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SUMMARY

In its most recent circumsption, subtribe Swertinae (Gentianaceae—Gentianeae) is a
polymorphic assemblage of 14 genera (15 including the controversial genus Lomatogoniopss
representig over 500 species distributed almost world-wide and mostly in montane, alpine or arctic
habitats. The centres of generic diversity are in Asia and North America, but species diversity is
concentrated in the mountains of Eurasia and the southern hemispimtiangla, Halenia), with
secondry diversification centres in western North Amerieeagera) and the mountains of tropical
Africa (Snertia). Seven genera are monotypic or count less than 5 spBaréani@q, Jaechkea,
Latouchea, Megacodon, Obolaria, Pterygocalyx, Veratrilla), 4 have not more than 25 species
(Comastoma, Frasera, Gentianopd's, Lomatogonium), Halenia is of modeate size (ca 40-80 spp.),
while Snertia (ca 140 spp.) an@Gentiandlla (ca 250 spp.) are by far the most speciose. Whereas the
circumsciption of tribe Gentianeae has remained rather stable over the timeBéotdgia and
Obolaria were contoversial), the delimitation of the Swertiinae from the Gentianinae is more recent,
and the systematic position of some t&axtbnia, Latouchea, Megacodon, Obolaria) relies much on
molecular phylogenetic results. Within the Swertiinae, flower morphological homoplasy and varying
emphases of perceived similarities and differences have led to considerable transfer, lumping and
sfitting. Many genera are now widely accepted, that were segregateGéntianella (Comastoma,
Gentianops's, Megacodon, Pterygocalyx), and for which reliable dehiting characters have been
convincingly brought out. For the gerfiigertia, however, limits with accépd segegategHalenia,
Lomatogonium, Veratrilla) are lss conviking, as they are often based on very few and sometimes
overlapping characters. In their current circumscriptentianela and Swertia are still largely
polymorphic. Phylogenetic issues in Gentiandiiavebeen addressed elsewhere (Hagen & Kadereit,
2001), and it is focused here on the affinities among spectsedfa and with other taxa of the
Swertiinae. This study was thus undertaken in the aim of addressing 1) phylogenetic relationships in
subtrbe Swertinae using non-coding nuclear ribosomal and chloroplast DNA sequences, 2)
chromosomiaevolution in the subtriben regard of molecular results, 3) pollen morphological
relevance to infer phgbenetic affinities, and 4) generic limits and the relevance of flower
morphological characters commonly used in the taxonomy of the Swertiinae, in particular in the broad
Frasera-Lomatogonium-Snertia-Veratrilla complex.

Previous phylogenetic hypotheses among taxa of the Swertinae based on phytochemical,
karyological, morphological, anatomical and molecular data are often contradictory, mainly due the
small number of gxies studied and restrained amount of data available. Molecular phylogenetic

relationslps amamg 128 species of 15 genera of subtribe Swertiinae (Gentianaceae-Gentianeae) were
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Summary

thus studied using chloropldasiL intron, trnL-F and trnS+ycf9 intergenic spacers, and nuclear ITS
sajuences, as well as publishreatK sequences for a reduced taxon sample. Phylogenies obtained by
unweighted parsimony were similar to those inferred with the Bayesian method. Incongruent
relationships inferred from nuclear and chloroplast data were explored in some detail, but found to be
inconclusive. The phogeny of the Swertiinae based on the analyses of combined sequence data
consisted of a basal grade compriddagtonia, Frasera, Gentiandla p. p. (1 lineage)entianops's

Halenia, Latouchea, Megacodon, Obolaria, Veratrilla and Swertia p. p. (8 lineages)and of a more

derived highly supported clade (clade A) including Comasto@antianella p. p. (4 lineages),
Jaechkea, Lomatogoniops's, Lomatogonium and Swertia p. p. (6 lineages). Polyphyly was confirmed

for Gentiandlla, Jaeschkea, Lomatogonium and Swvertia. The NorthAmericanObolaria and Chinese
Latouchea were disjunct sister taxa basal to all other Swertiinae. Other clades corresponding to genera
and lineages of polyphyletic genera were indiMiglugell supported, but deeper level relationships
among them were oftenot resolved confidently. SpeciesSokertia belonged to 14 terentlineages,

that were scattered across the phylogeny and either distantly or closely interrelate, or related to other
genera. From a biogeographical point of view, the molecular phylogeny suggests that migrations
between Asia and North America happened several times in different taxa, while an altitudinal
vicariance was observed in 2 lineagesSeértia. A pendised likelihood estimation of divergence

times led to the hypothesis that critical geological and climatic events at ca 8 mya (rising of the
Himalaya and onset of the Asian monsoon) may have played a major role in the history of the
Swertiirae, and that the last common ancestor of the Swertiinae could have lived in the early Neogene.
In additon, migrations ofSvertia from the Sno-Himalayan region to South India, Indonesia and
Melanesia probably acourred only recently, while migrations to Africa took place twice and at
different dates.

To compae these resultsith karyological data, we counted the chromosome numbers for 60
species and reviewed the data available from literature for 171 species. 25 species were examined for
the first time, mainly in the geneBaertia andLomatogonium. Eightnumbers were new for a genus,

I. e. the tetraploid level (2n = 52) fbrasera, 2n = 10,12, 16 and 38 foGentianella, 2n = 24 for
Pterygocalyx, and 2rn= 12 and 42 foBwertia. Polyploidy was found to affect mainly genera that have
diversified in North America, such 8gartonia (4x), Frasera (2x, 4x, 6x), andObolaria (4x), or in

South Amerta, such aSentianella (2x, 4x, 6x). Polyploidy is absent from Africa except for 1 species

of Snertia in Madayascar, and rare in Asia. Primary basic chromosome numbers in the Swertiinae
range fom x = 5 to x = 15, the most frequent being x = 8, 9, 10 and 13, while 3 species only have the
secondry basic numbers x = 15, 19 and 21. The variability in basic chromosome numbers is
concentrated in Comastomal.omatogonium, Jaeschkea, binectariate species dbentianella, and
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Summary

Swertia, a genus whit shows a level of variation nearly equal to that of the entire subtribe. The basic
numbers x = 13 or x = 14 could be ancestral in the subtribe, and lower basic numbers are likely to be
derived from x = 13. Species sharing the basic numbers x = 13 or x = 14 were found to be restricted to
the basal lineages in the molecular phylogeny of the subtribe, while lower basic chromosome numbers
characterise species occupying a more deriattiggn Fequent dysploidy irthe latter derived
lineages often results in overlapping chromosome numbers in distantly related taxa, whereas
occasional severe descending dysploidy may bring about rather different chromosome numbers in
closely related species. Of the various lineages identified in molecular phylogenetic studies, none
confines to a unique and distinctive chromosome number. However, the relatively clear-cut cleavage
between basal taxa 8fvertia with x = 13 or 14, and those with a lower basic chromosome number is
consistent wittmolecular phylogeetic results.

The significance of exine pattern variation in subtribe Swertiinae was re-evaluated in comparison
with molecular phylogenetic resulBollen grains of 65 representative species of all dviedaodon
andVeratrilla) genera of the Swertiinae, with a particular focus on the §emrisa, were examined by
scanning electron microscopy as a complementilesdi’'s (1967b) survey of tribe Gentianeae using
light microscopy. The main exine patterns found irSivertiinae are striate, striato-reticulate, rugulate,
reticulate, punctate, perforate, verrucate, spinose, shortly ridged or scabrate to smooth. Many distantly
related genera such Beasera, Halenia, Gentiandla, and lineages o8nvertia shae a common striato-
reticulate to reticulate exine pattern, ve@r some closely related taxa suchCasegoma and
Lomatogonium p. p. or Latoucheaand Obolaria have very different pollen types. In general,
relationshps between genera and lineages of a genus revealed by molecular analyses were not well
supported by pollen morphology, exceptRberygocalyx with some species Gentianopss. However,
in combination with other morphological darkaryological characters, pollen morphology was
particularly useful in characterising several lineages of the polyphyletic Syeantia.

Of the 14 lineages oB8wertia idertified by molecular data, 13 are well supported by
morphological, karyological and palynological data, but, for most of them, do not correspond to
existing infrageneric taxa, or only partly. In one clade for which no corroboration from other data was
found, 3 species @wertia wererelated to species @entianella and Lomatogonium. All but a few
species ofSnvertia not samfied here could be unequivocally related to one of the lineages defined for
the genus, for which a simple key was provided. The taxonomic relevaBeertod in its current
circumscription is questioned, and the opportunity to define smaller genera is envisaged. The generic
statusof Lomatogoniopss and Pterygocalyx is briefly touched upon, and some recent generic
segregats of Asian binectariate speciessehtianella are disassed in a phylogenetic perspective.

A new species of Snertiiiom Nepal §& barunenss P. Chassot) is described and illustrated.
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RESUME

Dans sa circonscription la plus récente, la sous-tribu des Swertiinae (Gentianaceae—Gentianeae) est
un assemblage polymorphe de 14 genres (15 en considérant le genre cohtroatogéniopss),
représentarglusde 500 especes distribuées presque dans le monde entier, et essentiellement dans des
habitats montagnards, alpins ou arctiques. Au niveau générique, les centres de diversité sont en Asie et
en Amérique du Nord, alors que la diversité spécifique est maximale dans les montagnes d’Eurasie et
de 'hémisphere sudGéntianella, Halenia), avec des centres de diversification secondaires dans
l'ouest de 'Amérique du Nordfasera) et dans lesnontagnes d’Afrique tropicaléS{ertia). Sept
genres sont monotypiques ou comptent moins de 5 espigartsni, Jaechkea, Latouches,
Megacodon, Obolaria, Pterygocalyx, Veratrilla), 4 ont moins de 25 espécén(rastoma, Frasera,
Gentianops's, Lomatogonium), Halenia est detaille modérée (ca 40-80 spp.), tandis Surertia (ca
140 spp.) etGentianella (ca 250 spp.) sont de loin les plus riches en espéces. Bien que la
circonseiption de la tribu des Gentianeae soit restée plutét stable au cours du temps (I'inclusion de
Bartonia et Obolaria seulement fucontroversée), la délimitation entre la sous-tribu des Swertiinae et
celle des Gentianinae est plus récente, et la position systématique de quelqueBaytnies (
Latouchea, Megacodon, Obolaria) est basépresque uniqguement sur des résultats phylogénétiques
moléculaires. Au sein des Swertiinae, une forte homoplasie dans la morphologie florale, ainsi qu’'une
appréciation variable de la signification des ressemblances ou des différences observées ont conduit &
de nombreux transféres, scissions ou regroupements entre taxa. Actuellement, de nombreux genres
qui furent ségrégés de Gentiand(&omastoma, Gentianopss Megacodon, Pterygocalyx) sont
communément acceptés, puisque des caracteres fiables les délimitant ont pu étre mis en évidence.
Pour le genreSwertia par contre, leslimites avec les genres proches reconnidalefia,
Lomatogonium, Veratrilla) sont mois @mnvaincantes, étant souvent basées sur des caractéres peu
nombreux et qui se chevauchent entre genres. Dans leur circonscription dsangbegla et
Swertia sont encore des genres largement polymorphes. La problématique phylogénétique dans le
genreGentianella a été traitée ailleurs (Hagen & Kadereit, 2001), et nous nous concentrons ici sur les
affinités des especes 8eertia entre elles et avec celles des autres taxa des Swertiinae. Cette étude a
donc été entreprise dans le but d’explorer 1) les relations phylogénétiques dans la sous-tribu des
Swertiinae au moyen de séquences non-codatBdchucléaire ribosomique et chloroplastique, 2)
l'évolution caryologique dans la sous-tribu en regard des résultats moléculaires, 3) I'utilité
taxonomique et phylogénétiqgues de la morphologie du pollen, et 4) les limites génériques et la
pertinence des criteres de morphologie florale communément utilisés dans la taxonomie des

Swertinae, en particulier dans le complexErasera-Lomatogonium-Swertia-Veratrilla.
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Résumé

Parmi les taxa des Swertiinae, les hypothéses phylogénétiques précédentes basées sur des données
phytochimiques, caryologiques, morphologiques, anatomiques et moléculaires sont souvent
contradictoires, principalement di au nombre restreint d’espéces étudiées et au manque de données.
Les reldion phylogénétiques moléculaires entre 128 especes de 15 genres des Swertiinae sont donc
étudiées au moyen de séquences non-codantes chloroplastiquesiintespaeurstrnL-F ettrnS-
ycf9) et nucléaires ribosomiques (ITS), et de séquenatis publiées par des tiers pour un nombre
réduit d’especes. Les phylogénies déduites de l'analyse par parcimonie non-pondérée des données
sont semblables a celidéduites pafanalyse Bayésienne. Les différences entre les affinités déduites
des séquences nucléaires et celles déduites des séquences chloroplastiques sont explorées en détail
mais ne semblent pas étre d'importance significative. La phylogénie des Swertinae basée sur
lanalyse des séquences combinées consiste en un grade basal confpadopaia, Frasera,

Gentiandla p. p. (1 lignée)Gentianops's, Halenia, Latouchea, Megacodon, Obolaria, Veratrilla et

Swertia p. p. (8 lignées), et en clade dérivé hautement supporté (clade A) comitemadioma,
Gentianella p. p. (4 lignées)Jaechkea, Lomatogoniops's, Lomatogonium et Swertia p. p. (6 lignées).

La polyphylie de Gentiandla, Jaeschkea, Lomatogonium et Swertia est confirmée.Obolaria
d’Amérique du Nord ekatouchea de Chine ent des taxa sceurs disjoints et basaux par rapport au
reste de Swertiinae. Les a@s clades, correspondant a des genres ou a des lignées de genres
polyphylétiques, sont individuellement bien supportés, mais les relations entre eux aux niveaux plus
profonds de la phylogénie ne sont pas résolues avec assurance. Les especes Skertignre
appartiennent a 14 lignées différentes, lesquelles sont présentes a tous les niveaux de la phylogénie, et
ont des affinités proches ou distantes entre elles ou avec d’autres genres des Swertiinae. D’un point de
vue biogéographique, les phylogénies moléculaires suggerent que des migrations entre I'Asie et
I’Amérique du Nord ont eu lieu a plusieurs reprises dans différents taxa. Une vicariance altitudinale est
observée dans 2 lignéesSeertia. L'estimation par vraisemblance pénalisée des dates de divergence
mene a I'hypothese que des événement géologiques et climatiques majeurs (surrection de I'Himalaya
et renforcement de la mousson Asiatique) survenus il y a ca 8 ma pourraient avoir eu une incidence
importante sur I'histoire évolutive des Swertiinae. Le dernier ancétre commun des Swertiinae pourrait
avoir existé au début du Néogéne. En outre, la migration d’espe8eertie@ depuis la région Sino-
Himalayenne vers le sud de I'lnde, I'lndonésie et la Mélanésie ne semble s'étre produite qu'au
Pléistocene, alors que des migrations vers I'Afrique ont eu lieu 2 fois et a des dates différentes.

Afin de comparer ces résultats avec des données caryologiques, le nombre chromosomique de 60
espéces est établi, et les données disponibles dans la littérature sont compilées pour 171 especes. 25
especes sont examinées pour la premiére fois, surtout dans leSgeri@st Lomatogonium. Huit

nombres chromosomigques sont nouveaux pour un genre, i. e. la tétraploidie (2n = BEAsp@r
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Résumé

2n =10, 12, 16 et 38 po@entiandla, 2n = 24 pouPterygocalyx, et2n = 12 et 42 pouBnertia. La

polyploidie affecte principalement des genres qui se sont diversifies en Amérique du Nord tels que
Bartonia (4x), Frasera (2x, 4x, 6x) etObolaria (4x), ou en Amérique du Sud av€entiandla (2x,

4x, 6X). Elle est absente en Afrique, sauf chez 1 esp&eedia de Madagascar, et rare en Asie. Les
nombres chromosomiques de base primaires documentés pour les Swertiinae s'échelonnent de x =5 a
x =14, les plus fréquents étant x = 8, 9, 10 et 13, tandis que 3 espéces seulement ont des nombres de
base secondaires x = 15, 19 et 21. La variabilitt des nombres chromosomiques et forte chez
Comastoma, Lomatogonium, Jaeschkea, les espéce birectariées deGentiandla, et Swvertia Ce

dernier genre montre un niveau de variation presque €gal a celui de I'entier de la sous-tribu. Les
nombres de base x = 13 ou x = 14 sont confinés aux lignées basales dans la phylogénie moléculaire et
pourraient étre ancestraux chez les Swertinae, tandis que les nombres de bases plus bas et
vraisemblablement dérivés de x = 13 caractérisent les especes occupant une position plus dérivée. En
outre, la dysploidie est fréquente chez ces dernieres, et se traduit souvent par I'occurrence de nombres
chromosomique identiques mais non homologues dans des lignées distantes, ou par des nombres
différents chez des especes apparentées de prés. Aucune des différentes lignées identifiées par les
analyses phylogénétiques moléculaires n'est caractérisée par un nombre chromosomique qui lui soit
propre. Cependant, la distinction nette entre les espeSagrtia avec x = 13 et 14, et celles dont le

nombre de base est plus bas est en accord avec leur position basale et dérivée respectivement dans les
phylogénies moléculaires.

L’ importance de la variation de la structure de I'exine du pollen est réévalué en comparaison avec
les résultats moléculaires. Le pollen de 65 especes représentant tous les genres des Swertiinae sauf 2
(Megacodon et Veratrilla) eten particulier le geni8nertia est exaniné par microscopie électronique
a balayage en complément aux travaux de Nilsson (1967b) réalisés par microscopie photonique. Les
types d’exine principaux trouveésezhles Swertiinae sont strie, strie-réticulé, rugulé, réticulé, ponctue,
perforé, verruqueux, épineux, brievement crété, ou scabre a lisse. De nombreux genres distants tels
gue Frasera, Halenia, Gentianella et plusieurs lignées déwertia partagent un type d'exine strié-
réticulé commun, tandis quertzéns taxagproches comm€omastoma et Lomatogonium p. p., ou
Latouchea et Obolaria on des types de pollen tres différents. En général, les affinités entre genres ou
lignées d'un genre révélées par les analyses moléculaires ne sont pas corroborées par la morphologie
pollinique, sauf pourPterygocalyx avec certaines espéces @entianopss. Cependant, en
combinaison avec d'autres données morphologiques et caryologiques, la morphologie pollinique est

d’importance dans la caractérisation de plusieurs lignées du genre polyph§aiétidiae




Résumé

Des 14 lignées davertia identifiées par les données moléculaires, 13 sont bien corroborées par les
données morphologiques, caryologiques et palynologiques. Mais, pour la plupart, ces lignées ne
correspondent a aucun taxon infra-générique, ou seulement partiellement. Dans un clade seulement,
pour lequel aucune corroboration par d’autres types de données n'a pu étre mise en évidence, 3
especes de Swertisont appardées a des especes @entiandla et Lomatogonium Toutes sauf
guelques especes d@aertia non échantillonnées dans cette étude peuvent étre attribuées sans
équivoque a une des lignées définies pour ce genre, pour lesquelles une clé simple est proposée. La
pertinence taxonomique du gereertia dans sa circonscription actuelle est mise en doute, et
'opportunité d'une scission en plusieurs genres plus homogenes est envisagée. Le statut de genre de
Lomatogoniops's et Pterygocalyx est brievement débattu, et quelques genres récemment séparées de
Gentianella pour accommoder certaines especes binectariées asiatiques sont discutés dans une
perspective phylogénétique.

Une nouvelle espéce 8aertiadu Népal & barunenss P. Chassot) est décrite et illustrée.




INTRODUCTION

Gentianaceae — Brief Overview

The Gentianaceae are a cosmopolitan family of over 1600 species and 87 commonly
accepted genera, absent only from Antarctica. Its description is attributed to Jussieu (1789:
141), but the nam&entianais accredited to Tournefort (1700) who used a Dioscoridean
name commemorating the lllyrian kinGentius (180-167 BC) (Gunther, 1934). The
boundaries of Gentianaceae have remained quite stable over the year, although with the
addition of numerous newly discovered genera, our present day understanding of this family
has considerably evolved since Jussieu’s (1¢8®)cept of adicotyledonous, sympetalous
and hypogynous natural order «Gentianeae».

In Genera et Species Gentianearu@risebach (1839) offered the first complete account
of all known genera and species of the family, soon followed by his treatment of
Gentianaceae in De Candollésodromus(Grisebach 1845), which still is the only complete
species-level review of the family. Since then, other treatments of the Gentianaceae have been
proposed (e. g. Bentham, 1876; Huxley, 1888), but it is Gilg’s (1895) epoch-making
classification of the family based essentially on palynological characters that has been
referred to for slightly over a century.

More recently, Gentianaceae were not spared by the ever increasing recourse to genomic
characters using molecular phylogenetic techniques. These methods allowed to elaborate new
hypotheses about morphological and anatomical character evolution, and to address issues
about classification in a more reliable phylogenetic context. Much progress has been achieved
in terms of delimiting monophyletic lineages both in the Gentianales and in the Gentianaceae
(summarised in Struwe & Albert, 2002). The position of the few taxa for which their position
in the Gentianaceae was controversial was clarified, new boundaries were thus set for this
family, and a new tribal and sub-tribal classification was worked out that integrated a

considerable amount of molecular and also morphological results (Struwe et al., 2002) (Fig.
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Introduction

1). Notably, Saccifoliaceae RUBIACEAE
were included in Saccifolieae (1)
Gentianaceae, (tribe Exaceae (3)
Saccifolieae), as well as the —_— Chironieae (3)

. ) GENTIANACEAE
Potalieae often considered ———  Gentianeae (2)
as part of the Loganiaceae — Helieae (1)
since Bentham (1857). L Potalieae (1)
Menyanthaceae, treated as a LOGANIACEAE
Separate fam | |y by — APOCYNACEAE/ASCLEPIADACEAE
Dumortier (1829) but often ——  GELSEMIACEAE

retained in the Gentianaceae

(e. g. Grigbach, 1845; Fig.1 Position of the Gentianaceae in the Gentianales and

o relationships among the 6 tribes of Gentianaceae. Numbe
Bentham, 1876; Gilg 1895) of subtribes are in parenthesis. (summarised from Backlund
were excluded, as well as etal., 2000 and Struwe et a2002.)

Mitreola L. and Spigelial.

Yet, in spite of the indubitable monophyly of the Gentianaceae in their current definition
(Struweet al, 1994, 1998, 2002), there is no particularly striking synapomorphic diagnostic
feature confined to the entire family. Morphological diversity is surprisingly high, such that

the Gentianaceae may be viewed as a complex assemblage of taxa that are, however, for most

of them rather well defined as not fitting in other families of Gentianales.

Gentianeae - Tip of the Iceberg ?

Tribe Gentianeae is probably the most known representative of Gentianaceae, as it
comprises ca 939-968 species (out of over 1600 for the entire family), that have plentifully
colonised temperate, alpine or arctic habitatshef globe, and thus contributed much to
confer on the family its «markedly temperate» label (e. g. Good, 1947). Yet, ca 80% of these
plants belong to 4 genera onfgentianalL. (400 spp), Gentianell&oench (250), Swertik.

(135) and Halenia Borkh. (80) (counts from Struwe & Albert, 2002). In addition, with only

17 genera (18 with the erection Gfentianasect.Stenogyné-ranchet to genus level as
Metagentianal.-N. Ho & S.-W Liu), tribe Gentianeae only accounts for ca 20 % of the
generic diversity in the Gentianaceae. Paradoxically, and notwithstanding the fact that
numbers may greatly depend on the different taxonomists concept of genus and species,
generic diversity and endemicity in the Gentianaceae are concentrated in tropical regions, in
particular in the Neotropics (Favarger, 1985; Struwe & Albert, 2002). Also from a
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Introduction

Table 1. Circumscription of the Gentianeae (sensu Struateal., 2002)
according to Grisebach (1845), Gilg (1895) and Struwe €2@02). Taxa on a
same background colour encompass more or less equivalent groups of species.

Grisebach (1845) Gilg (1895) Struwe et al. (2002)

Tribe Gentianeae Tribe Gentianeae Tribe Gentianeae

Subtribe Swertieae Subtribe Gentianinae Subtribe Gentianinae

Genus Crawfurdia Genus Crawfurdia
Subgenus Pterygocalyx
Subgenus Dipterospermum
Subgenus Tripterospermum

Genus Gentiana

Subgenus Eugentiana

Genus Crawfurdia

Genus Tripterospermum
Genus Gentiana

Genus Tripterospermum
Genus Gentiana

Subtribe Swertiinae
Genus Gentianella
Genus Comastoma
Genus Gentianopsis
Genus Pterygocalyx
Genus Megacodon

Genus Eudoxia Subgenus Gentianella

Genus Pleurogyne

Genus Swertia
Genus Anagallidium
Genus Ophelia
Genus Stellera
Genus Frasera
Genus Halenia
Genus Exadenus
Genus Centaurella
in Orobanchaceae
undescribed

in Subtribe Chloreae

Genus Jaeschkea
Genus Pleurogyne

Genus Swertia

Genus Halenia

in Subtribe Erythraeinae
in Subtribe Erythraeinae
undescribed

Genus Ixanthus

Genus Jaeschkea
Genus Lomatogonium
Genus Veratrilla
Genus Swertia

Genus Frasera
Genus Halenia

Genus Bartonia
Genus Obolaria
Genus Latouchea

in Subtribe Chironiinae

phylogenetic point of view, the Gentianeae occupy a derived position in the family, sister to
tribes Helieae and Potalieae. In sum thus, and in spite of its impressive number of species,
tribe Gentianeae only encompasses a minor portion of the generic diversity encountered
throughout the Gentianaceae. However, as more studies are realised on temperate Gentianaceae
(e. g. Chioniinae [Mansion, 2001], Gentianinae [Yuan, 1996], Swertiinae [present study]),
evidence accumulates suggesting that generic limits in these taxa are broad compared to tropical

Gentianaceae, thus inducing an important bias in the comparison of diversity.

Gentianeae — Where is the Problem ?

However specious this tribe may be, its circumscription has remained remarkably stable
over the years. New genera were described while others were abandoned, but inter-familial (!)
/ tribal / subtribal transfers involved onBartoniaWilld., IxanthusGriseb. and Obolari.
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(Table 1). A first outline of Gentianeae was proposed by Don (1837-1838), who included all
genera of the modern Gentianeae in his subtribe Gentianeae-verae, but also several taxa now
clearly excluded from this tribe (e. BlackstoniaHuds.,CanscoraLam., TachiaAubl., etc.).

With the description of tribe Swertieae from which Don’s (1837-1838) alien elements were
excluded, Grisebach’s (1839) concept of this group already considerably resembled our
present day one. In De Candolle, Grisebach (1845) retained the same generic compaosition but
reduced Swertieae to a subtribe. Bentham’s (1876) and Gilg’s (1895) circumscription of the
group brought little changdartonia and Obolaria that had been included in Bentham’s
(1876) Swertieae were removed by Gilg (1895), who additionally transfiexaathusto his

subtribe Gentianinae. Recent molecular studies confirmed the affinitiBarodnia and
Obolaria with genera of the Swertiinae (Struweal, 1998, 2002; Hagen & Kadereit, 2002;

I; IV) as suggested by Bentham (1876), whereas the affinitib@nthuswith Blackstoniaof

the Chironiinae were established by Thkival. (1999). The monotypic genlstoucheawas
described (Franchet, 1899: 212) after the completion of Gilg’s (1895) classification. The plant
was ascribed to the Gentianinae (Smith in Nilsson, 1967b; Ho & Liu, 1990), a position that
was also recently verified by molecular data (I; IV). Thus, with exception of the cases detailed
above, tribe Gentianeae does not appear to be particularly problematic, at least as regards its
delimitation at tribal rank.

The subdivision of Gentianeae into two subtribes, Gentianinae and Swertiinae, mainly
results from the separation Gentianella, with, among other characters, nectariferous glands
situated at the base of the corolla, fr@entiana, with glands at the base of the ovary.
Gentianellawas at first considered as a subgenuGehtiana(Kusnezow, 1894, 1895), but
the emergence of the concept dbantiana-lineage, as opposed tGentianellalineage (see
Gillett, 1957; Toyokuni, 1965b), laid the foundations for the two subtribes GEmtiana-
lineage includedCrawfurdiaWall., Gentianaand TripterospermuniBlume, characterised by
nectaries on the ovary, corollas with plicae (elongated folds between the corolla lobes), and an
intracalycine membrane (membrane extending between the bases of the calyx lobes), the
latter absent in some species@éntianaand inconspicuous or absentTinpterospermum.

This lineage now forms subtribe Gentianinae. Its monophyly, generic composition and
subdivisions have been established convincingly both by morphological (Smith, 1965) and
molecular (Yuan & Kupfer, 1995, 1997; Yuanal, 1996) studies. Th&entianellalineage

was defined as to include those genera with epipetalous nectaries, a corolla without plicae and
lacking an intracalycine membrane. Taxa such as (at the taxonomic rank accepted in Struwe

et al.[2002]) Comastomarloyok., Gentianella,FraseraWalter, Halenia,Jaeschkea Kurz,

11
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LomatogoniunA. Braun, SwertiaandVeratrilla Baill. were easily ascribed to this lineage, as
they shared all of the above charactéfbe discontinuous intracalycine membrane of
GentianopsidMa was not considered as homologous of that found irGe@iana-lineage

and this taxon was also related to @entianellalineage, as it has all of its other distinctive

traits (Gillett, 1957). PterygocalyMaxim. was separated fro@entiana by Marquand (1931)

and considered as closely relatedG@entianopsis(Smith in Nilsson, 1967b; Toyokuni,
1965b) although the epipetalous nature of its nectaries was assessed only recently (Chen &
Ho, 1998). Yet a number of genera have ambiguous or altogether unique morphologies so that
their affinity with the Gentianella-lineage was only established convincingly by DNA
sequence data (Yuan & Kupfer, 1995; Hagen & Kadereit, 2002; I; IV). These taxa lack plicae
and an intracalycine membrane, HudtoucheaMegacodon(Hemsl.) Harry Sm. and
Obolaria have nectaries on the ovary as in @Gentiana-lineage, whereas nectaries have
never been convincingly reported 8artonia (Lindsey, 1940). In sum thus, and in spite of

the fact that no unique synapomorphic trait unambiguously characterises this group of taxa
now recognised as subtribe Swertiinae, the phylogenetic @obterof this lineage as a
monophyletic clade sister to the Gentianinae is well supported (Yuan & Kupfer, 1995; Hagen
& Kadereit, 2002; Struwet al., 2002; I; 1V).

While phylogenetic relationships, generic circumscription and subdivisions within
Gentianinae have been extensively studied and almost completely solved (see Yuan, 1996;
Struwe et al., 2002 and references therein), similar problems have been much less
successfully addressed in the Swertiinae, principally because the subtribe was never treated in
its entirety but rather genus by genus, and also because most studies were based on a
restricted number of species precluding generalised conclusions (e. g. Love, 1953; Hedberg,
1957; Rao & Nagaraj, 1982; Ho & Liu, 1985; Onetal, 1988; Omer & Qaiser, 1991; Liu &

Ho, 1992; Yuan, 1993; Xue et al., 1999, 2000, 2001 tial, 2001; Liu & Ho, 2002). Prior

to initiating this study, phylogenetic affinities between taxa of the Swertiinae had been

proposed based on karyological (e. g. Léve, 1953; Toyokuni, 1965b; Love & Léve, 1976;

Pringle, 1990), phytochemical (e. g. Favarger, 1985 and references therein), and
morphological (e. g. Lindsey, 1940; Devi, 1962, 1967; Meszaros, 1996) data but were either
based on relatively scanty data and/or included too few taxa (Fig. 2). An extensive
palynological survey of Gentianeae was carried out (Nilsson, 1964, 1967ab; Nilsson &
Skvarla, 1969; Jonsson, 1973), but the interpretation of pollen morphological similarities

admittedly (Nilsson, 1967b) suffered from the poor understanding of phylogenetic affinities in

subtribe Swertiinae, and in particular in the geBwertia
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Pterygocalyx
ry.g y. —— Antarctophila
Gentianopsis

_ L Amarella
Gentianella
o Comastoma
Jaeschkea @
= Gentianopsis
Comastoma G
. e — Cyclostigma
Lomatogonium B & y g
. Q Thylacites
—— Swertia o
s .
% Frasera Gentiana
= Halenia
A S _ Gentiana
@ —— Tripterospermum _
s ) Tripterospermum
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Gentianopsis
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Gentianella
Fig. 2 Evolutionary hypotheses in the Halenia
Gentianeae based oh, morphology ad Swertia

chromosome numbers (Toyokuni, 1965b),

B, metabolic modifications (Massiag al., -
1982), and C, morphology Keszaros, c
1996). Presentation modified from original
publications.

Erythraeinae

L Chiroiinae

Ixanthus

In addition to the general lack of knowledge about generic affinities in the Swertiinae,
several genera per se are poorly defined, their identity often relying on very few diagnostic
characters (e. dgrrasera,Jaeschked, omatogoniumVeratrilla, see below). As appears from
the comparison of generic composition in different classifications through time (Table 1),
taxonomic instability is most important @entianellas. |. andSwertias. |. Whereas the
circumscription ofGentianellawas narrowed by the segregationGdmastomgToyokuni,

1961) and Gentianopsida, 1951) (but still leaving &entianellacontaining ca 250
species), that of Swertiwas greatly broadened as all but one (Vaha) of its early

segregates were merged with it, resulting in a polymorphic genus of ca 140 species.

Genera of the Swertiinae

The following synopsis of the genera of Swertiinae is based on the classification of Struwe
et al. (2002). Genera are presented in an order not reflecting phylogenetic affinities but their
taxonomic history, for which a brief review is provided. Although some genera are well
defined, this outline is intended to explain how weakly others are characterised, while still
others may be viewed as grab-bags, the circumscription of which reflects more over 200 years
of ambiguous taxonomic history than convincing evidence. A short morphological description

is provided, and detailed accounts on karyology and palynology may be found in the other
13
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chapters (Il and Ill respectively). The first three gen@iaglaria, LatoucheaandBartonia,

have always been regarded as well defined and clear-cut genera. The next 6 genera,
JaeschkeaGentianella Megacodon Pterygocalyx Gentianopsisand Comastomahave a
taxonomic history intermingled with that Gfentiana(mainly due to the corolla lobes fused

into a conspicuous tube in most species) and for this reason are considered here together. The
remaining 5 generswertig Frasera Halenia LomatogoniumandVeratrilla all have a
taxonomic history closely associated to Swerdiad may be viewed as a broadly defined

«Swertioid» complex.

ObolariaL. Obolaria virginica (Fig. 3), the only species

of this genus, is an uncommon perennial and mycotrop
herb with morphological characteristics unique in th
Swertiinae. Its corolla is tetramerous, with epipetalo
stamens inserted in the sinuses of the lobes. Holm (18¢
reports fimbriate scales on the lower part of the portion
the filaments adnate to the corolla tube (Fig. 4 A) a
considered them as «nectaries» homologous of those
Swertig but Lindsey (1940) situated nectariferous tissue
the base of the ovary. The plant has often been considere
lacking a calyx (e. g. Knoblauch, 1894; Baillon, 1889) bl.i-l-ig_ 3 Obolaria virginica

Holm (1897) brings convincing evidence that the twmfgggggesvﬁﬁ‘ggoafg&rg).
foliaceous elements subtending the corolla (Fig. 4 B) are

sepals, although Lindsey (1940) found no vestige of vascular bundles to the two presumably

aborted lobes. The aestivation is imbricate, a rare case in the Swertiinae otherwise known

Fig. 4 Obolaria virginica. A: corolla, B: particular calyx with only 2 foliaceous sepals, C:
ovary, D: seed. Scale bar 2 mm (A, B, C), 0.2 mm g8grawn from Wood & Weaver (1982).
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only from BartoniaandJaeschkea. Seeds are ca 1600 per capsule, minute and delicately
reticulate.

This genus was described by Linnaeus (1753, 2: 632), who thought it to be related to
Orobanchaceae. This erroneous association was perpetuated by later botaniststnetil
(1891) recognised its position in the GentianaceaeS(uultziaRafin.). Gillett (1959)
confirmed the morphological differences betwe@nvirginica L. and Orobanchaceae.
Obolariawas related to the Swertiinae by Bentham (1876), and confirmed in this subtribe by
molecular data (Struwet al, 1998; Hagen & Kadereit, 2002; [; IV). It grows in eastern North
America, and is the closest relative of the Chinese monotypic getoscheaaccording to
molecular data (I; 1V), although Hagen & Kadereit argued for a close relationship with

Bartoniabased on the shared imbricate corolla aestivation and mycotrophic habit.

Latouchea Franch. Latouchea fokienensi@~ig. 5)is an

endemic perennial plant of south-eastern and south-west
China. Its rosette leaves are large and dark green to redd
reflecting its undergrowth habitat. The cauline leaves are mu
smaller and fewer, and axilate clusters of 1-3 tetramerous flowe
The corolla segments are fused into a relatively long tube, :ﬁ p,
which the filaments are adnate until shortly under the sinuses ‘xﬂ
the corolla lobes (Fig. 6 A). The calyx is divided to the base, aft=s

the sepals are asymmetrical, the two outer lobes being distinch = :
longer and somewhat decurrent on the pedicel (Fig. 6 B). Coro|J_J

%. 5 Latouchea

aestivation is convolute. The ovary is attenuated into a long ao#ienensis

Photography Y.-M. Yuan).
curved stylar beak, and borne on a very short gynophof'e. grapty )

Fig. 6 Latouchea fokienensi#\: corolla, B: calyx, C: ovary with
nectariferous ring, D: seed. Scale bar 2 mm (A, B, C), O.2 mm (D).
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Nectaries form a conspicuous ring on the gynophore (Fig. 6 C). The seeds are longitudinally
corrugate (Fig. 6 D).

The genus was described by Franchet (1899: 212). It was ascribed to the Geltyaneae
Smith (in Nilsson, 1967b) and Ho & Liu (1990) on morphological grounds. Molecular results
(I; V) confirmed this position and relatdchtoucheato the Swertiinae as sister taxon to
Obolaria in the basalmost lineage of the subtribe.

Bartonia Mihl. ex Willd. Plants of Bartoniare restricted

to eastern North America. They are of very slender habit, wir
stem and minute, subular, opposite or alternate leaves (Fig.
Holm (1906) considered the specieBaftoniainvestigated by

him to be mycotrophic based on the coralloid roots. The
flowers are tetramerous and solitary or arranged in terminal o
axillary dichasia. The calyx is lobed nearly to the base and th
sepals are unequal, the two inner lobes overlapped by the t
outer ones. The corolla is campanulate, the lobes are fused

the lower third and of imbricate aestivation. The stamens afgjg. 7 Bartonia virginica

otography USDA-NRCS

epipetalous and the filaments are adnate to the corolla tube 03)

to the sinus of the lobes. No nectariferous tissue has been
reported in Bartonia (see Holm, 1906;
Lindsey, 1940; Gillett, 1959), but in very fe\
flowers of B. virginica a thickening of the
basal part of the corolla segments could
observed, although a potentially nectarifero
function of these anomalies could not |
assessed (Fig. 8 A). The ovary is sessile ¢
of variable shape, but consistently lacks
style, the stigmatic surface being broadly
decurrent along the apical part of the carpelar

suture (Fig. 8 B). The seeds are very

Fig. 8 Bartonia virginica
A: Corolla with thickened
reticulate. basal portion of lobes, B:
Ovary with broadly
decurrent stigmata. Scale
described by Willdenow (1801: 444) who bar 1 mm.

numerous, minute and smooth to minutely

Bartonia is a nomem conservandum
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credited Muhlenberg with the discovery of the genus. The taxonomic history of its 3 or 4
species (depending on the views) consists of a series of confusions clarified in Fernald &
Weatherby (1932) and Gillett (1959), but its homogeneity as a generic unit is evident.
Bartonia was included by Grisebach (1839, 1845) Cexntaurellg in the Swertieae near
Lomatogoniun{asPleurogyne) because of its placentation and ovule arrangement. Bentham
(1876) retained the same position but Gilg (1895) pld&&doniain the Erythraeinae on
account of its pollen morphology. The affinities Bartonia with the Swertiinae were
substantiated by the flower anatomical studies of Lindsey (1940) and, very recently, by
sequence data (Struveeal, 1998, 2002 Hagen & Kadereit, 2002; I,
IV), whereas detailed palynological work (Nilsson & Skvarla, 1969)
was of no help in placing this genus. Within the Swertiinae,
however, molecular data did not resolve the affinitie8aftonia

with confidence, although a close relationship v@tholaria, was

not supported (I; V). A close relationship @&artonia with
Obolaria, as suggested by the share imbricate vernation anc
mycorhizae is also at contradiction with placentation (Lindsey,
1940) and gross morphology (Holm, 1906; Gillett, 1959).

Jaeschkea Kurz  This small genus includes 2 to 4 species (see

IV). The calyx is divided to the base, but the corolla is campanulate

to urceolate. The corolla tube is longer than the lobes, that are

basally convolute in the young, buds but soon the aestivatibig. 9 Jaeschkea

canaliculata(Redrawn
& PHo et al [1988)).

without appendages at its base. The main diagnostic character are

become imbricate to valvate. Each corolla segment bears 2 nect

the filaments, adnate to the corolla tube at one margin of earh

corolla segment and thus not exactly alternate with the corolla Ic
and becoming free at or shortly below the sinuses of the lobes
10). The ovary is sessile or has a short gynophore, and has a di:
slender style. The seeds may be numerous or only few.

The genus Jaeschkeas described by Kurz (1870) with as tyj

speciesJ. gentianoides(= GentianaJaeschkeKurz), nomen

Fig. 10 Jaeschkea
illegitimum (a synonym of J. oligospermgGriseb.) Knobl.). In  microspermaNote the
slightly shifted position
of filaments(Redrawn from
overlooked. The genus was accepted but placed ne3etdiana Ho et al [1988]).

Grisebach (1895), the epipetalous nectariesadgschkeavere
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from which it was separated mainly by its staminal peculiarity. Since then, the soundness of
Jaeschkeaas a distinct genus has never been challenged, in spite of its now obvious
similarities withGentianellas. |., which has been subject to considerable taxonomic work
since it began to be recognised as a valid genus (e. g. Schustler, 1923; Smith, 1936). Two
species are morphologically similak. pligospermandJ. canaliculatg]Fig. 9]) and formed a
monophyletic lineage related @entianellas. str. (Hagen & Kadereit, 2002). Yet the genus
was found to be polyphyletic with respectitomicrospermdlV). Except for the vernation

and filament insertion]. microspermas rather different from the other species in habit and
flower morphology, and also as regards karyology (see Il) and palynology (lll). A possible
synonym is Kurramian®mer & Kaiser but this is still uncertain (see IV). In sumeschkea
seems to bear a phylogenetic and taxonomic significance, but characters delimiting this
lineage have not all been brought out correctly yet.

Gentianella Moench. This isthe largst genuf the
Swertiinae with ca 250 species (Hagen & Kadereit, 2001
that are almost cosmopolitan, but have diversified mostly i
South Amerca, Australia and New Zealand. In the
circumscription adopted by Struweal. (2002), Gentianella
includes a distinct and monophyletic lineaGentianellas.
str. sensu Hagen & Kadereit (2001) comprising a wide
majority of the species (e. G. amarella Fig. 11), but also a
smd number of Asian species clearly excluded from this
lineage, asG. moorcroftiana(Fig. 12) (Hagen & Kadereit,
2001, 2002; 1; V).

Species of Gentianella. str. exhibit an impressive

diversity in flower morphology. The calyx may form a Fig- 11 Gentianella amarella

long tube or be divided to the base, or be split to the base

on one side only. The corolla may be campanulate, rotate, cylindmgadcrateriform or
infudibuliform. The corolla segments are variably fused, nearly on their entire length and
forming a very long tube, or only at their base, the corolla tube then being inconspicuous. The
corolla tube may be provided with fimbriae or naked. The fimbriae are vascularised or not,
and may be united in a ring or arranged in a row at the base of the corolla lobes. Each
segment of the corolla has at its base a single nectary Ge.cgrastioidesFig. 13), that is

more or less bilobed in some species (€Ggumbellatjy The filaments are adnate to the
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corolla tube, and become free at a variab

height, but usually conspicuously below th
sinuses of the lobes. The ovary is sessile
borne on a short gynophore, and a style
present or absent. Seeds are rounded
outline and with a more or less smooth test
rarely winged G. tornezyana).

Species not belonging to tidentianellas.
str. lineage are only few and all Asian. The
morphology is rather variable but all shar
the presence of two distinctly separat
nectaries at the base of the corolla segmentg. 12 Gentianella moorcroftiana
(Figs. 14-16). The corolla tube is always well
developed and either naked (e &.pygmaeaG. moorcroftiangd, or with sparse compound
fimbriae G. azureaFig. 14), or with small fimbriate scales (G. gentianoides, Fig. 16, and G.
anomala).

As Gentianellas. I. (includingComastomaGentianopsi@ndMegacodon)vas segregated
from Gentiana, their history are closely interwoven (see Gillett, 1957 for a detailed historical
review). Gentianella(nomen conservandymvas described by Moench (1794: 482), who
assigned no other species to this new genus@Ghagirandra, nomen illegitimunia synonym
of G. campestrid.. Borner). The name was then used by Borkhausen (1796) for the species of
GentianasectionCrossopetaluntroelich (now included
in Gentianopsiks In 1839 and 1845, Grisebach returned
all the species oGentianellas. I. to the umbrella of
Gentiang except for a few that were retained in the
genus Eudoxia Don. Kusnezow (1895), inDie
Naturlichen Pflanzenfamilieragain included all species
of Gentianellas. |. in Gentiana, but in subgenus
Gentianella. The distinction from subgenidagentiana

was mainly based on the absence of an intracalycine

membrane and of corolla plicae in the species of

subgenusGentianella. The position of nectaries on thé=ig. 13 Gentianella cerastioides
Ig(s)rolla lobe showing a single
nectary. Note the barbate bade o
retained as an important character but probably less the filaments. Scale bar 2mm.

corolla lobes and not at the base of the ovary was a
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than the others, as (in modern nomenclatu :
Megacodonspecies, which have gynoecic — i\ .'
nectaries were included in subgeni X ‘
Gentianella Moreover, it appears from thi
generic key of the Gentianinae (Gilg 189
that it is more the structure of the nectari

(small and naked iGentiana subgenus

Gentianellaversus conspicuous and pouch- Fig- 14 Gentianella azureaCorolla with 2-
nectaries per segment and sparse fimbriae,

shaped inSwertig, rather than their capsule and see¢sdrawn from Garg [1987]).
position, that was retained as informative

character at generic level. In
Gentianellas. |., as the taxonomic entity
adopted by Kusnezow (1895), was no mor|
than a grab-bag for all the species

previously described under Gentigraut s
that did not possess the characteristics
subgenusGentiana Gentianella was

returned to the rank of genus by Schulster _
Fig. 15 Gentianella pygmaes&EM

image of nectariferous folds (n) just above

defined by Kusnezow (1895). There areand on the side of filament insertion on the

_ . corolla tubeScale bar 100 pm.
numerous early proposed genera pertaining

(1923), who retained the circumscription

to Gentianellas. |. (e. g.Eudoxia D. Don, GlyphospermunD. Don, PytigentiasGilg,
SelatiumD. Don, Ulostom&. Don), none of which were accepted over the time (see Hagen
& Kadereit, 2001). Later onComastomaGentianopsisand Megacodonwere segregated
from Gentianellas. | (see below). These were at first often perceived as superfluous, but are,
in present days, generally recognised. A number of segregates were proposed more recently
(e. g.AliopsisOmer & QaiserChionogentiad.. G. Adams, Kurramian®mer & Qaiser) or
resurrected Aloitis Rafin.), but these were based on regional floras and were not generally
accepted (but see 1V). YdBentianellg in its present circumscription, has actually never been
defined more precisely than by not having the distinguishing characters of other genera.

From a phylogenetic point of viewzentianellas. |. has historically been related to
Gentiana, and it is only recently that epipetalous nectaries have been stressed as in important
phyletic synapomorphy in the Gentianeae delimiting two distinct evolutionary lines (Gillett,

1957; Toyokuni, 1965Db). It is probably also for historical reasons that the differences between
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the recent segregates of )\ A
Gentianellas. |. are

sometimes not considered | [
as sufficient to justify \\.' ,
generic rank (e. g. Gillett, ~ \\' Y /
1957; Aeschimann & _ i
Burdet, 1989; Aitken, | 1;,
1999), and that the same cf’? |

segregates were often fig 16 Gentianella gentianoidesA: 2 corolla segments, B:
considered as part of a detail of the fimbriate scale attached to the part of the filament
_ ] adnate to the corolla tube (1) and of the scale covering the
same evolutionary line (€. central vascular bundle of the corolla segment, C: ovary with
g. Gillett, 1957; Toyokuni, recurved stigmata, D: Calyx with thickened sinuses, E:

_ ) polyhedral seeds. scale bar 1 mm
1965b) prior to the first

molecular studies (Yuan,
1995). According to more comprehensive molecular phylogenies (Hagen & Kadereit, 2001,
2002; I; IV), all the segregates @entianellas. |. are only distantly related. Moreover
Gentianellaitself is still polyphyletic. A narrower definition of @entianellas. str. was
proposed in Hagen & Kadereit (2001). Phylogenetic relationships a@entgnellaspecies
excluded from this lineage are partly well resolved

(IV), although a correlation between molecular
results and other data, in particular gross
morphology, could not be brought out.

Megacodon (Hemsl.) Harry Sm. Only two
species belong to this genus, distributed in the Sing
Himalayan region. These are robust, somewhs
fleshy, perennial plants with very large
pentamerous, nodding flowers (Fig. 17). The caly
is campanulate and divided to shortly below the
middle. The corolla is broadly campanulate anc
divided to below the middle. The stamens are
inserted at the sinus of the corolla lobes. The ovar|
is sessile or has a short gynophore, and has a stout

Fig. 17 Megacodon stylophorus
or filiform style. The nectaries are gynoecial. The (Photography Y.-M. Yuan).
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vernation is convolute. The seeds are warty or corrugate.

The two species of this genus were include@GantianasubgenusGentianellain two
different sections by Kusnezow (1898)egacodorvenosusvas in sectMegacodon Hemsl.,
andM. stylophorudn sect.StylophoraClarke. The genus was erected by Smith (1936) with
M. venosusas its type species. The genus was often related tGehtéana-lineagée. g.
Gillett, 1957; Ho & Liu, 1990), due to the gynoecial nectaries, but its affinities with taxa
having epipetalous nectaries was established by DNA sequence data (Yuan, 1995; Hagen &
Kadereit, 2002; I; 1V). The two species differ in pollen, seed and ovary traits, and the
monophyly of this genus has never been ascertained.

Gentianopsis Ma. The species oGentianopsisor «fringed«

gentians (Fig. 18are distributed in Eurasia and North America
Plants of this genus have a number of clear-cut diagnostic feat
The flowers are always tetramerous, with two dissimilar pairs
calyx lobes distichously imbricate in aestivation, and showi
discontinuous membranes at their base (Fig. 19 A). The corolla
a long tube and usually dentate to erose obovate lobes freque
also fringed towards their base (Fig. 18). The gynophore is oft
quite long and the stigmas are broadly capitate. The nectaries
epipetalous and often swollen. The seeds are usually spinose 98?18 Gentianopsis
Yuan, 1993 and lltis, 1965 for illustrations), but flattened with agiliata (Photography Y .-
elliptic wing in some species (Fig. 19 B). Lindsey (1940) and M4 vuan).
(1951) have shown that the arrangement of vascular bundles in the
ovary, corolla and calyx iGentianopsiss confined to this
genus.

Species of Gentianopsied been placed iGentianasection \ .
Imaicola Griseb (G. contortp and sectiorCrossopetalum A 2\ V'

Froel. by Grisebach (1845) (all other species known then).

Kusnezow (1895) retained both sections but ur@lentiana

subgenusGentianella. Ma coined the gen@entianopsisin

. Fig. 19 A: Gentianopsis
1951. He discussed no synonymy, but made a nepvr\gcera, intracalycine
combinations folG. contorta thus merging both sections in hismembranéredrawn from lltis,
1965) B: Gentianopsis
ciliata, winged seed. Scale

(1957) rejected the genus, which he placed in synonymy witar 2 mm (A), 0.1 mm (B).

new genus, and selected G. barbattype species. Gillett
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Gentianellasubgenugublephis(Raf.) J. M. Gillett. Phylogeneticallyzentianopsisappears
to be paraphyletic witPterygocalyx(Hagen & Kadereit, 2002; I; 1V). It occupies a basal

position in the Swertiinae and is distantly related to other tasgenfianellas. I. (I; 1V).

Pterygocalyx Maxim.  The only species in this genus, P. voluhillms a broad
distribution in eastern Eurasia. It is a twining or creeping plant with tetramerous flowers. The
calyx is tubular to campanulate, markedly keeled, and the lobes are much shorter than the
tube. The corolla is tubular with a tube longer than the lobes. Each segment bears 2 nectaries
at the base of the tube. The ovary has a short gynophore and a cylindrical style. The seeds are
minute with an annular to elliptic wing.

The genus was described by Maximowicz (1859: 198-199), but treated as part of
Crawfurdia (Bentham, 1876; Gilg, 1895) due to its twining habit. Marquand (1931)
recognised its similarities with species@éntianellas. |. and included it in this genus. More
recently, its affinities wittGentianopsisvere recognised by Smith (in Nilsson, 1967b) who
considered these taxa as congeneric. A detailed embryological and anatomical study aiming at
establishing the limits betweé&entianopsisandPterygocaly»xwas carried out by Chen & Ho
(1998), but they failed to include those specieG@htianopsisnost resemblingterygocalyx
(e. g. G. ciliata) in their sample. The affinities Bf volubiliswith Gentianopsisvere fully
confirmed by molecular results (Yuan, 1996; Hagen & Kadereit, 2002; I; 1V), although its

rank as genus is questionable (1V).

Comastoma Toyok. Species ofComastomaare annual or

perennial, and usually of small size. Most species occur in tempe
Asia, but C. tenellums circumboreal. The flowers are tetra- o
pentamerous, and of convolute aestivation. The calyx is divid
nearly to the base and the lobes are often saccate at their base
corolla is salverform or tubular, with a long tube. Each corolkig. 20 Comastoma
segment has 2 naked nectaries at the base of the tube. A sc f_!(,\:;%%?r(]ihomgraphy

adnate to the corolla tube, which is fimbriate at the apex, forming a

ring of hairs in the corolla throat (Fig. 20) (hence the n@umastompa The fimbriae are
non-vascularised and flattened. The ovary is sessile, a style is absent, and the stigmata are
somewhat foliaceous (Fig. 21 A). The corolla tube is poorly developed in the young buds

(Fig. 21 B) and extends as the flower matures.
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Species ofComastomawere grouped in
Gentiana subgenusGentianella section
AmarellaGriseb. by Kusnezow (1895) due to
their fimbriate throat, a trait also present but
not homologous in most other species of the

section, where the fimbriae are vascularised,

contrary to those ofComastomaspecies.
Shortly after, Wettstein (1896) described q:ig. 21 Comastoma disepalum: Ovary
new section Comastonfar G. tenellaandG. with characteristic stigma, B: a young
orolla lobe showing the short corolla tube.

nana. This group was much later raised t cale bar 2 mm (A). 1 mm (B).

generic rank by Toyokuni (1961: 198).

Wettstein (1896) suggested a close relationship kathatogoniumand Love & Love (1956)
transferred secComastomao Lomatogoniunon the grounds of chromosome numbers (2n =
5 in C. tenellumandL. rotatumonly known for one species in each group!). Liu (1994), on
the other hand, carried out detailed embryological studi€mastomand concluded that
its species were very different from thosd_.omatogoniunand closely related Gentianella
andGentianopsisMolecular results suggested a monophyl€menastomalosely related to
Lomatogoniun{Hagen & Kadereit, 2001, 2002; I; IV).

Swertia L. In its present circumscription (ca. 135-140 species), which is rather broad, the
genusSwertiais present mainly in Eurasia and Eastern Africa, with a few species in western
Africa and one, the type speci8sperennisthat is
circumboreal. The morphological diversity of
Swertiais relatively high. The plants are annual,

biennial or perennial (mono- or polycarpic).
Perennials have long or short rhizomes, or have a
elongated and fleshy taproot. Annuals and
biennials commonly have a few slightly fleshy
lateral roots. Occasionally the taproot is well
developed or the lateral roots are numerous an
fasciculate. The leaves are usually opposite, as i
all other genera of the Swertiinae, but occasionall
alternate or verticillate. The flowers are tetra- orF_

ig. 22 Swertia patula
pentamerous, grouped in large panicles, racemeg?hotography Y.-M. Yuan).

24




Introduction

few flowered cymes or are solitary. The calyx is lobed to the base except in Sanerdése
lobes are frequently unequal. The corolla is characteristically rotate, and the lobes bear one or
two nectaries at their base, that are partially confluent in some species (Fig. 22). The nectaries
may be naked (Fig. 23 A), but are usually enclosed or bordered by a scale. The scale is
frequently fimbriate (Fig. 23 B or laciniate (Fig. 23 C & D), or the scale is absent and only
fimbriae surround the nectaries (Fig. 23 E). In some species, the nectaries appear inverted, as
they open towards the receptacle (Fig. 23 F) (see also Maiti & Banerji, 1976b). The corolla
aestivation is convolute. The filaments are normally free and inserted in the sinuses of the
corolla lobes, but may be monadelphous. The ovary is sessile or has a short gynophore, and a
style may be present, usually short, slender or stout. The stigma is of variable shape, but not
decurrent on the carpel suture, or only very shortly. The seeds are generally small, although
larger in a few species (e. §. macrosperma) and very largeSnswertopsis. Seeds may be
sub-globose to ovoid, flattened, triquetrous, polyhedral or corrugate in shape, and winged or
not. The testa is nearly smooth, echinate or finely or conspicuously warted (see Maiti &
Banerji, 1976a and IV for illustrations).

The genus Swertias established by Linnaeus (1753: 226). Uigleertia, Linnaeus also
described a species of the later gebhosatogoniumsS. rotata(= Lomatogonium rotatuim
andsS. corniculatathe future type oHalenia. Veratrilla had been given a manuscript name
underSwertiaand was first described as a sectiorSufertiaby Baillon (see Smith, 1970).
The absence of convincing differences betwEeaseraand Swertiawere pointed out as
early as 1837 by Don, and finally reduced to a secti@wartiain 1891 by Kuntze. All these
genera obviously have a close taxonomic history. Additionally, in its present circumscription
(Struweet al, 2002),Swertiacounts 10 generic synonymadathotesGriseb.,Anagallidium

Griseb. BlepharaderDulac, HenriceaeLemaire-LisencourtiMonobothriumHochst.,Ophelia

Fig. 23 Some nectary types fBwertia A: S. tashiroi(redrawn from Wang & Lu, 1998)B: S.
tenuis, C: S. yunnanengsisdrawn from Shah, 1984P: S. mussotjiE: S. macrosperméeF: S.
hispidicalyx(redrawn from Shah, 1984)
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Griseb.,SczukiniaTurcz., StelleraTurcz., SwertopsidMakino, RellestaTurcz.), 2 of which
(Opheliaand Anagallidium) are still used in some modern floras (e. g. Czerepanov, 1995).
WhereasHalenia,Lomatogoniunmand Veratrilla were separated fro®wertiaon grounds of
relatively conspicuous and constant characters (see below), and were accepted early on in the
history of the Swertioid complex, the distinguishing traits of other taxa were never brought
out convincingly. Taxonomicallyswertiaunderwent two major phases. In a first step, several
genera such as Agathotesnagallidium Frasera,Rellesta Sczukiniawere described to
accommodate the morphological diversity of newly discovered species. These genera
ambiguous, as they were often based on erroneous morphological observations, and were
described when only few species $Wwertiawere known. In a second step, they were
successively reduced to various subdivisionSweértig and finally abandoned as the number

of described species increased, and as generic boundaries became ever weaker (see Shah,
1984 for a history of the genus). Gilg’s (1895) treatment of Swexdiked a turning point in

the taxonomic history oBwertia He lumped all previous segregates and recognised three
section only. SectiokuswertiaC. B. Clarke included the perennial species, secphelia

Griseb. the annuals and biennials, and sed®oaphilaC. B. Clarke the single acaulous
species known to hing. multicaulisFraserawas included in section Euswertighis broad
circumscription ofSwertiahas persisted as such until now, with exceptioRrakerathat is

still disputed as a genus. In sum thus, the boundari8weftiahave been greatly widened in

the course of time to fit all the taxa of the Swertioid complex that did not have the
characteristics ofHalenia (spurs),Lomatogonium (decurrent stigmata) oYeratrilla
(dioecious, corolla tube and stamens inserted in the sinus of the lobes), and the genus may be
viewed as a generalised acknowledgement of failure to correctly accommodate taxonomically
its overall diversity.

A number of infrageneric classifications have been proposed later on to try to make up for
this situation, but all were based on regional floras (e. g. Satake, 1944, 1947 in Japan;
Hedberg, 1957 in Africa; Pissjaukova, 1979 in Russia; Garg, 1987 in Indian Himalaya; Ho et
al., 1988 in China), and none intended to transgress Gilg’s (1895) concept of the genus. The
number of subdivisions varied greatly, from only few (e. g. Garg, 1987) to nearly as many as
the number of species treated (e. g. Satake, 1944, 1947), but the convenient distinction
between perennial and annual or biennial species was consistently retained. World-wide
treatments oBwertia(including Frasera) were provided only recently. In a monograph of the
genus, Shah (1984), recognised 35 informal groups (for 148 species) based mainly on floral

morphology. Hoet al (1994) dividedSwertiainto 11 sections and 16 series. Although both
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treatments conserved the broad division into two subgroups based on the annual/perennial
habit, they are contradictory in many cases (see I, IV). In both cases also only gross
morphology was considered, and palynological and karyological data were left aside.

