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 The genus Tacca comprises an enigmatic group of tropical perennial acaulescent 

herbs. These plants are characterized by unique bracteate reproductive displays, which 

have excited interest in their reproductive biology. This dissertation examines aspects 

of systematics and reproductive biology in Tacca. 

 The first chapter puts forward a phylogenetic study of relationships within 

Tacca J.R. Forst. & G. Forst., supplementing previous molecular phylogenetic and pre-

cladistic taxonomic studies. Species, exemplar, and outgroup sampling are expanded. 

Multiple sources of data, molecular and morphological, are used for phylogenetic 

inference. This is used to interpret morphological evolution in various plant organs in 

the genus. 

 The second chapter presents a comparative analysis of the genes and plastome 

structures of single representatives from Tacca and sister genus Thismia. The plastomes 

were sequenced using next-generation technology and generated using de novo 

assembly programs. The plastid genome of Thismia is among the smallest known 

quadripartite plastomes. The plastome of Tacca is more similar to other autotrophic 



 

 

members of Dioscoreaceae than to Thismia  

 The third chapter documents an investigation into floral visitors of Tacca cristata 

Jack. Existing research on the pollination and reproductive biology of Tacca 

demonstrate low levels of outcrossing and likely autogamous selfing. Based on visual 

observations and field collections of insect visitors to natural populations, this study 

suggests that insect visitation may result in pollination of showy members of Tacca to 

some extent. 

 The fourth chapter proposes to resurrect and lectotypify Tacca artocarpifolia 

Seem., a species currently in taxonomic synonymy. This is done based on examination 

and measurements made from photographs, live material, and herbarium specimens, 

including all named syntypes.  
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CHAPTER 1 

 
A PHYLOGENETIC ANALYSIS OF TACCA (DIOSCOREACEAE) 

 

GWYNNE S. LIM 1, 2 AND JERROLD I. DAVIS 2 

1 The New York Botanical Garden, Pfizer Plant Research Laboratory, 2900 Southern 

Boulevard, Bronx, New York 10458 USA; and 2 Section of Plant Biology, 412 Mann 

Library, Cornell University, Ithaca, New York 14853 USA; 4  

 

Abstract 

 

Tacca is a genus of 17 species within family Dioscoreaceae with unique 

morphological features, including elaborate involucral bracts and bracteoles. 

Phylogenetic studies of Tacca species relationships are vital to test hypotheses 

concerning the origin and function of key morphological characters. The monophyly 

and species relationships of Tacca are evaluated using parsimony and likelihood 

analyses of molecular and morphological data. The former comprises nucleotide 

sequence information of plastid atpB, rbcL, matK, trnL-F and trnH-psbA, as well as 

mitochondrial atp1 and nad1. Morphological characters represent features of  life 

history, gross morphology, roots and tubers, leaves, inflorescences, flowers, 

infructescences, and fruits. These characters were optimized on phylogenies obtained 
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in the present study to investigate patterns of  morphological evolution within the 

genus. Tacca is monophyletic and placed within Dioscoreales. Some groups within 

Tacca, such as those comprising dissected-leaved species and palmate-leaved species, 

are generally stable regardless of  the data partitions included and analysis method. 

The monophyly of  entire-leaved species (comprising T. bibracteata, T. borneensis, 

T. chantrieri, T. cristata, T. integrifolia and T. plantaginea) is dependent on the inclusion 

of  morphological characters. The resolution of  relationships within Tacca is affected 

by taxon sampling density as well as the inclusion of  morphological data. The results 

of  this study are useful in testing hypotheses concerning the origin and evolution of  

reproductive character suites in Tacca. 

 

Key words: atp1; atpB; bracts; Dioscoreaceae; Dioscoreales; matK; 

mitochondria; molecular phylogeny; morphology; nad1; plastid; rbcL; Tacca; trnH-psbA; 

trnL-F 

 

1.1 Introduction 

 

The genus Tacca J.R. Forst. & G. Forst. comprises approximately 17 widely 

accepted species of  tropical perennial herbs. The systematic affinity of  Tacca was 

historically contentious. Often recognized within the family Taccaceae Dumort., it was 

variously hypothesized to be affiliated with Amaryllidaceae J. St.-Hil., Araceae Juss., 



 

3 

Aristolochiaceae Juss., Burmanniaceae Blume or Dioscoreaceae R. Br. (Limpricht, 

1902, 1928, Drenth, 1972, 1976; Iosifidou, 2000). It is now reclassified and subsumed 

within family Dioscoreaceae with strong molecular and morphological support 

(Caddick et al., 1998; Caddick, Rudall, et al., 2002; Caddick, Wilkin, et al., 2002; 

APGII. Angiosperm Phylogeny Group., 2003; Schols et al., 2005). 

Species of  Tacca are easily identified by their scapose, umbelliform 

inflorescences, in which filiform bracteoles and/or leafy involucral bracts subtend 

fleshy, campanulate flowers. The overall structure can be unusually colored, such as 

white to green to violet-black (Illustration 1.1)  

The regional center of  diversity for extant species is Malesia, followed by Indo-

China, the Western Indian Ocean and Papuasia (Table 1.1). South America has a 

single species, Tacca parkeri. One species, T. leontopetaloides, is found pantropically, and is 

utilized throughout its distribution for medicinal and food purposes (Lim, 2016; 

Illustration 1.2). The genus is also of  some horticultural and pharmaceutical interest 

(Yokosuka et al., 2002; Wang and Chen, 2014). However, species names used in 

pharmaceutical research and in trade are complicated by contentious species 

circumscriptions (pers. obs., chapter 3, and 4, also see Boyce and Julia, 2006; Zhang et 

al., 2011). One species of  note is Tacca artocarpifolia, which was synonymized with T. 

leontopetaloides by Drenth in his monograph of  the genus (1972). It is recognized as a 

distinct species in some studies (Merckx 2009), but not others (Zhang et al, 2011). 

Based on its distinct morphology, it is formally resurrected here (see chapter 4). 
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Early non-cladistic classifications of  the group (Pax, 1887; Limpricht, 1902, 

1928) recognized two genera, Schizocapsa Hance and Tacca. The former, consisting of  a 
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Table 1.1. Geographic distribution of  species of  Tacca, with reference to the 
standards developed by the World Geographical Scheme for Recording Plant 
Distributions (WGSRPD), 2nd edition (Brummitt et al. 2001). 
 

Continent Region Species 

Africa Western Indian 
Ocean 

Tacca artocarpifolia Seem., Tacca ankaranensis 
Bard. Vac., Tacca leontopetaloides (L.) Kuntze, 

Asia-
Tropical 

Indian Subcontinent Tacca integrifolia Ker Gawl., Tacca leontopetaloides 

Indo-China 

Tacca ampliplacenta L. Zhang & Q.J. Li, Tacca 
chantrieri André, Tacca integrifolia, Tacca palmata 
Blume, Tacca plantaginea (Hance) Drenth, Tacca 
subflabellata P.P. Ling &C.T. Ting, Tacca 
leontopetaloides 
 

Malesia 

Tacca bibracteata Drenth, Tacca borneensis Ridl., 
Tacca celebica Koord., Tacca chantrieri, Tacca 
cristata Jack, Tacca palmata, Tacca palmatifida 
Baker, Tacca reducta P.C. Boyce & S. Julia, Tacca 
leontopetaloides 

Papuasia Tacca ebeltajae Drenth, Tacca leontopetaloides 

Australasia Australia Tacca leontopetaloides 

Pacific Widespread; most if  
not all islands Tacca leontopetaloides 

Southern 
America 

Northern South 
America, Western 
South America, 
Brazil 

Tacca parkeri Seem. 
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Illustration 1.1. Species of Tacca sampled for this study. A. Tacca ankaranensis, 
herbarium specimen from Missouri Botanical Garden. (MO) B. Tacca artocarpifolia, 
cultivated specimen at Hortus Botanicus, Leiden. C. Tacca bibracteata, Sarawak. D. 
Tacca borneensis, Sarawak. E. Tacca chantrieri, cultivated specimen at author’s house. F. 
Tacca cristata, Singapore. G. Tacca integrifolia, cultivated specimen at United States 
National Herbarium Greenhouse, photo courtesy Michael Bordelon. H. Tacca 
leontopetaloides Sarawak, next to Jipom, a field guide. I. Tacca palmata, cultivated at 
Bogor Botanical Gardens J. Tacca palmatifida, cultivated at the Royal Botanic Garden 
Edinburgh, photo © Royal Botanic Garden Edinburgh 2013. K. Tacca parkeri (here 
identified as synonym Tacca sprucei Benth.), herbarium specimen at the herbarium of 
the Arnold Arboretum. L. Tacca plantaginea, Hong Kong. Photos by G. Lim except 
where specified otherwise. 
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Illustration 1.1. (Continued) 
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Illustration 1.2. Exhibit of various culinary uses of Tacca leontopetaloides by the 
Indonesian Museum of Ethnobotany, Bogor, Indonesia, for Flora Malesiana 2013. 
 



 

 

Table 1.2. Affinities of  Tacca species, sensu Drenth (1972). 
 

Group Distribution Species included Characteristics 

Entire-leaved 

species 
Old World 

(Africa, Asia-

Tropical, 

Australasia, 

Pacific) 

Tacca bibracteata, Tacca plantaginea, Tacca 

integrifolia, Tacca chantrieri, Tacca 

cristata*, Tacca borneensis* 

Leaves entire, filiform 

bracteoles present, tubes 

absent. 

Palmate-leaved 

species 

Tacca celebica, Tacca ebeltajae, Tacca 

palmata, Tacca palmatifida 

Leaves palmate, filiform 

bracteoles absent, tubers 

present or absent. 

Dissected-leaved 

species 
Tacca leontopetaloides, Tacca artocarpifolia* 

Leaves palmate and secondarily 

divided, filiform bracteoles 

present, tubers present. 

Polymorphic-

leaved species 

New World 

(Southern 

America) 

Tacca parkeri 

Leaves pinnate or entire, 

filiform bracteoles present 

(few), tubers absent. 

* denotes species synonymized by Drenth but recognized in the present study
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single species Schizocapsa plantaginea Hance, was recognized based on its distinct 

capsule fruit. Drenth, who conducted the latest taxonomic revision of  the genus, 

opted to subsume the genus Schizocapsa within Tacca, and to reject the recognition of  

sections. He did, however, group species of  Tacca that he considered to be of  close 

affinity, based on characters of  the leaf, bract, and underground organ (Table 1.2). 

In this study, we reconstruct the phylogeny of  12 of  the 17 species of  Tacca 

with molecular data from two genomes: five plastid and two mitochondrial loci, and 

morphological data from gross morphology, anatomy and physiology. Seven outgroup 

representatives have been selected from members of  Dioscoreales Mart. and 

Pandanales R. Br. ex Bercht. & J. Presl. Five species are not represented in the present 

study, due to difficulties in obtaining specimens with amplifiable DNA. They include 

palmate-leaved T. celebica, T. ebeltajae, and entire-leaved T. reducta, T. ampliplacenta, and 

T. subflabellata. 

This study has the following goals: 

1. To test the monophyly of  Tacca, species circumscriptions, and previous 

hypotheses of  relationship.  

2. To compare the results of  single exemplar species phylogeny with one that 

includes as many morphologically and geographically differentiated 

individuals of  each species as possible.  

3. To address the implications of  the present phylogeny regarding the 

biogeographic distribution and origin of  Tacca. 
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4. To optimize morphological characters of  Tacca on a phylogeny to evaluate 

evolutionary patterns of  key characters. 

 

1.2 Materials and Methods 

 

1.2.1 Plant material used in analyses. Accessions sampled for this study are 

listed in Table 1.3, with species determinations, taxonomic group (Drenth 1972), type 

of  material sampled, and voucher information. Samples obtained for molecular work 

comprise leaf  material collected in the field or excised from herbarium specimens and 

preserved in silica desiccant. Some samples were contributed by other researchers as 

dried leaf  material with associated herbarium specimens (Table 1.3); others were 

obtained as DNA aliquots (Table 1.3) from the DNA bank at the Royal Botanic 

Gardens, Kew ((http://apps.kew.org/dnabank/). Outgroups were chosen from the 

Dioscoreales (four species of  Dioscorea L. and Trichopus zeylanicus Gaertn.) and the 

Pandanales (one species of  Pandanus Parkinson and Stichoneuron bognerianum Duyfjes). 

Five species of  Tacca are not represented in this study as we were unable to 

obtain verifiable material or could not amplify genes from extracted herbarium 

material. They include: Tacca ampliplacenta, T. celebica, T. ebeltajae, T. reducta and 

T. subflabellata. To minimize uncertainty about relationships among species due to 

unclear species circumscriptions or misidentification, all individuals in this study have 

been examined and identified as either belonging to one of  the twelve other species  
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Table 1.3. Taxa, sources of  material and locations of  vouchers used in this study. 
 



 

 

Group Species 
determination Voucher (Herbarium1) 

Name of  contributor, if  
material given / Locality / 
Source of  living material, if  
cultivated 

Specimen type, 
specific reference 
in this chapter 

Outgroup: 
Pandanales 

Pandanus sp.* G. Lim NYLC 9 (NY) 
- / Unknown / New York 
Botanical Garden Living 
Collections 

Cultivated 

Stichoneuron 
bognerianum* 

G. Lim NYLC 16 
(NY) 

Margaret Conover / 
Peninsular Malaysia /New 
York Botanical Garden 
Living Collections 

Cultivated 

Outgroup: 
Dioscoreales 

Dioscorea 
bulbifera* G. Lim 29 (BH) - / Hong Kong, China / - Wild-collected 

Dioscorea 
caucasica* 

G. Lim New York 
Living Collections 
(NYLC) 12 (NY) 

- / Unknown /New York 
Botanical Garden Living 
Collections / 

Cultivated 

Dioscorea 
sansibarensis* 

G. Lim NYLC 10 
(NY) 

- / Unknown /New York 
Botanical Garden Living 
Collections 

Cultivated 
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Table 1.3. (Continued)  
 

Group Species 
determination 

Voucher 
(Herbarium1) 

Name of  contributor, if  
material given / Locality / 
Source of  living material, if  
cultivated 

Specimen type, 
specific reference 
in this chapter 

Outgroup: 
Dioscoreales 
(continued) 

Dioscorea sp.* G. Lim NYLC 11 
(NY) 

- / Unknown /New York 
Botanical Garden Living 
Collections 

Cultivated 

Trichopus 
zeylanicus* 

Chase 16354 ex 
Samuel 3129 (K) 

- / Sri Lanka / DNA bank, 
Royal Botanic Gardens, 
Kew 

Wild-collected 
 

Dissected-leaved 
species 

Tacca 
artocarpifolia* 

D. Rabehevitra et al. 
4806 (MO) - / Madagascar / - Wild-collected, 

A1 

Tacca 
artocarpifolia 

D. Rabehevitra et al. 
602 (MO) - / Madagascar / - Wild-collected, 

A2 

Tacca 
artocarpifolia 

J. Rabenantoandro et 
al. 1228 (MO) - / Madagascar / - Wild-collected, 

A3 
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Table 1.3. (Continued) 
 

Group Species 
determination 

Voucher 
(Herbarium1) 

Name of  contributor, if  
material given / Locality / 
Source of  living material, if  
cultivated 

Specimen type, 
specific reference 
in this chapter 

Dissected-leaved 
species 
(continued) 

Tacca 
artocarpifolia 

Accession no. 
1988-2349. leg. ign. 
s.n. (K) 

- / Unknown / Cultivated at 
Royal Botanic Gardens, Kew Cultivated, A4 

Tacca 
artocarpifolia Roan 8 (K) -/ Madagascar / DNA bank, 

Royal Botanic Gardens, Kew Wild-collected, A5 

Tacca 
leontopetaloides Johns 9777 (K) 

- / Irian Jaya, Indonesia / 
DNA bank, Royal Botanic 
Gardens, Kew 

Wild-collected, B1 

Tacca 
leontopetaloides G. Lim s.n. (NY) Ton Rulkens / Mozambique 

/ - Wild-collected, B2 

Tacca 
leontopetaloides 

D. Daly et al 13445 
(NY) 

Douglas Daly / Papua New 
Guinea / - Wild-collected, B3 
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Table 1.3. (Continued) 
 

Group Species 
determination 

Voucher 
(Herbarium1) 

Name of  contributor, if  
material given / Locality / 
Source of  living material, if  
cultivated 

Specimen type, 
specific reference in 
this chapter 

Dissected-leaved 
species 
(continued) 

Tacca 
leontopetaloides Wen 12269 (US) Jun Wen / Papua New Guinea 

/ - Wild-collected, B4 

Tacca 
leontopetaloides G. Lim 25 (BH) - / Singapore / - Wild-collected, B5 

Tacca 
leontopetaloides* G. Lim 47 (NY) - / Sarawak, Malaysia / - Wild-collected, B6 

Tacca 
leontopetaloides 

G. Lim NYLC 
19 (NY) 

-/ Unknown / New York 
Botanical Garden Living 
Collections 

Cultivated, B7 

Tacca 
leontopetaloides 

P. Wilkin 817 
(K) 

- / Thailand / DNA bank, 
Royal Botanic Gardens, Kew Wild-collected, B8 
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Table 1.3. (Continued) 
 

Group Species 
determination 

Voucher 
(Herbarium1) 

Name of  contributor, if  
material given / Locality / 
Source of  living material, if  
cultivated 

Specimen type, 
specific reference in 
this chapter 

Dissected-leaved 
species 
(continued) 

Tacca 
leontopetaloides 

J.O. Westaway. 
2776 (MO) - / Darwin, Australia / - Wild-collected, B9 

Tacca 
leontopetaloides 

D. Stevenson 
s.n. (NY) 

Dennis Stevenson / 
Madagascar / - Cultivated, B10 

Entire-leaved 
species 

Tacca bibracteata* G. Lim 50 (NY) - / Sarawak, Malaysia / - Wild-collected 

Tacca borneensis* G. Lim 39 (NY) - / Sarawak, Malaysia / - Wild-collected, C1 

Tacca borneensis Tacca Choo 74 
(BH) 

Thereis Choo / Sarawak, 
Malaysia / - Wild-collected, C2 
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Table 1.3. (Continued) 
 

Group Species 
determination 

Voucher 
(Herbarium1) 

Name of  contributor, if  
material given / Locality / 
Source of  living material, if  
cultivated 

Specimen type, 
specific reference 
in this chapter 

Entire-leaved 
species 
(continued) 

Tacca aff. 
chantrieri No voucher 

Dennis Stevenson / Shenzhen, 
China / Fairy Lake Botanical 
Garden 

Cultivated 

Tacca chantrieri G. Lim s.n. (NY) 
- / Unknown / New York 
Botanical Garden Living 
Collections 

Cultivated, D1 

Tacca chantrieri N. L. Dinh 163 
(VNM) - / Vietnam / - Wild-collected, D2 

Tacca chantrieri * W. J. Kress 02-
7033 (US) 

William Kress and Michael 
Bordelon / Myanmar / United 
States Botanic Research 
Greenhouses 

Wild-collected, D3 

Tacca chantrieri A. Reid & J. 
Fernie 18 (E) 

Peter Brownless and Paula 
Rudall / Yunnan, China / 
Royal Botanic Garden 
Edinburgh Living Plant 
Collection 

Wild-collected, D4 
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Table 1.3. (Continued) 
 

Group Species 
determination 

Voucher 
(Herbarium1) 

Name of  contributor, if  material 
given / Locality / Source of  
living material, if  cultivated 

Specimen type, 
specific reference in 
this chapter 

Entire-leaved 
species 
(continued) 

