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Abstract:

Phylogenetic studies have improved Naucleeae classification, but the relationships among the
subtribes remain largely unresolved. This can be explained by the inadequate number of
synapomorphies shared among these lineages. Of the 49 morphologiaetesisarsed in
phylogenetic analyses, none were from pollen. It has been proposedshapét endoapertures
form a synapomorphy of the Naucleeae. Further study of Naucleeae pollen is needed to test this
hypothesis as the endoapertures of many Nauclegsgajare unknown.

Pollen morphology of 24 species was examined using scanning electron and light microscopy.
Naucleeae pollen is very small to small, with a spheroidal to subprolate shape in equatorial view.
Three compound apertures are present, eacpriged of a long ectocolpus, a lolongate to
(sub)circular mesoporus, and an ofteistvhped endoaperture. The sexine ornamentation is
microreticulate to striate, rugulate, or perforate. Pollen wall ultrastructure of five species was
studied with transmissipelectron microscopy. The exine is composed of a perforated tectum,
short columellae, and a thick nexine. The nexine is often differentiated into a foot layer and an
endexine, and thickened into costae towards the aperture. The intine often protrudbs from
aperture forming a protruding oncus. Our observations support the phylogenetic delimitation of
the NaucleeasenswRazafimandimbison and Bremer, but pollen morphology is of little value in
distinguishing the subtribes and genera of the Naucleeae.

Ancestral state reconstruction using MacClade is unambiguous in showing that the possession of
an Hshaped endoaperture and protruding onci (a new character for the tribe) form
morphological synapomorphies of the clatignenodictyof Naucleeae.

Article:
1. INTRODUCTION
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The Naucleeae are a predominantly palaeotropical tribe of the subfamily Cinchonoideae
(Rubiaceae) comprising 26 genera and 179 species (Razafimandimbison and Bremer, 2002). The
center of distribution of the tribe is Southeast Asia (Ridsdal8)18fembers of the Naucleeae

are characterized by numereilmvered globose inflorescences, and epigynous floral nectaries
deeply embedded in hypanthia. Members of the tribe occur in various habitats ranging from
terrestrial (rainforests, deciduous drydsts, and savannas) to wet (swampy forests and stable or
running rivers) (Bremer et al., 1995; Razafimandimbison and Bremer, 2001, 2002;
Razafimandimbison, 2002).

The intratribal classification of the Naucleeae is controversial (Haviland,1897; Verddast,
Bremekamp,1966; Ridsdale,19F8bbrecht,1994). In order to test the monophyly of previous
subtribal circumscriptions, Razafimandimbison and Bremer (2001, 200&)ictexal

phylogenetic analyses based on three molecular data sets (ITS, rbeE),tamt 49

morphological characters. Their results strongly suggest a much broader circumscription for the
Naucleeae than previously proposed, including not only all members of the Naucleeae sensu
Ridsdale, but als€ephalanthus, Hallea, Mitragyna, Uncaria, gaantheandPausinystalia

Their analyses also showed that the Naucleeae can be subdivided into six highly supported and
morphdogically distinct subtribes: Breoniinae, Cephalanthinae, CorynargbeNaucleinae,
Mitragyninae, and Uncarinae. A seventbé¢ Adininae, is poorly supported. The Cephalanthinae
occur in a basal position, and are sister to the remaining subtribes, which are placed in a large
clade. Unfortunately, the relationships among the subtribes of this clade are largely unresolved.
This can be explained by the inadequate number of synapomorphies shared among these
lineages, which are mostly united by homoplastic characters. Of the 49 morphological characters
used in the analyses, no pollen morplyatal characters are included.



Table 1
The collections examined

Species Collection Locality Herbarium
Adina pilulifera (Lam.) Franch. Kuang 0004* Guangdong, IBSC
Ex Drake (2) China
s.n. 34039 Guangdong, IBSC
China
Adina rubella Hance (2) Kuang 1001* Guangdong, IBSC
China
Liu 24842 Guangdong, IBSC
China
Cephalanthus tetrandra (Roxb.)  Tam 861 Guangdong, IBSC
Ridsd. and Bakh. f. (2) China
Liu 00679 Guangdong, IBSC
China
Haldina cordifolia (Roxb.) Tao 38599 Yunnan, China KUN
Ridsd. (3)
Hu 512 Yunnan, China IBSC
Xiao 89 Yunnan, China IBSC
Metadina trichotoma SCFU 30992 Hunan, China IBSC
(Zoll. and Moritzi) Bakh. f. (2)
s.n. 22309 Guangxi, China  IBSC
Mitragyna rotundifolia (Roxb.) Mao 6879 Yunnan, China IBSC
Kuntze (2)
Wang 74334 Yunnan, China IBSC
Nauclea officinalis (Pierre ex Pit.) Mao 6742 Yunnan, China IBSC
Merr. and Chun (3)
s.n. 75305 Philippines IBSC
Kuang 2001* Guangdong, IBSC
China
Neolamarckia cadamba (Roxb.)  Kuang 0006* Guangdong, IBSC
Bosser (1) China
Neonauclea griffithii (Hook. f.) Wang 81146 Yunnan, China IBSC
Merr. (1)
Neonauclea truncata (Hayata) Yang et al. 1584485 Taiwan, China PE
Yamamoto (2)
Kewakmi 1660 Taiwan, China IBSC
Neonauclea sessilifolia (Roxb.) Wang 78006 Yunnan, China PE
Merr. (2)
Wang 79875 Yunnan, China IBSC
Pertusadina hainanensis (How)  Zuo 21095 Guangdong, 1BSC
Ridsd. (1) China
Sinoadina racemosa Zhong 808182 Guangxi, China  IBSC
(Siebole and Zucc.) Ridsd. (2)
Zhong 889182 Guangxi, China  IBSC
Uncaria hirsuta Havil. (2) Kuang 1002* Guangdong, IBSC
China
Yue 78-6321 Guangdong, IBSC
China
Uncaria laevigata Wall. Drake 19191 Yunnan, China KUN
Ex G. Don (1)
Uncaria lancifolia Hutchins. (2)  Lu 2396 Guangxi, China  IBSC
Cai 62226 Yunnan, China IBSC
Uncaria macrophylla Wall. (2) Li 01950 Guangxi, China  IBSC
Wang 78767 Yunnan, China IBSC
Uncaria rhynchophylla (Miq.) Deng 1247 Guangdong, IBSC
Miq. ex Havil. (2) China
Yang 830397 Jiangxi, China IBSC
Uncaria rhynchophylloides Shi 445 Guangdong, IBSC
How (1) China
Uncaria scandens (Smith) How and Chen Hainan, China IBSC
Hutchins. (1) 70249
Uncaria sessilifructus Roxb. (2) Tam 2610 Yunnan, China IBSC
Qin 7648 Guangxi, China  IBSC
Uncaria sinensis (Oliv.) Havil. (2) Li 3898 Hubei, China IBSC
Sin 51083 Guizhou, China  IBSC
Hymenodictyon flaccidum Li 602987 Guangxi, China  IBSC
Wwall (1)
Hymenodictyon orixense (Roxb.) Wang 78020 Yunnan, China IBSC