As regards phylogenetic relationships among speci8sveftig very few hypotheses have
been proposed, that were based on gross morphology mainly (e.ej.ald994). Shah
(1984) discussed affinities and possible evolutionary schemes between his narrow groups
based on the structure of the nectaries, seedcoat, and root systeet.akK{2000) emitted
some hypotheses based on characters of leaf epidermis. In all these studies, the interpretation
of morphological data was strongly constrained by taxonomic apriorism, in particular the
SwertidOphelia subdivision reflecting the annual/perennial habit of the plants. Molecular
results (I; 1V) corroborated nearly exactly the informal groups of Shah (1984), but showed
guite some contradictions with the classification ofddal.(1994). They also suggested that
lineages and/or species shifted from annual to perennial habit and vice versa several times,
thereby contradicting all previous phylogenetic inferences.

Relatonships betweeSwertiaand other genera in the Swertiinae were occasionally addressed
using gross morphology (e.g. Liu & Ho, 1992), embryology (e. g. Liu, 1994), karyology (e. g.
Favarger, 1962; Toyokuni, 1965b), or palynology (Nilsson, 1967b), but were necessarily biased
by a lack of data, and/or the implicit choice of «typical» representative species induced by the
heterogeneity oSwertia and were thus not convincing. Molecular results (I; 1V) clearly showed
that Swertiacannot be considered as a single entity for phylogenetic considerations. Species of
Swertiawere found to belong to at least 14 different lineages. Whereas these lineages may be
relatively well defined by karyological (Il)nal palynological(lll) data in a&scaiation with
combinations of gross morphological characters (see V), evidence supporting the relationships
between lineages @wertiaand/or other genera was generally not found. It appears clearly that
gross morphological characters are of little use for inferring phylogenetic relationships in the
Swertiinae. Micromorphological and ontogenic studies may be envisaged in the future to better

understand the evolutionary history of this group.

Frasera Walter. Species ofFraseragrow in western North America, except fér
caroliniensisthat occurs in eastern North America. A majority are desert dwellerse. g.
paniculatg Fig. 24). All the species are perennial, monocarpic (€. glbomarginataF.
parryi, F. speciosaor polycarpic (e. gF. tubulosaF. gypsicola; Fig. 25). The leaves are
often verticillate, and conduplicate with a white margin in a majority of species. The flowers

are tetramerous and form lax or congested paniculate inflorescences. The calyx and corolla
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are lobed to the base. There is usually o

nectary at the base of the corolla lobes, le
often two and distinct or partly fused or
confluent. Nectaries are rather variable in shay
and type of scale and fimbriae associated. T
filaments are often united by a membranou
tissue variable in size and often deeply incise
(corona). The ovary is sessile and the style lo
and slender. The seeds are large, ellipsoi
reniform, triquetrous or flattened, winged,
nearly smooth or shallowly corrugate.
Fraserawas described by Walter (1788: 87),Fig. 24 Frasera paniculata.
based on a single species, F. caroliniensis. The
diagnostic character were its verticillate leaves. It was kept as a distinct genus by Grisebach
(1836,1839,1845), D. Don (1837), G. Don (1837) and Bentham (1876) on account of obscure
characters, of which only the presence of a distinct style corresponds to a botanical reality
(see Shah, 1984). Later synonyms laeeicocraspedunRydb. andTesseranthium Kellog.
Shortly after the description in thdora of British Indiaof Swertiahookeri(Clarke, 1885),
which is extremely similar to the robust specie$-dsera(see V), Baillon (1889) reduced

Fig. 25 Roots of polycarpic perennkaseraspecies.
t Frasera gypsicola.
~ Frasera tubulosa
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Fraserato Swertig where it stayed until Card (1931) revived the genus in his revision. Since
then, the status dfraserahas constantly been under debate (St. John, 1941; Post, 1956;
Wood & Weaver, 1982; Shah, 1984; Pringle, 1990; Strewal, 2002), and Toyokuni
(1965b) even made some new combinations for Asian speci&sestiaunderFrasera. It is
obvious that from a flower morphological point of view (compare Figs. 22 and 24), the two
genera barely differ by the occurrence of a corona in some spedeasdra. The only
feature confined tdraserais the relatively large size of the seeds, comparable only with
those ofS. swertopsisYet, although not distinguished by a clear-cut synapomorphy, the
species offFraseraexhibit combinations of characters that do not co-occur in any other
species oBwertia(see V). Molecular results also supported the monophyly and distinctness
of this lineage, although its precise affinities with other members of the Swertiinae could not
be ascertained (V).

Halenia Borkh. Three species are present in Asia, one in North America, while the rest
of the genus (ca 80 species presently, but possibly only ca 36 [Hagen, pers. com.]) diversified
in South America. The species dhalenia are annual, biennial or perennial herbs, with a
decumbent or erect, occasionally rather robust, stem. Flowers are constantly tetramerous, and
the corolla sinistrorsely contorted. Floral dimorphism is frequent. The calyx is lobed nearly to
the base, and the corolla may be lobed to the middle or to the base. Each corolla segment
bears on the tube a nectary forming a small abaxial protuberance or a spur of variable length.
The stamens are inserted at the sinuses of the corolla lobes. The ovary is sessile and has no
style. The seeds are globose with a smooth testa.

Halenia was described by Borkhausen (1796: 25). Its type spétissbirica (nomen
illegitimum = H. corniculatg nomen conservandymhad previously been described by
Linnaeus asSwertia corniculata Several South American species were described under
Swertiaafter the genusialenia had been coined, but were correctly placetHaleniaby
Grisebach (1836, 1839, 1845), who created a new gémaslenugsriseb., to accommodate
the species that had only small pits at the base of the corolla lobes instead of the typical spurs.
Since thenHalenia has stood unchanged, except for the mergingxaddenus, and the
adjunction of new species. Phylogeneticaligleniais strongly supported monophyletic
lineage closely related to speciesSeiertia (Hagen & Kadereit, 2002; I; 1V).

Lomatogonium A. Braun.  Species ofLomatogoniumare annual or rhizomatous

perennial herbs. The stems are usually decumbent or ascending, less often erect. The flowers
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are pentamerous and usually borne on long pedicels. g

most species, the young corolla lobes have o
longitudinal half of a lighter blue than the other, a
they are tightly convolute in the bud. The calyx an
corolla are lobed nearly to the base. The corolla lob
usually have darker striae (Fig. 26), and have one
two, sometimes confluent nectaries at their very bag
The nectaries may be naked, but usually are enclog
in a tubular, membranous appendix laciniate at t
apex (Fig. 27 A), or have a galeate scale (Fig. 27 C). 3

most species, the nectaries are very close to the

ig. 26 Lomatogonium bellum
Photography Y.-M. Yuan).

ensiform with a stigma decurrent on the carpelar suture

filaments. The sessile ovary is oblanceolate t

in some species (Fig. 27 B), but ellipsoid to lanceolate with membranous stigmata decurrent
only apically in other (Fig. 27 D). The seeds are sub-globose with a smooth testa, and of a
light colour.

The genus is due to Braun (1830) and the type spedieca@inthiacum(Wulfen) Rchb.,
based on Swertiagarinthiaca Grisebach (1839,1845) and Gilg (1895) placed all relevant
species under Pleurogyrteschsch. mentioned in Chamisso & Schlechtendal (1826)
synonymo Several species were thus described uRdlenrogyne but a number also under
Swertia Satake (1944) reducddmatogoniumto a section oSwertia Ikonnikov (1970)
describedPleurogynellafor the decumbent species that lack the characteristically decurrent
stigmata, but Ho (1982) made it a sectionLomatogonium A taxonomic revision of
Lomatogoniumwas carried out by Liu & Ho (1992), who divided its species into three

NN Kﬂ ’ @J D

Fig. 27 Types of nectary and ovaryliomatogoniumA & B: L. macranthumC & D: L.
chumbicum. Scale bar 2 mm.
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sections. Smith (in Nilsson, 1967b) noticed a peculiar species (referredPtoysstoma
concinnaHarry Sm., ined., ant. bicoronatumHarry Sm.,nom. nud. with petaloid nectary
appendages and a pollen morphology intermediate betiwsaatogoniunrandComastoma
This species was later described as the type of the controversiallgenaggoniopsidy
Ho & Liu (1985).

Molecularly (1V), Lomatogoniumvas found to be polyphyletic with respect to 2 species
related to species of Gentianeléand Swertig and paraphyletic witltComastoma Yet,
relationships suggested by sequence data are difficult to reconcile with morphology,
karyology or palynology (see I, llI, IV).

Veratrilla Baill. ex Franch. Both speies of Veratilla occur in the Sino-Himalayan
region. They are dioecious, erect, perennial herbs. The female flowers form elongated
inflorescences, while male flowers are grouped in dense, sessile clusters. The flowers usually
are tetramerous and have sterile vestigia of the other sex. The calyx is lobed nearly to the base,
and the corolla presents a short tube. The corolla lobes have one or two blue, naked
nectariferous patches at their base. The stamens are inserted in the sinuses of the lobes. The
ovary is sessile and a style is short or absent. The seeds are rather large, compressed, and with
an annulawing.

Veratilla was first proposed as a sectionSofertia, buits type specied/eratilla baillonii,
was described at the rank of genus by Franchet (1899: 310) (see Smith, \i&@@aijla
burkilliana (W. W. Smith) Harry Smwas descbhedunderSwertiaand transérred toVeratiilla
only recently (Smith, 1970 eratrilla plants closely resemble some robust Asian perennials of
Swertia, from whib they differ only by the longer corolla tube, dioecious flowers and larger
seeds. Phglgenetically, only the type species has been studied molecularly. It was related as a
distinct lineage t@ clade icluding Swertiaspecies andHalenia (Hagen & Kadereit, 2002; 1),
but this position was not confirmed when the taxon sample was enlarged (V). Its affinities with
other basal lineages of the Swertiinae are thus still uncertain.
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Aims and Context of the Study

Taxon Sample. The investigations carried out in this thesis were initially aimed at
exploring the extent of polyphyly in the gerfosertig as suggested by the results of Yuan &
Kipfer (1995), but that were based on ITS data only and included relatively few species.
Preliminary results (Chassot, 1998) on 27 speci€dwdrtiaand representatives of 5 other
genera of the Swertiinae, based on ITS@nd data, clearly showed that different lineages of
Swertiawere related not only to taxa of the «Swertioid» complex, as floral morphology would
have suggested, but also to markedly different genera sugbrdmnellaand Gentianopsis
The same results also showed affinities between taxa of the Swertiina€¢eastomand
LomatogoniumGentianellaandSwertia HaleniaandFrasera) implying an important level
of homoplasy in floral macromorphology. Thus, it soon became evident that the taxon sample
needed to be expanded to the entire subtribe. Moreover, the linegg®srtiidentified, as
well as their interrelationships, were apparently at contradiction with the taxonomic
subdivisions established by Hb al (1988), themselves in opposition with the morphological
groups recognised by Shah (1984), and it became clear that the only acceptable taxon sample
for Swertiawas one encompassing the entire morphological, geographical and ecological
variability of the genus. In addition, the taxon sampledentianellaandLomatogoniunwas
also maximised as a consequence of the results of Hagen & Kadereit (2001 & 2002),

revealing polyphyly for these genera.

Plant Collections. In turn, this has led to considerable efforts to collect fresh material
suitable for DNA extraction, in particular in the gerfisertia as species accessible from
various herbaria were mostly represented by material collected during the first half of the past
century or even before, and from which DNA of satisfactory quantity and quality could only
rarely be obtained. The abundant material collected by Kupfer, Yuan and others between
1990 and 1995, deposited in the herbarium of Neuchéatel but mostly undetermined, was
entirely reviewed and identified. These collections were completed by fieldtrips to Nepal in
1997, China, Japan, Thailand and Taiwan in 1999, and Ecuador and USA in 2000, as well as
by material collected by friends and colleagues from parts of the world that could not be
visited. All vouchers are deposited at the herbarium of Neuchéatel, and represent a large
proportion of the Asian species of Swertiinae (see Appendix).
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Genes Sequenced.As regards the regions of the genome sequenced, the rate of evolution
of different genes and non-coding fragments, and their adequacy at a given taxonomic level
have been extensively reviewed (e. g. Olmstead & Palmer, 1994; Soltis & Soltis, 1998). For
this study, only non-coding fragments were analysed, in order to obtain sufficient sequence
divergence for the taxonomic level approached. In addition, the poor resolution and the
relatively low branch support obtained for phylogenetic trees inferred frotmnthéntron in
the preliminary results required the sequencing of more chloroplast regions. Both nuclear and
chloroplast regions were analysed, as this allowed to address question such as hybridisation
and chloroplast capture, considering potentially divergent phylogenies inferred from different
genomes. The transcribed spacers between the 18S and 5.8S, and between the 5.8S and 25 S
genes (ITS1 and ITS2) of the nuclear ribosomal DNA were chosen for three reasons. Firstly,
ITS sequences have been used successfully in innumerable studies. Mechanisms of concerted
evolution among the multiple tandem repeats of the 18S-5.8S-25S nuclear ribosome encoding
genes allows in most cases to consider these as single copy genes (Hillis & Dixon, 1991,
Hamby & Zimmer, 1992). The phylogenetic applicability of other genes (e. g. introns of the
alcohol dehydrogenasalh,phosphoglucosesomerasePgi, H3 histone H3-D locus, starch
synthasewvaxy, etc. [see Soltis & Soltis, 1998]) is still experimental, and their number of
copies are still not established with certainty, hence the risk of basing a phylogenetic
hypothesis on paralogous sequences. Secondly, the evolution of these two regions involves
mainly point mutations rather than structural rearrangements, facilitating alignment and
homology assessment of characters. And lastly, their widespread use for molecular studies in
the Gentianaceae allowed to reuse previously published sequences. Within the chloroplast
genome, on the other hand, an important number of genes have been sequenced and used for
molecular taxonomy. Among advantages of chloroplast genes, one may mention their relative
facility to sequence compared to nuclear genes, and the fact that most of them are single copy
genes (Palmer, 1995). Yet chloroplast genes also present disadvantages, such as their
monoparental and usually maternal inheritance, with the inherent risk of not detecting
relationships biased by chloroplast capture, their rather slow evolutionary rate, and mutations
frequently consisting of structural changes often making homology assessment problematic.
The trnL intron sequences were found to evolve relatively fast compared to other genes
(Gielly & Taberlet, 1994a & 1994b)and were used for phylogenetic inference in the genus
Gentiana(Gielly et al, 1996) with some success. Y&tL intron sequences did not provide

sufficient information to resolve relationships in the Swertiinae, and two additional regions,
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the trnL-trnF andtrnS-ycB intergenic spacers, were sequenced to obtain a level of sequence

divergence in the chloroplast data set comparable with that of the ITS data.

Phylogenetic Inference. Phylogenetic rationships were initially inferred using the
standardunweighted maximum parsimony criterion (i. e. any character state may change
freely to another state). This approach yielded topologies that were rather surprising
considering affinities suggested by gross rhatpgy, thus legitimating the criticism that
the relationships deduced from the sequence data are erroneous and may result from a
methodological bias. Especially considering that maximum parsimony retains those
phylogenetic trees implying the least number of substitutions, regardless of the evolutionary
mechanisms constraining mutations in a given sequence, and does not take in consideration
parameters such as unequal base frequencies, different substitution rates between
nucleotides, and site-dependant rate heterogeneity. This called for a confirmation of
parsimony based results by a different reconstruction method. Among alternatives, distance
based methods make use of model parameters, but do not integrate the evolution of
character states of ancestral taxa at each phylogenetic node, as the sequence data of extant
taxa are converted to pairwise distances prior to phylogenetic inference. Maximum
likelihood approaches, on the other hand, combine DNA substitution models and evaluation
of character states in putative ancestral sequences. Yet, the maximum likelihood method, as
implemented in PAUP* (Swofford, 2002), psohibitively time-consuming when analysing
large data sets, and was necessarily disregarded. Closely related to maximum likelihood
inference (Holder & Lewis, 2003), Bayesian inference uses a Markov chain Monte Carlo
(MCMC) procedure to sample trees from a posterior probability distribution. The
advantages of this method ats time-efficiency and the integration of full substitution
models. On the negative side, trees found by MCMC are strongly autocorrelated and, as
they may only reflect local optima, the procedure must be repeated several times varying
the starting parameters. The method also implies a subjective prior probability of
parameters, that must be set as to have a minimal incidence on the likelihood of the trees. In
addition, the posterior probability of a branch in the phylogeny, in terms of support for that
branch, is sensip higher than as estimated by resampling techniques (Doataaly 2003).

In spite of tlese drawbacks, Bayesian inference was used here as an alternative to
parsimony in order to verify the consistency of phylogenies inferred from molecular data.
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Phytochemical, Embryological and Anatomical Variation. Sources of data other than
floral macromorphological characters were also sought, in order to be compared with
molecular results. Phytochemical data, in particular xanthone oxidation patterns, have been
shown to be useful when considering phylogenetic relationships (e. g. Meissiasl982;
Meszaros, 1994). Chemical constituentsSovertia species are rather well documented
(reviewed in Inayat-Ur-rahman, 1997), and research is still progressing in the genus, mainly
due to the pharmacological properties of several compounds, as attested by the use of a
number of species in traditional medicine. Unfortunately, other genera sugdrtasia,
ComastomaGentianella LatoucheaMegacodon Obolaria and Veratrilla are still not or
barely documented. Since investigation of chemical constituents requires important quantities
of material, it was not considered as feasible in the context of this study, and was thus left for
future studies.

Likewise, embryological data (Stolt, 1921; Guérin, 1926; McCoy, 1949; Maheswari Devi
& Lakshminarayana, 1977; Rao Magaraj, 1982; Akhalkatsi & Wagner, 1997; Shamrov,
1991; Liu, 1994; Liu & Ho, 1996; Chest al., 1998; Heet al, 1999; Xueet al, 1999, 2002)
is available for a reasonable proportion of the genera of Swertiinae, but cover in fact only few
species. Taxonomic and evolutionary generalisations (e. g. Liu & Ho, 199&tXale2002)
based on data from two or three species appear to be premature. Variation of available
embryological data was reviewed in Liu (1994). A few characters were found to be
informative, yet relationships between genera sucB@sastomandLomatogonium as
suggested by sequence data, were not supported by embryological characters. Moreover, the
restrained studies on species @ivertiadid not hint at a significant variability, and
embryology was thus not considered for further investigation.

Floral anatomy in the Swertiinae was studied in quite some detail by Lindsey (1940),
Gopal Krishna & Puri (1962), Xuet al. (2002), and was particularly useful for segregating
Gentianopsidrom Gentianellas. |. Nevertheless, variability between some other genera of
the Swertiinae (reviewed in Liu, 1994) did not seem particularly high. In addition, in the
survey of Gentianaceae by Gopal Krishna & Puri (1962), the 5 spectsgeofiaincluded,
that belonged to distantly related lineages according to the preliminary molecular results
(Chassot, 1998), were generally not different in their vascularisation. Anatomy was thus not

explored in more depth.

Karyology. As a consequence of the increased interest for cytotaxonomy in the

Gentianaceae starting in the 1950’s, chromosome numbers were readily available for all but 2
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genera of the Swertiina¢ gtoucheaand Veratrilla), and quite some different numbers had
been reported for Swert{aee I1). Although the total number of species documented was still
relatively unimportant in some genera (eCgmastomaLomatogoniumSwertig, a number

of chromosomal evolutionary schemes had been proposed (Love, 1953; Favarger, 1962 Love
& Love, 1976), and some taxonomic considerations had been based on chromosome numbers
(e. g. LOve & LoOve, 1956; Toyokuni, 1965b, Pringle, 1990). It seemed thus interesting to
complement the available data in order to gain a more precise idea of the overall karyological
variability, and to compare these data with molecular results to verify previous hypotheses
such as the parallel evolution of karyotypes (Favarger, 1962). Young flower buds suitable for
the determination of chromosome numbers, when available, were systematically fixed in
Carnoy on the field. In some cases, counts were realised from seedlings, but successful
germinations could not always be obtained from several robust perennials Metatasia

andLatouchea.

Palynology. Pollen morphology in the Swertiinae was studied rather extensively by
Nilsson (1967b), who conducted a broad survey of the entire tribe Gentianeae. On a smaller
scale, investigations were also carried out on, é.agnatogoniun(Nilsson, 1964; Liu & Ho,
1992),ComastomgLiu, 1994),Bartonia andObolaria (Nilsson & Skvarla, 1969), African
(Jonsson, 1973) and Chinese (Ma & Zhao, 1991) speci&sweftig selected species of
Gentianellafrom Pakistan (Omer & Quaiser, 1991 & 1992), and a few representative species
of the genera of Swertiinae (Nilsson, 2002). In spite of a frequent striate-reticulate exine
pattern common to sometimes only distantly related taxa, a number of genera/species
presented peculiarities in their exine structure such as spines, warts, exine protruding over the
ora, or adjacent but not fused muri. Notably in the g&wertig palynological heterogeneity
was pointed out by Nilsson (1997b), but its interpretation was made problematic by the
absence of a clear taxonomic and phylogenetic understanding of this group. A taxon sample
was thus elaborated based on molecular results, in the aim of exploring the potential
congruence of palynological and sequence data. As this approach was only exploratory, no
fine scale analyses were carried out, but exine ornamentation for a large number of species

was reported using scanning electron microscopy.

Gross Morphology. As detailed aboveGenera of the Swertiindge taxonomic
ambiguities, in particular in the gen®wertia do not follow from a lack of gross

morphological variation, but rather from different emphases of perceived similarities and
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differences. Likewise, the occurrence in the Swertiinae of, e. g., such a conspicuous (and
taxonomically handy) phenotype as the presence or absence of a well developed corolla tube
is often considered as a reliable indicator of phylogenetic affinities, although no study is
available about the genetic determinism of this trait, which apparently evolved rather freely
and frequently in the subtribe. When placed in a molecular phylogenetic context, flower
morphological characters are often deceptive (e. g. Wagenitz, 1997) and this is particularly
true for subtribe Swertiinae, which encompasses a majority of genera essentially defined by
floral traits. As no micromorphological analyses were carried out other than on pollen,
emphasis was laid on the identification of phylogenetically reliable gross morphological
characters or combinations of characters. Among these, seeds, root system and life habit were
documented in detail in the perspective of their comparison with molecular phylogenetic

results.

This study was thus undertaken in the aim of addressing

1. the phylogenetic relationships in subtribe Swertiinae using the non-coding sequences
of the nuclear ribosomal internal transcribed spacers 1 and 2 (ITS), and of the
chloroplastirnL intron, trnrL-trnF intergenic spacer, anthS-ycf9 intergenic spacer;

2. the chromosomal evolution in the subtribe in regard of molecular results, by
complementing the existing chromosome number data in the genera of Swertiinae;

3. the potential usefulness of pollen morphology to infer phylogenetic affinities by a
survey of exine structure variability using scanning electron microscopy;

4. the generic limits, in particular in the bro&daseralomatogoniurrSwertia
Veratrilla complex, and the evolution of flower morphological characters commonly
used in the taxonomy of the genera of Swertiinae.
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MAIN RESULTS AND GENERAL CONCLUSIONS

Molecular Phylogeny (I, 1V)

A total of 128 species representing all the genera of the Swertiinae were sequenced for the
ITS, trnL-F andtrnS-ycB regions (Appendix 2). Analysed individually, and regardless of the
reconstruction method, the chloroplast data and, in particular, the nuclear data offered only
limited resolution. ITS sequences, more variable and homoplasious than chloroplast ones,
contained phylogenetic information adequate for addressing relationships within more
terminal parts of the trees, while plastid data brought resolutions for deeper level branches.
Considered separately, the nuclear and chloroplast phylogenies were similar in many parts,
but also incongruent in some occasions. The extent of character and topological conflict was
examined carefully, but was not found to be enough significant to preclude the combination
of all sequences for further analyses. Trees inferred from the combined data were in general
more resolved and received higher branch support, although in some parts, the phylogenies
remained polytomic. Relationships that were found to be in conflict in the separate analyses
of the data had diminished branch support in the combined analyses, and usually were similar
to the best supported one of the separate analyses.

The most parsimoous and Bayesian phylogenies were generally found to be congruent,
regardless of thelataset (i. e. nuclear or chloroplast sequences) used for inference. Some
method-dependant differences were noted in the resolution of weakly supported branches only.

At the species level within genera/lineages, relationships were often unresolved, due to a
lack of sequence divergence (e.Fgasera,Swertial2, Swertias. str. [IV]). The lack of
resolution and/or poor support at deeper levels, however, is not attributable to low sequence
divergence between lineages, but probably to a rapid ancient cladogenesis, and thus to the
lack of synapomorphies informative at that level. Indeed, the analysis of an expanded
sequence set includingatK data, in addition to the other genes, for a smaller number of taxa

resulted in a single most parsimonious tree showing a hard polytomy for several basal
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lineages. Compared to the phylogenies inferred witlhoatk sequences, some additional
resolution was gained but without branch support. Resolving the phylogeny of Swertiinae in
its deeper parts may thus necessitate a considerable amount of additional sequences.

It was considered that the phylogeny deduced from the analysis of all data combined
(summarised in Fig. 28) offered the best approximation of the evolutionary history of the

Swertiinae. From this phylogeny, the following conclusions were drawn.
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Fig. 28 Simplified strict consensus of the most parsimonious trees inferred from allmuclea
and chloroplast DNA sequences combined (data from IV). Above branches: Jackknife values
if > 50 %. Asterisks indicate monospecific branches. Monophyletic, unproblenratic o
monotypic genera or lineages are represented in green. Genera for which monophyly is
dubious or has not been verified are in black. Red indicates polyphyletic genera.
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1. Subtribe Swertiinae sensu Struweet al. (2002) was confirmed as a monophyletic
lineage sister to subtribe GentianinaeThe monophyly of Swertiinae has been demonstrated

in recent studies (Yuan, 1995; Struwe ef 4898; Hagen & Kadereit, 2001, 2002). These
results are thus not new in this respect, exceptdtouchea fokienensisvhich is herewith

(1) for the first time shown to belong to the Swertiinae also from a molecular point of view.
The last common ancestor of the Swertiinae was estimated to have grown in Asia in the early

Neogene (V).

2. Taxa of the Swertiinae formed a broad basal grade and a highly supported derived
clade (Fig. 28). The basal grade includBartonia Fraserg Gentianopsis Halenia
MegacodonQbolaria, PterygocalyxVeratrilla, and a majority oSwertiaspecies distributed

in 8 lineages. Two binectariate speciesGantianellaalso belong to this grad&entianella
arenariaandG. pygmaea, but this position needs confirmation. This lineage was excluded
from clade A, which includes all other binectariate specie&@ftianellg although the
chromosome numbers reported rarenaria(2n = 16, 18) are more typical of the taxa of
clade A, and in particular dfomatogonium to which other binectariate species of
Gentianellawere related. The remaining taxa (i.GomastomaGentianella Jaeschkea,
Lomatogoniun(includingLomatogoniopsis and the other lineages Sfvertig all formed a
clade very well supported by jackknife (Efron, 1982; Faetial, 1994) and decay (Bremer,
1988; Donoghuet al., 1992) values. Clade A was identified by both nuclear (ITS) and plastid
(trnL-F and trnS-y) sequences, and support for this clade was greatly improved in the
analysis of all data combined.

3. Phylogenetic analyses identified several long monospecific branches and well
supported cldes, between which relationships were often unresolved or only weakly
supported. In general, monospecific lineages or lineagest ae characterised by high support
values in the analyses of combined data represent either unproblematic and probably
monophyletic genera such Bartonia, Comasbma, Frasera, Halenia, Latouchea Obolaria,

and Veratilla, or goups of species of polyphyletic genera, that are coherent from a
morphological, karyological and/or palynological point of view (see below). Yet, relationships
between these lineages, are often unresolved, or partly resolved but with very low branch
supmrt, except in the basalmost part of the tree, and for a larger clade within clade A including
Comasbmag Jaeschke. p., Lomatogoniummost bnectariate species Gfentianellaand three

species oBwertia.
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4. Obolariavirginica and Latouchea fokienensis are well supported sister taxa, and

form a lineage sister to the remainder of SwertiinaeBoth genera are monotypic, and show

an eastern North American — Southeast Asian disjunct distribution. It has been argued (Gillet,
1957; Toyokuni, 1965ab; Ho & Liu, 2000;) that taxa with ovary nectaries, and in particular
Megacodon, may be more closely relatedsentianaand other Gentianinae than to taxa of

the Swertiinae sharing petal nectaries. Molecular results (Yuan & Kupfer, 1995; Hagen &
Kadereit 2002; I) have established their basal position in the subtribe Swertiinae, but without
clearly ascertaining their interrelationships. The assumption (Hagen & Kadereit 2002) that all
taxa with gynoecial nectaries form a mono- or paraphyletic group from which a single
monophyletic lineage with epipetalous nectaries was derived is contradicted by our results,
considering the position dflegacodormand Gentianopsiéterygocalyx Although weakly
supported, the position of these two taxa suggest that either gynoecial or corolline nectaries
may have evolved twice independently in the subtribe. Moreover, the affinitesrtania

with Obolaria postulated on morphological grounds (Hagen & Kadereit, 2002) is also not
supported by these results (but see IV for a possible bias due to an accelerated substitution
rate inB. virginica).

5. Species ofSwertia were divided into 14 distinct lineages scattered across the
phylogeny.Basedon floral morphology mainly, Shah (1984) recognised 32 informal groups in
this genus (35 includingrasera), but maintained the historical broad subdivision of the species
into a group of annuals or biennials, and a group of perennials. This was clearly not supported
by molecular data, as the phylogeny suggests that a shift in habit may have occurred at least 5
times in various lineages &wertia. On the der hand, Shah’s (1984ather nammw groups

were almost all supported as monophyletic clades, exceft fospidicalyxS. rosularisandsS.

tashiroi that were not fated to species of the groups in which they were placed by Shah
(1984), and for theAsian perennials ofSwertia s. str. for which the nurber of species
sequened and phylogenetic resolution were too low to allow for comparison. Several of these
small groys were conneatieinto larger ones (e. g. 9 Bwertias. str.,3 (or pasibly 5) in
Swertia8, 5 (9§ in SwertialO, 2 in Swertidl2), enabling ta idenification and emphasising of
phylogenetically informative morphological character, among which the type of root system
and especially the exomorphic seed structure were preponderant. Three of Shah’s (1984)
monospecific groups and one group of 3 species that was not sequenced could thus be related to

the identifed lineages, albeit additional palynological and karyological data is necessary to
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ascertain their position (see 1V). Three species, S hispidicalyx, S. tenuis and S. yunnanensis,
were not related to any of the other lineages of Swertia, but showed highly supported affinities
with binectariate species of Gentianella and species of Lomatogonium («abominable» clade in
V). Not a single morphological character was found in support of this clade. However,
although nuclear and plastid data resulted in identica topologies for this clade, some
karyologica (I1) and palynological (I11) evidence was found suggesting possible hybridisation

or introgression.

6. Within clade A, the well supported but heter ogeneous clade including Comastoma,
Jaeschkea p. p., Lomatogonium, binectariate species of Gentianella and three species of
Swertia is the most problematic in the Swertiinae. Relationships in this clade suggest that
Lomatogonium is paraphyletic with respect to Comastoma, and a so polyphyletic asregards L.
oreocharis and L. zhongdianense of the «abominable» clade. To this clade also belong most
binectariate species of Gentianella. Although included in the same well supported polytomy,
these species of Gentianella are, however, not monophyletic. Gentianella azurea is part of the
«abominable» clade, whereas G. moorcroftiana is sister to a species of the polyphyletic genus
Jaeschkea. Gentianella anomala, which was considered close to G. arenaria and G. pygmaea
based on morphology (tetramerous flowers, petiolate leaves, minute plant) (Hagen &
Kadereit, 2002), is in fact closely related to G. gentianoides. The relationships revealed by
sequence data in this broad clade suggest an important amount of homoplasy in morphology
(corollatube, insertion point of stamens, type of nectaries, pollen exine ornamentation), which
in turn raises questions of a possible hybrid origin for some of the taxa/lineages of this clade
(see Il; 1115 1V). This clade doubtless requires more detailed studies to fully understand the
Speciation processes that resulted in the observed phylogeny.

7. Using a penalised likelihood approach, a rough estimation of divergence times was
obtained, suggesting an important role of therising Himalaya and of the Asian monsoon
in the history of the Swertiinae, as well asrecent Pleistocene disper sals. Due to the lack of
resolution at lower levels of the phylogeny, to heterogeneous substitution rates across
branches, and to the absence of reliable fossil material, it was not possible to elaborate a
precise historical biogeographical hypothesis for the subtribe. Nevertheless, the penalised
likelihood method (Sanderson, 2002) accommodates rate heterogeneity, and thus allowed for

arough approximation of divergence times for some interesting parts of the phylogeny.
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The rapid cladogenesis reflected in the phylogeny by polytomies or weakly supported short
branches at lower levels of the basal grade and of clad A was situated by this estimation in a
time interval (ca4.5 — 15 mya) corresponding to the estimates provided for major orogenic
events in the Himalayan region (8 + 3 mya) (Moleaml., 1993). This orogeny was fast
(several thousand meters in a few million years, and as a consequence of this immense
physical barrier, wind circulation disruption considerably accentuated the monsoon climatic
regime. It seems thus reasonable to argue that the coupled geological and climatic changes in
those ages could have had a major incidence in Swertiinae in terms of adaptation and
migration. On the other hand, several dispersals to southern India, Indonesia and Melanesia
seem to have occurred only recently (Pleistocene).

As regards the origin of the Swertiinae, the estimates for the last common ancestor are
vague and ranged from ca 12 to 42.5 mya. Geographically, an Asian origin of the subtribe
seems reasonable considering the overwhelming majority of basal species occurring in Asia:
But the disjunct distribution of the basalmost clade includiagouchea(China) and

Obolaria (North America) did not allow to ascertain this hypothesis.

Karyology ()

Chromosome numbers were counted from 60 species of the Swertiinae, with special
emphasis on taxa @wertiaand Lomatogonium Data available from literature was also
reviewed and compiled (I, appendix). In total, chromosome numbers are now available for
some 196 species of the Swertiinae. The chromosome number of 25 species was documented
here for the first time, while 10 species had a chromosome number different from previous
reports. Two numbers, 2n =12 and 2n = 42 were neBvi@rtia In addition, 2n = 22, which
was otherwise only known in this genus in relation with intraspecific dysploidy, was found to
occur consistently irs. tenuisand S. yunnanensis. 2n = 60 $ tashiroi, thought to be a
hexaploid number based on x =10, was shown to be probably tetraploid and derived from x =
13. In the genu&rasera, 4 species were known to be hexaploid with 2n = 78, while others
were diploid with 2n = 26. For 3 of these species, tetraploid numbers were also found.
Important descending dysploidy was noted in binectariate spedigsndiinella 2n = 10 was
recorded forG. azurea, which usually has 2n = 22 or 44, while 2n = 12 was fou@d in
moorcroftiana for which previous data indicate 2n = 18. Cases of ascending dysploidy were
noted inGentianellas. str. and Swertjawith 2n = 38 in G. rapunculoidg2n = 36 in other
reports) and 2n =42 in S. rosulata from Madagascar, which is related to species of 2n = 20.

43




Main Results & General Conclusions

Altogether, the Swertiinae exhibit an important karyological variability, with somatic
chromosome numbers ranging from 2n = 10 to 2n = 78, and putative basic chromosome
numbers covering nearly every number between 5 and 21 (Table 2). Yet, the interpretation of
chromosome numbers and their variation in the context of the molecular phylogeny (Fig. 29)
shows that this variation is important in certain lineages, but much less so or inexistent in

others, and allowed for the following conclusions.

8,9 (5, 6, 10, 15)
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8 Lomatogonium (most spp.)
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Fig. 29 Distribution of basic chromosome numbers in the lineages of the Swertiinae. Taxa in
green have chromosome numbers related to (or clearly derived from in the Easencd) x

=13 or 14. Taxa in red have numbers mostly related to x = 8, 9 or 10 (see Il and IV for
details), but never to x = 13 or 14. Taxa in black have basic chromosome numbers markedly
different from x =13. Tree identical to Fig. 28.
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1. The distribution of basic chromosome numbers agrees with the subdivision of the
Swertiinae into a basal grade and clagl A swggested by molecular resultsMost taxa

of the basal grade have basic chromosome numbers of x = 13 and less frequently x = 14.
Some variation implying the parallel evolution of a stabilised x = 11 occuBsiitonia,
Gentianopsisand Halenia, while other different chromos® numbers in lineages with x

=13 or 14 are all attributable to intraspeciflysplady. In this respect, taxa of the basal
grade show a remarkable chromosomal homogeneity. Only 2 exceptions blemish this
generalised scheme. One occursSintetrapterathe only documented species Sivertia

4, with 2n = 12 and 14. the second one is founGéntianella arenaria a bnectariate
species ofGentianellaplaced in the basal grade in all analyses, along with G. pygmaea.
Whether 2n = 16 and 18 in this species resulted from descending dysploidy from x = 13
(or 14), or if on the contrary, this numbedicates an erroneous phylogenetic position for
this lineage is not clear.

Within clade A, the documented speciesSafertia8 all have 2n = 26, whereas this
number, or any number related to x = 13 or 14 was never found for other taxa of clade A. The
basal position oSwertia8 in clade A, that was only weakly supported by molecular data (Fig.
28), is thus well supported from a karyological point of view. Disregarding Saddeztia8,
the lineages of clade A mostly have chromosome numbers related to x = 8, 9 or 10, although
variation in this clade is manifestly more pronounced than in the basal grade.

Spp. documented /

Genus Basic number Ploidy level .
Spp. in genus
Bartonia 11,13 4x 3/4M
Comastoma 5,6,8,9,10 2x, 4x, 6x 11/7-25
Frasera 13 2x, 4x, 6x 13/14 @
Gentianella
s. str. 8,9, 19 2x, 4x, 6x 60/ ca 250 "
Gentianella 5,6,8,9, 11 2X, 4x
binectariate
Gentianopsis 11,13 2x, 4x, 6x 11/16-24
Halenia 11 2x 16/80 "
Jaeschkea 8,9, 11 2x 3/4M
Latouchea — — /1M
Lomatogoniopsis 6 2X 1/3@
Lomatogonium 58,9 2x, 4x, 5x 11/18 @
Megacodon 14 2x 1/2M
Obolaria 14 4x 1110
Pterygocalyx 12,13 2x 171D
Swertia 6,7,8,9,10, 11,  2x, 4x 64 /138 ©
12,13, 14, 15, 21
Veratrilla — — —/2®

196 / 541-567

Table 2 Basic chromosome numbers of the genera of the Swertiinae. Most frequent numbers
in boldface. The last column shows the number of species with documented chromosome
numbers out of the total number of species in each génBsuweet al. (2002) Shah

(1984),® Ho & Pringle (1995)% Liu & Ho (1992),® own estimation.
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2. On a finer scale, chromosome numbers have little intrinsic phylogenetic value, but
were found to be most useful to delimitate lineages &wertia when combined with other

data. The relative constancy of x =13 and 14, and the homoplasious occurrence of x = 11 in
the basal grade generally precludes the use of karyology for the delimitation of genera or
lineages. The higher variation of chromosome numbers in clade A also looses much of its
significance when considering the multiple occurrences of similar numbers in different
lineages (e. g. x = 9 i@BomastomaGentianellas. str.LomatogoniumSwertia9, 11 and 12).
However, chromosome numbers brought considerable support to the molecular relationships
revealed for Swertigparticularly as regards the distinction between the species of the basal
grade or of Swerti& with x = 13 from those of clade A with x = 9 or 10. For example, the
Asian perenniab. cuneatd2n = 20) was related to other Asian perennial speci€sveftia

S. str. ( x =13, 14) by Het al. (1988), but its affinities with African species SWwertial0

suggested by molecular data is also supported by its chromosome

number. Similarly, karyology supports the phylogenetic position 14
of S. chirayitaand akin species in Swert&(x = 13), although ()
they are morphologically very similar to other annualSwertia
12 (x = 10), with which they were grouped in a single section (HQ
et al., 1988, 1994).

3. Chromosomal evolution in the Swertiinae follows gradual
but also occasionally saltatory descending dysploidy (Fig. 30).
In general, the evolutionary trend is from x = 13 to x = 11 in

lineages of the basal grade, and from x = 13tox =8, 9 or 10 i

clade A. For some species, however, molecular phylogeneti

relationships suggest a drastic reduction of the number Olf—'igure 30. Evolution

chromosomes. These saltatory decreases happened in paralleloinbasic chromosome
umbers in the
wertiinae according to
notable morphological changes. For example, 2n = 10 is found irelationships inferred
from DNA sequence
data. Taxa related to x
the characteristics of the genera to which they belong. Such 13 and x =28, 9, 10in
upper and lower boxes
respectively. Dashed
azureawith 2n = 10 and 22/44. On the other hand, 2n = 12 inand double arrows
represent rare and
multiple occurrences
Lomatogoniunwith 2n = 16 and 18, comes with a type of nectaryrespectively.

different lineages, and may or may not be accompanied b

Comastoma tenellumndLomatogonium rotatumthat have all

dysploidy may also be intraspecific, as in the casBeasitianella

Lomatogoniopsis alpinawhich is closely related to species of
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appendages unique in the subtribe. Likewwertia tetrapterawith 2n = 12 and 14, and
which was derived from a lineage of x = 18nertia3), has nectaries of a type unique in the
genus.

Evidence of ascending dysploidy is less frequent, as in the tetr&ploddulatawith 2n =
42 and in the diploidsentianella gentianoide$. tenuisandS. yunnanensiwith 2n = 22, or
may occur as intraspecific variation, asGn rapunculoideswith 2n = 36 and 38 an8.
tashiroi with 2n =52 and 60.

4. Polyploidy affects mainly extra-Asian or genetically isolated taxa, and is
concentrated in Gentianella, Gentianopsis and Frasera. Among exclusively North
American genera, Barton@ndObolaria are tetraploid, while species Bfaseraare solely
diploid or hexaploid, or diploid and tetraploid. @entianella, which diversified mainly in the
southern hemisphere, the overwhelming majority of species are tetrapl@entranopsis

Yuan & Kupfer (1993) noted a correlation between increasing distance from the probably
Asian centre of origin and higher ploidy levels. Polyploidy thus seems to correspond well
with migrations from Asia to other continents, and may have played a facilitating role in the

impressive radiation déentianella

Palynology (111)

Pollen grains of 65 representative species of all biM&yacodorandVeratrilla) genera of

the Swertiinae were examined by scanning electron microscopy as a complement of Nilsson’s
(1967b) survey of tribe Gentianeae using light microscopy. For the genus $Swértiaithe

32 morphological groups defined by Shah (1984) were investigated. Five of the groups not
sampled represent African species that have been studied extensively (Jonsson, 1973),
whereas the remaining 4 groups are monospecific and thus not likely to have an important
incidence on the pollen variation in this genus. The main exine patterns found in the
Swertiinae are striate, striato-reticulate, rugulate, reticulate, punctate, perforate, verrucate,
spinose, shortly ridged or scabrate to smooth. A comparison of pollen morphological data
obtained here and also from other publications (see lllAam$ and Contexabove) with

molecular phylogenetic results (Fig. 31) led to the following observations.

1. Many distantly related genera share a common striato-reticulate to reticulate exine

pattern. This type of exine sculpture is presenthnasera,Halenia,Gentianellas. str.
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Lomatogoniunp. p., Veratrilla, and several lineages®Wertia(Swertias. str.,3, 4, 9, 12).

For these taxa, pollen morphology did not allow to reliably characterise genera or lineages.

2. Relationships between general/lineages are generally not well supported by pollen
data. The occurrence of similar pollen types, or, on the contrary, of sensibly different exine
patterns in sister or closely related lineages or genera often did not allow to verify molecular
hypotheses. Thus, the affinities of those taxa sharing a common striato-reticulate to reticulate
exine with other members of the Swertiinae could not be addressed precisely. Likewise, the
close relationship revealed by sequence data betweenCengastomavith striato-reticulate

to reticulate pollen grains and speciesLomatogoniumwith spinose punctate pollen, or
betweenObolaria where the exine is reticulate with wide lumina, dradoucheawith a
densely spinose and nearly imperforate tectum, could not be addressed reliably. Whether
similar pollen in different lineages of the bro&w®mastoma-Lomatogonium-binectariate
GentianellaSwertiap. p. clade resulted from parallel evolution or from possible hybridisation
remains to be investigated in more detai. exception is the close palynological similarity
betweenPterygocalyxand Gentianopsishblepharophora, also suggested by molecular results
(Hagen & Kadereit, 2002) and supported by other morphological characters (llI).

3. Considered individually, several genera and in particular lineages o$wertia are

well characterised by pollen morphologyPalynological features confined @mastoma
Lomatogoniumand Gentianopsifterygocalyxwere pointed out by Nilsson (1967b). The
pollen ofLatouchea is of a type unique in the Gentianeae. Within the gwetig variation

in exine patterns agreed well with the lineages identified by sequence data (Fig. 31).
Spinulous pollen was found . tashiroi(Swertial), S. cuneatgSwertial0) and S. minor
(possibly also Swertia0, see Ill & 1V). The exine 08.swertopsis $wertia2) has very short
ridge-shaped processes not found in any other specié€s. macrosperméSwertiall),

pollen grains are verrucate-punctate with very short colpi, somewhat similar to the pollen of
some species of Lomatogoniu@. g. L. gamosepalunh. oreocharis).Swertia
piloglandulosahas similar pollen and probably also belongs to this lineage (see I'9). In
hookeri S. multicaulisandS. membranifoliawertia8), the muri/lirae are comparatively low

and wide, with a punctate to perforate tectiBwertiadecora(Swertia7) andS. patula
(Swertia6) share a similar thickening and dense striation at the colpus m&ngertia

rosularis andS. tenuis, which are remarkably similar in floral morphology, have distinct
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pollen types. Species &wertiaof the «abominable» clade (see V) all have very different
pollen. Swertia yunnanensislearly has affinities with species of Lomatogoni@wertia
hispidicalyxhas morphological similarities with speciesSwertia9, and comparable pollen.
Swertia tenuihas an exine with short ridges observed in no other species of the genus.
Comparable pollen was reported flor forrestii (Liu & Ho, 1992). In other lineages of
Swertig the exine structure is striate-perforate, striato-reticulate, or reticulate. Although some
variation was observed in the size of perforations and shape of muri/lirae, it was not possible
to distinguish sub-types correlated with molecular phylogenetic results. Yet, considering the
good palynological support for several lineages, further studies of cross sections may bring

additional supporting evidence for molecular results.

Systematic Implications

Botanical Collections and New Species. The volunous collections realised by P. Kupfer,
Y.-M. Yuan and myself mainly from China, but also from Ecuador, Japan, Nepal, Taiwan,
Thailand and the USA (see Appendix) were carefully examined and determined. They
consttute an important complement to Asian and Chinese collections present in other herbaria,
where taxa of the Swertiinae, and in particularSefertia, ag¢ often represeéad by older
material collected by, among other, Cavalerie, Clarke, Cooper, Delavay, Forrest, Handel-
Mazztti, Hooker, Ludlow & Sheriff, Sith, and Stainton & Sykes. Yet floristically, these
regions were exred ratler extenwely, ard detailed revisions of herbarium material in
relation with ofterrecently pblished taxonomic works have left very few unknown species (e.

g. Smith, 1926, 1936, 1965, 1970, 1981; Shah, 1984; Garg, 1988; Liu & Ho, 1992; Ho &
Pringle, 1995). New taxa are discovered only rarely (e. g. Chen, 2000; Suksathan, 2001), and in

spite of the ca 850 speaams collected, only one speci8s,barunensijsvas new (V).

Phylogeny of the Swertiinae and SystematicdMany genera in the Swertiinae are now
defined as to be monophyletic taxa according to molecular results. The segregates of
Gentianellas. . ComastomaGentianopsisMegacodon,) are particularly well supported at
generic rank, as they are clearly not closely related (buGseera of the Swertiinagbove

for Megacodon), in spite of a shared but homoplasious long corollaBab®nia Halenia,
Latouchea,Obolaria and Veratrilla are morphologically unambiguous and also formed
distinct lineages according to molecular data. For the remaining genera, our results support

the following taxonomic implication.
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1. Gentianella. Of the ca 250 species iGentianellg a majority were shown to be
monophyletic, and were accommodated ur@entianellas. str. (Hagen & Kadereit, 2001).

But our knowledge of the species diversity and morphological variation of the remaining
binectariate species @entianellais not yet satisfactory (IV). The segregatiorCofpygmaea

and G. arenariaunderAliopsis has molecular and palynological support (111;1V), but not
considering morphology and karyology (Il). Other binectariate species are not likely to form a
monophyletic group (IV), but their origin and affinities with other taxa in the broad
Comastoma-Lomatogonium-Swerntiap. clade (Fig. 28) need to be understood better before

taking a nomenclatural step.

2. Jaeschkea. Although based mainly on the height of filament insertion on the corolla tube,
the genuslaeschkeaepresents a lineage of its own (Hagen & Kadereit, 2002; 1V), at the
same phylogenetic level as e.Gentianellas. str. Its status is thus supported by our results.
Yet, J. microspermavas not related to other specieslaéschkeafrom which it also differs

in pollen morphology (lll) and chromosome number (lbyt to G. moorcroftiana a
binectariate species @entianella The exclusion of. microspermdrom Jaeschkeas thus

well supported, but its ascription to another genus is problemati&, msorcroftianas itself

of uncertain status.

3. Lomatogonium and Lomatogoniopsis. Molecular results (IV, Fig. 2) do not support
Lomatogoniunmas a monophyletic genus, nor do they agree with the sectional classification of
Liu & Ho (1992). While a majority of species (including the type spelciesarinthiacum)
formed a well supported clade, others were relateflaimastomaor to species obwertia
and Gentianellain the «abominable» clade. Expanding the definitioh@hatogoniumo
include all related species of other genera would result in an unnatural genus, whereas
splitting it would imply at least three different genera. Moreover, these genera would still be
heterogeneous, as some species of one lineage are morphologically an palynologically very
close to those of other lineages (e.Lg. micranthumL. oreocharisL. sikkimensel..
zhongdianense) (lll). In addition, the apparently highly homoplasious distribution of floral
and palynological characters across the lineagetonmiatogoniummay suggest that
introgression and/or hybridisation have biased phylogenetic inference, although nuclear and
plastid topologies were congruent for this group. As regandsatogoniopsisthe genus was

delimited fromLomatogoniunchiefly on grounds of a single nectary per corolla lobe (Ho &
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Liu, 1985), butlL. alpina clearly has two nectaries (Hagen & Kadereit, 2002, pers. obs.), and
one species retained bmmatogoniumL. graciliflorum, also has a single nectary. The actual
circumscription ofLomatogoniopsisdoes not seem to be satisfactory, and our results
concerningL. alpina suggest that it should be merged wittimatogonium Globally, our
understanding of the processes of speciation and relationships in the entire complex of
ComastomalLomatogoniopsisLomatogoniumbinectariatésentianellap.p. and Swertig. p.

are still too rudimentary to support taxonomic changes.

4. Gentianopsis and Pterygocalyx. Pterygocalyx volubiliswas believed to differ from
Gentianopsign having, i. a., nectaries on the ovary and not on the petals (Ho & Pringle,
1995), but detailed studies revealed that this was not the case (Chen & Ho, 1998). Moreover,
the affinities ofP. volubilis withG. ciliata, as suggested by ITS data (IV, Fig. 1 B) and with

G. blepharophorgHagen & Kadereit, 2002), is also supported by the shared flattened seeds
with an annular wing and pollen morphology (Nilsson, 1967b; Ill). In view of the very high
support for the&sentianopsis Pterygocalyxclade (Fig. 2), and of the weak morphological and
molecular differences between both taxa, it may be better to cordatggocalyxas part of
Gentianopsisas advocated by Smith (1965, and in Nilsson, 1967b).

5. The status ofFrasera. The monophyly ofrasera was highly supported in all analyses

(IV, Figs. 1, 2 & 3) but the affinities of this exclusively North American genus with other,
mostly Asian, lineages of the basal grade remained essentially unresolved. Considering the
large sample ofwertiaspecies and the exhaustive oné&@dsera, the monophyly of Frasera

in its current circumscription is quasi-certain. Distinguishing features of this genus were never
brought out convincingly, and no palynological or karyological characteristics were found to
confine to this clade. From a flower morphological point of view, speciEsagkraconform

to the general bauplan observed in most specie€dwalrtia except for the presence of a
variably dissected coronal scale (membrane between filaments) present in some species (e. g.
F. caroliniensisF. albicaulig but absent in others. Vegetatively, xerophilous species have
conduplicate papillose leaves with a silvery-white margin unknown from any species of
Swertig while more mesophilous speciés €aroliniensis F. fastigiata F. speciosa), which

have flat, verticillate leaves with a green margin, and a thick fleshy taproot, bear a
resemblance only with some perennial specieSwsrtia8, to which they were, however, not
related. Additionally, only one species of Swertsa swertopsis was found to have seeds

comparable to those &frasera(lV). Thus, in view of molecular results, of the distribution,
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and of the seed characteristicsFofisera, we believe that it should be kept as a separate

genus.

6. The lineages of SwertiaDisregardinghe 3 species ddwertia(S. hispidicalyxS. tenuis

andS. yunnanensjighatwere related to the «abominable» clade (deécular Phylogeny
above), the genus Swertiday be viewed as a much diversified stem group, of which some
lineages have given rise to others in which important morphological changes occurred,
leading to their inevitable recognition as separate genera (@ergianella Halenia, and
possiblyBartonia and Veratrilla). Such lack of agreement between molecular phylogenetic
results and traditional taxonomic systems implying supra-specific taxa based on gross
morphology, and usually defined as lacking the distinctive features of related taxa, occurs in
several families (e. g. Hyacinthoideae in Hyacinthaceae [Pfosser & Speta, 1999, and
references therein], Lobelioideae in Campanulaceae [Busd, 2001, and references
therein], Psychotrieae in Rubiaceae [Nepokreetl, 1999], Veroniceae in Scrophulariaceae
[Albach & Chase, 2001]). The major difficulty in such cases is usually to identify new
characters (micromorphological, phytochemical, karyological etc.) that are distinctive
synapomorphies at the appropriate taxonomic level, in order to elaborate a new system
reconciling taxonomy and phylogeny.

Using the molecular phylogeny as a reference, the significance of morphological (Shah,
1984; 1V), karyological (II) and palynological (Nilsson, 1967b, Jonsson, 1973; Ill) characters
was re-evaluated, and 13 of the 14 lineageSwertiacould be delimited by different
combinations of these characters (V). Disregarding the non-monophy®weftia the
lineages identified here did, for several of them, not match any infrageneric taxon or
synonymous genus. In this respect, the characters emphasised by Shah (1984) (seedcoat,
shape of ovary and stigma, structure of nectaries and appendages) seemed more pertinent than
the more trivial ones used by Ho al, (1988, 1994), in particular for the classification of
annual and biennial plants (type of ramification, naked vs. appendaged nectaries, corolla and
calyx tube length, sub-perennial habit, floral dimorphism). The question is thus not whether
our results support one or the other of the numerous segregates proposed foy &waotie
were found to be congruent with our results excepted Fasera and partly for
Anagallidium, but whether or not this large group of species should continue to be regarded as
a single nomenclatural entity. Because modifications are an intrinsic component of evolution,
and also the basis of taxonomic classifications, it has been argued that paraphyly is

inescapable, and that recognising monophyletic taxa only may lead to bad taxonomy
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(Brummitt, 2002). If the idea of splittin§wertiainto some 13 smaller genera may thus seem
daring, one should nevertheless consider that each of these lineages can readily be
characterised by unambiguous combinations of characters (IV), and it can be assumed that
more detailed micromorphological studies will uncover additional phylogenetically
informative characters. Moreover all these lineages may already be keyed out relatively easily
(see key in 1V). In addition to achieving a more coherent taxonomic system, the splitting of
Swertiawould contribute much to better grasp the diversity inSiertiinae In turn, the
recognition at generic level of some endemic (and for some of them endangered)
monospecific lineages such &srosularis S. swertopsiandS. tashiroicould better reflect

their value and facilitate their protection and/or conservation.

Existing names are available for Swertia 2 ( SwertopsidMakino; type: S. umbellata
Makino), Swertia4 (AnagallidiumGriseb.; type:A. dichotomun(L.) Griseb.), Swertia8
(AgathotesGriseb.; no type designated, RAit chirayitaG. Don,listed underAgathotesby
Don [1937]is eligible as lectotypeBwertia9 (OpheliaGriseb.; lectotypeO. ciliataG. Don,
selected by Garg [1987]), ar®lertial2 (Sczukinidurcz.; type:S. diluta(Turcz.) Turcz.).

Seven genera would have to be created de novo to acco@vidatia 1, Swertia 3, Swertg
Swertia6, Swertia7, SwertialO, and Swertid1. Yet, a formal taxonomic treatment aimed at
splitting the genus Swertigas not undertaken at this stage, as it seems that our understanding
of morphological evolution and of the evolutionary processes underlying the phylogeny of
Swertiinae can still be improved, and would result in a better appreciation and more precise
descriptions of new genera. This applies in particular to the three species of the «abominable»
clade §. hispidicalyx S. tenuisand S. yunnanensis), for which the taxonomic status under

which they could be placed is far from clear.
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Abstract. The genus Swertia L., as currently
defined, is polymorphic and mainly distributed in
temperate regions of the northern hemisphere.
Phylogenetic relationships between Swertia and
the other genera of the Swertiinae sensu Struwe
et al. (unpubl. data) are discussed based on
cladistic analyses of DNA sequence data. The
sequences used for this purpose include the #rnL
(UAA) intron, the intergenic spacers (IGS) be-
tween trnl (UAA) and trnF (GAA) exons, and
between #rnS (UGA) and ycf9 exons of cpDNA,
as well as the ITS region of nrDNA. Although
moderately resolved, the phylogenies resulting
from the separate analyses of nuclear and chlo-
roplast data are congruent, and the incongruence
length difference test (Farris et al. 1995) detected
no character incongruence. The phylogeny sug-
gested by the analysis of combined data sets
defines Swertia as strongly paraphyletic in relation
to the other genera. This taxon may have acted as
a stem group, giving rise to diverse linecages, some
of which are morphologically distinct and have
been recognised at the generic level. Latouchea and
Obolaria are closely related and occupy the
basalmost position in the molecular tree. Swertia
species are distributed in 9 different clades, three
of which share a basal polytomy with Bartonia,
Frasera, Gentianopsis, Halenia, —Megacodon,
Pterygocalyx and Veratrilla. Two lineages have
an intermediate position. The remaining 4 clades
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occupy a more derived position. Two of the latter
clades show a close relation with species of
Gentianella s. str., and one is included in a large
clade comprising Comastoma, Jaeschkea and Lo-
matogonium. Selected character states and their
proposed polarity, such as number and structure
of nectaries, stylar and seedcoat characteristics,
pollen morphology, fusion of floral parts and
chromosome number are discussed in the context
of molecular data. Rugose, spinose, or winged
seeds are found mainly in basal lineages, while
smooth ones are typical for derived species.
Chromosome numbers follow a similar pattern
with x =13 restricted to basal lineages, while in
more derived clades, x is always smaller than 13.
With respect to the molecular phylogeny, taxo-
nomic circumscriptions in the Swertiinae sensu
Struwe et al. (unpubl. data) does not seem to
reflect phyletic relationships.

Key words: Gentianaceae, Swertia, phylogeny,
paraphyly, nectary, ITS, trnL, trnL-F, trnS, ycf9.