Tacca cristata G. Lim 7 (NY) - / Singapore / - Wild-collected, E1 

Tacca cristata* G. Lim 12 (NY) - / Singapore / - Wild-collected, E2 

Tacca cristata G. Lim 14 (NY) - / Singapore / - Wild-collected, E3 

Tacca cristata G. Lim 9 (BH) - / Singapore / - Wild-collected, E4 

Tacca cristata G. Lim 46 (NY) - / Sarawak, Malaysia / - Wild-collected, E5 
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Table 1.3. (Continued) 
 

Group Species 
determination 

Voucher 
(Herbarium1) 

Name of  contributor, if  material 
given / Locality / Source of  
living material, if  cultivated 

Specimen type, 
specific reference in 
this chapter 

Entire-leaved 
species 
(continued) 

Tacca cristata P. Boyce 1074 
(K) 

- / Malaysia / DNA bank, Royal 
Botanic Gardens, Kew Wild-collected, E6 

Tacca cristata P. Boyce 1083 
(K) 

- / Malaysia / DNA bank, Royal 
Botanic Gardens, Kew Wild-collected, E7 

Tacca cristata G. Lim 10 (BH) - / Singapore / - Wild-collected, E8 

Tacca cristata G. Lim 8(BH) - / Singapore / - Wild-collected, E9 

Tacca cristata G. Lim 19 
(NY) - / Singapore / - Wild-collected, E10 
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Table 1.3. (Continued)  
 

Group Species 
determination 

Voucher 
(Herbarium1) 

Name of  contributor, if  
material given / Locality / 
Source of  living material, if  
cultivated 

Specimen type, 
specific reference in 
this chapter 

Entire-leaved 
species 
(continued) 

Tacca cristata G. Lim 51 (NY) 
- / Unknown / New York 
Botanical Garden Living 
Collections 

Cultivated, E11 

Tacca cristata G. Lim 41 (NY) - / Sarawak, Malaysia / - Wild-collected, E12 

Tacca integrifolia* W. J. Kress 03-
7277 (US) 

William Kress and Michael 
Bordelon / Myanmar / United 
States Botanic Research 
Greenhouses 

Wild-collected, F1 

Tacca integrifolia G. Lim NYLC 
13 (NY) 

- / Unknown / New York 
Botanical Garden Living 
Collections 

Cultivated, F2 

Tacca integrifolia G. Lim NYLC 
14 (NY) 

- / Unknown / New York 
Botanical Garden Living 
Collections 

Cultivated, F3 
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Table 1.3. (Continued)  
 

Group Species 
determination 

Voucher 
(Herbarium1) 

Name of  contributor, if  
material given / Locality / 
Source of  living material, if  
cultivated 

Specimen type, 
specific reference 
in this chapter 

Entire-leaved 
species 
(continued) 

Tacca integrifolia G. Lim NYLC 15 
(NY) 

- / Unknown / New York 
Botanical Garden Living 
Collections 

Cultivated, F4 

Tacca 
plantaginea* G. Lim 32 (NY) - / Hong Kong, China / - Wild-collected 

Palmate-leaved 
species 

Tacca 
ankaranensis* 

De Block, 
Rakotonasolo & 
Randriamboavonjy 
1223 (MO) 

- / Madagascar / - Wild-collected 

Tacca aff. 
palmatifida 

S. M. Scott 04-
310 (E) 

Peter Brownless and Paula 
Rudall / Sulawesi, Indonesia / 
Royal Botanic Garden 
Edinburgh Living Plant 
Collection 

Wild-collected 

Tacca 
palmatifida Chase 1377 (K) 

- / Unknown / DNA 
bank, Royal Botanic 
Gardens, Kew 

Wild-collected, G1 
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Table 1.3. (Continued)  
 

Group Species 
determination 

Voucher 
(Herbarium1) 

Name of  contributor, if  
material given / Locality / 
Source of  living material, if  
cultivated 

Specimen type, 
specific reference in 
this chapter 

Palmate-leaved 
species 
(continued) 

Tacca 
palmatifida* 

S. M. Scott 02-
110 (E) 

Peter Brownless and Paula 
Rudall / Sulawesi, Indonesia / 
Royal Botanic Garden 
Edinburgh Living Plant 
Collection 

Wild-collected, G2 

Tacca palmata G. Lim 54 (NY) 
- / Unknown / New York 
Botanical Garden Living 
Collections 

Cultivated, H1 

Tacca palmata  M. W. Chase 
6201 (K) 

- / Bogor Botanic Garden, 
Indonesia / DNA bank, Royal 
Botanic Gardens, Kew 

Cultivated, H2 

Tacca palmata* G. Lim 37 (NY) - / Sarawak, Malaysia / - Wild-collected, H3 

Polymorphic-
leaved species Tacca parkeri* K. Redden 

140513 (US) Vicki Funk / Guyana / - Wild-collected 
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Table 1.3. (continued) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1Abbreviations for herbaria follow the convention of Index Herbariorum (Thiers 
2017), and are as follows: BH = L. H. Bailey Hortorium Herbarium; E = Royal 
Botanic Gardens, Edinburgh; K = Royal Botanic Gardens, Kew ; MO = Missouri 
Botanical Garden; NY = The New York Botanical Garden; SING = Singapore 
Botanic Gardens; US = Smithsonian Institution; VNM = Institute of Tropical 
Biology. * Denotes exemplar individuals to which morphological characters for the 
species have been added, discussed in text.
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of  Tacca (Table 1.3), or have been treated as undetermined to species. 

1.2.2 Morphological characters. Characters that vary among species of Tacca 

were compiled and scored from personal observations made of living plants or 

herbarium specimens (Table 1.3) to generate a morphological partition of the overall data 

set (Appendix A, B). Where unavailable, information was obtained from monographs 

(Limpricht 1902, 1928; Drenth 1972) or formal species descriptions, e.g., the species 

description of Tacca ankaranensis (Bardot-Vaucoulon 1997). Secondary literature, such 

as checklists and botanical treatments, was used only in scoring outgroups to 

minimize ambiguity of observed characters among species of Tacca. When 

conceptualizing and defining characters, those with discrete and unambiguous states 

were emphasized (Scotland et al. 2003), and continuous characters were only included 

if there were discontinuous differences between states. Where homology of a 

character was considered ambiguous between Tacca and an outgroup, the latter was 

scored as inapplicable, represented by dash ( - ) symbols. These were treated as 

missing characters in downstream analyses (Strong and Lipscomb 1999). All 

characters were coded as non-additive (unordered, Hauser and Presch 1991). Species 

in which multiple states were observed for any character were coded as polymorphic. 

1.2.3 DNA extraction, amplification and sequencing. Each sample 

comprised approximately 25 mg of  dried plant material, placed in a 2 ml screw-cap 

collection tube. A ceramic grinding bead was added to each sample, and agitated in a 

FastPrep FP-120 bead mill (Qbiogene, Carlsbad, CA) in 60 sec increments until the 
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plant material was reduced to powder. DNA extractions were performed on the 

pulverized material with the DNeasy Plant Mini kit (Qiagen, Valencia, CA) following 

the manufacturer’s protocols. 

Seven gene regions were identified for PCR amplification. Genes were initially 

chosen on the basis of  their informativeness in existing data sets (Caddick et al. 

2002a; Merckx et al., 2009; Zhang et al., 2011). They include seven regions from two 

genomes. Markers sampled from the plastid genome include the protein-encoding 

genes atpB, rbcL, and matK, plus the trnL-F and trnH-psbA intergenic spacer regions. 

Markers sampled from the mitochondrial genome include the protein-encoding gene 

atp1 and the second intron of  nad1. We initially sampled nuclear ITS as it exhibited 

substantial variation in a previous phylogenetic analysis of  Tacca (Zhang et al., 2011), 

but subsequently abandoned it because multiple bands were obtained with published 

and newly designed primers. Genes were initially amplified with combinations of  the 

following published primers: atpB with 2F and 1494R (Hoot et al., 1995); rbcL with 1F 

(Fay et al., 1997) and 1490R (Fay et al., 1998); matK with 56F, 832R and 1520R 

(Whitten et al., 2000); trnL-F intergenic spacer with c and f  (Taberlet et al., 1991); and 

trnH-psbA intergenic spacer with psbAF (Sang et al., 1997) and trnH2 (Tate and 

Simpson, 2003). New Tacca-specific primers were designed for all genes (Table 1.4) to 

increase amplification specificity and success rates. For trnH-psbA, an additional 

reverse primer was designed for dissected-leaved individuals due to preliminary clade-

specific amplification problems in one direction (Table 1.4). 
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Table 1.4. Newly-designed primer sequences used in this study.  

Primer name Primer sequence 

nad1 Fwd 

nad1 Rvs 

trnH Fwd 

trnH Rvslbd1 

trnH Rvsent2 

atp1 Fwd 

atp1 Rvs 

atpB Fwd 

atpB Rvs 

rbcL Rvs 

rbcL Fwd 

matK Rvs 

matK Fwd 

trnL Fwd 

trnL Rvs 

5’ TGC GCC ATG ACA ATC TCA CT 3’ 

5’ ATG AGG AAT GTC CGC GTC TC 3’ 

5’ GCT AAA GCT CCA TCC GTA AAT GG 3’ 

5’ GGC TAC ATC CGC CCC TTA TC 3’ 

5’ ACT GCC TTG ATC CAC TTG GC 3’ 

5’ GAG TCG CAG CAT CAA GGT CT 3’ 

5’ AAT GGT GGA ATT TGC CAG CG 3’ 

5’ TTT CCC CCA GGA AAG ATG CC 3’ 

5’ GGA GGC CGT CTA ATT CTC CG 3’ 

5’ CCC AAG GGT GCC CTA AAG TT 3’ 

5’ ATC TTG GCA GCA TTC CGA GT 3’ 

5’ TAA ATG GGC CCA GAT TGG CTT 3’ 

5’ TGG ACC CAA GAT GTT CCT TCT 3’ 

5’ GAC CCT TTT CTG TAC ATC ATC CT 3’ 

5’ AAT GGG CAA TCC TGA GCC AA 3’ 
 

1 Used for dissected-leaved species of  Tacca. 
2 Used for entire-leaved species of  Tacca. 
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All PCRs were set up using the KAPA3G Plant PCR Kit (KAPA Biosystems, 

Wilmington, Massachusetts) in 25 µl volumes, following manufacturer 

recommendations. Thermocycling conditions involved an initial denaturation at 95°C 

for 3 min, followed by 32 cycles of  denaturation at 95°C for 20 sec, annealing at 54 to 

58°C for 10 sec, and extension at 72°C for one to three min, followed by a final 

extension period of  three to five min at 72°C. Agarose gel electrophoresis was used to 

visualize 5 µl aliquots of  the product, using a standard 1 % agarose gel with ethidium 

bromide added to a final concentration of  0.2 µl per ml. Successful PCR 

amplifications were indicated by the presence of  a single band for each reaction, and 

absence of  bands in the negative control. 

Successful amplifications were purified with the QIAquick PCR purification kit 

(Qiagen, Valencia, CA), before being sent to the Cornell Biotechnology Resource 

Center for sequencing in both directions, on ABI 3730xl capillary electrophoresis 

instruments (Perkin Elmer Applied Biosystems, Norwalk, CT). 

A large insert in the nad1 intron was observed in the palmate-leaved species of  Tacca, 

varying in size from two to three kilobases among samples. This region includes 

numerous repeated motifs, and yielded ambiguous alignments. Consequently, the 

entire intron was eliminated from the matrix for species with the insert.  

1.2.4 Sequence editing, verification and alignment. Forward and reverse 

sequence complements were imported into Sequencher 5.0.1 (Gene Codes 

Corporation, Ann Arbor, MI) and aligned to form contiguous sequences before being 
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trimmed and edited with reference to their corresponding electropherograms in the 

case of variable base calls. Edited consensus sequences were consequently exported 

and analyzed in Geneious R7 (Biomatters Ltd. Auckland, New Zealand). Standard 

nucleotide BLAST searches (Madden, 2003) were conducted with the sequences to 

check for evidence of contamination. 

Multiple sequence alignments were produced using MAFFT ver. 7.306 (Katoh 

et al. 2002; Katoh and Standley 2013). Two alignment methods were used, depending 

on whether the gene was protein-encoding. An alignment method which assumes 

global homology (G-INS-i) was used for atp1, atpB, matK and rbcL. For nad1, trnH-

psbA and trnL-F, I used a different method (E-INS-i) which assumes globally 

homologous regions intercalated among indel regions (Katoh et al. 2002; Katoh and 

Standley 2013). 

Alignments generated by MAFFT were further edited by eye in Mesquite ver. 

3.2 (Maddison and Maddison 2017), including the removal of regions of ambiguous 

alignment, as elaborated below. The data partition consisting of the combined, edited 

alignments will be referred to as the sequence partition. 

The criteria for editing alignments fell into two categories, and along with 

editing of the sequence partition, a molecular structural partition was generated (Appendix 

C, D): 

1. Gaps inserted by MAFFT ver. 7.306 (Katoh and Standley, 2013): 

Overlapping gaps with different 5’ and 3’ termini in gene alignments that 
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imply multiple mutational events in close proximity were removed, as they 

imply ambiguous alignment of observed nucleotide sites. Gaps with 

identical 5’ and 3’ termini were coded using simple indel coding methods 

following those of Simmons and Ochoterena (2000). 

2. Extended changes in sequence due to inversions or more complex mutation 

events: These range from two to 16 bases in length, and often are 

interpreted as homologous sites by MAFFT ver. 7.306 (Katoh and Standley, 

2013) when flanked by conservative stretches. If left in the alignment, they 

can artificially distort or inflate support, as correlated changes in state of 

strings of nucleotides within such regions are treated as independent events. 

Regions with different 5’ and 3’ termini, as well as those that flanked by 

indel-rich regions were removed, as, again, they imply multiple mutational 

events in the same location. Differences in the remaining regions 

interpreted as inversions and other mutations were coded as unordered 

characters in the molecular structural partition, and the affected nucleotide 

sites were removed from the sequence partition. 

1.2.5 Data sets and phylogenetic analyses. Partitions were concatenated in 

SequenceMatrix 1.8 (Vaidya et al. 2011) and exported in appropriate formats for 

analysis. 

Multiple data sets, consisting of  different combinations of  data partitions, were 

constructed and analyzed, to examine the contributions of  morphological and 
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molecular data to phylogenetic hypotheses as evaluated under Maximum Parsimony 

(MP) and Maximum Likelihood (ML): The data sets below include all 55 individuals 

(Table 1.3). 

A. The all-taxa molecular (AT-MOL) data set consists of  the sequence and 

molecular structural partitions. 

B. Two data sets, designated all-taxa combined (AT-COM), consist of  

morphological, sequence and molecular structural partitions for all taxa. 

The two data sets differ based on how morphological characters were 

scored when multiple representatives of  a species were sampled. These two 

data sets tests were analyzed to determine whether they yielded different 

relationships or differences in the distribution of  support: 

i. All-taxa combined, exemplar (AT-COM-e). In this data set, 

morphological character states scored for the species were included 

for a single exemplar individual of  each species (Table 1.3), and the 

morphological characters were scored as missing in other individuals 

of  the same species. The exemplar individuals were chosen with the 

goals of  favoring wild-collected specimens rather than cultivated 

ones, specimens I have collected and extracted over those obtained as 

herbarium material or DNA aliquots, specimens from type localities 

or nearby areas over those from other countries, and specimens with 

greater numbers of  sequenced genes and characters over those with 
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fewer. These criteria were applied with the goal of  including 

exemplars for which species identity was best established and 

character sampling depth was maximized. 

ii. All-taxa combined, complete (AT-COM-c). In this data set, 

morphological characters scored for each species were replicated for 

all individuals identified as belonging to that species. 

Parsimony analyses were conducted in TNT version 1.5 (Goloboff  and 

Catalano, 2016). All analyses were conducted with gaps in the sequence partition 

treated as missing data. Tree search settings used include: New Tech Search level five, 

including ratchet and drifting, in addition to sectorial searches and tree fusing. 

Minimum length was specified to be found 15 times before search termination. Node 

support was assessed in TNT through jackknife (JK) analyses with the following 

options: 1000 replicates using the same search methods as used for finding MP trees, 

with 36 % character deletion. Jackknife results were output as absolute frequencies. 

Maximum Likelihood analyses were conducted in RAxML v. 8.2.10 (Stamatakis, 

2014). Models specified for tree searches include the Mkv model with ascertainment 

bias correction for the morphological and molecular structural partitions, while the 

default GTRGAMMA model was independently applied for each gene in the 

sequence partition. Ten ML search replicates were specified. Node support in RAxML 

was assessed with bootstrap (BS) searches with the following options: 1000 replicates 

using (-b) option in RAxML v. 8.2.10, with random number seed 12345. In RAxML v. 
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8.2.10, these options were specified in command line “raxmlHPC –m MULTIGMMA 

–p 12345 –b 12345 -# 1000 –asc-corr=lewis –K MK”. Results were output as a single 

ML tree with BS values indicated. 

Topologies from MP and ML analyses were compared to determine if  resolved 

relationships by the two methods exhibited substantial difference. Trees obtained 

from MP analyses were each evaluated with the Shimodaira-Hasegawa (SH) test 

(Shimodaira and Hasegawa, 1999) to assess whether all of  them were of  significantly 

lower likelihood than the ML tree. This was performed in RAxML, with specified 

options: (-f  H –t [ML tree] –z [MP trees]). Conversely, characters were mapped on the 

ML tree to determine the increase in step count relative to the MP trees obtained 

from TNT. 

To test whether the use of  single representatives of  species affected the 

resolved relationships, two additional data sets were generated by pruning the AT 

datasets such that all identified species in Table 1.3 were represented by a single 

exemplar individual. These datasets were analyzed only via MP. The individuals used 

in these analyses are identified with asterisks in Table 1.3. 

A. The exemplar molecular (Ex-MOL) data set consists of  the sequence and 

molecular structural partitions. 

B. The exemplar combined (Ex-COM) data set consists of  the morphological, 

sequence, and molecular structural partitions. 

Figures summarizing results from phylogenetic analyses of  the data sets were 
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generated in FigTree v.1.4.3 (Rambaut, 2012). Cladograms depicted in appendices 

were generated in Phylo.io (Robinson et al., 2016). 

1.2.6 Optimization of  morphological characters. ACCTRAN and 

DELTRAN optimizations of  morphological characters (Appendix A, B) were 

conducted using parsimony in WINCLADA ver. 1.00.08 (Nixon, 2002) on MP trees 

from both AT-MOL and AT-COM-e analyses, from which non-exemplar individuals 

(Table 1.3) were pruned. This method obtained relationships among species based on 

all available data before being simplified to one exemplar per species for mapping,. 

This produced comparable topologies for AT-MOL and AT-COM-e, consisting of  

exemplar individuals that were scored for morphological data in the latter data set. 

The pruned trees were used to assess transformation patterns of  morphological traits 

among species of  Tacca, and to examine character suites and their potential 

correlations with reproductive syndromes. 

 

1.3 Results 

 

1.3.1 Morphological data. Thirty morphological characters were scored for 

species of Tacca and outgroups sampled in this study (Appendix A, B). The structures 

and other characteristics of the plants represented by these characters include: life 

history and gross morphology (two characters), roots and tubers (two), leaves (six), 

inflorescences (eight), flowers (three), infructescences (three) and fruits (six). Six 
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percent of the cells in this partition were scored as missing, 57 % of these in species 

of Tacca. Twenty-three percent of the cells in this partition were scored as 

inapplicable, 14 % of these in species of Tacca. Two percent of the cells in this 

partition were scored as polymorphic, 86 % of these in species of Tacca (Appendix A, 

B). 

1.3.2 Taxa and sequences sampled. Details of  the length and informative 

content of  each partition for the four data sets has been provided in Table 1.5. 

An accounting of  genes sequenced for each taxon has been provided in Appendix E. 

