some sections, such as Frigida, Isomeria and Chon-
drophylla. Sect. Frigida was widely circumscribed respectively by Kusnezow (1894), Mar-
quand (1937) and H. Smith (1961), including almost the whole Frigida-branch but exclud-
ing some species in Sect. Isomeria or Sect. Pneumonanthe, both of which are independent
and parallel to Sect. Frigida. From a cladistic point of view, this circumscription is wide but
incomplete. Therefore, the Sect. Frigida defined by the above three authors is a paraphylet-
ic or polyphyletic group because it does not accomodate all the descendants from a same an-
cestor. Similarly, the Sect. Chondrophylla circumscribed by Ho and Liu (1990) might be
also a paraphyletic group because it does not contain Ser. Fimbricoronae (=Sect. Fimbri-
corona). Thus, it seems relatively reasonable to treat the members in Frigida-branch of the
cladogram as six independent sections, and to treat Sect. Monopodiae as monotypic, con-
taining only the species of Ser. Aptercideae. But Ser. Ornatae, Ser. Verticillatae and Ser.

Monanthae should be still included in Sect. Kudoa.
4 Cladistic analysis

As shown in the cladogram (Fig. 2), the Gentiana earliest split up into two clades, the
perennial clade and the annual clade. In the perennial clade, Sect. Pneumonanthe emerges
earlier and appears to occupy the most plesiomorphic node. This is an indication that this
section is the extant taxon closest to the ancestral form. It has many plesiomorphic states

(e. g. , stout and long rhizome; retainment of one pair of bracts below the flower; calyx
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tube split down one side with irregular teeth; highly developed intracalycular membrane;
seeds with various wings; chromosome number of x=13, 2n=2x=26).

Two subclades, the Asian subclade and the European subclade, come out after Sect.
Pneumonanthe. The Asia'rll subclade includes 8 sections (Cruciata, Otophora, Frigida, Mi-
crosperma, Monopodiae, Kudoa, Phyllocalyx and Isomeria). The first two sections, Sect.
Cruciata and Sect. Otophora, which comprise the Cruciata-branch, diverge at a low level
and have several plesiomorphies (e. g. , large seeds with reticulate testa; complex cyme with

many lax, pedicellate flowers). Especially Sect. Cruciata, with the same chromosome num-

. I I X TR N VA N T AJPSIC I SN R T W A JE N SR 8
SIS g BT E T S o
T F T EF TP E AR SN Sl G S M A N
\ f=0.217
YR P L DG D DE DD
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C P FQE Y F G

{=0.231

Fig. 3 Examples of some most parsimonious cladograms of Gentiana showing the variation of the positions of Ser. Rubi-
cundae, Ser. Orbiculatae, Ser. Humiles, Ser. Fastigiatae, Ser. Capitatae, Ser. Piasezkianae, Ser. Fimbriatae, Ser. Na-
puliferae, Ser. Coriaceae, Ser. Grandiflorae and Ser. Fimbricoronae. The remainders of the cladograms have been cut
out.

ber of x=13, 2n=2x=26 as Sect. Pneumonanthe, may be also a primitive taxon in this
genus. Sect. Otophora was once regarded as the most primitive group of the genus Gentiana

by Kusnezow (1894), in our opinion, however, this section might be a highly specialized
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alpine group because it has some special apomorphies (for the detail, see the paragraph
“Cladistic classification”). Sect. Cruciata and Sect. Otophora are connected mainly be two
synapomorphies (a stout taproot-like root to a true fleshy taproot; extremely shortened and
stout disc-like rhizome).