Introduction

Since the last infrafamilial classification of
Gentianaceae published by Gilg (1895), the
circumscription of the subtribe Gentianinae
has remained quite stable. Obolaria and




Bartonia were included in Grisebach’s (1845)
tribe Swerticae by Bentham and Hooker
(1876) but were subsequently removed from
the Gentianinae by Gilg (1895). Both genera
were reincluded therein following the recent
molecular results of Struwe et al. (1998). The
Gentianella-lineage (Gillett 1957; Toyokuni
1962, 1963; Ho and Liu 1990), in opposition
to the Gentiana-lineage, was defined to include
those genera of the subtribe Gentianinae sensu
Gilg (1895) that have corolline nectaries,
corolla lobes with 5-9 vascular bundles, corol-
las without plicae or folds and calyces without
an intracalycular membrane (present in Gen-
tianopsis but of a different nature than in
Gentiana (Gillett 1957)). The genera that fall
into this category and that are dealt with in
this study are Comastoma, Frasera, Gentianel-
la, Gentianopsis, Halenia, Jaeschkea, Loma-
togonium, Swertia and Veratrilla. The descrip-
tion of the Gentianella-lineage was a first step
towards the recognition of two distinct evolu-
tionary lineages in the Gentianinae Gilg.
Previous molecular studies have confirmed
these two lineages (Yuan and Kiipfer 1995,
Struwe et al. 1998). Pterygocalyx and Mega-
codon have whorls of nectaries at the base of
the ovary (Ho and Pringle 1995) but were
found to be distinct from Gentiana and its
allied genera by the molecular studies of Yuan
and Kiipfer (1995) and therefore also included
in the Gentianella-lineage. Latouchea also has
whorled nectaries at the base of the ovary but
has not been sequenced prior to this study.
Struwe et al. (unpubl. data) consider that
Gilg’s subtribe Gentianinae should be raised
to a tribal status and further divided into two
subtribes. These are subtribe Gentianinae
(Crawfurdia, Gentiana, Tripterospermum) and
subtribe Swertiinae (Bartonia, Comastoma,
Frasera, Gentianella, Gentianopsis, Halenia,
Jaeschkea, Latouchea, Lomatogonium, Mega-
codon, Obolaria, Pterygocalyx, Swertia, Verat-
rilla). Therefore, the Gentianella-lineage, as
used in the text and figures, is herewith defined
to include all the aforementioned genera and
corresponds to the subtribe Swertiinae sensu
Struwe et al.
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The genus Swertia L. is cosmopolitan in
distribution, although its ca. 150 species main-
ly occur in temperate regions of the northern
hemisphere. The genus is, however, represent-
ed in tropical regions and in the southern
hemisphere, and its highest species diversity is
in the Himalayas and in south-western China
(Meusel et al. 1978). Owing to the highest
species diversity and the occurrence of taxa
with the presumed ancestral characters (i.e. tall
perennial plants, pentamery, few-flowered
inflorescences, rugose seeds), Ho et al. (1994)
argued that south-western China is the centre
of origin of the genus. From there, Swertia has
perhaps diversified and dispersed to south-east
Asia as well to Africa and North America,
where they have formed two secondary centres
of diversification. There are two taxa in the
Arabian Peninsula and one species in Mada-
gascar. The genus is absent from Australia,
New Zealand and South and Central America.

Swertia was described by Linnaeus (1753),
in honour of Emanuel Swert, a botanical
author of the 17th century. The circumscrip-
tion of the genus has often been debated,
resulting in disagreements among researchers
of the family. Part of this debate is due to the
morphological similarities (i.e. nectariferous
and rotate corolla lobes) of the species of
Swertia and related genera to one another,
namely, Halenia, Lomatogonium and Veratril-
la. Many species of these genera were
described under Swertia, e.g. Lomatogonium
gamosepalum (as S. gamosepala), Veratrilla
baillonii (as S. mekongensis), Halenia cornicu-
lata (as S. corniculata). These genera are now
widely accepted as distinct from and perhaps
more advanced in evolution than Swertia
(Allen 1933, Liu and Ho 1992). Lomatogonium
was established as a distinct genus by Braun
(1830) based on Gentiana carinthiaca Froehl.
on grounds of its decurrent stigma. Veratrilla
is dioecious and Halenia has spurred corolla
lobes except in sect. Swertiella (Allen 1933)
where the corolla lobes have short protuber-
ances.

In addition to the similarities with the
aforementioned genera, the definition of
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Swertia proper has varied significantly since it
was first described by Linnaeus. Many other
genera were segregated from it, while others
were redundantly described from Asia, North
America, Europe and Africa. The following
taxa are now recognised as synonyms of
Swertia (Shah 1990, 1992; Pringle 1993; Ho
and Pringle 1995; Garg 1987): Frasera Walter
(1788), Tesseranthium Kellogg (1862) and
Leucocraspedum Rydb. (1917) from North
America; Anagallidium, Ophelia, Agathotes
Griseb. (1839, 1845) and Kingdon-Wardia C.
Marquand (1929) from the Himalayas; Sczuki-
nia, Stellera and Rellesta Turcz. (1840, 1849)
from eastern Asia; Monobothrium Hochst.
(1844) from Africa; Swertopsis Makino (1891)
from Japan; Blepharaden Dulac (1867) from
the Pyrénées. Henricea Lem. (1824) is not valid
due to its earlier use in Asteraceae. For
Grisebach (1845), the generic concept of Swer-
tia was narrow, that is, Anagallidium, Stellera
and Ophelia were segregated from Swertia, and
Frasera was accepted as a distinct genus.
Bentham and Hooker’s (1876) generic concept
of Swertia was basically similar to that of
Grisebach. Gilg (1895) listed the species of
Frasera under his section Euswertia. Frasera is
perhaps the most controversial of the variously
described synonyms of Swertia. Kuntze (1891)
discussed its generic relationships and reduced
the taxon under Swertia. Card (1931) revised
Frasera and recognised it as a distinct genus.
Frasera was restored to Swertia by St. John
(1941) and extensively dealt with by Pringle
(1979, 1990) where evidence was presented in
favour of its inclusion in Swertia. On the other
hand, Toyokuni (1965) even went beyond
recognising Frasera as a distinct genus and has
moved some species of Swertia, e.g. S. tashiroi,
S. pseudochinensis and S. bimaculata to Frasera
and made new combinations of names accord-
ingly. However, Toyokuni’s systematic treat-
ment of Frasera has not been widely accepted.
It is evident from this brief account that the
generic concept of Swertia has never been
stable, mainly because macromorphological
characters do not exhibit clear enough patterns
to unambiguously justify taxonomic units.
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Nilsson (1964, 1967, 1970) initiated exten-
sive pollen micromorphological studies in the
Gentianinae to shed a new light on possible
relationships. Bartonia and Obolaria were ex-
amined by Nilsson and Skvarla (1969). African
species of Swertia were extensively investigated
by Jonsson (1973). Pollen morphology in the
subtribe was found to be variable although its
utility for taxonomic purpose seems limited. A
few genera or sections are clearly discriminated
by their palynological features, but the authors
also report that similarities between other gen-
era and sections are too confusing to allow a
comparison. In the case of Obolaria, pollen
morphology does not even support its inclusion
in the Gentianinae preferably to the Chironiinae
(as Erythraeinae in Nilsson and Skvarla 1969).
Nevertheless, Nilsson (1967) described palyno-
logical affinities between Frasera and Halenia,
and between Lomatogonium and Comastoma,
and also noted that the pollen of these four
genera shares common aspects. The pollen of
Swertia is morphologically heterogeneous and
variable. African species could be categorised
into three groups, but no such clear distinction
could be made for Asiatic species. The genera of
the subtribe, thus, exhibit reticulate relation-
ships with regard to their palynological data.

Some authors have used karyological data
to attempt to establish natural genera and
phyletic hypotheses in the Gentianella-lineage.
Loéve and Love (1956) for example reduced
Comastoma to a section of Lomatogonium on
the grounds of shared base numbers (x =5).
Toyokuni (1965) on the other hand recognised
three sub-groups based on morphological
similarities in the Gentianella-lineage and, fol-
lowing Favarger (1962), favoured the hypo-
thesis of parallel evolution of karyotypes to
account for the co-occurrence of identical base
numbers in the three sub-lineages (Halenia
with x =11, Swertia-Frasera with x =15, 12, 13,
Gentianella, Gentianopsis, Comastoma, Loma-
togonium, Jaeschkea with x=5, 9, 11, 13).
Karyological considerations were also brought
up by Post (1956) to justify the generic rank of
Frasera. Unfortunately, relatively few species
were cytologically documented at that time




(i.e. 6 for Swertia s. 1., and even less for the
other genera), and these views were not widely
adopted.

Previous molecular results (Yuan and
Kiipfer 1995, von Hagen and Kadereit 2001)
revealed possible polyphyly or paraphyly in
Swertia, but the limited number of species
sampled prohibited estimating to which extent.
In view of the summary of the systematic
problems involved with regard to the generic
concept of Swertia and the lack of a rigorous
molecular phylogeny of the members of the
Gentianella-lineage, the present study mainly
addresses 1) the circumscription of Swertia,
i.e., to test the monophyly of Swertia in regard
to its current taxonomic definition, 2) the
systematic position and affinities of Swertia to
related genera in the Gentianella-lineage and 3)
the phylogeny of the genera of the Gentianella-
lineage.

Materials and methods

Taxon sampling. The species included in this study
are listed in Table 1. Those sequences retrieved
from Genbank are indicated with an asterisk
following their accession numbers. All the genera
included in the Swertiinae sensu Struwe et al.
(unpubl. data) are represented. Sampling of Swer-
tia species has taken the following parameters into
consideration: geographical distribution, morpho-
logical variation such as number and features of
nectaries on corolla lobes, seed surface morphol-
ogy (smooth and rugose), palynology, habit
(annual, monocarpic and polycarpic perennials)
and existing infrageneric classifications (Ho et al.
1994; Shah 1990, 1992). All the geographical and
morphological groups in this taxon are sampled,
except for a few monotypic groups for which
material was not available. A total of 48 opera-
tional taxonomic units (OTUs) are included in
this study as representatives of the ingroup taxa.
Three Gentiana species were used as outgroup,
following the latest molecular studies of the
Gentianaceae — Gentianinae (Yuan and Kiipfer
1995, Struwe et al. 1998). They were selected from
26 other species of the Gentiana-lineage (including
Crawfurdia and Tripterospermum) following a
preliminary analysis of ITS sequences such as to
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minimise long-branch attraction between ingroup
and outgroup taxa.

Molecular markers. Five molecular markers
were used in this study, i.e. internal transcribed
spacers of ntDNA (ITS1 and ITS2), and noncoding
regions of chloroplast DNA (#rnL intron, trnL-F
and #rnS-ycf9 intergenic spacers). Primers ITSS
(5-GGAAGTAGAAGTCGTAACAAGG-3’) and
1TS4 (5-TCCTCCGCTTATTGATATGC-3")
(White et al. 1990) were used for the amplification
of the internal transcribed spacers of the nuclear
ribosomal DNA. The name and sequences of
primers used for the amplification of #rnL in-
tron and IGS #rnL-F follow Taberlet et al. (1991).
Primers “c” (5-CGAAATCGGTAGACGCTAC-
G-3), “d” (5-GGGGATAGAGGGGACTTGA-
AC-3’) were used for the amplification of #rnL
(UAA) intron and “¢” (5-GGTTCAAGTCCCTC-
TATCCCC-3") and “f” (5-ATTTGAACTGGTG-
ACACGAG-3") were used for the spacer between
trnL- (UAA)- 3-exon and trnF-(GAA) gene.
The spacer between trnS- (UGA) and ycf9 genes
was amplified with primers #rnS (5-GAGAGAG-
AGGGATTCGAACC-3) and #rnfM (5-CATA-
ACCTTGAGGTCACGGG-3") (Demesure et al.
1995).

DNA extraction. DNA was extracted from
silica gel dried leaf tissue (Chase and Hills 1991).
Total DNA extraction was made using the CTAB
procedure of Doyle and Doyle (1987).

Polymerase chain reaction (PCR). Double-
stranded DNA was directly amplified by PCR of
all markers. Reaction volumes were 25 ul and
contained 2.5 pl 10X PCR buffer, 1 pl 25mM
Mg*", 0.5pul 10mM dNTPs, 0.5 ul of 10mM
primers, 0.2 pl HotstarTaq polymerase (Su/ul)
(QIAGEN, Basel), and 17.05 pl ddH,O. About
1020 ng genomic DNA was added to the PCR
cocktail. PCR was performed in a Biometra®
Tgradient thermal cycler and consisted of 15 min
at 95 °C for the activation of the Hotstar polymer-
ase, followed by 30 cycles of 30 sec at 94 °C, 30 sec
at 55°C, 1 min 30sec at 72 °C with a final
extension period of 4 min at 72 °C.

PCR purification and sequencing. The quality
and quantity of the PCR products were checked on
0.8% agarose gel using a mini-gel applying a low
voltage. There was always a single sharp band
resolved on the gel for ITS, #rnL intron and IGS
trnL-F after each polymerase chain reaction.
PCR products were purified using QIAquick™
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purification kit (QIAGEN AG, Basel) following
the manufacturer’s protocol prior to sequencing.

Cycle sequencing was performed using the
dideoxy chain termination method using an ABI
PRISM ™ BigDye™ Terminator cycle sequencing
kit with AmpliTag DNA polymerase FS (Applied
Biosystems) in a Biometra® Tgradient thermal
cycler (5 ul reaction volumes). Cycling parameters
were 25 cycles of 20 sec at 96 °C for denaturation,
10 sec at 54 °C for primer annealing and 4 min at
60 °C for primer extension. The cycle sequencing
products were cleaned by ethanol precipitation and
applied to the ABI 310 automated sequencer
(Applied Biosystems). Basecalling was checked on
the chromatograms using Sequence Navigator
(Applied Biosystems) and edited manually when
necessary. Sequences have been deposited in Gen-
bank with their accession numbers indicated in
Table 1.

Sequence alignment. The boundaries of ITS
and #rnL intron in the study material were
determined by comparison with Gentiana sequenc-
es (Yuan and Kiipfer 1995, Gielly et al. 1996). The
limits of IGS #rnS-ycf9 and IGS #rnL-F were
established by comparison with sequences of
Arabidopsis thaliana, Nicotiana tabacum and Zea
mais (Genbank numbers: AP000423, ZOOO044,
X86563). ITS sequences were preliminarily aligned
with ClustalX (Tompson et al. 1997) and subse-
quently hand-adjusted. Chloroplast sequences
were aligned manually in order to respect indel
events otherwise not recognised. Potentially infor-
mative indels of more than 1 base were recoded (1
for presence, 0 for absence) and added to the data
matrix. The data matrix is available from the
authors on request.

Phylogenetic analyses. All data sets were ana-
lysed with heuristic parsimony searches using
PAUP*, v.4.0b4 (Swofford 2000). In all analyses
characters were equally weighted and unordered
(Fitch 1971). Gaps were treated as missing data. All
searches consisted of 1000 random taxon addition
sequences with TBR branch swapping, MULPARS
and ACCTRAN options on; branches with mini-
mum lengths of zero (“amb-"") were collapsed to
form polytomies.

For the results based on both separate and
combined data, the robustness of individual clades
was evaluated using jackknife with 37% deletion
(Farris 1996) as implemented in PAUP*, and decay
index (Bremer 1988, Donoghue et al. 1992). Decay
analyses were performed with AutoDecay (Eriks-
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son and Wikstrom 1996) and trees were viewed
with TREEVIEW (Page 1996).

A monophyletic Swertia topology was used as
constraint tree in PAUP*. Most parsimonious trees
found under this condition were compared with the
unconstrained topologies using Templeton’s signif-
icantly less parsimonious (SLP) test (Templeton
1983).

Data combination and congruence testing. By
increasing the number of characters in an analysis,
phylogenetic signal may assert itself over the noise
(coincidental similarity due to homoplasy) from
each individual data set, resulting in a more
accurate estimate of the true phylogeny (Barrett
et al. 1991, Mishler 1994, Olmstead and Sweere
1994). However, heterogeneity among data sets
other than sampling error, such as different sto-
chastic processes acting on the characters or
different branching histories, can lead to erroneous
phylogenetic inferences. Under such a circumstance
it is justified to keep the data sets separate or to use
a consensus method (Bull et al. 1993, de Queiroz
et al. 1995). Following the conditional data com-
bination approach (Huelsenbeck et al. 1996), we
have used the incongruence length difference (ILD)
test of Farris et al. (1995) (with 100 replicates and
same settings as for other analyses) as implemented
in PAUP* to assess the character congruence
between the different data partitions (ITSI, ITS2,
trnL, IGS trnL-F, 1GS trnS-ycf9).

Results

Characteristics of ITS sequences. The spacer
length ranges from 173 to 237 bases for ITS1
and from 226 to 232 bases for ITS2. When
aligned, the consensus sequences have 268 and
267 sites for ITS1 and ITS2, respectively. Out
of these, 6 were excluded from ITS1 and 16
from ITS2 because of alignment ambiguities,
leaving respectively 116 and 113 informative
sites. ITS1 sequences were found to be slightly
less divergent (1%-25%) than ITS2 (1%-
28%). Among species of Swertia, sequence
divergence ranges from 0.5% up to 16%,
whereas this difference can be much lower
than between some Swertia species and species
of markedly different genera like Gentianella
and Megacodon. At 152 sites, gaps were
needed to accommodate this relatively high
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divergence, and only one potentially informa-
tive indel larger than 1 nucleotide was found.

ITS phylogeny. The parsimony analysis
carried out using PAUP* resulted in 70 equally
parsimonious phylogenetic trees of 980 steps
(CI=0.50, RI=0.53 including autapomor-
phies). Their strict consensus is presented in
Fig. 1a. The single possibly informative indel
situated near the end of ITS2 has no influence

Swertia crassiuscula
Swertia engleri
Swertia cuneata
Gentianella foliosa
Gentianella umbellata
Swertia punicea
Swertia binchuanensis
Swertia macrosperma
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Veratrilla bailloni
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Bartonia virginica
Swertia kilimandscharica
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Comastoma puimonarium

Lomatogonium brachyantherum
Lomatogonium macranthum

— Swertia aff. pseudohookeri

on the resulting trees. Although relatively low,
the ILD test value (p =0.1) indicates that ITS1
and ITS2 are not significantly incongruent.
Separate analysis of ITS1 and ITS2 offered a
very poor resolution, high homoplasy indices
and received no jackknife support. Some
branches are exclusively found in the analysis
of one or the other data set only and, in view
of their lack of support, are likely to be due to

100
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Fig. 1. Strict consensus trees of A 70 most parsimonious trees of 980 steps, CI=0.50, RI=0.53 (including
autapomorphies) from nuclear DNA analysis; B 24 most parsimonious trees of 659 steps, CI=0.75, R =0.77
(including autapomorphies) from chloroplast DNA analysis. Above branches: jackknife values if greater than

50%. Below branches: decay index
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random error and may in turn account for the
low ILD test value.

The ITS phylogeny presents an important
polytomy at its base, that consists of several
well supported clades. Latouchea forms a
sister-group relationship with Obolaria. Gen-
tianopsis and Pterygocalyx are strongly asso-
ciated, as well as the two sampled species of
Frasera, that join in an independent clade
with high support. Megacodon forms an
1solated branch, as does Bartonia. Veratrilla
shows a sister group relationship to the
Halenia — Swertia clade with moderate jack-
knife value (66%) and decay index (d=3).
Swertia is present pro parte in this basal
polytomy, notably in the well-supported clade
containing the type of the genus, S. perennis.
Two species (S. bimaculata and S. tetraptera)
show a close link with Halenia. Swertia
tashiroi does not group with any other
Swertia species present at the base of the
tree. Swertia decora and S. delavayi also form
a highly supported clade.

The upper part of the tree is better
resolved, although jackknife support is below
50% for deeper nodes, with at its base the
moderately supported clade of S. aff. pseudo-
hookeri — S. chirayita. The Lomatogonium —
Comastoma clade lacks support as a whole,
but L. brachyantherum is associated to
Comastoma with good jackknife and decay
values. Jaeschkea is placed in a polytomy with
the S. ciliata — S. pubescens clade and the S.
yunnanensis — S. hispidicalyx clade. Gentianel-
la species are more closely related to Swertia
than to Comastoma, Lomatogonium or Gen-
tianopsis. Within the uppermost Swertia
clade, they formed a monophyletic sister
taxon to S. punicea and S. binchuanensis with
a jackknife and decay index support of 67%
and 2, respectively.

Characteristics of chloroplast sequences.
The chloroplast sequence length ranges from
361 to 393 bases for the fruL intron, from 234 to
403 bases for the IGS #rnL-F and from 271 to
350 bases for the IGS #rnS-ycf9. This variation
is mainly due to long A/T repeats in trnL, and
to indels in the two IGS’s. When aligned, the
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sequences have 496, 678 and 474 sites for trnL,
trnL-F and #rnS-ycf9, respectively. Out of
these, 90 were excluded from trnl, 245 from
trnL-F and 21 from #rnS-ycf9 because of
alignment ambiguities, leaving respectively 59,
83 and 76 informative sites. trnlL-F sequences
were found to be slightly more divergent (0%—
19%) than trnl. (0%—12%) and truS-ycf9
(0%—-11%). When the three data sets are
combined, the sequence divergence ranges from
0% to 14%. As noticed in ITS, chloroplast
sequence divergence between Swertia species
and other genera can be much lower than
between two different species of Swertia. 32
potentially informative indels of more than 1
nucleotide were recoded and added to the data
matrix (5 from #rnl, 14 from IGS trnL-F and
13 from IGS #ruS-ycf9).

TrnL intron, trnl-F and trnS-ycf 9 intergen-
ic spacer phylogeny. The parsimony analysis of
the chloroplast data resulted in 24 trees of 659
steps (CI=0.75, RI=0.77 including autapo-
morphies). The three chloroplast partitions
were found to be congruent with p=0.42.
Figure 1b presents the strict consensus of the
24 most parsimonious trees, which offers
a moderate degree of resolution. The basal
polytomy suggested by the ITS data is partly
resolved by the chloroplast sequences. The
Gentianopsis — Pterygocalyx clade and the
Obolaria — Latouchea clade appear at the base
of the tree, with a jackknife value of 75% and a
decay index of 2 supporting their segregation
from the remaining taxa. Also, the Swertia
decora — S. delavayi clade is excluded from this
polytomy with good support. For the remain-
ing taxa, the branching is identical to the one
found by the analysis of ITS data, with the
exception of Veratrilla, that is not placed
inside the Swertia — Halenia clade.

The upper part of the tree consists of a large
pentatomy, in which the individual clades are
well supported. Here again, but with less reso-
lution, the branching is similar to the ITS
phylogeny, with the exception of Jaeschkea
and the S. yunnanensis — S. hispidicalyx clade,
that are included in a well supported clade along
with Lomatogonium and Comastoma. As in the
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ITS phylogeny, L. brachyantherumforms a sister
group relationship with Comastoma species,
although this clade does not group with the
remainder of Lomatogonium species.

Combined nuclear and chloroplast DNA
phylogeny. The ILD test probability was 0.54
in favour of homogeneity between nuclear and
chloroplast data. All branches whose position
differs across the trees received low statistical
support in at least one tree, or formed a
polytomy.

The analysis of equally weighted characters
yielded 48 trees of 1649 steps (CI=0.60,
RI=0.62). This represents only 10 more steps
than the sum of the most parsimonious trees
obtained by separate analysis of nuclear and
chloroplast data. Figure 2 presents their strict
consensus.

Statistical support is globally increased, not
only for clades recognised independently from
each data set, but also for the deeper nodes in
the upper half of the tree. The phylogeny
inferred from the combined data sets presents
a different branching pattern than the ones
obtained from separate analysis. In the com-
bined tree, Obolaria and Latouchea are the
basalmost taxa, as suggested by the chloroplast
tree, whereas Gentianopsis and Pterygocalyx
are placed in the large basal polytomy. Data
combination has brought no further resolution
of this polytomy, except for the grouping of
Bartonia and S. tashiroi. The position retained
for Veratrilla is the same as in the ITS tree.
Swertia decora and S. delavayi are placed
according to the chloroplast tree, whereas the
position of S. chirayita and S. aff. pseudohook-
eri follows the ITS tree. Jaeschkea and the
S. hispidicalyx — S. yunnanensis clade group
with Comastoma and Lomatogonium as it is the
case in the chloroplast phylogeny. The position
of Gentianella species as sister group to S. binch-
uanensis S. punicea remains unchanged. The
S. crassiuscula — S. macrosperma clade, present
but poorly supported in the ITS tree, and not
detected in the chloroplast tree, has a good
jackknife support in the combined phylogeny.

The phylogenetic relationships resolved in
these analyses confirm previous molecular
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studies suggesting the paraphyly of Swertia
(Yuan and Kiipfer 1995, von Hagen and
Kadereit 2001). This idea has been further
investigated by searching for trees compatible
with a constrained monophyletic Swertia
clade. Such trees are 31 steps longer (ITS), 16
steps longer (chloroplast data), and 46 steps
longer (combined data) than the unconstrained
most parsimonious trees, clearly departing
from the notion of sub-optimality (p < 0.1
in SLP test for all data sets).

Discussion

Phylogeny of Swertiinae and Swertia. The
potential difficulties inherent to the distinction
between a gene tree and species phylogeny
were explored in detail (e.g. Doyle 1992).
Combining data sets increases the phylogenetic
signal, which may in turn increase support for
the ““‘correct” phylogenetic tree (Bremer et al.
1999, Hardig et al. 2000, von Hagen and
Kadereit 2001). The resolution of the internal
clades and high jackknife values due to the
analyses of the combined data sets in the
Gentianella-lineage suggests that this is also
the case in our study. The tree derived from the
analysis of combined data sets was thus used
as final phylogenetic hypothesis.

Swertia, as currently defined in regional
floras or otherwise (Pringle 1990, 1993; Shah
1990, 1992; Ho and Pringle 1995), is not a
monophyletic taxon when considering the
molecular data. It is a strongly paraphyletic
stem group, and the data suggest that different
ancestral taxa or lineages of Swertia account
for the origin of several morphologically dif-
ferent genera of the Gentianella-lineage. Nev-
ertheless, despite the use of 5 different markers,
parsimony analysis of our data still leaves two
major polytomies unresolved.

Phylogenetic relationships in the Gentianel-
la-lincage have been addressed previously
(Yuan and Kipfer 1995, Struwe et al. 1998,
von Hagen and Kadereit 2001), yet, only few
of the concerned taxa were included, and the
phylogenies were based on fewer markers.
These studies differ from our results notably
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by proposing additional resolution for some
branches included in the polytomies of our
tree, although these relationships receive only
low statistical support. Whether the lack of
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synapomorphies that would allow resolving
these polytomies is due to a rapid geographic
isolation of these lineages is not clear. Never-
theless, it can be noted that many of the basal
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Fig. 2. Strict consensus tree of 48 most parsimonious trees of 1649 steps, CI=0.60, RI=0.62 (including
autapomorphies) from analysis of combined data. Above branches: jackknife values if greater than 50%. Below
branches: decay index. In regard: states for the principal characters discussed in the text. References for
chromosome numbers: (1) Hedberg and Hedberg (1977), (2) Nemomissa (1994), (3) Gagnidze et al. (1992), (4)
Krogulevitch (1978), (5) Yuan and Kiipfer (1993), (6) Yuan et al. (1998), (7) Khoshoo and Tandon (1963), (8)
Mehra and Gill (1968), (9) Weaver and Rudenberg (1975), (10) Pringle (1981), (11) Ho et al. (1999), (12)
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clades consist of geographically isolated taxa,
and/or genera represented by only a few
species. Swertia tashiroi is an insular endemic
in Taiwan and the south-western islands of
Japan. Its fleshy habit and chromosome num-
ber (2n=52) distinguish it from all the other
Swertia species included in the basal polytomy.
Megacodon is a distinct genus comprising only
two species restricted to the eastern Himala-
yas. Veratrilla is morphologically very close to
Swertia but its two species are clearly dioe-
cious, a very rare trait in the Gentianella-
lineage. Latouchea (1 species) is endemic to
south-eastern and south-western China. Bar-
tonia (4 species) and Obolaria (1 species) are
North American saprophytes. Frasera (14
species) is also restricted to North America
and, despite an indubitable resemblance with
Swertia, seems to have differentiated indepen-
dently from the remaining Swertia species.

As suggested in Yuan and Kiipfer’s (1995)
ITS tree and von Hagen and Kadereit’s (2001)
matK/ITS tree, Comastoma and Lomatogoni-
um also group together in our phylogeny, but
in a broader clade including Swertia pro parte
and Jaeschkea. Lomatogonium was found to
be polyphyletic by von Hagen and Kadereit
(2001) and our results also suggest its para-
phyly in relation to Comastoma. Lomatogo-
nium  brachyantherum has none of the
characteristics of Comastoma (corolla lobes
fused in a tube with fringed scale at its base).
The scenario that such an observed clustering
of L. brachyantherum with Comastoma has its
root in an erroneous definition of the taxon is
ruled out. The Gentianella species form a clade
corresponding to the Gentianella s. str. (uni-
nectariate) clade of von Hagen and Kadereit
(2001) with the same Swertia species as sister
clade. Binectariate Gentianella species are ab-
sent from our taxon sample but were placed
clearly outside of the Gentianella s. str. clade
and close to Lomatogonium species in von
Hagen and Kadereit’s (2001) study. Note that
Jaeschkea microsperma 1is included in the
broad Lomatogonium — Comastoma — Swertia
clade in our combined phylogeny, whereas
J. oligosperma was found to be clearly sepa-
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rated from the former two genera in von
Hagen and Kadereit’s (2001) matK/ITS tree.

Morphology and molecular data. The Gen-
tianella-lineage is an assemblage of genera that
exhibit intrageneric polymorphism on one
hand, and unprecedented morphological ties
with each other on the other. The presence of
corolline nectaries, regardless of the fine details,
is one major feature shared by nearly all genera
and has been emphasised as representing a
different line of evolution in subtribe Gentian-
inae (Meszaros 1994). According to Ho and
Pringle (1995), nectaries are sometimes absent
in Pterygocalyx. Megacodon, Latouchea and
Obolaria are different by bearing nectaries in a
whorl at the base of the ovary like in Gentiana.
Regarding Obolaria, Holm (1897) states that
“the corolla bears nectaries”, and describes a
scale halfway between the base of the filament
and the base of the corolla tube. He then adds
that “‘the grooves are very imperfect”. Howev-
er, Lindsey (1940) reports glandular material at
the base of the ovary. Wood and Weaver (1982)
believe that the latter are more likely the
nectaries. Concerning Bartonia, neither Wood
and Weaver (1982) nor Holm (1907) mention
nectaries. A recent collection of B. Virginica
was examined by the authors. The basal part of
the corolla lobes was found to be thickened and
of brownish-green colour. It was not possible
to assess if this tissue is glandular but it is
reminiscent of the nectariferous tissue found
in S. tashiroi or S. bimaculata.

Corolline nectaries are either fimbriate or
naked, with or without well-developed mar-
ginal scales, or even sunken in spurs as in
Halenia. The nectary features such as number,
as well as their nakedness or fimbriation were
used for the segregation of genera. But in
regard to the molecular phylogeny, nectaries
cannot be considered as reliable synapomor-
phic characters at the generic level. Their
number may be identical between two distantly
related clades, and, similarly, naked nectaries
characterise distantly related genera like Bar-
tonia (7), Comastoma, Gentianella, Gentianop-
sis, Pterygocalyx as well as some species
of Swertia included in this study, e.g.
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S. bimaculata, S. volkensii and S. tashiroi.
Fimbriate nectaries are found in Frasera,
Veratrilla and Swertia, where the fimbriae
can also occur in association with a more or
less developed marginal scale. Spurs however
are restricted to Halenia sect. Haleniastrum
(Allen 1933). At the infrageneric level however,
von Hagen and Kadereit (2001) have shown
that nectary number and fimbriation are rep-
resentative of phylogenetic relationships in
Gentianella. Such a pattern is not found for
Swertia species.

Little has been published on the pollination
biology of Swertia and allied genera. In their
observations, Khoshoo and Tandon (1963)
note that even in mixed populations of cross-
pollinated Swertia, nearly each studied species
has its specific pollinator and that the shape and
fimbriation of the nectaries seem to play an
important role in the pollinator specificity.
Under such pollinator-mediated selective pres-
sure, both fimbriate and naked nectaries may
have evolved several times and been acquired
independently in the different lineages of
the Gentianella-lineage from plesiomorphic
whorled nectaries situated around the ovary as
is seen in Latouchea, Megacodon and Obolaria.
To be noted, is that in a majority of cases, the
nectary itself is devoid of fimbriae in those taxa
where it is not readily accessible, i.e. when the
corolla lobes are fused (Bartonia (?), Comas-
toma, Gentianella, Gentianopsis, Jaeschkea), or
when hidden inside a spur as in Halenia sect.
Haleniastrum (Allen 1933). Similarly, a parallel
tendency towards conspicuous fimbriation can
be seen with the vascularised fimbriae at the
base of the corolla lobes in Gentianella and the
comparable but nonvascularised structure in
Comastoma. In Gentianopsis, fimbriae are ab-
sent, but the petals are fringed in many species.

When viewed in the context of the molec-
ular phylogeny, the character state of seed
shape and ornamentation doesn’t appear as
representative of relationships between genera.
Many unrelated taxa have smooth rounded
seeds, and, similarly, Veratrilla bailloni, Swer-
tia perennis and Frasera speciosa for example
all have flat annular winged seeds. Neverthe-
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less, seeds with well-developed ridges, wings or
coarsely papillose, and not rounded in shape
occur only in basal lineages, i.e. Latouchea,
Pterygocalyx, Gentianopsis, Frasera, Mega-
codon, S. perennis — S. kilimandscharica clade,
Veratrilla. Concerning the sampled species of
African Swertia, this character seems to be
congruent with the molecular data and con-
firms the grouping proposed by Nemomissa
(1994). For Swertia as a whole, it can be noted
that seeds in the S. perennis — S. kilimandscha-
rica clade are different from those of all other
species. They are either corrugate-cristate
(S. volkensii, S. calycina, S. cordata), polyhe-
dral with spinose projections (S. angustifolia)
or flat with an annular wing (S. perennis). All
other species of Swertia have seeds more or less
rounded, with a smooth to warted testa (rarely
small wings in the S. aff. pseudohookeri group).
Future investigation of a broader taxon sam-
ple will allow assessing with more precision the
reliability of this character.

Molecular results were also compared with
the detailed pollen studies carried out by
Nilsson (1964, 1967, 1970), Nilsson and
Skvarla (1969) and Jonsson (1973). According
to Nilsson, pollen morphological data are
difficult to interpret due to similar pollen types
in unrelated taxa throughout the Gentianella-
lineage, and also to transitional sexine patterns
when more material is investigated. Only few
suggestions regarding inter-generic pollen mor-
phological affinities were made. Nilsson’s re-
mark that the pollen structure of Comastoma
and Gentianopsis|/Pterygocalyx is clearly dif-
ferent from that of Gentianella is supported by
our tree, as well as the affinity of Comastoma
with Lomatogonium. Likewise, the pollen of
Frasera is different from that of most other
Swertia species. On the other hand, the simi-
larity between the pollen of Halenia and
Lomatogonium/Comastoma 1is not congruent
with the molecular data. Concerning Swertia,
Nilsson treated the species according to their
geographic distribution and only made com-
ments on a few interesting taxa. The African
species are divided in 3 groups. In the S. cras-
siuscula type, the exine is beset with spinules.
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The distinction between the other two groups
(S. kilimandscharica and S. volkensii types) is
less marked, and there are a number of species
with transitional pollen morphology (Jonsson
1973), but both types are devoid of spinules.
This is congruent with the molecular tree.
Regarding the Asiatic species, such a clear
correlation between Nilsson’s five pollen types
and our tree cannot be found. Spinuliferous
exine seems to be a good character in discrim-
inating the two African clades, but in the
context of the whole Gentianella-lineage, this
trait appears to be homoplasious. Beside the
African species of the S. crassiuscula type,
spinules are found in S. cuneata, the only
Himalayan species belonging to the African
S. crassiuscula clade, S. tashiroi and Loma-
togonium p.p.

The presence of a style has been used as a
distinguishing feature in the segregation of
Frasera from Swertia by Bentham and Hooker
(1876) and has been commonly retained by
later authors as a diagnostic character of the
taxon. At that time, little was known of the
global variability of Swertia, but it is now
evident that styled stigmata are found in many
Swertia species. Besides, as Pringle (1990)
mentions for Swertia perennis and Frasera,
stylar differences are ‘“‘a matter of relative
length rather than being qualitative”. When
viewed in regard to the molecular tree, it is
clear that this trait does not reflect phyloge-
netic relationships in the genus.

Another morphological marker worth con-
sidering is the fusion of corolla lobes to form a
tube. Although petals are fused in all the taxa
of the Gentianella-lineage, the tube is nearly
inconspicuous in Frasera, Lomatogonium,
Swertia and Veratrilla, in contrast to the other
genera where it is well developed. This floral
trait has significantly contributed to the con-
fusion in the taxonomy of the Gentianella-
lincage. As shown by the phylogenetic tree,
corolla tubes have appeared and disappeared
several times in the group. Therefore, phylo-
genetic inferences and subsequent grouping
based on the extent of corolla tube formation
may be misleading.
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Ho et al. (1994) have suggested a polarity
in the evolution of morphological characters
for the purpose of phylogeographic hypotheses
in Swertia. They define ancestral characters as
tall, perennial plants with a solitary stem, with
few, rather large pentamerous flowers and
corrugate-cristate seeds (sect. Rugosae). More
advanced species would be rather small annu-
als with many tetramerous flowers borne on
branched stems, with smooth to warted,
rounded seeds. A comparison with our phy-
logeny calls for the following remarks. The
(perennial versus) annual habit (of the species)
seems to be polyphyletic and reflects more
ecological requirements than phylogenetic re-
lationships. There are two examples in the tree
where perennials and annuals occur in the
same clade. Swertia calycina and related spe-
cies are all perennial and mainly of alpine
ecology. These species are closely related to
annual species of the S. angustifolia type that
occur at lower elevations. The same pattern is
valid for the S. aff. pseudohookeri (perennial)
and S. chirayita (annual) groups of species. As
discussed above, the character state of rugose
or winged seeds does seem to be partly
synapomorphic with respect to our phylogeny
and proper to the basal S. calycina -
S. kilimandscharica lineage of Swertia.

Cytological data and taxonomy. As pointed
out by Pringle (1990), earlier taxonomic defi-
nitions and phyletic hypotheses based on
chromosome counts of a restrained number of
species of the Swertia complex have not been
confirmed by the increasing number of counts
of new taxa. Many species in the Gentianella-
lineage have been recently studied cytologically,
giving rise to new considerations (summarised
by Yuan 1996 and Pringle 1990). Concerning
Swertia s. 1., Pringle notes that there are two
prevailing base numbers, i.e. x=13 and x =10,
with a few aneuploid and polyploid species in
both groups. This is congruent with our results,
where all species from S. pubescens upward in
the tree have n=9, 10, 18, all others sharing
n=13, 14, 26. Only S. tetraptera (n=7) (Ho
et al. 1999) departs from this picture. More
generally, and despite the lack of data for
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several genera, x =13 seems to be common in
the basal lineages, although there are a few
variations around this number. The paucity of
species investigated in the more derived clades
(S. pubescens uvpward and particularly Loma-
togonium and Comastoma), coupled with a
greater variability of chromosome numbers still
keeps us from understanding karyological
relationships. Yuan and Kiipfer’s (1993) sug-
gestion that Comastoma (x =8, 9) shows more
affinity with Lomatogonium (x =8) than with
Gentianella (x=9) from a karyological and
morphological point of view is also supported
by our phylogeny. The position of Jaeschkea
(n=28) close to Lomatogonium and Comastoma
is also congruent with the karyology, although
different chromosome numbers have been
reported for other Jaeschkea species (n=9, 11
for J. oligosperma (as J. gentianoides) (Gohil
et al. 1981, Koul and Gohil 1973) and n=10
for J. canaliculata (as J. latisepala) (Mehra and
Vasudevan 1972, Vasudevan 1975)).

The importance of polyploidy associated to
dysploidy and/or hybridisation has been
stressed in the explanation of the karyotype
evolution of Gentianopsis and particularly of
Gentiana (Yuan and Kiipfer 1993, Yuan 1996).
Several examples of polyploidy can be found in
our phylogeny (e.g. Bartonia, Frasera speciosa,
Obolaria, Swertia tashiroi, S. pubescens). Cases
of up dysploidy are found in S. perennis and
Obolaria. Down dysploidy seems to be more
frequent, e.g. Pterygocalyx, S. bimaculata,
Halenia spp., S. pubescens. The case of
S. tetraptera illustrates the importance of this
factor in the karyological evolution of the
Swertiinae. Its position in the phylogeny sug-
gests that it is derived from an ancestor with
n = 13 and that dysploidy may have affected up
to 12 chromosomes during the evolution of this
taxon. In regard to the molecular phylogeny, it
seems that parallel evolution of karyotypes due
to the aforementioned factors may have led to
similar chromosome numbers in unrelated lin-
eages, e.g. between Gentianella spp. (n =9, 18)
and S. pubescens (n=18), or between Halenia
spp. (n=11) and Gentianopsis ciliata (n =22)
(Favarger 1949), at different ploidy levels.
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Systematics and the definition of Swertia. In
regard of the molecular phylogeny, most of the
genera in the Gentianella-lineage seem to be
monophyletic and relatively well circum-
scribed. This is not the case for Lomatogonium,
that could be paraphyletic towards Comasto-
ma, or for Swertia. The latter seems to have
acted as a stem group, giving rise to different
lineages, some of which eventually differenti-
ating enough from the typical swertioid aspect
as to be recognised at a generic level, e.g.
Halenia, Gentianella, while other lineages
exhibit nearly no variation.

The absence of clear morphological differ-
ences between lineages of Swertia, combined
with parallel evolution of traits commonly
referred to in the taxonomy of the genus has
contributed much to the profusion of specula-
tive controversies among different authors
regarding its generic segregates. In his mono-
graph, Shah (1990, 1992) notes that many
earlier synonyms were published by authors
unaware of previous descriptions or unfamiliar
with the global morphological variability
exhibited by species on other continents. He
further remarks that erroneous descriptions of
type material has also contributed to mislead-
ing taxonomic treatments. Although most
present day authors agree to consider Swertia
as a large genus including all previous segre-
gates, some synonyms are still debated and
pertinent to the molecular phylogeny. These
are Anagallidium, Frasera and Ophelia, and
shall be briefly discussed here. Grisebach
(1836) separated S. dichotoma and S. tetrapet-
ala to the genus Anagallidium. Later, Ma
(1976) also placed S. retraptera in this genus.
Even if there are no reliable characters in
Grisebach’s generic diagnosis, these three spe-
cies are taxonomically closely related (Shah
1992). Embryological studies in S. tetraptera
(Xue et al. 1999) reveal more affinities with
Halenia than with Swertia, and the position of
S. tetraptera in our phylogeny suggests that
Anagallidium might be a justified taxon,
although its proper rank and its relation to
S. bimaculata may be difficult to determine.
The status of Frasera has been widely debated,
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although no reliable character has ever been
brought up to justify its separation from
Swertia (Pringle 1990). Nilsson’s studies indi-
cate that the species of Frasera may have a
monophyletic origin. Only two species are
included in our tree, but preliminary results
including all 14 species (not shown) support
the monophyly of this lineage without a close
link to any other Swertia species, contrarily to
Toyokuni’s (1965) suggestions. At present, this
taxon is generally regarded as a section of
Swertia (Pringle 1990) but its position in our
phylogeny at the same level as well differenti-
ated genera might favour its recognition at a
generic rank, a position also adopted by
Struwe et al. (unpubl. data). The definition
and taxonomic rank of Ophelia have varied
depending on the authors. At present, the
character referred to for treating Ophelia as a
distinct taxon under Swertia is the annual
habit of the plants (excepted sect. Ophelia ser.
perennes in Ho et al. 1994). Our phylogeny
clearly suggests that the annual or perennial
habit of the species is not representative of
relationships in Swertia, neither at a generic
level, nor at a sectional level.

A number of local infrageneric classifica-
tions have been attempted for Swertia (see
Nemomissa (1994) for a review), but only
three publications offer a treatment of the
whole genus (Shah 1990, 1992; Ho et al.
1994). Shah divided Swertia into two sub-
genera (Swertia and Ophelia) and proposed
35 informal groups according to 1) geo-
graphical distribution, and 2) morphological
similarities. Ho et al. proposed 11 sections
and 16 series based on the hypothetical
evolutionary polarity of morphological char-
acters. When compared, these two classifica-
tions are contradictory in many ways, that
is, species in one of Shah’s groups are placed
in different series by Ho et al. and vice
versa. Figure 2 shows the position of species
in the subdivisions of Shah and Ho et al.
respectively. Both classifications are not
congruent with the molecular data. The
subdivisions of Swertia according to the
perennial versus annual habit of the species
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in Shah represents the main incongruence.
For the rest, with 35 unranked groups for
ca. 150 species, Shah was aware not only of
the variability within Swertia but also of the
hypothetical nature of relationships based on
morphology alone. The classification of Ho
et al. contrasts with our phylogeny in several
ways. The sectional rank seems to be over-
estimated in some cases, especially in the S.
perennis — S. kilimandscharica clade, with 5
sections represented. Another incongruence
is to be found in sect. Ophelia, which is
present in 8 different clades in our tree.
Furthermore the sect. Ophelia itself is divid-
ed in three series, that are also not congru-
ent with the molecular data. Besides, the
hypothesis of Ho et al. that African species
are monophyletic and derived from Ophelia
is not supported. According to our results,
the African species of Swertia represent two
distinct lineages (S. crassiuscula clade, S.
kilimandscharica clade). Problems concerning
the definition and circumscription of Ophelia
are also due to the absence of a clearly
designated type by either D. Don (1836), or
by Grisebach (1836). Garg (1987) proposed
S. ciliata as lectotype. In the chinese edition
of the Flora of China, Ho et al. (1988) give
S. angustifolia as type of sect. Ophelia. Note
that S. angustifolia perfectly fits the descrip-
tion of sect. Spinosisemina published later by
Ho et al. (1994).

In order to elaborate a satisfactory classi-
fication of Swertia and allied genera, and to
better understand the phylogeography of this
group, it seems necessary to first establish clear
relationships between taxa and to identify
reliable morphological characters correlated
with the paraphyletic Swertia clades identified
in the phylogeny. Discussing biogeographic
issues and character polarisation section by
section as attempted by Ho et al. (1994) is not
convincing in absence of the aforementioned
conditions. A phylogenetic analysis of a much
wider taxon sampling (ca. 150 species) is
underway in our laboratory and should
allow proposing a comprehensive taxonomic
treatment reflecting evolutionary relationships
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within the Gentianella-lineage as well as new
phylogeographic hypotheses.
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[ Chromosomal Evolution in the Swertiinae

Abstract. Recent molecular studies in the subtribe Swertiinae (Gentianaceae —
Gentianeae) have revealed phylogenetic relationships markedly at contradiction with current
generic circumscriptions. To compare these results with karyological data, we counted the
chromosome numbers for 60 species and reviewed the data available from literature for 171
species. Chromosome numbers were confirmed for 25 species, and numbers differing from
previous reports were found for 10 species. 25 species were examined for the first time,
mainly in the gener&wertiaand LomatogoniumEight numbers were new for a genus, i. e.
the tetraploid level (2n = 52) féirasera, 2n = 10, 12, 16 and 38 for Gentianglla = 24 for
Pterygocalyxand 2n = 12 and 42 for Swerti@hromosome numbers were also counted for
several taxa not related to the Swertiinae (6 speci€enfiana,Tapeinostemon zamoranum
and Microrphium pubescens Polyploidy was found to affect mainly genera that have
diversified in North America, such as Bartorféx), Frasera(2x, 4x, 6x), andDbolaria (4x),
or in South America, such &entianella(2x, 4x, 6x). Polyploidy is absent from Africa, and
rare in Asia. Primary basic chromosome numbers in the Swertiinae range from x = 5to x =
15, the most frequent being x = 8, 9, 10 and 13, while 2 species only have the secondary basic
numbers x = 19 and 21. The variability in basic chromosome numbers is concentrated in
ComastomalLomatogoniumJaeschkeabinectariate species of GentianeledSwertig a
genus which shows a level of variation nearly equal to that of the entire subtribe. The basic
numbers x = 13 or x = 14 could be ancestral in the subtribe, and lower basic numbers are
likely to be derived from x = 13. Species sharing the basic numbers x = 13 or x = 14 were
found to be restricted to the basal lineages in the molecular phylogeny of the subtribe, while
lower basic chromosome numbers characterise species occupying a more derive position.
Frequent dysploidy in the latter derived lineages often resulted in overlapping chromosome
numbers in distantly related taxa, whereas occasional severe descending dysploidy may have
brought about rather different chromosome numbers in closely related species. Of the various
lineages identified in molecular phylogenetic studies, none confines to a unique and
distinctive chromosome number. However, the relatively clear-cut cleavage between basal
taxa of Swertiawith x = 13 or 14, and those with a lower basic chromosome number is
consistent with molecular phylogenetic results, and may be insightful for taxonomic

considerations in this genus.

Key words: cytoevolution, cytology, dysploidy, Gentianaceae, karyology, polyploidy,

Swertiinae.
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Introduction

The subtribe Swertiinae (Gentianaceae, tribentianeagincludes 15 genera representing over
500 species distributed in temperate, alpine or arctic habitats. According to Straiw@002),
half of these genera count no more than 4 speciesBartgnia Muhl (4 9p.), Jaeschke&urz
(4 spp.)Latouchearranch. (1 sp,L.omatogoniopsig. N. Ho & S. W. Liu (3 spp.)Megacodon
(Hemsl.) Harry Sm. (2 spp®bolariaL. (1 sp.), Ptergocalyx(1 sp.),Veratilla Baill. (2 spp.).
Comastomaroyokuni, Frasera Walter, Gentianopsidvla and LomatogoniumA. Braun are of
intermediate size with 14-25 species. The wide majority of species of the subtribe are
encompassed by Gentianellerch (ca. 250 spp.}aleniaBorkh. (ca. 80 spp.) and Swertia
(ca. 138 spp.). However, generic circumscription is vague in the subtribe Swertiinae, and
sgyregates have been abundantly proposed (see ChastpP001 and Hagen & Kadereit, 2001
for examples). Most of the genera have been delimited with floral morphological characters such
as position and structure of the nectaries and their appendages, presence or absence of a corolla
tube, sylar and staminal traits, etc. All these characters are likely to undergo strong selection and
mask affinities between species (Wagenitz, 198®)reover, recent molecular surveys have
revealed non-monophyly for the gene&entianella,Lomatogoniumand Swertig paticularly
pronounced in the latter, supporting the view that the floral morphological characters currently
used for generic circumscription are subject to high levels of homoplasy and thus unreliable
(Chassotet al, 2001; Hagen & Kadereit, 2001, 2002).

Chromosome numbers have been widely used in addressing taxonomic and phylogenetic
issues (e. g. Moore, 1978; Hong, 1990), last,other characters, the general significance and
implications of chromosome numbers greatly depends on the comprehension and extensive
documentation of the largest possible sampli@ftaxa under study. Previous phylogenetic and
taxonomic inferences based on chromosome numbers in this subtribe (e. g. Favarger, 1962;
Hitchcock, 1959; Love, 1953; Love & Love, 1976; Toyokuni, 1965b; Wood & Weaver, 1982),
however, evidently suffered from the scarcity of chromosome data. Therefore, we have counted
chromosome numbers for 60 species in this subt?i®ef which are reported here for the first
time (Table 1). A thorough review of the chromosomal data available from literature was also
carried out (appendix). Including the present results, chromosome numbers are now available for
196 species in the Swertiinae, representing all the genera of the subtribe excapuitteaand
Veratilla. The following sanatic chromosome numbers have been reported: 2n = 10, 12, 14, 16,
18, 20, 22, 24, 26, 28, (30), 32, 36, 38, 40, 42, 44, 48, 52, 54, 56, 60, 78. However, the basic
chromosome numbers x = 8, 9, 10 and 13 are by far the most common. While genera such as

Comastoma Lomatogonium Gentianella and Jaeschkeashow substantia variation in
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chromosome numbers, the geugertiashows the largst range of chromosome numbers, nearly
equal to that of the entire subtribe. This fact reflects the high paraphyly revealed in this genus by
molecular phylogenetic studies. Indeed, evidence suggestvikeig as curently defined, has

acted as atemgroup in the Swertiinae, from which several genera have evolved in the course of
time (Chassogt al, 2001; Hagen & Kadereit, 2001, 2002).

In order to explore the usefulness of chromosome numbers as taxonomic character in the
Swertiinae, as well as the relative importance of cytoevolutionary mechanisms such as dysploidy
and polyploidy, that may lead to parallel evolution of karyotypes, chromosome data was
evaluatedn the context of molecular phylogenetic results.

Materials & methods

The species examined are listed in Table 1. All voucher specimens are deposited in the
herbarium of the University of Neuchatel, Switzerland (NEU). When available, flower buds
were fixed in the field in 1:3 glacial acetic acid and ethanol (absolute), otherwise seeds were
collected. For the observations on root-tips, seeds were germinated on wet filter papers in
petri dishes, and suitable root-tips were pre-treated with a saturated aqueous solmtion of
bromonaphthalene for 1 hr and 20 min. prior to fixation. Fixed material was stained with
aceto-carmine and squashed on temporary slides. Chromosome observations on fixed flower
buds were made preferably from pollen mother cells, or first mitosis of pollen grains, but also
from mitoses in young cells of the ovary wall. In few cases chromosomes were counted from
second pollen mitosis or various floral parts. 2 species offered clear mitoses in the triploid

albumen. Drawings were made with a camera lucida apparatus.

Results

Chromosomenumbers have been determined 8% samples of 60 species representing 8
genera of the Swertiinae. The results are shown in Table 1. The chromosome numbers for 25
spedes are reported for the first time, and for 10 species different numbers from previous reports
were encountered. Eight numbers reported here were found to be new for a genus, i. e. the
tetraploid level (2n = 52) foFrasera, 2n = 10,12, 16 and 38 foGentianella, 2n =24 for
Ptenygocalyx and 2n = 12 and 42 f@wertia Additionally, 2n = 22 in the genus Swediad 2n
= 18 inthe genud.omatogoniumappeared to be more frequent than suggested by previously
published data. Some additional new counts of chromosome numbe@enbfna L.,
Microrphium C. B. Clarke andTapeinostemorBenth. are also presented without further

discussion.
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Table 1.Chromosome numbers and origin of material of examined species. *: first report for
the species; !: different from previous reports (cf. appendix); #: binectariate species of

Gentianella

Taxon Locality Alt.[m] Collect. No. NEU n 2n
Comastoma Toyokuni
* C. disepalum H.W.Li ex T.N.Ho China: Lijiang, Yunnan 3500 92-219 18
C. pedunculatum (Royle ex G.Don)  Nepal: Langtang, Bagmati 3000 97-9 32
Holub
C. traillianum (Forrest) Holub China:Zhongdian, Yunnan 3210 92-197 18
China: Zhongdian, Yunnan 3900  99-49 9 18
Frasera Walter
F. fastigiata A. Heller USA: Idaho Co., Idaho 1200  00-41 78
! F. gypsicola (Barneby) D. M. Post USA: Nye Co., Nevada 1580  00-31 52
! F. paniculata M. E. Jones USA: Navajo Co., Arizona 1500  00-29 26 52
! F. puberulenta Davidson USA: Inyo Co., California 2900 00-37 26 52
F. tubulosa Coville USA: Inyo Co., California 2830  00-36 13
Gentianella Moench
G. amarella (L.) Harry Sm. USA: Taos Co., New Mexico 2800 00-26 9
# G. arenaria (Maxim.) T. N. Ho China: Aksu, Xinjiang 2800 Glla-95.8.23.2.1 3n=24
China: Dari, Qinghai 4080  Glla-94.9.5.3b 16
# G. azurea (Bunge) Holub China: Bagin, Tibet 4130  92-139 10
G. cerastioides (Kunth) Fabris Ecuador: lliniza, Pichincha 4000 00-1 18
* G. foliosa (Kunth) Fabris Ecuador: lliniza, Pichincha 4500 00-3 18
# G. gentianoides (Franch.) Harry Sm. China: Lijiang, Yunnan 2700  99-201 22
* G. gilioides (Gilg) Fabris Ecuador: Cajanuma, Loja 3000 00-16 36
# G. moorcroftiana (Wall.ex Griseb.) China: Nyalam, Tibet 4500  92-107 12
Airy Shaw Nepal: Jumla, Karnali 3000 97-66 12
Nepal: Rara Lake, Karnali 3800 97-70 12
! G. rapunculoides (Willd.ex Schultes) Ecuador: Cuicocha, Imbabura 3380 00-10 19 38
J.S.Pringle
Gentianopsis Ma
* G. contorta (Royle) Ma Nepal: Chauta, Karnali 2300 97-69 26
China: Deqin, Yunnan 2500 99-101 26
Halenia
H. brevicornis (Kunth) G.Don Ecuador: Cuicocha, Imbabura 3380 00-8 22
H. weddelliana Gilg Ecuador: Cuicocha, Imbabura 3380 00-9 22
Ecuador: lliniza, Pichincha 4000 00-5 22
Lomatogonium A. Braun
! L. carinthiacum (Wulfen) Reichb. China: Aksu, Xinjiang 2820  L-95.8.23.1 8
* L. forresti Fernald China: Zhongdian, Yunnan 3000 99-130 18
* L. gamosepalum (Burkill) Harry Sm.  China: Zhongdian, Yunnan 4100  99-135 3n=27
in S. Nilsson China: Luqii, Gansu 3200 L-94.8.30.1.2 18
* L. graciliflorum Harry Sm. Nepal: Rara lake, Karnali 3700 97-73 16
* L. lijiangense T.N.Ho China: Yu Hu, Lijiang 2700  99-205 9 18
* L. micranthum Harry Sm. China: Zhongdian, Yunnan 3300  99-151 16
* L. oreocharis Marquand China: Lijiang, Yunnan 3500 99-219 18
* L. sikkimense (Burkill) Harry Sm. in ~ Nepal: Langtang, Bagmati 4800 97-13 16
S. Nilsson
Pterygocalyx Maxim.
! P. volubilis China: Jiuzaigou, Sichuan 3000 Pt-94.9.13.3 24
Swertia L.
S. angustifolia Buch.-Ham. ex D. Nepal: Langtang, Bagmati 2400 97-18 26
Don Thailand: Chiang Mai 1600  99-229 26
S. bimaculata Hook. f. & Thoms. ex  China: Emei Shan, Sichuan 1280 99-225 26
C. B. Clarke China: Gongshan, Yunnan 1435  cn2k-24 26
China: Gongshan, Yunnan 1550 cn2k1-16 26
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Taxon Locality Alt.[m] Collect. No. NEU n 2n
S. binchuanensis T.N. He & S. W. China: Dali, Yunnan 2300 99-197 10
Liu
* S. calcicola Kerr Thailand: Chiang Mai 2000- 99-241 20
S. chirayta Karst. Nepal: Langtang, Bagmati 2200 97-2 26
Nepal: Tumlingtar, Kosi 2400 97-21 26
S. ciliata (G. Don) B. L. Burtt Nepal: Langtang, Bagmati 2200 97-6 20
Nepal: Langtang, Bagmati 3000 97-8 10
* S. cincta Burkill China: Kunming, Yunnan 2200 99-33 36
S. cordata Wall. Nepal: Langtang, Bagmati 2800  97-17 13
* S. cuneata Wall. & G. Don China: Nyalam, Tibet 4500  92-110 20
S. delavayi Franch. China: Lijiang, Yunnan 2200 99-213 26
* S. erythrosticta Maxim. China: Songpan, Sichuan 2530  S-94.9.15.21 26
S. franchetiana Harry. Sm. China: Lanzhou, Gansu 2000 94-02 20
China: Xinin, Qinghai 2400 94-S13 20
S. japonica Makino Japan: Aso, Kumamoto pref. 99-20 10 20
* S. kouitchensis Franch. China: Emei Shan, Sichuan 1280  99-226 10 20
S. laticalyx J. Shah China: Lijiang, Yunnan 3100  99-220 36
S. macrosperma C. B. Clarke China: Dali, Yunnan 2200 99-181 9
China: Zhongdian, Yunnan 3600  99-60 18
China: Gongshan, Yunnan 2000 cn2k-25 18
China: Kunming, Yunnan 2200 99-31 9 18
* S. membranifolia Franch. China: Dali, Yunnan 3300 99-186 26
* S. multicaulis D.Don Nepal:Langtang, Bagmati 4300 97-12 26
S. nervosa Wall. China: Dali, Yunnan 2300 99-198 26
China: Emei Shan, Sichuan 1280 99-227 26
China: Kunming, Yunnan 2200 99-30 26
* S. patula Harry Sm. China: Lijiang, Yunnan 2200  99-211 26
* S. af. pinetorum Kerr Thailand: Chiang Mai 2120  99-236 10
S. punicea Hemsl. China: Zhongdian, yunnan 2550  99-68 10
* S. randaiensis Hayata Taiwan: Kuanwu, Taipei 2450 99-2 18
* S. rosulata (Baker) J. Klackenberg Madagascar: Tsaratanana, 2400 MO023 42
Mahajanga
S. speciosa D. Don Nepal: Jumla, Karnali 3200 97-68 26
* S. striata Collett & Hemsl. Thailand: Chiang Mai 2000  99-240 20
S. tashiroi Makino Taiwan: Kuanwu, Taipei 2000 99-1 52
* S. tenuis T.N. Ho & S. W. Liu China: Lijiang, Yunnan 92-210 11
China: Lijiang, Yunnan 2000  99-159 11
China: Zhongdian, Yunnan 2900 99-85 22
China: Dali, Yunnan 2200 99-175 11 22
I S. tetraptera Maxim. China: Dalijia Shan, Gansu 3800 94-12 12
* S. tozanensisi Hayata Taiwan: Tayuling, Hualien 2600 99-7 13
S. yunnanensis Burkill China: Dali, Yunnan 2500 99-162 22
China: Zhongdian, Yunnan 3500 99-62 11
China: Zhongdian, Yunnan 3200 99-69 11 22
Other Gentianaceae
Gentiana L.
* G. otophora Franch. ex Hemsl. China: Gongshan, Yunnan 3570 cn2k-34 14
G. davidii Franch. China: Wuyishan, Fujian 2160  cn2k-12 24
* G. sikkimensis C. B. Clarke China: Wuyishan, Fujian 3400 cn2k-32 24
* G. exquisita Harry Sm. China: Gongshan, Yunnan 3500 ¢cn2k-33 36
G. chinensis Kusnezow China: Emeishan, Sichuan 2400 93-128 24
' G. hyalina T.-N. Ho China: Maduo, Qinghai 4250 93-36 12
* Microrphium pubescens C. B. Thailand: PhangNga 20 99-243 18
Clarke
* Tapeinostemon zamoranum Ecuador: Zamora 1500 00-17 11 22

Steierm.
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Taking the present results into account, chromosome numbers have now been reported for
196 species in the Swertiinae, representing 13 genera. Chromosome data for the two genera
LatoucheaandVeratrilla are still not available. For each genus of the subtribe Swertiinae, all
available chromosome number data (see appendix), including the results presented here
(Table 1), were summarised in Fig. 1, showing the distribution of species sharing a given
chromosome number, as well as the number of reports per species.