In general, protein-encoding genes had higher percentages of  unambiguously aligned 

nucleotides than the intergenic spacer and intron regions, with genes in the latter two 

categories often exhibiting long stretches of  variable indels. Thirty-eight non-additive 

characters were coded for the molecular structural partition (Appendix C, D). Thirty 

of  these represented structural features of  nad1, with one each for atp1 and matK, and 

three each for trnH-psbA, and trnL-F. 

1.3.3 Analysis of individual gene sequences. Initial MP analyses of  

individual genes in the AT sequence partition resulted in complete or near-complete 

polytomies for all seven genes (atp1: completely unresolved, nad1: completely 

unresolved; atpB: completely unresolved; matK: one node recovered (T. chantrieri D1 + 

D2); rbcL: two nodes recovered (T. leontopetaloides B7 + B10 and a polytomy of  T. 

leontopetaloides and T. artocarpifolia (B8 + B9 + A5); see codes for individual accessions 

in Table 1.3); trnH-psbA: completely unresolved; trnL-F: completely unresolved), 



 

 

Table 1.5. Partition sizes and numbers of  parsimony-informative characters.  

Partition Number of  characters 
Number of  parsimony-informative characters in each data set 

AT-MOL AT-COM-E AT-COM-C Ex-MOL Ex-COM 

Morphology 30 N.A. 27 30 N.A. 27 

Sequence 

nad1 1329 30 23 

atp1 1192 33 24 

atpB 1173 87 7 

rbcL 1296 103 92 

matK 852 134 116 

trnL-F 920 78 51 

trnH-psbA 304 40 34 

Molecular structural 38 11 11 

Total 7134 516 543 546 425 452 
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indicating that the signal from each gene, in isolation, was too weak or exhibited too 

much internal conflict to resolve relationships among species of  Tacca. However, the 

combined signal from the sequence and molecular structural partitions yielded higher 

degrees of resolution and support, as seen in later analyses. 

1.3.4 MP and ML analyses of the AT-MOL data set. Parsimony analysis 

yielded 62 most parsimonious trees, of length 1197, consistency index (CI) 0.81 and 

retention index (RI) 0.91. The MP strict consensus tree is shown in Figure 1.1. 

Likelihood analysis recovered a single optimal tree with natural log likelihood -

17229.379426, shown in Figure 1.2. 

Maximum Parsimony (Figure 1.1) and ML (Figure 1.2) analyses of the AT-

MOL data set are congruent in the following ways: Pandanales is monophyletic, with 

Pandanus sp. and Stichoneuron bognerianum resolved as sisters. The sister of Pandanales is 

a monophyletic Dioscoreales. Dioscorea is resolved as monophyletic, and is sister to 

Tacca + Trichopus. Tacca is resolved as monophyletic. Tacca parkeri, the only South 

American species, is sister to all other species of Tacca. The two species with dissected 

leaves, T. leontopetaloides and T. artocarpifolia, form a monophyletic group. However, 

individuals from these two species are intermixed within the group. The dissected-

leaved group is sister to the rest of the Tacca species sampled in this study.
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Figure 1.1. MP strict consensus tree for the analysis of AT-MOL data set. JK values 
are indicated above branches. Outgroups are in grey. Colors of taxon names 
correspond to groupings by Drenth (1972). Green font = dissected-leaved species, 
purple font = palmate-leaved species, blue font = entire-leaved species. Black font = 
Tacca parkeri, which has polymorphic leaves and is a monospecific group. Branches in 
red highlight the conflicting placement of Tacca plantaginea and Tacca bibracteata, 
reflecting data set and type of analysis. 
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Figure 1.2. ML tree for the analysis of AT-MOL data set. Bootstrap values are 
indicated above branches. See caption of Figure 1.1 for further information. 
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There is support for species clades for all other Tacca species with multiple 

representatives. Species with palmate leaves, T. ankaranensis, T. palmata, T. palmatifida 

and T. aff. palmatifida, form a monophyletic group. Species with entire leaves, 

T. bibracteata, T. borneensis, T. chantrieri, T. aff. chantrieri, T. cristata, T. integrifolia and 

T. plantaginea, do not form a monophyletic group, because T. bibracteata and 

T. plantaginea are not resolved with the other species in the group. Tacca bibracteata is 

sister to the palmate-leaved group. Tacca aff. chantrieri is sister to all other 

representatives of T. chantrieri. Tacca chantrieri is resolved as sister to a clade comprising 

T. integrifolia + (T. borneensis + T. cristata). 

Maximum Parsimony (Figure 1.1) and Maximum Likelihood (Figure 1.2) 

analyses of the AT-MOL data set differ in the following ways: Dioscorea bulbifera is 

resolved as sister to D. sp. + D. sansibarensis in the ML analysis (Figure 1.2) but not the 

MP analysis (Figure 1.1). Within Tacca, in the palmate-leaved group, Tacca ankaranensis 

is resolved as sister to T. aff. palmatifida. This group is sister to T. palmatifida in the ML 

analysis (Figure 1.2) but neither of these relationships is recovered in the MP analysis 

(Figure 1.1). Furthermore, T. palmata is resolved as sister to T. ankaranensis + 

T. palmatifida in the ML analysis (Figure 1.2) but not the MP analysis (Figure 1.1). Tacca 

plantaginea is recovered as sister to all palmate-leaved + entire-leaved species in the ML 

analysis (Figure 1.2) but is recovered as sister to the T. bibracteata + palmate-leaved 

group in the MP analysis (Figure 1.1). 

Based on the results of the Shimodaira- Hasegawa (SH) test in RAxML, all 62 
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MP trees generated by analysis of the AT-MOL data set were significantly less likely 

than the ML tree at significance levels of 1 % or greater. When characters from the 

AT-MOL data set were mapped on the single optimal ML tree, the resulting tree had 

1208 steps, i.e., 11 steps (ca. 0.9 %) more than the unconstrained tree. 

1.3.5 MP analyses of the AT-COM data sets. Parsimony analysis yielded 76 

most parsimonious trees, of length 1258, consistency index (CI) 0.80 and retention 

index (RI) 0.90 for the AT-COM-e data set, and 78 most parsimonious trees of length 

1259, CI 0.80 and RI 0.91 for the AT-COM-c data set. The strict consensus MP 

cladograms for both data sets are congruent, except for the collapse of a single node 

for AT-COM-c relative to AT-COM-e (Appendix F). Figure 1.3 shows a single strict 

consensus cladogram from analysis of the AT-COM-e data set. 

Maximum Parsimony analyses of the AT-MOL (Figure 1.1) and AT-COM 

(Figure 1.3) data sets differ in the following ways: Within the palmate-leaved group, 

Tacca ankaranensis is resolved as sister to T. palmata + T. palmatifida in the AT-COM 

consensus tree (Figure 1.3). However, in the AT-MOL analysis (Figure 1.1), 

relationships between the three species are not resolved. Entire-leaved species are 

resolved as a monophyletic group in the AT-COM analysis (Figure 1.3), with 

T. plantaginea sister to T. bibracteata + other entire-leaved species. However, in the AT-

MOL analysis (Figure 1.1), T. plantaginea is sister to T. bibracteata + palmate-leaved 

group. The relationship between T. borneensis, T. cristata and T. integrifolia is not 

resolved in the AT-COM analysis. However, T. integrifolia is resolved as sister to
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Figure 1.3. MP strict consensus tree for the analysis of AT-COM-e data set. JK 
values are indicated above branches. See caption of Figure 1.1 for further information. 
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T. borneensis + T. cristata in the AT-MOL analysis (Figure 1.1). 

1.3.6 ML analyses of the AT-COM data sets. Likelihood analysis recovered 

a single optimal tree with natural log likelihood -17596.191070 for the AT-COM-e 

data set, and a single optimal tree with natural log likelihood -17671.725850 for the 

AT-COM-c data set. The ML trees for both data sets are congruent in resolution of 

relationships between clades or species, but not within them (Appendix G). Figure 1.4 

shows the ML tree from analysis of the AT-COM-e data set. 

Maximum Likelihood analyses of the AT-MOL (Figure 1.2) and AT-COM 

(Figure 1.4) data sets differ in the following ways: the sister genus of Tacca in the AT-

COM analysis (Figure 1.4) is Dioscorea while the sister genus of Tacca AT-MOL 

analysis (Figure 1.2) is Trichopus. Tacca ankaranensis is sister to all other palmate-leaved 

species in the AT-COM analysis (Figure 1.4) while it is sister to T. aff. palmatifida in 

the AT-MOL analysis (Figure 1.2). Entire-leaved species are resolved as a 

monophyletic group in the AT-COM analysis (Figure 1.4) with T. plantaginea sister to 

T. bibracteata + other entire-leaved species. However, in the AT-MOL analysis (Figure 

1.2), T. plantaginea is sister to both palmate-leaved +entire-leaved species, while 

T. bibracteata is sister to the palmate-leaved group. In the AT-COM analysis (Figure 

1.4), T. borneensis is sister to T. integrifolia + T. cristata. However, in the AT-MOL 

analysis (Figure 1.2), T. integrifolia is sister to T. borneensis + T. cristata.
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Figure 1.4. ML tree for the analysis of AT-COM-e data set. BS values are indicated 
above branches. See caption of Figure 1.1 for further information. 
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Compared to the AT-MOL data set, MP (Figure 1.3) and ML (Figure 1.4) 

analyses of the AT-COM data set are congruent in the following way: Entire-leaved 

species are resolved as monophyletic, with T. plantaginea sister to T. bibracteata + other 

entire-leaved species. 

Compared to the AT-MOL data set, MP (Figure 1.3) and ML (Figure 1.4) 

analyses of the AT-COM data set differ in the following ways: In ML analysis (Figure 

1.4), the sister genus of Tacca is resolved as Dioscorea, but in MP analysis (Figure 1.3), 

the sister genus of Tacca remains resolved as Trichopus. In ML analysis (Figure 1.4), 

Tacca borneensis is resolved as sister to T. integrifolia +T. cristata, however the relationship 

is unresolved in MP analysis (Figure 1.3). 

Based on the results of the SH test in RAxML, all 76 MP trees generated by 

analysis of the AT-COM-e data set were significantly less likely than the ML tree at 

significance levels of 1 % or greater. When characters from the AT-COM-e data set 

were mapped on the single optimal ML tree, it resulted in a tree of length 1269, 11 

steps (ca. 0.9 %) longer than the unconstrained tree. Based on the results of the SH 

test in RAxML, all 78 MP trees generated by analysis of the AT-COM-c data set were 

significantly less likely than the ML tree at significance levels of 1 % or greater. When 

characters from the AT-COM-c data set were mapped on the single optimal ML tree, 

it resulted in a tree of length 1272, 13 steps (ca. 1.0 %) longer than the unconstrained 

tree. 

1.3.7 MP analyses of exemplar data sets. For the Ex-MOL data set, 
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parsimony analysis yielded eight most parsimonious trees, of length 1071, CI 0.85 and 

RI 0.86 (Figure 1.5A). For the Ex-COM data set, parsimony analysis yielded 12 most 

parsimonious trees, of length 1132, CI 0.83 and RI 0.84 (Figure 1.5B). Consensus 

cladograms for both data sets are shown in Figure 1.5. 

Maximum Parsimony analyses of the Ex-MOL (Figure 1.5A) and Ex-COM 

(Figure 1.5B) data sets differ in the following ways: Entire-leaved species are resolved 

as a monophyletic group in the Ex-COM analysis (Figure 1.5B), with Tacca plantaginea 

sister to T. bibracteata + other entire-leaved species. However, in the Ex-MOL analysis 

(Figure 1.5A), T. plantaginea is sister to both palmate-leaved and entire-leaved species. 

In the Ex-MOL analysis (Figure 1.5A), T. bibracteata is sister to the palmate-leaved 

group. In the Ex-COM analysis (Figure 1.5B), the relationship between T. borneensis, 

T. cristata and T. integrifolia is unresolved, while in the Ex-MOL analysis (Figure 1.5A), 

T. integrifolia is sister to T. borneensis + T. cristata. In the Ex-COM analysis (Figure 1.5B), 

within the palmate-leaved group, T. ankaranensis is resolved as sister to T. palmata + 

T. palmatifida (Figure 1.5B). This relationship was not resolved in the Ex-MOL analysis 

(Figure 1.5A). 

1.3.8 Comparison of  MP analyses of  all-taxa and exemplar data sets. The 

removal of multiple representatives of some species led to a different resolution of 

relationships among species. In both Exemplar analyses (Figure 1.5), there was no 

resolution of relationships among the three genera of Dioscoreales, while in the All-

Taxa analyses (Figure 1.1, 1.3), relationships among genera of Dioscoreales were
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Figure 1.5. MP strict consensus trees for the analyses of A. Ex-MOL  
B. Ex-COM data sets. MP JK values are indicated above branches. See caption of 
Figure 1.1 for further information. 
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recovered. In both Exemplar analyses (Figure 1.5), the earliest diverging group was 

the dissected-leaf group comprising Tacca leontopetaloides + T. artocarpifolia, followed by 

T. parkeri (Figure 1.5). However, in the All-Taxa analyses (Figure 1.1, 1.3) T. parkeri 

was the earliest diverging element, followed by T. leontopetaloides + T. artocarpifolia. 

Phylogenies obtained from AT-MOL (Figure 1.1) and Ex-MOL (Figure 1.5A) 

MP analyses differ in the resolution of Tacca plantaginea, which is recovered as sister to 

the T. bibracteata + palmate-leaved group in the former but as sister to palmate + 

entire-leaved species in the latter. The latter result is recovered in none of the other 

MP analyses but is similar to the results of ML analysis of the AT-MOL data set 

(Figure 1.2). 

The inclusion of morphological characters resolved entire-leaved species as a 

monophyletic group in both AT-COM (Figure 1.3) and Ex-COM (Figure 1.5B) MP 

analyses, which placed Tacca plantaginea as sister to T. bibracteata + other entire-leaved 

species. 

1.3.9 Analysis of morphological character evolution. The morphological 

characters (Appendix A, B) were optimized on pruned MP trees from each of the 

analyses of the AT-MOL (Figure 1.1) and AT-COM (Figure 1.3) data sets. Pruning of 

non-exemplar taxa of both data sets each resulted in two alternative resolutions for 

relationships within Tacca. Information on tree length, CI and RI is detailed in Table 

1.6. In the pruned AT-MOL trees (Figure 1.6: ACCTRAN optimization, Figure 1.7: 

DELTRAN optimization), Tacca palmatifida was either resolved as most closely related 
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to T. palmata, with T. ankaranensis sister to both (Figure 1.6, 1.7: Tree A), or 

T. palmatifida was resolved as most closely related to T. ankaranensis, with T. palmata 

sister to both (Figure 1.6, 1.7: Tree B, inset). In the pruned AT-COM trees (Figure 

1.8: ACCTRAN optimization, Figure 1.9: DELTRAN optimization), T. cristata was 

either resolved as most closely related to T. borneensis, with T. integrifolia sister to both 

(Figure 1.8, 1.9: Tree A), or T. cristata was resolved as most closely related to 

T. integrifolia, with T. borneensis sister to both (Figure 1.8, 1.9: Tree B, inset). 

Characters that consistently distinguish Tacca from other members of Dioscoreales 

include the presence of scapose umbelliform inflorescences, and the presence of 

subtending involucral bracts. These characters were not included as the focus of the 

study was on relationships within Tacca. None of the characters that were scored 

demarcated Tacca across all optimizations. Characters detected as synapomorphies of 

Tacca in some optimizations include: the presence of dormancy (character 0, Figure 

1.6), the presence of aerial adventitious prop root (character 3, Figure 1.6), hollow 

petiole, i.e., the presence of  a central cavity within petiole (character 5, Figure 1.6, 1.8, 

1.9), and the presence of blade lobing (character 7, Figure 1.8). Apart from the 

presence of aerial adventitious prop root (character 3), these states are absent in all 

entire-leaved species. 

Across all optimizations, the solitary polymorphic-leaved species of Tacca, from 

South America, Tacca parkeri, is supported by globose fruit shape (character 25, 
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Table 1.6. Tree lengths and homoplasy indices for morphological characters 
optimized on pruned trees from AT-COM and AT-MOL data sets. 
 
Data set Tree: relationship resolved Steps CI RI 

AT-COM 

A: Tacca integrifolia + 

(Tacca borneensis + Tacca cristata) 
57 56 71 

B: Tacca borneensis + 

(Tacca integrifolia + Tacca cristata) 
55 58 73 

AT-MOL 

A: Tacca ankaranensis + 

(Tacca palmata + Tacca palmatifida) 
66 48 60 

B: Tacca palmata + 

 (Tacca ankaranensis +Tacca palmatifida) 
70 45 56 
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Figure 1.6. Morphological characters with state changes optimized via ACCTRAN 
onto tree A from AT-MOL MP analysis, with all outgroup terminals collapsed and 
non-exemplar individuals pruned (Table 1.5). Orange branches denote point where 
subtrees diverged. Inset figure B (in box) depicts differences in relationship and 
optimization on alternative tree (Table 1.5). Numbers above circles refer to characters 
in Appendix A, while numbers below circles indicate the apomorphic state for each 
character transformation. Black circles indicate non-homoplasious state changes while 
white circles indicate homoplasious changes. See caption of Figure 1.1 for information 
on color coded taxon names. 

A 
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Figure 1.7. Morphological characters with state changes optimized via DELTRAN 
onto tree A from AT-MOL MP analysis, with all outgroup terminals collapsed and 
non-exemplar individuals pruned (Table 1.5). See caption of Figure 1.6 for 
information on tree depiction. See caption of Figure 1.1 for information on color 
coded taxon names. 

A 
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Figure 1.8. Morphological characters with state changes optimized via ACCTRAN 
onto tree A from AT-COM MP analysis, with all outgroup terminals collapsed and 
non-exemplar individuals pruned (Table 1.5). See caption of Figure 1.6 for 
information on tree depiction. See caption of Figure 1.1 for information on color 
coded taxon names. 

A 
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Figure 1.9. Morphological characters with state changes optimized via DELTRAN 
onto tree A from AT-COM MP analysis, with all outgroup terminals collapsed and 
non-exemplar individuals pruned (Table 1.5). See caption of Figure 1.6 for 
information on tree depiction. See caption of Figure 1.1 for information on color 
coded taxon names. 

A 
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Figures 1.6 – 1.9). This is a variable character within Tacca, as this character state is 

shared with T. leontopetaloides and T. palmata. Characters that marked T. parkeri in some 

optimizations include: the presence of dormancy (character 0, Figure 1.7), and hollow 

petiole; i.e. the presence of a central cavity within petiole (character 5, Figure 1.7). 

Across all optimizations, the dissected-leaved group, comprising Tacca 

artocarpifolia and T. leontopetaloides, is supported by two orders of lobing on blades 

(character 8, Figures 1.6 – 1.9), presence of sinuate extrusions of the epidermis and 

cuticle on the abaxial leaf veins (character 9, Figures 1.6 – 1.9), more than four 

involucral bracts (character 11, Figures 1.6 – 1.9), and presence of white mucilaginous 

testa (character 29, Figures 1.6 – 1.9). These characters characterize the dissected-

leaved group. Another character, the presence of an annular disk on the base of the 

style (character 19, Figures 1.6 – 1.9) also characterizes the group, but is shared with 

one palmate-leaved species, T. ankaranensis. Characters that mark the dissected-leaf 

group in some optimizations include: the presence of dormancy (character 0, Figure 

1.7), the presence of tuber (character 2, Figure 1.6, 1.7, 1.9), which is also found in 

T. plantaginea and T. palmata, hollow petiole, i.e., the presence of  a central cavity within 

petiole (character 5, Figure 1.7), the presence of lobing on blades (character 7, Figure 

1.6, 1.7, 1.9), and the presence of many filiform bracteoles (character 16, Figure 1.9). 