The Frigida-branch is the sister group of the Cruciata-branch, but it is more advanced
than the latter and is defined by two synapomorphies (seeds covered with membranous
lamellae which form honeycomb-like or spongy pits; chromosome number of x=12, 2n=2x
=24). Among the taxa in this branch, Sect. Frigida diverges earlier, having more ple-
siomorphies (highly developed intracalycular membrane; calyx tube split down one side with
irregular teeth; complex cyme with many lax, pedicellate flowers; asymmetrical corolla pli-
cae). On the other hand, however, this section has three apomorphies (shortened, slender
and distinct rhizome; one to a few lateral vegetative rosettes with a few erect narrow leaves;
seeds covered with membranous lamellae which form spongy hexagonal pits), indicating
that it may be a relatively isolated group and distantly related to the other sections of this
branch (i. e. , Monopodiae, Kudoa, Microsperma, Phyllocalyx and Isomeria). Sect. Mi-
crosperma is the only annual taxon in this branch. It is linked with other sections by four
synapomorphies (calyx tube not split; sessile flowers; the increase of leaf size towards the
top of the stem). Sect. Monopodiae and Sect. Kudoa together form the sister group to
Sect. Phyllocalyx. Sect. Isomeria, Sect.. Monopodiae and Sect. Kudoa share four synapo-
morphies (plant with linear-cylindrical roots from the collar; stem with monopodial branch-
ing of perennial plant subtype; having a basal vegetative rosette with a terminal bud sunk in
it; subequal to equal triangular to linear calyx lobes) whereas Sect. Phyllocalyx and Sect. I-
someria mainly share three synapomorphies (plants with stolons and runners creeping on the
the surface; stem with sympodial branching of stolon subtype; tubular to urniform corolla).
Sect. Monopodiae is a relatively primitive taxon by having some primitive characters, such
as many-flowered inflorescence, irregular calyx lobes and corolla plicae, striate-imperforate
to-perforate exine ornamentations of pollen grains. Sect. Kudoa is an alpine group in moun-
tains of 3600~4600 m. It is characterized by four apomorphies (for the detail see the para-
graph “cladistic classification”). Sect. Phyllocalyx and Sect. Isomeria are both advanced
groups and can be distinguished from each other by the shapes of the corolla and of the calyx
as well as by the features of the stigmas and seeds.

The European subclade includes Sect. Gentiana, Sect. Ciminalis and Sect. Calathi-
anae, which are linked by three synapomorphies (subsessile or sessile ovary; chromosome
numbers of x=10,9, 2n=4x or x=15~10, 2n=2x; striate-perforate to reticulate exine
ornamentation of pollen grains). In this subclade, Sect. Gentiana comes out earlier and is a
highly specialized and rather isolated group. It is defirned by three special apomorphies
(spathaceous calyx tube with small teeth; very small auriculate corolla plicae attached to one

side of upper part of each lobe; chromosome number of x=10, 2n=4x=40). Sect. Cimi-
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nalis and Sect. Calathianae are closely connected by several synapomorphies (e. g. , expand-
ed stigma lobes contiguous or connate into a disc or a infundibuliform structure; most of the
leaves crowded at the base of the stem and much larger than the others; flower solitary and

terminal at the top of the unbranched flowering stem; striate-foveolate to typical reticulate
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exine ornamentations of pollen grains), both of them are advanced groups.

The annual clade is the sister group of the perennial clade, but more advanced than the
latter. It includes two sections (Dolichocarpa and Chondrophylla) and shares a number of
synapomorphies (e. g. , solitary and terminal flowers at ends of branches; considerably re-
duced intracalycular membrane; calyx tube never split down one side and with equal lobes;
large and symmetrical corolla plicae; small-sized capsule; chromosome numbers of x=9,10,
less often 11~13, 2n=2x). Of the two sections in this clade, Sect. Chondrophylla is a
large taxon with 2/5 species of the total Gentiana and seems more advanced by having three
highly advanced autapomorphies (for the detail see the paragraph “Cladistic classification”).
Kusenezow (1894) considered that Sect. Chondrophylla (sensu Kusnezow, including Sect.
Dolichocarpa) was the most advanced taxon in Gentiana and originated from several lines.
This opinion is not supported by our cladistic analysis.

Sect. Stenogyne was considered as a derivative from Sect. Pneumonanthe by Kusnezow
(1894), or as a intermediate group between the two genera Tripteros permum and Gentiana
by H. Smith (1965). Our cladistic analysis suggests that it should be of a hybrid origin be-
tween Tripterospermum and Gentiana. This result essentially agrees with H. Smith’s opin-
ion. In the cladogram, Sect. Stenogyne is situated at the outside of Sect. Dolichocarpa and
Sect. Chondrophylla; gross-morphologically it exhibits the features of its parents. For ex-
ample, Sect. Stenogyne is similar to Tripterospermum in having the stamens unequal in
length, unilaterally and uniformly curved downwards, the very long and filiform style
(about as long as the ovary), the triquetrous seeds with three narrow wings which form
three faces; it is similar to Gentiana in sharing some synapomorpies (quadrangular ascending
stem; developed corolla plicae; flowers solitary and terminal at the ends of the branches).
Nevertheless, Sect. Stenogyne has very high chromosome numbers of x=23, 21, 17, 2n=
2x, suggesting its secondary nature in origin.

A strict consensus tree, as shown in Fig. 4, was obtained using the contree algorithm
contained in PAUP program. It summaries the points common to all the equally parsimo-
nious trees. Our results of the phylogenetic relationships of the sections and series in Gen-

tiana are also supported by this consensus tree.
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