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Phylogenetic studies within Rubiaceae and
relationships to other families based on molecular data

Birgitta Bremer

Abstract. — Phylogenetic analyses of tbcL sequence data from 93 Rubiaceae genera and 62 genera
from other Asteridae families were undertaken to answer the questions 1) Is the family Rubiaceae
well supported as monophyletic? 2) What is its position within the angiosperm system, or which are
its closest relatives? 3) Can or should one recognize subfamilies and what is the suppor! for these?
4) Which tribes belong to the subfamily Rubioideae and how are these related? 5} Do changes in
ovile number and fruit type represent unique events in the Rubioideae? From Rubiaceae 38 new
species were sequenced, mainly from the subfamily Rubioideae, and also three species representing
Gentianaceae, Loganiaceae, and Stilbaceae. The cladistic analyses show that the Rubiaceae are
nionophyletic, that the Rubiaceae are the sister group lo the rest of the Gentianales, and that there
are three groups of taxa more or less corresponding to the three subfamilies Rubioideae, Ixoroideae
s.l., and Cinchonoideae s.sir. There is no support for the subfamily Antirheoideae, the taxa of which
are nested within Cinchonoideae s.str., Ixoroideae s.1., and Rubioideae. The analyses show that the
tribes Ophiorrhizeae, Pauridiantheae, and Knoxieae are part of the Rubioideae as well as the
genera Danais, Manettia and Bouvardia, which earlier have been proposed to form a link 1o the
Cinchonoideae. As a result of the analyses the tribe Hedyotideae must be included in the Spermaco-
ceae as the Spermacoceae s.str. are nested within Hedyotideae and the name Spermacoceae has
priority. The evolution of ovule number and fruit fypes (fleshy or dry) was analysed within the
Rubioideae. Ovule reduction has occurred at least seven times but in no case has a reduced ovile
number reverted back to many ovules, and fleshy fruits have evolved at least five times in the
subfamily. This latter character seems more plastic and in several lines there are reversals back
to a dry fruit.

Key words. — rbcL; cladistic analysis; phylogeny; Gentianales; Rubiaceae; Rubioideae;
Hedyotideae; Spermacoceae.

Abbreviation. — tbcl,, ribulose-1,5-bisphosphate carboxylase.

1 Introduction

In his first attempt at a natural classification Linnaeus (1738) sorled the "Rubiaceae” into three
different families (*ordo™), out of 65; Rondeletia into ordo XIX (with, e.g., Viburnum, Sambucus,
Evonymus), Catesbaea into ordo LIV (with, e.g., Rhamnus and Cestrum), and Rubia and its six allied
genera as well as Spermacoce into an ordo XLIV. Later in his sexual system, Species Plantarum,
Linnaeus (1753) listed more than 20 genera, but due to the different arrangements of the stamens, they
were placed in as many as five different classes (Tetrandria, Pentandria, Hexandria, Polygamia,
Monoecia). However, several natural classification systems were soon to be presented and ever since
Jussieu {1789) described the family, Rubiaceae have been accepted as a natural and monophyletic
group. Few systematists (but see Baillon 1880 and Wernham 1912) have questioned the monophyty
of the family. In many systematic works about Rubiaceae we find sentences like “the family Rubiaceae
is a very well-defined group and its members are readily recognized” (Verdcourt 1958). The only more
critical remark was delivered by Bremekamp (1966} “It is often assumed that the delimitation and the
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subdivision of various families which have been distinguished i the angiosperms, do no longer offer
serious difficulties ... These assumptions, however, are to be regarded as dangerous itlusions”, Regard-
ing the Rubiaceae, however, it is clear that even Bremekamp accepted them as a monophyletic family
with the exclusion of a few aberrant genera {(e.g., Henriguiezia, Platycarpum, Carlemannia, Dialype-
talanthus). In many cases Bremekamp's general skepticism has been justified, not the least, after large
cladistic analyses of molecular data sets when several plant families have proven to be paraphyletic/po-
lyphyletic, e.g., Caprifoliaceae (Donoghue et al. 1992), Musaceae (Smith et al. 1993), Saxifragaceae
(Morgan & Soltis 1993), Ericaceae (Kron & Chase 1993), and Scrophulariaceae (Olmstead & Reeves
1995). Despite the raised interest in the phylogeny of the angiosperms in general and also in the
Rubiaceae, no one has, so far, made any thorough analyses showing that the family is monophyletic.
It has been a matter of course or an axiom that the family Rubiaceae is natural and monophyletic.

The taxonomic position of Rubiaceae has not been very controversial. The family has been associated
with the Dipsacales or with the Gentianales (Contortae). The reasons for these different positions are
found among the characters of the Rubiaceae. A typical member of the family is characterized by
opposite, entire leaves with stipules, often provided with colleters, an inferior ovary, absence of
intraxylary phloem, presence of nuclear endosperm, and often of alkaloids. This combination of
characters is unigue among the angiosperms; no other family provides the same set of characters.
When searching for its closest relationship different combinations of these characters will, of course,
point to different relatives. Several of the characters that unite the family with the Gentianales were
at the time of its establishment not known (alkaloids, colleters, nuclear endosperm) and this makes it
easier to understand the former association with the Dipsacales. When Jussieu (1789) described the
family it was placed close to Dipsacaccae and Caprifoliaceae. This placement was maintained into our
century until Utzschneider (1947) and Wagenitz (1959) suggested a position close to or within
Gentianales. However, Endlicher (1838) had already indicated affinities between the Rubiaceae and
Loganiaceae of the Contortae (= Gentianales). After Wagenilz most systematists have accepted a
position of the Rubiaceae within the Gentianales (Bremekamp 1966, Dahlgren 1980, Taklhtajan 1987,
Thome 1983, 1992) except Cronquist (1981) who kept the family in the order Rubiales (together with
Theligonaceae) putatively between the Dipsacales and the Gentianales and the Asterales.

The few Rubiaceae taxa that have been represented in larger phylogenetic analyses of angiosperms
have all ended up together with the Genlianales (Downie & Palmer 1992, Chase et al. 1993, Olmstead
et al. 1993), but their interrelationship to or within the Gentianales has been different in the different
analyses and is so far not settled.

The subdivision of Rubiaceae into subfamilies has differed between different authors. Schumann
(1891) divided the Rubiaceae into two subfamilies, Cinchonoideae and Coffeoideae, based on the
number of ovules per focule. This character and Schumann’s classification was almost totally rejected
by later authors. Bremekamp (1954, 1966) instead emphasized testa structure, occurrence of albumen
in the seeds, raphides, and secondary pollen presentation (“ixoroid potlen presentation mechanism™;
Ixoroideae), and he recognized as many as eight subfamilies. Three of these, the Cinchonoideae, the
Rubioideae, and the Guettardoideae (= Antirheoideae) were accepted by Verdcourt {1958). In the latest
classification (Robbrecht 1988, 1993) the Rubiaceae are divided into four subfamilies: Cinchonoideae,
Ixoroideae, Rubioideae, and Antirheoideae. OF these the last subfamily differs distinctly from the
Guettardoideae/ Antirheoideac of the earlier classifications, and includes more tribes than in Verdcourt’s
(1958) and Bremekamp's (1966) systems. Most characters for Antirheoideae (fide Robbrecht 1988,
1993) are variable but generally taxa have solitary pendulous seeds with large embryos. Several
cladistic analyses covering the wholc Rubiaceae based on molecular or/fand morphological data
(Bremer & Jansen 1991, Bremer & Struwe 1992, Bremer et al. 1995, Bremer 1996) have been
published. These analyses have not included representatives of all described subfamilies. Representa-
tives of Bremekamp's Gleasonioideae (1957) and Pomazotoideae (Darwin 1976) have not been
analyzed cladistically, and a member of the subfamily Hillioideae of Bremekamp (1966) is included
in one analysis only (Bremer et al. 1995). In that analysis it is placed within the Cinchonoideae as
proposed by Robbrecht (1988). The various analyses differ in details but are in most parts congruent:
all analyses supporl the subfamilies Rubioideae and Ixoroideae. The Cinchonoideae s.str. is also
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supported (except in Bremer & Jansen 1991, due to different rooting); furthermore, all analyses reject
a wide circumscription of a subfamily Antirheoideae (fide Robbrecht 1988, 1993).

Table 1 — Tribes included in or associated with the Rubioideae

Described tribes included In or associated wilh the subfamily by Verdcourt (1958, 1975), Dremekamp (1966},
Robbrechl (1988) compared to the rbcl, phylogeny. Tribal names in [talics indicale that no laxa have been sequenced.

Tribes are Indicated with the first twree letters of Lhe ribal names; the subfamilies are indicated with the first four
letters of the subfamilial names ANTIrheoldeae, CINChonoideae, HILLioldeae, POMAzZolo1deae, UROPhylloideae.

“x”: (he tribe is accepled in the subfamily Rubioideas; "7 : uncentain position according to the authas;

“in"": the tribe is Included in another fribe.