Across all optimizations, the palmate-leaved group, comprising Tacca 

ankaranensis, T. palmatifida and T. palmata, is supported by red-orange fruit color at 

maturity (character 27, Figures 1.6 – 1.9). Characters that mark the palmate-leaved 
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group under some optimizations include: the presence of dormancy (character 0, 

Figure 1.6, 1.7), hypogeal stem (character 1, Figure 1.6, 1.7B), terete petiole shape in 

cross section (character 4, Figure 1.6, 1.7B), hollow petiole, presence of a central 

cavity within petiole (character 5, Figure 1.6), presence of blade lobing (character 7, 

Figure 1.6, 1.7, 1.9), inner involucral bract ascending over inflorescence (character 14, 

Figure 1.6B), absence of filiform bracteoles (character 15, Figure 1.6B), few filiform 

bracteoles (character 16, Figure 1.6, 1.8), a state which is present in T. ankaranensis but 

is inapplicable for the other palmate-leaved species, bilobed, obcordate inner tepal 

(character 18, Figure 1.6B), a state which is present in all palmate-leaved species 

except T. ankaranensis, and rounded fruit apex (character 26, Figure 1.6, 1.7B). 

Within the palmate-leaved group, Southeast Asian Tacca palmata and 

T. palmatifida are supported as sister species across all optimizations by obovate to 

spathulate inner involucral bract (character 13, Figure 1.6A – 1.9), absence of filiform 

bracteoles (character 15, Figure 1.6A – 1.9), and bilobed, obcordate inner tepal 

(character 18, Figure 1.6A – 1.9). Characters that mark the sister species relationship 

between T. palmata and T. palmatifida under some optimizations include: hypogeal stem 

(character 1, Figure 1.7A), terete petiole shape in cross section (character 4, Figure 

1.7A), horizontal orientation of lamina of outer involucral bract (character 12, Figure 

1.8), inner involucral bract ascending over inflorescence (character 14, Figure 1.6A – 

1.8), and rounded fruit apex (character 26, Figure 1.7A). There were no characters 

from the morphological partition that supported the alternative resolution of  
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T. ankaranensis and T. palmatifida as sister species (Figure 1.6B, 1.7B) 

Entire-leaved species, comprising Tacca bibracteata, T. borneensis, T. chantrieri, 

T. cristata, T. integrifolia and T. plantaginea, were only recovered as a monophyletic group 

in AT-COM analysis. Characters that support the entire-leaved group in the AT-COM 

trees under both optimizations include: absence of dormancy (character 0, Figure 1.8, 

1.9), epigeal stem (character 1, Figure 1.8, 1.9), canaliculate petiole shape in cross-

section (character 4, Figure 1.8, 1.9), absence of central cavity within petiole (character 

5, Figure 1.8, 1.9) and obpyramidal fruit apex (character 26, Figure 1.8, 1.9). 

Characters that mark the entire-leaved group only under one optimization include: 

absence of blade lobing (character 7, Figure 1.8), inner involucral bract ascending over 

inflorescence (character 14, Figure 1.9), and many filiform bracteoles (character 16, 

Figure 1.9). 

Among the entire-leaved species, those that were consistently recovered as a 

monophyletic group were Tacca borneensis, T. chantrieri, T. cristata and T. integrifolia. 

Across all optimizations, this group is supported by presence of  floral thermogenesis 

(character 20, Figure 1.6 – 1.9), and purple-black fruit color at maturity (character 27, 

Figure 1.6 – 1.9). Characters that mark this group under some optimizations include: 

absence of  tuber (character 2, Figure 1.8), presence of  aerial adventitious prop root 

(character 3, Figure 1.7, 1.8), vertical orientation of  lamina of  outer involucral bract 

(character 12, Figure 1.7, 1.9), flower arrangement in double cincinnus with sequential 

maturation (character 17, Figure 1.6 – 1.8), declinate to pendent infructescence scape 
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(character 21, Figure 1.6 – 1.8), and progressively marcescent involucral bract 

(character 22, Figure 1.6 – 1.8). 

Characters that mark the relationship of all Tacca excluding the polymorphic-

leaved Tacca parkeri in some optimizations include: the presence of tuber (character 2, 

Figure 1.8), and many filiform bracteoles (character 16, Figure 1.6 – 1.8).  

Characters that mark the sister relationship of the palmate-leaved and entire-

leaved groups in some optimizations include: absence of dormancy (character 0, 

Figure 1.6), epigeal stem (character 1, Figure 1.6, 1.7), canaliculate petiole shape in 

cross-section (character 4, Figure 1.6, 1.7), absence of central cavity within petiole 

(character 5, Figure 1.6), horizontal orientation of lamina of outer involucral bract 

(character 12, Figure 1.6, 1.8), inner involucral bract subtending inflorescence 

(character 14, Figure 1.6, 1.8), and obpyramidal fruit apex (character 26, Figure 1.6, 

1.7). 

 

1.4 Discussion 

 

1.4.1 Factors influencing data collection in Tacca. The present study 

involved the successful use of  DNA extracted from fresh material and silica-dried leaf  

fragments taken from living plants, while in contrast, material from herbarium 

specimens amplified with extremely low rates of  success. The only successful 

amplifications from herbarium specimens were short sequences of  West Indian 
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Ocean species (Table 1.3, Appendix E). It appears likely that most herbarium 

specimens of  Tacca have been preserved at the expense of  usable DNA in their 

tissues, due to the large size and succulence of  the plants, combined with the humid 

forest environment that form the habitat of  most species of  Tacca.  

Investigators must always be cautious when using data from databases such as 

GenBank, as sequences may be misidentified, a problem that is compounded when 

taxonomic coverage of  the study group is poor (Vilgalys, 2003). This is particularly 

important in groups such as Tacca, where the number and circumscription of  species 

are in flux. Notably, there appear to be multiple species in Southeast Asia that are 

cryptic and/or undescribed (Dr. Peter Boyce, Dr. Gabriella Fredriksson, pers comm). 

As species limits in some groups within Tacca are contentious, combination of  data 

from multiple vouchers and studies to represent a single terminal can lead to spurious 

or ambiguous resolution of  relationships among species.  

Morphological characters were most easily obtained from living specimens, or 

photographs of  living specimens of  Tacca. As noted above, most herbarium 

specimens of  Tacca from forest habitats have been treated to retard decomposition 

and/or hasten the drying process. This has led to physical distortion in some of  the 

herbarium specimens, making character and species diagnosis difficult. New and 

newly-resurrected species will also affect phylogenetic outcomes when added to 

analyses.  

1.4.2 Phylogeny of  Tacca. This study supports the placement of  Tacca within 
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Dioscoreaceae and Dioscoreales, with strong support in all analyses (Figure 1.1 – 1.5). 

This result is similar to that obtained by previous studies (Caddick et al. 2000, Caddick 

et al. 2002a, 2002b, Merckx et al. 2009).  

In the present study, Tacca is resolved as most closely related to Trichopus in all 

analyses except in the ML analysis of  the AT-COM data sets, where it is sister to 

Dioscorea with weak BS support. The earliest diverging member of  Tacca in All-Taxa 

analyses is T. parkeri, followed by T. leontopetaloides + T. artocarpifolia (Figure 1.1 – 1.4). 

However, in the Exemplar analyses, the earliest diverging element is T. leontopetaloides + 

T. artocarpifolia, followed by T. parkeri (Figure 1.5). Thus, the dissected-leaved species 

T. leontopetaloides and T. artocarpifolia form a monophyletic group, but individuals 

identified as belonging to the two species are intermixed within the clade (Figure 1.1 – 

1.4). In the present data set there is a large quantity of missing molecular data 

(sequence and structural characters) for representatives of T. artocarpifolia, due to the 

low rates of success in extracting amplifiable genomic DNA from herbarium 

specimens (Table 1.3, Appendix E).  

In the present study, palmate-leaved and entire-leaved species are more closely 

related to each other, with strong JK and BS support, than to dissected-leaved species 

or Tacca parkeri (Figure 1.1 – 1.5).  

The palmate-leaved species, Tacca ankaranensis, T. palmata, T. palmatifida and 

T. aff. palmatifida form a strongly-supported monophyletic group in all analyses, 

although the resolution of  relationship among species is affected by the type of  data 
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set and the analytical approach (Figure 1.1 – 1.5). The present study is the first to 

include palmate-leaved T. ankaranensis in a phylogenetic analysis. In this study, in all 

analyses with data sets that include morphological data, T. ankaranensis is the earliest 

diverging element within the palmate-leaved group, sister to T. palmata + T. palmatifida 

(Figure 1.3, 1.4, 1.5B). Tacca aff. palmatifida is resolved as sister to T. palmatifida (Figure 

1.3, 1.4). However, when morphology is excluded, resolution of  relationships among 

the palmate-leaved species becomes variable depending on the type of  analysis. Tacca 

ankaranensis, T. palmata and T. palmatifida form a polytomy in the MP analyses of  

molecular-only data sets (Figure 1.1, 1.5A), and the sister of  T. aff. palmatifida is 

unresolved within the clade (Figure 1.1). In the ML analysis of  the AT-MOL data set 

(Figure 1.2), T. palmata is sister to the other palmate-leaved species. Tacca ankaranensis 

is most closely related to T. aff. palmatifida, and the pair of  species are sister to 

T. palmatifida (Figure 1.2).  

Entire-leaved species form a monophyletic group only when morphological 

characters are included, regardless of  analytical method (Figure 1.3, 1.4, 1.5B). The 

resolution of  Tacca plantaginea and T. bibracteata is affected by type of  data set and 

analytical method. The present study is the first to include the Bornean endemics 

T. bibracteata and T. borneensis in a phylogenetic analysis.  

Tacca plantaginea is consistently nested within Tacca in the present study, although 

the placement of  this species differs depending on the type of  analysis and data 

included (Figure 1.1 – 1.5). This supports Drenth’s classification of  Schizocapsa as 
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synonym of  Tacca (1972). In the MP analysis of  the AT-MOL data set (Figure 1.1), it 

is sister to T. bibracteata + palmate-leaved species of  Tacca, while in the ML analysis 

(Figure 1.2) of  the same data set, as well as the MP analysis of  the Ex-MOL data set 

(Figure 1.5A), it is sister to all palmate-leaved and entire-leaved species of  Tacca. 

However, when morphological characters are included, T. plantaginea is resolved as 

sister to all other entire-leaved species (Figure 1.2, 1.4, 1.5B).  

Tacca bibracteata is resolved as most closely related to different Tacca species 

depending on the type of  data set analyzed. In all analyses of  molecular-only data sets, 

it is placed as sister to the palmate-leaved species with moderate support (Figure 1.1, 

1.2, 1.5A). However, when morphological characters are included, it is nested among 

the entire-leaved species, again with moderate support (Figure 1.3, 1.4, 1.5B). This 

species is most easily characterized by its thin, thread-like inner involucral bracts 

(Appendix A, character 13), which superficially resemble filiform bracteoles, giving 

the inflorescence a bi-bracteate appearance. However, structural features such as the 

absence of  inter-primary lateral veins (Boyce and Julia, 2006) and the coriaceous 

texture of  leaves in this species are unique to the genus and merit further investigation 

as to their adaptive significance. 

The remaining entire-leaved species, which include Tacca borneensis, T. chantrieri, 

T. cristata, and T. integrifolia, form a monophyletic group (Figure 1.1 – 1.5). They have 

large, conspicuous involucral bracts (Illustration 1.1D – 1.1G). Among these four 

species, T. chantrieri is consistently resolved as the earliest diverging element (Figure 1.1 
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– 1.4), while relationships among the other species are variable, depending on the type 

of  data set and analytical method. In all analyses of  molecular-only data sets (Figure 

1.1, 1.2, 1.5A), T. chantrieri is sister to a clade comprising T. integrifolia + (T. borneensis + 

T. cristata). However, when morphological characters are included, the relationships 

among the latter three species are unresolved in MP analyses (Figure 1.1, 1.5B). In the 

ML analysis, a conflicting resolution is obtained, where T. chantrieri is sister to a clade 

comprising T. borneensis + (T. integrifolia + T. cristata). The difference in resolution 

between analyses is due to the inclusion of  inflorescence characters, as T. borneensis 

and T. chantrieri are more superficially similar (Illustration 1.1D, 1.1E), as with 

T. cristata and T. integrifolia (Illustration 1.1F, 1.1G). In light of  this, the decision by 

Drenth (1972) to sink T. borneensis into T. integrifolia is puzzling (Boyce and Julia, 2006). 

Based on examination of  living material as well as herbarium specimens, some of  

which Drenth examined as part of  his revision of  the genus, the former species 

shares more involucral bract characters with T. chantrieri than it does with the latter 

species (ref  Illustration 1.1D – 1.1G, and Appendix A, B, character 13, 14). 

1.4.3 Comparison of  phylogenetic results with previous studies. The only 

other phylogenetic study of  Tacca is by Zhang et al. (2011), using DNA sequences 

from one nuclear (ITS), one mitochondrial (atpA), and three plastid (rbcL, trnH-psbA, 

trnL-F) loci. They sampled one outgroup species, Trichopus sempervirens (H. Perrier) 

Caddick & Wilkin, and 10 ingroup species, including T. cristata, which was recognized 

as form “M” of  T. integrifolia in their study. The use of  single exemplar sampling in 
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their analyses is worth noting. As shown in the present study, the resolution of  

relationships among species depends upon whether single exemplars (Figure 1.5) or 

multiple individuals (Figure 1.1, 1.3) are sampled. Sensitivity of  phylogenetic 

resolution to depth of  sampling was found by Spinks et al. (2013) in the turtle genus 

Pseudemys. In their study, relationships within single-exemplar phylogenies were 

strongly supported, but highly incongruent with those obtained with other exemplars. 

Considering this observation, it seems prudent to sample multiple individuals for each 

species where possible, to capture intraspecific variation if  present. 

The placement of Tacca is controversial, with different relationships obtained in 

various studies, but this is likely an artefact due to contaminated samples (Caddick et 

al., 2000; Caddick et al., 2002a; Caddick et al., 2002b; see Lam et al., 2016, 2017, in 

prep). There is strong evidence from nuclear and mitochondrial markers that Thismia 

is sister to Tacca (Merckx et al., 2006, 2009, 2010; Merckx, 2008). However, as all 

species of Thismia are fully mycoheterotrophic, the inclusion of  representatives of  this 

genus may complicate comparative analyses of  morphological and plastid molecular 

characters (see chapter 2) and lead to uncertainty in taxonomic placement (Chase et 

al., 2016). For this reason, Thismia is not included in the present study. 

The earliest diverging member of  Tacca in the study of  Zhang et al. (2011) is 

T. leontopetaloides, a result similar to that obtained by analyses of  the Exemplar data sets 

(Figure 1.5) in the present study. This conflicts with the result obtained by analyses of  

the All-Taxa analyses (Figure 1.1 – 1.4), where T. parkeri is the earliest diverging 
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element, followed by T. leontopetaloides + T. artocarpifolia. The latter species was not 

included in their study.  

The next diverging element in the study of  Zhang et al. (2011) is Tacca parkeri, 

sister to T. plantaginea. This may be due to a problematic atpA sequence, as the 

sequences of  T. parkeri (GenBank Sequence ID: JN850562) and T. leontopetaloides 

(GenBank Sequence ID: JN850559) in their study are identical, while the former is 

less similar (98.7%) to a putative conspecific sequence (GenBank Sequence ID: 

AY299845) from independent researchers. In the present study, T. plantaginea is 

variably placed, depending on the type of  data set analyzed, but is never sister to 

T. parkeri.  

The present study and that of  Zhang et al. (2011) both recovered palmate-

leaved species as a monophyletic group (Figure 1.1 – 1.5). The palmate-leaved species 

are also similarly resolved as sister to a clade comprising entire-leaved species, 

excluding Tacca plantaginea. Relationships among palmate-leaved species cannot be 

compared, as Zhang et al. sampled only T. palmata and T. palmatifida.  

The entire-leaved species sampled in this study did not completely overlap 

those of Zhang et al. (2011) as we did not include representatives of Tacca ampliplacenta 

or T. subflabellata. There is conflicting resolution of  relationships for entire-leaved 

species sampled by Zhang et al. and the present study. In their study, T. cristata is sister 

to T. chantrieri + T. integrifolia. In this study, T. chantrieri is resolved as sister to 

T. integrifolia + T. cristata. 
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1.4.4 Implications of  the present phylogeny for groups, origin and 

biogeographic distribution of  Tacca. All analyses of  combined (i.e., AT-COM and 

Ex-COM) data sets in the present study support the separation by Drenth (1972) of  

Tacca into four groups, based on morphology and geography (Table 1.2). Palmate-

leaved species and entire-leaved species are sister groups, followed by T. leontopetaloides 

and T. artocarpifolia, the latter subsumed into the former by Drenth, but recognized as 

distinct in the present study (see Chapter 4). The fourth, earliest diverging 

monospecific group consists solely of  T. parkeri.  

Tacca parkeri was considered by Drenth (1972) to be morphologically and 

geographically isolated in the genus. It is widely distributed in Amazonia and the 

Guianas, and may comprise multiple cryptic species (Dr. André Cardoso, pers. comm.) 

In this study, the species is represented by one individual, as we were unable to obtain 

DNA from other specimens.  

Tacca leontopetaloides is pantropically distributed, and is found in a wide range of  

habitats. The widespread distribution of  T. leontopetaloides has been attributed to a 

combination of  human (the starchy tubers are edible), and aquatic dispersal. Ridley 

(1930) hypothesizes that the spongy testa of  seeds in this group enable them to float 

in the ocean for long periods, but there have been no empirical studies of  this. Ridley 

also recorded second-hand observations that the seeds are eaten by birds commonly 

referred to as White-Eyes (Zosterops sp.). In the present study, there is no geographical 

structure apparent in the phylogenetic resolution of  specimens of  T. leontopetaloides 
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sampled from disparate locations (Table 1.3, Figure 1.1 – 1.4). More individuals from 

various localities should be sampled to determine the geographical origin of  this 

species. Its sister species, T. artocarpifolia, is confined to Madagascar and surrounding 

islands (Chapter 4).  

Species from the palmate-leaved group are predominantly Malesian (Table 1.1). 

However, Tacca ankaranensis, a palmate-leaved species, was recently discovered and 

described from the Ankarana Massif  (Bardot-Vaucoulon 1997). In this study, it is 

resolved as sister to a pair of  palmate-leaved species, T. palmata, which is distributed 

throughout Southeast Asia, and T. palmatifida, which is endemic to Sulawesi. A 

palmate-leaved fossil species, T. umerii A.D. Pan, B.F. Jacobs & E.D. Currano, 

discovered in carbonaceous shale and mudstone from Mush Valley, Ethiopia, dates to 

the early Miocene (21.7 Ma) (Pan et al., 2014), providing a record of  the presence of  

palmate-leaved species in continental Northeastern Africa.  

Within the entire-leaved group, there is no obvious geographic structure 

(Figure 1.10), as geographically proximate species are not more closely related to each 

other, e.g. Bornean endemics Tacca borneensis and T. bibracteata. Another confirmed 

Tacca fossil exists, and is likely to be from an entire-leaved species. Tacca buzekii 

Gregor, discovered in pelosiderite deposits from Počerna (Putschirn), Czech Republic, 

dates to the Eocene-Oligocene boundary (Gregor and Goth, 1979; Gregor, 1983; Raz, 

2017). The fossil is of  a striate, reniform seed with a depressed hilar region, similar to 

those found in T. chantrieri (Appendix A, character 28). In their biogeographic analysis,
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Figure 1.10. Subtree of entire-leaved species for the MP analyses of combined data 
sets. See Figures 1.3 – 1.5 for more information. Localities in brackets refer to the 
biogeographical range of each species according to WGSRPD standards. 
 