Mabb. (1)

Explanations: numbers in parentheses after each species’ name is the number of collections
investigated of that species. Collections indicated with an asterisk were taken from fresh
material, the rest are from herbarium specimens.



Pollenmorphological characters have proved to be particularly informative in elucidating
evolutionary relationships in many groups of Rubiaceae (e.g., Johansson,1987; Andersson, 1993;
Persson,1993; Rova and Andersson, 1995; Delprete, 1996; De Block and Roldig@ght

Huysman et al., 1998; Huysmans et al., 1999; Dessein et al., 2002). They are frequently
incorporated into morphological cladistic analyses, and can be useful in supporting or rejecting
molecular phylogenetic hypotheses (Huysmans et al., 1994¢Raestet al., 2000; Dessein et

al., 2005a).

Pollen morphology of the Naucleeae, was first investigated by Leroy (1975), who conducted an
extensive study dflalleaandMitragynapollen. Huysmans et al. (1994) completed this work by
investigating the polle of all ten species of these genera. They concluded that the genera could
not be recognized based solely on pollen morphology. Pollen morphology of ten species
belonging to seven genera occurring in China was briefly described by Liang (1982) and Wang
etal. (1995). More recently, Verellen et al. (2007) have surveyed Naucleeae pollen. Their results
support the broader delimitation of the Naucleeae sensu Razafim. and Bremer, but cannot
provide unambiguous support for subtribal or generic delimitations ecduliack of variation

in pollen characters. Verellen et al. (2007) also proposed thatstvaped endoaperture forms a
synapomorphy of the Naucleeae. Further study of the Naucleeae pollen is needed to test this
hypothesis, as the endoaperture of manyddmae genera remains unknown. The goals of the
present paper are: (1) to complement existing palynological data on the Naucleeae including
surveying for the presence of a protruding oncus, a character that has been reported in other
Rubiaceae taxa; (2) test the hypothesis that the possession-ehaped endoapatures forms a
synapomorphy of the tribe; (3) to find additional pollen morphological synapomorphies for the
tribe.

2. MATERIALS AND METHODS

Forty-two collections of 22 species from 11 generéheflaucleeae, and of two species of
Hymenodictyorccurring in China were examined (Table 1). Polliniferous anthers were
collected from living plants growing in the South China Botanical Garden (SCBG), and/or from
herbarium specimens from the following baria: IBSC, KUN and PE. Voucher specimens of

the fresh material are deposited in IBSC (Table 1).

For light (LM) and scanning electron microscopy (SEM), the polliniferous anthers were softened
by soaking in glacial acetic acid (Reitsma,1969), and diss&dth tweezers to release the

pollen. The separation of the pollen from the remaining anther material was accomplished with a
sieve (pore diameter 50 pum). Each pollen sample was then split into two parts. One part was
acetolysed (three to five minutesdrheating block at 98 °C) according to the method of

Erdtman (1960) and, transferred to 70% ethanol. The other part was transferred directly to 70%
ethanol. Both parts were washed three times in 70% ethanol in an ultrasonic bath, for ten minutes
each timeFor LM, the pollen was mounted on slides in glycerine jelly, and coverslips sealed to
the slides with paraffin. LM photographs were taken at a magnification of 1000x. For SEM, the
pollen was mounted on copper stubs;duied, and coated with gold in aGB.600 sputter coater
(JEOL Ltd, Tokyo, Japan). Observations and digital images were collected with a JEOL JSM
6360LV SEM (JEOL Ltd, Tokyo, Japan).