Tribes VYerdcourt Bremekamp Robbrecht rbel.-supporl
Anthospermeae X X X X
Argosteminaleae X b3 X new circumscription
Coccocypseleae X X X X
Coussareeae X x X new posilion
Craterispermeae X X ANTI
Cruckshanksieae X X in HED
Gaertnereae X X in PSY new position
Hamelieae X X X CINC
Hedyotideae X X X in SPEs. L.
Hillieae ™ HILL CINC CINC
Knoxieae X X ANTE in SPEs. L
Lathraeocarpeae X X
Mauctticae in HED in HED ? in HED/CIN inSPEs. L
Morindeae X X b X
Ophiorrhizeae X UROP X x
Opercularieac ? in ANT in ANT
Pacderieae X b X paraphylelic
Pauridiantheac in URO URODP CINC b
Perameae X 7
Pomazoleae ? POMA in HED
Psychotrieae X X A X
Rubieae X X X b3
Schradereae X X x
Spermacoceae X X X SPEs. L.
Theligoneae X X
Triainolepideae in PSY X X
Urophylleae X UROP CINC
Virectarieae CINC (1975) in OPH in HED

The Rubioideac are the most easily recognized and circumscribed subfamily within the Rubiaceae.

As the name Rubioideae is an autonym the taxon is as old as the first published subfamilies (Rafines-
que 1820), but Bremekamp (1952) was the first author who identified a core group of tribes which
since then has been accepted as the natural subfamily Rubioideae. The subfamily is characterized by
the presence of raphides, valvate aeslivation, exotesta cells without perforated thickenings, and often
articulate hairs. All modern classification schemes of Rubioideae include slightly less than 20 tribes;
Verdcourt (1958) included 17, Bremekamp (1966) 19, and Robbrecht (1988, 1993) 16. Of these tribes,
12 have been accepted by all {Anthospermeae, Argostemmateae, Coccocypseleae, Coussareeae,
Hamelieae, Hedyotideae, Morindeae, Paedericae, Psychotrieae, Rubieae, Schradereae, and Spermaco-
ceae). Of the remaining tribes the opinion and circumscription differ between the authors, and if all
tribes that have been associated with or included in the subfamily are counted (excluding nomencla-
tural synonyms), the total number of different tribes is 28 (table ).
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Table 2 — New rbeL sequences reported in this paper
Sources of material extracted for DNA, Rubiacene species names are followed by a three (four) letter suffix
indicating tribal {subtribal) position according to Robbrecht (1988, 1993). The source of the living material is

first indicated followed by the collector ond the herbarium where it is deposited.

Family Species Source/voucher information Accession
EMBL/GenBank
Genlianaceae Bustoma grandiflorum Cult. ftowershop, Bremer 3367 (UP3) Z68825
Logeniaceae Logania vaginalis Culi. K, Bremer 3013 (UPS) Z68826
Stilbaceoe Stilbe vestila South Africa, Goldblait & Manning 10100 (MO, UPS) Z68827
Rubiaceae Agathisanthemum bojeri HED Tanzania, Bremer 3060 (UPS) Z6B787
Rubiaceae Argostemma hookeri ARG Malaysin, Wanntorp s.n. (8) ZO8T88
Rubiaceae Carphalea glaucescens HED Somalia, S. Med. Planl Project 215 (UPS} Z68789
Rubiacene Chasallia parviflora PSY-P ‘Tanzania, Bremer 3067 (UPS) Z68790
Rubiaceae Chazalielta abrupta PSY-P Tanzania, Bremer 3081 (UPS) 7268791
Rubiaceae Conostomium quadrangulare HED Puff & Kelbessa 821222 (UPS) 268792
Rubiaceae Damnacanthus indicus MIT Cult. MO, Biemér 3107 (UPS} 7687193
Rubiaceae Danals xanthorrhoea HED Tanzania, Bremer 3079 (UPS) 768794
Rubiaceae Didymaea alsinoides RUB Cult, CAS, Keller 1901 {CAS) Z68795
Rubiaceae Faramea muliflora COU Ecuador, Bremer et al, 3331 (MO, QCA, QCNE,UPS) 768796
Rubiaceae Gaerinera sp. PSY-G Madogascar, Malcomber 2709 (MO} Z68197
Rubiaceac Geophila repens PSY-P Culi. UPS, Brenier 3130 (UPS) 268798
Rublaceae Hedyaotis fruticosa HED Sri Lanka, Lundqvist 11106 (UPS) Z68799
Rubiacene K ohaulia cacspitosa HED Tanzania, Pellersson s.n. (UPS) Z68300
Rubiaceae Ladenbergia pavenii CIN Ecuador, Delprete & Verduga 6404 (LL, TEX, UPS) 268801
Rubincene Lasianthus pedunculalus PSY-P Tanzania, Andreasen 71 (UPS) 768802
Rubiacene Manetiia bicolor HED Cult, SUNIY, Bremer 2716 (UPS) 768803
Rubiaccae Miichella repens MIT Cult. MO, Bremer 2714 (UPS) Z68805
Rubiaceae Mycetia malayana ISE Cull. AAU, Larsen et al. 42486 {AAU, UPS) 268806
Rubiaceae Neurocalyx zeylanicus ARG Sri Lanka, Bremer & Bremer 937 (PDA, 5, US) 768807
Rubiaceae Oldenlandia goreensis HED Madagascar, Pettersson & Nilsson 728 (UPS) 768808
Rubiaccae Opercularda vaginata ANT-O Australia, Bremer & Gustafsson 25 (UPS) Z68809
Rubiaceae Palicourca sp. PSY-P Ecuador, Bremer et al, 3332 (MO, QCA, QCNE, UPS) Z68210
Rubinceae Pauridiantha paucinervis PAU Tanzanio, Bremer 3090 (UPS) Z688l1
Rubiaceae Pentanisia longitubn KNO Ethiopia, Puff & Kelbessa 821220 (UF5S) 768812
Rubiaceae Pentanopsis fragrans HED Ethiopia, Gilbe et al. 7458 (UPS) Z68813
Rublaceac Phyllis nobla ANT-A Cult. K, Bremer 3008 (UPS) 768814
Rubiaceae Placopoda virgata HED Yemen, Thulin & Gifri 8528 (UPS) Z58815
Rubiaceac Plocama pendula PAE Canary Islands, Andreasen | (UPS) Z68RI16
Rubiaceae Psychotria cf. borjensis PSY-P Cult, BR, Robbrechi s.n. {UPS} 768304
Rubiaceae Psychoteia peteri PSY-P Tonzania, Bremer 3078 (UPS}) 768817
Rublaceae Psychotrfa poeppigiana PSY-P Ecuador, Bremer el at. 3330 (UPS, QCA, QCNE, UPs) Z68818
Rubiaceae Psychotria sp. PSY-P Cult. Paris, Bremer 2722 (UPS) 768819
Rublaceas Richardia pilosa SPE Cult. SUNIV, Bremer 2744 (UPS} 268820
Rubiacene Rudgea cf, lorentensis PSY-P Ecuador, Bremer el al. 3346 (MO, QCA, QCNE, UPS) Z68R21
Rubiaceae Serissa foelida PAE Cult. CONN, Bremer 2717 (UPS) 768822
Rubiaccae Spermacoce lnevis SPE ‘Tanzanio, Bremer 3062 (UPS) 768823
Rublaceae Spermadiciyon suaveolens PAE Cult. Poris, Bremer 3133 {(UPS) 768824

Detailed relationships among the different tribes of the Rubioideac have never been proposed but
it is clear from earlier discussions and from how tribes have been listed in the various classification
schemes that the habit, the number of ovules, and type of fruit have played the most important roles
in the “phylogenetic” considerations. Verdcourt (1958) grouped the woody tribes with erect solitary
ovules together (Psychotricae, Morindeae, Coussareeae, and Schradereae) while he united the herba-
ceous or subshrubby tribes with dry usually dehiscent fruits into one group, including also the ones
with solitary ovules (Anthospermeae, Spermacoceae, and Hedyotideae); the position of the remaining
tribes was more vaguely indicated. Bremekamp (1966) did not discuss subfamily relationships in detail
but he listed all tribes into two series, one with many and the other with solitary ovules. Robbrecht
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Table 3 — Earlier published sequences extracted from DNA databases used in the analyses