Tacca plantaginea (Indo-China)  

Tacca bibracteata (Borneo) 

Tacca chantrieri (Indo-China) 

Tacca integrifolia (Indo-China, Assam, Bangladesh, East Himalaya) 

Tacca cristata (Malesia) 

Tacca borneensis (Borneo) 
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of  Dioscoreaceae, Viruel et al. (2015) assigned T. buzekii to the crown node of  Tacca 

but this may be an underestimate of  the age of  lineages with contemporary species, as 

T. buzekii can be assigned as sister to T. chantrieri. This suggests that approximately 

33.9–37.2 Ma, entire-leaved species of  Tacca were already present and diverse in 

Middle Europe.  

By including Tacca buzekii and two other Dioscorea fossils, Viruel et al. (2015) 

estimate that Tacca diverged from the rest of  Dioscoreaceae in the Late Cretaceous 

(~80 Ma), a result congruent with those of  Merckx (2008). Viruel et al. suggested two 

possible areas of  origin for Tacca, either Laurasia, assuming an origin of  Tacca in 

present-day Southeast Asia, or Gondwana, assuming an origin of  Tacca in present-day 

Australasia. However, they omitted consideration of  Tacca species from South 

America or Africa. Given the derived position of  Indo-Chinese and Malesian Tacca 

species, and the position of  T. parkeri as the earliest diverging species, there is more 

support for a Gondwanan origin for the genus. 

1.4.5 Morphological character evolution in Tacca. Taxonomic studies of  

this genus have focused on leaves and bracts for the inference of  relationships among 

species (Pax, 1887; Limpricht, 1902, 1928; Drenth, 1972). Here we show that 

infructescence and fruit characters are also significant in revealing higher-order 

relationships. All characters discussed in this section are described in Appendix A. 

A physiological character, floral thermogenesis (character 20), has been 

discovered for some Tacca species, and this represents a first record of  this feature for 
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the genus, family and order. In thermogenic flowers, temperatures may rise 5 ºC – 

7 ºC above ambient temperature. Characters of  floral biology seem to have significant 

taxonomic value, but are difficult to observe.  

Life history and gross morphology – In this study, dormancy (character 0) was found 

to be present in all species of  Tacca except those with entire leaves. Most character 

optimizations suggest that dormancy evolved in the direct ancestor of  all Tacca species 

(Figure 1.6, 1.8, 1.9) and was consequently lost once in the ancestor of  all entire-

leaved species (Figure 1.8, 1.9), or lost once in the ancestor of  all palmate-leaved and 

entire-leaved species, and regained in the ancestor of  palmate-leaved species (Figure 

1.6). One optimization suggests that dormancy independently evolved three times, 

once in T. parkeri, once in the dissected-leaved lineage, and once in the palmate-leaved 

lineage (Figure 1.7).  

Root and tuber – Tubers (character 2) evolved multiple times in Tacca, and are 

usually, but not always, associated with the presence of  dormancy (character 0). For 

instance, T. parkeri lacks tubers but undergoes dormancy, while tubers are present in 

T. plantaginea, which has persistent leaves. Aerial adventitious prop roots (character 3) 

are derived in Tacca, and present in all species with epigeal stems (character 1) except 

for T. plantaginea. In entire-leaved species, which have persistent leaves, the rosette 

elongates with the growth of  each new leaf, and is often filled with leaf  litter at the 

petiole-stem junction (pers. obs.). The aerial adventitious prop roots may function in 

stabilizing the plant. 
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Leaf  – Characters of  the petiole in cross section, including shape (character 4), 

as well as the presence of  central cavity (character 5), are associated with species that 

undergo dormancy, i.e., Tacca parkeri, dissected-leaved species, and palmate-leaved 

species. As noted by previous workers (Roxburgh, 1824; Limpricht, 1928), epidermal 

features on the petiole of  T. integrifolia are absent in T. cristata (character 6). This was 

not addressed by Drenth (1972), in his taxonomic synonymization of T. cristata, likely 

due to the imperfect preservation of  this character in herbarium specimens. 

Characters involving leaf  blade lobing have been used in taxonomic studies in 

Tacca to group species, and are broadly useful. Lobed leaves (character 7) are 

plesiomorphic in Tacca, being lost in all entire-leaved species. Two orders of  lobing 

(character 8) arose in a single lineage leading to the dissected-leaved species group. A 

new character, the presence of  sinuate epidermal extrusions on abaxial leaf  veins 

(character 9), is apomorphic in dissected-leaved species. 

Inflorescence – Elongate scapes that position the inflorescence at or above leaf  

blades are plesiomorphic in Tacca. In two species, Tacca plantaginea and T. borneensis, the 

inflorescence independently evolved to be positioned below leaf  bases (character 10). 

An increase in number of  involucral bracts (character 11) evolved once, in dissected-

leaved species. Lamina of  outer involucral bracts are vertically oriented in entire-

leaved species, excluding T. bibracteata, and in T. ankaranensis (character 12). This is 

significant in visual presentation of  the inflorescence to potential pollinators or 

predators, especially when the involucral bracts are very large, as the flowers are 
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obscured from one direction. Spathulate inner involucral bracts (character 13) are 

generally ascending (character 14), and may function in shielding the inflorescence 

from rain, or in increasing the conspicuousness of  reproductive display. Filiform 

bracteoles (character 15) are plesiomorphic in Tacca, and their function is unknown. 

They were lost once within the palmate-leaved lineage. Reduction in the number of  

filiform bracteoles (character 16) occurred in the sole Madagascan palmate-leaved 

species, T. ankaranensis and in T. parkeri. A flower arrangement consisting of  a double 

cincinnus with sequential maturation (character 17) evolved within entire-leaved 

species.  

Flower – A novel shape of  inner tepal (character 18) evolved once within the 

palmate-leaved lineage, and was suggested by Van der Pijl (1950) to function as a 

kettle trap for dipteran pollinators. While the annular disk on the base of  style 

(character 19) was recorded as present in T. ankaranensis in its type description 

(Bardot-Vaucoulon, 1997), the veracity of  this is ambiguous, as no specimens were 

available to be dissected for the present study, and the accompanying illustration by 

Bardot-Vaucoulon does not clearly represent the character state. If  the character state 

is present as scored in this study (character 19, Appendix B), it evolved twice, once in 

the dissected-leaved lineage, and once in T. ankaranensis. In T. leontopetaloides, the 

multicellular glandular hairs present on the annular disk produce a sugary exudate 

(pers. obs.). Floral thermogenesis, is optimized in the present study as derived within 

the entire-leaved lineage, evolving once with no reversals. However, as I was unable to 
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observe this character for all palmate-leaved species, T. bibracteata or T. parkeri, this 

optimization may change as more observations are recorded. 

Infructescence – Erect infructescence scapes (character 21) with persistently 

photosynthetic involucral bracts (character 22) are plesiomorphic within Tacca. The 

evolution of  declinate infructescence scapes (character 21) with marcescent involucral 

bracts (character 22) in entire-leaved species is suggested by Saw (1993) to be part of  

a suite of  infructescence characters facilitating a transition from bird dispersal to 

mammal dispersal in entire-leaved Tacca species. The declinate inner involucral bracts 

in the infructescence of  T. palmata (character 23) make the mature red fruits more 

prominent from above. The dehiscent capsular fruits of  T. plantaginea (character 24) 

are derived from indehiscent fleshy berries found in all other Tacca species. 

Fruit – A globose fruit shape (character 25) evolved three times in Tacca from 

the plesiomorphic ellipsoid shape, as occurs in T. leontopetaloides, T. palmata and 

T. parkeri. An obpyramidal fruit apex (character 26) is derived in Tacca and is found in 

all entire-leaved species. Fruit color at maturity (character 27) provides further support 

for the dispersal hypothesis of  Saw (1993). In this hypothesis, dissected-leaved and 

palmate-leaved Tacca species, which have green-yellow and red-orange fruit 

respectively, are bird dispersed. Entire-leaved species, most of  which have purple-

black fruit, are mammal dispersed. A notable exception is the entire-leaved species 

T. plantaginea, which has green dehiscent capsular fruit and is abiotically dispersed. 

Tacca chantrieri is characterized by having reniform seeds (character 28). This seed form 
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is found in the fossil species T. buzekii (Gregor and Goth, 1979; Gregor, 1983). Seeds 

with fleshy testa (character 29) evolved once in dissected-leaved species. This is 

considered as evidence for animal dispersal by Saw (1993), although this is disputed by 

Ridley (1930), who considered the fleshy testa as providing buoyancy for oceanic 

dispersal. 

 

1.5 Conclusions 

 

 Phylogenetic analyses based on molecular and morphological data support the 

monophyly of Tacca and its placement within Dioscoreaceae. The groups recognized 

by Drenth based on leaf shape are generally well supported, although a clade 

consisting of the entire-leaved species is recovered only when morphological 

characters are included. The resolution of relationships within Tacca is sensitive to the 

density of sampling and the veracity of specimen identification. Beyond leaf 

morphology, characters linked to pollinator attraction and dispersal mechanisms are 

also good indicators of phylogenetic relationship within Tacca. 
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Abstract 

Heterotrophic angiosperms tend to have reduced plastome sizes relative to 

those of their autotrophic relatives, as genes that code for proteins involved in 

                                                
1 Lim et al., 2016. American Journal of Botany 103: 1129–1137. doi:10.3732/ajb.1600042 
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photosynthesis are lost. However, some plastid-encoded proteins may perform vital 

non-photosynthetic functions, and the plastome therefore may be retained after the 

loss of photosynthesis. We have sequenced the plastome of the mycoheterotrophic 

species Thismia tentaculata and a representative of its sister genus, Tacca chantrieri, using 

next-generation technology, and we compare sequences and structures of genes and 

genomes of these species. The plastome of Tacca chantrieri is similar to those of other 

autotrophic taxa of Dioscoreaceae, except in a few local rearrangements and one gene 

loss. The plastome of Thismia tentaculata is ca. 16 kbp long with a quadripartite 

structure, and is among the smallest known plastomes. Synteny is minimal between 

the plastomes of Tacca chantrieri and Thismia tentaculata. The latter includes only twelve 

candidate genes, with all except accD involved in protein synthesis. Of the twelve 

genes, trnE, trnfM, and accD are frequently among the few that remain in depauperate 

plastomes. The plastome of Thismia tentaculata, like those of most other heterotrophic 

plants, includes a small number of genes previously suggested to be essential to 

plastome survival. 

 

Key words: accD; Dioscoreaceae; gene loss; genome reduction; heterotrophic 

angiosperms; mycoheterotrophy; parasite; plastids; plastome reduction; plastome 

rearrangement 
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2.1 Introduction 

 

The plastids of land plants (Viridiplantae) are now widely accepted to have 

arisen through a single endosymbiotic event that occurred more than one billion years 

ago (Gould et al., 2008). Following that event, the previously free-living cyanobacteria, 

now the plastids, became integrated into the cellular machinery of the eukaryotic host, 

with the majority of the endosymbiont's genes either lost or transferred to the host’s 

nuclear genome (Margulis and Chapman, 1998; Martin and Herrmann, 1998; Stiller, 

2007; Gould et al., 2008). The chloroplast genomes (i.e., plastomes) of most 

embryophytes are circular and quadripartite, with lengths usually ranging from 110 to 

200 kbp, and with complements of about 130 to 150 genes (De Las Rivas et al., 2002). 

While photosynthesis is the primary function of plastids, they are involved in 

other metabolic functions as well, including synthesis of pigments, amino- and fatty- 

acids, and storage of energy in the form of starches (amyloplasts) or fats (etioplasts) 

(Barbrook et al., 2006; Krause, 2008). Consistent with this range of basic functions, 

there is a considerable degree of integration in the function and regulation of gene 

products between nuclear and plastid genomes due to endosymbiotic events (Kleine 

et al., 2009). The organization and gene content of the plastome is highly conserved 

among the embryophytes in general (Palmer and Stein, 1986; Downie and Palmer, 

1992; Stein et al., 1992). However, in a few notable exceptions, the plastome has 

become radically reorganized, with gene loss and shuffling occurring (Wicke et al., 
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2011; Wicke et al., 2013) 

Departures from autotrophy have arisen independently in some clades of 

photosynthetic, single-celled eukaryotes (Vesteg et al., 2009; Janouškovec et al., 2015), 

as well as among various clades of embryophytes. Among angiosperms, heterotrophs 

are parasites of autotrophic plants or fungi. There are several examples of the former 

from non-monocotyledonous lineages, including Cassytha Osbeck, Cuscuta L., Epifagus 

Nutt., Hydnora Thunb., Pilostyles Guill., and Rafflesia R. Br. 

Parasites of fungi, or mycoheterotrophs, are mostly monocotyledons 

(principally from Orchidaceae; also, as in the present paper, from other 

monocotyledonous lineages), though there are examples from the eudicot (i.e., 

tricolpate) orders Gentianales and Fabales (Imhof, 2010; Merckx and Freudenstein, 

2010). Plastomes from representatives of these groups show varying degrees of size 

reduction, gene loss, and gene mutation (e.g., Nickrent et al., 1997; Delannoy et al., 

2011; Logacheva et al., 2011, 2014; Barrett and Davis, 2012; Barrett et al., 2014; 

Schelkunov et al., 2014; Mennes et al., 2015), which are consistent with the relaxation 

or loss of stabilizing selection on genes related to photosynthesis. Despite these 

changes, however, plastomes remain present and functional in almost all of these 

parasitic plants, likely because some plastid gene products have vital functions 

unrelated to photosynthesis (e.g., biosynthesis of cellular and organellar products); 

thus, retention of genes that code for functions other than photosynthesis (e.g., accD) 

appears to have contributed to the preservation of the plastid genome, even when 
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autotrophy has been lost (dePamphilis and Palmer, 1990; Krause, 2008; Delannoy et 

al., 2011; Wicke et al., 2011; Logacheva et al., 2014; Bellot and Renner, 2016). As such, 

heterotrophic plants can be viewed as evolutionary experiments that identify plastid 

genes that may be necessary for cellular functions after the primary function of 

photosynthesis is lost. Among sequenced plastomes of parasitic plants there is a range 

in size from nearly that of their autotrophic relatives (Barrett and Davis, 2012) to as 

few as ca. 11 kbp in Pilostyles aethiopica Welw. (Bellot and Renner, 2016), while Rafflesia 

lagascae Blanco appears to lack a plastome entirely (Molina et al., 2014). 

Thismia Griffith is a genus of enigmatic plants, all of them fully 

mycoheterotrophic (i.e., nonphotosynthetic and obligate parasites of fungi; Merckx et 

al., 2009). Species of this genus are primarily distributed in tropical areas, with the 

notable exception of Th. americana Pfeiff., which is likely extinct (Merckx & Smets, 

2014). Approximately 70 species have been described, but new species are being 

discovered regularly, particularly in East and Southeast Asia (e.g. Kiew, 1999; Yang et 

al., 2010; Chantanaorrapint, 2012; Tsukaya and Okada, 2012; Dančák et al., 2013; Lưu 

et al., 2014; Nuraliev et al., 2014; Chantanaorrapint and Sridith, 2015; Mar and 

Saunders, 2015). They are infrequently encountered, being ephemerally aboveground 

only when in flower and fruit. Thus, little is known of the natural history and 

geographic distribution of species within the genus. The taxonomic placement of 

Thismia has long been uncertain, due to the reduced vegetative morphology of the 

plants, and resulting paucity of informative morphological features. Griffith (1844) 
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described Thismia as morphologically intermediate between Burmannia L. and Tacca J.R. 

Forst. & G. Forst. In many later treatments, Thismia generally was placed in 

Burmanniaceae, which includes many mycoheterotrophic species. The higher-level 

phylogenetic context of Tacca has also been historically contentious; however, 

extensive taxon sampling and the use of nuclear and mitochondrial markers has 

provided additional support for a close relationship between Tacca and Thismia, which 

may be sister genera (Merckx et al., 2006). Molecular data also support the separation 

of Afrothismia (Engl.) Schltr. from Thismia, with the latter being more closely related to 

Tacca and Trichopus Gaertn, while Afrothismia is placed as the sister of the clade that 

includes the other three genera (Merckx et al., 2010). These relationships suggest 

multiple origins of mycoheterotrophy in Dioscoreales: twice in Thismiaceae (which 

would appear to be polyphyletic as historically circumscribed), and around six times in 

Burmanniaceae (Merckx, 2008; Merckx and Bidartondo, 2008; Merckx et al., 2009). 

We have determined the plastome sequences of Thismia tentaculata K. Larsen & 

Aver. and the closely related autotrophic species Tacca chantrieri André to examine the 

extent and specific characteristics of plastome degradation in size, structure, and gene 

content associated with the shift from autotrophy to mycoheterotrophy. We also 

compare the plastomes of these taxa to those of three species of an autotrophic 

relative, Dioscorea, for which plastome sequences have been published. The plastome 

of Th. tentaculata is consistent with a general pattern observed among plastomes of 

heterotrophic plants, in which the gene complement is reduced in number, and the 
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positions of remaining genes altered. 

 

2.2 Materials and Methods 

 

2.2.1 Plant material collection. Leaf material of Tacca chantrieri was collected 

from Cornell University's L.H. Bailey Hortorium living collection, and a voucher 

deposited at BH (G. Lim BH-1A). Three flowers of Thismia tentaculata (Illustration 2.1) 

were collected in Hong Kong in July 2012 on Tai Mo Shan (���), where the 

species was first recorded (Ho et al., 2009). The specimens were preserved with silica 

desiccant, and stored at -20°C. The collection is vouchered at NY (G. Lim 31).  

2.2.2 DNA extraction and sequencing. DNA was extracted with the phenol-

isopropanol-cetyltrimethylammonium bromide (CTAB) method of Doyle and Doyle 

(1987), and the pellet re-suspended in Tris-EDTA (TE) buffer. The quality of the 

genomic DNA was verified in two steps. First, the product was run out 3 µL in a 1% 

agarose gel via electrophoresis, and subsequently stained with 0.5 µg/mL ethidium 

bromide to visually determine the presence of genomic DNA. Subsequently, the 

concentration of DNA was determined with a NanoDrop2000 spectrophotometer 

(Thermo Scientific, Waltham, Massachusetts), insuring that the sample had genomic 

DNA with a concentration >100 ng/µL. The samples were sent on ice to Cold Spring 

Harbor Laboratory (CSHL, Woodbury, New York), where shearing, library  
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Illustration 2.1. Thismia tentaculata in flower, Tai Mo Shan, Hong Kong. 
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preparation, and barcoding were conducted as in Barrett et al. (2013), before the 

samples were pooled with other accessions in a single lane for multiplex sequencing 

on Illumina HiSeq 2000 machines (Illumina Inc., San Diego, California). 

2.2.3 Analysis of raw data. We obtained ca. 6.4 million and 8.5 million sets of 

paired-end reads for Tacca chantrieri and Thismia tentaculata, respectively. Each pair 

comprised two 101 bp reads, and mean insert sizes were 240 bp and 357 bp, 

respectively. These were trimmed and assembled in Geneious 8.1.6 (Biomatters Inc., 

Auckland, New Zealand), after removing bases with Phred quality scores less than 15 

(corresponding to an error probability greater than ca. 3.2%). Assembly was 

conducted de novo with the Velvet 1.2.10 short-read assembler plug-in for Geneious 

(Zerbino and Birney, 2008). Consequently, standard nucleotide BLAST searches 

(Madden, 2003) were conducted to determine the genome affiliations of the ten 

largest contigs. Two of the ten largest contigs obtained for Th. tentaculata were 

observed to be most closely affiliated with plastid sequences of other monocot 

species, with the rest indicated as having mitochondrial affinities. Three of the ten 

largest contigs for Ta. chantrieri were plastid-affiliated, roughly corresponding to the 

large single-copy (LSC), small single-copy (SSC), and inverted repeat (IR) regions. 

Closest matches with these contigs were monocots, with E-values of zero. 