Pollen wall ultrastructure was investigated with fresh pollen ffalima pilulifera Neolamarckia
cadambaandUncaria hirsutg and pollen from herbarium specimengvidtadina trichotoma
andPertusadina hainanensigor transmission electron microscopy (TEM), hydrated,

unacetolysed pollen was fixed in 2.5% glutaraldehyde at pH 7.2, rinsed in 0.1 M phosphate
buffer for 2 h, then postfixed in 1 % osmium tetroxide for 2 h or more. The pollen was then
washed in phosphate buffer, dehydrated in an acetone series, embedded in Spurr's resin, and
cured at 70 °C. Ultrathin sections (80 nm) were cut using aldicacutS ultramicrotome

(Leitz Inc., Wiesbaden, Germany), and stained with uranyl acetate and lead citrate. Transmission
electron micrographs were taken with a JE®LO (JEOL Ltd, Tokyo, Japan) transmission

electron microscope at 100 KV.

Measurements of the @olaxis (P) and equatorial diameter (E) were made with LM frar2@0

pollen grains per specimen. All other measurements were made on digital SEM images with
JEOL's Smile View 2.2.6.1 software (JEOL Ltd, Tokyo, Japan). The colpi/polar axis ratio
multiplied by 100 (=LC/Px 100) was used to express the relative length of the colpi.
Measurements of ectocolpus width refer to the transverse diameter of the mesoporus, if present,
or to the widest opening of the ectocolpus, if there is no mesoporus. Measurenteaiaydrs

of the pollen wall were made oniZD TEM images (120

pollen grains) of each taxon.

Palynological terminology follows that of Punt et al. (2007). Pollen size, and shape classes in
equatorial view refer to Erdtman (1969). The generic delimitatand infratribal taxa adopted
here are as circumscribed by Razafimandimbison and Bremer (2002). dafelyithese

authors did not place the two genBigaminaucleaandKhasiacluneaand the two genera
HaldinaandSinoadinaare only provisionally e@commodated in the poorly supported subtribe
Adiniae.

In order to investigate their potential as synapomorphieg, thea r acs kape di Hendoaper
and fApr ot r ud mappedonthe phyldgenatiedreéthe Naucleeae

Hymenodictymeae clade (&afimandimbison and Bremer, 2001, 2002), and Hraiestral

states were reconstructed from unordered charactersheigoftware MacClade 4.06 (Maddison

and Maddison, 2003). In tlenalyses of Razafimandimbison and Bremer (2001, 2002) the genus
Luculia, which had been shown to be basal in the Rubiace&sdwger et al. (1999), was used to

root the tree while the gendex-ostemaandCinchonawere used as additional outgroups. For
ouranalyses we replaced the terminals (species) of Razafimandinaimddhemer (2001,

2002) with the corresponding genera. Deeurrence of Fshaped endoapertures in a genus,

whet her distinct,indistinct or ishapemmpl ete, we
endoapertures present, 0 r e galmamberssokagentis. Rerh et her
example, Hshaped endoapertures are coded as presemicaia, even though they have only

been reported it. rhynchophylla Endoapertures in o-shhped patterr
endoapertures ab s e nptotrudingdnci,sandiprnotauding ancus remnants, st i nc
are coded as the charactersfaggr ot rudi ng oncus present, 0 regar
occurin all members of a genus.

3.RESULTS
3.1.General features



The pollen grains are always monads, radiastric, and vergmall (E<10 um) to small (E

10i 25 um). Their shape in equatorial view is spheroidal (P/EiQ.84) to subprolate (P/E
1.14/1.33). Thespheroidal condition can be subdivided into oblate spheroidalO(B&1), and
prolate spheroidal (P/lE 1.14). The outline in polariew (amb) is usually (sub)circular with
sunken colpi. Threeompound apertures are found in each grain, each compriséongf a
ectocolpus, a lolongate to slightly circular mesoporus, aradftan Hshaped endoaperture: H
shaped endoapertures are theer of a thregoart compound aperture, and have two cross
members, one above and one below the porus. The ectocolpus membrane is usually granular,
though it is not visible in som&pecies due to the narrowness of the ectosolpie mesoporus

is always located in the middle of the ectocolpus, at the equatosekimee ornamentation is
microreticulate to striate, rugulate, merforate; the lumina of microreticulations are usually
irregularlypolygonal and (sub)circular. Thegeusually no differentiation of theexine towards

the poles and/or colpi. Exine and intine are lditious under LM and TEM. In TEM, the exine

is composed of perforated tectum, relatively short columellae, and a thick nexheenexine is
often differentiated into a foot layer and an endexan&] thckened into costae towards the
aperture. The intine of sonspecies is thickened in the apertural region, and protrudes from the
aperture forming a protruding oncus (Plate 1V). This charactebeaarable in taxa in which it
occurs, so that some grains posseaadtothers do not.

Table 2
Pollen morphological characters for each species involved in this research
Species Size Shape Ectocolpus Apocolpium Sexine ornamentation