Family Species Accession Family Species Accession
EMBL/ EMBL/
GenBank GenBank
Acanthaceae Aphelandra sinclairana LOI884  Rubiacene Cephalanthus occidentalis XB3629
Acanthaceae Thunbergia usambarica Li2596  TRubiacene Chiococca alba L14394
Adoxacene Adoxa moschatellina LO1884  Rubiaceae Cinchona pubescens (succirubra) X81630
Apiaceae Apium graveolens LO!885  Rubiaceae Coffea arabica X83631
Apocynaceae Kopsia fruticosn L14402  Rubiaceae Crucianella angustifolin X81094
Aquifoliacene llex ¢rennta L01928  Rubiaccae Cubaneln dominguensis X83632
Araliaceae Aralia spinosa L1166  Rubiaceae Deppea grandiflora X83633
Argophylinceze  Corokin cotoneaster L1122]1  Rubiaceae Enterospermum coriaceum (Tarenna} X83634
Asteraceae Helianthus annus 1.13929  Rubiaceae Esithalis fruticosa X83635
Asteraceae Dasyphyllum dincanthoides L3863  Rubiacene Exostema caribaeuin X83636
Aucubacerae Aucuba japonica L11210  Rubiaceoe Galium album X81090
Boraginaceas Borago officinalis L1680  Rubiacene Gardenia thunbergia X83637
Boraginaceae Heliolropium arborescens L14399  Rubiaceae Guellarda urugucnsis XB81638
Brunoniaceae Berzelia lanuginosa L143%]  Rubiaceae Haldina cordifolia XB83639
Buddlejncene Nicodemia diversifolin L14413  Rubiaceae Hallea {Mitragyna) rubrostipulata XB3640
Buddlejoceas Buddleja davidii LI4392  Rubiaccae Hamelia cuprea X83641
Caprifoliaceae  Diervilla sessilifolia Z29672  Rubiaceae Hillia iriflora X83642
Caprifoliaceae Lonicera orientalis X87389  Rubinceae Hintonia latiflora X83643
Caprifoliaceae  Sambucus racemosa L14066  Rubiacene Hoffmannin refulgens x ghiesbreghtii X83644
Caprifoliaceae  Vibumum acerifolia L01959  Rubiaceae Hydnophylum formicarum X83645
Convolvulaceae  Convolvulus tricolor L11683  Rubinceae txora coceinen X816d6
Convolvulaceac  Ipomea coccinea L14400  Rubiaceae Keeti zanzibarica X83647
Cornacene Cornus canadensis 101898 Rubiaceae Luculia grandifolia X83648
Desfontainiaceae Desfontainia spinosa Z29670  Rubiaceae Meyna teiraphylla X83649
Dipsacaceae Dipsacus sativus L13864  Rubiaceae Mitriostigma nxillare X83650
Ericaceac Rhododendron hippophaeoides LOI949  Rubiaccae Morinda cltrifolia X83651
Gamryaceae Gnrrya elliptica L1919  Rubiaceac Mussaenda crythrophylla X83652
Galsemiaceae Gelsemium sempervivens L14397 Rubiaceae Nauclea oricnialis XBI55)
Gelseminceae Mosluea brunonis L14404  Rubiaccae Nestera granadensis X83654
Gentianaceae Anthocleista grandiflora 114389  Rubiaceae Oldenlandia cf. corymbosn XB3655
Gentinnaceae Exncum affine L11684  Rubiaceae Ophiorchiza mungos X83656
Gentianaceae Fagraea sp. L14396  Rubinceae Parapentas silvatica X83657
Gentignaceae Genliana procera L14398  Rubiaccae Pentagonia macrophylla X83658
Griseliniacene  Griselinia lucida L11225  Rubinceac Pentas lanceolatla XB3659
Grossulariacene  Phyllonoma laticuspis L1120l Rubinceae Pentodon pentandrus XB1660
Helwingiaccac  Helwingin japonica LI1226  Rubinceae Phuopsis stylosn XEB1103
Hydrophyllacene  Eriodictyen califomicum 101916 Rubiaceae Pinckneya pubens X836l
Hydrophyllaceae Hydrophyllum virginianum L01927  Rubiaceae Pogonopus speciosus X83662
Lamiaceae Scutellaria bolanderi LO1954  Rubincene Psychotria kirkii (bactertophila) X83603
Lamiaceac Salvia divinorum L$4407  Rubiaceae Rachlcallis americana X83664
Lobeliacene Lobelia erinus Lt3930  Rubiaccae Rogiera suffrutescens XB3665
Loganiaceae Spigelia marilandica L14007  Rubinceae Rubia tinctorum X81666
Loganiacepe Strychnos nux-vomica [.14410  Rubiaceae Sarcocephatus latifolius XB83667
Menyanthaccae  Menyanthes trifolintn £.14006  Rubiacene Sherardia arvensis XBI106
Montiniaceae Monlinia caryophyllacea LI1194  Rubiaceae Theligonum cynocrambe X83668
Nyssaceae Nyssa ogeche L!11228  Rubinceae Uncarin thynchophyila X81669
Oleaceae Ligusttum vulgare L11686  Rubiaceae Valantia muralis XB81107
Pedalinceae Proboscidea lousianica L01946  Rubiaceae Vangueria mndagascarensis XBA670
Pittosporoacene  Pittosporum japonicum 11202  Sambucacene Sambucus racemosa L.14066
Prinwulaceae Anagallis nrvensis M88343  Sapolaceae Manilkara zapola LO19)2
Rubiaceae Anthospermum herbaceum X83623  Scrophularinceae  Antirrhinuwm majus Liloga
Rubiaceae Antirhea lucida XB3624  Scrophulariacene Digitalis purpurea 101902
Rubiaccae Asperula Inevigata X81092  Solanaceae Petunia hybrida X04974
Rubiaceae Benticra breviflora X83625  Solanaceac Nicotiana tabacum 200044
Rubiaceae Bouvardia glaberrima X83626  Stlbaceac Euthystachys abbreviata Z29671
Rubiaceae Calycophyllum candidissimum X83627  Stilbaceac Retzia capensis 229669
Rubinceae Catesboea spinosa X83628  Valerianocecae Vaoleriana officinalis L13934

(1988) further elaborated on Bremekamp's two series within Rubioideae, and discerned one group
including tribes with numerous ovules on each placenta (Hedyotideae and the associated tribes
Ophiorrhizeae, Coccosypseleae, Argostemmateae, Hamelicae, and Schradereae) and another group with
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solitary ovules (Psychotrieae and associated tribes Triainolepideae, Lathragocarpeae, Morindeae,
Coussarecae, Paederieae, Anthospermeae, Theligoneae, Spermacoceae, and Rubieae). In earlier cladistic
analyses of sequence data of Rubiaceae in general (Bremer et al. 1995) or in Rubioideae (Natali et al.
1995), a minority of the described Rubioideae tribes have been investigated, but, in spite of the limited
sampling, some congruent conclusions can be drawn from the two analyses, which contradict some
earlier opinions. In particular, the tribes Hillieae and Hamelicae do not belong to the Rubioideae and
the two groups of taxa based on ovule numbers (Bremekamp 19606, Robbrecht 1988) do not form two
monophyletic groups.

Starting from the hitherio presented information and classifications and using molecular data as well
as recent morphological analyses five hierarchically organized questions are asked about the Rubiaceae
and their phylogeny. 1) Is the family Rubiaceae well supported as monophyletic? 2) What is its
position within the angiosperm system, or which are its closest relatives? 3) Can monophyletic
subfamilies be recognized and what is the supporl for these? 4) Which tribes belong to the subfamily
Rubioideae and how are these related? 5) Do changes in ovule number and fruit type represent unique
events in the Rubioideae?

2. Material and methods

In the first analysis testing the monophyly and position of the Rubiaceae 82 sequences representing alfl major clades of the “higher”
Asteridae taxa were represented (asterid 1-1If fide Chase et al. 1993), including 21 Rubiaceae genera from 19 tribes. The laxa were
sampled Lo represent from asterd [ Solanales, Boraginales, Gentianoles, Lamiales s.l., Garrya clade; from asterid 1l: Asterales s.l.,
Apiates, Dipsacales, Jfex clade; from asterid 11[; Ericalean clade; and as oulgroup the genera Nyssa and Cornns representing asterid 1V
were used.

In the second analysis, 59 taxn of Rubioideae were included, representing 19 of the described kibes (table 1). The intention was to
include as many tribes as possible, as yet material of several tribes ore lacking. Ophiorrltiza and Neurocalyx were used as a functional
outgroup; the topelogy obtained with these genera as sister group to the rest of the tree is identical to Ihe topology nchieved if the rest
of the Rubiaceae laxa are included. The other taxa werc excluded from this analysis in order to minimize campuling fime.

The wwo analyses are based on sequence data [rom the rbel. gene including 443 and 317 phylogenetically informalive characters,
respeclively. The rbels gene has been sequenced from 41 species (table 2); sequences are acecssioned in EMBL. as Z68787, 1o Z68827.
The remaining |14 sequences included in the analyses have been extracled from EMBL/GenBank databases (table 3).

DNA was extracled, nmplified, and sequenced following the protocols in Bremer et al. (1995). The rbel. data matrices in the
phylogenetic analyscs comprise characters comesponding 1o each nucleotide position (27 to 1428, posilions 1-26 are excluded as they
are identical to onc of the primers) of the rbcl. sequence.

Parsimony analyses were conducted using PAUP version 3.1.1 (Swolford 1993) on a PowerMac 8100/80, with all character changes
weighted equally. Onty phylogenefically informative characters were included. The methods for the searches were heuristic, with randem
slepwise addition of sequences and 100 replications, and TBR branch swapping with MULPARS on and Steepest descent of(. To estimate
the support for each clade Bremer's branch support (b = the extra length needed Lo lose a beanch in a consensus of near-most parsimoni-
ous (rees; K. Bremer 1988) and bootstrap fractions {with 1000 replicates; Felsenstein 1985) were calculated.

3 Results

In the first analysis of 82 taxa, concerning the position and monophyly of the Rubiaceae (fig. 1), 676
nucleotide positions were variable and of these 443 were phylogenetically informative. The heuristic
search with 100 random addition sequences including only the phylogenetically informative characters
resulted in 2 equally parsimonious trees 2332 steps long (minimal possible steps 672) with a consist-
ency index (ci) of 0.288 and a retention index (ri) of 0.578.

In the second analysis of 59 taxa, concerning the subfamily Rubioideae (figs. 2 & 3), 527 nucleotide
positions were variable and of these 317 were phylogenetically inlormative. The heuristic search with
100 random addition sequences including only the phylogenetically informative characters resulted In
108 equally parsimonious trees 1108 steps long (minimal possible steps 429) with a consistency index
(ci) of 0.387 and a retention index (ri) of 0. 697.

Of all the nucleotide substitutions that have occurred only a few resulted in synapomorphic and non-
homoplastic changes in amino acid composition. These unique changes in amino acids all occured in
subfamily Rubioideae (fig. 2). Theligonum and all genera of Rubieae share a change from 28erine to
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Glycine (nucleotides 28-30). All taxa of the Pemtas group (fig. 2; Carphalea, Parapentas, Pentanisia,
Pentas, and Placopoda; further discussed under 4.4.1) share a change from Valine to 2Serine (nucleo-
tides 469-471). All taxa of Spermacoceae s.l. share a unique amino acid change from Glutamine to
Glutamic acid (nucleotides 445-447). All taxa of the Anthospermeae share a change from Methionine
to Isoleucine (nucleotides 925-927) and have Threonine at the nucleotide positions 1445-1447.