To check further for genome affiliation as well as possible contamination for 

Th. tentaculata, which had no conspecific sequences in GenBank, all gene sequences 

that were annotated as derived from species of Thismia were downloaded (Appendix 
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S1: see Supplemental Data with online version of this article) and mapped to contigs 

of Th. tentaculata. Some mitochondrial genes mapped to contigs, but neither of the 

plastid genes (one sequence each of atpB and matK, from Th. rodwayi F. Muell.) did.  

Standard nucleotide BLAST searches with each of the two sequences resulted 

in closest affiliation of the atpB sequence (GenBank accession number: AF308034) 

with members of Asteliaceae (in order Asparagales), while the matK sequence 

(GenBank accession number: FR832844) was most similar to Iphigenia indica, a 

member of Colchicaceae (in order Liliales). The results suggest that the two putative 

T. rodwayi plastid gene sequences have been incorrectly identified in GenBank.  

To complete the plastome sequences, plastid-affiliated contigs were extended 

with a two-stage reference-based assembly procedure. Reads were first mapped 

iteratively to a reference-designated plastid-affiliated contig using the “Map to 

Reference…” option in Geneious, with high sensitivity and no fine tuning. The 

consensus sequence obtained from each step was then used as a reference sequence 

for further extension. After this procedure ceased to produce further significant 

extension of contigs at either end, the initial set of de novo generated contigs, including 

those smaller than the largest 10, were aligned to the newly extended contigs. A few of 

the small contigs matched the extended contigs, but none contributed to their further 

extension. Finally, the contigs were aligned to each other and to the contig pool, using 

the assembler in Geneious, resulting in draft plastomes for both samples. 

The distribution of reads in the intial draft plastome sequence of Thismia 
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tentaculata suggested that an IR region was present, as there was a region ca. 2 kbp in 

length with approximately twice the read density as the rest of the sequence. We 

searched manually for the junctions of the IR region at either end, and mapped the 

resulting sequence to the read pool to determine the positions of the single-copy 

units. The same was done for Ta. chantrieri. 

To verify the plastome assemblies, the initial pool of paired-end reads for each 

species was mapped back to the corresponding finished plastome sequences, resulting 

in a mean coverage depth of 425 calls per base for Thismia tentaculata and 1990 calls 

per base for Tacca chantrieri. The read depth was continuous across each genome, 

forming a complete circle with high densities of paired-end data spanning the 

junctions between the IR and single-copy regions of both plastome sequences. The 

paired-end reads used have been deposited as BAM files in the Sequence Read 

Archive at NCBI for Ta. chantrieri (SRP074189) and Th. tentaculata (SRP074190). 

2.2.4 Gene identification and annotation. Due to the small size of the 

Thismia tentaculata plastome, it was possible to conduct BLAST searches for all 

observed ORFs greater than 100 bases in length and with start codons ATG, ACG 

and GTG to identify protein-coding genes, after which NCBI TBLASTX (Madden, 

2003) was used to identify domains that would suggest identities of genes or 

pseudogenes. Gene identities and sequences of Tacca chantrieri were very similar to 

those of the Dioscorea species, and could be compared directly in Geneious, using the 

“Annotate from…” option. Further annotation of gene sequences in Sequin-
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compatible format for both Th. tentaculata and Ta. chantrieri was conducted in web-

based DOGMA (Wyman et al., 2004). To facilitate annotation of highly divergent 

putative gene regions, particularly in Th. tentaculata, we used a sliding range of 

progressively relaxed percentage identity cutoffs (from 95% to 60%) for protein 

coding and RNA loci. Identities and locations of tRNA genes were predicted with 

tRNAscan-SE 1.21 (Schattner et al., 2005) (http://lowelab.ucsc.edu/tRNAscan-SE/, 

last accessed 28 Jan 2015), and rRNA genes were predicted with RNAmmer 1.2 

(Lagesen et al., 2007) (http://www.cbs.dtu.dk/services/RNAmmer/, last accessed 28 

Jan 2015) (Table 2.1). The annotated sequences were compared to those of the closest 

published relatives, Dioscorea zingiberensis C.H. Wright (GenBank accession number: 

KP899622), D. elephantipes Engl. (GenBank accession number: NC_00960) and 

D. rotundata Poir (GenBank accession number: NC_024170) to examine genome sizes 

and contents, and to analyze patterns of synteny.  
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Table 2.1. List of candidate genes found in the plastome of Thismia tentaculata 
 

Gene Gene identified via Length (bp) Length of homologous 
gene in Tacca chantrieri: bp 
(pairwise similaritya) 

trnfM-CAU tRNA-Scan/blastn 77 74 (83.1%) 

trnE-UUC tRNA-Scan/blastn 73 73 (93.2%) 

rrn23 RNAmmer/blastn 3058 2809 (60.9%) 

rrn16 RNAmmer/blastn 1536 1491 (36.9%) 

rrn5 RNAmmer/blastn 114 121 (78.4%) 

rps18 DOGMA/blastx 231 306 (59.8%) 

rps12 DOGMA/blastx 126+117b 150+240+26 (38.2%) 

rps8 DOGMA/blastx 399 399 (63.2%) 

rps4 DOGMA/blastx 411 606 (36.9%) 

rps2 DOGMA/blastx 723 717 (62.2%) 

rpl2c DOGMA/blastx 423+459 393+432 (49.5%) 

accD DOGMA/blastx 1200 1593 (50.6%) 

 
aPercentage similarity was calculated after pairwise alignments were performed with 
MAFFT v. 7.017. 
bWe did not find the third exon in trans-spliced rps12. This gene may possibly be 
pseudogenized, however a truncated homologue was found to be functional in 
Epipogium roseum through transcriptome analysis (Schelkunov et al., 2014). 
cHas an ACG start codon similar to other monocots. 
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2.3 Results 

 

2.3.1 Sizes and structures of plastomes. The plastome of Tacca chantrieri 

(GenBank accession number: KX171420; Figure 2.1) is 163007 bp in length, ca. 5-7% 

greater than those of the three published plastome sequences of Dioscorea 

(D. zingiberensis: 153970 bp; D. rotundata: 155406 bp; D. elephantipes: 152609 bp). The 

plastome of Ta. chantrieri is structured as two IR regions of 33837 bp each, separated 

by LSC and SSC regions (85241 bp and 10092 bp, respectively). The length of the 

plastome of Thismia tentaculata (GenBank accession number: KX171421; Figure 2.2), at 

16031 bp, is ca. 10% that of Ta. chantrieri. It also is structured as two IR regions (each 

2948 bp in length) separated by LSC and SSC regions (7799 bp and 2336 bp, 

respectively). The identities and arrangements of genes in the three genomic regions 

of the plastome of Ta. chantrieri correspond in most respects to those of the three 

species of Dioscorea (see exceptions below), but the genes found in the three regions in 

Th. tentaculata do not. 

An inversion of ndhF was identified in the SSC region of the plastome of Tacca 

chantrieri, relative to its orientation in the three species of Dioscorea. Also, ycf1, rps15, 

ndhH, and exon one of ndhA, which are found in the SSC region in Dioscorea, are in the 

adjacent portions of the IR regions in Ta. chantrieri; correspondingly, the IR regions of 

Ta. chantrieri are each ca. 8.3 kbp larger than those of Dioscorea, and the SSC region is 

ca. 9 kbp shorter. The difference comprises multiple indels that are located between   
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Figure 2.1. The plastome of Tacca chantrieri. Direction of transcription of genes is 
counterclockwise for those on outside of circle, and clockwise for those on inside. LSC 
= large single-copy region, SSC = small single-copy region, IR = inverted repeat 
regions. Exons of the trans-spliced rps12 gene are marked with asterisks (*).  
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Figure 2.2. The plastome of Thismia tentaculata. Direction of transcription of genes is 
counterclockwise for those on outside of circle, and clockwise for those on inside. 
Arrows denote direction of transcription for outlined genes. LSC = large single-copy 
region, SSC = small single-copy region, IR = inverted repeat regions. The trans-spliced 
gene rps12, marked with asterisks (*), is likely pseudogenized, but truncated versions of 
its homologue have been shown to be transcribed in Epipogium roseum (Schelkunov et 
al., 2014) and may be functional. 
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genes. We did not find a copy of ycf15 in Ta. chantrieri. It occurs in the IR region in the 

three species of Dioscorea, and Ta. chantrieri has a ca. 330 bp deletion, relative to 

Dioscorea, at that location. We also found several additional indels throughout the 

plastome of Ta. chantrieri (relative to the three species of Dioscorea), ranging in length 

from ca. 20 to ca. 400 bp, but none included any genes. 

2.3.2 Gene content of Thismia tentaculata. Sequences identifiable as twelve 

putatively functional genes on the basis of length and BLAST identity are present in 

the plastome of Th. tentaculata (Table 2.1). Five (trnE, trnfM, rrn5, rrn16, and rrn23) 

correspond to ribosomal genes, and seven (accD, rpl2, rps2, rps4, rps8, rps12, and rps18) 

to protein-encoding genes, with all of those in the latter set, except accD, representing 

genes that encode ribosomal proteins. For rps12, which occurs as three exons in 

related taxa, only two of the exons were identified. Of the 12 putative genes in the 

plastome of Th. tentaculata, none correspond to genes located in the SSC region of 

Tacca chantrieri. Of the genes present in Th. tentaculata, those occurring in the IR regions 

of Tacca are in the LSC region of Thismia, while those occurring in the LSC region of 

Tacca are in the IR, LSC, and SSC regions of Thismia. Genes in the IR regions of 

Thismia include accD, one exon of rpl2, trnE, and additional genes that span the 

borders (Fig. 2.2). 

2.3.3 Nucleotide divergence. The GC content of the plastome of 

Th. tentaculata, at 27.1%, is substantially lower than those of Ta. chantrieri (36.8%) and 

the three species of Dioscorea (all 37.2%). 
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2.4 Discussion 

 

2.4.1 Sizes and structures of plastomes. The plastome of Tacca chantrieri 

shows broad similarity to those of Dioscorea species in terms of gene order and 

content, with minor exceptions. However, this is not the case for Thismia tentaculata, 

where the plastome is highly divergent in both aspects. Dioscoreaceae, represented by 

Th. tentaculata, is the fifth family of monocots in which the plastomes of one or more 

mycoheterotrophic species have been sequenced, following Orchidaceae (Delannoy et 

al., 2011; Logacheva et al., 2011; Barrett and Davis, 2012; Barrett et al., 2014; 

Schelkunov et al., 2014), Corsiaceae (Mennes et al., 2015), Petrosaviaceae (Logacheva 

et al., 2014), and Triuridaceae (Lam et al., 2015). The plastome sequence of 

Th. tentaculata, 16031 bp in length, is smaller than any previously described plastome of 

mycoheterotrophic species, though the plastome of one of two sequenced species of 

Pilostyles Guill., a plant endoparasite, at 11348 bp, is smaller (Bellot & Renner, 2016). 

Unlike the plastomes of Pilostyles, that of Th. tentaculata resembles those of most 

angiosperms in having a tetrapartite plastome structure (two single-copy regions and 

two copies of an IR region). If the IR region is counted just once, the plastome of 

Th. tentaculata comprises 13083 bp of unique sequence. 

If current understandings of phylogenetic relationships in Dioscoreaceae are 

accurate, specifically the closer affinity of Thismia to Tacca than of either of these to 

Dioscorea, the distinct features of the plastome of Th. tentaculata would appear to reflect 
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changes that have occurred following the divergence of Thismia from Tacca. In the 

case of Th. tentaculata, the IR regions are not syntenic with those of Ta. chantrieri or 

Dioscorea species. Hence, although IR regions are present in Th. tentaculata, it is not 

clear whether they were retained along the line that leads to this species, or have been 

assembled secondarily de novo. This suggests that the original IR regions may have 

been lost at an earlier point in the evolutionary history of Th. tentaculata. In their 

review of organelle genome stability in plants, Maréchal and Brisson (2010) discuss 

the role of inverted repeats in DNA repair, which would increase the stability of 

plastomes. This may explain the continued presence of inverted repeats in most 

plastomes, although exceptions exist in both heterotrophic and autotrophic plants. In 

heterotrophic plants, the loss of one inverted repeat region has been reported in 

members of Orobanchaceae (Wicke et al., 2013) and in Apodanthaceae (Bellot and 

Renner, 2016). Inverted repeats have been lost independently multiple times in 

autotrophic lineages, including gymnosperms (Strauss et al., 1988; Tsudzuki et al., 

1992; Wu et al., 2009; Yi et al., 2013; Wu and Chaw, 2014), Geraniaceae (Guisinger et 

al., 2011), and the IR-lacking clade of papilionoid legumes (Sabir et al., 2014). 

Members of these lineages also frequently exhibit high levels of rearrangements in 

other regions of their plastomes (Hirao et al., 2008; Magee et al., 2010; Guisinger et 

al., 2011; Wu and Chaw, 2014). It has been hypothesized that these high rates of 

plastome rearrangement may be attributable to altered DNA repair and recombination 

mechanisms, a claim tested and supported by Zhang et al. (2016) in Geraniaceae. 
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Of non-photosynthetic plants with sequenced plastome sequences, those that 

represent the extreme end of plastome reduction have been found relatively recently. 

Schelkunov et al. (2014) reported plastomes of ca. 19 and 31 kbp in length from two 

species of the mycoheterotrophic orchid genus Epipogium J.F. Gmel ex. Borkh., while 

Bellot and Renner (2016) described plastomes of the endoparasitic species Pilostyles 

aethiopica Welw. and P. hamiltonii C.A. Gardner. At 11348 bp, the former is the smallest 

intact plastome known, while the latter species is ca. 15 kbp in length. These 

plastomes share many characteristics with that of Thismia tentaculata, such as a 

reduction in overall size, drastic reduction in number of genes, low GC content, and 

extensive rearrangement of the genome relative to those of photosynthetic relatives. 

In Th. tentaculata and Epipogium species, as indeed in all mycoheterotrophic taxa studied 

thus far, plastomes have a quadripartite structure with inverted repeats, though gene 

deletion and rearrangement have been extensive. 

2.4.2 Gene content of Thismia tentaculata. Of the twelve putative 

functional genes identified in the plastome of Thismia tentaculata, only one, rps12, 

comprises multiple exons, though only two exons (of three found in most taxa) were 

identified. Similarly, Schelkunov et al. (2014) identified just two exons of rps12 in 

Epipogium roseum. Furthermore, they were able to map transcriptome reads to the 

annotated sequence, indicating that the truncated gene is at least transcribed. 

Transcriptome data are not available for Thismia, so it is not known whether these 

genes are expressed. The genes that are identified in the plastome of Th. tentaculata are 
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retained across all mycoheterotrophs that have been examined (Lam et al., 2015). 

Also, both Th. tentaculata and Tacca chantrieri retain the ACG start codon for rpl2, as in 

in other monocots. Brandvain and Wade (2009; also see Magee et al., 2010) 

hypothesized that transfers of functional copies of genes from plastids and 

mitochondria to the nucleus tend to occur when there is a benefit to the plant for the 

gene to be relocated and/or if the mutation rate in the organellar genome is higher 

than in the nuclear genome. This has been demonstrated by Cusimano and Wicke 

(2016) in members of Orobanche, where almost all genes lost from the plastomes were 

found in the mitochondrial or nuclear genomes. In the absence of an evident benefit 

to the maintenance of photosynthetic apparatus in nonphotosynthetic plants, one 

would expect the highly reduced plastomes of parasitic plants to be distinguished by 

the loss of genes with a photosynthetic function, while those that are retained have 

other functions. The genes that remain in the plastome of Th. tentaculata, with the 

exception of accD, are related to ribosomal function (i.e., gene expression), which 

suggests that their retention reflects a need for continued gene expression within 

plastids. Among these genes, the two tRNA genes that are retained, trnfM and trnE, 

were proposed to be crucial to non-photosynthetic processes by Barbrook et al. 

(2006), and hence would most likely be retained in heterotrophic (non-

photosynthetic) plant plastomes. Formyl-methionyl-tRNA (trnfM) is important in 

plastid protein synthesis, as it codes for a start codon distinct from those used by 

nuclear ribosomes, and therefore is vital for plastid protein synthesis. In the plastid, 
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glutamyl-tRNA (trnE) performs multiple functions; it acts as a transfer RNA, and 

plays a role in transcriptional regulation (Barbrook, 2006; Krause, 2008). However, 

Bellot and Renner (2016) found that plastomes of Pilostyles lack all tRNA genes, 

including trnfM and trnE, indicating that the retention of these genes in the plastome is 

not universal. 

As a reasonably long protein-encoding gene that tends to be present even in 

heterotrophic plastid genomes, accD is a promising candidate gene for phylogenetic 

analyses of plant groups that include heterotrophic taxa (Lam et al., 2016), but the 

effect of variable alignments on phylogenetic reconstruction remains a potentially 

complicating matter. A more basic problem with the use of plastid molecular markers 

of heterotrophic taxa is the possibility of obtaining contaminant sequences when 

authentic copies are not present or are highly divergent and thus unrecoverable (Lam 

et al., 2016). The two putative plastid sequences of Thismia on GenBank may be 

examples of this (Lam et al., 2016), and their use has resulted in conflicting 

phylogenetic placements of Thismia relative to other members of Dioscoreaceae and 

Dioscoreales (Caddick et al., 2002; Chase, 2006; Hertweck et al., 2015).  

It has been suggested that accD may not be part of the complement of essential 

plastome genes, as it has been translocated to the nucleus in some lineages (Krause, 

2011), and pseudogenized in some members of Orobanchaceae (Wicke et al., 2013; Li 

et al., 2013). However, the only two lineages in which accD is known to be completely 

lost from the plastome are Poales and Campanulaceae (Guisinger et al., 2010; Harris 
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et al., 2012; Rousseau-Gueutin et al., 2013). These lineages are not known to include 

heterotrophic species, but otherwise they do show evidence of plastome modification. 

On the basis of Southern blot hybridizations, mycoheterotrophic taxa of Ericaceae 

were also found to retain the accD locus, which is hypothesized to have been 

functionally transferred to the nuclear genome in some autotrophic members of the 

family (Braukmann and Stefanović, 2012). The smallest known plastomes, those of 

endoparasitic Pilostyles species (Bellot and Renner, 2016), both contain what are likely 

to be functional copies of accD. In summary, the loss of accD from the plastome of 

heterotrophic plants appears to be a rare event. 

2.4.3 Convergence in heterotrophic plastomes. There is evidence of 

convergent evolution in plastomes of heterotrophic plants that have been sequenced 

to date, with regard to types of genes retained, i.e., as hypothesized by Barbrook et al. 

(2006), as can be seen by the common set found in mycoheterotrophs (Lam et al., , 

2015). Following a model of plastid reduction over time, as proposed by Barrett et al. 

(2014) (see also Barrett and Davis (2012) and Wicke et al. (2013)), the plastome of 

Th. tentaculata is at stage four, with the complete loss of photosynthetic genes, and the 

retention of some genes crucial to other functions, such as trnE (heme synthesis), accD 

(fatty acid synthesis), and a few other genes associated with ribosomal machinery.  

Only one plant species, Rafflesia lagascae Blanco, has been reported to lack a 

detectable plastome (Molina et al., 2014). Those authors found putative plastid-like 

structures in sections of the ramenta (branched structures within the floral chamber), 



 

106 

suggesting the possibility that these organelles are formed, and function, even when 

their genome has been lost, as the genes encoding plastid formation and development 

could be present in other genomes of Rafflesia, as they are in Orobanche (Cusimano and 

Wicke, 2016). 