P E PIE Width Lc/P e

(pm) (pm) (um)
Neonauclea griffithii 10.5 (9.4-11.9) 10.9 (9.7-12.6) 0.96 0s 0.59 73 03 Microreticulate
Neonauclea sessilifolia 11.3 (9.9-11.6) 12,0 (10.9-13.6) 0.94 0s 122 62 0.53 Microreticulate
Neonauclea truncata 11.7 (9.8-12.2) 124 (11.7-13.3) 0.94 oS 115 71 043 Microreticulate
Uncaria hirsuta 9.4 (8.8-104) 10.7 (9.7-11.9) 0.88 0s 032 73 037 Striate-reticulate
Unacaria laevigata 12.4 (11.5-13.5) 12.7 (11.2-13.5) 0.98 0s 1.87 87 0.25 Striate-reticulate
Uncaria lancifolia 11.5 (10.3-12.7) 11.0 (10.4-11.9) 1.04 PS 0.58 65 038 Striate-reticulate
Uncaria macrophylla 10.3 (8.5-11.8) 9.0 (8.6-9.3) 114 PS 033 77 033 Striate-reticulate
Uncaria rhynchophylla 12.0 (11.3-13.2) 9.9 (9.0-11.2) 1.21 SP 0.45-1.25 77 042 Striate-reticulate
Uncaria rhynchophylloides 12.2 (11.2-13.1) 11.1 (10.3-12.3) 11 PS 0.52 73 043 Striate-reticulate
Uncaria scandens 11.7 (10.5-12.7) 10.1 (9.0-11.5) 116 SP 0.76 71 035 Striate-reticulate
Uncaria sessilifructus 10.2 (9.5-10.8) 9.8 (9.3-10.7) 1.03 PS 0.28 61 039 Striate-reticulate
Uncaria sinensis 12.6 (11.1-14.2) 10.9 (9.4-12.1) 115 SP 0.73-1.41 76 039 Striate-reticulate
Adina pilulifera 9.7 (9.2-10.6) 10.7 (9.9-11.9) 0.93 0s 0.85 73 037 Rugulate-microreticulate
Adina rubella 11.0 (9.9-12.1) 11.0 (9.5-11.7) 1.01 PS 1.09 74 0.39 Rugulate-microreticulate
Cephalanthus tetrandra 14.7 (13.3-15.8) 15.9 (14.8-17.3) 0.93 0s 1.98 80 0.26 Perforate
Haldina cordifolia 12.5 (11.6-14.3) 11.9 (11.2-13.4) 1.05 PS 2.29 82 03 Microreticulate
Metadina trichotoma 12.1 (10.7-13.3) 9.93 (8.8-11.0) 122 SP 0.99 79 032 Perforate-microreticulate
Mitragyna rotundifolia 12.1 (10.7-13.6) 12.0 (10.4-13.1) 1.01 PS 212 73 0.36 Microreticulate
Nauclea officinalis 11.8 (11.4-12.1) 11.1 (9.6-13.4) 1.06 PS 195 66 0.44 Rugulate-microreticulate
Neolamarckia cadamba 9.7 (9.2-10.6) 10.7 (9.9-11.9) 0.93 0s 124 75 036 Striate-reticulate
Pertusadinag hainanensis 12.3 (10.9-14.9) 10.0 (8.8-11.2) 124 SP 0.96 78 036 Microreticulate
Sinoadina racemosa 12.0 (10.7-13.5) 10.4 (9.2-11.8) 115 SP 0.5-1.24 75 03 Rugulate-striate
Hymenodictyon flaccidum 12.4 (11.7-12.8) 10.2 (9.5-10.7) 122 SP 1.21 79 031 Microreticulate-perforate
Hymenodictyon orixense 12.2 (11.5-12.9) 10.7 (9.8-11.1) 1.21 SP 0.72 75 0.29 Microreticulate-perforate

Explanations: E, equatorial diameter; P, polar axis diameter; LC/P, the length dafpie

ratio multiplied by 100; Apocolpium index, the ratio of the distance between the apices of two
ectocolpus of a zonocolpate pollen grain to its equatorial diameter; OS, oblate spheroidal; PS,
prolate spheroidal; SP, subprolate.

3.2.Detailed desaptions (Table 2)



Generic descriptions are given for two geneiednauclegand Uncarig in order to concisely

indicate the variation among the species investigated in these genera. Generic descriptions of the
other ten genera are not given because @méyor two species were studied in each genus. The
pollen morphology of nine species (indicated with asterisks,Negnauclea sessilifolta

belonging to four genera is reported for the first time. The remaining 15 species (e.qg.,
Neonauclea griffithiiwithout any symbol) belonging to 11 genera are described only by

important palynological characters that have not been reported previously (Table 2).

Neonauclea Merr(65 species; 3 investigated): Pollen very small to small, P 1015L(9)4am,

E 10.9 0.7/ 12.6) lam; shape in equatorial view oblate spheroidal, amb slightly triangular,
subcircular to circular. Apertures 3; colporate, with long, narrow ectocolpi, eadhl0ZBlam

wide, and with a relative length ranging from B&6nauclea sessilifol)Jao 73 (Neonauclea

griffithii ), ends acute, membrane granular; mesoporus subcircular to lolongate; incompletely H
shaped endoaperture presenthlirsessilifolia protruding onci occur iN. griffithii. Sexine

sculpture microreticulate, without differertian towards the poles and colpi, lumina of
microreticulations irregularly oblong or polygonal. There is little variation in pollen size, shape,
aperture number, or sexine ornamentation in the genus.

N. griffithii (Plate I, A; Plate 11, A): Ectocolpus €s acute, membrane granular; mesoporus
subcircular, with protruding oncus; endoaperture nghlped; lumina of microreticulations
irregularly oblong or polygonal.

N. sessilifolid (Plate I, B C; Plate 1ll, B): Ectocolpus ends acute to obtuse, membrameigir;
mesoporus lolongate (Plate lll, B), protruding oncus absent; endoaperture faint, incompletely H
shaped (Plate IlIl, B). Sexine sculpture rugulate to microreticulate (Plate I, C), without
differentiation towards the colpi, but with slightly largemima at poles, lumina irregularly

oblong or polygonal.