Fig. 1.
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4 Discussion

The discussion of the first two questions, concerning monophyly and the position of Rubiaceae is
based on the first analysis (fig. 1), of the “higher” Asteridae. The resolution of the phylogenies in other
parts of the Asteridae has been dealt with elsewhere, and will not be addressed here (cf. Olmstead et
al. 1993, Gustafsson et al. 1996).

4.1 Rubiaceae — a monophylctic family

Although recent cladistic analyses of anglosperms and of the Rubiaceae in particular have included
some phylogenetic conclusions concerning this family, the monophyly of Rubiaceae has not been
demonstrated. In earlier analyses of the Rubiaceae (Bremer & Jansen 1991, Bremer & Struwe 1992,
Bremer et al. 1995) the monophyly of the study group (in-group) has been taken for granted and with
only a small outgroup monophyly can not be adequately tested; the outgroup is used only to root the
resulting tree(s). To establish that a family is monophyletic a much larger sampling of taxa outside the
study group must be included in the analysis. On the other hand, in analyses of large data sets repre-
senting many families of the angiosperms, the Rubiaceae have been represented by a single genus or
too few genera (Downie & Palmer 1992, Chase et al. 1993, Olmstead et al. 1993, Bremer et al. 1994,
Struwe et al. 1994).

In the present study 21 Rubiaceae genera representing various parts of the family were analyzed
together with representatives of all major clades of the “higher” Asteridae taxa including, e.g., several
Gentianales and Dipsacales. Although the analysis resulted in two equally parsimonious trees, with
respect to the monophyly and the phylogeny of Rubiaceae these are identical in corroborating the
phylogenetic hypothesis that the Rubiaceac are monophyletic.

4.2 The position of the Rubiaceae within the angiosperms — Gentianales

The present analysis corroborates the hypothesis advocated by Utzschneider (1947), Wagenitz (1959),
and most modern taxonomists, that the taxonomic position of the Rubiaceae is close to or within
Gentianales and not close to Dipsacales. It also confirms, as shown by earlier analyses (Downie &
Palmer 1992, Olmstead et al. 1993, Chase et al. 1993, Bremer et al. 1994), that Cronquist (1981) was
wrong in his speculation that the Rubiaceae rcpresent a link between Dipsacales, and Gentianates and
Asterales. Another former putative “link” between Gentianales and Dipsacales was Desfontainia. The
genus was placed in Loganiaceae (Gentianales) by, e.g., Lecuwenberg & Leenhouts (1980) buk its
position has long been questioned and a recent molecular investigation (Bremer et al. 1994) has shown
that it is closer to Dipsacales and not included the Gentianales.

The hypothesized relationships within the Gentianales were rather diffusely expressed before
phylogenetic analyses were performed, as illustrated by the sentence: “As with the tribes of Logania-
ceae, the relationships between the families of the Gentianales are reticulate” (Lesuwenberg &
Leenhouts 1980). Although the focus has been on issues other than relationships of the Gentianales,
several recent phylogenetic analyses of molecular data of Asteridae have changed this view of the
order. New relationships have been presented or earlier ideas have been confirmed, e.g., the Menyan-
thaceae are not close to the Gentianaceae (Downie & Palmer 1992, Olmstead et al. 1992) and the tribe
Potalieae (e.g., Anthoclesita, Fagraea) of the Loganiaceae is a part of Gentianaceae {Olmstead et al.
1993). In several analyses witch focus on the Loganiaceae, both morphological (Bremer & Struwe
1992, Struwe et al. 1994} and molecular (Bremer et al. 1994), new hypotheses about the retationships
and circumscription of the Gentianales have been put forward: the Loganiaceae are paraphyletic
(Olmstead et al. 1993, Bremer el al. [994) and several genera earlier associated with the Loganiaceae
are not parts of the Gentianales at all (Bremer et al. 1994, Struwe et al. 1994).

So far the most detailed morphological analyses (Struwe et al. 1994) of the Gentianales resuited in
trees where the Rubiaceae are nested within Gentianales with Gelseminm + Mostuea as the sister group
(also supported in an earfier morphological analysis by Bremer & Struwe 1992). However, the position
of the Rubiaceae as nested within the Genlianales is contradicted by molecular investigations. In
almost all investigations the Rubiaceae are the sister group to the rest of the Gentianales (Downie &
Palmer 1992, Olmstead et al. 1993, Bremer et al. 1994). The present analysis also places the Rubiaceae
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as the sister group to the rest of the Gentianales. The different result in the morphological analyses
might be a result of high sensitivity to uneven sampling of taxa (Rubiaceae arc represented by a single
taxon or only three taxa, respectively) combined with the relatively small number of morphological
characters as compared to the molecular data sets.

In Struwe et al. (1994} the former Loganiaceae are separated into four different families (Logania-
ceae, Strychnaceae, Gelsemiaceae, and Geniostomaceae). The present study provides no support for
the separation of Strychnaceae from the Loganiaceae as suggested there.
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4.3 Support for the three subfamilies: Rubioideae, Cinchonoideae s.str., and Ixoroidcae. Classifi-
cation is an ongoing process wlhere new circumscriptions are made based upon the interpretation of
newly available information. Today mosl systematists agree that new classifications should be based
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on phylogenetic analyses and new groupings should be supported by relevant data. At present, the
easiest way (perhaps not the cheapest) of obtaining data for a phylogenetic analysis is to sequence a
piece of DNA. But should a new phylogenetic relationship shown by molecular data always result in
a changed classification? I think not. If the discussion is limited to the division of subfamilies, it is
important that the identified (circumscribed) and named subfamilies can be recognized by morphol-
ogical diagnostic characters, for otherwise the division into subfamilies will be useless. So what is the
situation within Rubiaceae? At this time relatively few (ca. 90) genera of Rubiaceac have been
cladistically analyzed in a conlext comprising the whole family, where questions about subfamilial
classification were or could be asked (Bremer & Jansen 1991, Bremer & Struwe 1992, Bremer et al.
1995, Bremer 1996, and in the present paper). It is definitely too early to present a revised subfamilial
classification, but what is the support for the earlicr presented subfamilies (Bremekamp 1952, 1954,
1966, Verdcourt 1958, Robbrecht 1988, 1593)7

The subfamily Rubioideae is strongly supported in the present study and in the various earlier
published analyses (Bremer & Jansen 1991, Bremer & Struwe 1992, Bremer et al. 1995, Bremer
1996); the analyses are in most parts congruent. All support a monophyletic unit more or less identical
to the Rubioideae (but excluding the tribe Hamelieae). The molecular data in the present analysis and
in Bremer et al. (1995) also definitely show that the tribes Theligoneae (also proposed by Robbrecht
1988, Natali et al. 1995), Pauridiantheae (subfamily Cinchonoideae fide Robbrecht 1988), and
Ophiorrhiza (excluded from the Rubioideae by Natali et al. 1995) are part of the subfamily Rubioi-
deae. This group is highly supported by the molecular data (bootstrap fraction of 91% and a branch
support value of 9; fig. 1), and is probably the most easily recognized subfamily based on diagnostic
morphological characters. A typical Rubioideae species is characterized by a unique combination of
characters, not found outside Rubioideae, e.g., herbaceous habit, raphides, valvate aestivation (probably
the plesiomorphic state), and articulate hairs (however, many species are woody and not all have the
articulate hairs). In a recent molecular study of the tribe Rubieae (Natali et al. 1995), a unique
molecular marker (a 204 bp deletion in the arpB leader sequence) was found in the investigated taxa
of the Rubioideae tribes Rubieae, Theligoneae, Anthospermeae, Hedyotideae, Spermacoceae, Psychotri-
eae, Coccocypseleae, but not in the tribe Ophiorrhizeae. Natali et al. conclude that the tribe Ophiorrhi-
zeae is not a part of the subfamily Rubioideae. I do not agree. In all analyses, including the one
presented by Natali et al., Ophiorrhizeae are the sister group to the rest of the subfamily Rubioideae
(Ophiorrhiza is the most basal taxon in the clade). This means that Ophiorrhiza cannot be included
in any other of the existing subfamilies because it is more distantly related to those and if it is not
included in the subfamily Rubioideae, it must be raised to a separate subfamily. Monotribal subfamilies
should be avoided, if possible, as these will not simplify classification. Also, it would be very difficult
to find any useful diagnostic characters for such a subfamily; the set of characters for Rubioideae
excluding Ophiorrhizeae will not be unique as most characters typical for Rubioideae occur also in
the Ophiorrhizeae, such as herbaceous habit, raphides, and valvate aestivation.