 

2.5 Conclusions 

 

Thismia tentaculata, the first heterotrophic representative of Dioscoreaceae with a 

sequenced plastome, has the smallest known plastome among mycoheterotrophic 

plants. Heterotrophic plants exhibit a range of plastome sizes, and even the smallest 

usually retain genes with roles in processes other than photosynthesis. The greatest 

degree of gene loss is seen in the plastomes of endoparasites of other plants, such as 

Rafflesia lagascae, and, to a lesser degree, Pilostyles. The situation in Thismia is consistent 

with the conclusions of previous authors, who proposed that there are substantial 

barriers to the loss or intergenomic transfer of accD, trnfM, trnE, and rRNA and 

ribosomal protein genes, although the barrier is not absolute. 
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Abstract 

Tacca is a monocot genus characterized by an unusual reproductive display, with 

plants possessing umbelliform inflorescences subtended by highly conspicuous leafy 

bracts and filiform bracteoles with colors ranging from dark maroon to white. 

Paradoxically, previous studies indicated very low levels of outcrossing in some showy 

Tacca species, implicating self-pollination as the primary reproductive strategy. We 

describe visual observations and collections made of floral visitors to flowering 

                                                
1 Lim and Raguso, 2017. International Journal of Plant Science 178: 341–351. doi: 
10.1086/691696 
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individuals of Tacca cristata Jack in Singapore. Female ceratopogonid midges were 

observed to visit the flowers at anthesis, and were collected with pollen specifically 

placed on their dorsal thoracic region. A significant proportion of flowering plants 

were attacked by florivores. These findings suggest that at least some showy species of 

Tacca may be pollinated to some extent through insect visitation. The reproductive 

biology of Tacca, including inflorescence display, is discussed in the context of its 

natural history. 

 

 Key words: floral orientation; fly pollination; mixed mating; myiophily; 

pollinator sex bias; reproductive display. 

 

3.1 Introduction 

 

The morphology of angiosperm flowers provides clues to their reproductive 

biology, as convergence in floral traits has long been thought to indicate the most 

effective class or functional group of pollination vector (reviewed by Johnson and 

Steiner, 2000; Fenster et al., 2004; Ollerton et al., 2009). Most animal-pollinated 

flowers are pollinated by well-studied groups such as bees and birds (Rosas-Guerrero 

et al., 2014), with which they are usually associated through characteristic suites of 

floral traits that indicate how they attract, and are foraged upon, by their pollinators 

(Bradshaw and Schemske, 2003; Castellanos et al., 2004; Fenster et al., 2004; Reynolds 
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et al., 2009). In other plants, such traits may be more generalized, or pollinator 

affinities may be difficult to predict, particularly when the pollinators belong to 

lineages that are relatively overlooked, highly diverse and/or morphologically variable. 

A prime example would be the many families of pollinating flies (Diptera), which are 

ecologically and behaviorally diverse, and which accordingly may visit flowers for 

manifold reasons, from seeking nectar and pollen to seeking brood sites or mates 

(Kearns, 2001; Larson et al., 2001; Ssymank et al., 2008; Woodcock et al., 2014; 

Orford et al., 2015). In such cases, our knowledge may not yet be sufficient to allow 

the accurate prediction of pollinator class based on floral morphology (Stökl et al., 

2011; Oelschlägel et al., 2015)  

One such example is Tacca, a pantropical genus of approximately 17 described 

species with known diversity concentrated in Malesia (Drenth, 1972). Counter to the 

general trend in the family Dioscoreaceae, plants in genus Tacca are robust, 

acaulescent herbs that are usually found in forest understories, although some species 

(notably Tacca leontopetaloides (L.) Kuntze) can be found in coastal habitats, or as 

agricultural weeds in highly disturbed areas. In showy Tacca, the inflorescences are 

unique and easily identify plants as members of this genus. Flowers are colored from 

white to yellow-gray to greenish-purple or black, which is highly unusual in general 

but can be common in plants with brood-site mimicry (Sakai and Inoue, 1999; Urru et 

al., 2011; Jürgens et al., 2013; Chen et al., 2015). The reproductive display further 

consists of conspicuous sterile elements, including two pairs of showy involucral 
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bracts and profuse filiform bracteoles subtending the umbelliform inflorescence, 

which gives the genus its common name, the bat lilies (Illustration 3.1A).  

Due to its unique coloration and morphology, that does not readily indicate 

how the inflorescence display is attractive to or worked by pollinators, previous 

authors considered the flowers of Tacca to be indicative of sapromyiophily, in which 

flowers mimic the visual and/or chemical traits of rotting substrates including feces, 

carrion and fungi (Vogel, 1978; Dafni, 1984). This diagnosis was primarily based on 

inflorescence coloration, which is similar to other well-known examples of 

sapromyiophilous plants (van der Pijl, 1961; Drenth, 1972; Faegri and Van Der Pijl, 

1979; Saw, 1993). Specifically, Vogel (1978) suspected that the pollinators were likely 

to be gnats, as carrion flies are too large to be able to access the pollen thecae, which 

are hidden behind hooded, reflexed anthers (Illustration 3.1B).  

On the other hand, population studies suggest that outcrossing in Tacca may be rare. 

Recent analyses of molecular markers in two showy species, T. integrifolia Ker Gawl. 

and T. chantrieri André demonstrate a very high degree of geographical population 

stratification, consistent with a hypothesis of self-pollination (Zhang et al., 2005; 

Zhang, 2006; Zhao and Zhang, 2015). Furthermore, an exhaustive study on the 

reproductive biology of T. chantrieri in Yunnan showed little evidence of pollinator 

visitation, and plants were highly capable of autonomous selfing under field and 

experimental conditions (Zhang et al., 2005). 
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Illustration 3.1. A. Tacca cristata. Note erect and pendent flowers, showy involucral 
bracts and whisker-like filiform bracteoles. B. Longitudinal section of a Tacca flower. 
Note the hooded, reflexed anthers with bright yellow sticky pollen. They are tightly 
appressed to the mushroom-shaped stigma at anthesis. Scale bar = 1 mm. 
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  These results present a paradox: why would showy Tacca species risk the 

energetic and ecological costs of conspicuous floral display, such as increased 

predation by florivores (McCall and Irwin, 2006), if they are primarily self-pollinating? 

Furthermore, other Tacca species (e.g. T. plantaginea (Hance) Drenth) are not showy, 

and instead produce small, green, inconspicuous and mostly hidden inflorescences 

that are more consistent with the expectations of autogamous reproduction 

(Doubleday et al., 2013). How are the conspicuous and apparent reproductive displays 

of showy Tacca species reconciled with the observations that selfing may be their 

predominant mode of reproduction? 

In plant reproductive biology, there is an expectation that species capable of 

self-pollination will trend towards increased selfing due to the fitness advantages of 

serving as both parents, as long as the offspring are not exposed to an excess of 

homozygous deleterious traits (Barrett, 2014). However, the phenomenon of 

persistent mixed mating often occurs in plants that are superficially assumed to be 

either outcrossing (Datura; Motten and Antonovics, 1992; Collinsia: Kalisz et al., 2004) 

or selfing (Ephedra: Bolinder et al., 2016) based on their morphological characteristics. 

The maintenance of both selfing and outcrossing mechanisms appears to be a more 

prevalent reproductive strategy than has been appreciated, and mixed mating has only 

recently been considered an evolutionarily stable strategy (Goodwillie et al., 2005; 

Winn et al., 2011; Dart et al., 2012; Yin et al., 2016). This can be understood in the 

context of reproductive assurance (Fenster and Marten-Rodriguez,, 2007; Ruan and 
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Silva,, 2012), encompassing pollinator effectiveness and abundance as well as florivory 

(Steets et al., 2007; Penet et al., 2009; Cardel and Koptur, 2010). 

Here we document multiple observations of floral visitation by female 

ceratopogonid midges to one species of showy Tacca (T. cristata) in Singapore. While 

Drenth (1972) considered this species to be a synonym of T. integrifolia, there is 

evidence that this species is distinct, based on molecular data (Zhang et al., 2011), as 

well as morphological characters, i.e. narrow, decurrent leaves and spathulate inner 

showy bracts in T. cristata versus oblong leaves and obovate inner showy bracts in 

T. integrifolia. Additionally, we describe sophisticated chronobiological floral behavior 

in concert with the timing of insect visitation and discuss how this may contribute to 

outcrossing in some cases. These observations may provide clues to a fuller 

understanding of the evolution of showy inflorescences in this and related Tacca 

species.  

 

3.2 Materials and methods 

 

3.2.1 Species description and study sites. Tacca cristata is a perennial 

herbaceous monocot commonly found in primary to disturbed secondary forest 

understory areas in Singapore and Malaysia (Jack, 1821). Plants are robust, 

rhizomatous and acaulescent, forming rosettes of elongate ovate leaves that trap leaf 

litter between clasping petioles. During flowering season, they produce 1-2 peduncles 
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in succession. The terminal umbelliform inflorescence stands erect over the leafy 

rosette (Illustration 3.1A). The inflorescence is subtended by two pairs of leafy bracts, 

which are colored red-violet, fading to white. The first pair of leafy bracts forms the 

protective sheath for the emerging inflorescence, while the second pair of leafy bracts 

is large and showily pigmented (Illustration 3.1A). The inflorescence is umbelliform, 

arranged in a double cincinnus (Eichler, 1879) in which each flower is subtended by 

two long filiform bracteoles (Limpricht, 1902). Flowers are fleshy, hermaphroditic, 

actinomorphic, and are usually colored in shades of violet. The stamens are adnate to 

a shallow hypanthium, hooded and reflexed, with anthers hooded, reflexed, introrse 

and appressed tightly against a mushroom-shaped stigma (Illustration 3.1B). The 

exposed surface of the stigma is waxy, while the section within the inner hypanthial 

space is mucilaginous with a papillate surface. Anthesis of flowers in the inflorescence 

is diurnal and sequential. Inflorescences may persist through the middle of the 

calendar year, gradually developing into decumbent infructescences. Despite the 

flowers’ appearance, they do not have a noticeable scent to the human nose.  

Populations of Tacca cristata in Singapore are separated by the road network and 

land use patterns, which, for the purposes of this study, can be referred to as the Bukit 

Timah nature reserve (BTNR) (1°20’50” N 103°46’35” E) and Lower Pierce 

(1°22’10” N 103°49’23” E) populations; the former is mostly comprised of primary 

forest while the latter, mixed secondary forest (Illustration 3.2). Plants were most 

common in highly disturbed areas (e.g. trails and pipelines), habitats with patchy light,
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Illustration 3.2. Map of populations and individuals studied. The Bukit Timah 
population (red) was separated from the Lower Peirce population (blue) on the right by 
the Bukit Timah expressway (BKE) (pink line) until recently, when the Eco-link @ 
BKE (yellow star) was built. 
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moderate understory vegetation and dense leaf litter, which sometimes partially 

obscured the rosette. Here we located individuals of T. cristata for study and tagged 

plants with inflorescences for consequent observations and pollinator traps. 

3.2.2 Field observations and collections. Experiments were conducted from 

June to July of 2012, during the flowering season of Tacca cristata. No observations or 

trapping experiments were conducted on days with rain. Inflorescence maturation and 

floral anthesis in T. cristata is associated with characteristic changes in flower 

orientation, similar to that observed in T. chantrieri by Zhang et al. (2005). We describe 

floral orientation with the terminology proposed by Fenster et al. (2009). Field 

observations were made from sunup to sundown (~0800 – 1700 hrs), corresponding 

with anthesis and cessation of movement of first-day flowers. 

On alternate days, collar traps (Illustration 3.3) made with Catchmaster Clear 

Bug and Fly Window traps (AP&G Co., Brooklyn, NY) and twine were placed around 

flowers on inflorescences. A control trap was placed nearby at the same height above 

ground, to trap ambient fauna. These traps are transparent, to control for color being 

an attractant to insects. Traps were checked once daily in the evening, to allow the 

immediate surroundings to re-acclimate after human disturbance caused by tagging, 

setting up traps and taking photographs. Less frequent collections resulted in the loss 

of samples due to exposure and fungal growth. For other plants, visual observations 

were made of floral visitors, taking note of what arrived, the manner of their arrival,
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Illustration 3.3. A. Collar trap on erect flowers of Tacca cristata. B. Midges 
trapped on upper edge of collar trap.  

 

 

 



 

130 

and which part of the inflorescence they approached. Representative plants with 

inflorescences have been vouchered at the Bailey Hortorium (BH) under G.L. #8-10. 

3.2.3 Data analysis. Identification of the insect fauna below family was 

difficult, due to the lack of regional expertise, published keys and the rapidity with 

which specimens deteriorated. Trapped flies were keyed morphologically to family 

(Oosterbroek, 1998) whenever possible. For midges, antennal morphology was used 

to determine whether individuals were male or female, as it is sexually dimorphic in 

many nematoceran flies. Where identification was difficult due to the glue adhering to 

taxonomically important characters, insects were removed from flypaper with drops 

of Goo Gone® orange oil solvent (Weiman Products, LLC, Gurnee, IL) and were 

stored in 70% ethanol. 

Further analysis was focused on individuals collected with pollen on their 

thoraxes. These were imaged using light and confocal microscopy while still attached 

to the traps. They were then clipped, placed into individual PCR tubes, and DNA 

barcoded still glued to the traps, according to the methods of Wong et al. (2014). 

Successfully amplified sequences were queried against two Barcode of Life Data 

Systems (BOLD) databases: ‘All Barcode Records’, which includes records without 

species identification and ‘Species Level Barcodes’, which is the subset of the former 

containing only records with species level identification (last accessed 16 May 2016).  
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3.3 Results 

 

3.3.1 Populations at study sites. The distribution of Tacca cristata at our study 

sites is patchy, with plants usually located in clusters <25 meters away from its nearest 

neighbor, while the distance between clusters was usually more than double that. 

Many mature plants were attached to smaller, rhizomatous clones. A total of 189 

individuals were surveyed in both populations. This excludes clonal individuals found 

next to mature plants, as well as seedlings with less than five mature leaves. Most 

plants (133) were sterile. Thirty-eight plants had infructescences of varying maturity, 

while twenty plants were surveyed with blooming inflorescences during the time of 

study. Of these, eight were consequently damaged or destroyed through herbivory in 

situ. This was likely caused by mammalian fauna such as macaques or rodents, based 

on evidence such as teeth marks and snapped peduncles (Illustration 3.4).  

Plant abundance was lower in Lower Peirce than in Bukit Timah, and there 

were greater signs of rhizome herbivory, likely by wild boar, which were prevented 

from accessing the latter population by the BKE highway (Illustration 3.2), as the 

wildlife link had not yet been built at the time of study. 

3.3.2 Floral behavior. Flowers within Tacca cristata inflorescences, being 

arranged in two compact cincinni, mature consecutively, starting with the primary 

flowers in the center of the display and proceeding laterally in both directions. Flower 

buds are horizontal to the ground, becoming erect just before anthesis. Flowers  
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Illustration 3.4. Inflorescences of Tacca cristata that have been damaged or eaten by 
mammals, based on the pattern of damage. 
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opened at dawn, with the corolla elevated above the horizontal position, up to vertical 

(Illustration 3.5). Through the rest of the day, the pedicel slowly drooped such that 

the flower became pendent by sunset. Older flowers remain pendent, and this posture 

persists as the fruits develop. As the infructescence develops, the peduncle becomes 

flaccid and eventually deliquesces, causing the now-mature berry fruits to rest on the 

ground, where based on teeth marks, we infer that they have been gnawed on by small 

mammals. 

3.3.3 Floral visitors. Of twelve intact inflorescences sampled with sticky traps, 

two were lost to vandalism, while six yielded collections of female biting midges 

(Ceratopogonidae) carrying Tacca cristata pollen (Table 3.1, Illustrations 3.3, 3.5, and 

3.6). One plant (individual 91, BTNR population) was particularly attractive, luring 

more than half of all biting midges collected in this study, as well as other arthropod 

fauna. These consisted of infrequent collections of ants, spiders, beetles, collembolans 

as well as other small dipterans. In addition, lepidopteran scales were found on two of 

the traps. Control traps were removed/lost 30% of the time, but when collected were 

devoid of insect fauna (one was found on the ground with feathers, likely the victim 

of a bird strike).  

Visual observations of the inflorescences on alternating days indicated that insect 

visitation was sporadic, with clouds of midges present during daytime hours on clear 

days around some individual plants, but not on others. No midges were observed on 

overcast days. Ants and other crawling insect fauna were present, but rarely on the
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Illustration 3.5. A. Inflorescence of Tacca cristata showing the positions adopted by 
flowers of varying maturity. Buds are parallel, the first day-of-anthesis flower is 
vertical, and older flowers are pendent. Biting midges are swarming the newly-opened 
vertical flower (white arrow). B. A magnification of this erect flower to better 
visualize the swarming midges. Photo provided by Marcus Ng. 
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Table 3.1. Visitors to Tacca cristata inflorescences 
 
Visitors 
 

No. collected Frequency of 
collectiona 

Percentage trapped 
with pollen (%) 

Ant spp. (workers and 
alates) 

4 0.2 0 

Arachnid spp. 2 0.2 0 
Coleoptera sp. 1 0.1 0 
Collembolan sp. 1 0.1 0 
Lepidoptera spp.  2 (scales only) 0.2 0 
Ceratopogonidae spp.b 124 0.6 9.6 
Phoridae sp. 1 0.1 0 
Cecidomyiidae sp. 1c 0.1 0 
Unidentified insect (parts) 3 0.2 0 
    

a Proportion of trap collections with at least one individual. 
b All were identified as female based on antennae morphology. 
c One individual was collected by sweep netting around an inflorescence tagged for 
visual observation.
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Illustration 3.6. Photos of two ceratopogonid females carrying monosulcate Tacca 
cristata pollen taken via A. confocal microscope (courtesy Yuchen Ang), and B. light 
microscope. Note the specific placement of the large sticky pollen. Flies are 
photographed at the same scale. Scale bar = 1 mm.  
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inflorescence. When midges approached the flowers, they appeared to target the vertical 

first-day flowers (Illustrations 3.3 and 3.5), approaching from the air in a zigzag 

trajectory. They were therefore trapped unequally at one edge of the collar trap 

(Illustration 3.3B). 

3.3.4 Molecular analysis. Of the twelve pollen-carrying midges selected for 

DNA barcoding, seven were successfully amplified. All specimens came back 

unidentified beyond the family level Ceratopogonidae, highlighting the lack of 

taxonomic information available for this family in Malesia. The sequence data can be 

accessed in the BOLD database (specimen records TAC001-17, TAC002-17, 

TAC003-17, TAC004-17, TAC005-17, TAC006-17, TAC007-17), listed under DS-

taccafly. 

 

3.4 Discussion 

 

 3.4.1 Findings. This study revealed three novel aspects that further our 

understanding of reproductive ecology in Tacca cristata, and offer interesting points of 

similarity and divergence to the observations of Zhang et al. (2005) for T. chantrieri. 

Firstly, we observed the presence of insect visitors, specifically female biting midges 

(Ceratopogonidae) to some (but not all) flowering individuals. This differs from the 

most commonly observed pollen carrying visitors of T. chantrieri, which were Trigona 

bees (Zhang et al., 2005). The midges are much smaller, and can enter the hypanthial 



 

138 

chamber between the hooded anthers (Illustration 3.1B) and contact the thecae 

beneath them. As evidence of this, we photographed the removal and transport of 

pollen through specific (nototribic) placement on the dorsal thoracic region of the 

flies. In the case of Tacca chantrieri, Trigona bees appeared to remain on the surface of 

the flower (Zhang et al., 2005). Pollen grains were documented as adhering to the legs 

of these bees, but it is not clear how they were transferred or collected, as the pollen 

thecae are well hidden behind the hooded anthers and fleshy stigma. Secondly, the 

midges were specifically attracted to the vertical flowers, which had assumed this 

position on their first day of anthesis, rather than to buds or older, pendent flowers. 