N. truncat& (Plate I, D; Plate Ill, C): Ectocolpus ends acute to obtuse, membrane granular;
mesoporus lolongate (Plate 111, C), protruding oncus absent; endoaperturehnapét; lumina
of microretculations irregularly oblong or polygonal.

Uncaria Schrebe(34 species; 9 investigated) Pollen very small to small, P18.8) lam, E

(8.6 13.5) lam; shape in equatorial view spheroidal to subprolate, the spheroidal condition
subdivided into oblate sphoidal (P/E 0.881) and prolate spheroidal (P/E1114), amb circular

with three lobes due to the sunken colpi. Apertures 3; colporate, with long and very narrow (slit
like) ectocolpi, width ranging from 0.28 larifcaria sessilifructusto 1.87 lam (Uncaria

laevigatg, relative length 61187, ends acute to obtuse, membrane granular, although not visible
in some species; mesoporus circular to lolongate; indistinetifdhed endoaperture present in

U. rhynclophylla endoapertures in other species neghtgped; in some species distinct or
indistinct protruding onci present. The sexine pattern may equally well be described as striate to
reticulate with interwoven muri, or rugulate with slender, long striae on the reticulum, without
differentiation towards pek or colpi; lumina of microreticulations irregularly oblong or
subcircular. There is little variation in pollen size, shape, sexine ornamentation and aperture
morphology in this genus.



U. hirsuta(Plate |, E F; Plate Ill, D): Ectocolpus ends acute, meama not visible; mesoporus
lolongate (Plate Ill, D), distinct protruding oncus present, (PlateR);Eendoaperture not-H
shaped; lumina of microreticulations irregularly oblong or subcircular.

U. laevigat (Plate |, G): Ectocolpus ends acute to obtusembrane granular; mesoporus
circular to lolongate, protruding oncus present; endoaperture unknown; lumina of
microreticulations irregularly oblong or subcircular.

U. lancifolia* (Plate I, H; Plate Ill, E): Ectocolpus ends acute, membrane granular; onesop
lolongate (Plate IlI, E), protruding oncus absent; endoaperture-sbaped; lumina of
microreticuldions irregularly oblong or subcircular.

U. macrophylla(Plate I, I; Plate Ill, F): Ectocolpus ends acute, membrane not visible; mesoporus
subcircuér, with indistinct preruding oncus (Plate 1, F); endoaperture neshéiped; lumina of
microreticulations irregularly oblong or subcircular.

U. rhynchophyllaPlate I, J; Plate lll, G): Ectocolpus ends acute to obtuse, membrane granular;
mesoporus sudircular (Plate 111, G), protruding oncus present (Plate |, J); endoaperture faint,
indistinctly H-shaped (Plate 1ll, G); lumina of microreticulations irregularly oblong or
subcircular.

U. rhynchophylloides(Plate |, K): Ectocolpus ends acute, m@anenot visible; mesoporus
subcircular, without protruding oncus; endoaperture unknown; lumina of microreticulations
irregularly oblong or subcircular.

U. scanders(Plate |, L; Plate 1, H): Ectocolpus ends acute, membrane granular; mesoporus
subcircular (Rate III, H), protruding oncus present (Plate I, L); endoaperture staped;
lumina of microreticulations irregularly oblong or subcircular.

U. sessilifructugPlate I, M N; Plates Ill, I): Ectocolpus ends acute, membrane not visible;
mesoporus lolonda, with protruding oncus (Plates Ill, I); endoaperture nshiped; lumina of
microreticuldions irregularly oblong or subcircular.

U. sinensis (Plate I, O; Plate Ill, J): Ectocolpus ends acute, membrane granular; mesoporus
subcircular (Plate IIl, Jprotruding oncus present (Plate I, O; Plate 1ll, J); endoaperture-not H
shaped; lumina of microreticulations irregularly oblong or subcircular.

Adina pilulifera(Plate Il, A; Plate Ill, K): Ectocolpus ends acute, membrane granular; mesoporus
circular (Pate 111, K), with protruding oncus or oncus remnants (Plate Il, A); endoaperture faint,
indistinctly H-shaped; lumina of microreticulations irregularly polygonal.

A. rubella(Plate Il, B): Ectocolpus ends acute, membrane granular; mesoporus subcircular,
protruding oncus present; endoaperture unknown; lumina of microreticulations irregularly
polygonal.



Cephalanthus tetrandréPlate Il, G D; Plate 1ll, L): Ectocolpus protuberant in the middle (Plate
Il, C), ends acute, membrane granular; mesoporus cir@lite 111, L), with indistinct

protruding oncus (Plate II, C); endoaperture distinct, clearthéped (Plate 11, L);
lumina/perforations of microreticulations irregularly subcircular or polygonal.

Haldina cordifolia(Plate II, B F; Plate Ill, M): Ectoolpus ends obtuse to acute, membrane
granular; mesoporus lolongate (Plate 1ll, M), with distinct protruding oncus (Plate Il, E);
endoaperture faint, incompédy H-shaped; lumina of microreticulations irregularly polygonal.

Metadina trichotomdPlate II,G; Plate Ill, N): Ectocolpus ends acute, membrane not visible;
mesoporus lolongate (Plate IlI, N), with protruding oncus (Plate Il, G); endoaperture distinct,
clearly Hshaped (Plate Ill, N); lumina of microreticulations usually irregularly polygonal.