The subfamily Cinchonoideae s.str. (excluding Mussaenda, Pogonopus, Pinckneya, and Calyco-
phyltum, and the tribes Pauridiantheae, but including the tribes Guettardeae, Chiococceae, and Hameli-
eae) is strongly supported by molecular data (90% bootstrap fraction and a branch support value of
8 in this study, 80% and 7, respectively, in Bremer 1996; 78% and 2, respectively, in Bremer et al.
[995). A typical member of the subfamily is woody with capsular fruits and entire stipules, but these
characters are not unique nor do they occur in all taxa. The only unique character seems to be the
imbricate aestivation (becomes unique to this subfamily when the following tribes are included:
Hamelieae, Chiococceae, Cephalantheae, Guettardeae); however, not all 1axa are imbricate, a few are
valvate and in one of the clades, including Hamelieae and Hillieae, several species are right-contorted.
Furthermore, the Cinchonoideae s.str. are supported by lhe occurrence of specific complex indole
alkaloids (CIA; containing two structure elements, tryptamine/tryptophan with an indole nucleus and
a C9- or C10-monoterpene moiety derived from secologanin); these ClAs are classified into different
subgroups, three of which have been detected in Rubiaceae (cf. Kisakiirek et al. 1983, Jensen 1992).
The corynanthean and vallesiachotaman types have been found only in taxa belonging to Cinchonoi-
deae s.str. and not in, e.g., Pauridiantha.
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The Ixoroideae are supported as a moncphyletic subfamily, but the delimitation is problematic.
Bremekamp (1952, 1966) established the subfamily and included, as he said, all tribes with secondary
pollen presentation, e.g., Gardenieae, Ixoreae, Cremasporeae, and Vanguerieae, but he excluded the
Naucleeae. Later Robbrecht (1988) restricted the subfamily to include only the tribes with contorted
(mainly left) aestivation, namely the relatives of the Gardenieae (Gardenieae, Pavetteae, Coffecae,
Aulacocalyceae, and Hypobathreae), and, e.g., the Vanguerieae, with valvate aestivation, were moved
to the Antirheoideae. All malecular analyses performed have shown that the Vanguerieae and the
Ixoroideae s.str. are closest relatives (Bremer & Jansen 1991, Bremer et al. 1995, Bremer 1996,
Andreasen & Bremer 1996). In the morphological analyses the position of Vanguerieae has differed;
in the first study (Bremer & Struwe 1992) the Vanguericae were placed close to Naucleeae but in the
later anatysis (Bremer 1996) Vangueria was placed close to the Ixoroideae s.str. In both analyses the
polien presentation mechanism was coded as being the same in Ixoroideae s.str., Vanguerieae, and in
the Naucleeae atthough there is information showing that the secondary pollen presentation mechanism
is much more complex and diverse (Skottsberg 1945, Nilsson et al. 1990, Imbert & Richards 1993,
Puff et al. 1996). There seems to be a difference between species where polien is deposited exclusively
on the receptive surface of the stigma (Naucleeae s.I.) and species where pollen is deposited on the
outside of the stigma and/or style but not on the receptive surface (e.g Vanguerieae and Ixoroideae
s.str.; Igersheim 1993, Puff et al. 1996). This should further support the closeness of Vanguerieae to
the Ixoroideae and not to the Naucleeae. According to the molecular analyses there are other taxa from
the tribes Iserticae, Condamineeae, and Cinchoneae that seem to be closely related to the Ixoroideae,
e.g., Mussaenda, Pogonopus, Pinckneya, and Calycophylltum, but so far no morphological data support
inclusion of these taxa in the subfamily Ixoroideae.

The Antirheoideae were a monotribal subfamily (as Guettardoideae; Verdcourt 1958, Bremekamp
1966) before Robbrecht (1988) widened the circumscription to include not only the Guettardeae but
also the tribes Retiniphylleae, Vanguerieae, Chiococceae, Alberteae, Cephalantheae, and Craterisper-
meae, and Knoxieae. The subfamily Antirheoideae as circumscribed by Verdcourt (1958) and Breme-
kamp (1966) is monophyletic but is nested within the subfamily Cinchonoideae. If it should be
maintained as a separate subfamily, the Cinchonoideae become paraphyletic and must be split into
several subfamilies without any morphological characters that could support these. Furthermore, the
wide circumscription of Antirheoideae (Robbrecht 1988) is contradicted by all analyses (Bremer &
Jansen 1991, Bremer & Struwe 1992, Bremer et al. 1995, Bremer 1996, and the preseat analysis) and
according to these, Chiococceae and Cephalantheae are nested within the Cinchonoideae but not close
to the Gueltardeae or to each other. The Vanguerieae (discussed above and in Andreasen & Bremer
1996) and Alberteae (unpublished) are close to the Ixoroideae, the Knoxieae belong to subfamily
Rubioideae (see below), and the remaining tribes, Retiniphylleae and Craterispermeae, have not been
analyzed cladistically, The subfamily Antirheoideae can simply not be maintained.

4.4 Phylogeny of the Rubioideac

4.4.1 Rubioideae tribes and how they are related. A core of Rubioideae tribes (table 1; Anthosper-
meae, Argostemmateae, Coccocypseleae, Coussareeae, Hamelieae, Hedyotideae, Morindeae, Paederieae,
Psychotrieae, Rubicae, Schradereae, and Spermacoceae) has been accepted as a menophyletic group
by most authors starting with Bremekamp (1952, 1954, 1966) and Verdcourt (1958). The present and
earlier molecular studies {cf. Bremer et al. 1995, Natali et al. 1995) support this with the exception
of the position of Hamelicae which has been shown to be part of the Cinchonoideae. The Schradereae
have not been investigated. The molecular analyses also support the proposed inclusion of Theligoneae
(Wunderlich 1971, Robbrecht 1988), and the exclusion of Hillieae (Robbrecht 1988). Of the Iribes
outside the core of described tribes only a few have been investigated molecularly, but the present
analyses show that the Ophiorrhizeae, Pauridiantheae, and Knoxieae are part of Rubioideae, arrange-
ments that have been questioned by some (Ophiorrhizeae by Bremekamp 1966, Natali et al. 1995;
Pauridiantheae by Bremekamp 1966, Robbrecht 1988). The genera Manettia and Bouvarida (Manetti-
eae) as well as Danais have been proposed to form links between Cinchoneae and Hedyolideae
(Robbrecht 1988, but this is contradicted by the molecular data which show that these genera are
nested within the Rubioideae.
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In the following I will discuss the monophyletic groups identified in this study (figs. 2 & 3}. Four
larger clades can be identified, representing Anthospermeae, Rubieae, Spermacoceae s.1. and Psycho-
tricae 5.1. Of these the Anthospermeae, Rubieae and Spermacoceae s.1. are closely related. Some of the
shown phylogenctic relationships are totally new and others support earlier proposed relationships.

Starting from the base of the tree (figs. 2 & 3), the two most basal clades are Ophiorrhiza +
Neurocalyx and Lasianthus + Pauridiantha. None of these clades are supported by high bootstrap or
branch support values and we should not put too much confidence in the relationships, but it is
interesting to note that Newrocalyx (Argostemmateae) is nol close to Argostenmma (see under Argostent-
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ma). It is also interesting to note that Lasianthus (Psychotrieae) does not come together with Psycleo-
frig or Morinda but with Pauridiantha. There are morphological similarities between Lasiantines and
Pauridiantha, even if they differ in fruit 1ype and color. The similarity in habit, flower shape, and
inflorescenes was also pointed out by Verdcourt (1958). A (otally new, highly supported relationship
is that between the drupaceous genus Faramea (Coussareeae) and the baccate genus Coccocypselum
(Coccocypseleae). Faramea is part of the Coussareeae and that tribe has always been connected to the
Psychotrieae.

The next split in the tree is between Psychotrieae s.1. (Psychotricae + Morindeae + Mitchella group)
and the rest of the subfamily. The relationship between Morindeae and Psychotrieae is accepted by
most systematists. In this analysis, Morinda together with Gaertnera and the Mitchella group is sister
to the Psychotrieae. Interestingly, Gaertnera is close to Morinda and not to Psychotria as usually
suggested (¢.g. Robbrecht 1988); note that it has recently been demonstrated that Gaerinera has wood
anatomical similarities to Morinda (Jansen et al. 1996), This grouping needs more investigation as the
support values in the DNA analysis are low; also, the delimitation of the Morindeae has been subject
to much recent change (see Igersheim & Robbrecht 1993 for a survey of the segregation of the Pris-
matomerideae and the Mitchella group) and more taxa should be sequenced. A highly supported
relationship is found between Mitchella and Damnacanthus and this relationship was first pointed out
by Robbrecht et al. (1991). Furthermore, this analysis can also confirm that the relationship between
the different species of Psychotria and other genera of the tribe Psychotrieae is very complicated and
needs much attention to be resolved. It is clear that the genus Psychotria is paraphyletic, e.g., P.
poeppigiana is sister to a Palicourea species, and these are more closely related to Chasallia, Geo-
phila, Chazaliella, and Rudgea than to the other investigated Psychotria species. Furthermore, the two
genera Hydnophytum and Myrmecodia, both epiphytic, succulent myrmecophilous plants, are closely
related and have also, together with three other genera, been described as a separate subtribe Hydno-
phytineae (Huxley & Jebb 1991). However, this group is closely related to only part of the Psycho-
tricae (actually close to some Psychotria species) and the subtribe cannot be accepted unless the genus
Psychotria is split into different subtribes as well.

The branch including the rest of the subfamily is a strongly supported clade including a majority
of the dry-fruited taxa. At the most basal dichotomy in this clade we find the genus Danais. It is one
of the genera with winged seeds that Bremekamp (1952) transferred from the Cinchoneae to the
Hedyotideae, a position that was accepted by Verdcourt (1958). However, Robbrecht (1988) listed it
under Cinchoneae and in the index with both tribes indicated; he is of the opinion that the Hedyotideae
are a link between the Rubioideae and Cinchonoideae. In a detailed study of Danais and the closely
related genera Schismatoclada and Payera (Buchner & Puff 1993) this group of taxa is proposed to
occupy a “grey zone™ in between the subfamilies. The present analysis clearly shows that Danais
belongs to the Rubioideae, and is basal in the subfamily and not closest to the Hedyotideae.