Comastoma. Comastoma pedunculatum from Nepal is documented here as a tetraploid
with 2n = 32.Comastoma traillianunandC. disepalumwere found to have 2n = 18 as most
other species in the genus.

Frasera. In this well documented genus, we found here for the first time the tetraploid
level (2n = 52) forF. gypsicolaF. paniculata andF. puberulentaFrasera fastigiatawas
confirmed as hexaploid (2n = 78), ardtubulosaas diploid (2n = 26).
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Figure 1. Diploid chromosome numbers for 13 genera of the Swertiinae. Numbers in
parenthesis indicate approximate counts. Black boxes: > 3 reports for the species; cross-
hatched boxes: 3 reports; simple-hatched boxes: 2 reports; white boxes: 1 report.
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Gentianella. Of the taxa studied here, G. cerastioidés foliosaandG. gilioideswere
tetraploid with 2n = 36Gentianella rapunculoidetad 2n = 38 but showed 2 small
chromosomes indicating possible dysploidy from 2n =@éntianella amarelldrom North
America was confirmed as diploid with 2n = 18. The chromosome number obtained here for
G. arenaria(2n = 16, 3n=24) is different from a previous report of 2n = 18, indicating
possible dysploidy in this taxon. Similarly, individuals®f moorcroftiana collected from
two distant localities in Nepal and also from China, were always counted as 2n = 12, whereas
2 previous reports state 2n = 18 for this spe€entianella gentianoidelsad 2n = 22, a rare
number in the genus. Its chromosomes are also among the smallest observed during this study
(Fig. 2b).Gentianella azurea, otherwise known to have 2n = 22 or 44, was counted here with
only 2n = 10 chromosomes.

Gentianopsis. This genus is karyologically well documented (Yuan & Kupfer, 1993), and
has an important proportion of polyploid species. Gocontorta individuals from China and
Nepal were always found to be strictly diploid with 2n = 26.

Halenia. All previously documented species have 2n = 22 chromosomes, with only one
exceptional report of n = 11+2 fét. brevicornis In our observations, only 2n = 22 was
found for this species. Halenia weddelliawas confirmed to have 2n = 22.

Lomatogonium. The individuals ofL. carinthiacumstudied here were diploid with 2n =
16. Previous records indicate that this species is usually tetraploid with 2n = 32 and
occasionally hexaploid with 2n = 4Bomatogonium graciliflorumL. micranthum andL.
sikkimensewere also counted with 2n = 16.
ForL. gamosepaluri. forresti L. lijiangense

. . L

and L. oreocharis,the chromosome number :_‘_ i~ J.

2n = 18 was found. ‘P ;e g -?"
Pterygocalyx. The number 2n = 24 found 3% R

for P. volubilis was different from the ®_ @ ’,
$ "o

previous report of 2n = 26. & ‘,
Swertia. As indicated in Fig. 1, the ® . ¢

predominant diploid chromosome numbers in

this genus are 20 and 26. In opresent Figure 2. Drawing of a: mitotic
metaphase dbwertiaciliata, 2n = 20,

showing 2 small chromosomes; b: mitotic
found with 2n = 20: S. binchuanens®. Ppremetaphase @entianella
gentianoides2n = 22, showing the
smallest chromosomes observed in the
japonica, S. kouitchensjsS. af. pinetorumS.  subtribe Swertiinae. Scale fb.

observations, the following species were

calcicola, S. cuneataS. franchetianasS .
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puniceaand S. striataThis number was also confirmed fr ciliata but this species showed

2 small chromosomes (Fig. 2a) absent from other species with 2n = 20, suggesting that 2n =
20 in S. ciliatamay be the result of ascending dysploidy from a lower diploid number. The
only Swertiaspecies from Madagasca, rosulata had 2n = 42 chromosomes. 13 species
were found to have 2n = 26 chromosom@s:angustifoliaS. bimaculataS. chirayita S.

cordata S. decoraS. delavayiS. erythrostictaS. membranifoliaS. multicaulisS. nervosa

S. patula S. speciosandS. tozanensisSwertia tashirowas found with 2n = 52, which may
indicate that it is tetraploid. A less frequent chromosome number, 2n = 18, was constantly
found intwo morphologically very similar specieS, macrospermandS. randaiensis.
Additionally, S. cinctaandS. laticalyxappeared to be tetraploid with 2n = 36. The
chromosome number found f&. tenuisandS. yunnanensigas surprising: both species,
counted 4 and 3 times respectively, constantly had 2n = 22 chromosomes. This number was
otherwise known from a single species in the geSusimaculatathat was more frequently
reported as 2n = 26.

Discussion

Polyploidy and Geographical Distribution

Polyploidy is not uncommon in the subtribe Swertiinae, although concentrddadiamia,
Frasera,Gentianella Gentianopsi@ndObolaria (Fig. 1, Table 2). Its occurrence also seems
to be correlated with the geographical distribution of the species affected, and may have little
or no taxonomic usefulness. A few genera sudBaatonia(2n = 44, 52) and Obolarié2n =
56), with a strictly North American distribution, are entirely tetraploid. These taxa were found
to represent rather ancient lineages (Chasisak, 2001; Hagen & Kadereit, 2002) and may
be considered as paleo-tetraploids. Regarding the geenBanopsispolyploidisation was
proposed as the main course of adaptive radiation from the Himalaya and South-western and
Western China, where only diploid and tetraploid species occur, towards the higher latitudes
of Europe, the Russian far East and North America, from where only hexaploid cytotypes are
known (see Yuan & Kipfer, 1993).

In the species-rich lineage (ca. 250 spp.{>ehtianellas. str. (sensu Hagen & Kadereit,
2001), the quasi totality of documented species are tetraploid (2n &&@janella acutaG.
amarellaandG. aureaare the only species know with both di- and tetraploid cytotypes, while
G. umbellatahas only been recorded once with 2n = 18. This lineage is of recent origin in the
Swertiinae (Hagen & Kadereit, 2001) and has been the most successful of the entire tribe

Gentianeadn colonising the young mountain systems formed at the close of the tertiary in
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the Southern hemisphere. The impressive number of species in this lineage was explained by
the vast area open to colonisation in South America, rather than an increased speciation rate
(Hagen & Kadereit, 2001). However, polyploidy may have influenced the tempo of speciation

in this lineage, due to an increased allelic diversity (e. g. Bretageiodle 1998), and/or to
increased hybridisation by breaking down the postzygotic barriers that keep diploid taxa
isolated (e. g. Ramsey & Schemske, 1998).

Frasera is particular in the Swertiinae in having an exclusively North American
distribution, but a very close morphological resemblance Witlertia Molecularly, no
particular Asian lineage @wertiawas found to be tightly related Evasera(Chassoet al.,
2001),suggesting that this genus diversified entirely in North America. Two morphological
groups can be distinguishedfknasera. One consists of robust perennial hexaploids with flat,
green-margined leaves, growing in mesic habitats. The other is composetdhller di- or
tetraploid plants with white-margined, conduplicate leaves, adapted to the xeric conditions of
the intermountain basin. The occurrence of several diploid taxa in the latter highly specialised
group indicates that the initial radiationfefaserain North America took place at the diploid
level, and that the hexaploid cytotypes observed in the robust perennials may be of more
recent origin.

The remaining genera of the Swertiinae have a mainly Eurasian and African distribution.
They count relatively few polyploid species (Table 2), and none reported from Africa.
Polyploidy in these taxa does not seem to follow a precise pattern, but notably occurs in some
relatively rare island endemics. In the getumsmatogonium L. brachyantherun{Sino-
Himalayan; 2n = 16, 32) occurs both @is and tetraploidLomatogonium carinthiacum
(Eurasian; 2n = 16, 32, 48) has the widest range of documented chromosome numbers in the
genus with di-, tetra- and hexaploid cytotypes, and some records suggesting dysploidy and/or
aneuploidy (2n = 18, 40). It is also the most widespread spetlesmatogonium In
Comastomadi- and tetraploidtounts are reliable for the widespreadpedunculatuniSino-
Himalayan; 2n = 16, 32) an@. beesianum(Southwest China; 2n = 18, 36), while
unconfirmed numbers also indicate possible polyploidg.ifalcatumandC. nanum(2n = ca
28-30). Among the few binectariate species of Gentiangi were clearly excluded from
the mainly tetraploidsentianellas. str. lineage by molecular phylogenetic results (Hagen &
Kadereit, 2001, 2002)Gentianellaazurea(throughout Asia, 2n = 10, 22, 44)tlse only
polyploid species. In the genus Swertidhere polyploidy is rather infrequent in view of the
total number of species (ca. 138), only 5 species were reported as polyploid Sicate.
cinctaandS. laticalyx(Southwest China; 2n = 36), closely relate®tciliata(2n = 20, 24)
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and S. paniculata(2n = 16, 20) (Shah, 1984), appear to be tetraploid with a basic
chromosome number of x = 9Swertia swertopsis(Japan; 2n = 52) is probably also
tetraploid, but with a basic number of x = 13 (Shigenobu, 1983). The chromosome number of
S. rosulata(Madagascar; 2n = 42uggests a basic chromosome number of x = 21. However,

in view of the close morphological relationship of this species @ithbyssinicgAfrica; 2n

Spp. documented /

Genus Basic number Ploidy level No of species .
spp. in genus
Bartonia 11 4x 1 3/40
13 4x 3
Comastoma 5 2x, (4x, 6X) 1(3) 11/7-25"
(6) (2x) (1)
8 2x, 4x 2
9 2x, 4x 6
10 2X 1
Frasera 13 2x, 4x, 6x 13 13/14 @
Gentianella 8 6x 1 60 / ca 250 "
S. str. 9 2Xx, 4x, 6x 54
19 2X 1
Gentianella 5 2X 1
binectariate 6 2X 1
8 2X 1
9 2X 3
11 2X, 4x 2
Gentianopsis 11 4x 2 11/16-24
13 2x, 4x, 6x (N
Halenia 1 2x 16 16/80 "
Jaeschkea 8 2X 1 3/40
9 2X 1
10 2X 1
1 2X 1
Latouchea — — — —/1Mm
Lomatogoniopsis 6 2x 1 3@
Lomatogonium 5 2X 1 11/18 @
8 2x, 4x, 5x 7
9 2X 5
Megacodon 14 2x 1 1/2M
Obolaria 14 4x 1 1/1M
Pterygocalyx 12 2x 1 171D
13 2X 1
Swertia 6 2x 1 64 /138 ©
7 2X 1
8 2X 1
9 2x, 4x 5
10 2x 21
11 2X 3
12 2X 5
13 2x, 4x 31
14 2X 3
15 4x 1
21 2X 1
Veratrilla — — — — /2™

196 / 541-567

Table 2. Basic chromosome numbers and ploidy levels in the suBwbetiinae Bold face
indicates the most frequent situation. The fourth column indicates the number of species
showing the basic chromosome number in regard (polybasic species represented more than
once). The last column shows the number of species with documented chromosome numbers
out of the total number of species in each gefiBtruweet al. (2002)? Shah (1984)?

Ho & Pringle (1995)“ Liu & Ho (1992),® own estimation.
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= 20) (Shah, 1984), x = 21 may be considered as secondary and resulting from ascending
dysploidy following tetraploidisation. The highest chromosome number in the genus, 2n = 60,
was found in Japanese specimens$ ofashiroiby Shigenobu (1982, 1983), who considered

this species as hexaploid with a basic chromosome number of x = 10. However, molecular
phylogenetic results related this species to other lineages of the Swertiinae with x = 13
(Chassotet al., 2001), suggesting that 2n = 60 may have resulted from ascending dysploidy,
and that the Japanese specimenS.dhshiroicould be tetraploid with a basic chromosome
number ofx = 15 rather than x = 10. This interpretation is also consistent with the present
result of 2n = 52 from samples collected in Taiwan.

Basic Chromosome Numbers and their Evolution in the Swertiinae

The accumulation of chromosome counts has revealed a high level of heterogeneity of
basic chromosome numbers in the Swertiinae, as shown in Table 2. Indeed, except for the
genera that were poorly studied, or that comprise only few specied @imatogoniopsis
MegacodomandObolaria), only two genera in the subtriberaseraandHalenia, show
constant basic numbers (x = 13 and x = 11 respectively). All other genera show multiple basic
numbers. However, these basic numbers do not occur with the same frequency. One genus
usually shows one or two basic numbers more frequent than others. For example, in
Gentianella, the basic number x = 9 is much more frequent than others, aneiitig the
basic numbers x = 10 and x = 13 are the most common. The evolutionary relationships among
these basic numbers are not well understood yet, but, karyological evolution both at generic
level (or lineage level for non-monophyletic genera), and within a genus or lineage, can now
be examined in the context of phylogenetic affinities revealed by recent molecular studies
(fig. 3) (Chassot et gl2001; Hagen & Kadereit, 2001, 2002).

At generic or lineage level. According to molecular phylogenetic results, the basal
lineages in the Swertiinae mostly have the basic number x = 13, and less frequently x = 14 or
x = 11. Two monotypic and closely related geném@oucheafrom Southeast China and
Obolaria from North America, were revealed as the basalmost lineage within the subtribe.
While the chromosome number @ftoucheais yet unknownObolaria has 2n = 56
chromosomes, which seemsrépresent a paleo-tetraploid with a basic number of x = 14. The
eastern Himalayan endenitegacodoralso has the basic number x = 14 (2n = 28), but its
affinities with the remaining basal lineages of the Swertiinae is still uncertain, as molecular
data failed to resolve these phylogenetic relationships . However, for most of these lineages,

the basic number x = 13 is predominantFhasera, all species documented have x = 13 (2n
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=26, 52, or 78). liGentianopsis, the species mostly have x = 13 ( 2n = 26, 52, or 78), rarely x
=11 (2n = 44) (see Yuan and Kupfer, 1993). SimilarlyBamtoniathere are two reports of
2n = 52 and yet one species was recorded with 2n = 44. The monotypicRierygocalyx
was counted with both 2n = 24 and 2n = 26. In the largely paraphyletic §svartia
(Chassott al., 2001), the basal lineages consist of species with x = 13 (2n = 26; 2n = 52 and
60 in S. tashiro) or rarely x = 14 (2n = 28), except 6t tetraptera2n = 12, 14). All the
species related by Shah (1984) to those representing basal line8gestadin Chassot et al.
(2001), for which chromosome numbers were documented, have x = 13. TheHgdenis
has the basic chromosome number x = 11 (2n = 22 in all species documented so far).
However, this genus was shown to be closely related to a line&yeediawith x = 13 (2n =
22, 24, 26 irS. bimaculataand 2n = 26 in the morphologically closely relafedozanensis),
thus suggesting that x = 11 aleniais probably derived from x = 13. As it appears, x = 13
is shared by a majority of basal lineages, but whether x = 13 or x = 14 is ancestral in the
subtribe cannot be assessed with certainty. Moreover, no unique basic chromosome number
was found to confine to a specific lineage.

The derived genera of the subtribe Swertiinae su€@oasastomaGentianella, Jaeschkea
Lomatogoniuml.omatogoniopsisand several lineages Swertig show a higher variability
of chromosome numbers compared to the basal lineages. Multiple basic numbers including x
=5,6, 8,9, 10, 11 and 12 were observed, as well as the secondary basic numbers x =19 and x
=21 G. rapunculoidegndsS. rosulata respectively), probably resulting from dysploidy at the
tetraploid level. Disregarding numbers confined to a few species only, the prevalent basic
chromosome numbers are x = 8, 9 and 10. Noticeably, the aforementioned lineages never
show the basic chromosome number x =13, but were revealed as sistewéstiaclade
comprisingS. chirayitawith 2n = 26, and. barunensigasS. af. pseudohooken Chassoet
al., 2001).Swertia. barunensis belongs to sect. Macranthos Ho & Liu, for which chromosome
data is still entirely missing. However, this section is morphologically closely relat®d to
multicaulis (Shah, 1984), for which 2a 26 was found in the present study. It seems thus
plausible that the lower basic chromosome numbers observed in these derived genera and
lineages of the Swertiinae (mainly x = 8, 9 and 10) have evolved from an ancestral basic
number of x = 13, possibly repeatedly. However, these lower basic chromosome numbers are
largely overlapping across the lineages identified by DNA sequence data, and none uniquely
characterises any genus or lineage (cf. Table 2 and Fig. 1). Furthermore, it seems difficult to
define a direction of evolution among the basic chromosome numbers x = 8, 9 and 10, hence
represented by a cyclic relationship in Fig. 3.
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Within genera or lineages.Whenviewed in the context of

molecular phylogenetic results, it appears that parallel gain of

identical chromosome numbers may have occurred frequentl

S

within different genera or lineages of the Swertiinae. Moreover

—F

closely related species sometimes show markedly differen

chromosome numbers.

As discussed above, among the basal lineages, where the

variability of basic chromosome numbers is relatively low, the
most common pattern is the independent evolution of x = 11

from x = 13, as inBartonia, Gentanopsisand Halenia. In the

basal lineages oSwertia, disounting occasional intraspecific
dysploidy (e. g.S. bimaculatawith 2n = 22, 24, 26, S.

Figure 3. Evolution of
basic chromosome
Noteworthy exceptions arBwertia bifolia, S. pereanis and S. numbers in the
Swertiinae according to
relationships inferred
related, these species weraqgad in 2 different morphological from DNA sequence

: data. Taxa related to x
groups by Shah (1984), thus suggesting that x = 14 may hav:e13 and x = 8, 9. 10 in
appeared more than once independently in Swertialineage  upper and lower boxes
respectively. Dashed
and double arrows
Clearly atdifference from tis general picture is the chromosome represent rare and
multiple occurrences
respectively.

angustifoliaandS. akta with 2n = 24, 26), x = 13 is very stable.

wolfgangiana, that hee exclusively 2n =28. Although closely

comprising numerous Asian plietesial species with x = 13

number ofS. teéraptera (2n = 12, 14). Indeed, this species was
shown to be related to a lineage compristagbimaculata(x =

11, 12, 13) andHalenia (x = 11), suggesting that extensive
descending dysploidynay have affected its genome.

The important level of variability of basic chromosome numbers observed in the derived
genera and lineages of the Swertiinae (i.Caamastoma Gentianella Jaeschkea
LomatogoniumlLomatogoniopsis and several lineagesf Swertig is not distributed
symmetrically. For example, all the karyologically documented species related by Shah
(1984) to theS. puniceand the S. cuneata - S. crassiusduiaages identified in Chasset
al. (2001) have 2n = 20, except f8r tetragonawith a single report of 2n = 18. Similarly, all
the documented species®éntianellathat belong to th&entianellas. str.lineage have x =
9, except forG. auriculatg with a single record of 2n = 48, and the dyspl&d

rapunculoides with 2n = 36 and 38.
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Karyological parallelism and heterogeneity between closely related species is concentrated
in Comastomalaeschkeal.omatogoniumLomatogoniopsisthe binectariate species of
Gentianella(cf Table 2), and the lineage 8Wwertiaincluding S. ciliata(2n = 20, 24)S.
cincta (2n = 36), S. paniculatén = 16, 20) and S. laticaly®n = 36). For example,
ComastomandLomatogoniumthat form a closely related and derived complex in the
subtribe(Chassotet al, 2001; Hagen & Kadereit, 2002), display a puzzling pattern of
evolution of chromosome numbefSomastomas a polybasic genus with x = 5, (6), 8, 9, 10.

As it was proposed in Yuan (1993), dysploidy implying large-sized satellites may account for
an important part of the variability of chromosome numbers in species of x = 8 and x = 9.
However, the karyological relationships between these specieS.aedellum(2n = 10) is

not understood yet, although their monophyly was confirmed by molecular data (Hagen &
Kadereit, 2002). Closely related @omastoma(Chassott al., 2001; Hagen & Kadereit,

2002) Lomatogoniunhas a similar pattern of basic numbers, with x = 5, 8 and 9. Here again

x = 8 and x = 9 are the most common numbers, while only European and American
individuals ofL. rotatumwere reported to have 2n = 10. The fact that x = 8 and x = 9 can
appear in species belonging to the same sectionl(eggmosepalurandL. brachyantherum

in sect.Sarcorhizomd.iu & Ho), or even within one speciek.(carinthiacum), suggests that
these numbers may have been derived repeatedly through dysploidy in the genus. The
occurrence of the number 2n = 10Llnrotatumis difficult to understand, as molecular
phylogenetic results suggested this species to be closely related to other species with x = 8
and x = 9 (Hagen & Kadereit, 2002). Whatever the mechanism that has lead to x = 5, it seems
that parallel evolution resulting in a severe reduction of chromosome numbers occurred in
both taxa without morphological consequences at the generic level, or even at the species
level in the case df. rotatum.

Conversely, important dysploidy may also be accompanied by marked morphological
differences, as ihomatogoniopsisA single report, 2n = 12 ih. alpina, is available for this
genus which suggests the distinct basic number x = 6. This species has unique floral
characteristics (see Hagen and Kadereit, 2002 for illustrations), and has been variably related
to ComastomgLiu, Ho and Chen, 2002) aridbmatogonium(Ho & Liu, 1985; Liu & Ho,

1992). However, molecular phylogeny pladediplinawithin the coreLomatogoniunclade,
along with species of x =5, 8 and 9 (Hagen & Kadereit, 2002).

The evolution of chromosome numbers in the binectariate spedi@sntiinella(marked

with # in Tables 1 and appendis)also difficult to understand in the light of relationships

suggested by DNA sequence data. Clearly excluded froi@eh&anella s. strlineage, these
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species, however, were not found to be monophyletic (Hagen & Kadereit, 2001, 2002).
Chromosome numbers support their non-monophyly to some extent, being rather dissimilar
across species (cf. Fig. 1), except for the identical number of 2n =@2arurea ands.
gentianoidesHowever, the karyotype @&. gentianoideshowed the smallest chromosomes
observed in the subtribe (Fig. 2b), suggesting that this number resulted from a severe
fragmentation of its genome. A comparison with the karyotyp®.aéizurean Liu (1994),
showing much larger chromosomes, clearly shows that these species are not related
cytologically, in agreement with molecular results. Yet, several binectariate species of
Gentianellaappear to be polybasic, and were related by molecular data to other taxa of the
Swertiinae showing important differences both in chromosome numbers and morphology. For
example, we have found 2n = 12 chromosomes in samples of G. moorcréftamalepal

and China (2n = 18 was also reported from Western Indian Himalaya), a species molecularly
related toLomatogonium oreochari@n = 18)andG. azurea(2n = 10, 22, 44) (Hagen &
Kadereit, 2002), and also ttaeschkea microsperm@n = 16) (Chassott al., 2001).
Similarly, G. arenaria(2n = 16, 18) shows a chromosome number similar to those of the
derived lineages of the subtribe, but its position in the phylogeny of the Swertiinae was
among basal lineages with x = mostly 13 (Hagen & Kadereit, 2002).

In summary, the interpretation of basic chromosome numbers in the subtribe Swertiinae in
the context of phylogenetic relationships (Fig. 3) suggests that 1) at the generic or lineage
level, x = 13 or x = 14 could represent the ancestral basic numbers in this subtribe, and that
descending dysploidy might have played an important role in the origin of other lower basic
numbers in more derived lineages; and 2) closely related taxa may gain rather different basic
numbers through severe dysploidy, while parallel evolution implying the gain or loss of 1 or 2
pairs of chromosomes often resulted in identical basic numbers in distantly related taxa or
lineages. Therefore, basic chromosome numbers per se cannot be considered as a reliable
diagnostic character for any particular genus or lineage in this subtribe. However, the
relatively clear-cut distinction between basal taxa of the g8mestiawith x = 13 or 14, and
those with a lower basic chromosome number is consistent with molecular phylogenetic

results, and may be most helpful for future taxonomic considerations in this genus.
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literature. #: binectariate species@éntianella

Taxon Locality 2n Reference

Bartonia Muhl.

B. paniculata (Michx) Muhl. USA 52 Rork (1949)

B. verna (Michx) Muhl. USA n=22 Weaver & Ridenberg (1975)

B. virginica Britton, Stern & Poggenb. USA 52 Rork (1949)

Comastoma Toyokuni

C. arrectum (Franch.) Holub Yunnan, China 18 Liu & Ho (2002)

C. beesianum (W. W. Smith) Holub Yunnan, China 18 Liu (1994)
Yunnan, China 18, 36 Liu (1994)

C. chiuchiense T. N. Ho & J.-Q. Liu Qinghai, China 20 Liu & Ho (2002)

C. falcatum (Turcz.) Toyokuni Siberia ca 28-30 Krogulevich (1978)
Qinghai, China 18 Liu & Ho (2002)
Qinghai, China 18 Liu (1994)
Qinghai, China 18 Liu (1994)

C. nanum (Wulfen) Toyokuni Italy ca. 28 or30 Love & Love (1986)

C. pedunculatum (Royle ex G. Don)  Qinghai, China 16 Liu (1994)

Holub Qinghai, China n=8 Liu (1994)

Qinghai, China 32 Liu (1994)
Qinghai, China 32 Liu (1994)
Qinghai, China 16 Liu (1994)
Gansu, China n=8 Liu (1994)

C. polycladum (Diels & Gilg) T. N. Ho Gansu, China 16 Yuan & Kiipfer (1993)
Xiahe, Gansu 16 Liu & Ho (2002)

C. pulmonarium (Turcz.) Toyokuni Gansu, China 18 Yuan & Kupfer (1993)
Gansu, China 18 Yuan & Kupfer (1993)
Qinghai, China 18 Liu & Ho (2002)
Qinghai, China 18 Liu & Ho (2002)
Qinghai, China 18 Liu & Ho (2002)
Qinghai, China n=9 Liu & Ho (2002)
Qinghai, China 18 Liu & Ho (2002)
Qinghai, China 18 Liu & Ho (2002)
Siberia ca. 12 Krogulevich (1978)

C. tenellum (Rottb.) Toyokuni Greenland n=5 Dalgaard (1988)
Switzerland 10 Favarger (1949)
Alaska 10 Johnson & Packer (1968)
Norway 10 Knaben (1950)
Siberia ca. 10 Krogulevich (1978)
Iceland 10 Loéve & Love (1986)
Iceland 10 Léve (1953)
Poland 10 Skalinska, Pogan and Jankun (1968)
NE Siberia 10 Zhukova (1966)

C. traillianum (Forrest) Holub Yunnan, China 18 Liu & Ho (2002)

Frasera Walter — synonymy according to Shah (1984)

F. albicaulis Griseb. USA 26 Post (1956)

as F. pahutensis Reveal Nevada, USA n=13 Reveal & Styer (1974)

as F. pahutensis Reveal Nevada, USA n=13 Reveal (1971)

F. albomarginata S. Watson USA 26 Post (1956)

F. caroliniensis Walter New York, USA 78 Rork (1946, 1949)

F. fastigiata A. Heller USA n=39 Post (1956)

F. gypsicola (Barneby) D. M. Post USA 26 Post (1956)

F. montana Mulford USA 26 Post (1956)

F. neglecta H. M. Hall USA 26 Post (1956)

F. paniculata Torr. USA 26 Post (1956)

F. parryi Torr. USA 26 Post (1956)

F. puberulenta Davidson USA 26 Post (1956)

F. speciosa Griseb. USA 78 Léve & Kapoor (1967)
Rocky Mt., USA 78 Léve, Léve and Kapoor (1971)

F. tubulosa Coville USA 26 Post (1956)

F. umpquaensis M. Peck & Applegate USA n=39 Post (1956)

Gentianella Moench

G. acuta (Michx) Hultén Siberia 18 Krogulevich (1978)
Manitoba, Canada 36 Loéve & Love (1982)

G. amabilis New Zealand 36 Hair, Webb and Beuzenberg (1980)

(as Gentiana amabilis Petrie)
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Taxon Locality 2n Reference
G. amarella (L.) Borner Iceland 36 Love (1953)
California n=9 Post (1983)
Sweden 36 Léve & Love (1986)
Spain 36 Loéve & Love (1986)
Iceland 36 Love (1953)
Iceland 36 Loéve & Love (1986)
G. anglica (Pugsley) E. F. Warb. England 36 Love & Love (1986)
G. anisodonta (Borbas) A. & D. Love Rossalpe 36 Favarger & Huynh (1965)
Austria 36 Loéve & Love (1986)
W Himalaya n=18 Vasudevan (1975)
G. antarctica (Kirk) T. N. Ho & S. W.  New Zealand 36 Hair et al. (1980)
Liu New Zealand 36 Love (1983)
G. antipoda (Kirk) T. N. Ho & S. W. Liu New Zealand 36 Hair et al. (1980)
#G. arenaria (Maxim.) T. N. Ho Qinghai, China 18 Liu (1994)
G. aspera (Hegetsch. & Heer) Dostal Germany 36 Favarger (1965)
ex Skalicky, Chrtek & J. Gill Germany 36 Love & Love (1986)
G. astonii (Petrie) T. N. Ho & S. W. Liu New Zealand 36 Hair et al. (1980)
G. auriculata (Pall.) J. M. Gillett Korjakian Land 48 Sokolovskaya (1968)
G. aurea (L.) Harry Sm. Greenland 18 Dalgaard (1989)
Iceland 36 Love (1983)
Iceland 36 Love (1953)
Iceland 36 Léve & Love (1986)
G. austriaca (A. & J. Kern.) Holub Austria 36 Favarger (1952)
Austria 36 Léve & Love (1986)
#G. azurea (Bunge) Holub Qinghai, China 22 Liu (1994)
Qinghai, China 44 Liu (1994)
Dari, Qinghai 22 Liu (1994)
Dinggqin, Tibet 22 Liu (1994)
Dari, Qinghai 22 Liu, Ho and Chen (2002a)
G. bellidifolia (Hook f.) Holub New Zealand 36 Hair et al. (1980)
New Zealand 36 Léve (1983)
G. biebersteinii (Bunge) Holub Caucasus 36 Gagnidze, Kupfer and Yuan (1992)
G. bulgarica (Velen.) Holub Bosnia 36 Love & Love (1986)
G. campestris (L.) Harry Sm. Switzerland n=18 Favarger (1949)
Sweden 36 Loéve & Love (1986)
Spain 36 Loéve & Love (1975b)
Sweden 36 Loéve & Love (1986)
Iceland 36 Love (1953)
Iceland 36 Loéve & Love (1986)
G. caucasea (Lodd. ex Sims) Holub ~ Caucasus 36 Gagnidze et al. (1992)
G. cerastioides (Kunth) Fabris Ecuador n=18 Pringle (1981)
G. chathamica (Cheeseman) T. N. Ho New Zealand 36 Hair et al. (1980)
&S. W. Liu
G. columnae (Ten.) Holub Italy 36 Love & Love (1986)
G. corymbifera (Kirk) Holub New Zealand 36 Hair et al. (1980)
G. corymbosa (Kunth) Weaver & Colombia n=18 Weaver & Ridenberg (1975)
Ridenberg
G. crassulifolia (Griseb.) Fabris Colombia n=18 Weaver & Ridenberg (1975)
G. crispata (Vis.) Holub Italy 36 Loéve & Love (1986)
G. dacrydioides (Gilg) Weaver & Colombia n=18 Weaver & Ridenberg (1975)
Rudenberg
G. divisa New Zealand 36 Hair et al. (1980)
(as Gentiana divisa Cheeseman)
G. engadinensis (Wettst.) Holub Switzerland n=18 Favarger (1965)
Switzerland 36 Love & Love (1986)
Pirin Mt. 36 Nikolov (1991)
#G. gentianoides (Franch.) Harry Sm. Lijiang, Yunnan 22 Liu et al. (2002a)
G. germanica (Willd.) E. F. Warb. Germany 36 Léve & Love (1986)
Boulonnais 36 Leveque & Gorenflot (1969)
W Himalaya n=18 Vasudevan (1975)
G. gracilifolia (Cheeseman) T. N. Ho & New Zealand 36 Hair et al. (1980)
S. W. Liu
G. grisebachii (Hook. f.) T. N. Ho New Zealand 36 Hair et al. (1980)
New Zealand 36 Léve (1983)
G. hypericifolia (Murb.) Tutin ex Spain n=18 Favarger & Kiipfer (1968)
Pritchard Spain n=18 Kipfer & Favarger (1967)
Spain 36 Love & Love (1975b)
G. insubrica (Kunz) Holub Tessin n=18 Favarger (1952)
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Taxon Locality 2n Reference
G. lineata (Kirk) T. N. Ho & S. W. Liu  New Zealand 36 Hair et al. (1980)
New Zealand 36 Love (1983)
G. lutenscens (Velen.) Holub Slovenia 36 Love & Love (1986)
G. magellanica (Gaudich.) Fabris Argentina n=18 Moore (1981)
Argentina 36 Love (1983)
G. montana (G. Forst.) Holub New Zealand 36 Hair et al. (1980)
New Zealand 36 Love (1983)
New Zealand 36 Hair et al. (1980)
G. matthewsii (Petrie) T.N. Ho & S.  New Zealand 36 Hair et al. (1980)
W. Liu
#G. moorcroftiana (Wall. ex Griseb.) W Himalaya, India n=9 Mehra & Vasudevan (1972)
Airy Shaw W Himalaya n=9 Vasudevan (1975)
G. nevadensis (Gilg) Weaver & Venezuela n=18 Weaver & Ridenberg (1975)
Rudenberg
G. patula (Cheeseman) Holub New Zealand 36 Hair et al. (1980)
G. pavonii (Griseb. ex DC.) Fabris n=18 Pringle (1981)
G. pilosa (Wettst.) Holub Slovenia 36 Love & Love (1986)
G. praecox (A. & J. Kern.) Dostal ex E. Mt. Tatra 36 Skalinska (1951)
Mayer
G. propinqua (Richardson) J. M. Gillett Manitoba, Canada 36 Love & Love (1982)
Chukotka 36 Zhukova (1982)
#G. pygmaea (Regel & Schmalh.) Qinghai, China 18 Liu (1994)
Harry Sm. in S. Nilsson
G. quinquefolia Small 36 Rork (1946, 1949)
G. ramosa (Hegetschw.) Holub Switzerland 36 Loéve & Love (1986)
Switzerland n=18 Mller (1974)
W Himalaya 36 Vasudevan (1975)
G. rapunculoides (Willd. ex Schultes) Ecuador n=18 Pringle (1981)
J. S. Pringle
G. rhaetica (A. & J. Kern.) A. & D. Grossglockner 36 Favarger (1965)
Love
G. saxosa (G. Forst.) Holub 36 Favarger (1952)
New Zealand 36 Love (1983)
G. serotina (Cockayne) T.N. Ho & S. New Zealand 36 Hair et al. (1980)
W. Liu
G. tenuifolia (Petrie) T. N. Ho & S. W. New Zealand 36 Love (1983)
Liu New Zealand 36 Favarger (1952)
G. uliginosa (Willd.) Harry Sm. Denmark 54 Loéve & Love (1986)
G. umbellata (M. Bieb.) Holub Caucasus 18 Gagnidze et al. (1992)
G. vernicosa (Cheeseman) T. N. Ho & New Zealand 36 Hair et al. (1980)
S. W. Liu New Zealand 36 Love (1983)
Gentianopsis Ma
G. barbata (Froel.) Ma Yunnan, China n=13 Yuan & Kipfer (1993)
Yunnan, China 26 Yuan & Kupfer (1993)
Gansu, China 52 Yuan & Kupfer (1993)
Siberia ca.50 Agapova (1990)
Yakuta 78 Zhukova, Korobrov and Tikhonova
(1977)
Mt. Chukotkiy 78 Agapova (1990)
south Ural 78 Loéve & Love (1986)
Qinghai, China 26 Liu (1994)
Qinghai, China 26 Liu (1994)
Yunnan, China 26 Liu (1994)
Tunkinsky ca.70 Krogulevich (1976)
Qinghai, China 26 Liu (1994)
Qinighai, China 26 Liu (1994)
G. ciliata (L.) Ma Jura Range n=22 Favarger (1949)
Morocco 44 Quézel (1957)
Mt. Tatra 44 Skalinska, Czapik and Piotrowicz
(1959)
Central Pyrénées 44 Loéve & Love (1975a)
Central Pyrénées 78 Loéve & Love (1986)
Eastern Ukraine 78 Loéve & Love (1986)
G. crinita (Froel.) Ma New York, USA 78 Rork (1949)
New York, USA 78 Rork (1949)
Manitoba, Canada 78 Léve & Love (1982)
Manitoba, Canada 78 Léve & Love (1982)
G. detonsa (Rottb.) Ma Iceland 44 Love (1953)
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Taxon Locality 2n Reference
Iceland 78 Love (1983)
Iceland 78 Loéve & Love (1986)
Kashmir n=13 Vasudevan (1975)
G. grandis Ma Yunnan, China n=26 Yuan & Kipfer (1993)
Yunnan, China 52 Yuan & Kupfer (1993)
G. holopetala (A. Gray) H. H. lltis California, USA n=39 Post (1983)
G. lutea Ma Yunnan, China n=13 Yuan & Kupfer (1993)
Yunnan, China 26 Yuan & Kipfer (1993)
G. paludosa (Hook. f.) Ma Gansu, China 26 Liu et al. (2002a)
Qinghai, China n=13 Liu et al. (2002a)
Qinghai, China n=13 Liu (1994)
Qinghai, China 26 Liu (1994)
Gansu, China 26 Yuan & Kipfer (1993)
Gansu, China 26 Yuan & Kipfer (1993)
G. procera (T. Holm) Ma USA ca.80 Denniston (1913)
Wisconsin, USA n=39 Rork (1949)
Manitoba, Canada 78 Léve & Love (1982)
G. vvedenskyi (Grossh.) Pisjauk. 26 Agapova (1990)
Halenia Borkh.
H. brevicornis (Kunth) G. Don Venezuela n=11+2 Weaver & Ridenberg (1975)
H. corniculata Druce Baikal 22 Belaeeva & Siplivinsky (1975)
Siberia 22 Krogulevich (1976, 1978)
Russia 22 Loéve & Love (1986)
Mongolia 22 Murin, Haberova and Zamsran (1984)
Japan 22 Wada (1966)
H. crassiuscula B. L. Rob. & Seaton  Mexico 22 Beaman, DeJong and Stoutamire
(1962)
H. cuatrecasasii C. K. Allen ex Colombia n=11 Weaver & Ridenberg (1975)
Cuatrec.
H. decumbens Benth. n=11 Niehaus & Wong (1971)
H. deflexa Griseb. Manitoba, Canada 22 Léve & Love (1982)
n=11 Mulligan (1967)
H. elliptica D. Don Gansu, China 22 Yuan & Kupfer (1993)
Gansu, China 22 Yuan & Kupfer (1993)
22 Favarger (1952)
H. inaequalis Wedd. Venezuela n=11 Weaver & Ridenberg (1975)
H. muiltiflora Benth. n=11 Niehaus & Wong (1971)
H. perrottetii Griseb. India 22 Mallikarjuna (1985)
India 22 Mallikarjuna, Sheriff and Krishnappa
(1987)
H. phyllophora C. K. Allen Colombia n=11 Weaver & Rudenberg (1975)
H. rhyacophila C. K. Allen Costa Rica n=11 Weaver & Riildenberg (1975)
H. shannonii Briq. Guatemala 22 Beaman et al. (1962)
H. umbellata Gilg 22 Favarger & Huynh (1965)
Peru 22 Huynh (1965)
H. viridis Gilg Venezuela n=11 Weaver & Riidenberg (1975)
H. weddelliana Gilg n=11 Pringle (1981)
Jaeschkea Kurz — synonymy according to Garg (1987)
J. oligosperma Knobl. Himalaya n=11 Gohil, Raina and Ashruf (1981)
(as J. gentianoides Kurz) Kashmir 18 Koul & Gohil (1973)
J. canaliculata (Royle ex D. Don) Kobl. W Himalaya n=10 Mehra & Vasudevan (1972)
(as J. latisepala C. B. Clarke) W Himalaya n=10 Vasudevan (1975)
J. microsperma C. B. Clarke Tibet 16 Yuan, Kiipfer and Zeltner (1998)
Lomatogoniopsis T. N. Ho & S. W. Liu
L. alpinaT.N. Ho & S. W. Liu Qinghai, China 12 Liu, Ho and Chen (2002b)
Lomatogonium A. Braun
L. brachyantherum (C. B. Clarke) Qinghai, China 16 Liu (1994)
Fernald Qinghai, China 32 Liu (1994)
L. carinthiacum (Wulfen) Rchb. Austria 40 Furnkranz (1965)
Caucasus 48 Gagnidze et al. (1992)
Siberia 32 Krogulevich (1978)
Romania 32 Loéve & Love (1986)
n=24 Vasudevan (1975)
Qinghai 2n=18 Liu et al. (2002a)
Qinghai, China 32 Liu (1994)
L. macranthum (Diels & Gilg) Fernald Gansu, China 16 Yuan & Kiipfer (1993)
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Qinghai, China n=8 Liu (1994)
16
Qinghai, China 16 Liu (1994)
L. rotatum (L.) Fries ex Nyman Gansu, China 16 Yuan & Kupfer (1993)
Iceland 10 Love (1953)
Manitoba, Canada 10 Loéve & Love (1982)
Iceland 16 Loéve & Love (1986)
Qinghai, China 16 Liu et al. (2002a)
Megacodon (Hemsl.) Harry Sm.
M. stylophorus (C. B. Clarke) Harry Deqin, Yunnan 28 Liu et al. (2002b)
Sm.
Obolaria L.
O. virginica L. USA 56 Kondo (1970)
Pterygocalyx Maxim.
P. volubilis Maxim. China 26 Ho & Liu (2001)
Swertia L. — synonymy according to Shah (1984)
S. abyssinica Hochst. Ethiopia 20 Nemomissa (1994)
S. alata Royle ex D. Don Himalaya 26 Khoshoo & Tandon (1963)
W Himalaya, India n=12 Mehra & Gill (1968)
W Himalaya n=13 Vasudevan (1975)
S. angustifolia Buch.-Ham. ex D. Don Himalaya 26 Khoshoo & Tandon (1963)
India 26 Mallikarjuna (1985)
W Himalaya, India n=12 Mehra & Gill (1968)
W Himalaya n=13 Vasudevan (1975)
India 26 Mallikarjuna et al. (1987)
S. beddomei C. B. Clarke India 26 Mallikarjuna (1985)
S. bifolia Batalin China, Qinghai 28 Ho, Wang and Xue (1999)
S. bimaculata (Siebold & Zucc.) Clarke Himalaya n=11 Roy, Ghosh and Chatterjee (1988)
Japan 26 Shigenobu (1982b, 1983)
Japan 24 Wada (1954)
Japan 26 Wada (1955, 1966)
S. binchuanensis T. N. He & S. W. Liu China, Yunnan n=10 Chassot et al. (2001)
S. brownii J. Shah Central Africa 20 Auquier & Renard (1975)
(as S. calycina N. E. Br.)
S. chirayita Karst. Himalaya 26 Khoshoo & Tandon (1963)
W Himalaya n=13 Vasudevan (1975)
as S. tongluensis Burkill India 26 Sharma & Sarkar (1970)
S. ciliata Royle ex D. Don Himalaya 20 Khoshoo & Tandon (1963)
(as S. purpurascens Wall.) W Himalaya, India n=12 Mehra & Gill (1968)
W Himalaya n=10 Vasudevan (1975)
S. cordata Wall. Himalaya 26 Khoshoo & Tandon (1963)
W Himalaya, India n=13 Mehra & Gill (1968)
W Himalaya n=13 Vasudevan (1975)
S. corymbosa (Griseb.) C. B. Clarke  India 26 Mallikarjuna (1985)
India n=13 Mallikarjuna et al. (1987)
India 26 Mallikarjuna (1985)
India 26 Mallikarjuna et al. (1987)
S. crassiuscula Gilg Africa 20 Hedberg & Hedberg (1977)
Africa 20 Hedberg (1957)
E Africa 20 Thulin (1970)
E Africa 20 Hedberg & Hedberg (1977)
S. decora Franch. China, Yunnan 26 Chassot et al. (2001)
S. delavayi Franch. China, Yunnan 26 Chassot et al. (2001)
S. densifolia (Griseb.) Kashyapa India n=13 Mallikarjuna (1985)
S. diluta (Turcz.) Benth. & Hook. f. China, Gansu 20 Yuan & Kupfer (1993)
Japan 20 Wada (1966)
Japan 24 Wada (1954)
(as Ophelia chinensis Bunge ex Russian far East 24 Volkova & Boyko (1989)
Griseb.)
S. engleri Gilg Ethiopia n=10 Nemomissa (1994)
S. fimbriata (Hochst.) Cufod. Ethiopia 2n=26 Nemomissa (1994)
S. franchetiana Harry Sm. China, Xizang 20 Ho et al. (1999)
S. iberica Fisch. ex Boiss. Georgia 26 Davlianidze (1985)
Caucasus 26 Gagnidze, Gviniaschvil and
Tschuradse (1986)
S. japonica Makino Japan 20, 21 Shigenobu (1983)
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Japan 20 Wada (1960, 1966)

S. kilimandscharica Engl. Africa 26 Hedberg (1957)
Africa 26 Hedberg & Hedberg (1977)
E Africa 26 Thulin (1970)
Ethiopia 26 Nemomissa (1994)

S. laticalyx J. Shah China 36 Chassot et al. (2001)

(as S. pubescens Franch.)

S. lugardae Bullock Ethiopia n=10 Nemomissa (1994)

S. lurida Royle ex D. Don W Himalaya, India n=13 Mehra & Vasudevan (1972)
W Himalaya n=13 Vasudevan (1975)

S. macrosepala Gilg Africa 26 Hedberg (1957)
Africa 26 Hedberg & Hedberg (1977)

S. macrosperma C. B. Clarke China 18 Chassot et al. (2001)

S. marginata Schrenk Siberia 26 Krogulevich (1978)

(as S. komarovii Pissjaukova)

S. minor (Griseb.) Knobl. India 20 Mallikarjuna (1985)
India 20 Mallikarjuna et al. (1987)

S. nervosa Wall. India 26 Sharma & Sarkar (1970)

S. paniculata Wall. Himalaya 16 Khoshoo & Tandon (1963)
W Himalaya n=8 Vasudevan (1975)

(as S. dilatata C. B. Clarke) Himalaya 20 Khoshoo & Tandon (1963)

S. pauciflora J. Shah India 26 Mallikarjuna (1985)

(as S. lawii Burkill) India 26 Mallikarjuna et al. (1987)

S. perennis L. Switzerland 28 Favarger (1952)
Alaska 28 Dawe & Murray (1979)
Spain 28 Loéve & Love (1986)
Colorado n=14 Post (1983)
Byelorussia 28 Semerenko (1985)

(as S. cuspidata (Maxim.) Kitagawa) Japan 28 Shigenobu (1983)

(as S. stenopetala (Regel & Tiling) Siberia n=14 Zhukova, Petrovsky and Plieva (1973)

Pissjaukova)

S. petiolata Royle Kashmir n=13 Jee, Dhar and Kachroo (1989)
Himalaya 26 Khoshoo & Tandon (1963)
Kashmir 26 Koul & Gohil (1973)
Himalaya n=13 Vasudevan (1975)

S. pseudochinensis Hara Japan 20 Shigenobu (1983)

S. punicea Hemsl. China n=10 Chassot et al. (2001)

S. speciosa Wall. Himalaya 26 Khoshoo & Tandon (1963)
W Himalaya, India n=13 Mehra & Gill (1968)
W Himalaya n=13 Vasudevan (1975)

S. subnivalis T. C. E. Fr. Africa 26 Hedberg & Hedberg (1977)

S. swertopsis Makino Japan 52 Shigenobu (1982b)

S. tashiroi Makino Japan 60 Shigenobu (1982a)
Taiwan 52 Chassot et al. (2001)

S. tetragona Edgew. Himalaya 18 Khoshoo & Tandon (1963)
W Himalaya n=9 Vasudevan (1975)

S. tetraptera Maxim. China, Qinghai 14 Ho et al. (1999)

S. tetrandra Hochst. Ethiopia n=10 Nemomissa (1994)

S. thomsoni C. B. Clarke Himalaya 26 Khoshoo & Tandon (1963)
W Himalaya n=13 Vasudevan (1975)

S. tosaensis Makino Japan 20 Wada (1955, 1966)

(as S. hickinii Burkill) China, Anhui 20 Ho et al. (1999)

S. umbellata (Hook.) J. Shah India 26 Mallikarjuna (1985)

(as S. trichotoma C. B. Clarke) India 26 Mallikarjuna et al. (1987)

S. uniflora Mildbr. Africa 26 Hedberg & Hedberg (1977)

S. volkensii Gilg Africa 26 Hedberg & Hedberg (1977)

S. wolfgangiana Gruning China, Qinghai 28 Ho et al. (1999)

S. yunnanensis Burkill China, Yunnan 22 Chassot et al. (2001)

(as 2n = 20, erratum)
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Abstract. The significance of exine pattern variation in subtribe Swertiinae
(Gentianaceae-Gentianeae) was re-evaluated in comparison with recent molecular
phylogenetic surveys of the Swertiinae that revealed unexpected relationships from a
morphological point of view, and polyphyly in the geneBzntianella Jaeschkea,
Lomatogoniumand Swertia Pollen grains of 65 species representing all but 2 lineages
(MegacodonandVeratrilla) of the Swertiinae identified by molecular results, with a
particular focus on species of the gerfigertia were examined by scanning electron
microscopy as a complement of Nilsson’s (1967) survey of tribe Gentianeae using light
microscopy. The main exine patterns found in the Swertiinae are striate, striato-reticulate,
rugulate, reticulate, punctate, perforate, verrucate, spinose, shortly ridged or scabrate to
smooth. Many distantly related genera suckrasera,Halenia, Gentianella and lineages of
Swertiashare a common striato-reticulate to reticulate exine pattern, whereas some closely
related taxa such &omastomandLomatogoniunp. p. or Latoucheand Obolaria have
very different pollen types. In general, relationships between genera and lineages of a genus
revealed by molecular analyses were not well supported by pollen morphology, except for
Pterygocalyxand some species dbentianopsis However, in combination with other
morphological and karyological characters, pollen morphology was particularly useful in
characterising several lineages of the polyphyletic geBwertia According to exine
characters, and in agreement with other results, the Asiaoneatas related to an African
lineage ofSwertig S. yunnanensis is related to speciet@hatogoniumsS. swertopsis is
distinct from all other specieS, tashiroiandS. rosularisare not related t8. bimaculataand
S. tenuigespectively S. macrospermg distinct from most other Asian annual or biennial
species, as well as a& chirayitaand S. membranifoliaAmong species not sampled in
molecular studiesS. minoris palynologically related t&. cuneataand African species, and

S. piloglandulosdo S. macrosperma.

Keywords: Swertiinae, pollen, taxonomy.
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Introduction

According to the most recent classification of Gentianaceae (Seuale 2002), subtribe
Swertiinae of the Gentianeae includes 14 genera (15hwitlatogoniopsid.-N. Ho & S.-W
Liu ) representing over 500 species distributed mainly in temperate, alpine or arctic habitats.
Of these,GentianellaMoench (ca. 250 spp.) ar&lvertiaL. (ca. 138 spp.) are the most
speciose, and also include species representing an important level of morphological
heterogeneity, as attest the numerous segregates proposed for these genera (for examples see
Chassotet al, 2001, and Hagen & Kadereit, 2001). Furthermore, recent molecular
phylogenetic surveys (Chassztal, 2001 and in ms.; Hagen & Kadereit, 2001; Hagen &
Kadereit, 2002) have revealed non-monophylyGentianella,Lomatogoniumand Swertig
particularly pronounced in the latter, supporting the view that floral gross morphological
characters such as nectaries and their appendages, presence or absence of a corolla tube, stylar
and staminal traits, etc., currently used in the taxonomy of Swertiinae, are subject to high
levels of homoplasy and thus unreliable for the definition of the lineages identified by the
analysis of DNA sequence data. Particularly problematic is the characterisation of the various
lineages of the gen®wertia Although admittedly a highly polymorphic genus from a gross
morphological point of view (Shah, 1984), synapomorphies confined to the lineages identified
by molecular results are scarce. Chromosome numbers in the Swertiinae support molecular
phylogenetic results, but only as regards the distinction between a basal grade composed of
Bartonia Muhl., FraseraWalter, GentianopsisMa, HaleniaBorkh., LatoucheaFranch.,
Megacodor(Hemsl.) Harry Sm., Obolaria., Veratrilla Baill. and lineages dbwertig and a
more derived clade includin@omastomaToyokuni, Gentianella JaeschkeaKurz,
Lomatogoniopsig. N. Ho & S. W. Liu,LomatogoniumA. Braun and again lineages of
Swertia(Chassott al., in ms.). Within each of these broad groups, chromosome numbers are
identical or largely overlapping between lineages, precluding their use in reliably
characterising these lineages.

Pollen morphology in the Swertiinae is rather well documented, and has already
contributed to clarifying taxonomic and phylogenetic issues in the Swertiinae. Liu & Ho
(1992) complemented Nilsson’s (1964) investigationd.omatogoniumand used some
pollen features in their sectional classification of the genus. In a broad palynological survey of
Gentianeae based on light microscope observations, Nilsson (1967), presented evidence of the
pollen morphological distinctness of debated taxa suc@amsastomaGentianopsisand
Megacodon, that were recently shown to be entirely justified by molecular phylogenetic
studies (Yuan & Kiupfer, 1995; Struvet al, 1998, 2002; Chasset al, 2001; Hagen &
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Kadereit, 2002).The inclusion of the mycotrophic genelBartonia and Obolaria in the
Swertiinae on grounds of DNA sequence data (Stratval, 2002) also finds some
palynological support (Nilssoet al., 2002). As regards the genus Swerildsson (1967)

noted that its species were pollen morphologically heterogeneous, but considered that a better
taxonomic understanding of the genus was necessary before drawing further conclusions. On
a regional scale, two main pollen morphological groups based on the presence or absence of
spinules were recognised in African speciesSefertia (Hedberg, 1957; Jonsson, 1973;
Nemomissa, 1994), that agreed wweith other morphological and karyological characters.
References to additional investigations on the pollen morphology of the genera of the
Swertiinae may be found in Nilsson (2002).

Following the recent detailed molecular phylogenetic surveys of subtribe Swertiinae
(Chassott al., 2001 and in ms.; Hagen & Kadereit, 2001; Hagen & Kadereit, 2002), and the
extensive morphological and taxonomic reviews of the g&westia(Shah, 1984; Het al,

1988; Hoet al, 1994; Nemomissa, 1994), it appeared timely to complement the pollen data
available for this group, and to re-interpret pollen morphological variation in this new context.
Pollen grains of 65 species representing all genera of the Swertiinae dlaggtodon
(Hemsl.) Harry Sm. an®eratrilla Baill. ex Franch. were thus observed with scanning
electron microscopy. This work was initiated in collaboration with Siwert Nilsson, whose
immense knowledge of Gentianaceae pollen was invaluable, but unfortunately had to be
fulfilled by the authors alone.

Material and methods

The taxon sample includes all but 2 genera of the Swertiinae (sensu 8traly002),
with special emphasis on the taxa occupying a surprising position in molecular phylogenies,
and on the species &wertia For the latter, representative species of all but 9 of the 32
morphological groups defined by Shah (1984) were investigated. Five of the groups not
sampled represent African species that have been studied extensively (Jonsson, 1973),
whereas the remaining 4 groups are monospecific and thus not likely to have an important
incidence on the pollen variation in this genus.

The pictures ot.atoucheaand most species 6iraserawere taken by S. Nilsson at the
palynological laboratory, Swedish Museum of Natural History, and are reproduced here with
permission. All other species were analysed at the Interdisziplinares Zentrum fir
Materialwissenschaften at the University of Halle on a Philips ESEM XL 30 FEG

microscope. Because the focus of our investigations was mainly the exine structure, pollen
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grains were mounted on adhesive tape and observed without further preparation. The shape
reported in Table 1 should thus be considered with some caution, as pollen grains were not
always homogeneously expanded. Specimens examined and voucher information are given in
Table 2.

Results and discussion

Shape, size and exine ornamentation of the pollen grains investigated are given in Table 1
and illustrated in Figs 1-171. Voucher specimens are listed in Table 2. The results are
presented and discussed according to the phylogenetic relationships proposed ineChhssot
(2001 and in ms.) unless otherwise mentioned. For the gemerdig Pollen morphology is
additionally compared with the classifications proposed by Shah (1984), agidaH(1988;

1994) based on gross morphology.

Obolaria, Bartonia and Latouchea (Figs. 1-7). Although closely related from a molecular
phylogenetic point of view, the monotypic gendér@moucheaand Obolaria have a very
different exine ornamentation. Pollen grainsl@touchea fokienensisave a sparsely
punctate tectum densely covered by spinules (Fig. 7), where@bdlaria virginica the
exine is reticulate to finely reticulate, with rounded to angular lurtkigs. 1-3). Except for
the relatively small size of pollen grains (17.1-22.5 x 12.6-17.8 um), pollen morphology does
not bring additional support to the sister relationship of these taxa. Moreover, the pollen of
Latoucheas unique in the subtribe Swertiinae. On the other h@wlaria was considered
to be related tdBartonia on grounds of morphological similarities such as tetramerous
flowers, mycotrophic habit and imbricate aestivation, a rare trait in the Swertiinae (Hagen &
Kadereit, 2002). In addition, the pollen Bfartonia virginica(Figs. 4-6) andObolaria
virginica (Figs 1-3) have a similar reticulate exine pattern. Pollen similarities between these
two genera were already pointed out by Nilsson & Skvarla (1969), who also noted
comparable pollen in other unrelated saprophytic genera suCotgmntheraBlume and
Voyriella (Mig.) Mig. Yet, molecular results did not support a close affinity between species
of Bartonia andObolaria.

Pterygocalyx and Gentianopsis (Figs. 8-13). As pointed out by Nilsson (1967), both
genera have palynological affinities, in agreement with molecular results. However, the exine
structure ofGentianopsisblepharophorasampled heréFigs. 7-9) resembles more that of
Pterygocalyxvolubilis (Figs. 3-6) than that of, for example, G. crinita, where the muri are
ring-shaped and not fused with those surrounding the adjacent lumina (see Nilsson, 2002 for

illustrations).According to molecular results (Hagen & Kadereit, 2002¢rygocalyxs also
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more closely related tG. ciliataandG. blepharophoradhat to other species Gentianopsis

This is also consistent with the exotestal seed structure of these species. The geeds of
volubilis, G. blepharophorandG. ciliata are flattened with an ellipsoid wing and a smooth
testa, whereas other speciesGantianopsisisually have ovate, wingless seeds with a testa
covered by spinulous processes. Species of Gentiangpkithis seed type were overlooked

by Chen & Ho (1998), who used this character as supporting evidence for recognising
Pterygocalyxas a distinct genus. In addition, contrary to the descriptid?terfygocalyxn

Ho & Pringle (1995),P. volubilis also has epipetalous nectaries similar to those of
GentianopsigChen & Ho, 1998; pers. obs.). Evidence from sequence data, gross morphology
and palynology thus suggests that the differences bet®Resygocalyxand Gentianopsis

may in fact only be rather faint.

Frasera (Figs. 14-28).The status oFraserais probably the most controversial of all the
taxa segregated fro@wertia (see Shah, 1984 for details; Chaseobtal, 2001). Nilsson
(2002) suggested that pollen data may be useful in assessing the appropriate taxonomic rank
of Frasera. The species of this genus are pollen morphologically rather homogeneous. Pollen
grains are sub-prolate to prolate, 3-colporate, and 25-42.7 x 16.6-36.7 um. The exine is
densely striate-perforate, occasionally somewhat rugulate. Rnlympguaensisleviates
from this pattern with an exine coarsely reticulate, and thickened and smooth at the colpus
margin (Figs. 17-19). From a molecular phylogenetic standdéiaseraforms a distinct and
independent lineage, but its affinities with other members of the Swertiinae are not clear. The
genus wasuggested to be related@ntianopsiandPterygocalyxStruwe et al.2002), but
this is not supported by pollen data. Furthermore, the striate-perforate pattern observed in
most species dfrasera, although rather densely striate, also occurs in numerous species of
Swertiaand does not seem to bring additional support for the recognition of this taxon at
generic level.

Halenia (Figs. 29-34).Nilsson (1967) recognised 3 pollen types in the geHasenia
elliptica sampled here belongs to the foliosatype. In this species, the exine is striate-
perforate, but the lirae are short and arranged so as to form a broadly reticulate secondary
pattern (Figs. 29-31). Halenia weddelliabalongs to the H. schiedeahge, with a regular
reticulate exindFigs. 32-34). The genus has close phylogenetic affinities Satlertia
dichotoma(Figs. 121-123) ané. tetraptera(Figs. 124-126), and also with S. bimaculata
(Figs. 118-120). These species Qivertiashow some palynological similarities with.

elliptica with respect to the rather broad and rounded lirae, and sparsely perforate tectum.
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This pattern is however not confined to these species, and may thus not be considered as
supporting evidence for the relationships suggested by sequence data.