Mitragyna rotundifolia(Plate 11, H; Plate Ill, O): Ectocolpus ends acute, membrane granular;
mesoporus circular (Plate Ill, O), protiad oncus absent; endoaperture distinct, cleafly H
shaped (Plate Ill, O); lumina/perforations of microreticulations i@ty oblong or polygonal.

Nauclea officinaligPlates I, I; Plate Ill, P): Ectocolpus ends acute to obtuse, membrane
granular; mesoporus lolongate (Plate 1, P), with distinct protruding oncus (Plates Il, 1);
endoaperture indistinct, not-shaped; lunma of microreticulations irregularly polygonal.

Neolamarckia cadambgPlate II, J): Ectocolpus ends acute, membrane granular; mesoporus
circular, distinct protruding oncus present; endoaperture unknown; lumina of microreticulations
irregularly polygonal

Pertusadina hainanengigPlate II, K; Plate 1ll, Q): Ectocolpus protuberant in the middle (Plate
I, K), ends acute, membrane not visible; mesoporus circular, with protruding oncus or
protruding oncus remnants (Plate Ill, Q); endoaperture indistiottHshaped; lumina of
microreticulations irregularly oblong or polygonal.

Sinoadina racemos@late Il, L; Plate Ill, R): Ectocolpus ends acute, membrane not visible;
mesoporus subcircular (Plate Ill, R), with protruding oncus or remnants (Plate II, L);
endoaperture faint, indistinctly-shaped; lumina of microreticulations irregularly polygonal.

Hymenodictyon flacciduf{Plate II, Mi N; Plate I, S): Ectocolpus ends acute, membrane
granular; mesoporus lolongate, with protruding oncus or remnants (PM}gendoaperture H
shaped (Plate 1ll, S); lumina of microreticulations irregularly oblong or polygonal.

H. orixensgPlate Il, O): Ectocolpus ends acute, membrane granular; mesoporus subcircular,
protruding oncus absent; endoaperture unknown; lunfindaroreticulations irregularly oblong
or polygonal.

3.3.Pollen wall ultrastructure

The pollen wall of the five species investigated by TEM is composed of a discontinuous tectum,
relatively short columellae, a thick nexine, and a thin intine (PlateExihe and intine are both
obvious. In all five species the intine becomes thicker in the apertural region, and protrudes from
the aperture forming a bubbli&e structure, the protruding oncus.



Adina pilulifera(Plate IV, A B): Tectum 0.20.39em thick; columellae 0.11.25em thick;

nexine differentiated into a foot layer and endexine, the foot layer separated from the endexine
by a single line, which is little different from these layers in electron density. NexirieD®89

em thick in mesocipial region, becoming thinner near the aperture and then thickened into
costae surrounding the aperture. Intine usuallyi@@Bem t hi ck, thi cker (ca.
aperture, and forming a protruding oncus.

Metadina trichotomdPlate IV, G D): Tecum 0.16 0.35¢ nthick; columellae 0.040.25¢ m

thick, electrondense material (possibly lipidic) occurring occasionally between the columellae.
Nexine not differentiated into a foot layer and endexine, usually 0.28 ¢ 0.61)em thick in
mesocolpial reign, thickened into costae around the aperture. Intine usually®3Bt nthick,
forming protruding onci. A less fibrillar zone occurs beneath the aperturate intine.

Neolamarckia cadambgPlate IV, E F): Tectum indistinct, 0.180.38¢ nthick; columella
indistinct, 0.010.05¢ nthick, electroadense material (possibly lipidic and much wider than the
columellae), occurring occasionally between columellae. Nexine differentiated into a foot layer
and a very thin endexine, the foot layer separated frorarttiexine by a single white line.

Nexine 0.110.18em thick in mesocolpial region, thickened into costae around the aperture.
Intine usually 0.0P0.06¢ nthick, forming a protruding oncus ca. E.Gmn diameter. Oncus
composed of a Hayered ectintine wit an electrondense outer layer and a thick electiooent
inner layer; and separated from the cytoplasm of the pollen cell by intine material.

Pertusadina hainanens(®late IV, G H): Tectum 0.160.29¢ nthick; columellae indistinct,
0.04/ 0.16¢ nthick, electrondense material (possibly lipidic) occurring occasionally between
the columellae. Nexine not clearly differentiated into a foot layer and endexineQ @208 m
thick in mesocolpial region, becoming thinner near the aperture, and then thiakieneakiae
surrounding the aperture. Intine usually 0@18¢ nthick in the apertural region, and forming
a protruding oncus; oncus composed of-lpered ectintine: an electratense outer layer, and
a thick electroducent inner layer.

Uncaria hirsua (Plate 1V, I J): Tectum 0.180.48¢ nthick; columellae 0.00.16¢ nthick,

nexine differentiated into a foot layer and endexine, the foot layer separated from the endexine
by a single white line. Nexine 0.1@.35¢ nthick in mesocolpial region, becomitignner near

the aperture, and then thickened into costae imaaglisurrounding the aperture. Intine usually
0.18 0.32¢ mthick, forming a subcircular oncus, ca. 2.9mn diameter. The oncus is composed

of a bilayered ectintine: an electratense outelayer, and a thick electrdacent inner layer.
Cytoplasmic components, e.g., a vacuole (Plate 1V, J) and starch (unpublished images), are
sometimes found in the onci. 3.4. Ancestral character state reconstruction Hdpdd
endoaperture (Fig. 1)

3.4. Ancestral character state recognition

3.4.1.H-shaped apertures

H-shaped apertures occur in all the genera of the subtribes Cephalanthinae, Mitragyninae,
Uncarinae, and Corynantheinae, and in five genera (includihdjna andSinoadina of

subtribe Adhinae. One genus of subtribe Breoniinae also possesstwmped endoapertures,

while the condition in the other three genera remains unknown. The endoapertures in two genera



of the subtribe Naucleinae are nosHaped; the condition in the other two ganemains
unknown.Hymenodictyorof the tribe Hymaodictyeae, the sister group of the Naucleeae, has H
shaped endoapertures (Fig. 1).