The next clade in the tree (figs. 2 & 3) comesponds to the tribe Anthospermeae. So far only five
genera of fourteen have been investigated but the branching of the tree is congruent with the division
of the tribe into three subtribes (Anthosperminae, Coprosmineae and Operculariinac) by Puff (1982).
The clade is supported by two unique amino acid changes; all taxa share a change from Methionine
to Isoleucine (nucleotides 925-927) and all taxa have Threonine at the nucleotide positions 1445-1447.

One of the best supported branches, with a bootstrap fraction of 100%, indicates a totally new and
unexpected relationship between Argostemma and Mycetia. Argostemma is the type genus of the tribe
Argostemmateae, characterized by adnate anthers, a character that was supposed to be an almost
unique apomorphy for the group. The proposed relationship of Argostemimateae to other tribes is
interesting. “Argostemmateae” was identified by Bremekamp (1952, validly published by Verdcour!
1958). Bremekamp (1966) included both the here investigated genera Argostenuna and Newrocalyx in
the tribe. The closeness of Argosternma and Neurocalyx has never really been questioned. Bremckamp
(1966) was doubtful about the section Thyrsocideae of Newrocalyx, but Lhal part has later been
described as a separate genus (Steenisia, Bakhuizen van den Brink 1952) and moved to the tribe
Rondeletieae (Bremer 1984). 1n an early cladistic study of the Argostemmateae (Bremer 1987) all
Rubioideae genera were “screened” for useful characters that could be used to find the sister group
to Argosiemmateae. Based on the false assumption (first showed by Bremer & Janscn 1991) that
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Hamelieae are part of the Rubioideae, the conclusion in the analysis was that Argostemmateae and
Hamelieae are closely related. However, the present analysis contradicts that Newrocalyx and Argostem-
ma are closely related, although both belong to Rubioideae. Argostenuna, a genus with capsular fruits,
is here the sister group to Mycetia, a genus with baccate fruits; however, it should be nottced that the
Argostemma capsules are operculate, often succulent and very different from Hedyotideae capsules.
The genus Myceria was included in Iserticae (Mussaendeae) by Schumann (1891) and Robbrecht
(1988, 1993) but as Mycetia possesses raphides, it was transferred to “a somewhat isolated position
in the Hedyotideae” by Bremekamp (1952), a position accepted by Verdcourt (1958).

The tribe Rubieae is the other clade supported by a 100% bootstrap fraction. The strong support for
this group is congruent with the result of Natali et al. (1995) and the present study does not add much
compared to their study. However, one interesting genus, associated with the Rubieae in this analysis
is Didymaea. The genus comes close to Rubia, a position proposed before (cf. Verdcourt 1958),
although questioned, as Didymaea differs from the Rubieae by having ordinary opposite leaves with
well developed stipules and seeds which do not adhere to the pericarp (Bremekamp 1966). Rubia and
Didymaea both have a fleshy pericarp. At the base of the Rubieae we find Theligomun (a position
already indicated by Bremer et al. 1995 and Natali et al. 1995). The close relationship of the Rubieae
and Theligoneae is supported by one unique change in amino acid composition; all genera share a
change from 2Serine to Glycine (nucleotides 28-30). Alsc at the base of the Rubieae one finds at least
parts of the Paedericae,

The tribe Paederieae was in Schumann'’s classification (1891) distinguished from the Psychotrieae
by the long, enlarged stigma lobes. Bremekamp (1966) accepted the tribe but was critical to it: “In its
present delimitation this tribe makes a rather unnatural impression"”. Later Puff (1982), who was of
the opinion that this iribe is close to Theligoneae and Anthospermeae, transferred all insect-pollinated
genera from Anthospermeae to the Paederieae. Today the tribe includes about 15 genera (Robbrecht
1988) but according to the tribal description it is difficult to identify characters that unite all taxa as
most characters are variable. Four of the genera have been investigated molecularly, three in this study
(Plocama, Serissa, and Spermadictyon) and one (Putoria) in Natali et al. (1995). Both analyses
indicate that the taxa are closely related to the Rubieae and Theligoneae but not to Anthospermeac.
In the present study there is no support for a natural group corresponding to the Paederieae; instead
they constitute a so called grade {fig. 3). Spermadiciyon is the sister group to Serissa and these
together are the sister to Plocama, Theligoneae and Rubieae together. We have tried to sequence
Paederia but not managed to get a complete sequence; however, the incomplete sequence (unpub-
lished) attaches to the same unresolved node as Serissa and Spermadictyon in the consensus tree (fig.
2). This part of the tree has very little support and the rbcL gene is apparently not informative enough
to clarify the status of the Paedericae.

The remaining taxa belong to a clade (figs.-2 & 3) supported by a bootstrap fraction of 76% and
a branch support value of 4; there is a unique amino acid change for all taxa from Glutamine to
Glutamic acid {nucleotides 445-447). This clade (here called SPE s.1.) includes all investigated taxa
of the described tribes Hedyotideae (excluding Danais as noted above), Manettieae, Knoxieae, and
Spermacoceae. None of these tribes can be accepted as usually circumscribed. Within this group of
taxa there is instead a deep basal split into two highly supported branches (99% bootstrap fractions
and branch support values of 11 and 17, respectively), one representing the Penras group and the other
including the rest of the clade, here called the Hedyotis/Spermacoce group. These two groups were
initiatlly identified by morphological characters (Bremer 1987) and supported by molecular data
(Bremer et al. 1995). The Pentas group is here further supported by a unique amino acid change from
Valine to 2Serine (nucleotides 469-471). The Pemtas group includes also Parapentas, Placopoda,
Carphalea, and Pentanisia. The last genus is a part of the tribe Knoxieac which by Robbrecht (1988)
has been transferred to the subfamily Antirheoideae. If Pentanisia is a representative of the Knoxieae
that placement was obviously wrong. One of the characters for Knoxieae is solitary pendulous ovules,
but at least ovule reduction occurs several times in this part of the Rubioideae, also in the sister taxa
Placopoda and Carphalea, both genera, however, with erect ovules. In the Hedyotis/Spermacoce group
one finds many of the genera with many ovules and wing-less seeds, e.g., Hedyotis, Oldenlandia,
Kohauntia, and Pentodon, but also genera with many ovules and winged seeds earlier included in
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Manettieae (Bouvardia and Manettia) as well as the genera of the tribe Spermacoceae with solitary
ovules. Interestingly but not unexpectedly the genus Oldenlandia is paraphyletic. The type species of
the genus {O. corymbosa, subgenus Oldenlandia) is close (o Richardia, Spermacoce, Manettia, and
Bouvardia, while another species (0. goreensis, subgenus Anotidopsis sensu Bremekamp 1952) is
closer to Agathisanthemum. The position of Spermacoceae within Hedyotideae (pointed out by Bremer
et al. 1995 and Natali et al. 1995} makes the Hedyotideae paraphyletic. To keep the tribe Spermaco-
ceae in its present restricted sense, one has to split Hedyotideae in many small tribes, but for such
splitting there are no diagnostic characters, so the best approach is to unite all taxa into one tribe. One
superficial problem with this solution is that the oldest name, which must be applied, is Spermacoceae
and the name refers o a seed with a sharp point, a character that is not relevant for most of the
included taxa.

Spermacoceae A. Richard ex Dumortier, Analyse fam. plantes: 33 (1829).
Hedyotideae Chamisso & Schlechlendal ex de Candolle, Prodr. syst. nal. regni veg. 4: 343, 401 ((830).
? Knoxieae Hooker £, in Bentham & Hooker, Gen. plant. 2: 9, 21 (1873).
Manettieae Bremekamp, Rec. Trav. Bol. Neetl. 31; 253 (1934).

Plants mostly herbaceous to subwoody, more rarely woody (a few species are small trees, cf.
Carphalea; Puff 1988). Stipules interpetiolar, fimbriate. Raphides present, Corolla lobes valvate.
Ovary usually 2-locular, with many to single ovules in each locule. Fruits dry, dehiscent or
indehishent, with many to solitary seeds. Flowers quite often heterostylous.

Agathisanthemwum, Bouvardia, Carphalea, Conostomium, Hedyotis, Kohautia, Manettia, Olden-
landia, Parapentas, Pentanisia, Pentanopsis, Pentas, Pentodon, Piacopoda, Richardia, Sper-
macoce.

A majority of the former Hedyotideae and Knoxicae genera should be included in this tribe but
so far I have sequenced only the genera listed above. However, the morphology clearly suppotts
the inclusion of at least the following genera: Arcytophyllum, Diodia, Hemidiodia, Houstonia,
Kadua, Knoxia, Lelya, Lucya, Manostachya, Neoliymenopogon, Otomeria, Synaptantha, Thecor-
chus.