Gentianella and Jaeschkea (Figs. 35-55) With exception of only a few species, the genus
Gentianellawas shown to be monophyletic (Hagen & Kadereit, 2001). In the present study,
we have focused on those species that were excluded from the Gensasgllalade by the
analysis of sequence data. These spe@esenaria[Figs. 41-43], G. gentianoidd&igs.
44-46],G. moorcroftiangFigs. 47-49] and G. azurdé&igs. 50-52] in our sample) have 2
widely spaced nectaries per corolla lobe, in contrast to the spe€enthinellas. str., where
the nectary is solitary or more or less deeply biloligdré@punculoidegFigs. 35-37] and G.
turkestanorunjFigs. 38-40] in our sample). However, evidence from sequence data suggests
that the binectariate species®éntianellado not form a monophyletic lineage (Hagen &
Kadereit, 2002; Chassot et,aln ms.). This has palynological support, as these species all
have a different exine ornamentation. However, excepGtoarenariawhich has a very
particular striation pattern, the variation of exine ornamentation in these species does not
exceed the variability reported for speciessentianellas. str. in Nilsson (1967, 2002).

Two species of Jaeschkeh canaliculataandJ. oligosperméaave similar pollen grains (
see Nilsson, 1967, 2002 for illustrations) and are molecular phylogenetically closely related
(Hagen & Kadereit, 2002). This lineage J#eschkeas related to species @entianellas.
str. and SwertidS. puniceaand akin speciess. macrosperma). The striate-perforate exine
with sharply keeled and more or less straight lirae of these speclassahkeas similar to
that observed in species Glentianellas. str. (e. g.G. turkestanorum [Fig. 38-40]) and
species of Swertigelated toS. puniceasuch asS. binchuanensi@Figs. 154-156)S. davidi
(Figs. 157-159) ané. striata (Figs. 160-162), but very different from the one observ&d in
macrospermgFigs. 163-165). Jaeschkea microsperma (Figs. 53-55), however, was related to
Gentianella moorcroftianand not to other species ddeschkea, from which it also differs
from a palynological point of view. In this species, the lirae are densely spaced, not keeled,
and interconnected by minute muri demarcating very small lumina. Exine ornamentation
supports the separate positionJoimicrospermawith respect to other species ddeschkea
but not its relationship witls. moorcroftiana, which has striate-reticulate pollen grains (Figs.
47-49).

Comastoma, Lomatogonium and Lomatogoniopsis (Figs. 56-78).As revealed by
molecular data, these three genera are closely related. The speCemastomae. g. C.
tenellum, Figs. 56-57) form a morphologically and palynologically homogeneous group

(Nilsson, 1967), also found to be monophyletic according to sequence dadadiogonium
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however, the morphology is more variable (as regards the shape of stigmas and ovary,
number and structure of nectaries, habit), and molecular results suggest relationships that are
at contradiction with the sectional classification based on gross morphology proposed by Liu
& Ho (1992), in addition to paraphyly with respect @mmastomaand a probably
polyphyletic origin for certain species (e. lg. oreocharis [Hagen & Kadereit, 2002]).
Palynologically, all the species of the genus are now documented, either using light
microscopy (Nilsson, 1964; Nilsson, 1967) or electron microscopy (Liu & Ho, 1992, present
results). Nilsson (1967) recognised 2 main pollen types, i. &. thamosepaluntype with a
spinose-punctate exin@=igs. 73-75), and thé. rotatumtype with a striate-perforate to
striate-reticulate exine (e. ¢.. carinthiacum Figs. 64-66). It is noteworthy that pollen
morphology partly disagrees with both molecular phylogenetic results and the sectional
classification of Liu & Ho (1992).

For example, some species not included in $@rhatogoniunwere found to be related to
species of this section by molecular analyses. Of these splecieaiogonium micranthum
(Figs. 67-69) of sect. Pleurogynelliacks most of the morphological traits of sect.
Lomatogoniumbut has a pollen type similar to that of the species of the section. Conversely,
Lomatogonium longifoliun{Figs. 61-63)and L. perenne(see Liu & Ho, 1992 for
illustrations)of sect.Sarcorhizomaave all the characteristics of sdabmatogoniunmexcept
for their perennial habit. Their pollen seems to be intermediate between the spinose-punctate
type of other species of sesarcorhizomge. g.L. oreocharis,Figs. 58-60) and the shortly
ridged-perforate type ot. forrestii (see Liu & Ho, 1992 for illustrations)f sect.
Lomatogonium

Among the species related @omastomay molecular data, some, &smatogonium
graciliflorum (Figs. 70-72) (secPleurogynella) and L. sikkimense (see Liu & Ho, 1992 for
illustrations) (sectLomatogoniury have pollen grains reminiscent of those of Comastema
e. striate-reticulate to reticulate and lacking the sexine protrusion over the ora, a characteristic
feature of Lomatogonium(Nilsson, 1967). Others, as. gamosepalumand L .
brachyantherumhave pollen grains markedly different from thoseCaimastomai. e.
spinose-punctate, but nearly identical to those of some species @aectthizomge. g.L.
oreocharig. As Nilsson (1967) pointed out, the pollenL@matogoniopsis alpina (Figs. 76-

78) (asL. bicoronatunHarry Sm. ined.) has features of battimatogoniunandComastoma
The plant is morphologically also intermediate, but sequence data, however, closely related

this species to the cot®matogonium clade.
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In conjunction with the incongruence between morphological and molecular data revealed
for some species, the occurrence of a similar pollen type in distantly related lineagés (e. g.
gamosepalunandL. oreochari$, or, inversely, the occurrence of distinctly different pollen
types in closely related lineages (eCgmastomapp. and.. gamosepalum) could point to a

hybrid origin of some taxa.

Swertia (Figs. 79-173)The various lineages &wertiaidentified by the analysis of DNA
sequence data are largely in agreement with the grouping based on gross morphology
established by Shah (1984), except for the subdivisi®wartiainto 2 subgenera based on
the annual (or biennial) and perennial habit of the species. Combining our palynological
results with those of Nilsson (1967) and Jonsson (1973), additional support was found for
several lineages @wertiarevealed by molecular data, as well as for some relationships that
disagreed with the morphological groups of Shah (1984). Possible affinities of a few
morphologically particular species that were not included in the analysis of sequence data
could also be proposed.

Swertia swertopsisvas placed by Shah (1984) in a monospecific group, and formed an
independent lineage in molecular analyses. The exine ornamentation of this species is also
unique in the genus. The tectum is punctate to slightly perforate, and covered with minute
spinules or short, sharp ridge-like processes (Figs. 115-117).

Swertiatashiroi was related by Shah (1984) and efoal. (Hoet al., 1988) to, i. a.S.
bimaculata, from which it differs mainly by its single nectaries per corolla lobe and echinate
seedcoat (Wang & Lu, 1998). According to molecular results, this species represents an
independent lineage not related $o bimaculata Pollen morphology supports molecular
results, aSwertia tashirohas spinose pollen grains (Figs. 112-114), whereas the pol&n of
bimaculata is striate (Figs. 118-120).

Spinose pollen also occurs in some African specieSwartia documented by Hedberg
(1957), Nilsson (1967), and more extensively by Jonsson (1973) (but see Nemomissa [1994]
for misidentified material in the latter). In addition to their pollen morphology, the African
species of Swertiavith spinose pollen are readily separable from other African species by
their smooth seedcoat and chromosome number of 2n = 20 (Nemomissa, 1994). One Asian
speciesS. cuneataalso has spinose pollen (Figs. 169-171), 2n = 20 chromosomes (Chassot
et al, in ms.), and conforms to the characteristics of African species sharing this type of
pollen. Shah (1984) placesl cuneatan a monospecific group, mainly due to its Asian

distribution, but Hoet al.(1988) included it in secBwertia(S. perennisand related Asian
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perennial species; all species documented have striate-perforate, striate-reticulate or reticulate
pollen grains [Figs. 88-99]). From a phylogenetic point of view, S. curseatdhe African
species with spinose pollen form a monophyletic lineage only distantly related to other
African species ofSwertig in agreement with pollen morpholog8wertia minorfrom

western India could possibly also belong to this group, as it has spinose pollen (Figs. 172-
173) (but note that Rao & Nagaraj [1982] reported a striate-reticulate pattern), a smooth
seedcoat, and a corresponding chromosome number of 2n = 20 (Mallikarjuna, 1985).

The pollen ofSwertia macrospermgrigs. 163-165) an&. piloglandulosgFigs. 166-168)
has a verrucate to spinose-punctate exine, extremely short colpi, and pollen grains that seem
to form polyads. Pollen morphology supports molecular result§wastia macrosperma
formed an independent lineage in a polytomy comprising species of Gentiangtita(e. g.

G. turkestanoruniFigs. 38-40],G. rapunculoidegFigs. 35-37]), Swertia(e. g. S.
binchuanensi$Figs. 154-156]S. davidi[Figs. 157-159] and S. striaf&igs. 160-162]) and
Jaeschkede. g. J. canaliculatgsee Nilsson, 2002 for illustrations), for which this type of
pollen was never reported. It also supports the group defined by Shah (1983) for
macrospermanda few morphologically akin species. No sequence data was availale for
piloglandulosa which Shah (1984) placed in a monospecific group mainly on account of its
distribution and perennial habit, but palynology strongly suggests a close relationship of this
species with th&. macrosperma lineage.

Of special interest ar8wertia hispidicalyxS tenuisand S. yunnanensidn molecular
phylogenetic analyses, they formed a strongly supported clade, along with species of
Gentianella(G. azurea) and Lomatogoniufi. oreocharis and.. zhongdianense). However,
these species are morphologically (as regards number and structure of nectaries, shape of
ovary, style and stigmas), and palynologically very different. Pollen morphology does not
support the inclusion of such heterogeneous taxa in a same clade, but may bring some insight
as regards their affinities within the Swertiiné&wertia hispidicalyx (Figs. 83-85) is
morphologically (Shah, 1984) related t@m@up of species including, i. &, ciliata(Figs.
145-147),S. laticalyx(Figs. 148-150) and S. ter@sigs. 151-153). This is also supported by
pollen morphology [Nilsson, 1967 #160; present results] (pollen grains striate-perforate to
striate-reticulate with sharp lirae and branched bac8Blagrtia tenuis is unique in the genus
from a gross morphological point of view (Shah, 1984), but pollen morphology (Figs. 82-84)
relates this species tamatogoniun{as regards shape, aperture and colpi), and in particular
to L. forrestii (exine covered with very short, sharp ridges; see Liu & Ho [1992] for

illustrations ofL. forrestii). Moreover, Shah consideresl rosularis(Figs. 133-135)as a
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synonym ofS. tenuis but, in agreement with molecular results, pollen morphology clearly
refutes this synonymy. Similarl{g. yunnanensisas unique morphological characteristics in
the genus (Shah, 1984), but has pollen grains of the L. gamosdpptui(figs. 79-81). Thus,
except forS. hispidicalyxpollen morphology tends to support a relationship of these species
with Lomatogonium as suggested by molecular data, and, in combination with gross
morphology, could also be interpreted as an indication of a hybrid origin of these taxa.

A few species were found to have almost smooth @wegrtia multicaulisFigs. 142-144)
or rugulate-punctate (e. §. hookeriFigs. 139-141) pollen grains. These species belong to a
group of both molecularly and morphologically closely related taxa. A similar smooth type of
pollen was reported by Nilsson (1967) f8 handeliana. This species shares some
characteristics witls. multicauligtetramerous flowers with a single nectary per corolla lobe,
smooth seedcoat), but was placed in a monospecific group by Shah (1984). As it was not
included in molecular analyses, its affinities with other speci@nafrtiaare still vague, but
pollen morphology may support a relationship v8thmulticaulis

Nilsson (1967) pointed out palynological affinities betwemertia chirayitaand S.
lurida, two species that belong to a same morphological group, along with S. membranifolia
sampled here (Shah, 1984). The pollen grainsSofchirayita (not shown) and S.
membranifolia(Figs. 136-138) are among the smallest in the genus. The exine is striate-
punctate, but the lirae are wide and low, as in no other species included in our sample. This
group of species were molecularly relatedStomulticaulisandS. barunensiga species
similar to S. hookeni. Although pollen morphology differs betwe& membranifoliaS.
hookeriandS. multicaulisas regards size, shape and exine ornamentation, the comparatively
broad muri/lirae appear to confine to this group of species.

The remaining species &wertianot discussed above, for which palynological data is
presented here or available from other studies, have pollen grains either striate-punctate,
striate-perforate, striate-reticulate or reticulate, among which our studies did not allow to
distinguish clear-cut pollen types. Among these species, howgvdecorgFigs. 130-132)
andS. patula(Figs. 127-129) were found to have slightly different pollen grains with respect
to the thickened and shortly striate colpus margins. These 2 species were also closely related
according to molecular results.

In sum, and despite the still preliminary aspect of pollen morphological studies in the
Swertiinaeand in the genuSwertig palynological features were found to be in good overall
agreement with molecular results. Although characteristics of the exine sculpture did not

allow to characterise several genera or lineages (etagera,Halenia, some lineages of
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Swertig due to insufficient variation, or did not bring additional support for some molecular
relationships for the same reason (e. g. the affinitiddadéniawith S. dichotomandS.
tetraptera, and ofGentianellas. str. with species of th®. punicea lineage), or altogether
contradicted some molecular results (e. g. the sister relationshgimfchea and Obolaria
relationships between some specietahatogoniury pollen morphology was found to be
particularly useful in delimiting many lineages of the polyphyletic geSwertia(e. g. the
lineages represented I8/ membranifoli]and S. hookeriS. cuneataS. macrospermes.
rosularis S. swertopsisS. tashiro). This suggests that more detailed studies, in particular of
Cross sections using transmission electron microscopy, may uncover additional and valuable

information.
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Table 1. Pollen morphology of some speciesSafertia and other genera of the Swertiinae.

P. axis E. axis

width of lirae,
muri, rugulae,

Species Shape [um] [um] sexine ornamentation spines or notes Fig.
verrucae [um]
Obolaria virginica subprolate 225 17.8 reticulate 0.4-0.5 1-3
Bartonia virginica perprolate 13.3 6.3 reticulate 0.2-04 muri thicker than lumina 4-6
Latouchea fokienensis prolate 17.1 12.6 spinose-punctate 0.2-0.6 spines dense 7
Pterygocalyx volubilis subprolate  44.2 34.6 reticulate 0.3-0.6 lumina angular 8-10
Gentianopsis blepharophora spheroidal 32.5 31.8 reticulate 0.4-0.6 11-13
Frasera speciosa prolate 411 25.7 striate-perforate 0.1-0.3 lirae dense 14-16
Frasera umpquaensis prolate 28.8 19.2 reticulate 0.7-14 17-19
Frasera caroliniensis subprolate 29.6 26.1 striate-perforate 0.2-04 20
Frasera coloradoensis subprolate 28.3 21.7 striate-perforate 0.2-04 21
Frasera gypsicola subprolate 26.4 20.4 striate-perforate 0.1-04 perforations very small 22
Frasera montana prolate 24.4 16.6 striate (rugulate)-perforate 0.1-0.4 23
Frasera neglecta prolate 26.9 19.2 striate-perforate 0.2-04 24
Frasera paniculata subprolate 25 20.8 striate-perforate 0.2-0.3 28
Frasera parryi subprolate 28.6 241 striate-perforate 0.2-04 25
Frasera puberulenta prolate 271 20.8 striate-perforate 0.1-0.3 26
Frasera tubulosa subprolate  42.7 36.7 striate (rugulate)-perforate 0.1-1 27
Halenia elliptica subprolate 30 25.9 irregularly striate-reticulate  0.3-0.6 29-31
Halenia weddelliana suboblate 33 37.7 reticulate 0.4-1 32-34
Gentianella rapunculoides suboblate 341 40.7 striate-perforate 0.3-0.5 lirae dense, small 35-37
Gentianella turkestanorum prolate 56.3 30 striate-reticulate 0.3-04 38-40
Gentianella arenaria prolate 33.3 24.8 striate-perforate 0.2-0.3 striae “cross-hatched” 41-43
Gentianella gentianoides spheroidal 26.3 26.7 striate-imperforate 0.2-0.3 striae dense, striate-reticulate at pole 44-46
Gentianella moorcroftiana subprolate 53 48.9 striate-reticulate 0.5-0.9 lirae very low 47-49
Gentianella azurea prolate 46.2 34.5 striate-reticulate 0.3-04 50-52
Jaeschkea microsperma spheroidal 35.3 37.6 striate-perforate 0.4-0.7 53-55
Comastoma tenellum subprolate 37.9 28.5 reticulate 0.3-0.6 not all lumina perforate 56-57
Lomatogonium oreocharis spheroidal 43.2 47.4 spinose-punctate 0.7-14 spines sparse 58-60
Lomatogonium longifolium spheroidal 23.7 24.2 tuberculate (spinose)- 0.4-0.6 tubercles usually dull and elongated, 61-63
punctate to perforate some spiniforme
Lomatogonium carinthiacum subprolate 31.4 27.4 wrinkly striate perforate 0.4-0.6 64-66
Lomatogonium micranthum spheroidal 26.7 27 striate-perforate 0.2-0.5 67-69
Lomatogonium graciliflorum prolate 38.9 29.1 reticulate 0.5-10.3 reticulation dense 70-72
Lomatogonium gamosepalum suboblate 38.2 44 1 spinose-punctate 0.7-14 spines sparse 73-75
Lomatogoniopsis alpina subprolate 374 311 (striate)-reticulate 0.4-0.8 reticulation dense 76-78
Swertia yunnanensis spheroidal 39.8 45 spinose-punctate 0.4-1.5 spines sparse 79-81
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P. axis E. axis

width of lirae,
muri, rugulae,

Species Shape [um] [um] sexine ornamentation spines or notes Fig.
verrucae [um]
Swertia tenuis suboblate 304 35.8 spinose to shortly cristate- 0.3-0.6 spines often short ridge-shaped 82-84
punctate
Swertia hispidicalyx spheroidal 35.7 35.7 striate-perforate 0.3-04 85-87
Swertia kingii spheroidal 36.7 39.2 striate-perforate 0.4-0.7 88-90
Swertia calycina spheroidal 25.9 29.5 striate-reticulate to reticulate 0.3-0.5 91-93
Swertia erythrosticta spheroidal 32.1 33 striate-reticulate 0.3-0.9 94-96
Swertia perennis prolate 41 221 striate-perforate 0.2-04 97-99
Swertia cordata prolate 32.5 18.4 striate-perforate 0.2-0.3 100-102
Swertia angustifolia subprolate  26.7 22.5 striate-reticulate 0.3-0.5 103-105
Swertia beddomei prolate 26.6 17.7 striate-perforate 0.3-04 106-108
Swertia nervosa subprolate 24 19.2 reticulate 0.2-0.7 109-111
Swetrtia tashiroi prolate 394 28.8 spinose (tuberculate)- 0.5-1.2 spines dull, sometimes ridge-like 112-114
punctate
Swertia swertopsis prolate 324 241 spinose-punctate 0.5-1 spines often triquetrous or short, sharp  115-117
ridge-shaped
Swertia bimaculata spheroidal 30.9 29.6 striate-perforate 0.3-0.6 secondary broad reticulation 118-120
Swertia dichotoma prolate 36.6 271 striate-punctate to perforate  0.3-0.7 121-123
Swertia tetraptera prolate 36.8 20.2 striate-punctate to perforate 0.2-0.4 124-126
Swertia patula subprolate 33.2 29.1 striate-reticulate 0.5-0.6 colpus margin thickened and densely 127-129
striate

Swertia decora spheroidal 30.6 29 striate-reticulate 0.4-0.7 colpus margin thickened and striate 130-132
Swertia rosularis perprolate 29.9 12.9 striate-punctate to perforate 0.2-0.4 lirae dense 133-135
Swertia membranifolia spheroidal 20.4 20.6 striate-perforate 0.3-04 lirae low and broad 136-138
Swertia hookeri spheroidal 31 31.2 rugulate-punctate 0.6-14 139-141
Swertia multicaulis subprolate  26.4 211 rugulate-punctate — nearly smooth 142-144
Swertia ciliata subprolate 34.9 27.2 striate-perforate 0.3-0.5 145-147
Swertia laticalyx spheroidal 329 35.5 striate-punctate 0.5-0.6 148-150
Swertia teres spheroidal 311 324 striate-punctate 0.5-0.7 151-153
Swertia binchuanensis prolate 37.5 254 striate-reticulate 0.5-0.6 154-156
Swertia davidi spheroidal 26.7 26.9 striate-imperforate 0.3-04 157-159
Swertia striata subprolate 32.6 26.5 striate-reticulate 0.4-0.7 160-162
Swertia macrosperma spheroidal 33.2 33.8 verrucate-punctate 0.4-14 pollen grains in polyads 163-165
Swertia piloglandulosa spheroidal 30.3 30.9 verrucate-punctate 0.4-14 pollen grains in polyads 166-168
Swertia cuneata spheroidal 34.6 32.8 spinose-punctate 0.5-14 169-171
Swertia minor subprolate 28.5 21.9 spinose-punctate 0.7-1.4 172-173
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Table 2. Voucher information for the species investigated.

Bartonia virginica Britton, Sterns & Poggenb. (NEU) M. T. Strong 2394
Comastoma tenellum (Rottb.) Toyokuni (NEU}avarger 270809

Frasera caroliniensis Walter. (NEU) PRINGLE-2727

Frasera coloradensis (Rogers) PogfNEU) Chassot 00-28

Frasera gypsicola (Barneby) Post (NEU) Chassot 00-31

Frasera montana Mulf. (NEU) Chassot 00-39

Frasera neglecta Hall (NEU) Chassot 00-22

Frasera paniculata Torr. (NEU) Chassot 00-29

Frasera parryi Torr. (NEU) Chassot 00-34

Frasera puberulenta Davidson (NEU) Chassot 00-37

Frasera speciosa Griseb. (NEU) Chassot 00-25

Frasera tubulosa Coville (NEU) Chassot 00-36

Frasera umpquaensis M. Peck & Applegate (NEU) Chassot 00-42
Gentianella arenaria (Maxim.) T.-N. Ho (NEU) Yuan & Kiipfer 95-95
Gentianella azurea (Bunge) Holub (NEU) Yuan & Kipfer 92-124
Gentianella gentianoides (Franch.) Harry Sm. (NEUZhassot & Yuan 99-201
Gentianella moorcroftiana (Wall ex Griseb.) Airy Shaw (NEU) Chassot 97-66

Swertia angustifolia Buch.-Ham. (NEU) Chassot & Yuan 99-233
Swertia beddomei C. B. Clarke (NEU) Piguet 98-3

Swertia bimaculata (Sieb. & Zucc.) C. B. Clarke (NEU) Chassot 97-22
Swertia binchuanensis T.-N. Ho & S.-W. Liu (NEU) Chassot & Yuan 99-160
Swertia calycina Franch. (NEU) Yuan & Kupfer S-92.10.3d

Swertia ciliata (G. Don) B. L. Burtt (NEU) Chassot 97-8

Swertia cordata (G. Don) C. B. Clarke (NEU) Chassot 97-65

Swertia cuneata D. Don (NEU) Yuan & Kupfer 92-S2

Swertia davidi Franch. (K) Henry 4444

Swertia decora Franch. (NEU) Chassot & Yuan 99-176

Swertia dichotoma L. (NEU) Yuan & Kupfer 95-19

Swertia erythrosticta Maxim. (NEU) Yuan & Kipfer S-94.9.15.2.1
Swertia hispidicalyx Burkill (NEU) Yuan & Kipfer 92-72

Swertia hookeri C. B. Clarke (BM) Stainton 641

Swertia kingii Hook. (NEU) Yuan & Kupfer 92-S3

Swertia laticalyx J. Shah (NEU) Yuan & Kipfer S-92.10.3b

Swertia macrosperma (C. B. Clarke) C. B. Clarke (NEU) Chassot 99-11

Gentianella rapunculoides (Willd ex Schultes) J. S. Pringle (NEU) Chassot 00-10  Swertia membranifolia Franch. (NEU) Chassot & Yuan 99-186
Gentianella turkestanorum (Gandoger) Holub (NEU) Yuan & Kipfer glla-95.8.23.2.2Swertia minor (Griseb.) Knoblauch (NEU) Rao-1

Gentianopsis blepharophora (Bordz.) A. | Galushko (NEU) Yuan & Kipfer Gs-1

Halenia dliptica D. Don (NEU) Yuan cn2k2-147

Halenia weddelliana Gilg (NEU) Chassot 00-5

Jaeschkea microsperma C. B. Clarke (NEU) Yuan & Kupfer 93-105
Latouchea fokienensis Franch. (NEU) Yuan cn2k1-4

Lomatogoniopsisalpina T.-N. Ho & S.-W. Liu (NEU) Yuan & Kupfer 92-141
Lomatogonium carinthiacum (Wulf.) Reichb. (NEU) Yuan & Kupfer L-91.8.22

Lomatogonium gamosepalum (Burkill) Harry Sm. (NEU) Yuan & Kupfer L-92.9.15b

Lomatogonium graciliflorum Harry Sm. (NEU) Chassot 97-73
Lomatogonium longifolium Harry Sm. (NEU) Chassot & Yuan 99-78
Lomatogonium micranthum Harry Sm. (NEU) Chassot & Yuan 99-127
Lomatogonium oreocharis C. Marquand (NEU) Yuan & Kipfer L-92.10.3
ObolariavirginicaL. (NEU) 270852 s. .

Pterygocalyx volubilis Maxim. (NEU) Chassot & Yuan 99-100

Swertia multicaulis D. Don(NEU) Chassot 97-12

Swertia nervosa (G. Don) C. B. Clarke (NEU) Chassot & Yuan 99-67
Swertia patula Harry Sm. (NEU) Chassot & Yuan 99-211

Swertia perennis L. (NEU) Kupfer 01421

Swertia piloglandulosa Geesink (K) De Wild 15178
Swertiarosularis T.-N. Ho & S.-W. Liu(NEU) Chassot 99-228
Swertia striata Collett & Hemsl. (NEU) Chassot 99-240

Swertia swertopsis (Makino) (K) Makino H2000/00139

Swertia tashiroi (Maxim.) Makino (NEU) Chassot 99-7bis
Swertiatenuis T.-N. Ho & S.-W. Liu (NEU) Yuan & Kupfer 92-216
Swertiateres (G. Don) J. Shah (NEU) Yuan & Kupfer 92-S4
Swertia tetraptera Maxim. (NEU) Yuan G016

Swertia yunnanensis Burkill (NEU) Chassot & Yuan 99-200
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11 Pollen morphology of Swertiinae

Figs. 1-13. Pollen grains of Obolaria, Bartonia, Latouchea, Pterygocalyx and Gentianopsis.

1-3 Obolaria virginica. 4-6 Bartonia virginica. 7 Latouchea fokienensis. 8-10 Pterygocal yx
volubilis. 11-13 Gentianopsi s blepharophora.
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Figs. 14-28. Pollen grains of Frasera.

14-16 Frasera speciosa. 17-19 Frasera umpquaensis. 20 Frasera caroliniensis. 21 Frasera
coloradoensis. 22 Frasera gypsicola. 23. Frasera montana. 24 Frasera neglecta. 25 Frasera
parryi. 26 Frasera puberulenta. 27 Frasera tubulosa. 28. Frasera paniculata.
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Figs. 29-43. Pollen grains of Halenia and Gentianella.

29-31 Halenia elliptica. 32-34 Halenia weddelliana. 35-37 Gentianella rapuncul oides. 38-
40 Gentianella turkestanorum. 41-43 Gentianella arenaria.
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Figs. 44-57. Pollen grains of Gentianella, Jaeschkea and Comastoma.

44-46 Gentianella gentianoides. 47-49 Gentianella moor croftiana. 50-52 Gentianella
azurea. 53-55 Jaeschkea microsperma. 56-57 Comastoma tenellum.
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Figs. 58-72. Pollen grains of Lomatogonium.

58-60 Lomatogonium oreocharis. 61-63 Lomatogonium longifolium. 64-66 Lomatogonium
carinthiacum. 67-69 Lomatogonium micranthum. 70-72 Lomatogonium graciliflorum.

137




11 Pollen morphology of Swertiinae

Figs. 73-87. Pollen grains of Lomatogonium, Lomatogoniopsis and Swvertia.

73-75 Lomatogonium gamosepalum. 76-78 Lomatogoniopsis alpina. 79-81 Swertia
yunnanensis. 82-84 Swertia tenuis. 85-87 Swertia hispidicalyx.
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Figs. 88-102. Pollen grains of Swertia.

88-90 Swertia kingii. 91-93 Swertia calycina. 94-96 Swertia erythrosticta. 97-99 Swertia
perennis. 100-102 Swertia cordata.
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Figs. 103-117. Pollen grains of Swertia.

103-105 Swertia angustifolia. 106-108 Swertia beddomei. 109-111 Swertia nervosa. 112-
114 Swertiatashiroi 115-117 Swertia swertopsis.
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Figs. 118-132. Pollen grains of Swertia.

118-120 Swertia bimaculata. 121-123 Swertia dichotoma. 124-126 Swertia tetraptera. 127-
129 Swertia patula. 130-132 Swertia decora.
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Figs. 133-147. Pollen grains of Swertia.

133-135 Swertiarosularis. 136-138 Swvertia membranifolia. 139-141 Swertia hookeri. 142-
144 Swertia multicaulis. 145-147 Swertia ciliata.

142




Il Pollen morphology of Swertiinae

Figs. 148-162. Pollen grains of Swertia.

148-150 Swertia laticalyx. 151-153 Swertia teres. 154-156 Swertia binchuanensis. 157-159
Swertia davidi. 160-162 Swertia striata.
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Figs. 163-173. Pollen grains of Swertia.

163-165 Swertia macrosperma. 166-168 Swertia piloglandulosa. 169-171 Swertia cuneata.
172-173 Swertia minor.
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MOLECULAR PHYLOGENY OF THE SWERTIINAE
(GENTIANACEAE-GENTIANEAE):

THE LINEAGES OF SWERTIA L.

P. CHASSOT,Y.-M.YUAN & P. KUPFER
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IV Phylogeny of Swertiinae — Lineages @wertia

Abstract. Phylogenetic relationships among 128 species of 15 genera of subtribe Swertiinae
(Gentianaceae-Gentianeae) were studied using chlordptasintron, trnL-F andirnS-ycf9
intergenic spacer, and nuclear ITS sequences, as well as pubhatiedequences for a
reduced taxon sample. Phylogenies obtained by unweighted parsimony were similar to those
inferred with the Bayesian method. Incongruent relationships inferred from nuclear and
chloroplast data were explored in some detail, but found to be inconclusive. The phylogeny of
the Swertiinae consisted of a basal grade comprBantpnia, Frasera, Gentianella p. p. (1
lineage),Gentianopsis, Halenia, Latouchea, Megacodon, Obolaria, Veratrilla andSwertia p.

p. (8 lineages)and of a more derived highly supported clade (clade A) inclufamgastoma,
Gentianella p. p. (4 lineages), Jaeschked,omatogoniopsis, Lomatogonium and Swertia p. p.

(6 lineages). This main subdivision is also supported by chromosome numbers and seed
morphology. The basic chromosome numbers of x = 13 and 14, and irregularly shaped or
flattened seeds frequently with conspicuous exotestal outgrowths are characteristic of most
basal taxa. Polyphyly was confirmed for GentianelJaeschkea, Lomatogonium and Swertia.

The North AmericarObolaria and Chinese Latoucheavere disjunct sister taxa basal to all
other Swertiinae. Other clades corresponding to genera and lineages of polyphyletic genera
were individually well supported, but deeper level relationships among them were often not
resolved confidently. Species 8iertia belonged to 14 different lineages, that were scattered
across the phylogeny and either distantly or closely interrelate, or related to other genera. Of
the lineages oBwertia, 13 are well supported by morphological and recent karyological and
palynological data, but, for most of them, do not correspond to existing infrageneric taxa, or
only partly. In one clade for which no corroboration from other data was found, 3 species of
Swertia were related to species Gentianella andLomatogonium. All but a few species of
Swertia not sampled here could be unequivocally related to one of the lineages defined for the
genus, for which a simple key was provided. The taxonomic relevanBeeoia in its

current circumscription is questioned, and the opportunity to define smaller genera is
envisaged. The generic status of Lomatogoni ol Pterygocalyx is briefly touched upon,

and some recent generic segregates of Asian binectariate spegasianella are discussed

in a phylogenetic perspective. From a biogeographical point of view, the molecular
phylogeny suggests that migrations between Asia and North America happened several times
in different taxa, while an altitudinal vicariance was observed in 2 lineag®seofia. A
penalised likelihood estimation of divergence times led to the hypothesis that intense uplifting
of the Himalaya and subsequent strengthening of the Asian monsoon at 8 + 3 mya may have
played a major role in the history of the Swertiinae, and that the last common ancestor of the
Swertiinae could have lived in the early Neogene. In addition, migratiddseotia from the
Sino-Himalayan region to South India, Indonesia and Melanesia probably occurred only
recently (Pleistocene), while migrations to Africa took place twice and at different dates.

Keywords: Bayesian, Gentianaceae, homoplasy, ILD, polypr§hertia, taxonomy.
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Introduction

Subtribe Swertiinae of the Gentianaceae-Gentianeae is a complex assemblage of
polymorphic genera distributed almost world-wide in mostly temperate, alpine or arctic
habitats. The centres of generic diversity are in Asia and North America, but species diversity
is concentrated in the mountains of Eurasia and the southern hemis@eateaiiella
Moench,Halenia Bork.), with secondary centres in North Ameri€agsera Walter) and the
mountains of tropical AfricaSwertia L.). Although based essentially on recent molecular
phylogenetic results (Yuan & Kupfer, 1995; Strugtal., 1998, 2002; Thiet al., 1999ab),
the current circumscription of the Swertiinae as the only subtribe sister to the Gentianinae
does not differ much from the preceding treatment of Gilg (1895). Fourteen genera were
recognised to belong to the Swertiinae in the most recent classification of Gentianaceae
(Struweet al., 2002), but no unique morphological synapomorphy has yet been uncovered in
support of this subtribe. All taxa included consist of annual, biennial or perennial delicate or
robust herbs, occasionally twininBtérygocalyx Maxim.) or mycotrophic Bartonia Willd.,
Obolaria L.), but usually decumbent to erect and autotrophic. Dioecy is characteristic only of
Veratrilla Baill., while other genera have hermaphroditic flowers. Corolla aestivation is
usually convolute, but partly valvate dmeschkea Kurz, and imbricate irBartonia and
Obolaria. The flowers are gamopetalous, rotate and with a minute corolla tlbeasara,
Lomatogonium A. Braun and Swertiabut with a well developed tube in other genera,
although not so in many species@ntianella. In most genera the corolla bears nectaries at
the base of the lobes, usually showy and accompanied by fimbriate appendages, or modified
into spurs as iHalenia. However, LatoucheaFranch. Megacodon (Hemsl.) Harry Sm. and
Obolaria have nectaries in a whorl at the base of the ovary or on a distinct gynophore, as in
species of subtribe Gentianinae. Yet all Swertiinae can be differentiated from the Gentianinae
by the absence of a membrane between the bases of the calyx lobes (intracalycine membrane),
and of elongated folds (plicae) between the corolla lobes, although a discontinuous
intracalycine membrane exists Gentianopsis Ma, of which some species additionally have
corolla lobes fringed (but not plicate) at their base.

While molecular phylogenetics in the Gentianeae certainly clarified limits at suprageneric
level, recent studies focusing on the Swertiin@eagsot et al., 2001; Hagen & Kadereit,

2002) have also demonstrated how weakly some genera are delimited, and how poorly
relationships among lineages of the Swertiinae are understood. Most genera have been
defined by combinations of flower morphological characters such as, i. a., the presence or
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absence of a corolla tube or of a style, shape of the stigmata, ovary or petal nectaries, different
types of appendages associated with the nectaries, and relative height of filament insertion.
For a number of these, &@artonia, Comastoma, Gentianopsis, Halenia, Latouchea,
Megacodon, Obolaria andVeratrilla, these combinations are unambiguous and delineate
homogeneous groups that were for most of them verified to be monophyletic. In other genera
on the other hand, variation in these characters is often overlapping and limits are unclear.
Moreover, a few genera, as for example Swertsae Shah, 1984) ar@entianella (see
Adams, 1995), altogether lack a proper definition and are merely recognised by not being one
of the other well defined taxa. This has led to a proliferation of generic segregates and to
considerable debate among taxonomists about their relevance.

From the same studies, it appeared that floral morphology had often undergone so radical
changes between molecularly closely related lineages, that not a single supporting character
could be found (e. gGentianella s. str. and its sisteBwertia lineage, orComastoma,
Lomatogonium and binectariate species@éntianella). Conversely, parallel evolution and/or
morphological stasis between, e. g., some distantly related lineadg¥gedfa not only
impeded the recognition of their faint affinities, but in some cases precluded a proper
identification of these lineages. Variation in chromosome numbers (e. g. Toyokuni, 1965;
Pringle, 1990; Yuan & Kupfer, 1993\emomissa]994; Yuanet al., 1998; Ho et al., 1999;

Liu & Ho, 2002; Liuet al., 2002), pollen morphology (e. g. Nilsson, 1967ab, 2002; Nilsson &
Skvarla, 1969; Jonsson, 1973; Nemomissa, 1994), seed morphology and seedcoat structure (e.
g. Maiti & Banerji, 1976; Shah, 1984; Yuan, 1993; Nemomissa, 1&ad)flower anatomy (e.

g. Lindsey, 1940; Gopal Krishna & Puri, 1962; Xaiel., 2002) has been investigated by the

past in the Swertiinae, but usually not on a sufficient number of species, and not in the
perspective of transgressing the yoke of established generic concepts. Recent karyological
and palynological results on more comprehensive taxon samples (Chassot & Hagen, in ms.;
Chassott al., in ms.) were in good overall agreement with the existing preliminary molecular
phylogenies of the Swertiinae.

In this study we have investigated relationships among 128 ingroup species representing
15 genera of the Swertiinae by using the chloroplaét-F intron and spacer anthS-ycf9
spacer, and the nuclear ITS 1 and ITS 2 regions. Both parsimony and Bayesian approaches to
phylogenetic inference were used to verify that the unexpected relationships and important
level of polyphyly revealed for some genera were not due to a methodological bias. Emphasis

was laid on relationships unresolved by anterior studies and on the reportedly non-
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monophyletic gener&entianella, Lomatogonium andSwertia. In particular for the latter, the

aim was to assess the extent of polyphyly and to provide a review of morphological,
karyological and palynological data supporting the lineages present in our phylogenetic
hypothesis. It will be shown that each of these lineages can readily be characterised, in spite
of the often important discrepancies with existing infrageneric classificatid®senda, and

that they probably deserve to be considered at generic rank. Relationships among genera and

lineages of the Swertiinae are also discussed in a biogeographic perspective.

Materials and Methods

Taxon sampling A total of 128 ingroup species were included in this study, representing
all genera of the Swertiinae (Table 1). Considering the extensive non-monophyly revealed for
certain genera of this complex by previous wokbagsot et al., 2001; Hagen & Kadereit,

2002), considerable effort has been made to cover as much as possible of the potential
diversity of these taxa. Special emphasis was thus laid on three g&nexéia,
Lomatogonium and the binectariate speciesG@éntianella. The sampling oBwertia species

was defined with reference to the monograph of Shah (1984), in which the ca. 150 species
were divided into 36 informal groups based on flower morphological characters essentially.
65 species are included in our sample, representing 30 of the groups recognised by Shah. The
6 groups that could not be obtained for this study in fact represent only 8 species and are not
likely to influence the phylogenetic inferences at the subtribe levelLdfomtogonium, Liu &

Ho (1992) provided a sectional classification which could be used as a guideline for sampling.
Our observations on the species of Lomatogonismggested that the characters used for the
sectional classification are not as clear-cut as reported in Liu & Ho (1992). Thexlhasto

include all the species for which suitable material was available. The concept of binectariate
Gentianella, as opposed tGentianella s. str. with a single nectary per corolla lobe, was first
proposed by Hagen & Kadereit (2001). In their phylogeny of the géensanella, these
binectariate species were scattered across the trees and their affinities could not be assessed
convincingly. Furthermore, a monophyletic binectari@entianella clade was rejected as
alternative topology. It seemed that the only appropriate sample in this case was a near-
exhaustive one, including one representative of each group of morphologically very closely
related species. For the other genera, the sampling was conditioned essentially by the

availability of adequate material for sequencing. However, in the aim of breaking down long
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branches identified in Chassaital. (2001), taxa were selected so as to span a maximum of
the morphological and geographical diversity in each genus.

Because the level of resolution for deeper nodes was not satisfactory despite the
sequencing of 3 chloropladirL intron, trnL-trnF andrnS-ycf9 intergenic spacers) and 2
nuclear (ITS 1 and ITS 2) regions, 8&tK sequences available for taxa present in our
sample were retrieved from Genbank and combined to our sequences (Table 2). These
sequences were obtained by various authors and provide from different specimens, but we
regard their combination as justified for the questions addressed here.

A preliminary analysis with 26 potential outgroup specie€iEwfurdia, Gentiana and
Tripterospermum using ITS sequence showed that the resolution of basal ingroup taxa were
clearly conditioned by the species selected as outgroup. In order to break down the long
branches between ingroup and outgroup taxa, 7 species of Genairzhd species of
Crawfurdia were selected as outgroup, representing basal and derived lineages of the 2 main
sub-groups of the Gentianinae (Yuan & Kiipfer, 1995).

DNA Extraction, Amplification, Sequencing and Sequence AlignmentPlant material
was preferably taken from silica gel dried or fresh leaves. In some cases, herbarium
specimens were used. Total Genomic DNA was extracted either following the CTAB
procedure (Doyle & Doyle, 1987) or using the DNeasy Plant Mini Kit (QIAGEN AG, Basel).
The leaf tissue was conventionally homogenised in the presence of liquid nitrogen or with a
QIAGEN Mixer Mill MM 300 (QIAGEN AG, Basel). Extracted DNA fodaeschkea
canaliculata was kindly provided by Bernhard von Hagen (Halle). All DNA fragments were
directly amplified by standard PCR in 25 pl reactions containing 2.5 pl 10X PCR buffer (with
1.5 mM MgCb), 0.5 pl 10mM dNTPs, 0.5 pl of 10mM each forward and reverse primers, 0.2

pl (LU) HotStar Taq polymerase (QIAGEN AG, Basel), 19.8 pOsland 1 pl (ca.10-20 ng)

genomic DNA. PCRs were performed in a Biometra thermal cycler programmed for 15 min at
95°C for the activation of the HotStar Taq polymerase, followed by 35 cycles of 30 sec at
94°C, 45 sec at 55°C, 1 min at 72°C, with a final extension period of 5 min at 72°C. Primers
ITS5 and ITS4 White et al.,, 1990) were used for the amplification of ITS of the nuclear
ribosomal DNA for freshly dried samples. For herbarium samples a newly designed primer,
ITSPAN (Yuanet al., 2003)was used to replace the ITS5 for better amplification. The
sequence of the ITSPAN primer is 5-TCCGGTGAAGTGTTCGGATCGC-3'. It is located

about 63 bp upstream of the original ITS5, and generally gave better amplification of ITS
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when used in combination with ITS4 for the DNAs for which PCR amplifications failed with
the primers ITS5 and ITS4. The primers "c" and dt(Taberletet al., 1991) were used for

the amplification of thérnL (UAA) intron and “e” (5-GGTTCAAGTCCCTCTATCCCC-3)

and “f” (5-ATTTGAACTGGTGACACGAG-3’) were used for the spacer betwegar-
(UAA)- 3-exon and trnF- (GAA) gene. The spacer between trnS- (UGA) and ycf9 genes was
amplified with primerstrnS (5-GAGAGAGAGGGATTCGAACC-3') andrnfM (5'-
CATAACCTTGAGGTCACGGG-3') (Demesure al., 1995).

PCR products were checked on 1.2% agarose gel using a mini-gel applying a low voltage.
There was always a single sharp band resolved on the gel fardC$ntron and IGSs trnL-

F and trnS-ycfOafter each polymerase chain reaction. PCR products were purified using
QIAquick™ PCR purification kit (QIAGEN AG, Basel) following the manufacturer's
protocol prior to sequencing.

Cycle sequencing was performed using the dideoxy chain termination method using an
ABI PRISM™ BigDye™ Terminator cycle sequencing kit with AmpliTagq DNA polymerase
FS (Applied Biosystems) in a Biometra® Tgradient thermal cycled f@action volumes).
Cycling parameters were 25 cycles of 20 sec at 96°C for denaturation, 10 sec at 54°C for
primer annealing and 4 min at 60°C for primer extension. The cycle sequencing products
were cleaned by ethanol precipitation and applied to the ABI 310 automated sequencer
(Applied Biosystems). Basecalling was checked on the chromatograms using Sequence
Navigator (Applied Biosystems) and edited manually when necessary. Sequences have been
deposited in Genbank. Their accession numbers are indicated in Table 1.

The boundaries of ITS anttnL intron in the study material were determined by
comparison with Gentianaequences (Yuan & Kupfer, 1995; Gielly & Taberlet, 1996). The
limits of IGS trnL-F and IGSrnS-ycf9 were established by comparison with sequences of
Arabidopsis thaliana, Nicotiana tabacum andZea mais (Genbank numbers: AP000423,
Z00044, X86563). Chloroplast sequences were aligned manually in order to respect indels
otherwise not recognised. ITS sequences were initially aligned with Clustad¥§soret al.,

1997). A second, entirely manual alignment was also carried out, taking into consideration the
conserved angiosperm motif in ITS 1 (Liu & Schardl, 1994) and the conserved and variable
regions of ITS 2 (Hershkovitz & Lewis, 1996). Moreover, in doing so, no evidence was be

found that any ITS sequence could represent paralogous pseudogenes as rev@asecLior

by Mayol & Rossello (2001). Potentially informative indels were recoded and added to the

data matrix.
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Maximum Parsimony Analyses.All data sets were analysed using PAUP* 4.0b10
(Swofford, 2002) andhe maximum parsimony criterion using an Imac computer. For the
analysis of the reduced taxa set including all genesmpai& sequences, the computing
options were: Random taxon addition (100 replicates), TBR, steepest descent off, multiple
trees on, zero length branches collapsed, gaps treated as missing, no maxtree limit. Due to
computational constraints, the analysis of the complete taxa sample required a three-step
approach: 1) An empirical minimum tree length was obtained with simple addition sequence
and maxtree = 5000. 2) A search with 10000 random taxon addition replicates was carried
out, keeping 1 tree to the length found in step 1. 3) These 10000 trees considered a fair
estimate of the tree space, and were used as starting trees for a final search with maxtree =
50000 and other options as for the analysis of the reduced taxon sample. The 50000 trees
were then filtered to keep only those with the best score (this is due to the “amb -“ option;
filtering has no incidence on the consensus topology and was done only for convenience).
Different islands of trees are thus not considered and are merged in a strict consensus. The
robustness of clades was evaluated using 500 jackknife replicates with 37% deletiort(Farris
al., 1996) ( maxtree = 500), as implemented in PAUP*. Decay values were computed with
AutoDecay (Eriksson, 1998) after performihguristic searches (closest taxon addition,
maxtree = 500) with converse constraints enforced in PAUP*. Trees were viewed with
TREEVIEW (Page, 1996). Relative levels of homoplasy of the inferred phylogenies were
evaluated using the consistency index (Cl), retention index (RI) and rescaled consistency
index (RC).

Bayesian AnalysesPhylogenetic inferences using full DNA substitution models were
carried out using MRBAYES 2.01 (Huelsenbeck & Ronquist, 2001) on the ITS and
chloroplast data separately and also combined. Substitution models were selected with
MRMODELTEST (Nylander, 2002). Base frequencies were set to be estimated from the data,
other options were the defaults. The Markov chain Monte Carlo process was set so that four
chains ran simultaneously for 500'000 generations with trees sampled every 10 generations
for a total of 50'000 trees. Analyses were repeated twice with different starting trees to avoid
local optima. Variation in the maximum likelihood scores was examined visually to determine
the number of “burnin” trees. The proportion of “burnin” trees that had to be discarded varied,
but a minimum of 10'000 trees with stable likelihood scores were obtained. Because the

percent of the time that a branch occurs among the sampled trees is the posterior probability
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of that branch existing (Huelsenbeck & Ronquist, 2001), a 50% majority rule consensus tree
was computed in PAUP*, and the percent values were used as an estimate of the robustness of
branches. But note that posterior probabilities tend to overestimate branch support in
comparison to non-parametric resampling methods such as bootstrapping (see Whigtngham

al., 2002; Douady et a.2003).

Combining Data and Testing for Congruence. The incongruence length difference test
(Farriset al., 1994) was used to evaluate character congruence for the combined chloroplast
data and the combined chloroplast and nuclear data (implemented in PAUP* as partition
homogeneity test). 499 random partitions were used, with settings the same as for the main
analyses, except that the closest addition sequence was used. Additionally, when the ILD test
was significant at the P = 0.05 level, the test was rerun with various combinations of excluded
taxa to identify those creating the conflict. The conflicting relationships suggested for these
taxa were also evaluated using Templeton’s (1983) significantly less parsimonious test (see
below).

In view of recent results (Dolphit al., 2000) suggesting that the ILD test can erroneously
indicate incongruence when homoplasy is distributed asymmetrically between data sets, the
procedure suggested in Dolplainal. (2000) was carried out to test the relative effect of noise
on the length of trees obtained from random partitions. The method being extremely time-
consuming, it was only applied to the combined ITS versus combined chloroplast data
partition. It was proceeded as follows: 1) an ILD test was performed on the original partition.
2) For each data set, character states within each site were shuffled with MacClade (Maddison
& Maddison, 1997) to create a series of 10 pure noise matrices. 3) The test was carried out
between the first matrix of the original partition and the shuffled equivalents of the second
matrix. 4) The same was repeated between the shuffled replicates of the first matrix and the
original second matrix. 5) The P values and the mean difference in tree lengths (in S. D. units)
between the original partition and the random partitions obtained in steps 2 and 3 were

compared with those obtained in step 1 to estimate the level of incongruence.

Topological constraints.Templeton’s (1983) significantly less parsimonious test (SLP
test), as implemented in PAUP* was used to test alternative topologies based on
morphological, biogeographical or taxonomical considerations, and also to test some branches
with discordant positions between the topologies obtained from different data sets. Constraint

trees resolving only the branch to be tested were edited in Newick format and loaded as
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backbone constraint (or reverse constraint) for parsimony analysis in PAUP* (10 random
taxon additions, maxtree = 5000). All cladograms were then compared with 3 randomly

chosen trees obtained from the unconstrained analyses (level of significance: P = 0.05).

Estimating Times of DivergenceThe likelihood ratio (LR) test (Felsenstein, 1981) was
used to evaluate whether the sequences of each data set evolved in a clock-like fashion.
Because a molecular clock was rejected €0.01 for all data sets), the penalised likelihood
(PL) method implemented in the program r8s (Sanderson, 2001a; Sanderson, 2002) was used
to obtain at least a rough estimate of the age of some important nodes in the phylogeny of the
Swertiinae. Penalised likelihood allows substitution rates to vary across branches, but a
penalty is assessed when rates change from ancestral to descendant branches. The smoothing
level, A, is essential in this method, and was optimised through the data-driven cross-
validation procedure implemented in r8s. The value associated with the jgveestr for a
range ofA values tested was selected as the best fit for the data. Other options were truncated
Newton (TN) algorithm, branch lengths with units of total numbers of substitutions, 3
different random combinations of starting divergence times, and 3 perturbed restarts after
initial solution is found. Divergence times were computed for 3 trees randomly selected
among those obtained from the parsimony analysis of combined data sets (1508 sites, recoded
indels excluded). Outgroup taxa were pruned before further anglyaaderson, 2001b).
Because fossil or unambiguous geological calibration points are scarce in the subtribe, the age
of the root was arbitrarily set to 1 and subsequently scaled based on the estimated minimum
(3.8 ma) and maximum (9.4ma) age of the split betvaantianella and its sisteBwvertia p.

p. clade (Hagen & Kadereit, 2001). As this approach was only intended to provide
approximate estimates of dating, the computationally heavy establishment of confidence
intervals, via bootstrapping or analysis of likelihood surface as described in Sanderson
(2001b) was not carried out, but the range of divergence time estimates obtained across the 3

analysed trees was mapped on the final tree for each node/lineage.
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Table 1 Plant material and accession numbers. Sequences retrieved from the EMBL database that were not obtained from the same material as

indicated here are marked with an asteff$kuan & Kiipfer (1995)?Gielly & Taberlet (1995)PThiv et al. (1999b),“Hagen & Kadereit

(2001),®Hagen & Kadereit (2002fChassott al. (2001).

Genbank number

Taxon; Collector + N°; Herbarium; Locality trnL(UAA) trnS (UGA) - trnL(UAA) -F ITS1
intron ycf9 spacer (GAA) spacer

ITS2

Bartonia virginica (L.) Britton, Stearns & Poggenb.; Strong 2394; NEU; USA, Virginia, Sussex  AJ315185®  AJ315279®  AJ315231®  AJ318533©@
county

Comastoma cyananthiflorum (Franch.) Holub; Chassot & Yuan 99-141; NEU; China, Yunnan, 748143+
Zhongdian,

Comastoma polycladum (Diels & Gilg) T.-N. Ho; Yuan & Kiipfer 94-Cs1; NEU; China, Qinghai,
Magqin

Comastoma pulmonarium (Turcz.) Toyok.; Yuan & Kiipfer 92-279; NEU ; China, Sichuan, Ganzi AJ315225®  AJ315319®  AJ315271® 7481081

Comastoma tenellum (Rottb.) Toyok.; Favarger s. n. ; NEU; Switzerland, Grisons

Comastoma traillianum (Forrest) Holub; Yuan & Kiipfer 92-197; NEU ; China, Yunnan, AJ315186©  AJ315280®  AJU315232®  AJ318534®
Zhongdian

Crawfurdia speciosa Wall.; Chassot 97-26; NEU; Nepal, Makalu AJ242605*3) AJ294586**

Frasera albicaulis Griseb.; Chassot 00-38; NEU; USA, California El Dorado Co.

Frasera albomarginata S. Watson; Schweich 00-23; NEU; USA, Califomnia, San Berardino Co. AJ315187®  AJ315281®  AJ315233®  AJ318535©)

Frasera carolinensis Walter; Pringle 2727; NEU; Canada, Ontario, Halton Municip.

Frasera coloradoensis Rogers; Chassot 00-28; NEU; USA, Colorado, Las Animas Co.

Frasera fastigiata (Pursh) A. Heller; Chassot 00-41; NEU; USA, Idaho, Idaho Co.

Frasera gypsicola Bameby; Chassot 00-31; NEU; USA, Nevada, Nye Co.

Frasera montana Mulford; Chassot 00-39; NEU; USA, Idaho, Valley Co.

Frasera neglecta Hall; Chassot 00-22; NEU; USA, California, Los Angeles Co.

Frasera paniculata Torr.; Chassot 00-29; NEU; USA, Arizona, Navajo Co.

Frasera parryi Torr.; Chassot 00-34; NEU; USA, California, San Diego Co.

Frasera puberulenta Davidson; Chassot 00-37; NEU; USA, California, Inyo Co.

Frasera speciosa Griseb.; Yuan 91-52; NEU ; USA, Colorado, Boulder AJ315230©)  AJ315324®  AJ315276©® 748146

Frasera tubulosa Coville; Chassot 00-36; NEU; USA, California, Inyo Co.

Frasera umpquaensis Peck & Applegate; Chassot 00-42; NEU; USA, Oregon, Douglas Co.