Parsimony reconstruction suggests that all the ancestral nodes in the outgroupsHapledt
endoapatures, while the@estor of the clade containiftymenodictyorand the Naucleeae
possesses them. Many of the internal nodes of the Naucleeae also pesisagsd
endoapertures, though the polytomies make the reconstruction of the more derived nodes
difficult.

3.4.2.Protruding oncus (Fig. 2)

Of the 12 genera that have been investigated, protruding onci occur in six genera (including
HaldinaandSinoadira) of subtribe Adininae, two of subtribe Naucleinae, the single genus
Uncaria of subtribe Uncarinae, the single gefieshalanthusof subtribe Cephalanthinae, and
Hymenodictyonof tribe Hymenodictyoeae. Only the gerM#ragyna s.sof Mitragyninae lacks
this characteristic. The condition in the remaining 13 genera distributed in subtribes Adininae,
Breoniinae, Corynanthes®, Mitragyninae, and Naucleinae remain unknown (Fig. 2).

Parsimony reconstruction suggests that a protruding oncus is a synapomorphy of the clade
Hymenodictyot Naucleeae, though the reconstruction for the subtribes Mitragyninae and
Corynantheinae is equocal. The remaining nodes all reconstruct as possessing a protruding
oncus.

4.DISCUSSION

4.1.Pollen morphological characteristics

4.1.1.Size

Pollen grain size is rather uniform throughout the species investigated. The average equatorial
diameter (E)laries from 9.01 um itUncaria macrophyllao 15.85 um inCephalanthus

tetrandra We found thaCephalanthusas the largest pollen grains in the tribe Naucleeae, in
agreement with Verellen et al. (2007).

4.1.2.Shape

In equatorial view, pollen shape iestribed by the P/E ratio. In the studied species, all of the
pollen grains are speroidal (P/E 0.88L4), or subprolate (P/E 1114.33). The spheroidal
condition can be further divided into oblate spheroidal (P/EiQ.83 and prolate spheroidal (P/
E 1.0 1.14). The amb is (sub)circular, and often somewhat lobed due to sunken colpi, which
occur in most members of the Rubiaceae (Dessein et al., 2005a,b). Slightly triangular pollen
grains are only found iNeonauclea griffithii

4.1.3.Aperture

NumbeB The rumber of colpi is always three. Triaperturate pollen grains are common in the
Rubiaceae, and are the plesiomorphic condition in the family (Dessein et al., 2005b). However,
the number of apertures varies considerably within tribe Spermacoceae (DessgiiDéfa

Positiord In most Rubiaceae, pollen is angulaperturate (the apertures situated at the angles of the
outline in polar view), or zonoaperturate (the apertures situated only at the equator) (Dessein et



al., 2005b). All the species studied are zgmyturate, the apertures all arranged along the
equator, but a tendency towards an arnggiaure is seen in some pollen graindlebnauclea
griffithii.

Typed Apertures of Naucleeae are always compound, built up by three components that are
situated in thee layers of the pollen wall. The aperture is built up of an ectocolpus, a mesoporus,
and an endoaperture. This type of compound aperture is believed to be plesiomorphic in the
Rubiaceae (Dessein et al., 2005b).

Ectocolpu$ The length of the ectocolpusvsry variable in the Rubiaceae (Dessein et al.,
2005b). For instance, the relative length of the colpus (LC/P ratio) rangesifé@mGAfrican
Spermacocspecies (Dessein et al., 2002). In the Naucleeae, the variation in the LC/P ratio is
relatively miror, ranging from 61 itUncaria sessilifructuso 87 inU. laevigata The

apocolpium index is also very low, varying from 0.2%Jinlaevigatato 0.53 inNeonauclea
sessilifolia The colpi are often shitke in the gener&ncaria, Metadina, Pertusadinard
Sinoadina sometimes becoming wider around the mesoporus. The width varies from 0.28 pm in
U. sessilifructugo 2.29 um inHaldina cordifolia The ectocolpus membrane is often granular,
except inUncaria hirsutg U. macrophyllaU. rhynchophylloides, Usessilifructus, Metadina
trichotoma, Pertusdina hainanensisandSinoadina racemosa he ectocolpus membrane of
these species is not visible, as the colpi ardilsitand deefset.