4.4.2 Changes in ovule number and fruit type do not represent unique events in the Rubioideae.
Most systematists try to identify natural groups more or less in the spirit of one of Linnaeus' prin-
ciples, “that a genus should furnish a character, not a character form a genus” (translation by Stearn
1960 in the preface to the facsimile edition of the Genera Plantarum). Neveriheless, many systematists
still start to define markers or cardinal characters before the natural groups have been identified.
Groups should be identified from phylogenies representing the most parsimonious solution consideri ng
all known characters, and the usefulness of a character as diagnostic can not be known a priori,
Characters are useful when they are congruent with the phylogeny and when the specific hierarchic
level is found where the character is informative,

In Rubiaceae ovule numbers and dry or fleshy fruils are well known cardinal characters and Schu-
mann's classification (1891) was entirely based on _these. However, later authors have strongly
criticized the use of these characlers, e.g., Bremekamp (1966) wrote: “the presence either of uni- or
of pluriovular ovary cells, their kind of fruits, which to this end were divided in dry of fleshy ones
- even a superficial study of the groups that have these ... will show that most of them are entirely
unnatural.” For subfamilial classification Bremekamp totally rejected this kind of characters but within
Rubioideae he, although not explicitly stated, grouped the genera after these characlers. Later, Rob-
brecht (1988) in the evaluation of Bremekamp's Rubioideae identified two groups based on ovule
numbers and he also stated “(ii) tribes with solitary ovules (numerous tribes, inter alia Psychotricae
and associated tribes)” ... “Group (ii) is surcly a natural one™; this statement must be treated as a
hypothesis of a single character evolution in an ancestor of a monophyletic group.

From this study of rbcL data compared to the distribution of solitary or many ovules (fig. 3), the
hypothesis of a single evolutionary origin of the solitary ovule condition can be Falsified. The most
parsimonious optimization (same optimization with acctran or deltran, Swofford & Maddison 1987)
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on the cladograms shows that the plesiomorphic or basal condition in the subfamily is a many-ovuled
ovary and that solitary ovules have evolved at least seven times in the investigated taxa of the
Rubioideae. Interestingly, within the Rubioideae there is not a single change from solitary ovules to
many ovules. As the reduction of ovule number has happened several times, it is obvious that the
ovule number is not a character that can be used to split the subfamily into two monophyletic halves.
However, the character is informative at a lower level and certain groups can be characterized by this
character together with other characters. There are single genera (Lasianthus, Faramea, and Pentanisia)
or whole tribes or group of tribes with solitary ovules, e.g., Psychotrieae s.l. {with the exceptions of
Morinda with two ovules), Rubieae + Theligoneae + the genera of the paraphyletic “Paederieae”,
Anthospermeae, and the Spermacoceae s.str. In one case, in the Pentas group, we have ovute reduction
both 1o few (Placopoda and Carphalea) and o solitary ovules (Penranisia).

If the dry versus fleshy fruit character is optimized (fig. 3), the basal condition in the subfamily is
a dry fruit, and fleshy fruits have evolved at least five times (cf. Eriksson & Bremer 1991, Bremer &
Eriksson 1992). Compared to the ovule number this character is more plastic, and there are at least
two reversal events, back to a dry fruit, and in one case also a subsequent change back to fleshy. If
the co-occurrence of the two characters, number of ovules and dry versus fleshy fruils, is considered,
we find that within evolutionary lines with solitary ovules in dry fruits, changes to fleshy fruits occur,
and within lines with solitary ovules in fleshy fruits, changes to dry fruits occur, but in Rubicideae
we have no case where many ovules in dry fruits have changed to fleshy fruits. As the dry versus
fleshy fruit condition is more plastic than the ovule number, it is less useful for diagnosing larger
groups. In this sample of taxa one large clade of taxa is characterized by fleshy [ruits, namely the
Psychotrieae s.1., but also the clades Lasianthus + Pauridiantha, Coccocypselum + Faramea, the genus
Mycetia, and parts of the tribes Rubieae and Anthospermeae.

5 Conclusion

The cladistic analyses show that the Rubiaceae are monophyletic, and that the Rubiaceae are the sister
group to the rest of the Gentianales. There are three major groups of taxa more or less corresponding
to the subfamilies Rubioideae, Ixoroideae s.l., and Cinchonoideae s.str. There is no support for the
subfamily Antirhcoideae, the taxa of which are nested within Cinchonoideae s.str., Ixoroideae s.l., and
Rubioideae. The analyses show that the tribes Ophiorrhizeae, Pauridiantheae, and Knoxieae are parts
of the Rubiocideae. The Hedyotideae must be sunk into the Spermacoceae as the Spermacoceae s.sir.
are nested within Hedyotideae and since the name Spermacoceae has priority. The evolution of ovule
number and fruit types may be analyzed within the Rubioideae, and ovule reduction has occurred at
least seven times in the subfamily but in not a single evolutionary line has a reduced ovule number
reverled back to many ovules. Fleshy fruits have evolved at least five times in the subfamily, This
character seems to be more plastic and in several lines there are reversals back to a dry fruit.

Acknowledgements. — I am grateful for all help and suppori; for providing plant material: K.
Andreasen, K. Bremer, P. Delprete, P. Geldblatt, M. Gustafsson, B. Keller, S. Malcomber, A. Nilsson,
B. Pettersson, K. Pharsen, E. Robbrecht, M. Thulin, and the directors of the botanical gardens and
herbaria listed in table 2: for technical assistance: J. Rénnholm, D. Olsson, and K. Zohreh-Charkhkar;
for help with one of the sequences: D. Olmstead; for useful comments on the manuscript: K. Andrea-
sen, K. Bremer, I}. Bridson, T. McDowell, and the reviewers; for determinations of plants from
Ecuador: C. Tayler; for help with small but important details concerning the study: A. Natali, L. Holm;
for financial support: the Swedish Natural Science Research Council and the Enander foundation,
Royal Academy of Sciences.




Bremer 49
Rubinceae phylogeny and relationships: molecular data

References

Andreasen K. & Bremer B, (1996) — Phylogeny of the subfamily Ixoroideae (Rubiaceae). This volume,

Balllon H. (1880) — Histoire des plantes 7. Paris, Hachette.

Bakhuizen van den Brink R.C. Jr. (1952) — “Sieenisia.” A new genus from Malaysion Rubiaceae, Webbia 8: 381-382.

Bremekamp C.E.D. (1952) — The African species of Oldenlandia L. senso Hiern el K. Schumann. Verh, Kon. (Ned.) Ak Wes.
Amsterdam 48 (2).

Bremekamp C.E.D. (1954) — Les sovs-familles et les Lribus des Rubiacées. Paris, Huititme congrés international de botanique, rapports
el communications.”

Bremekamp C.E.B. (1957) — On Lhe position of Platycarpum Humb. & Bonpl., Henriquezia Spruce ex Bth., and Gleasonia StandL. Actar
Bot. Neerl, 6: 351-377.

Bremekamp C.E.B. (1966) — Remarks on the posilion, the delimilation and the subdivison of the Rubiaceae. Acta Bor. Neerl. 15: 1-33.

Bremer B, (1984) — The genus Steenisia (Rubiaceae) and its 1axonomic posilion. Nord. J. Bor. 4; 133-345.

Bremer B, {1987) — The sister group of the palcolropical tribe Argostemmaleae: a redefined neotropical tribe Hamelieae {Rubiaceae).
Cladisties 3; 35-51.

Lremer B, (1996) — Combined and separate analyses of morphological and molecular data in the plant family Rubizceae. Cladisiics
(in press).

Bremer B., Andreasen K. & Olsson D. (1995) — Subfamilial and tribal relationships in the Rubiaceae based on rbel sequence data,
Ann. Missouri Bot. Gard. 82; 383-397. '

Bremer B, & Erlksson Q. ([%92) — Evolution of fruit characters and dispersal modes in the tropical family Rubiaccae. Biol. J. Linn.
Soc. 47: 79-95.

Bremer B. & Jansen R.K. (1991) — Comparalive restriction site mapping of the chloroplast DNA implies new phylogenctic relation-
ships within the Rubiaceae. Aner. J. Bot. 78: 198-213.

Lremer B., Olmstead R.G., Struwe L. & Sweere J.A. (1994} — rbcL sequences support exclusion of Relzia, Desfontainia, and
Nicodemia from Genlianales. PI, Syst. Evol, 190; 213-230,

Bremer B. & Strowe L. (1992) — Phylogeneny of the Rubiaceae and he Loganinceae: Congruence or conflict between morphological
and molecular data? Amer. J. Bor. 79: 1171-1184.

Bremer K. (1988) — The limils of amino acid sequence data in angiosperm phylogenetic reconsiruction. Evelution 42: 795-803.

Buchner R. & Puff C. (1993) — The genus comiplex Danais-Schismatoclada-Payera (Rubiacene). Characier siates, genertc delimilation
and taxonomic posilion. Adansonia 15: 23-74.

Candolle A.P. de (1830) — Prodromus systemalis naluralis regni vegetabilis 4. Paris, Treettel and Wilnz.

Chase M.W,, Seliis D.E,, Olmstead R.G., Morgan D., Les D,H., Mishler B.D., Duvall MLR., Price R.A., Hills H.G., Qlu Y.-L., Kron
K.A., Rettig I.H., Conil E.,, Palmer I.D., Manharl I.R., Sytsma K.JI., Michaels H.J., Kress W.J., Karol K.G,, Clark W.D,,
Hedrén M., Gaut B.S,, Jansen R.K,, Kim K.-J., Wimpee C.F,, Smith J.F., Furnier G.R., Sirauss S.H., Xiang Q., Plunketl
G.M,, Soltis P.5., Swengsen 8., Williams 8.E., Gadek P.A,, Quinn C.J., Eguiarte L.E., Goldenberg ¥, Learn G.H. Jr., Graham
S.3., Barrett 8.C.IL,, Dayanandan S. & Albert V.A. (1993) — Phylogenetics of seed plants: An analysis of nucleotide sequences
from the plastid gene thel. Anu. Missouri Bot. Gard, 80; 528-581.