Gentiana frigida Haenke; Yuan 93-17; NEU ; Bulgaria, Mt. Rila X77883*@  AJ315325©  AJ315277® 748063+

Gentiana leptoclada Balf. f. & Forrest; Chassot 99-239; NEU; Thailand, Chiangdao

Gentiana lutea L.; Yuan Y91-S5; NEU ; Switzerland, Neuchatel X75702*@ AJ315326©  AJ315278©  z4g122)

Gentiana otophoroides Harry Sm.; Yuan cn2k2-66; NEU; China, Yunnan, Gongshan

Gentiana phyllocalyx C. B. Clarke; Chassot 97-30; NEU; Nepal, Makalu AJ315189®)  AJ315283©®  AJ315235®  AU318537©)

Gentiana striata Maxim.; Chassot & Yuan s. n.; NEU; China, Yunnan

Gentiana verna L.; Yuan Y93-12; NEU; Switzerland, Valais X75704*@ z48093"

Gentianella acuta (Michx) Hultén; Yuan & Kipfer 95-40; NEU; China, Xinjiang, Hanas

Gentianella amarella (L.) Bérmer; Chassot 00-26; NEU; USA, New Mexico, Taos

AJ410312®)

748125

7481210
AJ410313®

AJ294646*%

AJ410314©)
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Taxon; Collector + N°; Herbarium; Locality trnL(UAA) trnS (UGA) -
intron ycf9 spacer

Genbank number
trnL(UAA) -F ITS1 ITS2
(GAA) spacer

Gentianella anomala (Marquand) T.-N. Ho; Chassot & Yuan 99-144; NEU; China, Yunnan,
Zhongdian

Gentianella arenaria (Maxim.) T.-N. Ho; Yuan & Kiipfer 92-76; NEU; Tibet, Karo Pass

Gentianella azurea (Bunge) Harry Sm.; Yuan & Chassot 99-110; NEU; China, Yunnan, Degin

Gentianella bulgarica (Velen.) Holub; Yuan Glla-93.7.26; NEU; Bulgaria, Mt. Rhodop

Gentianella campestris (L.) Bormner; Yuan 93-G1; NEU; ltaly, St. Bernard

Gentianella cerastioides (Kunth) Fabris; Chassot 00-2; NEU; Ecuador, Pichincha. Volcan llliniza

Gentianella fastigiata (Benth.) Fabris; R. Bu. & S. L. s. n. ; Herbarium of Stacion Scientifica
Podocarpus, Zamora, Ecuador; Cajanuma, Ecuador

Gentianella foliosa (Kunth) Fabris; Chassot 00-3; NEU; Ecuador, Pichincha. Volcan llliniza AJ315190®  AJ315284®
Gentianella gentianoides (Franchet) Harry Sm.; Chassot & Yuan 99-201; NEU; China, Yunnan,
Lijiang

Gentianella gilioides (Gilg) Fabris; Chassot 00-16; NEU; Ecuador, Zamora, Nudo de Cajanuma

Gentianella moorcroftiana (Wall ex G. Don) Airy Shaw ; Chassot 97-66; NEU; Nepal, Rara Lake

Gentianella pygmaea (Regel & Schmalh.) Harry Sm. in S. Nilson; Yuan & Kipfer 95-Glla1;
NEU; China, Xinjiang, Aksu

Gentianella rapunculoides (Wild. Ex Schult.) J. S. Pringle; Chassot 00-10; NEU; Ecuador,
Imbabura, laguna de Cuicocha

Gentianella turkestanorum (Gandoger) Holub; Yuan & Kupfer Glla-95.8.23.2.2; NEU; China,
Xinjiang, Aksu

Gentianella umbellata (M. Bieb.) Holub; Kiipfer 91-G3; NEU; Georgia, Mt. Caucasus AJ315226©  AJ315320©
Gentianopsis barbata (Froel.) Ma; Yuan & Kiipfer 92-212; NEU; China, Yunnan, Lijiang

Gentianopsis ciliata (L.) Ma; —; —; Switzerland, Neuchétel

Gentianopsis contorta (Royle) Ma; Chassot 97-69; NEU ; Nepal, Rara lake AJ315191®  AJ315285©
Gentianopsis grandis (Harry Sm.) Ma; Yuan & Kiipfer 92-222; NEU; China, Yunnan, Lijiang AJ315227®  AJ315321©
Halenia brevicomis G. Don; Mansion & Zeltner 990115 ; NEU ; Mexico. Las Piedracitas AJ315192®  AJ315286®
Halenia comiculata (L.) Comaz; Yuan cn2k-90; NEU; China, Jilin, Changbai Shan

Halenia elliptica D. Don; Yuan & Kiipfer 93-52; NEU; China, Sichuan, Shiqi AJ315193®  AJ315287®
Halenia weddeliana Gilg; Chassot 00-5; NEU ; Ecuador, Pichincha. Volcan llliniza AJ315194®  AJ315288©
Jaeschkea canaliculata (Royle ex G. Don) Knobl.; J. Mugamab Sha 89; E ; AJ408010®

Jaeschkea microsperma C. B. Clarke; Yuan & Kupfer 92-95; NEU; Tibet, Nyalam

Latouchea fokienensis Franch.; Yuan cn2k-14; NEU; China, Fujian, Wuyishan AJ315196®  AJ315290®

Lomatogoniopsis alpina T.-N. Ho & S.-W. Liu; Yuan cn2k2-102; NEU; China, Sichuan, Batang

Lomatogonium brachyantherum (C. B. Clarke) Fernald; Yuan & Kupfer 95-106; NEU; China,
Xinjiang, Kunjerab

Lomatogonium carinthiacum (Wulfen) Rchb.; Chassot 97-10; NEU; Nepal, Langtang

Lomatogonium gamosepalum (Burkill) Harry. Sm. in S. Nilsson ; Yuan & Kupfer 92-83; NEU;
Tibet, Karo pass

Lomatogonium graciliflorum Harry Sm.; Chassot 97-73; NEU; Nepal, Rara Lake

Lomatogonium ljjiangense T.-N. Ho; Chassot & Yuan 99-156; NEU; China, Yunnan, Zhongdian

Lomatogonium longifolium Harry Sm.; Chassot & Yuan 99-78; NEU; China, Yunnan, Degin (as AJ315199®  AJ315293©
L. perenne in Chassot et al., 2001)

748104" z748128"

AJ315236©)  AJ318538©®  AJ410317©

AJ315272©) 748102 748132

AJ315237®  AJ318539©®  AJ410318©
AJ315273® 748105+ 748130*"
AJ3152386®)  AJ318540©  AJ410319©

AJ3152390)  AJ318541©  AJ410320©
AJ315240©  AJ318542©®  AJ410321©
AJ306089%  AJ306116®

AJ3152426)  AJ318544®  AJ410323©

AJ3152456) AJ318547®  AJ410326©
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Genbank number

Taxon; Collector + N°; Herbarium; Locality trnL(UAA) trnS (UGA) - trnL(UAA)-F ITS1 ITS2
intron ycf9 spacer (GAA) spacer
Lomatogonium macranthum (Diels & Gilg) Fernald; Yuan 93-78; NEU; China, Sichuan, De Ge
Lomatogonium micranthum Harry Sm.; Chassot & Yuan 99-151; NEU; China, Yunnan,
Zhongdian
Lomatogonium oreocharis (Diels) Marquand; Chassot & Yuan 99-219; NEU; China, Yunan,
Lijiang
Lomatogonium perenne T.-N. Ho & S.-W. Liu ex J.-X. Yang ; Yuan cn2k2-81; NEU; China,
Sichuan, Daocheng
Lomatogonium rotatum (L.) Fr. ex Nyman; Grant 97-02799 ; NEU; USA, Alaska
Lomatogonium sikkimense (Burkill) Harry Sm.; Chassot 97-13; NEU; Nepal, Langtang (as L. ~ AJ315198©®  AJ315292®)  AJ315244©  AJ318546©  AJ410325®
brachyantherum in Chassot et al., 2001)
Lomatogonium zhongdianense S.-W. Liu & T.-N. Ho; Chassot & Yuan 99-46; NEU; China,
Yunnan, Zhongdian
Megacodon stylophorus (C.B. Clarke) Harry Sm.; Chassot & Yuan 99-36; NEU; China, Yunnan, AJ315200©  AJ315294®  AJ315246©  AJ318548©  AJ410327®
Zhongdian
Obolaria virginica L.; Nicolson 24-1IV-00; —; USA, Virginia AJ315201®  AJ315295©  AU315247©  AJ318549©®  AJ410328©
Pterygocalyx volubilis Maxim.; Chassot & Yuan 99-100; NEU; ChinaYunnan, Degin AJ315202®  AJ315296®  AJ315248©  AJ318550©  AJ410329©
Swertia abyssinica Hochst.; Carvalho 3654; GE; Bioco, Mt. Basile
Swertia alata Royle ex D. Don; Chassot 97-61; NEU; Nepal, Jumla
Swertia angustifolia Ham. ex D. Don; Chassot & Yuan 99-172; NEU; China, Yunnan, Binchuan AJ315203®  AJ315297®  AJ315249®  AJ318551©  AJ410330©
Swertia atroviolacea Harry Sm.; Chassot & Yuan 99-131; NEU; China, Yunnan, Zhongdian
Swertia barunensis P. Chassot; Chassot 97-28; NEU; Nepal, Makalu AJ315219®)  AJ315313®  AJ315265©®  AJ318567©  AJ410346©®
Swertia beddomei C. B. Clarke in Hook. f.; Piguet 98-3; NEU; South India
Swertia bimaculata (Siebold & Zucc.) Clarke; Chassot 97-22; NEU; Nepal, Makalu AJ315204®  AJ315298©®  AU315250  AJ318552©0  AJ410331©
Swertia binchuanensis T.-N. Ho & S.-W. Liu; Chassot & Yuan 99-160; NEU; China, Yunnan, ~ AJ315205®  AJ315209©®  AJ315251©  AJ318553©  AJ410332©
Binchuan
Swertia calcicola Kerr; Chassot 99-241; NEU; Thailand, Chiangdao
Swertia calycina Franch.; Yuan & Kiipfer 92-232; NEU; China, Yunnan, Lijiang AJ315206©  AJ315300©®  AJ315252)  AJ318554©  AJ410333©
Swertia chirayita (Roxb. Ex Fleming) H. Karst.; Chassot 97-2; NEU; Nepal, Langtang AJ315207®  AJ315301®  AJU315253©®  AJ318555©  AJ410334©
Swertia ciliata (D. Don ex G. Don) B. L. Burtt; Chassot 97-6; NEU; Nepal, Langtang AJ315208®  AJ315302©®  AJ315254®  AJ318556®  AJ4103350
Swertia cincta Burkill; Yuan & Kipfer 92-218; NEU; China, Yunnan, Lijiang
Swertia cordata (Wall. ex D. Don) C. B. Clarke; Chassot 97-17; NEU; Nepal, Langtang AJ315209®  AJ315303©®  AU315255®  AJ318557©®  AJ410336©
Swertia crassiuscula Gilg; Wohlhauser 98-5; NEU; Kenya, Mt. Kenya AJ315210®  AJ315304©®  AJU315256®  AJ318558©  AJ410337©
Swertia cuneata Wall. ex D. Don; Chassot 97-14; NEU; Nepal, Langtang AJ315211®  AJ315305©®  AJ315257® AJ318559®  AJ410338©
Swertia davidi Franch.; Hao 418; NEU; Cult. in Inst. For Traditional Medicine, Chongqing, China
Swertia decora Franch.; Chassot & Yuan 99-176; NEU; China, Yunnan, Dali AJ315212©  AJ315306©  AJ315258©)  AJ318559®)  AJ410339°)
Swertia delavayi Franch.; Chassot & Yuan 99-66; NEU; China, Yunnan, Zhongdian AJ315213®  AJ315307®  AJ315259®  AJ318561©  AJ410340©
Swertia dichotoma L.; Kiipfer & Yuan 95-19; NEU; China, Gansu, Mingle AJ408016*°)

Swertia diluta (Turcz.) Benth. & Hook. f.; Yuan G199; NEU; China, Gansu, Dangchang
Swertia engleri Gilg;; Bingeli 02-1; NEU; Ethiopia, Mussolini tunnel

Swertia erythrosticta Maxim.; Kiipfer & Yuan S-94.9.15.2.1; NEU; China, Sichuan, Song Pan
Swertia fimbriata (Hochst.) Cufod.; Bingeli 02-2; NEU; Ethiopia, Mussolini Tunnel

Swertia franchetiana Harry Sm.; Yuan & Kupfer 92-S5; NEU; Tibet, Jitang
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Taxon; Collector + N°; Herbarium; Locality

trnL(UAA)
intron

Genbank number
trnS (UGA) - trnL(UAA) -F ITS1
ycf9 spacer (GAA) spacer

ITS2

Swertia hispidicalyx Burkill; Yuan & Kiipfer 92-72; NEU; China, Tibet, Nagarze

Swertia japonica Makino; Chassot 99-20; NEU; Japan, Kumamoto pref., Aso

Swertia kilimandscharica Engl.; Sileshi Nemomissa 990725-2/1; ETH; Ethiopia, Bale mts.

Swertia kingii Hook. f.; Yuan & Kiipfer 92-111; NEU; Tibet, Nyalam

Swertia kouitchensis Franch.; Chassot 99-226; NEU; China, Sichuan, Emei Shan

Swertia laticalyx J. Shah. (as S. pubescens); Yuan & Kiipfer 92-224; NEU; China, Yunnan,
Lijiang

Swertia macrosperma C.B. Clarke; Yuan & Kupfer 92-213; NEU; China, Yunnan, Lijiang

Swertia membranifolia Franch.; Chassot & Yuan 99-186; NEU; China, Yunnan, Dali

Swertia multicaulis D. Don; Yuan & Kupfer 92-112; NEU; Tibet, Nyalam

Swertia mussotii ; Yuan & Kupfer 94-S9; NEU; China, Sichuan, Song Pan

Swertia nervosa Wall.; Chassot & Yuan 99-67; NEU; China, Yunnan, Zhongdian

Swertia papuana Diels; Hoogland & Pullen 6005; GE; New Guinea

Swertia patula Harry Sm.; Chassot & Yuan 99-211; NEU; China, Yunnan, Lijiang

Swertia paucifiora (Dalzell) J. Shah; Piguet 98-1; NEU; South India

Swertia perennis L.; Kiipfer 98-10; NEU; Switzerland, Jura

Swertia af. pinetorum Kerr; Chassot 99-236; NEU; Thailand, Chomtong

Swertia paniculata Wall.; Chassot 97-27; NEU; Nepal, Makalu

Swertia pumila Hochst.; Sileshi Nemomissa s. n.; ETH; Ethiopia,

Swertia punicea Hemsl.; Chassot & Yuan 99-63; NEU; China, Yunnan, Zhongdian

Swertia randaiensis Hayata; Chassot 99-2; NEU; Taiwan, Kuanwu

Swertia rosularis T.-N. Ho & S.-W. Liu; Chassot 99-228; NEU; China, Sichuan, Emei Shan

Swertia rosulata (Baker) J. Klackenberg; Wohlhauser M023; NEU; Madagascar

Swertia souliaei Burkill; Chassot & Yuan 99-218; NEU; China, Yunnan, Lijiang

Swertia speciosa Hook. f.; Chassot 97-46; NEU; Nepal, Makalu

Swertia striata Collett & Hemsl.; Chassot 99-240; NEU; Thailand, Chiangdao

Swertia swertopsis Makino; Komatsu s. n.; NEU; Japan, Miyazaki pref.

Swertia tashiroi (Maxim.) Makino; Chassot 99-7b; NEU; Taiwan, Hsinchi

Swertia tenuis T.-N. Ho & S.-W. Liu; Yuan & Kupfer 92-216; NEU; China, Yunnan, Lijiang

Swettia teres (G. Don) J. Shah; Yuan & Kipfer 92-117; NEU; Tibet, Nyalam

Swetrtia tetrapetala Pall.; Pobidimovu et al. 5136; GE; Russia, Sachalin, lturup Is.

Swertia tetraptera Maxim.; Yuan & Kupfer 92-315; NEU; China, Gansu, Magu

Swertia tozanensis Hayata; Chassot 99-7; NEU; Taiwan, Hualien

Swertia volkensi Gilg; Wohlhauser 98-4; NEU; Kenya, Mt. Kenya

Swertia welwitschii Engl.; Schlieben 662; GE ; Tanganyika, Lupembe

Swertia younghusbandii Burkill; Yuan & Kupfer 92-130; NEU; Tibet, Dangxiong

Swertia yunnanensis Burkill; Chassot & Yuan 99-200; NEU; China, Yunnan, Lijiang

Veratrilla baillonii Franch.; Chassot & Yuan 99-37; NEU; China, Yunnan, Zhongdian

AJ315215®)

AJ315216©)

AJ315220©)

AJ315217®)

AJ315218®

AJ315221®)

AJ3152226)

AJ3152296)

AJ3152236)

AJ3152246)
AJ315188©)

AJ315309®  AJ315261®  AJ318563®

AJ315310®  AJ315262©®  AJ3185646)

AJ3153140)  AJ315266©  AJ318568©)

AJ3153110  AJ315263©®  AJ318565C)

AJ3153126)  AJ315264©®  AJ318566°)

AJ315315 AJ315267©© AJ318569®

AJ315316©®  AJ315268©  AJ318570©)

AJ3153236  AJ315275© 7481150

AJ315317®  AJ315269®  AJ318571C)

AJ315318®  AJ315270©®  AJ3185720)
AJ3152820)  AJ315234©®  AJ318536©)

AJ410342®)

AJ410343®)

AJ410347®

AJ410344©)

AJ410345®)

AJ410348®)

AJ410349®)

748139

AJ410350®

AJ410351®)
AJ410315®
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Results
Alignment and Sequence Characteristics

trnL Intron. 84trnL intron sequences were new and 52 were retrieved from EMBL (Table
1). The intron length varied between 391 bgsentianella umbellata andG. turkestanorum,
and 346 inGentiana striata. The alignment for all taxa had 526 sites and was straightforward,
except for 111 sites located mostly after the first ca 100 bp where multiple indels and slipped-
strand mispairing occurred. This region was excluded because of alignment ambiguity. A
total of 103 potentially informative sites and 16 potentially informative indels were used.

trnL - trnF Spacer.88trnL - trnF spacer sequences were new and 48 were retrieved from
EMBL (Table 1). The spacer length varied between 16Zantianella arenaria and 408 in

Crawfurdia speciosa. The alignment for all taxa had 657 sites, and homology assessment was

Table 2 Accession numbers for matK1 and matK2 sequences retrieved from the EMBL
database with references.

Genbank number

Taxon Reference matki Matk2
Bartonia virginica (L.) Britton, Stearns & Poggenb. Struwe et al. (2002) AJ388141 AJ388210
Comastoma cyananthiflorum (Franch.) Holub Hagen & Kadereit (2001)  AJ406324 AJ406353
Comastoma tenellum (Rottb.) Toyok. Struwe et al. (2002) AJ388149 AJ388218
Crawfurdia speciosa Wall. Thiv et al. (1999b) AJO010512 AJ011441
Frasera albicaulis Griseb. Hagen & Kadereit (2001)  AJ406325 AJ406354
Frasera parryi Torr. Hagen & Kadereit (2002) AJ408029 AJ408022
Frasera tubulosa Coville Hagen & Kadereit (2002)  AJ408030 AJ408023
Gentiana frigida Haenke Struwe et al. (2002) AJ388166 AJ388236
Gentianella amarella (L.) Bérner Hagen & Kadereit (2001)  AJ406326 AJ406355
Gentianella arenaria (Maxim.) T. N. Ho Hagen & Kadereit (2001)  AJ406328

Gentianella azurea (Bunge) Harry Sm. Hagen & Kadereit (2001)  AJ406331 406359
Gentianella cerastioides (Kunth) Fabris Thiv et al. (1999b) AJ010518 AJ011447
Gentianella moorcroftiana (Wall ex G. Don) Airy Shaw Hagen & Kadereit (2001)  AJ406338 AJ406366
Gentianopsis ciliata (L.) Ma Struwe et al. (2002) AJ388164 AJ38823
Halenia corniculata (L.) Cornaz Struwe et al. (2002) AJ388168 AJ388238
Jaeschkea canaliculata (Royle ex G. Don) Knobl. Hagen & Kadereit (2002) AJ408031 AJ408024
Lomatogonium carinthiacum (Wulfen) Rchb. Hagen & Kadereit (2001) AJ406346 AJ406374
Lomatogonium oreocharis (Diels) Marquand Struwe et al. (2002) AJ388174 AJ388244
Lomatogonium rotatum (L.) Fr. ex Nyman Hagen & Kadereit (2002)  AJ408032 AJ408025
Megacodon stylophorus (C.B. Clarke) Harry Sm. Struwe et al. (2002) AJ388177 AJ388247
Obolaria virginica L. Struwe et al. (2002) AJ388180 AJ388250
Swertia abyssinica Hochst. Struwe et al. (2002) AJ388191 AJ388261
Swertia bimaculata (Siebold & Zucc.) Clarke Hagen & Kadereit (2002) AJ408033 AJ408026
Swertia cordata (Wall. ex D. Don) C. B. Clarke Hagen & Kadereit (2002) AJ408034 AJ408027
Swertia crassiuscula Gilg Hagen & Kadereit (2001)  AJ406347 AJ406375
Swertia dichotoma L. Hagen & Kadereit (2002) AJ408035 AJ408028
Swertia japonica Makino Hagen & Kadereit (2001)  AJ406348 AJ406376
Swertia macrosperma C.B. Clarke Hagen & Kadereit (2001)  AJ406349 AJ406376
Swertia perennis L. Thiv et al. (1999b) AJ010528 AJ011457
Swertia punicea Hemsl. Hagen & Kadereit (2001)  AJ406350 AJ406378
Swertia teres (G. Don) J. Shah Hagen & Kadereit (2001)  AJ406351 AJ406379
(as S. racemosa (Wall. ex Griseb.) C. B. Clarke)

Swertia volkensi Gilg Hagen & Kadereit (2001)  AJ406352 AJ406380
Veratrilla baillonii Franch. Struwe et al. (2002) AJ388196 AJ388266
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difficult. The trnL - trnF spacer contained many hotspots where multiple and sometimes
homoplastic indels occurred. In some cases the large taxon sample allowed to identify how
sequences evolved across taxa, which in turn helped identifying reliable sites. Nevertheless,
only 335 sites were kept for the analysis. A total of 137 parsimony informative characters and
34 potentially informative indels were used. One deletion appeared to be specially
informative, as it is a synapomorphy for nearly half of the t&adsularis and upward
species in Figs. 1 and 2). This deletion is covered by a larger one and thus not informative in
Gentianella arenaria, G. pygmaea, Gentianella moorcroftiana, Jaeschkea microsperma and

Swertia cuneata.

trnS - ycf9 Spacer. 8&rnS -ycf9 spacer sequences were new and 48 were retrieved from
EMBL (Table 1). The spacer length varied between 220 bp in Gentiana phyllcealgh364
bp in Frasera montana and Gentianella moorcroftiana. The alignment for all taxa had 486
sites and was unambiguous, except for 2 poly-N regions and 3 regions with multiple indels. A
total of 121 potentially informative sites and 27 potentially informative indels were kept for

analysis.

Internal Transcribed Spacer. 83 sequences of the ITS 1 and 2 regions were new and 53
sequences were obtained from EMBL (Table 1). ITS 1 and 2 sequences were mostly 229 + 2
bp long, with very rare indels of more than 1 bp. The alignment of the combined ITS 1 and 2
regions had 555 sites. A total of 324 parsimony informative characters and 11 potentially
informative indels were used. The manual alignment was preferred over the ClustalX
alignment for 2 reasons: 1) Alignments generated by ClustalX for a range of gap penalties
were always sensibly shorter than the manual alignment. Too few gap insertions was shown
to be a common error of automated alignments in presence of long branches (Simmons &
Freudenstein, 2003). Although a large taxon sample, such as is the case here, is expected to
break down long branches, several lineages including one or few species only, that apparently
diverged rather early in the history of the subtribe, necessarily have long branches that cannot
be broken down (see Discussion). 2) The manual alignment produced phylogenetic trees more
in agreement with those based on chloroplast data, and, to some extent, with morphological
and karyological data.

matK and other Sequence DataA reduced matrix was build including 33 species for

which matK sequences were available in addition to the other regions sequenced (for
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Gentianella arenaria, only matK 1 was available). The aligne@itK sequences were 697 bp
long and had 90 parsimony informative characters. One potentially informative indel was

recoded and added to the matrix.

Parsimony Analyses

ITS Data. The analysis of ITS 1 sequences yielded a relatively well resolved strict
consensus tree but with very low branch support, whereas that of ITS 2 sequences resulted in
a largely polytomic consensus tree, also with very low support (not shown). The analysis of
combined ITS data resulted in an unknown number of trees (26653 kept) of 2059 steps (HI =
0.65, Rl = 0.64 RC = 0.42; strict consensus in Fig. 1B). Several small clades were well
resolved and received good jackknife and decay support, but, within clade A and the basal
grade, relationships between clades were highly variable and involved very short branches

that all collapsed in the strict consensus.

Chloroplast Data. The individual strict consensus trees resulting from the analysis of the
three chloroplast data sets separately, although poorly resolved, were similar to each other as
regards their overall topology and the few well-supported clades (not shown). The analysis of
the combined chloroplast data sets resulted in an unknown number of trees (5879 kept) of
1345 steps (HI = 0.33, Rl = 0.84, RC = 0.28; strict consensus in Fig. 1A). The chloroplast
phylogeny was similar to the ITS one as regards shallower clades (see Table 3 for differences)
and overall topology (clade A and basal grade), and resolved deeper nodes slightly better,
although 2 large polytomies were still present. Contrary to the ITS phylogeny, the polytomies
in clade A and the basal grade are mostly due to 0-length branches. Additional resolution in
the basal polytomy compared to the ITS strict consensus was generally not well supported,
excepted for théatouchea - Obolaria clade, theGentianopsis - Pterygocalyx clade, and the
position of theSwertia decora - S rosularis clade as basal to clade A. Similarly, in the upper
polytomy, differences with the ITS phylogeny are not supported, with exception of the broad
Gentianella anomala - Comastoma polycladum clade that was not found by the analysis of
ITS data but well supported by the chloroplast data.

Chloroplast and ITS Data Combined. When all 4 data sets were combined, the
parsimony analysis resulted in an unknown number of trees (25433 kept) of 3464 steps (HI =

0.53, RI = 0.71, RC = 0.38). This represents 60 steps more than the sum of the shortest trees
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obtained from the ITS and chloroplast data separately. The strict consensus (Fig. 2) was rather
well resolved compared to the strict consensus trees obtained from the nuclear and chloroplast
data prior to combination. Jackknife and decay index values were generally increased,
particularly for clade A, reflecting the overall agreement for all major clades between the
chloroplast and ITS topologies (Figs. 1A and 1B). The branching pattern along the backbone
was similar to the one observed in the chloroplast phylogeny, although with lower support for
the deepest branches, whereas the resolution of more terminal clades resembled more the ITS
one. Apart from the broadomatogonium longifolium - Comastoma polycladum clade, most

new branches recovered by the combined analysis were only poorly supported. For

Table 3 Results of Templeton’s SLP test for conflicting relationships between ITS and
chloroplast data (cf. Fig. 1). The first column shows pairs of alternative relationships tested (in
Newick syntax when too complex). The second and third column indicate in which data set
each relationship is found, and the P value of the SLP test on the other data set. The last
columns shows which relationship is recovered in the analysis of the combined data sets
(chloroplast = chloroplast). Constrained cladograms were compared with 3 randomly chosen
unconstrained ones. Asterisks indicate significance at the P = 0.05 level.

Supporting data set and max. Relationship in

Relationship tested P value in alternate data set combined
ITS Cp analysis
Comastoma tenellum sister to other Comastoma spp. 0.81 N N
C. polycladum sister to other Comastoma spp. \ 0.28
Gentianella umbellata + G. turkestanorum sister to other 0.69 N N
Gentianella s. str. spp.
G. acuta, G. amarella, G. bulgarica, G. campestris sister to S 0.38
other Gentianella s. str. spp.
Swertia multicaulis, S. barunensis, S. chirayita, S. 0.86 N N
membranifolia monophyletic
only S. barunensis, S. chirayita, S. membranifolia monophyletic 0.04*
Frasera albicaulis, F. coloradoensis, F. gypsicola, F. montana, 0.56 N N
F. puberulenta monophyletic
only Frasera albicaulis, F. coloradoensis, F. montana \ 0.06
monophyletic;

F. gypsicola, F. utahensis monophyletic;
F. albomarginata, F. parryi monophyletic

Lomatogonium graciliflorum in Comastoma and Lomatogonium 0.82 N
p. p. clade
L. graciliflorum in Lomatogonium p. p. and Lomatogoniopsis 0.79 \
clade
S. dichotoma, S. tetrapetala, S. tetraptera monophyletic and N 0.36 N
sister to Halenia spp.
(S. tetraptera, (S. dichotoma, H. elliptica, (S. tetrapetala, H. 0.03* \
brevicornis, H. corniculata, H. weddeliana)))
Bartonia virginica and S. tashiroi monophyletic N 0.41 N
Bartonia virginica sister to G. arenaria , G. pygmaea 0.46 \
S. beddomei, S. nervosa, S. pauciflora sister to S. angustifolia, 0.61 N
S. alata
(S. pauciflora, (S. nervosa, S. alata, (S. beddomei, S. 0.30 \
angustifolia)))
S. decora, S. delavayi, S. patula, S. rosularis not monophyletic 0.76 N
S. decora, S. delavayi, S. patula, S. rosularis monophyletic 0.61 \
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conflicting branches (Table 3), the topology retained was the same as the best supported one
in separate analyses, but with a slight decrease in branch support except for the pdsition of

tenellum and L. graciliflorum, for which support was ameliorated.

matK and other Sequence DataThe analysis of all available chloroplast data for the
reduced taxon sample resulted in a single most parsimonious tree of 1016 steps (HI = 0.23, RI
= 0.67, RC = 0.51) that did not provide additional resolution, nor additional support (Fig. 3).
When ITS sequences were combined to the chloroplast data for inference, the strict consensus

tree was more resolved, but the new branches were only weakly supported (not shown).

Congruence Tests and Data CombinationThe ILD test detected no incongruence
betweemmatK sequences and any other data set (P = 0.30 - 0.88 for all tests) for the reduced
taxon sample. For the complete sample, the ILD test suggested significant incongruence
between the 3 chloroplast data sets (P < 0.01). It was found thanlthend thetrnL - trnF
data sets showed no conflict (P = 0.27), but that both independently were in disagreement
with trnS - ycf9sequences (P < 0.01 for both). However, various combinations of as few as 3
species could be excluded to obtain P vaki€s05. No significant conflict was detected
between the ITS 1 and ITS 2 partitions, although the ILD test was only marginally non-
significant (P = 0.05).

The ILD test also showed significant incongruence between combined chloroplast and
combine ITS data sets (P < 0.01). No sum of tree lengths for the random partitions smaller or
equal to that for the original partition was found. Non-significant P values could be achieved
by excluding various combinations of taxa occupying conflicting positions in the chloroplast
and nuclear topologies, or by excluding combinations of taxa from the basal grade subtended
by long phylogenetic branches. In addition, for all data partitions, largely non-significant P
values could be obtained by excluding all but 1 representative species within a clade of
closely related taxa (e. Gomastoma, Gentianella s. str.,Gentianopsis, Frasera, groups of
Swertia andLomatogonium etc.), but keeping all other taxa with unresolved or conflicting
positions.

A strong asymmetrical distribution of homoplasy was revealed between the ITS (HI =
0.65) and the chloroplast (HI = 0.33) data sets, that was suspected to bias the ILD test (see
Materials and Methods, Dolphinet al., 2000). When the ILD test was run on partitions of one
original and one shuffled (purely homoplastic) matrix, the P value was the same as for the

original data, and all random partitions also yielded longer sums of tree lengths than the
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original partition. However, the comparison of the average difference in tree lengths for the
original data and the shuffled data (Table 4) suggests that the amount of incongruence
revealed for the nuclear and chloroplast data sets (5.68 S. D.) is small in regard to the level of
incongruence attributable to homoplasy alone (17.81 S. D. and 22.46 S. D.).

Table 4 Results of ILD test for original ITS and chloroplast
data compared to shuffled data (see text). Each data set was
tested against 10 shuffled equivalents of the competing data
set. P=0.002 for all analyses.

Mean tree length Mean tree
Data sets tested dlf_fe_rence between s. d. Ie_ngth .
original and random difference in
partitions s. d. units
ITS and Chloroplast 31.37 5.562 5.68
ITS and shuffled 278.23 15.62 17.81
Chloroplast
Chloroplast and 315.57 14.05 22.46
shuffled ITS

Table 5Results of Templeton’s SLP test on the combined data sets. The first column
shows the group for which monophyly is testedngatogoniopsisis treated as part of
Lomatogonium). The second column shows the additional number of steps of
constrained trees in comparison to unconstrained trees. The third column gives the
highest P value of the SLP test. Constrained cladograms were compared with 3
randomly chosen unconstrained ones. Asterisks indicate significance at the P = 0.05
level.

Additional max. P

Constrained monophyletic clade N° of steps value

Swertia s. I. 90 <0.01 *
Swertia of basal grade 26 <0.01 *
Swertia of basal grade and Frasera 28 <0.01 *
Swertia of clade A 50 <0.01 *
Swertia of clade A excl. S. hispidicalyx, S. tenuis, S. yunnanensis 5 0.39
Lomatogonium 49 <0.01 *
Lomatogonium excl. L. oreocharis, L. zhongdianense 8 0.409
Gentianella s. | 41 <0.01 *
G. arenaria,G. pygmaea and Gentianella s. str. 12 0.16
Gentianella spp. not in Gentianella s. str. clade 33 <0.01 *
Gentianella spp. not in Gentianella s. str. clade excl. G. arenaria, 23 0.02 *
G. pygmaea
Gentianella spp. not in Gentianella s. str. clade excl. G. arenaria, 6 1.00
G. pygmaea, G. azurea
Bartonia and Obolaria 16 0.10
Latouchea, Megacodon, Obolaria 8 0.34
Latouchea, Megacodon, Obolaria, Bartonia 18 0.02 *
Taxa with petal nectaries (Bartonia unconstrained) 12 0.18
Bartonia and Obolaria sister to all other taxa, with Latouchea and 25 0.01 *

Megacodon basal (i. e. taxa with ovary nectaries basal, but with
N. American - Asian vicariance)
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The results of Templeton’s SLP test on various pairs of conflicting relationships (Table 3)
also showed that constraining a competing partial topology found in one data set on the other
data set usually did not result in significantly less parsimonious trees. Significant P values
were only found when a discordant constraint was enforced ddw#réa multicaulis clade
(Swertia 8 in Fig. 2) for chloroplast data, afddichotoma clade Qwertia 4 in Fig. 2) for ITS
data.

Alternative Topologies. The results of the SLP test for alternative topologies based on
morphological, biogeographical or taxonomical considerations are given in Table 5. The tests
were carried out on the combined data set because it contained the maximum phylogenetic
signal. Only the highest P values were considered, as these indicated those comparisons
between constrained and unconstrained analyses that conflict least. Constrained monophyly of
Swertia in its current circumscription was clearly less parsimonious than polyphyly. So was
the constrained monophyly of the basal lineageSnatia, irrespective of the inclusion or
exclusion ofFrasera. However, with exception o0& hispidicalyx, S. tenuis and S.
yunnanensis, the monophyly of the species of Swertraclade A (Fig. 2) was not rejected.
Monophyly of Lomatogonium was also not significantly less parsimonious wHen
oreocharis andL. zhongdianense were excluded. Forced monophyly @éntianella s. I. was
strongly rejected, although the inclusionGfarenaria andG. pygmaea in the Gentianella s.
str. clade did not result in significant P values. Among the taxa with nectaries on the ovary, i.
e.Bartonia (?, see discussion), Latoucheljegacodon andObolaria, monophyly was not
rejected wherBartonia was excluded, but this result is somewhat contradictory with the non-

significant P value for the constrained monophylyBartonia and Obolaria only.

Bayesian Analyses

The model selected for the ITS data was the General Time Reversible with rate
heterogeneity (site specific substitution rates drawn from the gamma distribution). The same
model but with a proportion of invariable sites (some sites are invariant and the rates of others
are drawn from the gamma distribution) was chosen for the chloroplast and the combined
data. As the 50% majority rule consensus of the trees obtained from each data set was similar
to the strict consensus of the parsimony trees, posterior probabilities were indicated in percent
values on Figs. 1 A & B and 2 A to maintain a reasonable number of figures (second number
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above branches). Simplified trees (Figs. 1 C & D and 2 B) were build to indicate the position
and probability of branches resolved differently in the Bayesian analyses (indicated with an
asterisk in Figs 1 A & B and 2 A; Taxa/clades related by a branch marked with an asterisk but
not detailed in the simplified trees formed a polytomy at the next higher level). For the
chloroplast data alone, the Bayesian phylogeny only differed from the parsimony one in the
position ofBartonia and the polytomic relationship of ti8ertia rosularis clade and th&,

decora clade. Increased resolution for tBecuneata clade and for the broadomastoma -
Lomatogonium clade was also achieved with high probabilities. For the ITS data, additional
resolution of the basal polytomy present in the parsimony analysis was obtained but with
generally low probabilities. Notabliegacodon was basalmost in the Swertiinaatouchea

was related to the S. decoraS. delavayi clade, and thélalenia - S. bimaculata andS. patula

- S rosularis clades were related tBartonia and Veratrilla. Within clade A, theS.
macrosperma - Jaeschkea canaliculata clade found in all other analyses was also present but
with a low probability. The Bayesian phylogeny inferred from the combined data differed
from the parsimony one only by branches with low probabilities, notably the position®f the
patula - S. rosularis clade, and was less resolved as regards relationshiarobnia
virginica, S. tashiroi and the Gentianellaarenaria - G. pygmaea clade, which were resolved

but poorly supported in the parsimony analysis.

Times of Divergence

The LR test strongly rejected a clock-like behaviour of the sequence data (P < 0.01 for all
data sets). Visual inspection of MP phylograms obtained from all data sets showed an
extraordinarily long branchfoBartonia virginica only (see Fig. 3, and also Hagen &
Kadereit, 2002). However, thexclusion of this species had no incidence on the negative
result of the LR test. Because the branch leadiri) Wrginica was so long, it was excluded
for the PL analyses and added to the topology a posteriori according to its approximate
maximum age deduced from its position in Fig. 2. The important rate heterogeneity suggested
by the LR test was also reflected by the small smoothing paramdefined for the PL
analyses. The cross-validation test performed with r8s showed the minifremorfor the
smallestAtested, 0.01. PL estimates of divergence times (Fig. 4) were carried out on the
entire taxon sample, but were mapped on a simplified version of the strict consensus tree

depicted in Fig. 2. Branches are proportional to the time scales below based on the 2
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calibration dates. Shaded boxes show the minimum and maximum age of nodes or lineages
calculated for the 3 trees analysed, and dashed linesindicate artificial branches.

Estimates for the approximate age of the last common ancestor of the Swertiinae were the
most variable, and ranged from ca. 12 to 17 mya (calibration 1) or from ca. 31 to 42 mya
(calibration 2). Differences for the age of other nodes/clades were sensibly smaller.
Disregarding unresolved relationships (dashed lines) within the polytomies of the basal grade,
it appeared that most major clades of the Swertiinae diverged within a short lapse of time, ca
4.5t0 6.5 mya (caibration 1) or 11.5 to 16 mya (calibration 2).

Discussion
Phylogenetic | nference

Incongruence Between Data Setdn view of the increasing amount of literature
criticising the reliability of the ILD test (e. g. Dolphin et al., 2000; Y oder et al., 2001; Barker
& Lutzoni, 2002; Darlu & Lecointre, 2002; Dowton & Austin, 2002), and the results obtained
here with respect to the effect of homoplasy and number of included taxa per clade on the test
results, appraising the significance of the ILD test results between the data sets utilised
seemed somewhat awkward. As regards the significant ILD test values revealed between the
trnS and other chloroplast sequences, which have a monoparental inheritance and may have
only one evolutionary history, incongruence was attributed to random error for 2 reasons:. 1)
Numerous unsupported and dubious branches were found exclusively in the poorly resolved
phylogenies inferred from the individual data sets. Y et, the taxa concerned by these branches
formed more coherent and better supported clades when chloroplast sequences were
combined for analysis, and the overall resolution and branch support were greatly improved.
2) Non-significant ILD P values were obtained by excluding variable combinations of taxa,
suggesting that significant P values resulted from the cumulative effect of minor conflicts due
to random error (Johnson & Soltis, 1998). Likewise, the high level of homoplasy inthe ITS 1
and ITS 2 data sets (HI = 0.64 and 0.65 respectively) may also account for the only
marginally non-significant ILD test value obtained for this partition.

On the other hand, as suggested by the ILD test, incongruence between the ITS and
chloroplast phylogenies might be expected, as the nuclear genome may have experienced an
evolutionary history different from that of the plastid genome. However, several observations
suggested that this was not the case. Firstly, as indicated by the tests performed on pure noise
matrices (Table 4), the asymmetrical distribution of homoplasy between the chloroplast data
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(HI = 0.33) and the nuclear data (HI = 0.65) was likely to bias the ILD test (Daphln

2000). Secondly, by visual inspection, the nuclear and plastid phylogenies appeared to be
globally congruent (e. g. Fig. 1: clade A, identical or nearly identical shallower clades both in
the basal grade and in clade A), but note that the weak resolution of deeper nodes, in
particular in the ITS phylogeny prevented a more extensive comparison of these topologies.
Thirdly, none of the conflicting relationships recovered from the separate analysis of nuclear
and plastid sequences submitted to the SLP test were found to be less parsimonious in both
data sets. Yet, these relationships had a major incidence on the significant ILD test results, as
the exclusion of the taxa involved resulted in non-significant P values. And lastly, long-
branch attraction, frequently associated with saturated data (Sanderson & Shaffer, 2002) has
probably not been overcome in the ITS data (HI = 0.65) despite the large number of ingroup
and outgroup species sampled to break these down. Indeed, several lineages of the basal grade
including 1 or few species (e. Bartonia, Gentianella pygmaea andG. arenaria, Latouchea,
Megacodon, Obolaria, Swvertia swertopsis, S tashiroi, Veratrilla) apparently diverged early

and rapidly in the history of the Swertiinae (&egeography below and Figs 3 & 4), and
necessarily have long phylogenetic branches. In addition, the mycot&phrginica has a

sharply increased substitution rate for I'T8)L and matK sequences (Hagen & Kadereit,
2002), also observed in our other plastid sequences (see Fig. 3). Long-branch attraction could
account for part of the incongruence suggested by the ILD test, as removing the taxa
concerned led to non-significant P values, and also for the decrease in support observed for
some deeper branches in the phylogeny inferred from combined data compared to the
chloroplast phylogeny, as well as for the differences in the resolution of basal lineages in the

Bayesian analyses of separate and combined data.

Differences Between Parsimony and Bayesian InferenceBhe parsimony based
phylogenetic hypotheses proposed for the Swertiinae at date have revealed unexpectedly high
levels of para/polyphyly irGentianella, Lomatogonium and, in particular, in the genus
Swertia, that strongly contrast with the apparent morphological homogeneity of these taxa
(Chassot et al., 2001; Hagen & Kadereit, 2002). Facing this hiatus, a legitimate criticism
would be that the method of phylogenetic inference, based solely on the maximum parsimony
criterion, may be inappropriate and the deduced phylogenies misleading. Bayesian inference,
which incorporates complex models of evolution and branch lengths in a probabilistic
estimation of the branching history, provides a credible alternative to parsimony. Although
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the two methods yielded phylogenies that differed in some parts (relationships between
lineages of the basal grade, Figs. 1 & 2), these were largely in agreement as regards the
guestion addressed, i. e. the non-monophyl@etianella, Lomatogoniumand Swertia.

Compared to the parsimony trees, the Bayesian phylogenies inferred from the nuclear and
plastid data sets separately (Fig. 1) contained additional resolution within clade A (e. g. the
Lomatogonium longifolium - Comastoma clade in both data sets, tl8wertia cuneata -
Jaeschkea canaliculata clade in the chloroplast data set, tBeertia macrosperma - J.
canaliculata clade in the nuclear data set), that was also achieved in the parsimony and
Bayesian analyses when all data were combined, indicating that both different data sets and
different methods converge to the same phylogenetic hypothesis in this clade. Conversely,
among taxa of the basal grade, although shallower clades were consistent across the methods
or data sets utilised except for the Latouchédbolaria clade in the Bayesian ITS phylogeny
(Figs. 1 & 2), the relationships between these clades, when resolved, were variable, and the
additional or different resolution found in the separate analyses was not retained when the
data were combined, regardless of the method employed. However, considering the hard
polytomy revealed by the analysis of the extended sequence set inchoatikgdata for
several of these clad€sig. 3), it is likely that the discrepancies in the relationships among
these lineages observed across methods and data sets reflect the lack of synapomorphies in
our data that would enable a reliable identification of the correct branching history between
lineages that apparently diverged extremely rapidly. In this context, relationships inferred
from the rather homoplasious ITS data may be particularly sensible to random error and long-
branch attraction, as exemplified by the groupind.atouchea with the S. decora - S.
delavayi clade (although with only 88% posterior probability) in the Bayesian ITS phylogeny,
which is incoherent from a morphological point of view. Althougtouchea and Obolaria
are both monotypic and morphologically difficult to relate, their sister relationship, as
suggested by all other analyses, is at least supported by the shared ovary nectaries.
Nonetheless, when all data were combined, the parsimony and Bayesian phylogenies (Figs. 1
A & B) were largely congruent as regards clade A and the resolution of basal lineages up to
the S perennis clade, and the relationships between the remaining lineages of the basal grade
were either unresolved (Bayesian analysis) or more resolved but unsupported (parsimony
analysis). The only supported difference, albeit weakly, concerned the position &f the
decora - S delavayi clade. In sum, the overall consistency of molecular phylogenies to the

method of inference clearly supports previous results based on parsimony only.
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Phylogeny of the Swertiinae

Although some level of incongruence between the nuclear and chloroplast sequence data is
evident, their combination for analysis resulted in phylogenies showing a global increase of
resolution and branch support. Ambiguous relationships among the basal lineages, as revealed
by the separate analysis of nuclear and plastid sequences, were respectively unresolved or
poorly supported in the Bayesian and parsimony phylogenies inferred from the combined
data, which represent rather conservative estimates of the evolutionary relationships in the
Swertiinae such as they may be deduced from the sequence data available. These trees (Figs 1
A & B) were thus used as final phylogenetic hypotheses. Compared to preceding molecular
phylogenies of the Swertiina€lfassot e al., 2001; Hagen & Kadereit, 2001, 2002), our
results do not alter previous conclusions except in a few cases, but provide further details on
the number and relationships of the various lineages of non-monophyletic genera. As the
focus of this work was mainly to explore the extent of polyphyly in the g&mestia,
relationships of other genera in the Swertiinae will not be discussed in detail, except in cases
where the present results differed from previous ones.

Basal Grade and Clade AAt the level of the entire subtribe, a major partitioning was
revealed between the lineages of the highly supported clade A, and those of the basal grade
(Fig. 2). Yet, morphological characters in agreement with this subdivision are scarce. Only
the exomorphic seed structure was found to be rather well correlated with molecular results.
Taxa of the basal grade have irregularly shaped or flattened seeds, often conspicuously
winged or cristate, or presenting various exotestal outgrowths (see Fig. 5 A-J), whereas those
of clade A have globose or ovoid seeds with a smooth or moderately alveolate testa, except in
the basal lineage of this clad8mertia 8, Fig. 2) where the seeds of some species may be
winged and, rarely, flattened. (see Fig 6 K, M, N). Notable exceptions were found in the basal
grade in théBwertia 3 - Halenia and theGentianella arenaria - G. pygmaea clades, where the
seeds are similar to those of clade A (see Fig. 5 L), aBaritonia and Obolaria, that have
minute seeds with a slightly striate or reticulate testa. Other flower-morphological traits
commonly referred to for taxonomic delimitation such as the presence of a well developed
corolla tube, place of insertion of the filaments, presence of a style or gynophore, number of
nectaries per corolla segment and type of their appendages, etc. were found to have undergone
a parallel evolution in several lineages (6&essot et al.,, 2001 and Hagen & Kadereit, 2001,

2002 for details). Parallel evolution may have also occurred in seed types among basal
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lineages. For example, flattened seeds with an annular wing are found in species of e. g.
Gentianopsis, Veratrilla, and perennial species@fertia s. str and Swertid, corrugate seeds
in e. g.Latouchea, Megacodon andSwertia s. str., and spinose ones in eGgntianopsis and
annuals of Swertias. str.

A detailed survey of chromosome numbers in the Swertiinae (Chetsabf in ms.)
showed a good overall agreement with the molecular phylogeny as regards the distinction
between taxa of the basal grade, and those of clade A. The basic chromosome numbers x = 13
and x = 14 confine to lineages of the basal grade and only to the basal [Sneatje 8
within clade A. Other basic chromosome numbers also occur in some taxa of the basal
lineages (i. e. x = 6 and 7 §tetraptera, x = 11 in HaleniaandGentianopsis, x = 12 and 13

in Pterygocalyx), but, according to molecular results, the taxa in which these numbers occur

100 Comastoma tenellum
96 Comastoma cyananthiflorum
63 100 — Lomatogonium rotatum
N Lomatogonium carinthiacum

93/|99— Lomatogonium oreocharis
64 || ————— Gentianellaazurea
Gentianella moorcroftiana
Swertia teres
100 Gentianella cerastioides
Gentianella amarella
Swertia japonica
Swertia punicea
Jaeschkea canaliculata
Swertia macrosperma
Swertia crassiuscula
Swertia abyssinica
—{ 100 Halenia corniculata
86 Swertia dichotoma
Swertia bimaculata
— Veratrilla bailloni
Gentianella arenaria o
— : : Bartonia virginica
] 86— Frasera albicaulis
100 Frasera parryi
Frasera tubulosa
100 Swertia cordata
75 Q{ Swertia volkensii
—— Swertia perennis
—— Megacodon stylophorus
Gentianopsis ciliata
Obolaria virginica
Gentiana frigida
Crawfurdia speciosa

10

1©

72

—— 10 changes

Fig. 3 Single most parsimonious phylogram (L = 1016, HI = 0.23, Rl = 0.67, RC = 0.51)
obtained from the reduced taxon sample for which matK sequences retrieved from EMBL
were added to our data (see text). Above branches: jackknife values if > 50%.
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are all clearly related to species or lineages with x = 13 and may have been derived repeatedly
from x = 13 (see Chasset al., in ms.). Within clade A, and disregarding the basal lineage
Swertia 8, not a single taxon was found to have a basic chromosome number of x = 13 or 14.
The most common basic numbers are x = 8, 9 and 10, and a wide range of subsidiary basic

numbers were also found (x = 5, 6, 11, 12, 19 and 21). In the light of the molecular

phylogeny, all the basic numbers of clade A (exclusivBagrtia 8) may have experienced

multiple origins (e. g. x = 5 and 8 in speciesGumastoma andLomatogonium, X = 9 in

species ofComastoma, Lomatogonium and Swertia9, 11 and 12, x = 10 in speciesQvertia

9, 10 and 12; See also Table 6 and Chagsbt, in ms.). In addition, basic numbers such as x
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Comastoma polycladum
Comastoma tenellum
Lomatogonium gamosepalum
Lomatogonium graciliflorum
Lomatogoniospis alpina
Lomatogonium perenne
Lomatogonium longifolium
Lomatogonium oreocharis
Swertia hispidicalyx
Lomatogonium zhongdianense
Swertia tenuis

Swertia yunnanensis
Gentianella azurea
Gentianella gentianoides
Gentianella moorcroftiana
Jaeschkea microsperma
Jaeschkea canaliculata
Swertia punicea

Swertia japonica
Gentianella cerastioides
Gentianella amarella
Gentianella turkestanorum
Swertia papuana

Swertia macrosperma
Swertia rosulata

Swertia welwitschii
Swertia crassiuscula
Swertia cuneata

Swertia cincta

Swertia ciliata

Swertia barunensis
Swertia chirayita

Swertia decora

Swertia delavayi

Swertia patula

Swertia rossularis

Halenia weddeliana
Halenia elliptica

Swertia dichotoma
Swertia bimaculata
Swertia matsudae

Swertia swertopsis
Frasera albicaulis

Frasera speciosa

Swertia tashiroi

Bartonia virginica
Gentianella pygmaea
Veratrilla bailloni

Swertia beddomei
Swertia angustifolia
Swertia volkensii

Swertia cordata

Swertia perennis
Megacodon stylophorus
Gentianopsis spp. not ciliata
Pterygocalyx volubilis
Obolaria virginica
Latouchea fokkienensis

Calibration 1
Calibration 2

my

Fig. 4 Simplified chronogram of the Swertiinae obtained from penalised likelihood rate
estimation. Time scaled according to 2 calibration dates for node c (see text). Shaded boxes
indicate maximum and minimum age estimates of a node or clade. Dashed lines indicate

artificial branches.
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=6, 8,9, 11 and 12 apparently originated independently both in the basal grade and in clade
A. The important level of parallel evolution in karyotypes, concentrated in clade A, but also
the relative constancy of x = 13 in the basal grade, generally precluded the use of
chromosome numbers in inferring phylogenetic relationships with more detail than the broad
distinction between taxa of the basal grade Bluartia 8, and those of the rest of clade A.
However, combined with other characters, karyology was particularly useful in discriminating

between morphologically closely resembling lineageSaeftia.

Basal Taxa of the SwertiinaeOne difference with anterior results (Hagen & Kadereit,
2002) concerns the assumption that the taxa with nectaries at the base of the ovary, (i. e.
Latouchea, Megacodon andObolaria), as also found in the Gentianinae, are basal in the
Swertiinae, and that all other taxa of the subtribe sharing epipetalous nectaries are
monophyletic. According to our results, the basal positiobatduchea and Obolaria could
be confirmed, but taxa with ovary and petal nectaries were not found to form monophyletic
groups considering the position iegacodon and of the Gentianopsis Pterygocalyx clade,
although monophyly fotatouchea, Megacodon andObolaria was an acceptable alternative
according to Templeton’s SLP test (). Moreover, on grounds of their imbricate corolla
aestivation and mycotrophic habBartonia was related tadObolaria (Hagen & Kadereit,

2002) and thus to the putative basal genera of the Swertiinae. Cont@bgléoia (Lindsey,

1940), ovary nectaries have never been reporteBaidonia, and our results do not support
such a relationship, although here again, Templeton’s SLP test did not reject monophyly.
However, monophyly for all 4 genera was clearly found to be less parsimonious. Even though
strong evidence is wanting, a polyphyletic origin of epipetalous nectaries in the Swertiinae
seems plausible in view of our results and of the morphological homoplasy displayed
throughout the subtribe&hassot er al., 2001; Hagen & Kadereit, 2002).

Jaeschkea. Species of this genus were found to be polyphyletic with respedt to
microsperma, that grouped with binectariate species ®Géntianella in the broad
Lomatogonium and Comastoma clade (Fig. 2), whereak canaliculata was related to species
of Gentianella s. str. and oBwertia 12. Jaeschkea oligosperma (= J. gentianoides Kurz
[Garg, 1987]), the type of the genus, was relate ¢tanaliculata (Hagen & Kadereit, 2002).

As other species alaeshckea, J. microsperma has filaments adnate to the long corolla tube
and becoming free near or at the sinus of corolla lobes, and corolla lobes valvate at their base,
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and was only found to differ by its more numerous seeds and pollen (Chassot & Hagen, in
ms.). Our results thus suggest thainicrosperma is misplaced in the genudseschkea, and

that additional studies are necessary to identify more reliable characters defining this genus.

Lomatogoniopsis, Lomatogonium and Comastoma. Species ofLomatogoniopsis,
Lomatogonium (exceptL. oreocharis andL. zhongdianense) and Comastomaincluded in the
sample formed a well supported clade (Fig 2). Monophyly for all speciesnadtogonium
(including Lomatogoniopsis) was clearly rejected by Templeton’s SLP test, but not when
oreocharis andL. zhongdianense were excluded (Table 5). Nevertheless, the paraphyletic
relationship of some species lobmatogonium with respect tdComastoma had rather good
branch support (Fig. 2). As in previous woKksu et al., 2001; Hagen & Kadereit, 2002),
Lomatogoniopsis alpina was nested deeply within a cladeLamatogonium species, and was
highly supported as sister Ito perenne. These two species differ remarkably as regards ovary
shape, type of nectary appendages and life habit. In additi@hpina has a chromosome
number of 2n = 12 (Liet al., 2002), which is unknown fronL.omatogonium (Chassott al.,
in ms.). Lomatogoniopsis alpina was thought to be morphologically and palynologically
intermediate betwee@omastoma and Lomatogonium (Nilsson, 1967b),but its close
relationship withL. perenne supported by both nuclear and plastid phylogenies (Fig. 1)
suggests that the peculiarity of this taxon resulted from a recent (Fig. 4) and brutal shift of its
morphology (and possibly also of its karyotype) rather than from hybridisation. No other
species ol.omatogoniopsis could be included in our sample, but the nectary appendages in
those species are galeate and similar to those ofLe ggmosepalum but not to the straight,
petaloid scale ok. alpina. As a genusl.omatogoniopsis does not seem to be well defined,

and in view of our results, its recognition at generic rank is not supported.

The large number dfomatogonium species included in our analysis (14/19 in the genus)
allowed for a comparison with the 3 sections proposed in the classification of Liu & Ho
(1992). Annual species were divided up into two sections, Bexirogynella (Ikon.) T.-N.

Ho based on conspicuous corolla and calyx tubes, and ovate to lanceolate ovary shape, and
sect.Lomatogonium with very short corolla and calyx tubes, and ensiform to oblanceolate
ovary shape. Sect. Sarcorhizon®.-W. Liu & T.-N. Ho was based chiefly on the perennial
habit of the species included, but apart from their perennial habit, species of sect.

Sarcorhizoma have all the characteristics of sdaimatogonium, except for. oreocharis and
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L. stapfii (Burk.) Harry Sm., in which the nectaries appendages are fimbriate rather than
laciniate (see Hagen & Kadereit, 2002 for illustrations). From a molecular phylogenetic point
of view, species ofomatogonium belonged to 3 groups. The first one consists of the well
supported.. longifolium - Lomatogoniopsis alpina clade (Fig. 2) and corresponds more or
less to sect. Lomatogoniur{L. carinthiacum, L. lijiangense, L. macranthum andL. rotatum)

and sectSarcorhizoma (L. longifolium andL. perenne). The second group was related to
Comastoma and consists of the. graciliflorum - L. gamosepalum grade including in the
majority species of sec®leurogynella (L. brachyantherum, L. gamosepalum and L.
gracilifforum). The last group pertains o oreocharis and L. zhongdianense, that were
placed in the «<abominable» clade (Fig. 2). These are discussed below. Disregarding perennial
species of secarcorhizoma, two species were related by molecular data to a group not
corresponding to the section that they were ascribed to. Thede sidimense (sect.
Lomatogonium) andL. micranthum (sect.Pleurogynella). This was surprising, as both species
correspond rather well to the criteria of their respective sections, suggesting convergent
evolution for characters such as the length of calyx and corolla tube, ovary shape and type of
nectary appendages (the latter onlylfosikkimense, as L. micranthumhas naked nectaries).

In sum, our results do not entirely support the infrageneric classificatioonmatogonium, in
particular with respect to sec®arcorhizoma. It is also noteworthy that the relationships
revealed here between specied ofmatogonium andLomatogoniopsis are not in agreement

with pollen morphology (see Nilsson, 1967b; Liu & Ho, 1992; Chassot & Hagen, in ms.), and
that in view of the position df. oreocharis, L. zhongdianense and Lomatogoniopsis alpina,
additional work seems necessary in order to achieve a classification reflecting evolutionary

relationships.

«Abominable» Clade.This clade was present in the analyses of both separate (Fig. 1) and
combined (Fig. 2) data, where it received very high support. Yet, the species of this clade
present an amount of gross-morphological, karyological (Chassak., in ms.), and
palynological (Chassot & Hagen, in ms.) diversity unprecedented in any other lineage of the
Swertiinae, and not a single character was found to be shared by all these species, hence the
epithet abominableSwertia hispidicalyx, S. tenuis and S. yunnanensis present each
morphological, palynological and karyological combinations of characters unique in the
genus (see Table 6), and Lomatogonium zhongdianense andoreocharis were placed in
different sections (Liu & Ho, 1992). Moreover, the belonging of the species of this clade to

their respective genera has never been questioned. For some taxa, evidence from morphology
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and palynology suggests connections with other lineages of the Swertiinae and possibly a
hybrid origin or introgression, although both nuclear and plastid phylogenies resulted in
identical relationships (Fig. 1). For example, zhongdianense closely resembled.
brachyantherum and related species (se&l.eurogynella) andL. oreocharis has close
affinities with L. perenne (sect.Sarcorhizoma). As regards the species of Swerti&
hispidicalyx has all the characteristics 8ivertia 9, in particular the inverted nectaries and
flattened, pubescent filaments, and was placed in the same group by Shah (1984) (see Table
6). But it has 2 nectaries per corolla segment, als. @oeocharis andL. zhongdianense to

which it was related, whereas specieSeértia 9 have only one. Likewis& yunnanensis

closely resembles species bbdmatogonium in its habit, laciniate scales covering the
nectaries, and in particular in its pollen grains very similar to those of.eggmosepalum or

L. oreocharis (Chassot & Hagen, in ms.). Yet, the stigmata of this species are not decurrent
on the carpelar suture (the distinguishing featureoaiatogonium; but note that according to

our observations, the stigmata are not clearly decurrent in all species of the genus, e. g.
gamosepalum and akin specied,. oreocharis, L. stapfi), and Shah (1984) thought it to be
related to species &wertia 12. In view of its morphology and palynology, and in agreement
with molecular resultsS. yunnanensis shows closer affinities with lineages lamatogonium

than with lineages oBwertia, from which it should be exclude®wertia tenuis is more
difficult to relate to other lineages of the Swertiinae. From a floral morphological point of
view, it closely resembleS rosularis (Svertia 5), in particular as regards the single watch-
pocket shaped nectary per corolla lobe and compound fimbriae. However, its pollen grains are
very different from those d& rosularis, and present similarities in the exine structure \ith
forrestii (Chassot & Hagen, in ms.). RegardiGgntianella azurea, its long corolla tube and
paired nectaries suggest affinities with other binectariate spec@sntifanella. Yet this
species was found to have a row of sparse, compound fimbriae above each nectary somewhat
similar to the fimbriae of. tenuis with which it had molecular affinities (Fig. 2), and the
shape of its ovary and stigmata is similar to that of speci€sroastoma.

Binectariate Species oGentianella and Jaeschkea microsperma. Both in the phylogeny
(Fig. 2) and according to Templeton’s SLP tests (Table 5), the monophyly of these species
was not supported, and these may roughly be divided into two groups. The first one relates to
the very similaiG. arenaria and G. pygmaea, that formed a strongly supported clade related
to lineages of the basal grade (Fig. 2). The position of this clade is however contradicted by

seed morphology and chromosome numbers. See@s afenaria andG. pygmaea have a
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smooth testa, which is more characteristic of the species of clade A, although also present in
some basal lineages suchHmenia, Swertia 3 andSwertia 4. Chromosome numbers are only
documented fo. arenaria (2n = 16, 18) (see Chassttal., in ms.), and here again it is a
number more typical of clade A. In addition, Templeton’s SLP test did not reject the inclusion
of these two species in ti&entianella s. str. clade (Table 5).