The colpi of all species have distinct, regular margins. The ectac@guotuberant in
Cephalanthus tetrandrandPertusadina hainanensis

Endoapertur@ The variation in endoapertures in Rubiaceae is large and has significant

systematic value. Endocolpi (Dessein et al., 2000) and endocinguli (Dessein et al., 2002) are the
most common endoapertures in the family, btghdped endoapertures have also been reported

in some taxa (Robbrecht,1985; Huysmans et al., 1994; Verellen et al., 2e€hgped

endoapertures have a thirdHaped zone surrounding the porus. They candaglglobserved

with SEM in broken pollen grains, while they appear as a brighter zone sungnel porus in

LM. The downstrokes of the AHO are parallel t
may be weak or missing (Huysmans etal., 1999, ki ng t he AHO i ncompl ete

Distinct H-shaped endoapertures occuN®onauclea, Uncarigddina, Cephalanthus, Haldina,
Metadina, Mitragyna, SinoadinandHymenodictyonwhile indistinct ones occur iNauclea
andPertusalina. H-shaped endoapertures éirst observed here iddina, C@halanthus,
Metading andSinoadina In Haldina, NeonucleaSinoadinaandUncaria, thefiHO is incomplete.
H-shaped endoapertures have &sen previously reported Breonadia, Corynanthe, Haldina,
Neonauwlea, Pausinystadi, Pseudocinchona, Uncar{&erellen et al., 2007gnd



Plate I.(see page 129)

SEMs of the Naucleeae pollen. . ' ' .
Symbols: white arrowheads, protruding onci; white arrows, ectocolpi.

Scale bars: AB, D, G M, O=2 um; C, F, N=1 um; E=5 pm.

A. Neonauclea grffthii, polar view of pollen grain, with indistinct protruding oncus.

Bi C. N. sessilifolia B. Polar view of pollen grain. C. Detail of apocolpium, showing microreticulate
sexine.

D. N. truncata polar view of pollen grain.

Ei F. Uncaria hirsuta E. Polar viewof pollen grain, showing protruding oncus. F. Detail of protrudi
oncus.

. U. laevigata equatorial view of pollen grain, showing protruding oncus.

H. U. lancifolia, equatorial view of pollen grain, with granular ectocolpus membrane.

.. U. macrophylla polar viev of pollen grain, showing sunken ectocolpus. This grain lacks a
protruding oncus.

3. U. rhynchophyllaequatorial view of pollen grain, showing protruding oncus.

k. U. rhynchophylloidesequatorial view of pollen grain, with long, narrow ectocolpus.

L. U. scandensequatorial view of pollen grain, with protruding oncus.

Mi N. U. sessilifructusM. Equatorial view of pollen grain, with slike ectocolpus. This grain lacks a

protruding oncus. N. Detail of mesocolpium, showing striateulatesexine.
O. U. sinenss, showing protruding oncus

Plate Il.(see page 130)

SEMs of Naucleeae amti/menodictyompollen.

Symbols: white arrowheads, protruding onci or remnants; black arrowheads, protuberances; v
arrow, mesoporus.

Scale bars: A, E, @1, O=2 um; B, C=5 um; D, AN=1 um.
A. Adina pilulifera polar view of pollen grain, with protruding oncus.
g. A. rubella,polar view of pollen grain, showing protruding oncus.

Ci D. Cephalanthus tetrandraC. Oblique polar view of pollen grain, showing protuberance of
ectocolpus (blackreowhead) and indistinct protruding oncus (wlsiteowhead). D. Detail of
mesocolpium, showing perforate sexine.

Ei F. Haldina cordifolia. E. Equatorialiew of pollen grain, showing protruding oncus. F. Detail of

mesocolpium, showing microreticulate sexine . . .
c. Metadina trichotomaequatorial view of pollen grain, showing protruding oncus.
H. Mitragyna rotundifolia equatorial view of pollen grain.

Plate III.

Light micrographs of Naucleeae and Hymenodictyon pollen in equatorial view.

Symbols: white arrowheads, protruding onci visible as two concentric circles over the mesopori;
black arrowheads, 4dhaped endoapertures visible as slightly brightexes surroundinthe

mesopori; white arrows, mesopori.

Scale bar=5 pm.

A.

B
C
D
E
F

Neonauclea grffthii, showing a protruding oncus in the center of the mesoporus.

. N. sessilifolig with incompletely Hshaped endoaperture and lolongate mesoporus.
. N. truncatg showing lolongate mesonpss.

. Uncaria hirsutg with lolongate mesoporus. This grain lacks a protruding oncus.

. U. lancifolia, with lolongate mesoporus.

. U. macrophylla showing indistinct protruding oncus in the center of the mesoporus.
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. U. rhynchophyllawith indistinctly Hshaped edoaperture and subcircular mesoporus.
This grain lacks a protruding oncus.
U. scandensshowing subcircular mesoporus. This grain lacks a protruding oncus.
U. sessilifructusshowing a protruding oncus in the center of the mesoporus.
U. sinensiswith a potruding oncus in the center of the mesoporus.
Adina pilulifera with indistinctly Hshaped endoaperture and circular mesoporus. This
grain lacks a protruding oncus.
Cephalanthus tetrandravith circular mesoporus and distinctdHaped endoaperture.
This grain lacks a protruding oncus.
. Haldina cordifolia with lolongate mesoporus and incompletebglbped endoaperture.
This grain lacks a protruding oncus.
Metadina trichotomawith lolongate mesoporus and distinctlysHaped endoaperture.
This grain lacks g@rotruding oncus.
Mitragyna rotundifolig with circular mesoporus and distinciddaped endoaperture.
Nauclea diicinalis, with lolongate mesoporus. This grain lacks a protruding oncus.
Pertusadina hainanensiwith a protruding oncus in the center of m@srus.

This grain lacks a protruding oncus.
S. Hymenodictyorfiaccidum, with Hshaped endoaperture. This grain lacks a protruding
oncus.

Sinoadina racemosavith indistinctly Hshaped endoaperture and subcircular mesoporus.