Cronquist A. (1981) — An integrated system of classificalion of flowering plants. New York, Columbia Univ. Press.

Dahlgren R. (1980) — A revised system of classificmion of the angiosperms. Bot. J. Linn. Soc. 80: 91-124.

Darwin 8. {1976) — The subfamilial, tribal, and subtribal nomenclature of the Rubiaceac. Taxon 25; 595-610.

Donoghue M.J., Olmstead R.G., Smith J.F. & Palmer J.D. (1992} — Phylogenelic relationships of Dipsacales based on rbelL
sequences. Ann. Missouri Bot. Gard. 719: 333-345.

Downie S.R. & Palmer J.D. (1992) — Restriclion site mapping of the chloroplast DNA inverted repeat: A molccular phylogeny of the
Asteridae. Ann. Missouri Bot, Gard. T9; 266-281,

Endliclier S, (1838) — Genera Plantarum secundum ordincs naturales disposita 8, Wien, F, Beck.

Erlksson Q. & Bremer B, (1991) — Fruit characteristics, life forms, and species richness in (he plant family Rubiaceae. Amer. Naturalist
138: 751-761.

Felsensteln J. (1985) — Confidence limits on phylogeneies: An approach using the boolstrap. Evelution 39 : 783-791.

Gustafsson ML.H.G., Backlund A. & Bremer. B. (1996) — Phylogeny of the Asterales senst lalo based on rbel sequences with
parlicular reference lo the Goodeniaceac. Pl Syst. Evel. 199: 217-242.

Huxley C.R. & Jebh M.H.P. (1993) — The tuberous epiphyles of the Rubiaceac I: n new subtribe Hydnophytinae. Blunrea 36: 1-20),

Igershelm A, (1993) — Gynoecium development in Rubiaceae-Vanguerieae, with particular reference to the “stylar head™- complex and
secondary pollen presentation. Plant Syst. Evol. 187: 175-190.

Igershelm A. & Robhrecht E. (1993) — The character states and relationships of the Prsmatomerideac (Rebiaceae — Rubicideac):
comparisens with Morinda and comments on the circumscription of the Morindeae s.str. Opera . Belg. 6: 61. 79,

Imberl F.M, & Richards J.H. (1993) — Protandry, incompatibility, and secondary pollen prescntation in Cephalanthus oceidentalis
{Rubiaceae). Auter. J. Bot. 80: 395.404.

Jansen S., Robbrecht E., Beeckman H. & Smels E. (1996) — Gaerlnera and Pagamea: genera within Psycholricac or consliluting the
tribe Gaerinerenc? A wood anatomical and palynological approch. Botanica Acta (in press).

Jensen 8.R. (1992) — Systematic implicalions of the distribution of iridoids and other chemical compounds in the Loganiaceae and other
families of the Asteridae. Ann, Missouri Bot. Gard. 79: 284-302.

Jussteu A.L. de {1789) — Genera plantarum. Paris,Viduam Herissanl.

Kisakiirek M.V., Lecuwenberg A.J.M, & Hesse M, (1983) — A chemotaxonomic investigation of the Mant amilies Apocynaceae,
Loganiaceae. and Rubiaceae by their indole slkaloid content. In Pelletier. 5.W. (ed.), Alkaloids: chemical und biological per-
speclives 211- 376. New York, Wiley, I. & Sons.

Kron KA. & Chase M.W, (1993) — Syslemalics of the Ericaccae. Empetraceae, Epacridaceac and related 1axa based upon thel
sequence data, Aan, Missenri Bot. Gard. BO: 735-741.




50 . Sccond Inl. Rubiaceac Conf,, Proceedings
Opera Boi, Belg. 7 (1996)

Leeuwenberg A.J.M. & Lecnhouts P.W. (1980) — Taxonomy. In Leeuwenberg, A. J, M. (ed.), Die natilrlichen Pflanzenfamilien. Fam,
Loganiaceae 28b (1): 8-26. Berlin, Duncker & Humblot.

Linnacus C. (1738) — Classes planlarum. Leiden, Apud Conradum Wisholf.

Linnaeus C. (1753) — Species planiarum. Stockholm, Impcnsis Laurentii Salvii.

Morgan D.R. & Soltls D.E. (1993) — Phylogenetic relationships among members of Saxifragaceae sensu lato based on rbel sequence
data. Ann. Missouri Bot. Gard. 80: 631-660.

Natall A,, Manen J.-F. & Ehrendor{er F. (1995) — Phylogeny of the Rubiaceae-Rubioideae, in particular the Lribe Rubicac: evidence
from a non-coding chloroplast DNA scquence. Ann. Missouri Boi, Gard. 82: 428-439,

Nllsson L.A,, Rabakonandrlanina E,, Petiersson B. & Ranalvo J. (1990) — “Ixoroid" secondary pollen presentation and pollinalion
by small moths in 1the Malagasy Ireelet Ixora platythyrsa, Pi. Syst. Eval. 170: 161-175,

Olmstead R.G., Bremer B., Scoit K.M, & Palmer J.D. (1993) — A parsimony analysis of the Asteridoe sensu Jato based on rbel.
sequences. Ann. Missouri Bot. Gard. 80: 700-722.

Olmstead R.G., Michaels H.J., Scotl K.M., & I'almer J.D. (1992) — Monophyly of the Asteridae and identification of their major
lineages inferred from DNA sequences of thele Ann, Missouri Bot. Gard. 79: 249-265.

Olmstead R.G. & Reeves P.A. (1995) — Evidence for the polyphyly of the Scrophulariaceac based on chloreplast rbel and ndhF
sequences. Ann. Missouri Bot. Gard. 82: 176-193.

Fulf C. (1982) — The delimitation of the tribe Anthospemeae and its affinities to the Paederieae (Rubiaceae). Diol. J. Linn. Soc. 84: 355-
377

Fulf C, (1988) — Observalions on Carphalea Juss. (Rubiaceae, Hedyotideae), with parlicular reference to the Madagascan 1axa and its
laxenomic position. Bull. Nat. Plantentuin Belg. 58 271-323,

Puif C., Robbrecht E., Buchner R. & De Block P. (19%6) — A survey of secondary pollen presentation in the Rubiaceae. This volume.

Rafinesque C.S. (1820) — Tableau anatytique des ordres naturels, familles naturelles et genres, de la classe endagynie, sous classe
corisantherie. Ann. Gén. Sci. Phys. 6: 76-89.

Robbrecht E, (1988) — Tropical woody Rubiaceae. Opera Bor. Belg. 1: 1-271.

Robbrecht E, (1993) — Supplement to the 1988 outline of the classification of the Rubiaceae. Index (o genera. Opera Bot. Belg. 6: 173-
196.

Robbrecht E., Pulf C. & Igersheim A. (1991} — The genero Mitchella and Damnacanthus, Evidence for their close alliance; comments
on the campylotropy in Ihe Rubiaceae and the ciscumscriplion of the Morindeae. Bluntea 35; 307- 345,

Schumann K. (1891) — Rubiaceae. In Engler, A. & Prantl, K. {eds.}. Die natitrlichen Pflanzenlamilien 4 (4); 1-156. Leipzig, Wilhelm
Engelmann.

Skotisherg C. (1945) — The flower of Canthium. Ark bor. 32 (5) @ [-12.

Smith J.E,, Kress W.J. & Zlmmer E.A, (1993) — Phylogenelic analysis of 1he Zingiberales based on rbcl. sequences. Ann. Missauri
Boi. Gard. 80: 620-630,

Stearn W.T. (1960) — Introduction. In Linnaeus, C. Genera Plantarum. Facsimile ed 5. Weinheim, Engelmana, Wheldon & Wesley.

Struwe L., Albert V.A, & Bremer B, (1994) — Cladistics and family leve! classification of the Gentianales. Cladistics 10: 175-206,

Swaofford D.L. (1993)— PAUP: Phylogenetic Analysis Using Parsimony. Version 3.1. 1. Computer progam. Champaign, Illinois, Hlinois
Naltural History Survey,

Swofford D.L, & Maddison W.P. (1987) — Reconstrucling ancestral character states under Wagner parsimony, Math. Biesci, 87: 199-
229, -

Takhlajan A. {1987) — Systema Magnoliophytorum. Eeningrad, Nauka.

Thorne R.F, (1983) — Proposed new realipnments in the angiosperms. Nordic J. Bor. 3: 85-117.

Therne R.F, (1992) — An updated phylogenetic classification of Ihe flowering plants. Alise 13: 365-389,

Utzschnelder R. (1947) — Der Fruchiknotenbau der Rubiaceeen mit besonderer Berilcksichtipung der Cinchonoideen. Disserlalion,
University of Munich.

Yerdcourt B. (1958) — Remarks on the classilicalion of the Rubiaceae. Bull. Jard. Bor. Etat, Drux. 28: 209-281.

Verdcourl B, (1975) — New sectional names in Spermacoce and a new tribe Vireclarieae, Kew Dull. 30; 366.

Wagenliz G. (1959) — Die systematische Stellung der Rubiaceae. Ein Beitrag zum System der Sympelalen. Bot. Jarh, Syst. 79: 17-35.

Wernham H.F. (1912) — Floral evolution: with particular reference (o the sympelalous dicotyledons, New Phyrof, 11; 217-235,

Wunderlich R. (1971) — Die systematische Siellung von Theligonum. QOesterr. Bot. Z. 119; 329-394,