The second group consists of Asian species of GentiaaglthofJaeschkea microsperma,
showing molecular affinities with taxa of a bradaomatogonium, Comastoma andSwertia p.
p. clade (see also Hagen & Kadereit, 2001, 2002 for G. angustiffaray Sm. not included
here). These affinities are difficult to understand from a morphological point of view because
the species of this group lack the most obvious featurdsonfatogonium (decurrent
stigmata, dichromatic corolla lobes, rotate corolla) andCahastoma (well developed
fimbriate scale fused to the corolla tube, absence of style). They also share no particular
resemblance with species 8#ertia included in the «abominable» clade. With exception of
G. azurea that clearly belonged to the «abominable» clade (Fig. 2), these species of
Gentianella andJaeschkea were closely related, and their monophyly was not rejected by
Templeton’s SLP test (Table 5). Y&tmicrosperma (2n = 16),G. gentianoides (2n = 22, 44)
andG. moorcroftiana (2n = 12, 18) all have different chromosome numbers (Chetsalot in
ms.). In addition, the nectaries of the first 2 species are perfectly naked, whereas those of
gentianoides are associated to a fimbriate scale (Hagen & Kadereit, 2002, pers.®bs.).
anomala was thought to be related @& arenaria and G. pygmaea based on its tetramerous
flowers (Hagen & Kadereit, 2002), but it was found to have angular seeds and nectary
appendages similar to those of the pentame@gentianoides, in agreement with molecular
results. Whether such morphological diversity not only among binectariate species of
Gentianella andJaeschkea microsperma, but also between these taxa &wodiatogonium and
Comastoma is attributable to convergent evolution, or to processes such as hybridisation, or
structural rearrangements of the genome as suggested by karyology (€@hassiot ms.), is
still far from clear and will not be discussed further here.
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Table 6 Characteristics of the lineages of Swertia, with indication of a representative species and corresponding informal group in Shah (1984).
Groups of which no species was sequenced are marked with an asterisk. Chromosome numbers. see Chassot et al. (in ms.) for references. +:
presence, -: absence; Distribution: Eurasiais exclusive of Malaysia and Papuasia New Guinea, Himalayaisinclusive of the Tibetan plateau and
mountains of South-western China; Habit: p: perennial, a annual or biennial; Leaves: 0. opposite, a: aternate, v: verticillate; Style: s: short, st:
stout, dl: slender; Pollen: s-r : common striate-reticul ate pattern, r: reticulate, s: spinose, ru: rugulate, v: verucate, c: cristate, p: punctate.
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10 F. caroliniensis 78 N America, m-a p v thick fleshy 4 1 saccate or with membranous + s flat annular winged s-p (r)
4/4 taproot (2) rim + /sl
11 F. albicaulis 26,52 N America, I-m p o thick woody 4 1 saccate + (membranous tube + sl oblong, slightly s-p
m 5/5 (v) taproot lacerate at top) trigonate, warted
- 12 F. albomarginata 26,52 N America, | p o thick woody or 4 1 saccate, oblong or bilobed at  + sl trigonate or reniform, s-p
w 5/5 (v) fleshy taproot base or apex + warted or corrugate
(oblong with minute
annular wing)
1 S. perennis 26 (28) temperate Eurasia p o shortrhizomes 5 2 cupular (cushion shaped) + - flat annular winged s-rtor
4/11 (N America), m-a (a) 4) (1)
2 S. bifolia 26 (28) temperate Eurasia,m-a p o short (bulbous) 5 2 saccate (cushion or cup - corrugate-cristate s-r
1/12 (a) rhizomes (1) shaped) + (-)
3 S. calycina 26 temperate Eurasia, m-a p o short (bulbous) 5 2 cupular+ (-) - polyhedral winged  s-r
3/7 (a) rhizomes (1)
13 S. volkensii 26 C & E trop. Africa, a p o rhizomes, stem 5 1 naked spot - - corrugate-cristate s-r
= 1/4 stoloniferous (4)
@ 15 S. kilimandscharica 26 E & NE trop. Africa, m-a p o rhizomes 5 1 saccate (naked spot)+ (-) + corrugate-cristate,  s-r
@ 2/4 (stoloniferous) (4) corrugate-winged
31 S. cordata 1/1 26 S Himalaya, m a o fibrous roots 5 1 naked spot - +  corrugate-cristate s-r
29 S. alata 4/6 26 (24) S temperate Eurasia,m a o fibrous roots 4 1 watch-pocket shaped + + s echinate s-r
30 S. beddomei 26 S India, m a o fibrous roots 4 1 sub-orbicular (pouch shaped) + +s polyhedral, echinate s-r
1/4 st
*32 S. zeylanica — Ceylon, m a o fibrous roots 4 1 sub-orbicular + + s corrugate-cristate —
0/1 st
1 21 S. tashiroi 1/0 52,60 Taiwan, SWJapan,|-m a o fibrous roots 5 1 broad, naked patch - - echinate s ()-p
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2 24 S. swertopsis 52 SW Japan, | a o fibrous roots 5 2 V-shaped, saccate + + ovoid, large, shallowly s-p
11 corrugate
3 21 S. bimaculata 26 (22, SE temperate Eurasia, a o fibrous roots 5 2 naked spot - - rounded, finely S-r
2/3 24) m warted
20 S. dichotoma 12,14 N & E Eurasia, SC a o fibrous roots 4 2 elongated or elliptic & - rounded, smooth S-r
4 3/3 China, I-a (1) protruding abaxially, scale (+)
attached on longitudinal edges
+()
5 — S. rosularis — Mt. Emei, China, m p o shortrhizomes & 5 1 watch-pocket shaped + +s rounded, smooth S-r
1/0 fibrous roots st
25 S. patula 26 SW China, m a o fibroustowoody 4 2 +-triangular, scale attached at + s polyhedral warted s-r
6 1/3 roots bottom and interior longitudinal st
edge +
7 22 S. delavayi 2/2 26 SW China, m a o fibrous roots 5 2 oblong saccate + + sl polyhedral warted s-r
8 S. multicaulis 26 C & E Himalaya, a p o longfleshytaproot 4 1 sub-orbicular (rhomboid) + - - rounded, smooth ru-p to 010_
12 smooth i
9 S. hookeri — C & E Himalaya, a p v longfleshytaproot 4 1 rounded (triangular, rhomboid) +s rounded (flat annular ru-p
112 (o) margin with raised scale or not st winged/ winged at 1
(naked) + (-) (-) or2ends)
8 26 S. chirayita 26 Himalaya, m (-a) a o fleshy taproot 4 2 oblong saccate + +  rounded, smooth s-r lirae
2/4 (small) wide
*5 S. handeliana — SW China, a p o short, thick 47? 1 naked spot - +s rounded,smooth nearly
on rhizomes st smooth
*7 S. ramosa — E Himalaya, m-a p o ? 4 1 watch-pocket shaped + + s rounded, smooth —
0/1 st
27 S. ciliata 16, 20, Asia (incl. Indonesia a o fibrous roots, 5 1 oblong (rounded), scale +  rounded, smooth s-r, lirae
9 5/13 24,36 and Papuasia, m-a often fasciculate attached at top and partly on sharp
longitudinal edges (naked) + (-)
4 S. cuneata 1/1 20 Himalaya, a p o short rhizomes 5 2 oblong saccate + - rounded, smooth s-p
14 S. crassiuscula 20 E & NE trop. Africa, p o rhizomes 5 2 oblong + - rounded, smooth s-p
3/8 Arabian peninsula, m-a
10 33 S. welwitschii 1/13 — S & trop Africa, m a o fibrous roots 5 2 oblong + - rounded, smooth s-p
34 S. abyssinica 20 (42) trop. Africa, a o fibrous roots 5 2 oblong + - rounded, smooth s-p
2/4 Madagascar | -m
35 S.intermixta1/3 20 E & NE trop. Africa, m a o fibrous roots 4 2 sub-oblong + - rounded, smooth s-p
*19 S. minor 0/1 20 W India, m a o fibrous roots 4 2 V-shaped, saccate + (dentate) - rounded, smooth s-p
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11 23 S. macrosperma 18 Himalaya, E New a o fibrous roots 5 2 oblong + (-) (1-)4large (many  v-p, colpi
3/5 Guinea m (-a) (4) small), smooth very short
*6 S. piloglandulosa — N Sumatra, a p o short rhizome, 4 2 oblong + (-) 1-4 rounded, smooth v-p, colpi
on lower branches very short
stoloniferous
17 S. punicea 20 (18, Asia, m (- h) a o fibrous roots 5 2 oblong (saccate) + - rounded, smooth s-r
12 8/11 21, 24) (4)
18 S. striata 20 E end of Himalaya, m a o fibrous roots 5 2 +-V-shaped, saccate + - rounded, smooth s-r
3/3 4)
3 27 S. hispidicalyx — Tibetan plateau, a a o fibrous roots 5 2 oblong saccate, opening +  rounded, smooth s-r, lirae
e 1/0 towards receptacle + sharp
ey 28 S. tenuis 22 SW China, m a o fibrous roots 5 1 watch-pocket shaped + + s rounded, smooth stocp
ES 11 st
.m © 16 S. yunnanensis 22 SW China, m a o fibrous roots 5 2 oblong, opening laterally + - rounded, smooth s to v-p,
g 1/1 colpi short
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Lineages of Swertia

Only two taxonomic treatments cover the whole genus. In his monograph, Shah (1984)
proposed 35 informal groups, whereasei@l. (1994) recognised 11 sections and 16 series.
In both treatmentBrasera was considered as congeneric \Bitvertiaand for this reason will
be discussed in this section. These classifications are contradictory in many p&ita{sae
et al., 2001 for examples), and sequence data corroborated almost exactly Shah’s
morphological groups. However, the definition of these groups was rather narrow, and a
number of them were related in larger clades in our phylogeny (see Table 6). Combining
information on the distribution (Shah, 1984; Nemomiss®4; Ho & Pringle, 1995),
chromosome numbers (Chassotal, in ms.) and palynology (Nilsson, 1967b; Chassot &
Hagen, in ms.) to gross morphological characters commonly used in the taxonSwgroé
(Table 6), the clades &wertia can be delineated as discussed below.

Frasera. The Frasera clade was highly supported in all analyses (Figs. 1, 2 & 3) but the
affinities of this exclusively North American genus with other, mostly Asian, lineages of the
basal grade remained essentially unresolved (butSsestia2 below). Distinguishing
features of this genus were never brought out convincingly and it has been repeatedly argued
in favour or against its inclusion Bwertia(e. g. St. John, 1941; Shah, 1984ingle,1990).
Toyokuni (1965) even transferred some Japanese spe@egdiato Fraseraon grounds of
their distinct style, but his views were mostly not followed. From a flower morphological
point of view, species dfraseraconform to the general bauplan observed in most species of
Swertig except for the presence of a variably dissected coronal scale (membrane between
filaments) present in some species (&-.gcaroliniensisF. albicaulig but absent in others.
Vegetatively, xerophilous species have conduplicate papillous leaves with a silvery-white
margin unknown from any species®ivertig while more mesophilous species (F. speciosa
F. fastigiatagrade) have flat leaves with a green margin. In addition, the latter species have
verticillate leaves and a thick fleshy taproot, much like perennial spectweartia8 (see
below), to which they were, however, not related. Yet, the few seeds per capsule, and their
larger size separate specieskohserafrom nearly all species dbwertia Only taxa of
Swertiall andSwertia2 have a small number of seeds, although these are considerably
smaller in the former (compare Fig. 5 D & N). On the other hand, seefis wihbellata
(Swertia2) are not only comparable in number, but also in size and exotestal structure (see
below and Fig. 5 E). Shah (1984) divided specieSwértia(including Frasera) into 35
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groups (Table 6). Group 10 corresponds toRhepeciosa F. fastigiatagrade and is also
morphologically unambiguously defined. Groups 11 and 12 were separated on grounds of
inflorescence type (dense and interrupted paniculate, and lax and corymbose paniculate
respectively). These groups were not supported by the phylogeny, but no character was found
in support of theF. puberulenta F. albicaulis clade andF. tubulosa- F. paniculata
polytomy. Considering the large sampleSavertiaspecies and the exhaustive oné&sera,

the monophyly ofFraserain its current circumscription is quasi-certain. Thus, in view of
molecular results, of the distribution, and of the seed characteristirasdra, we believe

that it should be kept as a separate genus.

Swertia s. str. It is by far the most speciose clade, containing ca. one third of the species of
Swertig and the type of the genuS, perennisSwertias. str. was found to be related to
Megacodon, and also to be the basalmost oBwafértialineages in both Bayesian and
parsimony phylogenies, although with low branch support. This group includes rather
heterogeneous species, which, however, consistently lack the traits found to be characteristic
of the other clades @wertia(see Table 6). That is, seeds are variously shaped and sculptured
(Fig. 5 F, G, H, I) but never rounded and smooth (difference with most other clades of
Swertiain Fig. 2), roots never thickened and fleshy (difference with some specsegedia
8 in Fig. 2), pollen grains never spinose (difference Bitfertial, 2 and 10 in Fig. 2), etc.,
the main distinguishing feature being the seeds. On8wartial, 2 and 6 are the seeds also
not rounded with a more or less smooth testa, but species of these clades diffewédia
S. str. by a number of other characters (see below). Specegeafias. str. grouped into two
broad and highly supported sub-clades, one of them further divided into 2 equally well
supported lineages. These subdivisions apparently suggest a clear correlation between habit
and habitat. In the first sub-clade (species of groups 1 to 3 in Table 6), the plants are
perennial, mostly robust high altitude dwellers, widespread in the mountains of temperate
Asia, with only a few species in eastern Europe, and ®nperennisalso present in North
America. In opposition, the second sub-clade consists of one lineage including Asian montane
annuals or biennials growing along the southern margin of temperate Asia and in the southern
mountains of the Indian sub-continent (groups 29, 30 & 32), and of a second lineage
composed of the Asian annual and mont&neordatawhich is basal to all African perennial
and mostly alpine species of Swersiastr. (groups 13 & 15). Our results thus suggest that
within the Swertias. str. clade, the perennial versus annual or biennial habit, also the

character most consistently retained in the infrageneric taxononB8weftig reflects
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ecological adaptation rather than phylogenetic affinities. The number of nectaries, on the
other hand, coincides well with the phylogeny. In $hecordata- S. pauciflorasub-clade,
nectaries are constantly one per corolla lobe, whereas 8. therennisub-clade, nectaries

are two per lobe, although confluent or altogether fused in a few species. Taxonomically,
species of th&. perennis S. souliaesub-clade correspond to seSwertiaand sect. Rugosa
T.-N. Ho & S.-W Liu, but the inadequate resolution (Fig. 2) and limited number of species
included did not allow to compare Shah’s (1984) division into 3 groups with the 2 sections
retained by of Het al.(1994). Species of th®. alata- S. paucifloraclade correspond to sect.
Spinosisemind’.-N. Ho & S.-W Liu proposed in Het al. (1994), and were previously
included in sectOpheliaser.Ramosaerl.-N. Ho & S.-W Liu, along with most annual or
biennial Asian species &wertia Although invalid according to art. 36.1 of the ICBN, sect.
Spinosisemings in agreement with molecular results. African specieSvedrtias. str. were
placed in sectMontanaT.-N. Ho & S.-W Liu (nom. invalid. according to art. 36.1 of the
ICBN) in Ho et al.(1994), along with other perennial African specieSwertialO. Swertia
cordata belongs to sect. Ophelger.MaculataeT.-N. Ho & S.-W Liu, as do species of
Swertial and 3. In the context of our phylogenetic results, $éahtanaand sectOphelia

ser. Maculataend serRamosae are largely polyphyletic.

Swertia 1. Swertia tashiroiis the only species found to belong to this lineage, and is
endemic of Taiwan and south-western Japan. This species was placed by Shah (1984) in the
same group as species@wertia3 (group 21) on grounds of its Asian distribution and naked
nectaries. The same characters were retained to justify its inclusion irOpéeliaser.
Maculatae(Ho et al, 1988). ButS. tashiroicombines spinose seeds (see Wang & Lu, 1998
for illustrations), a singlédroad nectary per corolla lobe devoid of any appendage, spinose
pollen grains (Nilsson, 1967b; Chassot & Hagen, in ms.), nodding flowers and a robust,
somewhat fleshy habit, distinguishing this species from all otl®#x®rtia tashiroiwas
related toBartonia virginicawith low support in the parsimony analysis (Fig. 2 A), but its
affinities were unresolved in the Bayesian one (Fig. 1 B), Apart from chromosome numbers
(2n = 52 was found in both taxa, 2n = 60 onlySintashiro), we could not name a single
gross morphological or palynological character supporting this relationship. Considering that
S. tashiroihas probably experienced a long and isolated evolution (see Fig. 4), and also the
accelerated substitution rate B&rtonia virginicg the sister relationship betwedhese

speciegFig. 2A) is most probably due to long-branch attraction.
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Swertia 2. Swertia swertopsis, the only species in this lineesgmorphologically unique
in the genus, and was also first described as a monotypic géwestopsis umbellata
Makino. This species is a rare endemic of south-western Japan, and, mughtéakairoj
represents a lineage of long isolated history (see Fig. 4). Characterised by its fasciculate
flowers disposed in an umbel-like inflorescence, V-shaped nectaries, distinct slender style,
shallowly corrugate and rather large seeds (Fig. 5 E), and spinose pollen, this species is
clearly separable from all other cladesSavertia Although chloroplast phylogenies (Fig. 1)
suggested a relationship with specieSuofertia3 and 4 and Halenia, sequence data did not
allow to reliably establish its position in the Swertiinae. Also from a morphological point of
view, the relationship suggested by the chloroplast phylogeny is not convincing, as these taxa
share none of the characteristicsSofswertopsiisted above. On the other hand, among the
taxa of the basal grade (Fig. 2), some specidsagerashare a distinct and slender style

such as that d&. swertopsis, petal nectaries, and similar seeds (Fig. 5 D & E).

Swertia 3. This lineage consists of 3 species or8y.bimaculata is common from Nepal
eastward to Japarg. oculata Hemsl. is known only from the type gathering in China
(Sichuan), and S. tozanengisS. matsudae Satake sensu Shah, 1984; see Wang & Lu, 1998)
is endemic to Taiwan. All are annual or biennial, and distinguished by their paired naked
nectaries situated relatively high on the corolla lobes (just below the middle). Species of
Swertia3 were sister to the HalentaSwertia4 clade with high branch support (Fig. 2),
although hardly any morphological correspondence could be established, apart from the
position of the nectaries (see Hagen & Kadereit, 2002), and seeds that are smooth to finely
warted, which is rather unusual among taxa of the basal grade, that mostly have irregular
seeds (e. g. winged, corrugate or echinate). According to chromosome numbers (2n = 26,
rarely 22 or 24), the position &wertia3 in the basal grade of the Swertiinae seems justified,
but the relationship with Swertid (2n = 12, 14) andHalenia (2n =22) is not supported.
Taxonomically, with exception &. cordata $wertias. str.) and S. tashirgbwertial), this

clade corresponds to seCpheliaser. Maculataesensu Ho & Liu (1980).

Swertia 4. This lineage also consists of 3 species only, that differ from all other species of
Swertiaby their tetramerous flowers, deltoid-ovate leaves and nectaries that are bordered on
their longitudinal edges only by 2 scales bearing short compound fimbriae (see Hagen &
Kadereit, 2002 for illustrations). Seeds are globose and of a very light yellowish colour, and

the testa is extremely smooth (Fig. 5 &vertiatetrapteraandS. tetrapetalare very similar,
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in particular as regards their floral morphology which varies only in the number of nectaries
on each corolla lobe (Shah, 1988yvertia dichotomaon the other hand, differs by its
dichotomous habit and nectaries, that are sub-rounded to elliptic, protruding on the abaxial
side of the corolla lobes as miniature spurs, and bordered by much reduced appendages. The
relationship ofSwertia 4 with Halenia suggested by sequence data (Fig. 2) may seem
surprising, considering that these species lack the most obvious feathi@emb such as a
sinistrorse corolla aestivation, well-developed nectariferous spurs, a corolla tube and stamens
inserted at the sinus of corolla lobes, and chromosome numbers are also different (2n = 12, 14
in S. tetraptera, 2n = 22 in Halenia). However, the embryolog®.aketrapteraXue et al.,

1999) was shown to be similar to that éfalenia, and the protruding nectaries $f
dichotomamay be viewed as an early stage of the spurs observed in a majority of species of
Halenia. Taxonomically, S. dichotonmthe type species of Anagallidiu@riseb., and of the
monotypic sectOpheliaser.DichotomaeT.-N. Ho & S.-W Liu. Swertia tetrapetalandS.
tetrapterawere placed in sect. Heteranth@s-N. Ho & S.-W Liu (Hoet al, 1994). Our

results agree with Shah’s(1984) placement of these 3 species in a narrow group (group 20),
and do not support the separation Swertia4 into two different taxa. Moreover, the
molecular monophyly and morphological particularities of this lineage may be viewed as an

argument in favour of its recognition at generic rank uAdegallidium

Swertia 5. The single species of this clad,rosularis was described recently (Ho & Liu,
1980) ands known only from the type locality. Its floral morphology is nearly identical to
that of S. tenuiga species of the «abominable» clade), and was considered by Shah (1984) as
synonymous with it. Despite this floral similarit$, rosularisis a perennial plant with
rosulate, somewhat leathery basal leaves, clearly distinguishing it Sorenuis
Furthermore, it is the only rhizomatous speciesSofrtiato have pentamerous flowers,
smooth seeds, and a single nectary per corolla lobe. All molecular analyses glated
rosularisto S. patula(Swertia6), and with high support in the combined analyses (Fig. 2),
but not a single morphological character was found to support this relationship (see Table 6).
However, the divergence time between these lineages was found to be comparable with that
betweenHaleniaand Swertia3 or betweerGentianellas. str., Jaeschkes str.,.Swertiall
and Swertial12 (Fig. 4), all lineages for which morphology was not found to reflect the
relationships suggested by molecular data. In addition, adaptation to sensibly different
habitats between specieswertia6 (xerophilous) and Swertia rosulafisygrophilous)may

have had a repercussion on their morphology. Upon its description (Ho & Liu, 280),
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rosularis was included in sect. Ophelser.PerennesT.-N. Ho & S.-W Liu, along with
species ofSwertia6 (S. patensBurkill), Swertial2 (S. davidi and Swertia8 (S.
pianmaensis). Being based uniquely on the perennial habit of those Asian species obviously
not related to other Asian perennials ®#ertias. str. (sectsSwertiaand Rugosa), ser.

Perennedias no phylogenetic relevance.

Swertia 6. According to Shah (1984), three species (group 25) are closely relaged to
patula, the only species included in our sample. These species can be distinguished from
other Asian species @wertiaby their patulous habit, polyhedral warted seeds, stout style
and nectary type (Table 6). The whole plant is often profusely branched from the base and
forms a spreading inflorescence of showy reddish to pinkish-white tetramerous flowers borne
on long pedicels. Each corolla lobe bears two more or less triangular nectaries covered by a
fimbriate scale attached to the inner longitudinal edge and bottom of the nectariferous tissue.
Despite the remarkable homogeneity of this grdapertia patensvas separated from the
other two species (sed@phelia, ser. Ramosae) and included in SBpheliaser.Perennes
on grounds of its purportedly perennial habit (etoal., 1988).Some specimens of this
species studied for the purpose of this work presented well-developed and woody roots,
probably owing to the dry environment in which the plants were growing, but all were
annuals, as reported in Shah (1984).

Swertia 7. The two species of this small lineagg, decoraand S. delavayiresemble
Swertia6 in their habit, showy perianth, seed morphology (Fig. 5 J), and pollen grains
(Chassot & Hagen, in ms.), but differ in having pentamerous flowers with two oblong saccate
nectaries per corolla lobe and compound fimbriae, and a slender style topped by broad
orbicular stigmasSwertia7 was related to th8wertia5 - Swertia6 clade in the combined
parsimony phylogeny. This was not the case in the combined Bayesian one, but, as suggested
by the ITS Bayesian analysis, the breaking down of this relationship is likely to be due to the
attraction of the_atoucheabranch with theSwertia7 one. Considering the ovary nectary,
fused corolla lobes forming a tube, long style and linear stigmas, corrugate seeds, spinose
pollen and rhizomatous habit batouchea, the parsimony topology seems far more plausible
than the Bayesian one. Taxonomically, both species were placed in the heterogeneous sect.
Ophelia serRamosae (Het al., 1988).

188




IV Phylogeny of Swertiinae — Lineages @wertia

Swertia 8. This clade groups annual or biennial (group 26) and perennial (groups 8 and 9)
species that are rather different in their gross morphology and palynology (see Table 6).
However, their root system was found to be similar. Whether acaulous (group 8) or with a
tall, robust stem (group 9), perennials have a thick and fleshy taproot (Fig. 5A) unique among
Asian and African species &wertiabut also present in some species of the North American
genusFrasera(see Chassot, 2003), to which they were molecularly not related. Among the
annuals or biennials @wertia8, this type of taproot is less obvious in blooming plants (e. g.

S. chirayita Fig 5B), but distinct in vegetative rosettes (e Sg.membranifolia, Fig. 6C,
compare withS. bimaculataFig. 6D). Rosettes are seldom present in herbarium material, but
out of the 38 annual or biennial species collected and observed in the field for this study, a
such taproot was only found Bwertia8. Two species not included in our phylogeny and
corresponding to two monospecific groups in Shah (1984), may also be relSwdrt@8.

Swertia handelian&larry Sm. (group 5) lacks the typical taproot of this clade, but agrees in
flower symmetry, number and structure of nectaries, seed shape, and exine ornamentation
with other perennial species of this clade (see Table 6). In the original description (Smith,
1926) and in Chinese floras (Het al, 1988; Ho & Pringle, 1995)S. handeliana is
tetramerous, at contradiction with Shah’s (1984) description and illustration of a pentamerous
S. handelianaotherwise in exact agreement with the other descript®nsrtia handeliana

is the only Asian dwarf perennial speciesSefertiawith a single naked nectary per corolla
lobe, and smooth, rounded seeds, precluding confusion with any other taxon. We have not
seen the type of this species, but all specimens studied were tetramerous, and we therefor
consider tetramery to be the correct state. The second speSiemimosaN. W. Smith. As

no specimens were available to us for this study, its relationshiBwintia8 follows from

Shah’s (1984) statement that it closely resembles species of group 9. Although poorly
supported, the basal position ®vertia8 in clade A (Fig. 2) is coherent with chromosome
numbers and seed morphology. The few karyologically documented speSe=ia8 all

have x = 13 (2n = 26), which is typical for the taxa of the basal grade, whereas all other taxa
of clade A have basic numbers different from 13, and usually smaller (Clkassptn ms.).
Likewise, the winged seeds of e. §. barunensigFig. 5K), S. hookerC. B. Clarke, or
Swertia multicaulisare reminiscent of the seeds found in some lineages of the basal grade, as
Swertias. str. (group 1) (Fig. 5F) oreratrilla bailloni (Fig. 5C), whereas most species of
Swertia8 have more or less rounded seeds devoid of wings, as found in all other taxa of clade
A. Moreover, constraining the monophyly of the speciesSofertia in clade A §.

hispidicalyx S. tenuisS. yunnanensisxcluded, see Table 5) resulted in not significantly less
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parsimonious cladograms according to Templeton’s SLP test (P = 0.39), but in which the
Swertia8 clade was consistently placed as most derived (not shown). Such topologies are
particularly at discrepancy with chromosome numbers and thus unlikely, suggesting that
paraphyly ofSwertiain Clade A, as inferred without constraint, may be more probable than
monophyly. Within the clad8wertia8, and as it was the case in Asian specieSwirtias.

str., the annual or biennial and perennial habit appears to be correlated with the adaptation of
the plants to medium or high altitude habitats respectively (see Table 6). Moreover, this
correlation was also reflected in the phylogeny, where plants of similar habit and altitude
range formed sister lineages (Fig. 2). Taxonomically, no infrageneric taxon corresponds to
Swertia8, but perennial species of groups 8 and 9 belong to rather the well delineated sect.
Poephila(C. B. Clarke) Gilg and secMacranthosT.-N. Ho & S.-W Liu respectively.
Annuals of group 26 were placed in sé€phelia serRamosagHo et al., 1988).

Swertia 9. Species of this clade form a morphologically homogeneous group (group 27)
delineated by flattened, pubescent, often monadelphous filaments, a slender style, and a single
nectary per corolla lobe. In most species, the scale bordering or covering the nectariferous
tissue is attached to its upper and longitudinal edges, the nectary thus appearing inverted (i. e.
opening towards the receptacl®wertia9 was related to th&. cuneata Jaeschkea
canaliculata clade (Fig. 2), but a relationship witGomastoma Lomatogoniumand
binectariate species @entianellawas also suggested by the analysis of the reduced taxon
sample including all chloroplast sequences (Fig. 3). Neither topologies were highly supported,
and no morphological, karyological or palynological character was found that could reliably
favour one or the other hypothesis. Interestin§wertia9 is one of the few lineages of
Swertiato have expanded its distribution range south-eastwards into the mountains of the
Malaysian islands. Taxonomicall@wertia8 corresponds to sed®latynemarl.-N. Ho & S.-

W Liu. Swertia teresvas placed in a separate section (d€icigdon-WardiaT.-N. Ho & S.-
W Liu) on grounds of its distinct calyx tube. This was rejected by Shah (1984), and molecular

results confirmed the close relationshigsofteresvith other species dwertia8.

Swertia 10. This clade consists of one Asian speci8s duneata, group 4), and of the
second lineage of African species®Wertia(groups 14, 33, 34, 35), characterised by their
spinose-punctate pollen grains, smooth, rounded seeds, and chromosome number of 2n =20
(2n =42 inS. rosulaty. Swertia cuneat#s perennial, but both perennial (e Sg.crassiuscula,

S. englerj and annual (e. ¢&. abyssinicaS. rosulataS. welwitschji African species belong
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to Swertial0O. Phylogenetically, the situation 8wertialO parallels that in th8. cordata S.
kilimandscharicaclade inSwertias. str. (Fig. 2), with one Asian species sister to an African
lineage. According to the basal position of perennial species, this African lineage may have
evolved from perennial ancestors, contrary to the African lineaeeftias. str.,SwertialO

was related with moderate support to a broad and poorly supported clade comprising
Jaeschkea. str.,Gentianellas. str.Swertiall andSwertial2. No character was found to
support this relationship between taxa of 3 rather different genera. Between lineages of
Swertig species oBwertial0 and Swertid2 share similar chromosome numbers (2n = 20 in
most species), but n8@wertia 11 (2n = 18). However, all 3 lineages have a markedly different
pollen exine ornamentation (spinose-punctate, striate-reticulate and verrucate-punctate
respectively, see Table 6). One additional Asian species not included in our sanmpileor
(Griseb.) Knobl. (group 19), could belong to this lineage, as it has all of its karyological,
palynological and seed morphological characteristics. Taxonomically, no infrageneric taxon
coincides with Swertid0. Swertiacuneatawas placed in secRugosar.-N. Ho & S.-W Liu

(Ho et al., 1988) on groundsf its perennial habit and despite its smooth, rounded seeds.
Some perennial African species were placed in $éahtang others in sectOpheliaser.
Perennes, and annual species were placed inGpltlia ser. Ramosae.

Swertia 11. Only few species belong to this lineage, corresponding to Shah’s (1984) group
23 (but see Wang & Lu, 1998 for nomenclatural details on Taiwanese species included). Shah
(1984) based this group on characters such as the presence of a very short style, sub-orbicular
stigmas, oblong, fimbriate but not saccate nectaries, only 1-4 seeds per capsule and with a
smooth testa (Fig. 5 N), and an annual habit. In addition, specisesfiall differ from all
other species obwertiaby their verrucate-punctate pollen grains with very short colpi
(Chassot & Hagen, in ms.). The only species of group 6, the peré&inpdbglandulosa
Geesink, was not included in our sample, but has pollen grains identical to tfwsertia
11 (Chassot & Hagen, in ms.), as well as only 1-4 seeds per capsule. On the oth&r hand,
zayuensid'.-N. Ho & S.-W Liu, known from the holotype only, has numerous small seeds,
but was included by Shah (1984) in group 23. From the illustration (Ho & Liu, 1980), this
species has saccate, radially elongated nectaries, and an ovoid-oblong ovary with sessile sub-
orbicular stigmata, suggesting a more probable relationship Svitartia 12. Its pollen
morphology is unknown, but would allow to assess its affinities with more certainty. As
discussed for Swertid0, no convincing correlation could be found between the relationships

suggested forSwertiall by molecular results, and gross-morphology, karyology or
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palynology. As regards the distribution $Wertiall (inclusive ofS. piloglandulosy its

range extends from the mountains of mainland Asia south-eastwards as far as East New
Guinea, presenting similarities with the distributionSwertia9. No infrageneric taxon
confines to the species Bivertiall. Annuals were placed in se©phelia serRamosae, and

the perenniab. piloglandulosan sect.Ophelia serPerennes (Het al., 1994).

Swertia 12. This clade corresponds to Shah’s (1984) groups 17 and 18, between which the
distinction was based only on the outline of the nectary. Plants of this lineage are all annual or
biennial, rarely rooting at lower nodes on ascending branches &. @avid), and are
recognised from other Asian annual or biennial species by the paired fimbriate or dentate
nectaries, ovoid to oblong ovary with sessile sub-orbicular stigmata, numerous rounded seeds
with a more or less smooth testa, and chromosome numbers usually of 2n = 20 (Chassot et al.,
in ms.). Relationships betwe&wertial2 and the lineages included in the same polytomy
(Fig. 2) are still unclear, and gross morphology and karyology did not allow to address the
problem in more detail. However, species@ntianellas. str., Jaeschkea str. andSwertia
12 share a common pollen type with a striate-perforate to striate-reticulate or reticulate sexine
pattern, much different from the pollen ®ivertiall ( Nilsson, 1967b; Chassot & Hagen, in
ms.). Within cladeSwertial2, relationships were unresolved, except for the basal position of
S. japonicaandS. diluta Both species have an Eastern Asian distribution, suggesting that this
lineage may have originated in Eastern Asia and subsequently colonised the Sino-Himalayan
region along a westward route. Taxonomically, all the speci€sveftial2 were placed in
sect.Ophelia serRamosae, except f&. davidithat was placed in sect. Ophelia $&rennes

on grounds of its occasionally rooting lower nodes @tlal., 1988).

Molecular Phylogeny and Taxonomy

A majority of genera in the Swertiinae, i.Bartonia, ComastomaGentianopsisHalenia,
Latouchea, MegacodonQObolaria, andVeratrilla, are morphologically unambiguously
defined, and, from a molecular phylogenetic perspective and within the limits of the taxon
sample, formed distinct monophyletic lineages. This was not the case for the remaining
genera, that were either polyphylet@gntianella Jaeschkea.omatogoniumand Swertig,
or very closely related to other genera and probably not deserving recognition at generic rank
(Lomatogoniopsisaand Pterygocaly. Morphological observations on the latter two genera

were in part on erroneous, and, when corrected for, leave only very few diagnostic characters.
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Lomatogoniopsisvas segregated froinomatogoniumchiefly on grounds of a single
nectary per corolla lobe (Ho & Liu, 1985), Hutalpina clearly has two nectaries (Hagen &
Kadereit, 2002, pers. obs.), and one species retairlemhmatogoniumL. graciliflorum, also
has a single nectary. As discussed above, the actual circumscriptiomafogoniopsisioes
not seem to be satisfactory, and our results concetnirdpina suggest that it should be
merged withLomatogonium

Similarly, Pterygocalyx volubilisvas believed to differ fronentianopsisn having, i. a.,
nectaries on the ovary and not on the petals (Ho & Pringle, 1995), but detailed studies
revealed that this was not the case and that only few characters separated the two genera
(Chen & Ho, 1998). Moreover, the affinity of P. volubiigh G. ciliata, as suggested by ITS
data (Fig. 1 B), is also supported by the shared flattened seeds with an annular wing. In view
of the very high support for ti@entianopsis Pterygocalyxclade (Fig. 2), and of the weak
morphological and molecular differences between both taxa, it may be better to consider
Pterygocaly»at a section level.

GentianellaandSwertiaare particular genera from a taxonomic point of view, as they may
be viewed as leftovers of larger genera from which several smaller taxa were segregated in
the recent past. For examplBgentianellahas seen the number of its species increase
drastically as former species Gfentianawere transferred to it following the generalised
acceptance of &entianellalineage, as opposed to the Gentidineage (see Adams, 1995;
Chassot et al., 2001). This resulted in a large and heterogeneous genus without a more precise
circumscription than its differences witentiana. Later on, Comastonaentianopsisand
Megacodonwere separated froi@entianellaon grounds of solid morphologic&bmith,

1936; Ma, 1951; Toyokuni, 1961), anatomical (Lindsey, 1940) and palynological (Nilsson,
1967b)characters, and these genera were also well supported by molecular phylogenetic
results. Of the ca 250 species left @entianellg a vast majority were shown to be
monophyletic (Hagen & Kadereit, 2001put molecular evidence suggests that our
understanding of the binectariate species is not yet satisfactory. New genera pertaining to
these species have been recently described or reinétatest et al, 1988; Omer & Qaiser,

1991, 1992), but only regional floras were taken into consideration. Of these, the monotypic
AliopsisOmer & Kaiser relates tGentianellapygmaea. Yet, the original description (Omer

& Qaiser, 1991) mentions a single nectary per corolla segment, but in all specimens of this
species examined, 2 greenish nectariferous folds were observed at the point of insertion of the
filament, much higher on the corolla tube than in the original illustration. The closely related
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Gentianellaarenaria also has two nectaries but at the base of the corolla tube. Our results
support the recognition of these two species at generic rank Algiesis but the description
would need corrections, as it relies much on the number of nectaries. In a similarly confusing
manner, based essentially on paired nectaries, binectariate speGentodnellafrom
Pakistan and Kashmir (e. @. moorcroftianain our sample) were all accommodated under
the nam@Aloitis Rafin. (Omeret al, 1988), along with species Gfentianellas. str (e. g. G.
umbellatain our sample. holosteoideandG. stoliczkaiin Hagen & Kadereit, 2001), that

may have bilobed but not distinctly paired nectaries (Hagen & Kadereit, 2001). Mor@over,
umbellatawas included irAloitis but illustrated with a single nectary per corolla segment!
Likewise, Omer & Kaiser (1992) describEdrramianabased on GentianaicranthaAitch.

& Hemsl. with tetramerous flowers and a single gland per corolla segment, while Garg (1987)
listed this species as a synonyntfgentianoideswhich is pentamerous and has 2 nectaries
(Ho & Pringle, 1995, pers. obs), and Ho & Pringle (1995) consid€tgchmianato be
synonymous witllaeschkea. Thus, molecular data strongly suggest that binectariate species
of Gentianellahave not been sorted out yet, but it also seems that the morphology and
diversity of Asian species d@sentianellaand in particular of the binectariate ones are still
poorly understood, leading to premature taxonomic undertakings.

In the case oBwertig the extent of polyphyly revealed by the present results is only
moderately surprising. In its current acceptation, the g&wertiaconsists of a rather
heterogeneous assemblage of polymorphic species (Shah, 1984). Numerous generic
segregates were proposed (e. g. Agath@eseb.,AnagallidiumGriseb.,Monobothrium
Hochst.,Ophelia Griseb.,SczukiniaTurcz., SwertopsidMakino), but diagnostic characters
were never brought out convincingly, and limits became ever fainter as new species were
discovered and described (see Shah, 1984 for a historical sur8exedig. The only genera
separated fronBwertiato have been widely accepted dfl@lenia,Lomatogoniumand
Veratrilla. Other generic names were abandoned, and the circumscriptovediawidened
to fit the increasing morphological diversity. Consequently, according to Shah (1984), the
definition of Swertia(inclusive ofFrasera) is a plant with a rotate corolla (as opposed to the
genera with a long corolla tube), epipetalous nectaries (as opposed to the genera with
nectaries on the ovary), not dioecious (i. e. ngegatrilla), spurless (i. e. not a Halenia), and
without decurrent stigmata (i. €. noLamatogoniumh In sum thus, Swertig simply defined
as not being anything else in the Swertiinae. But the fact that the various line &yesrid
do not show particularly striking characteristics as may other lineages recognised at generic

rank does not justify, in our opinion, that they be denied of an equivalent taxonomic rank. The
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recent advances in molecular phylogenetics (present results), palynology (Nilsson, 1967b;
Chassot & Hagen, in ms.) and karyology (Chassot et al., in ms.) in Swertia have allowed to
establish affinities between the numerous and narrow groups defined by Shah (1984), and to
define a more reasonable number of larger but coherent groups. The question is thus not
whether our results support one or the other of the numerous segregates proposed for Swertia,
as none were found to be congruent with our results excepted for Frasera and partly for
Anagallidium, but whether or not this large group of species should continue to be regarded as
a single nomenclatural entity. If the idea of splitting Swertia into a dozen smaller genera may
seem daring, one should nevertheless consider that each of the lineages presently identified by
molecular data can readily be characterised by unambiguous combinations of characters.
Moreover, and in spite of the fact that several lineages of Swertia are delineated by
karyological or palynological characters, all these lineages may be keyed out relatively easily
using gross-morphological character only (see determination key). It must be pointed out,
however, that, as detailed in the description of the lineages of Swertia, these are often at
conflict with the existing infrageneric classifications of Ho et al. (1988, 1994). As these
classifications were often based on a single or very few gross-morphological characters only,
such as annual or perennial habit (e. g. sect. Ophelia and sect. Ophelia ser. Perennes), naked
or appendaged nectaries (e. g. sect. Ophelia ser. Maculatae), more or less developed calyx
and corolla tube (sect. Kingdon-Wardia), floral dimorphism (sect. Heterathos), etc., it is not
unsafe to consider that they were inadequately defined, and probably for this reason also not

retained in the more recent account of the Flora of China (Ho & Pringle, 1995).

Biogeography

Time Scale.The 2 calibration dates utilised resulted in rather large intervals of estimated
divergence times (Fig. 4), and it is difficult to identify particular climatic or geological events
that may have caused the lineage splits observed in our phylogeny and thus provide reliable
dates for their cladogenesis. Fossils enabling a calibration of divergence events are lacking,
except for recent pollen of Gentianella in South America (see Hagen & Kadereit, 2001),
according to which our calibration was based. In another biogeographic interpretations (Ho et
al., 1994), it was postulated that Swertia initially diverged in the Cretaceous. This seems
highly unlikely, as according to the present chronogram (Fig. 4), it would set the radiation of
Gentianella s. str. in the Andes some 25 mya. Moreover, the Gentianaceae probably
originated only 50 mya (Yuan et al., 2003). It could be suggested, however, that the rapid
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multiplication of lineages both in the basal grade (fideratrilla upward in Fig. 4) and in

clade A, that occurred between roughly 4.5 and 6 mya or 11.5 and 15 mya depending on the
calibration, resulted from profound and equally rapid environmental changes. Within this time
span and coeval with a global vegetation cha@grling et al., 1997), at & 3 mya, the
Tibetan plateau was thrust up 1000 to 2500 m in only a few million years, accentuating the
Asian monsoon and thereby creating a considerable climatic disruption in Asia (ltoéhar

1993). As a consequence of changing altitude, temperature and hydric conditions, plants may
have migrated and/or adapted to these new conditions relatively fast, resulting in the very
short and uncertain (Fig. 2 A & B), or O-length branches (Fig. 3) relating these lineages, and
in the mosaic distribution pattern observed at present (but this pattern may have been
considerably influenced by later migrations in the late Tertiary and Quaternary). If this
hypothesis were to be correct, the subdivision between the basal lihatmechea-
Obolaria and the remaining Swertiinae would roughly coincide with the onset of the
Himalayan orogeny in the early Miocene (Molnar, 1986; Valdiya, 2002), and, by deduction
since Gentianinae were not considered for this analysis, the split between Swertiinae and
Gentianinae could have occurred before the Miocene. Yet, prior to the main Tibetan uplift, a
global temperature deterioration and aridification beginning at ca 13 mya (Wolfe, 1985) or
possibly as early as 22 mya (Geal., 2002) may also have played a role in the history of

lineages such a@sentianopsiéterygocalyxMegacodon an8wertias. str.

Distribution patterns. It was postulated (Struwet al., 2002) that the original range of
Swertiinae was Laurasia-wide, and that, as inferred from the distribution of putative basal
genera, an early split occurred between an eastern North American liB=agen{a and
Obolaria) and an East Asian lineageafoucheaandMegacodoin According to this scenario,
the remaining taxa of the Swertiinae would have originated from the basal Asian lineage, but
subsequent migrations between the continents may have masked this ancient split (e. g.
GentianopsisFrasera). However, a such primary North American - Asian subdivision was
not supported by the phylogeny, &artonia and Obolaria were not found to be
monophyletic, and.atoucheaand Megacodomot basal to the other Swertiinae (see above
and Fig. 2). This hypothesis was also rejected as alternative topology by Templeton’s SLP
test (Table 5). The basal lineage of the Swertiinae consisting of the two monotypic genera
Latouchea an@®bolariashowed an East Asian - eastern North American disjunct distribution
and did not allow to decide of the place of origin of the subtribe. Yet, considering the
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probable Asian origin (Yuan & Kupfer, 1995; Strueteal., 2002) of Gentianinae, and also

the fact that the remaining Swertiinae diversified mainly or exclusively in Asia, and from
there to other continents (see below), an Asian origin for this subtribe seems reasonable but
remains hypothetical.

Most general/lineages in the Swertiinae have an exclusively Asian distribution. This is the
case for JaeschkehatoucheaMegacodonPterygocalyxVeratrilla, the binectariate species
of Gentianellg and all but 2 lineages &wertia (Swertias. str. andSwertial0). Some
general/lineages such @@mastomalLomatogoniumand Asian perennials &wertias. str.
are Asian in their majority but count a few species of broader distribution (e. g. the
circumborealC. tenellum, L. rotatunandS. perennis). All these genera/lineages clearly have
a maximum species diversity in the Sino-Himalayan region, and for most of them a peak of
species richness in Southwest China. Within these Asian lineages, biogeographical history is
difficult to reconstruct, although a few patterns emerged from the phylogeny, as the possible
colonisation of the Sino-Himalayan region from the East by speci&weftial2 (see
above). The rather recent split (Fig. 4) between the ASiamgustifoliaand the South Indian
S. beddomgSwertias. str. clade) suggests that southward migrations to the montane habitats
of South India were governed by Pleistocene glaciations, in agreement with the views on the
origin of Himalayan floristic elements of this region (Ashton & Gunatilleke, 1987). Similarly,
the divergence in the lineage Bivertiall between the Asian S. macrosperara S.
papuanaoccurring in Papuasia-New Guinea appears to be even more recent. Although the
emerging of the massive Himalayan barrier may be expected to have caused important
altitudinal vicariance, this was only observed in 8weertias. str. andSwertia8 lineages (see
above). Divergence between high and lower altitude taxa in these lineages was estimated to
have taken place at different dates, and whether it is directly attributable to different orogenic
episodes is uncertain.

Four lineages clearly originated in Asia but diversified mostly elsewhere. This is the case
for Haleniawith few species in Asia but many in South America. Its relatives are all Asian
(Swertia3 in south-eastern temperate Asia &wdertia4 in south-central China and north-
eastern Eurasia), as well as its basal spédtiedliptica andH. corniculata The severance
between Asian species Bifaleniaand their American relatives appears to have occurred at
the most 2.5 mya, suggesting that the radiatiadadéniain the Andes may be of very recent
age. Likewise, two lineages Sivertia(African species of Swertia s. str. and Swetiq have
an Asian sister species but diversified in Africa. However, according to Fig. 4, dispersal to

Africa in Swertias. str. seems to have happened much later th&waertial0. Too few

197




IV Phylogeny of Swertiinae — Lineages @wertia

species were included to elaborate a more precise biogeographic scenario, but it may be
interesting to note that in both cases, divergence times (1.3 - 3.1 mya and 4.4 - 12.4 mya
respectively) were estimated within a range of major faunal turnovers in Eastern Africa
(Behrensmeyeet al, 1997; Winkler, 2002). As regards the Gentianallsstr. lineage, all

other lineages related to it are exclusively Asian, implying an Asian origin for its progenitor.
Different biogeographic hypotheses were inferredGentianellas. str. from nuclear and
chloroplast phylogeniegHagen & Kadereit, 2001). Our results revealed the same
discrepancy, but the analysis of combined data differed in that it favoured a North American
origin of the fimbriate species and paraphyly for the efimbriate Eurasian and southern
hemispheric species (compare Fig. 3 with Hagen & Kadereit, 2001).

Four species included in our sample are island endeBwesitiamatsudag Taiwan) and
Swertiarosulata(Madagascar) apparently diverged only recently (FigSdjertiaswertopsis
(Japan) and S. tashir¢Taiwan and south-western Japan), on the other hand, represent two
rather ancient lineages (Figs. 3 & 4), but it is not clear if their distribution reflects an initial
insular isolated evolution, or if the present day distribution is secondary.

As regards genera of exclusively North America distribution, the 3 (or 4, depending on the
viewpoints) species dBartoniaand the single species @bolaria have an eastern North
American distribution rather typical for Tertiary warm temperate relict floras comprising a
number of disjunct eastern North American - East Asian sister-taxa (Milne & Abbott, 2002).
However, this is not so for the speciesFo&sera, of which 13 out of 14 grow in western
North America. In this lineage, speciation seems to have responded to changes in hydric
conditions, as also supported by phylogenetic relationships. Whereas speciesFof the
speciosa - F. fastigiatgrade are mesophilous and grow at a higher altitude/latitude, those of
the F. tubulosa - F. albicaulixclade are mostly xerophilous plants distributed in the
intermountain system. These two groups were estimated to have diverged 2.2 - 6.9 mya (Fig.
4), probably as a consequence of the xeric conditions in the Basin and Range Province that
resulted from the rain shadow caused by the appreciably uplifted Cascade-Sierra Nevada and
Coast Ranges at the Pliocene (Graham, 1993). Yet it appears that the progdhiasecd
lived several million years before these events, but the origin and affinities of this lineage are

far from clear.
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Key to the lineages of Swertia (including Frasera)

Seeds 24mm in length, t0 10 MM ..., 2
Seeds <4mm in 1ength ... .. 3
Flowers 4-merous; style distinct; leaves opposite or verticillate,

conduplicate with a silvery white margin, or leaves verticillate,

flat with a green margin; pollen striate to striate-reticulate

(Plants from North AmMerica)............uevviiiiiiiiiiiiiiiiccceeeeiee e Frasera
Flowers 5-merous; style distinct; leaves opposite, flat with a

green margin; inflorescence a fasciculate cyme or umbel,

pollen spinose-punctate. (Plant from Japan)...........cccccovvvviiiiieninnnnnn. Swertia 2

Seeds 1-4, testa smooth; nectaries 2, oblong, fimbriate, not
saccate; pollen verrucate-punctate with very short colpi .................... Swertia 11
Seeds numerous, testa variable; nectaries 1 or 2, variable;
pollen not verrucate-punctate (except in S. yunnanensis, see

(R O UUSPPPRRPIN 4

Plant perennial .........coooeoeiiiii e 5

Plant annual or biennial ... 9
Taproot long and fleshy; flowers 4-merous, nectary 1,....................... Swertia 8
Flowers 4- or 5-merous, nectary 1 or 2, plant with rhizomes

(long or short and thickened) or stolons ..o, 6

Seeds corrugate, corrugate-cristate, polyhedral-winged, or

flattened with an annular Wing...........cccoov i Swertia s. str.
Seeds sub-globose to ovoid, testa smooth to finely alveolate ............ 7

Flowers 4-merous, nectary 1 (S. handeliana and S. ramosa) ............ Swertia 8 ?
Flowers 5-merous, Nectaries 1 OF 2 .......oeeieii e 8

Nectaries 2; style absent; pollen spinose-punctate ....................c....... Swertia 10
Nectary 1; style short, stout; pollen striate reticulate........................... Swertia 5

Filaments flattened, connate or free at the base, pubescent;
style distinct; nectaries usually inverted (opening towards the

receptacle), rarely Naked ..........cooovviiiiiiiiii i 10

Filaments filiform to subulate, glabrous; style present or

absent; nectaries variable but notinverted ...........coovvviiiiiiiie, 11

NN 1Y o3 = Y Swertia 9

N T3 =T 1= Swertia? hispidical
Nectary NaKed .......o.uuuiii e 12

Nectary fimbriate or dentate at the margin.............ccccccoiiiiiiiiiiinnnnns 14

Nectaries 2; seeds with smooth to finely alveolate testa.................... Swertia 3

Nectary 1; seeds with conspicuously sculptured testa ....................... 13
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13

14

15

16

17

18

19

20

21

Key to the lineages of Swertia (continued)

Basal leaves rosulate, present at anthesis, leaves somewhat
fleshy; seeds echinate; style absent; pollen spinose
(tuberculate)-punctate (Plant from Japan & Taiwan)..............cccvveenn..
Basal leaves absent at anthesis, leaves not fleshy; seeds
corrugate; style short; pollen striate-reticulate (Plant from
temperate Himalaya, S. cordata)............ccccoooviiiiiiiiiiiiiiiiii e,

Seeds sub-globose to ovoid, testa smooth to finely alveolate ............
Seeds corrugate, corrugate cristate, echinate, or polyhedral
P2 1 Te IRYLVE=1 1 (=T T

Nectary radially elongated or elliptic and protruding abaxially,
with 2 shortly fimbriate scales attached to its longitudinal
edges only, fimbriae compound, flowers 4-merous................cccveeeene
Nectary not so, flowers 4- or 5-merous..........ccccovvviiiiiiiiiiiie e

Nectary 1, watch-pocket shaped, with long compound
fimbriae; floWEers 5-MEIrOUS; ........cuiieeieeeeeeeeeee e
Nectaries 2, not watch-pocket shaped, fimbriate or dentate;
fIOWEIS 4 OF B-MEIOUS ....conieeiieeeeeee e

Taproot thickened, fleshy; style short, stout; stigma lobes
oblong to linear; flowers 4-merous; nectaries 2............ccccceevevevvneennns
Taproot, if present, not thickened and fleshy; style absent;
stigma lobes sub-orbicular; flowers 4 or 5-merous; nectaries 2

Nectary oblong, saccate, opening laterally; scale of the nectary
laciniate, attached to the inner longitudinal side of the
secretory tissue; flowers 5-merous.........cccocvvviiiiiiiiii e
Nectary oblong or +- V-shaped, opening radially; scale of the
nectary saccate-fimbriate, fimbriate or dentate, attached at
least on both sides of the secretory tissue; flowers 4 or 5-
=T 0TV

Pollen spinose-punctate; corolla lobes obtuse to acute. (Plant
from Africa of SW INdia)......coooveviiiiiiii e
Pollen striate to striate-reticulate; corolla lobes acute to
acuminate. (Plant from Asia, but not SW India)

Flowers 5-merous; style distinct, slender; stigma lobes
orbicular, broad; nectaries 2, saccate, with compound fimbriae;
seeds minute, polyhedral, warted..............ccooiiii i
Flowers 4-merous; style short, stout; stigma lobes sub-
orbicular, not broad; nectaries 1 or 2, variable; seeds variable...........

Nectaries 2, +- triangular; scale of the nectary fimbriate,
attached to the base and to the inner longitudinal side of the
SECIELOrY tISSUE .evueiiiiii e
Nectary 1, sub-orbicular or watch-pocket shaped; scale
fimbriate, not attached as @aboVve .........cooieiiii

Swertia 1

Swertia s. str.

15

Swertia 4
16

Swertia? tenuis

17

Swertia 8

18

Swertia?

yunnanensis

19

Swertia 10

Swertia 12

Swertia 7

Swertia 6

Swertia s. str.
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Fig. 5 Exomorphic seed structure of some
Swertiinae. ALatouchea fokienensiB:
Megacodon stylophoru€: Veratrilla
baillon. D: Frasera paniculata. ESwertia
swertopsis. F: S. speciosa. &:forrestii.

H: S. bifolia I: S. cordataJ: S. decoraK:

S. barunensis. LS. dichotoma. MS.

diluta. N: S. macrosperméscale bar = 0.5
mm.
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Fig. 6 Fleshy and long taproot of the perennial species of Sadgatia8 (Fig. 2). A:S.
barunensis, perennial. B: Similar but reduced taproot in the bieBnélirayita blooming
plant. C:S. membranifolia, vegetative rosette. D: For comparison, the mostly lateral roots
observed in annuals or biennials of other clade&snadrtia (here a vegetative rosetteSof

bimaculata).
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A new species ofSwertia L. (Gentianaceae) from Nepal
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Swertia barunensis P. Chasotsp. nov.from Nepalis desaibed and illustrated. It was collected in 1997

in an alpine meadow in the Makalu Barun National Park at an elevation of 4200m. It belongs to
SwertiasectionMacranthosT.-N. Ho & S.-W. Liu and resembleS. pseudohookeH. Smith from

which it differs mainly by the shape of the nectary and the exomorphic seed structure. A key to all the
species of secMacranthosis provided. The affinities 0. barunensisvith some other taxa in the
subtribe SwertiinaéGriseb.) Rchb. are also briefly discussed.

ADDITIONAL KEYWORDS: Himalaya — Macranthos — systematics — taxonomy.

INTRODUCTION collected during the British expeditions in the
Himalaya and recognised 8 additional specgs:
The genus Swertia is a rather well assamensjsS. candelabrumS. crossolomaS.
documented taxon of about 150 speciegrandiflora, S. pseudohookers. splendenssS.
distributed mainly in the mountains of Asia andstaintoniiandS. virescens. From the collections
Africa. The important botanical explorations in€Xxamined by Smith, one additional speci8s,
the Himalaya during the last century, coupledaylorii, was described by Shah (1984). One
with the thorough descriptions of herbariummore taxon was discovered in Tibet in 1975 and
collections realised in the past 30 years has castséibsequently described by T.-N. Ho & S.-W. Liu
new light on the number and distribution of the(1980) asS. verticillifolia
species in this genus. Since Shah's (1984)

monograph of the genus, only a few taxa have SPECIES DESCRIPTION
been subject to synonymic modifications, while
new species are discovered only rarely, €Sg. SWERTIA BARUNENSIS P. GHASSOT, SP. NOV.
luguanensisS.-W. Liu from China andS. (SECT. MACRANTHOS.-N. HO & S.-W. Liv)
chiangdaoensis P. Suksathan from Thailand. (FiGs. 2, 3)

The new species described here belongs to
sectionMacranthosT.-N. Ho & S.-W. Liu. It Diagnosis Ad Swertiae Species sectionis

was collected in the Makalu Barun National Parmacran'[hi T.-N. Ho & S.-W. Liu, gregi

in Nepal, in an alpine meadow at an altitude ofnformali IX (Shah, 1984) congruentis, pertinens.
4200 m near the Shipton pass, on the patR. pseudohookesffinis sed, inter alia, nectario
leading to the Barun valley from Tashi Gaongrbiculari et seminibus ovoideis in extremitate
(Fig. 1). It is known only from the type locality. ynica alatigistat.

Including the species presently described, sect. planta 60 cm alta, caulis teres. Radix robusta,
Macranthoscomprises 12 species that were all,15 cm longa vel ultra, 2 cm diametro, numerosis
until recently, considered as one, namé@y cjcatribus foliarum praecedentium annorum
hookeri C. B. Clarke. H. Smith (1965, 1970) notata, basi modice ramificans, apice caulem
reviewed the specimens of S. hookexi I.  floriferum singulum ferens. Folia rosularia
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[ ®Makalu base camp

Kathmandue

Figure 1. Map of Nepal showing the collection
locality of Swertia barunensis sp. nov. (*) in the
Kosi district (shaded).

plantae florentis marcida vel delapsa, no
florentis elliptica, ad 17 cm longa et ad 5 cm latafssss
apice subacuta, basin in petiolum latum sensi
attenuata. Folia caulina ovata, sessilia, subacu i
4-verticillata, infimo nodo 6cm longa et 3 cm "'_ v
lata, apicem versus decrescentia. Inflorescent —aee—"s
pyramidalis, e basi et nodis 2 rami 4, pluriflori,
suberecti, florendi tempore 7-9 cm longi editi, S5es
flores in superioribus nodis numerosi, erecti S
Flores 4-meri, virescentes, brunneo-striati; 1.5-§¢
cm longe pedicellati, pedicellis glabris, apic
sepalis decurrentibus leviter alatis. Calycis tubujg
perbrevis, lobi subaequales ovati, obtusi, ad 1 cils
longi et 0.6 cm lati, margine integri. Corollae
tubus perbrevis, lobi obcuneati, apice truncati @§gre 2. Swertia barunensissp. nov.before pressing.
parum erosi, ad 1.5 cm longi et 0.9 cm lati,

nectario orbiculari circum longe fimbriato.

Stamina corollae tubo adnata, filamentis liberis 6

mm longis et thecis 2.5 mm longis et 2 mm latiSang 15 cm or more long, unbranched excepted at
Ovarium ovatum, stigmatibus parvis etihe pase, bearing a single flowering stem,
rotundatis, stylo ad 1 mm longo. Capsula ad 1.8jcylarly marked by scars of leaves from
cm longa, seminibus ovoideis in extremitaté eceding years. STEM robust, hollow, terete, to

unica i_rregulatlm alatis, ca. 1.2 mm longis et 11 -y in diameter. BASAL LEAVES represented
mm latis. by fibrous remains, rosulate, withered on the
] flowering plant, those of the vegetative rosettes

Type: Nepal, Kosi_: Makalu Barun National park-_elliptic, subacute, up to 17 cm long and 5 cm
Shipton pass, alpine meadow, ca. 4200m, 16 ifide, gradually attenuated on the enlarged

1997, Chassot 97-28 (holotypus: NEU). petiole, margin entire. CAULINE LEAVES

ovate, sessile, subacute, verticillate by 4, the

Description: Robust perennial herb 60 cmjgwest 6 cm long and 3 c¢cm wide, gradually
high. ROOT fleshy to woody, yellow, 2 cm thick diminishing in size towards the apex of the stem,
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S5cm

Figure 3. Swertia barunensisP. Chassosp. nov.(A) Marginal portion of sepal showing entire margin. (B)
Corolla lobe with fimbriate nectary and stamen. (C) Seed showing one winged extremity. (D) Whole plant in
late flowering stage. Note that the few flowers still bearing petals are closed.

margin entire. INFLORESCENCE narrowly cm long terminated by 4 verticillate bracts
pyramidal, paniculate, branched from thebearing solitary flowers and cymes. FLOWERS
lowermost node to the middle of the stem; uppetetramerous, greenish tinged with blue, and with
half not branched but with whorls of axillary brown striation, numerous. PEDICELS 1.5 to 6
solitary flowers and 3- flowered cymes with acm long, slightly winged at the top by the
minute, swollen peduncle; lower nodes withdecurrent sepals. CALYX tube very short, lobes
solitary flowers or cymes and 4 branches 7 - @vate, obtuse, to 1 cm long and 0.6 cm wide,
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with entire margin. COROLLA tube very short, with withered rossular leaves and without any
lobes obcuneate, apex truncate and erose, to liface of future development.
cm long and 0.9 cm wide, with 1 orbicular The morphological diversity between the
fimbriate nectary. STAMENS adnate to thespecies of Swertias high, although the basic
corolla tube; filaments free, 6 mm long; antherdloral structure remains constant. Shah (1984)
2.5 mm long and 2 mm wide. OVARY ovate; was thus able to recognise 35 informal groups in
style indistinct on young ovaries but up to 1 mmthe genus. Within each group, the species are
on mature ones; stigmas rounded and smalbbviously of close affinity, but their
capsule up to 1.8 cm long. SEEDS ovoid,dentification is made possible by a small
irregularly winged at one end. (Figs. 2, 3) number of relatively constant characters. The
morphology of the seeds, as well as the shape of
the nectaries and the structure of their
DISCUSSION appendages were shown to be highly reliable
throughout the genus and are commonly used in
Within the genusSwertig sectionMacranthos is ~ determination keys (Ho & Pringle, 1996; Maiti
clearly distinguished from all other species by& Banerji, 1976; Shah, 1984; Smith, 1970).
relatively large tetramerous flowers bearing aRegarding sect. Macranthos, Smith (1970) noted
single nectary on each petal, verticillate leave#hat the leaves and sepals are invariably bordered
(usually opposite and rarely alternate in thedy 0.3 - 0.5 mm long lacinules in some species,
genus), and a robust growth, in particular of thdut entire in the others, and conferred an
subterranean part of the plant. Indeed, thémportant taxonomic reliability to this
vegetative rosettes develop a thick and fleshparticularity. The major criteria used in the
tap-root during several years before settingaxonomy of this section are listed in Table 1.
flowers. Shah (1984) states that the species of
this section are perennial without specifying if The exomorphic seed structure Sfvertia
they are monocarpic or polycarpic.barunensisi. e. ovoid and winged at one end,
Unfortunately, herbarium specimens rarelyclearly differentiates it from most other species
include adequate material to draw definiteof sect.Macranthos, which have wingless seeds.
conclusions on the life habit of the species in thi©nly S. hookeriandS. verticillifolia also have
section. Nevertheless, the individuals of Swinged seeds, but the seedsSofhookeriare flat
barunensisobserved in the field seemed to bewith an annular wing, and those a$.
plietesial. They weralways found either as Vverticillifolia are ovoid but winged at both
single rosettes or as flowering plants, but the®xtremities. Furthermore. verticillifolia is of a

Table 1.Main diagnostic characters 8wetia sect Macranthos Daacompiled from Smith (1970) and Shah (1984).

Leaf and

Species . Seed Netary Scale Nectarghape Dstribution
sepal margin

S. barunenss Entire Ovod winged  Fimbriate Orbicular Nepal

P. Chassot (1 end)
S.verticillifolia Entire Ovod winged Absent Triangular Tibet

T.-N. He & S.-W. Liu (both ends)
S. pseudohookerHarry Sm. Entire Ovoid wingless  Fimbriate Rhomboid Bhutan
S. grandifloraHarry Sm. Entire Ovoid wingless Membranous Orbicular Bhutan

dentate
S. tayloriiJ. Shah Entire Qpid wingless  Absent Orbicular Tibet
S. viresensHarry Sm. Entire Ovoid wingless  Absent Triangular Bhutan, Tibet
S. hookerC. B. Chike Entire Flat, annular  Absentto Orbicula Nepal, Sikkim,
winged membraous Tibet
dentate
S. crossolomédarry Sm. Lacinulate Unknown Fimbriate Orbicular Bhutan
S. splendendarry Sm. Lacinulate Unknown Fimbriate Orbicular Tibet
S. assamensidarry Sm. Lacinulate Unknown Membranous Orbicula Assam
dentate

S. candelabrum Lacinulate Ovoid wingless Membranous Orbicula Nepal

Harry Sm. dentate
S. staintoniHarry Sm. Lacinulate @id wingless Absent Triangular Bhutan, Nepal
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much larger size thas. barunensisand has nectary presents a small opening on its proximal
naked triangular nectaries. The seeds of thregide. In S. barunensibe nectary is orbicular and
species $. assamensisS. crossoloma S.  entirely surrounded by the scale. Furthermore,
splendens) are not documented to date, buthe seeds 08. pseudohookedre wingless, and
unlike S. barunensisthey have lacinulate leaf its leaves are smaller and narrower. In regard to
and sepal margins, and also differ by a numbats distribution,S. barunensisloes not seem to
of other characters like flower colour and sizepbe related to the species collected in the
prolonged connective of anthers, wingedmountains neighbouring the Arun valley, close to
pedicels and inflorescence structure. Thewvhere it was found (Fig. 1), i. &. candelabrum
presence of fimbriae around the nectary is also and S. staintonii Both species have lacinulate
feature thatS. barunensis shares with fewleaf and sepal margins, nectaries without
species of sect. Macranthos, i.&. crossoloma fimbriae and wingless seedS. barunensiss,

S. splendensand S. pseudohookeri As therefore, recognised as a hew species.
mentioned above,S. crossolomaand S.

splendenscan easily be distinguished from the  The habitat ofS. barunensiperfectly reflects
new species. On the other hand3. the altitudinal range of the other species in this
pseudohookerirom Bhutan seems to be closely section, which mostly occur above 4000 m in the
related toS. barunensis. In addition to sharingrainy eastern Himalaya. It is interesting to note
fimbriate nectaries, both species have entire ledahat in this paraphyletic genus (Chassot et al
and sepal margins. However, 1 pseudohookeri 2001), several lineages have adapted to high
the nectary is rhomboid and the raised rim-likealtitude. But among the Asian and African alpine
scale bearing the fimbriae and surrounding thepecies of Swertia the morphological

KEY TO THE SPECIES OF SECT. MACRANTHOS

1. Leaf blade (not petiolar part) and sepal margin entire. ..........cccovveereiiieeneeenee e 2
— Leaf blade and sepal margin lacinulate, lacinules chlorophyllaceous, v8¥0.Bng......8
2. Seeds MOre OF 1€SS WINGEU. .......ccoiiiiiiiiie ettt e e e e 3
——  SERUS WINGIESS..... ittt ettt 5
3. Seeds flat, with @an annular Wing...........cooooiiiire e S. hookeri
— Seeds ovoid, winged at one or Both Nds...........ooviiiiiiiiiii e 4
4. Nectary orbicular, fIMDIAte..........ooii e S. barunensis
— Nectary more or less triangular, NAKEM............ccv i S. verticillifolia

o NECTANY fIMDIIALE. ... .ei et e e r e e e e S. pseudphooker
— Nectary naked or with dentate or entire peripheral SCale............cocceviiiiiniiini e 6

. Corolla lobes 2-3 cm; nectary with membranous dentate scale.............coccveeveeriiiennnn. S. grandiflora
— Corolla smaller; Nectary NAKEM.........cccuiiiiiieie e s e e snee s 7
7. Nectary more or less triangular; anther 2.5-3 MM......cocooeiiiiieiiie e S. taylorii
— Nectary orbicular; anther 0.5-1 MIM.....ooi i eeeeeee s S. virescens
8. NECIArY fIMBIIALE. ... it e 9
— Nectary naked or with dentate SCalB............ccoviiiiiiiiii e 10
9. Connective of anthers prolonged, claw-like; flowers pale creamy.............cccocvvveriiieennne. S. crossoloma
— Connective of anthers not prolonged; flowers brick.red...........cccooviiiiiiniic e S. splendens
10. Stem pentangular; wings of stem and pedicels ciliate; nectary naked......................... S. staintonii
—  Stem terete OF NEOIALE- ... e e e e e e e e e e e e e s ennreeeee s 11
11. Inflorescence congested; PediCels 1-1.5.CM.....ccciiiiiiiiiiiiie e S. assamengsis
— Inflorescence lax with few flowers on curvingly ascending branches; pedicels 2-6.c8. candelabrum
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APPENDIX

SPECIMENS COLLECTED FOR THIS STUDY AND
DESPOSITED AT THE HERBARIUM OF THE UNIVERSITY
OF NEUCHATEL (NEU)

COLLECTED BY PHILIPPE CHASSOT & YONG-MING YUAN
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Appendix

Taxon Collector Coll. N° Date Country Locality Alt. [m]
Canscora andrographioides Giriff. ex C. B. Ph. Chassot 99-234 26 octobre 1999 Thailand Top of hill with transmission tower, km 55 on the 900
Clarke road to Chiangdao from Chiangmai
Canscora diffusa (Vahl) R. Br. ex Roem. & Ph. Chassot 99-235 26 octobre 1999 Thailand roadside at the top of the pass between MaeRim
Schult. and Samoeng
Canscora sp. Ph. Chassot 99-231 23 octobre 1999 Thailand en route to Doi Inthanon summit from Chomtong, 1250
Chomtong
Canscora sp. Ph. Chassot 99-232 23 octobre 1999 Thailand en route to Doi Inthanon summit from Chomtong, 750
Vachiratharn falls, Chomtong
Centaurium erythraea Rafin. Ph. Chassot 00-13 2 juillet 2000 Ecuador old road Loja-Zamora, at top of pass 3000
Centaurium sp. Ph. Chassot 00-32 16 juillet 2000 USA 1. 5km S of Sunnyside, on ditch next to lake, 1500
Nye Co., NE
Centaurium sp. Ph. Chassot 00-35 19 juillet 2000 USA Santa Rosa ecological reserve, CA
Comastoma chayuense Liu & Ho Ph. Chassot 99-97 25 septembre 1999  China White Horse Mountain, Deqin 4300
& Y.-M. Yuan
Comastoma cyananthiflorum (Franch. ) Holub ~ Ph. Chassot 99-141 1 octobre 1999 China yak farm west of Da Xueshan, Wongshui, 4200
& Y.-M. Yuan Zhongdian
Comastoma pedunculatum (Royle ex G. Don) Ph. Chassot 97-9 1 septembre 1997 Nepal Langtang to Giangjin Gompa, Langtang
Holub
Comastoma pulmonarium (Turcz.) Toyokuni Ph. Chassot 99-111 27 septembre 1999  China White Horse Mt. , west pass, Deqin 3800
& Y.-M. Yuan
Comastoma stellariifolium (Franch. ) Holub Ph. Chassot 97-25 2 septembre 1997 Nepal Kongmala, Langtang ca 5000
Comastoma traillianum (Forrest) Holub Ph. Chassot 99-49 21 septembre 1999  China Hill behind Napa lake, Zhongdian 3900
& Y.-M. Yuan
Comastoma traillianum (Forrest) Holub Ph. Chassot 99-50 21 septembre 1999  China Hill behind Napa lake, Zhongdian 3900
& Y.-M. Yuan
Comastoma traillianum (Forrest) Holub Ph. Chassot 99-55 22 septembre 1999  China vicinity of Zhongdian 3200
& Y.-M. Yuan
Comastoma traillianum (Forrest) Holub Ph. Chassot 99-73 23 septembre 1999  China Bita lake, Zhongdian 3500
& Y.-M. Yuan
Comastoma traillianum (Forrest) Holub Ph. Chassot 99-112 28 septembre 1999  China 30 km north of Zhongdian 3300
& Y.-M. Yuan
Comastoma traillianum (Forrest) Holub Ph. Chassot 99-222 11 octobre 1999 China Behind spruce meadow ropeway, Baishui (Yun 3100
& Y.-M. Yuan Sha Ping), Lijiang
Comastoma sp. Ph. Chassot 99-109 27 septembre 1999  China White Horse Mt. , west pass, Deqin 3800
& Y.-M. Yuan
Crawfurdia speciosa Wall. Ph. Chassot 97-26 15 septembre 1997  Nepal Tashi Gaon to TutuLa pass, Makalu Barun 3000
National Park
Crawfurdia sp. Ph. Chassot 99-188 7 octobre 1999 China Zhong He peak, valley north of top, Dali 3700
& Y.-M. Yuan
Crawfurdia sp. Ph. Chassot 99-189 7 octobre 1999 China Zhong He peak, valley north of top, Dali 3500-
& Y.-M. Yuan 3800
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Taxon Collector Coll. N° Date Country Locality Alt. [m]
Exacum sutaepense Hosseus Ph. Chassot 99-230 23 octobre 1999 Thailand Under km. 41. 5, en route to Doi Inthanon 1900
summit, Chomtong
Frasera albicaulis Griseb. in Hook. Ph. Chassot 00-38 23 juillet 2000 USA Foothills, Pine Hill, El Dorado Co. , CA 500
Frasera albomarginata S. Watson Ph. Chassot 00-23 9 juillet 2000 USA Mojave, Cedar canyon road, Pinto Mt. , Ca 1700
Frasera albomarginata S. Watson Ph. Chassot 00-24 10 juillet 2000 USA Grand canyon, west rim, Mohave point
Frasera albomarginata S. Watson Ph. Chassot 00-30 15 juillet 2000 USA Buckskin Mt. , ca 15 mi off Hy 89 on rd 1026, 1500
near Fredona AZ
Frasera albomarginata S. Watson Ph. Chassot 00-33 19 juillet 2000 USA around Sunnyside, Nye Co. , NE
Frasera coloradensis Rogers Ph. Chassot 00-28 13 juillet 2000 USA ESE of Kim, S of Carizo Mt. , rd 24. 4, Las
Animas Co., CO
Frasera fastigiata (Pursh) Heller Ph. Chassot 00-41 27 juillet 2000 USA Winchester park campground, Idaho Co. , ID 1200
Frasera gypsicola (Barneby) Post Ph. Chassot 00-31 16 juillet 2000 USA 300m S of Sunnyside, Nye Co. , NE 1580
Frasera montana Mulf. Ph. Chassot 00-39 25 juillet 2000 USA McCall, Ponderosa park entrance, Valley Co. , 1500
ID
Frasera montana Mulf. Ph. Chassot 00-40 26 juillet 2000 USA 11mi up Grimes Creek road from Hy 21, Boise 1200
Co.,ID
Frasera neglecta Hall Ph. Chassot 00-22 8 juillet 2000 USA Chilao campground, silver mocassin trail, CA 1770
Frasera paniculata Torr. Ph. Chassot 00-29 14 juillet 2000 USA bridge ove Piute creek on rd 98, Navajo Co. , AZ 1500
Frasera parryi Torr. Ph. Chassot 00-34 19 juillet 2000 USA Blue jay campground, Cleveland Natl forest, San
Diego Co., CA
Frasera puberulenta Davidson Ph. Chassot 00-37 21 juillet 2000 USA Onion valley, 500m after trailhead, Inyo Co. , CA 2900
Frasera speciosa Griseb. in Hook. Ph. Chassot 00-25 11 juillet 2000 USA roadside south of Flagstaff, Coconino Co. , AZ
Frasera speciosa Griseb. in Hook. Ph. Chassot 00-27 12 juillet 2000 USA west side of pass from Taos to Raton on road 64 2800
Frasera tubulosa Coville Ph. Chassot 00-36 20 juillet 2000 USA Olancha pass, summit meadow, Inyo Co. , CA 2830
Frasera umpquaensis M. Peck & Applegate Ph. Chassot 00-42 11 aolt 2000 USA Elk meadow, near London, Douglas Co. , OR 1260
Gentiana ampla Harry Sm. Ph. Chassot 99-43 21 septembre 1999  China On the way to Napa lake from Zhongdian 3400
& Y.-M. Yuan
Gentiana arethusae Burkill Ph. Chassot 99-45 21 septembre 1999  China Hill behind Napa lake, Zhongdian 3900
& Y.-M. Yuan
Gentiana arethusae Burkill Ph. Chassot 99-79 24 septembre 1999  China White Horse Mountain, between the two passes, 4200
& Y.-M. Yuan Deqin
Gentiana arethusae Burkill Ph. Chassot 99-104 27 septembre 1999  China White Horse Mt. , east pass, Deqin 3800
& Y.-M. Yuan
Gentiana atuntsiensis W. W. Smith Ph. Chassot 99-56 22 septembre 1999  China Zhongdian, hotspring 3500
& Y.-M. Yuan
Gentiana atuntsiensis W. W. Smith Ph. Chassot 99-140 1 octobre 1999 China Da Xueshan, Wongshui, Zhongdian 4200
& Y.-M. Yuan
Gentiana cephalantha Franch. ex Hemsl|. Ph. Chassot 99-59 22 septembre 1999  China Dayangchang, Zhongdian 3500

& Y.-M. Yuan
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Taxon Collector Coll. N° Date Country Locality Alt. [m]

Gentiana cephalantha Franch. ex Hemsl. Ph. Chassot 99-70 23 septembre 1999  China Jidiba, Zhongdian 2900
& Y.-M. Yuan

Gentiana cephalantha Franch. ex Hemsl. Ph. Chassot 99-183 6 octobre 1999 China Wu Wei Si, Dali 2300-
& Y.-M. Yuan 2500

Gentiana crassicaulis Gilg Ph. Chassot 99-51 21 septembre 1999  China Hill behind Napa lake, Zhongdian 3900
& Y.-M. Yuan

Gentiana crassuloides Franch. Ph. Chassot 99-108 27 septembre 1999  China White Horse Mt. , west pass, Deqin 3800
& Y.-M. Yuan

Gentiana delavayi Franch. Ph. Chassot 99-38 21 septembre 1999  China Hill behind Napa lake, Zhongdian 3800
& Y.-M. Yuan

Gentiana delavayi Franch. Ph. Chassot 99-161 4 octobre 1999 China en route from Dali to Binchuan, Shang Dang 2200
& Y.-M. Yuan pass

Gentiana expansa Harry Sm. Ph. Chassot 99-203 9 octobre 1999 China Yu Hu, Lijiang 2700
& Y.-M. Yuan

Gentiana helophylla 1. B. Balf. & Forrest Ph. Chassot 99-58 22 septembre 1999  China Jidiba, Zhongdian 3600
& Y.-M. Yuan

Gentiana hynaldii Kanitz. Ph. Chassot 99-42 21 septembre 1999  China On the way to Napa lake from Zhongdian 3400
& Y.-M. Yuan

Gentiana hynaldii Kanitz. Ph. Chassot 99-53 22 septembre 1999  China vicinity of Zhongdian 3200
& Y.-M. Yuan

Gentiana hynaldii Kanitz. Ph. Chassot 99-76 23 septembre 1999  China Hotspring, Zhongdian 3300
& Y.-M. Yuan

Gentiana haynaldii Kanitz. Ph. Chassot 99-116 28 septembre 1999  China old radar station (30 km north of Zhongdian), 3300
& Y.-M. Yuan Zhongdian

Gentiana leptoclada |. B. Balf. & Forrest Ph. Chassot 99-239 29 octobre 1999 Thailand Doi Chiangdao summit, Chiangdao 2000

Gentiana lineolata Franch. Ph. Chassot 99-52 21 septembre 1999  China on the way from Zhongdian to Napa lake 3000
& Y.-M. Yuan

Gentiana lineolata Franch. Ph. Chassot 99-164 4 octobre 1999 China Dian Nan, Jian Chuan 2500
& Y.-M. Yuan

Gentiana lineolata Franch. Ph. Chassot 99-210 9 octobre 1999 China Ming Yin, Lijiang 2800
& Y.-M. Yuan

Gentiana melandrifolia Franch. ex Hemsl. Ph. Chassot 99-185 6 octobre 1999 China Wu Wei Si, Dali 2700
& Y.-M. Yuan

Gentiana melandrifolia Franch. ex Hemsl. Ph. Chassot 99-191 7 octobre 1999 China Zhong He peak, valley north of top, Dali 3200-
& Y.-M. Yuan 3600

Gentiana nanobella C. Marquand Ph. Chassot 99-80 24 septembre 1999  China White Horse Mountain, between the two passes, 4200
& Y.-M. Yuan Deqin

Gentiana nanobella C. Marquand Ph. Chassot 99-103 27 septembre 1999  China White Horse Mt. , east pass, Deqin 3800
& Y.-M. Yuan

Gentiana panthaica Burkill Ph. Chassot 99-184 6 octobre 1999 China Wu Wei Si, Dali 2700

& Y.-M. Yuan
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Taxon Collector Coll. N° Date Country Locality Alt. [m]

Gentiana pantheica Burkill Ph. Chassot 99-190 7 octobre 1999 China Zhong He peak, valley north of top, Dali 3000
& Y.-M. Yuan

Gentiana phylocalyx C. B. Clarke Ph. Chassot 99-94 25 septembre 1999  China White Horse Mountain, Deqin 4600
& Y.-M. Yuan

Gentiana picta Franch. ex Hemsl. Ph. Chassot 99-136 30 septembre 1999  China Mailang, yak farm, Dongwang, Zhongdian 3140
& Y.-M. Yuan

Gentiana praticola Gilg Ph. Chassot 99-35 19 septembre 1999  China bambu temple, Kunming 2200
& Y.-M. Yuan

Gentiana primuliflora (?) Franch. Ph. Chassot 99-163 4 octobre 1999 China Dian Nan, Jian Chuan 2500
& Y.-M. Yuan

Gentiana regescens Franch. Ph. Chassot 99-34 19 septembre 1999  China bambu temple, Kunming 2200
& Y.-M. Yuan

Gentiana regescens Franch. Ph. Chassot 99-182 6 octobre 1999 China Wu Wei Si, Dali 2400
& Y.-M. Yuan

Gentiana rhodantha Franch. ex Hemsl Ph. Chassot 99-178 6 octobre 1999 China pass behind Hai Dong, Dali 2200
& Y.-M. Yuan

Gentiana rhodantha Franch. ex Hemsl| Ph. Chassot 99-194 8 octobre 1999 China Deng Chuan, Eryuan 2300
& Y.-M. Yuan

Gentiana rhondantha Franch. ex Hemsl Ph. Chassot 199-58 3 octobre 1999 China Hai Xi, Lijiang 2000
& Y.-M. Yuan

Gentiana sedifolia Kunth Ph. Chassot 00-4 18 juin 2000 Ecuador llinizas 4300-

4700

Gentiana sedifolia Kunth Ph. Chassot 00-11 28 juin 2000 Ecuador paso del Inca 4100

Gentiana souliei Franch. Ph. Chassot 99-217 10 octobre 1999 China pass behind FungKe, Lijiang 3450
& Y.-M. Yuan

Gentiana souliei Franch. Ph. Chassot 99-221 11 octobre 1999 China Behind spruce meadow ropeway, Baishui (Yun 3100
& Y.-M. Yuan Sha Ping), Lijiang

Gentiana stellulata (?) Harry Sm. Ph. Chassot 99-77 23 septembre 1999  China Bita lake, Zhongdian 3500
& Y.-M. Yuan

Gentiana stragulata 1. B. Balf. & Forrest Ph. Chassot 99-93 25 septembre 1999  China White Horse Mountain, Deqin 4300
& Y.-M. Yuan

Gentiana suborbisepala C. Marquand Ph. Chassot 99-95 25 septembre 1999  China White Horse Mountain, Deqin 4300
& Y.-M. Yuan

Gentiana suborbisepala C. Marquand Ph. Chassot 99-105 27 septembre 1999  China White Horse Mt. , east pass, Deqin 3800
& Y.-M. Yuan

Gentiana suborbisepala C. Marquand Ph. Chassot 99-123 29 septembre 1999  China Xiao Xueshan pass, Zhongdian 3800
& Y.-M. Yuan

Gentiana tongolensis Franch. Ph. Chassot 99-124 29 septembre 1999  China Xiao Xueshan pass, Zhongdian 3800
& Y.-M. Yuan

Gentiana tongolensis Franch. Ph. Chassot 99-146 1 octobre 1999 China 5 km after crossroad Dongwang-Sechuan, 4700
& Y.-M. Yuan Zhongdian
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Taxon Collector Coll. N° Date Country Locality Alt. [m]
Gentiana veitchiorum Hemsl. Ph. Chassot 99-150 3 octobre 1999 China Yisong, Zhongdian 3300
& Y.-M. Yuan
Gentiana veitchiorum Hemsl. Ph. Chassot 99-107 27 septembre 1999  China White Horse Mt. , west pass, Deqin 3800
& Y.-M. Yuan
Gentiana veitchiorum Hemsl. Ph. Chassot 99-142 1 octobre 1999 China Da Xueshan, Wongshui, Zhongdian 3800
& Y.-M. Yuan
Gentiana veitchiorum Hemsl. Ph. Chassot 99-145 1 octobre 1999 China 5 km after crossroad Dongwang-Sechuan, 4700
& Y.-M. Yuan Zhongdian
Gentiana wardii W. W. Smith Ph. Chassot 99-91 25 septembre 1999  China White Horse Mountain, Deqin 4600
& Y.-M. Yuan
Gentiana yunnanensis Franch. Ph. Chassot 99-41 21 septembre 1999  China On the way to Napa lake from Zhongdian 3400
& Y.-M. Yuan
Gentiana yunnanensis Franch. Ph. Chassot 99-75 23 septembre 1999  China Hotspring, Zhongdian 3300
& Y.-M. Yuan
Gentiana af yunnanensis Franch. Ph. Chassot 99-89 24 septembre 1999  China White Horse Mountain, between the two passes, 2900
& Y.-M. Yuan Deqin
Gentiana af. yunnanensis Franch. Ph. Chassot 99-57 22 septembre 1999  China Zhongdian, hotspring 3500
& Y.-M. Yuan
Gentiana aff. yunnanensis Franch. Ph. Chassot 99-44 21 septembre 1999  China Hill behind Napa lake, Zhongdian 3900
& Y.-M. Yuan
Gentiana sp. Ph. Chassot 99-10 2 septembre 1999 Taiwan  en route from Dayuling to Wushe, parking in 2800
front of park office building
Gentiana sp. Ph. Chassot 99-9 2 septembre 1999 Taiwan  en route from Dayuling to Wushe, parking in 2800
front of park office building
Gentiana sp. Ph. Chassot 99-15 8 septembre 1999 Japan Hiking trail from Mt. Aso to Aso youth hostel,
Kumamoto pref.
Gentiana sp. Ph. Chassot 99-16 8 septembre 1999 Japan Hiking trail from Mt. Aso to Aso youth hostel,
Kumamoto pref.
Gentiana sp. Ph. Chassot 99-24 12 septembre 1999  Japan top of Mt. Sobo, Kumamoto pref. 1700
Gentiana sp. Ph. Chassot 99-25 15 septembre 1999  Japan Nishikodokuryo, Kamickochi, Takayama 2700
Gentiana sp. Ph. Chassot 99-26 15 septembre 1999  Japan Nishikosanso, Kamikochi, Takayama 2100
Gentiana sp. Ph. Chassot 99-27 15 septembre 1999  Japan Nishikosanso, Kamikochi, Takayama 2100
Gentiana sp. Ph. Chassot 99-28 15 septembre 1999  Japan Nishikodokuryo, Kamikochi, Takayama 2500
Gentiana sp. Ph. Chassot 99-92 25 septembre 1999  China White Horse Mountain, Deqin 4600
& Y.-M. Yuan
Gentiana sp. Ph. Chassot 99-125 29 septembre 1999  China Xiao Xueshan pass, Zhongdian 3800
& Y.-M. Yuan
Gentiana sp. Ph. Chassot 99-137 30 septembre 1999  China Mailang, yak farm, Dongwang, Zhongdian 3900-
& Y.-M. Yuan 4000
Gentiana sp. Ph. Chassot 99-143 1 octobre 1999 China yak farm west of Da Xueshan, Wongshui, 3800
& Y.-M. Yuan Zhongdian
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Gentiana sp. Ph. Chassot 99-170 5 octobre 1999 China pass near Shazhi, Jizushan, Binchuan 2195
& Y.-M. Yuan
Gentiana sp. Ph. Chassot 99-187 7 octobre 1999 China Zhong He peak, Dali 4000
& Y.-M. Yuan
Gentiana sp. Ph. Chassot 99-224 16 octobre 1999 China Wanniansi to Huayan Peak, valley east of main 1280
& Y.-M. Yuan path (grave yard), Emei Shan
Gentiana sp. Ph. Chassot 00-43 11 aolt 2000 USA Paradise meadow, Mt Rainer Natl Park, WA
Gentiana sp. Ph. Chassot 99-179 6 octobre 1999 China pass behind Hai Dong, Dali 2200
& Y.-M. Yuan
Gentiana sp.(aff. primuliflora) Ph. Chassot 99-193 8 octobre 1999 China Deng Chuan, Eryuan 2300
& Y.-M. Yuan
Gentiana sp.(aff. primuliflora) Ph. Chassot 99-199 8 octobre 1999 China Song Gui, Huo Qin 2300
& Y.-M. Yuan
Gentiana sp.(angusta?) Ph. Chassot 99-13 2 septembre 1999 Taiwan  Taroko national park, after the pass on the road 2800
Dayuling-Wushe
Gentiana sp.(atkinsoni?) Ph. Chassot 99-6 30 aolt 1999 Taiwan  Shei-Pa national park, bellow Kuanwu 1900
Gentianella amarella (L. ) Bérner Ph. Chassot 00-26 12 juillet 2000 USA west side of pass from Taos to Raton on road 64 2800
Gentianella anomala (C. Marquand) T.-N. Ho  Ph. Chassot 99-144 1 octobre 1999 China yak farm west of Da Xueshan, Wongshui, 3800
& Y.-M. Yuan Zhongdian
Gentianella azurea (Bunge) Holub Ph. Chassot 99-82 24 septembre 1999  China White Horse Mountain, between the two passes, 4200
& Y.-M. Yuan Deqin
Gentianella azurea (Bunge) Holub Ph. Chassot 99-110 27 septembre 1999  China White Horse Mt. , west pass, Deqin 3800
& Y.-M. Yuan
Gentianella cerastioides (Kunth) Fabris Ph. Chassot 00-1 18 juin 2000 Ecuador llinizas 4000-
4700
Gentianella cerastioides (Kunth) Fabris Ph. Chassot 00-2 18 juin 2000 Ecuador llinizas 4000-
4700
Gentianella foliosa (Kunth) Fabris Ph. Chassot 00-3 18 juin 2000 Ecuador llinizas 4500-
4700
Gentianella gentianoides (Franch. ) Harry Sm. Ph. Chassot 99-201 9 octobre 1999 China Yu Hu, Lijiang 2700
& Y.-M. Yuan
Gentianella gentianoides (Franch. ) Harry Sm. Ph. Chassot 99-223 11 octobre 1999 China Behind spruce meadow ropeway, Baishui (Yun above
& Y.-M. Yuan Sha Ping), Lijiang 3300
Gentianella giioides (Gilg) Fabris Ph. Chassot 00-16 2 juillet 2000 Ecuador Nudo de Cajanuma, Zamora 3000
Gentianella giioides (Gilg) Fabris Ph. Chassot 00-20 3 juillet 2000 Ecuador Station San Francisco, transect 2, Zamora 2400-
3000
Gentianella moorcroftiana (Wall. ex Griseb. ) Ph. Chassot 97-66 12 octobre 1997 Nepal Jumla to Chauta, Karnali 3000
AiryShaw
Gentianella moorcroftiana (Wall. ex Griseb. ) Ph. Chassot 97-70 14 octobre 1997 Nepal Chauta to Rara Lake, Karnali 3800

AiryShaw
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Gentianella rapunculoides (Willd. ex Schult.)  Ph. Chassot 00-10 27 juin 2000 Ecuador Laguna de Cuicocha, Imbabura 3380
J. S. Pringle
Gentianella rapunculoides (Willd. ex Schult. )  Ph. Chassot 00-12 28 juin 2000 Ecuador paso del Inca 4100
J. S. Pringle
Gentianopsis barbata (Froel. ) Ma Ph. Chassot 99-87 24 septembre 1999  China Nixi, Zhongdian 2900
& Y.-M. Yuan
Gentianopsis barbata var. stenocalyx H. W. Li  Ph. Chassot 99-115 28 septembre 1999  China 30 km north of Zhongdian 3300
ex T. N. Ho & Y.-M. Yuan
Gentianopsis barbata var. stenocalyx H. W. Li  Ph. Chassot 99-74 23 septembre 1999  China Hotspring, Zhongdian 3300
ex T. N. Ho & Y.-M. Yuan
Gentianopsis contorta (Roye) Ma Ph. Chassot 97-69 12 octobre 1997 Nepal Bhargaon to Chauta, Karnali 2300
Gentianopsis contorta (Roye) Ma Ph. Chassot 99-88 24 septembre 1999  China Nixi, Zhongdian 2900
& Y.-M. Yuan
Gentianopsis contorta (Roye) Ma Ph. Chassot 99-121 28 septembre 1999  China Wung Shang, Zhongdian 2700
& Y.-M. Yuan
Gentianopsis contorta (Roye) Ma Ph. Chassot 99-101 26 septembre 1999  China Meili glacier, left side of valley, Deqin 2500
& Y.-M. Yuan
Gentianopsis contorta (Roye) Ma Ph. Chassot 99-216 10 octobre 1999 China pass behind FungKe, Lijiang 3450
& Y.-M. Yuan
Gentianopsis grandis Ma Ph. Chassot 99-157 3 octobre 1999 China Tu guan Cun, Zhongdian 2900
& Y.-M. Yuan
Gentianopsis grandis Ma Ph. Chassot 99-195 8 octobre 1999 China Deng Chuan, Eryuan 2300
& Y.-M. Yuan
Gentianopsis grandis Ma Ph. Chassot 99-215 10 octobre 1999 China pass behind FungKe, Lijiang 3450
& Y.-M. Yuan
Gentianopsis paludosa (Hook. f. ) Ma Ph. Chassot 99-106 27 septembre 1999  China White Horse Mt. , east pass, Deqin 3800
& Y.-M. Yuan
Gentianopsis paludosa (Hook. f. ) Ma Ph. Chassot 99-122 28 septembre 1999  China Wung Shang, Zhongdian 2700
& Y.-M. Yuan
Gentianopsis sp. Ph. Chassot 99-41'bis 21 septembre 1999  China On the way to Napa lake from Zhongdian 3400
& Y.-M. Yuan
Halenia brevicornis Ph. Chassot 00-8 27 juin 2000 Ecuador Laguna de Cuicocha, Imbabura 3380
Halenia elliptica (Kunth) G. Don Ph. Chassot 99-47 21 septembre 1999  China on the way from Zhongdian to Napa lake 3400
& Y.-M. Yuan
Halenia gracilis Griseb. Ph. Chassot 00-7 27 juin 2000 Ecuador Laguna de Cuicocha, Imbabura 3380
Halenia weddelliana Ph. Chassot 00-5 18 juin 2000 Ecuador llinizas 4000-
4700
Halenia weddelliana Gilg Ph. Chassot 00-9 27 juin 2000 Ecuador Laguna de Cuicocha, Imbabura 3380
Halenia elliptica D. Don Ph. Chassot 97-3 30 aodt 1997 Nepal Shyabru to Lama Hotel, Langtang 2200
Halenia elliptica D. Don Ph. Chassot 97-15 4 septembre 1997 Nepal Giangjin Gompa to Lama Hotel, Langtang 3000
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Lomatogonium brachyantherum (C. B. Clarke) Ph. Chassot 97-41 19 septembre 1997  Nepal Makalu Barun National Park, West of Seto 5000

Fern. Pokhari

Lomatogonium brachyantherum (C. B. Clarke) Ph. Chassot 99-84 24 septembre 1999  China White Horse Mountain, between the two passes, 4200

Fern. & Y.-M. Yuan Deqin

Lomatogonium carinthiacum (Wulf. ) Reichb. Ph. Chassot 97-10 1 septembre 1997 Nepal Langtang to Giangjin Gompa, Langtang 3600

Lomatogonium carinthiacum (Wulf. ) Reichb. Ph. Chassot 97-E12 2 septembre 1997 Nepal Langtang

Lomatogonium chumbicum (Burkill) Harry Sm. Ph. Chassot 97-42 19 septembre 1997  Nepal Makalu Barun National Park, West of Seto 5000

Pokhari

Lomatogonium chumbicum (Burkill) Harry Sm. Ph. Chassot 97-43 19 septembre 1997  Nepal Makalu Barun National Park, Sherson 4800

Lomatogonium forresti (Balf. f. ) Fern. Ph. Chassot 99-114 28 septembre 1999  China 30 km north of Zhongdian 3300
& Y.-M. Yuan

Lomatogonium forresti (Balf. f. ) Fern. Ph. Chassot 99-119 28 septembre 1999  China Wung Shang, Zhongdian 2700
& Y.-M. Yuan

Lomatogonium forresti (Balf. f. ) Fern. Ph. Chassot 99-130 29 septembre 1999  China Wung Shui, Zhongdian 3000
& Y.-M. Yuan

Lomatogonium forresti (Balf. f. ) Fern. Ph. Chassot 99-138 30 septembre 1999  China crossroad Sechuan-Dongwang, Zhongdian 3600
& Y.-M. Yuan

Lomatogonium af. forresti (Balf. f. ) Fern. Ph. Chassot 99-71 23 septembre 1999  China Hotspring, Zhongdian 3300
& Y.-M. Yuan

Lomatogonium af. forresti (Balf. f. ) Fern. Ph. Chassot 99-196 8 octobre 1999 China Song Gui, Huo Qin 2300
& Y.-M. Yuan

Lomatogonium gamosepalum (Burkill) Harry Ph. Chassot 99-134 30 septembre 1999  China Mailang, Dongwang, Zhongdian 3800-

Sm. & Y.-M. Yuan 4000

Lomatogonium gamosepalum (Burkill) Harry Ph. Chassot 99-135 30 septembre 1999  China Mailang, Dongwang, Zhongdian 4100

Sm. & Y.-M. Yuan

Lomatogonium graciliflorum Harry Sm. Ph. Chassot 97-73 17 octobre 1997 Nepal Rara to Guru Singha, Chuchemara 3700

Lomatogonium lijiangense T.-N. Ho Ph. Chassot 99-156 3 octobre 1999 China Tu guan Cun, Zhongdian 2900
& Y.-M. Yuan

Lomatogonium lijiangense T.-N. Ho Ph. Chassot 99-205 9 octobre 1999 China Yu Hu, Lijiang 2700
& Y.-M. Yuan

Lomatogonium lijiangense T.-N. Ho Ph. Chassot 99-207 9 octobre 1999 China after crossroad Daju-FungKe, Lijiang 3000
& Y.-M. Yuan

Lomatogonium lijiangense T.-N. Ho Ph. Chassot 99-209 9 octobre 1999 China Ming Yin, Lijiang 2800
& Y.-M. Yuan

Lomatogonium longifolium Harry Sm. Ph. Chassot 99-78 24 septembre 1999  China White Horse Mountain, between the two passes, 4200
& Y.-M. Yuan Deqin

Lomatogonium longifolium Harry Sm. Ph. Chassot 99-81 24 septembre 1999  China White Horse Mountain, between the two passes, 4200
& Y.-M. Yuan Deqin

Lomatogonium longifolium Harry Sm. Ph. Chassot 99-98 25 septembre 1999  China White Horse Mountain, Deqin 4300

& Y.-M. Yuan
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Lomatogonium macranthum (Diels & Gilg) Ph. Chassot 97-37 18 septembre 1997  Nepal Makalu Barun National Park

Fern.

Lomatogonium macranthum (Diels & Gilg) Ph. Chassot 97-40 19 septembre 1997  Nepal Makalu Barun National Park, West of Seto 4500

Fern. Pokhari

Lomatogonium macranthum (Diels & Gilg) Ph. Chassot 97-44 19 septembre 1997  Nepal Makalu Barun National Park, Sherson 4800

Fern.

Lomatogonium macranthum (Diels & Gilg) Ph. Chassot 99-83 24 septembre 1999  China White Horse Mountain, between the two passes, 4200

Fern. & Y.-M. Yuan Deqin

Lomatogonium macranthum (Diels & Gilg) Ph. Chassot 99-96 25 septembre 1999  China White Horse Mountain, Deqin 4300

Fern. & Y.-M. Yuan

Lomatogonium macranthum (Diels & Gilg) Ph. Chassot 99-214 10 octobre 1999 China Top of Mountain behind FungKe, Lijiang 3900

Fern. & Y.-M. Yuan

Lomatogonium micranthum Harry Sm. Ph. Chassot 99-127 29 septembre 1999  China 5 km north of Xiao Xueshan, Zhongdian 3400
& Y.-M. Yuan

Lomatogonium micranthum Harry Sm. Ph. Chassot 99-151 3 octobre 1999 China Yisong, Zhongdian 3300
& Y.-M. Yuan

Lomatogonium oreochatris (Diels) C. Marquand Ph. Chassot 99-219 11 octobre 1999 China Behind spruce meadow ropeway, Baishui (Yun 3500
& Y.-M. Yuan Sha Ping), Lijiang

Lomatogonium rotatum (L. ) Fries ex Nyman Ph. Chassot 99-61 22 septembre 1999  China Zhongdian 3500
& Y.-M. Yuan

Lomatogonium sikkimense (Burkill) Harry Sm.  Ph. Chassot 97-13 2 septembre 1997 Nepal Giangjin Gompa to Tserko Ri, Langtang 4800

Lomatogonium sikkimense (Burkill) Harry Sm.  Ph. Chassot 97-36 18 septembre 1997  Nepal Barun valley, after Yak Karka, Makalu Barun 4500

National Park

Lomatogonium sikkimense (Burkill) Harry Sm.  Ph. Chassot 97-45 19 septembre 1997  Nepal Sherson, Makalu Barun National Park 4500

Lomatogonium zhongdianense S.-W. Liu & T.- Ph. Chassot 99-46 21 septembre 1999  China on the way from Zhongdian to Napa lake 3400

N. Ho & Y.-M. Yuan

Lomatogonium zhongdianense S.-W. Liu & T.- Ph. Chassot 99-54 22 septembre 1999  China vicinity of Zhongdian 3200

N. Ho & Y.-M. Yuan

Lomatogonium zhongdianense S.-W. Liu & T.- Ph. Chassot 99-72 23 septembre 1999  China Hotspring, Zhongdian 3300

N. Ho & Y.-M. Yuan

Lomatogonium zhongdianense S.-W. Liu & T.- Ph. Chassot 99-113 28 septembre 1999  China 30 km north of Zhongdian 3300

N. Ho & Y.-M. Yuan

Lomatogonium zhongdianense S.-W. Liu & T.- Ph. Chassot 99-120 28 septembre 1999  China Wung Shang, Zhongdian 2700

N. Ho & Y.-M. Yuan

Lomatogonium sp. Ph. Chassot 99-48 21 septembre 1999  China Hill behind Napa lake, Zhongdian 3900
& Y.-M. Yuan

Macrocarpea ovalis (Ruiz & Pav. ) Ewan Ph. Chassot 00-15 2 juillet 2000 Ecuador Nudo de Cajanuma, Zamora 3000

Megacodon stylophorus (C. B. Clarke) Harry Ph. Chassot 99-65 22 septembre 1999  China Zhongdian, hotspring 3400

Sm. & Y.-M. Yuan

Megacodon stylophorus (C. B. Clarke) Harry Ph. Chassot 99-147 1 octobre 1999 China N of Da Xue Shan pass 3800-

Sm. & Y.-M. Yuan 4100
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Megacodon stylophorus (C. B. Clarke) Harry Ph. Chassot 99-36 21 septembre 1999  China Hill behind Napa lake, Zhongdian 3900

Sm. & Y.-M. Yuan

Microrphium pubescens C. B. Clarke Ph. Chassot 99-242 29 octobre 1999 Thailand Khao Chang Lot, PhangNga 20

Microrphium pubescens C. B. Clarke Ph. Chassot 99-243 29 octobre 1999 Thailand Somdech Phra Srinagadindra park, PhangNga 20

Pterygocalyx volubilis Maxim. Ph. Chassot 99-100 26 septembre 1999  China Meili glacier, left side of valley, Deqin 2500
& Y.-M. Yuan

Swertia alata (G. Don) C. B. Clarke Ph. Chassot 97-61 10 octobre 1997 Nepal vicinity of Jumla 2500

Swertia alata (G. Don) C. B. Clarke Ph. Chassot 97-100 Nepal Shivalaya, Jiri region 1820

Swertia angustifolia Buch.-Ham. ex D. Don Ph. Chassot 97-18 5 septembre 1997 Nepal Lama Hotel to Shyabru bensi, Langtang 2400

Swertia angustifolia Buch.-Ham. ex D. Don Ph. Chassot 97-20 5 septembre 1997 Nepal Lama Hotel to Shyabru bensi, Langtang 2400

Swertia angustifolia Buch.-Ham. ex D. Don Ph. Chassot 99-172 5 octobre 1999 China Jizushan, 5 km after entrance gate. 2135
& Y.-M. Yuan

Swertia angustifolia Buch.-Ham. ex D. Don Ph. Chassot 99-180 6 octobre 1999 China Wu Wei Si, Dali 2200
& Y.-M. Yuan

Swertia angustifolia Buch.-Ham. ex D. Don Ph. Chassot 99-229 22 octobre 1999 Thailand Sun Ku shrine, en route to Doi Pui, Chiang Mai 1600

Swertia angustifolia Buch.-Ham. ex D. Don Ph. Chassot 99-233 23 octobre 1999 Thailand Under km. 41. 5, en route to Doi Inthanon 1900

summit, Chomtong

Swertia atroviolacea Harry Sm. Ph. Chassot 99-131 30 septembre 1999  China Mailang yak farm, Dongwang, Zhongdian 3600-
& Y.-M. Yuan 4000

Swertia atroviolacea Harry Sm. Ph. Chassot 99-149 2 octobre 1999 China Birong valley (Shangri-La), Zhongdian 3000
& Y.-M. Yuan

Swertia barunensis P. Chassot Ph. Chassot 97-28 16 septembre 1997  Nepal Shipton Pass, Makalu Barun National Park 4000-

4500

Swertia bimaculata (Sieb. & Zuc. ) C. B. Clarke Ph. Chassot 97-22 12 septembre 1997  Nepal Chichila to Num, Makalu Barun National Park 1500

Swertia bimaculata (Sieb. & Zuc. ) C. B. Clarke Ph. Chassot 99-18 9 septembre 1999 Japan Fukabayama (kikuchy sky-line), Kumamoto pref.

Swertia bimaculata (Sieb. & Zuc. ) C. B. Clarke Ph. Chassot 99-19 9 septembre 1999 Japan Fukabayama (kikuchy sky-line), Kumamoto pref.

Swertia bimaculata (Sieb. & Zuc. ) C. B. Clarke Ph. Chassot 99-22 12 septembre 1999  Japan Mt. Sobo, Kumamoto pref. 1000

Swertia bimaculata (Sieb. & Zuc. ) C. B. Clarke Ph. Chassot 99-23 12 septembre 1999  Japan Mt. Sobo, Kumamoto pref. 1100

Swertia bimaculata (Sieb. & Zuc. ) C. B. Clarke Ph. Chassot 99-225 16 octobre 1999 China Wanniansi to Huayan Peak, valley east of main 1280
& Y.-M. Yuan path (grave yard), Emei Shan

Swertia binchuanensis T.-N. Ho & S.-W Liu Ph. Chassot 99-160 4 octobre 1999 China en route from Dali to Binchuan, Shang Dang 2200
& Y.-M. Yuan pass

Swertia binchuanensis T.-N. Ho & S.-W Liu Ph. Chassot 99-177 6 octobre 1999 China pass behind Hai Dong, Dali 2200
& Y.-M. Yuan

Swertia binchuanensis T.-N. Ho & S.-W Liu Ph. Chassot 99-197 8 octobre 1999 China Song Gui, Huo Qin 2300
& Y.-M. Yuan

Swertia calcicola Kerr Ph. Chassot 99-241 29 octobre 1999 Thailand Doi Chiangdao summit, Chiangdao 2000

Swertia chirayta Karsten Ph. Chassot 97-2 30 aodt 1997 Nepal Shyabru to Lama Hotel, Langtang 2200
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Swertia chirayta Karsten Ph. Chassot 97-4 30 aolt 1997 Nepal Shyabru to Lama Hotel, Langtang 2200

Swertia chirayta Karsten Ph. Chassot 97-5 30 aolt 1997 Nepal Shyabru to Lama Hotel, Langtang 2200

Swettia ciliata (G. Don) B. L. Burtt Ph. Chassot 97-6 31 aolt 1997 Nepal Lama Hotel to Langtang, Langtang 2200

Swettia ciliata (G. Don) B. L. Burtt Ph. Chassot 97-7 1 septembre 1997 Nepal Langtang to Giangjin Gompa, Langtang 3000

Swettia ciliata (G. Don) B. L. Burtt Ph. Chassot 97-8 1 septembre 1997 Nepal Langtang to Giangjin Gompa, Langtang 3000

Swettia ciliata (G. Don) B. L. Burtt Ph. Chassot 97-64 10 octobre 1997 Nepal vicinity of Jumla 2500

Swertia cincta Burkill Ph. Chassot 99-33 19 septembre 1999  China bambu temple, Kunming 2200
& Y.-M. Yuan

Swertia cincta Burkill Ph. Chassot 99-64 22 septembre 1999  China Dayangchang, Zhongdian 3500
& Y.-M. Yuan

Swertia cordata (G. Don) C. B. Clarke Ph. Chassot 97-17 5 septembre 1997 Nepal Lama Hotel to Shyabru bensi, Langtang 2800

Swertia cordata (G. Don) C. B. Clarke Ph. Chassot 97-60 10 octobre 1997 Nepal vicinity of Jumla 2500

Swertia cordata (G. Don) C. B. Clarke Ph. Chassot 97-65 10 octobre 1997 Nepal vicinity of Jumla 2500

Swertia cuneata Wall. Ph. Chassot 97-14 3 septembre 1997 Nepal Giangjin Gompa to Ganja La, Langtang 4800

Swertia cuneata Wall. Ph. Chassot 97-35 18 septembre 1997  Nepal Barun valley, before base camp, Makalu Barun 4500

National Park

Swertia cuneata Wall. Ph. Chassot 97-71 16 octobre 1997 Nepal Murma top, Rara Lake, Karnali 3900

Swertia cuneata Wall. Ph. Chassot 97-71b 16 octobre 1997 Nepal Murma top, Rara Lake, Karnali 3900

Swertia decora Franch. Ph. Chassot 99-169 5 octobre 1999 China pass near Shazhi, Jizushan, Binchuan 2195
& Y.-M. Yuan

Swertia decora Franch. Ph. Chassot 99-176 6 octobre 1999 China pass behind Hai Dong, Dali 2200
& Y.-M. Yuan

Swertia decora Franch. Ph. Chassot 99-192 8 octobre 1999 China Deng Chuan, Eryuan 2300
& Y.-M. Yuan

Swertia decora Franch. Ph. Chassot 99-204 9 octobre 1999 China Yu Hu, Lijiang 2700
& Y.-M. Yuan

Swertia delavayi Franch. Ph. Chassot 99-66 22 septembre 1999  China Baishuitai, Zhongdian 2550
& Y.-M. Yuan

Swertia delavayi Franch. Ph. Chassot 99-213 10 octobre 1999 China Hill behind Shan Man, FungKe, Lijiang 2200
& Y.-M. Yuan

Swertia forrestii Harry Sm. Ph. Chassot 99-139 1 octobre 1999 China yak farm west of Da Xueshan, Wongshui, 4125
& Y.-M. Yuan Zhongdian

Swertia japonica (Schultes) Makino Ph. Chassot 99-20 9 septembre 1999 Japan under grasses in a field left of Kikuchy sky-line,

Aso, Kumamoto pref.

Swertia kingii Hook. f. Ph. Chassot 97-46 22 septembre 1997  Nepal Tutu-La pass, Makalu Barun National Park 4800

Swertia kouitchensis Franch. Ph. Chassot 99-226 16 octobre 1999 China Wanniansi to Huayan Peak, valley east of main 1280
& Y.-M. Yuan path (grave yard), Emei Shan

Swertia laticalyx J. Shah Ph. Chassot 99-220 11 octobre 1999 China Behind spruce meadow ropeway, Baishui (Yun 3100-
& Y.-M. Yuan Sha Ping), Lijiang 3500
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Swertia macrosperma (C. B. Clarke) C. Ph. Chassot 99-31 19 septembre 1999  China bambu temple, Kunming 2200

Clarke & Y.-M. Yuan

Swertia macrosperma (C. B. Clarke) C. Ph. Chassot 99-32 19 septembre 1999  China bambu temple, Kunming 2200

Clarke & Y.-M. Yuan

Swertia macrosperma (C. B. Clarke) C. Ph. Chassot 99-60 22 septembre 1999  China before Jidiba, Zhongdian 3600

Clarke & Y.-M. Yuan

Swertia macrosperma (C. B. Clarke) C. Ph. Chassot 99-181 6 octobre 1999 China Wu Wei Si, Dali 2200

Clarke & Y.-M. Yuan

Swertia membranifolia Franch. Ph. Chassot 99-186 7 octobre 1999 China Zhong He peak, Dali 3300
& Y.-M. Yuan

Swertia multicaulis D. Don Ph. Chassot 97-12 2 septembre 1997 Nepal Giangjin Gompa to Tserko Ri, Langtang 4300

Swertia nervosa (G. Don) C. B. Clarke Ph. Chassot 98-2a 19 décembre 1997  Nepal Jhinu, Anapurna sanctuary trekk 1500

Swertia nervosa (G. Don) C. B. Clarke Ph. Chassot 99-30 19 septembre 1999  China Bambu temple, Kunming 2200
& Y.-M. Yuan

Swertia nervosa (G. Don) C. B. Clarke Ph. Chassot 99-67 22 septembre 1999  China Baishuitai, Zhongdian 2550
& Y.-M. Yuan

Swertia nervosa (G. Don) C. B. Clarke Ph. Chassot 99-152 3 octobre 1999 China Song Yuan, Zhongdian 1880
& Y.-M. Yuan

Swertia nervosa (G. Don) C. B. Clarke Ph. Chassot 99-171 5 octobre 1999 China Jizushan, 5 km after entrance gate. 2135
& Y.-M. Yuan

Swertia nervosa (G. Don) C. B. Clarke Ph. Chassot 99-198 8 octobre 1999 China Song Gui, Huo Qin 2300
& Y.-M. Yuan

Swertia nervosa (G. Don) C. B. Clarke Ph. Chassot 99-212 10 octobre 1999 China Hill behind Shan Man, FungKe, Lijiang 2200
& Y.-M. Yuan

Swertia nervosa (G. Don) C. B. Clarke Ph. Chassot 99-227 16 octobre 1999 China Wanniansi to Huayan Peak, valley east of main 1280
& Y.-M. Yuan path (grave yard), Emei Shan

Swertia paniculata Wall. Ph. Chassot 97-27 15 septembre 1997  Nepal Tashi Gaon to TutuLa pass, Makalu Barun 3000

National Park

Swertia paniculata Wall. Ph. Chassot 97-63 10 octobre 1997 Nepal vicinity of Jumla 2500

Swertia paniculata Wall. Ph. Chassot 98-3a 19 décembre 1997 Nepal Jhinu, Anapurna sanctuary trekk 1500

Swertia paniculata Wall. Ph. Chassot 97-101 Nepal Shivalaya, Jiri region 1820

Swertia paniculata Wall. Ph. Chassot 99-126 29 septembre 1999  China 5 km north of Xiao Xueshan, Zhongdian 3400
& Y.-M. Yuan

Swertia paniculata Wall. Ph. Chassot 99-155 3 octobre 1999 China Tu guan Cun, Zhongdian 2900
& Y.-M. Yuan

Swertia patula Harry Sm. Ph. Chassot 99-211 10 octobre 1999 China Hill behind Shan Man, FungKe, Lijiang 2200
& Y.-M. Yuan

Swertia petiolata D. Don Ph. Chassot 97-32 17 septembre 1997  Nepal Barun valley, after Yak Kharka, Makalu Barun 4200

National Park
Swertia pinetorum Kerr Ph. Chassot 99-236 27 octobre 1999 Thailand gew mae pan trail, Doi Inthanon, Chomtong 2120
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Swertia punicea Hemsl. Ph. Chassot 99-39 21 septembre 1999  China On the way to Napa lake from Zhongdian 3400
& Y.-M. Yuan
Swertia punicea Hemsl. Ph. Chassot 99-63 22 septembre 1999  China Dayangchang, Zhongdian 3500
& Y.-M. Yuan
Swertia punicea Hemsl. Ph. Chassot 99-68 22 septembre 1999  China Baishuitai, Zhongdian 2550
& Y.-M. Yuan
Swertia punicea Hemsl. Ph. Chassot 99-86 24 septembre 1999  China Nixi, Zhongdian 2900
& Y.-M. Yuan
Swertia punicea Hemsl. Ph. Chassot 99-102 26 septembre 1999  China Meili glacier, left side of valley, Deqin 2500
& Y.-M. Yuan
Swertia punicea Hemsl. Ph. Chassot 99-117 28 septembre 1999  China Wung Shang, Zhongdian 2700
& Y.-M. Yuan
Swertia punicea Hemsl. Ph. Chassot 99-129 29 septembre 1999  China Wung Shui, Zhongdian 3000
& Y.-M. Yuan
Swertia punicea Hemsl. Ph. Chassot 99-132 30 septembre 1999  China Mailang, Dongwang, Zhongdian 3100
& Y.-M. Yuan
Swertia racemosa Wall. Ph. Chassot 97-11 1 septembre 1997 Nepal Langtang to Giangjin Gompa, Langtang 3600
Swertia racemosa Wall. Ph. Chassot 97-72 16 octobre 1997 Nepal Murma top, Rara Lake, Karnali 3900
Swertia randaiensis Hayata Ph. Chassot 99-2 29 aolt 1999 Taiwan Shei-Pa National park, Kuanwu, road to army 2450
site
Swertia randaiensis Hayata Ph. Chassot 99-11 2 septembre 1999 Taiwan Mt. Hehuan, Taroko national park 3000
Swertia randaiensis Hayata Ph. Chassot 99-12 2 septembre 1999 Taiwan Mt. Hehuan, Taroko national park 3000
Swertia randaiensis Hayata Ph. Chassot 99-3 29 aolt 1999 Taiwan Shei-Pa National park, Kuanwu, road to army 2450
site
Swertia randaiensis Hayata Ph. Chassot 99-8 2 septembre 1999 Taiwan  road from Dayuling to Wushe 2600
Swertia rosularis T.-N. Ho & S.-W Liu Ph. Chassot 99-228 17 octobre 1999 China Age old trees terrace to fairy peak, Emei Shan 1400
& Y.-M. Yuan
Swertia souliaei Burkill Ph. Chassot 99-218 10 octobre 1999 China Top of Mountain behind FungKe, Lijiang 3900
& Y.-M. Yuan
Swertia speciosa D. Don Ph. Chassot 97-68 12 octobre 1997 Nepal Jumla to Chauta, first pass, Karnali 3200
Swertia striata Collett & Hemsl. Ph. Chassot 99-240 29 octobre 1999 Thailand Doi Chiangdao summit, Chiangdao 2000
Swertia tashiroi Makino Ph. Chassot 99-7bis 31 aolt 1999 Taiwan Shei-Pa national park, Tuchang to Kuanwu 1250
Swertia tashiroi Makino Ph. Chassot 99-14 4 septembre 1999 Taiwan  Taipei, shiting Hsiang, Huangtitien mountain 600
hiking loop, east end of the loop
Swertia tashiroi Makino Ph. Chassot 99-1 29 aolt 1999 Taiwan Shei-Pa National park, Kuanwu, on the road to 2000
the 5 huge trees
Swertia tenuis T.-N. Ho & S.-W Liu Ph. Chassot 99-40 21 septembre 1999  China On the way to Napa lake from Zhongdian 3400
& Y.-M. Yuan
Swertia tenuis T.-N. Ho & S.-W Liu Ph. Chassot 99-85 24 septembre 1999  China Nixi, Zhongdian 2900

& Y.-M. Yuan
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Swertia tenuis T.-N. Ho & S.-W Liu Ph. Chassot 99-118 28 septembre 1999  China Wung Shang, Zhongdian 2700
& Y.-M. Yuan

Swertia tenuis T.-N. Ho & S.-W Liu Ph. Chassot 99-128 29 septembre 1999  China Wung Shui, Zhongdian 3000
& Y.-M. Yuan

Swertia tenuis T.-N. Ho & S.-W Liu Ph. Chassot 99-133 30 septembre 1999  China Mailang, Dongwang, Zhongdian 2800-
& Y.-M. Yuan 3500

Swertia tenuis T.-N. Ho & S.-W Liu Ph. Chassot 99-159 3 octobre 1999 China Hai Xi, Lijiang 2000
& Y.-M. Yuan

Swertia tenuis T.-N. Ho & S.-W Liu Ph. Chassot 99-175 6 octobre 1999 China pass behind Hai Dong, Dali 2200
& Y.-M. Yuan

Swertia tenuis T.-N. Ho & S.-W Liu Ph. Chassot 99-202 9 octobre 1999 China Yu Hu, Lijiang 2700
& Y.-M. Yuan

Swertia tenuis T.-N. Ho & S.-W Liu Ph. Chassot 99-206 9 octobre 1999 China after crossroad Daju-FungKe, Lijiang 3000
& Y.-M. Yuan

Swertia tozanensis Hayata Ph. Chassot 99-7 2 septembre 1999 Taiwan  east of Dayuling on the highway from Hualien 2600

Swertia yunnanensis Burkill Ph. Chassot 99-62 22 septembre 1999  China Dayangchang, Zhongdian 3500
& Y.-M. Yuan

Swertia yunnanensis Burkill Ph. Chassot 99-69 23 septembre 1999  China Dayangchang, Zhongdian 3200
& Y.-M. Yuan

Swertia yunnanensis Burkill Ph. Chassot 99-200 9 octobre 1999 China Yu Hu, Lijiang 2700
& Y.-M. Yuan

Swertia yunnanensis Burkill Ph. Chassot 99-208 9 octobre 1999 China Ming Yin, Lijiang 2800
& Y.-M. Yuan

Swertia yunnanensis Burkill Ph. Chassot 99-162 4 octobre 1999 China Dian Nan, Jian Chuan 2500
& Y.-M. Yuan

Symbolanthus calygonus Griseb. Ph. Chassot 00-14 2 juillet 2000 Ecuador Nudo de Cajanuma, Zamora 3000

Tapeinostemon zamoranum Steyerm. Ph. Chassot 00-17 3 juillet 2000 Ecuador Station San Francisco, transect 2, Zamora 1500

Tapeinostemon zamoranum Steyerm. Ph. Chassot 00-18 3 juillet 2000 Ecuador Station San Francisco, transect 2, Zamora 3000

Tripterospermum sp. Ph. Chassot 99-5 29 aodt 1999 Taiwan  Shei-Pa national park, Kuanwu, on the road to 2500

the military site
Tripterospermum sp. Ph. Chassot 99-17 9 septembre 1999 Japan bottom of Hiking path Kikuchy sky-line to
Uchinomae, Kumamoto pref.

Tripterospermum sp. Ph. Chassot 99-21 9 septembre 1999 Japan Fukabayama (kikuchy sky-line), Kumamoto pref.

Veratrilla bailloni Franch. Ph. Chassot 99-37 21 septembre 1999  China Hill behind Napa lake, Zhongdian 3900
& Y.-M. Yuan

Veratrilla bailloni Franch. Ph. Chassot 99-90 24 septembre 1999  China White Horse Mountain, just before east pass, 3950
& Y.-M. Yuan deqin

Veratrilla bailloni Franch. Ph. Chassot 99-148 1 octobre 1999 China South of Da Xue Shan pass, wongshui, 3900-
& Y.-M. Yuan Zhongdian 4200
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