This, combined with the unique floral anatomy in Tacca, with its recurved stamens and 

hidden receptive stigmatic surface, may facilitate pollen transfer between midge and 

flower upon anthesis. The minute size of the visiting midges indicates that single, 

receptive flowers of T. cristata function as chamber flowers, providing a protected 

space in which further pollinator behavior affecting pollen transfer is likely. As 

flowers age, the change of posture from vertical to pendent would provide 

autogamous reproductive assurance by increasing the odds of dehisced self-pollen 

contacting the stigma within the floral chamber. Thirdly, we observed high levels of 

mammalian florivory, likely from rodents and macaques native to this habitat, as well 

as relatively heavy rhizome herbivory in an exposed population, putatively due to 

recently reintroduced wild boar. These observations are examples of some of the 

ecological costs of floral display and apparency in Tacca cristata. In extreme cases, such 
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selective pressure would be predicted to favor reduced floral displays and strict 

autogamy, as we infer is the norm for related species such as Tacca plantaginea. 

 3.4.2 Floral visitors and inference of pollen transport. Based on the faunal 

assemblage obtained, we do not find support for the proposed hypothesis of 

sapromyiophily in this genus, at least for Tacca cristata, as its flowers did not attract 

unambiguously saprophagous insects, such as those that use rotting fungi, fruits, feces 

or carrion as brood sites (Jürgens et al., 2013). The absence of such visitors is 

consistent with the findings of Zhang et al. (2005) for Tacca chantrieri in southern 

China. Instead, about half of all monitored flowers were visited by ceratopogonid 

midges, whose approach flights were characteristic of orientation towards an odor 

plume (Vickers, 2000). The sex ratio of midges that were trapped on flypaper was 

overwhelmingly female, suggesting a sex-specific element in their attraction to the 

flowers. Female-biased fly pollination exhibited by ceratopogonid midges also has 

been recorded in Theobroma cacao (Saunders, 1959; Winder, 1977; Young et al., 2011). 

The family Ceratopogonidae comprises approximately 5000 species of small flies, of 

which both sexes feed on nectar, however females generally require blood meals to 

complete egg production and consequently have biting mouthparts to prey upon both 

invertebrate and vertebrate hosts (Downes and Wirth, 1981; Borkent, 2005). Some 

pest species are important vectors of human and livestock diseases (Boorman, 1993; 

Borkent, 2005). It is likely that in Theobroma, as with Tacca cristata, floral attraction may 

be based on the production of stimuli that mimic the cues used by blood- or 
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hemolymph-seeking female ceratopogonids. Mimicry of prey has been documented in 

two other fly-pollinated species, Aristolochia rotunda (family Aristolochiaceae; 

Oelschlägel et al., 2015) as well as Ceropegia dolichophylla (family Apocynaceae; Heiduk 

et al., 2010; Heiduk et al., 2015), in each case driven by extremely specific chemical 

mimicry.  

In Tacca cristata, some of the trapped female ceratopogonids captured emerging 

from the flowers possessed characteristic monosulcate Tacca pollen adhering to the 

dorsal surface of their thorax (Illustration 3.6). While this observation is insufficient to 

determine whether they are successfully transferring pollen from the anthers to the 

stigma within a flower (facilitated autogamy), or between flowers from different 

individuals (xenogamy) of Tacca cristata, it clearly indicates successful pollen transfer 

from plant to an insect whose size and behavior would be conducive to successful 

pollination. 

3.4.3 Floral behavior and morphology. As reviewed by Fenster et al. (2009), 

floral orientation is a source of information to pollinators. Floral orientation is known 

to impact pollinator partitioning (Eisikowitch and Rotem, 1987; Botes et al., 2009), 

reproductive isolation (Fulton and Hodges, 1999) and pollinator effectiveness (Wang 

et al., 2014).  

We observed changing floral orientation in Tacca cristata as flowers matured 

from bud (horizontal) to anthesis (vertical) and beyond (pendent) as they senesced. 

This also occurs in other showy species, i.e., Tacca chantrieri (Zhang et al., 2005), which 
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appeared to those authors to facilitate autogamous selfing, as pollen from dehisced 

thecae would accumulate at the bottom of the hypanthial chamber during the vertical 

phase, becoming deposited on the receptive surface of the stigma as the flower 

became pendent. Hence, floral orientation may be a component in autogamous selfing 

as a form of reproductive assurance in unvisited flowers of Tacca that display flower 

movement. 

In Tacca cristata, we observed a possible second aspect of floral orientation in 

pollination, i.e., specific attraction of female ceratopogonid midges to the vertically 

oriented flowers during their first day of anthesis, but not to pendent flowers or buds. 

As pendent flowers and erect flowers look similar, this suggests that production of a 

non-visual component of floral display that is attractive from longer distances lasts 

only during the first day of anthesis. Additional studies will be needed to determine 

whether floral volatiles are released according to this diel pattern. Fenster et al. (2009) 

discuss the importance of floral orientation regarding increasing specificity of 

pollinator directionality, an idea that has been investigated in multiple plant-pollinator 

associations (Huang et al., 2002; Imamura and Ushimaru, 2007; Wang et al., 2010; 

Rands et al., 2011). The kettlefall trap, most commonly exemplified by members of 

the family Araceae, as well as the genera Aristolochia (Aristolochiaceae) and Ceropegia 

(Apocynaceae) is strongly associated with fly pollination (Kunze, 1991; Bröderbauer et 

al., 2012). The hypanthial space of Tacca flowers may form such a chamber, with one 

important difference being that ceratopogonid midges, particularly females, are not 
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generally considered to be saprophagous, but ectoparasitic blood-feeders (Borkent, 

2005). 

3.4.4 Selective herbivory and community impact. The conspicuous floral 

displays of showy Tacca species are not only apparent to pollinators. We observed high 

rates (eight out of twenty inflorescences or 40%) of floral or inflorescence loss 

(Illustration 4) during our period of study due to predation. These observations 

support the hypothesis that showy reproductive displays are at higher risk of florivory 

(Strauss and Whittall, 2006; Teixido et al., 2011), whether from arthropods or 

vertebrates (Knight, 2004; Kessler et al., 2013). The parts of the plants most often 

consumed or damaged included flowers and rhizomes, and were likely performed by 

different mammals such as rodents, monkeys, or pigs. In the former case, 

inflorescences were denuded of only flowers/buds at all developmental stages, while 

the bracts were usually left behind (Illustration 4). Tooth marks on pedicels indicate 

that they had been nipped. Wild boars were likely the cause of rhizome predation, as 

they were reported at Lower Pierce but not in the Bukit Timah nature reserve, which 

at the time of study was separated by the BKE (Bukit Timah Expressway). These 

populations have now been connected with the Eco-Link@BKE ecological bridge, 

which was built for the purpose of restoring wildlife traffic between two nature 

reserves. Rhizome predation was characterized by patches of churned up soil, with 

leaves of Tacca cristata flung about (having been separated at the base of the rosette). 

In two cases, small clonal individuals were observed to be sprouting from the base of 
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the frayed petioles of Tacca cristata leaves.  

Beyond the specific case of Tacca cristata, mammalian herbivory patterns have 

great impact on populations of long-lived herbs by altering not just population sizes, 

but reproductive fitness as well (Strauss and Armbruster, 1997; Knight, 2004). In the 

fragmented forests of Singapore, they may have disproportionate long-term impact on 

forest dynamics, by altering understory composition and species population structure 

due to selective predation on plants of favored species and size. (Halpern and 

Underwood, 2006; Maron and Crone, 2006; Kolb, 2008; Knight et al., 2009; Vázquez 

et al., 2010). Invasive herbivores dramatically increase the hypothetical minimum 

number of plants that are required for viable populations, which must be factored into 

conservation management, especially for patchy forest fragmentation (McGraw and 

Furedi, 2005). In the specific case of Singapore’s forested patches, understory plant 

communities may be relatively undefended against wild boar foraging, as they have 

been absent for some time (Pisanu et al., 2012; Martin et al., 2015). 

 

3.5 Conclusions 

 

Here, we add a new dimension to the reproductive biology of Tacca. Initially 

posited to be fly-pollinated (Vogel, 1978; Dafni, 1984) based on the visual similarity 

between the dark-colored flowers and accessory bracts to those of sapromyiophilous 

plants, later studies (Zhang et al., 2005; Zhang, 2006; Zhang et al., 2007) 
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demonstrated that populations of showy Tacca appeared to be predominantly selfing. 

We have outlined the potential for outcrossing in Tacca cristata, and observe that 

inflorescence morphology and behavior facilitates ceratopogonid midge visitation, 

pollen removal and transport specifically in first-day flowers. We conclude that the 

pollination biology of Tacca cristata may be an example of cryptic myiophily embedded 

within a mixed mating system.  
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CHAPTER 4 

 

LECTOTYPE DESIGNATION AND RESURRECTION OF TACCA 

ARTOCARPIFOLIA (DIOSCOREACEAE), A MADAGASCAN ENDEMIC 

SPECIES CONFUSED IN TRADE. 

 

GWYNNE S. LIM 

The New York Botanical Garden, Pfizer Plant Research Laboratory, 2900 Southern 

Boulevard, Bronx, New York 10458 USA; and Section of Plant Biology, 412 Mann 

Library, Cornell University, Ithaca, New York 14853 USA 

 

Abstract 

Tacca artocarpifolia Seem. is currently synonymized as T. leontopetaloides Kuntze 

and labeled as such in trade. The species is endemic to Madagascar and neighboring 

islands, but is not found on continental Africa. The taxonomic synonymy dates to the 

work of Engbert Drenth, who revised the family Taccaceae in 1972. As both 

T. artocarpifolia and T. leontopetaloides are available in trade and research, it is important 

that they be recognized as distinct species. Here I resurrect and lectotypify 

T. artocarpifolia, and provide improved diagnostic characters and descriptions. Photos 

of type material and a living specimen are included below. 
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 Key words: Dioscoreaceae, lectotypification; Madagascar; nomenclature; 

resurrection; Tacca. 

  

4.1 Introduction 

 

Tacca is a small genus of ca. 17 widely-accepted species recently subsumed in 

the family Dioscoreaceae (APGII. Angiosperm Phylogeny Group., 2003). The most 

recent monograph of the Tacca was published in 1972 by Engbert Drenth, who 

synonymized many species previously recognized by Wolfgang Limpricht (1902). The 

species circumscriptions by Drenth (1972) are widely accepted, and used by 

researchers, herbaria, and floras checklists (Saw, 1993; Boyce and Julia, 2006; 

Govaerts et al., 2007; Zhang et al., 2011; Misrol et al., 2015).  

One species that should be resurrected is Tacca artocarpifolia Seem., currently 

synonymized under T. leontopetaloides (L.) Kuntze. Drenth (1972), when placing 

T. artocarpifolia in synonymy, noted that “In Madagascar occurs a form with narrower, 

lanceolate to linear lobes of the leaves described as T. artocarpifolia. As far as I can 

judge this form occurs in the drier areas of the island and the normal form in the 

more humid areas. It may be a distinct ecotype.” However, the lack of transitional 

forms, even in cultivation, suggests that the two species are reproductively and 

morphologically distinct (Illustration 4.1), making a formal resurrection necessary. 

Tacca artocarpifolia was first described by Seemann in Flora Vitiensis (1868). He 
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compared it with species that were subsequently subsumed as varieties and synonyms 

of T. leontopetaloides (Limpricht, 1902; Drenth, 1972), but considered it “different from 

other species” known to him. He named two elements, one collected by Justice 

Blackburn (Illustration 4.2) and the other by Robert Lyall (Illustration 4.3) in his 

description, both of which are preserved in the herbarium at Kew. 

In Seeman’s description (1868), he noted that the “primary divisions of the 

leaves look exactly like some of the common forms of the Breadfruit-tree (Artocarpus 

incisa L).”, which is a useful diagnostic character for the species, and distinguishes it 

from Tacca leontopetaloides (Illustration 4.1). Hooker, in his description of T. artocarpifolia 

for Curtis’s Botanical Magazine (1874), specifies more characters that are distinct to 

the species, some of which can be clearly observed from the accompanying 

illustration by Walter Hood Fitch. They include not only the unique leaf dissection, 

but also morphology of the involucral bracts and shape of the fruit (Hooker, 1874).  

  

B 

A	

B	
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Illustration 4.1. A. Cultivated T. artocarpifolia from the Hortus Botanicus, Leiden. B. T 
leontopetaloides growing on disturbed land near village, Kien Giang Province, Vietnam. 
Note the distinct dissection of the leaflets 

A	

B	
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Illustration 4.2. Photographs of syntype of T. artocarpifolia Seem. collected by Justice 
Blackburn. A. Leaf (K000200495). B. inflorescence (K000200494). 

A B 

A	 B	
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Illustration 4.3. Photograph of syntype of T. artocarpifolia Seem. collected by Robert 
Lyall (K000200496). 
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After examining herbaria and cultivated living material, I conclude that Tacca 

artocarpifolia is a valid species, and morphologically distinct from T. leontopetaloides. It 

differs from T. leontopetaloides by having ternate leaf segments that are regularly 

pinnatifid to pinnatisect versus irregularly lobed. It also has distinct inner and outer 

involucral bracts subtending the inflorescence, with the ascending inner bracts usually 

larger with acuminate tips, versus the uniformly sized leafy bracts with acute tips in 

T. leontopetaloides. Finally, the baccate fruits of T. artocarpifolia are broadly ellipsoid and 

hexagonal in cross section while they are globose to ovoid and round in cross section 

in T. leontopetaloides. 

Both species are available in trade (Illustration 4.4), and are of minor 

horticultural, agricultural, and ethnobotanical value. The species range of Tacca 

artocarpifolia, confined to the islands east of continental Africa, is highly restricted relative 

to T. leontopetaloides, which is pantropical. There is some research into the bioactive and 

polymeric properties of T. leontopetaloides starch, making it potentially commercially 

important.  

 



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 

Illustration 4.4. A. T. artocarpifolia being sold in trade as T. leontopetaloides 
(http://www.araflora.com/p3327/tacca_leontopetaloides) (Last accessed March 21st, 2017). B. Expanded picture of 
plant showing distinct leaflet morphology. 
 

A	 B	
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4.2 Materials and Methods 

 

Herbarium material from K, MO, FTG and US were examined and are listed 

below. Cultivated material from the living collection in Leiden (Illustration 4.1A), as 

well as images and illustrations of cultivated material and those in trade (Illustration 4.4) 

were also examined. 

 

4.3 Results 

 

4.3.1 Taxonomy and lectotypification. 

 

Tacca artocarpifolia Seemann (1868: 101)  

 

TYPE CITATION: “(Lyall! Blackbourn! In Herb. Hook.)” 

Lectotype (here designated): —MADAGASCAR. Justice Blackburn 17 July 

1863, Blackburn s.n (K, barcode K000200495! (Illustration 1A); isolectotype: K barcode 

K000200494! (Illustration 1B).  

Residual syntype:—MADAGASCAR, Lyall 373 (K, barcode K000200496!) 

(Illustration 4.2). 
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Perennial geophytic herbs ca. 0.75-3 M tall at maturity, acaulescent with 1-3 

starchy tubers, ovoid to ellipsoid, whitish in cross section, epidermal layer pale 

beige/tan and smooth, thin skinned, mature plants with tubers 2-8 cM high, 2.7-9 cM 

diameter. Base of leaves and scape surrounded by a cataphyll, emerging from apical 

depression. Roots fibrous, 2-5 mm in diameter, whitish, distributed evenly around the 

base. Leaves 1-3 (rarely 4), generally obovate in outline, up to 3 M in length, dissected, 

ternate, segments narrowly to broadly pinnatifid to pinnatisect to 0.4-3 cM of rachilla, 

lobules regularly lanceolate to linear 7-32 mM wide, 10-40 cM long, tips acute to 

acuminate. Veins prominent abaxially. Petiole terete, hollow, ridged 2-17 cM by 0.3-2 

cM, light green to maroon, sometimes mottled. Inflorescences usually 1, 20-40 flowered, 

scape 1.5-4 M tall, hollow, light green to maroon, sometimes mottled. Involucral bracts 5-

7, dimorphic, sessile, margins usually entire, subtending the flowers. Outermost paired 

bracts 2, rarely 3, encloses rest of developing inflorescence when immature, when 

mature, leafy, lanceolate to linear, rarely 2-3 lobed, light yellowish green, 4-15 cM by 

1.2-4 cM. Inner ascending bracts 3-5, lanceolate to ovate, antrorse with tips descending, 

obovate to spathulate, whitish to light yellowish green, sometimes with purple-tinted 

margins, occasionally streaked maroon, 4-20 cM by 2-5 cM, tips mucronate to caudate. 

Filiform bracts 10-40, light green to maroon 0.5 mM in diameter, up to 30 cM long, 

becoming marcescent as infructescence matures. Flowers 6-15 mM by 6-15 mM, 20-40, 

light yellow green (to deep maroon), globose-campanulate, fleshy, pedicels 1mM by 5-

50 mM, lengthening and drooping upon maturity of the flower and fruit. Perianth tepals 
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6, yellow-green to purple on abaxial side, adaxial side white to greenish white, tepals 

persisting until fruit is mature before withering. Outer whorl generally lanceolate, inner 

whorl broadly ovate, tips obtuse. Androecia Stamens 6, each adnate to the base of a tepal 

in the perianth, hooded and appressed to the peltate style, 2 longitudinal thecae 

dehiscing introsely. Gynoecia Stigma white, translucent, stigmatic lobes 3, obcordate, top 

of ovary white to dark purple with stalked glandular structures. Fruit green becoming 

yellow upon maturity, ellipsoid, hexagonal, 15-20 mM by 30-60 mM, pendulous on erect 

scape, pedicels 20-60 mM in length. Tepals persistent as fruit matures. Pericarp fleshy. 

Seeds brown, irregularly ellipsoid, 17-23, 2-4 mM by 4-6 mM, ridged, covered in spongy 

white testa. 

4.3.2 Distribution and habitat. This species has been recorded from 

Madagascar and neighboring islands, but not continental Africa. It can be found from 

grasslands to forest, and is commonly found in disturbed areas close to human 

habitation. It can be found from sea level up to over 1000m ASL. 

  4.3.3 Phenology: Plants flower November to January in their native habitat. 

 4.3.4 Vernacular name in trade: Tavolo  

 4.3.5 Additional material examined: MADAGASCAR Alaotra-Mangoro. 

Perinet. Along Route #2, 41 km E of Perinet, 600 m, 1 March 1975, Thomas B. Croat 

32623 (MO); Moramanga, Commune Ambohibary, Fokotany Ampitambe. Sahaviana 

forest, without crust. 18° 51’ 56” S 048° 17’ 10” E, 1016 m, 12 February 2007, P. 

Antilahimena, F. Edmond & T. Marcellin 5287 (MO); Moramanga, Mandraka Forest 
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Reserve, east of Tana road to Moramanga. Growing on sloping bank in deep shade, 

above the path and stream. Soil, dry sandy loam. Predominant trees in area, Eucalyptus 

sp. with understory of Cyathea sp. Melastomataceae, Urticaceae, Impatiens and Dianella sp. 

18° 54’ S 47° 55’ E, 1200 m, 11 March 1996, C. Ross 5 (MO); Petite forêt derrière la 

lagune. Herbier de la station agricole de l’Alaotra. 10 October 1945, 2645 (MO, barcode 

3329192). Analanjirofo. Fenerive. Forested hill ca. 5 km S of Fenerive along Route #5, 

30 m, 28 February 1975, T.B. Croat 32596 (MO); Fenerive. Forêt de Tampolo, 10 km 

au nord de Fenerive (R.N.5), 11 December 1984, L.J. Dorr & L.C. Barnett 3387 (MO); 

District Fenerive-Est. Station forestière de Tampolo, 10 km Nord de Fenerive-Est. 17° 

16’ 52” S 49° 24’ 44” E, 0-150 m, 24 January 1995. L.C. Raholivelo, B. Rakotoninina & B 

Rakotoanadahy 102 (MO); 

Ile Sainte Marie (Nosy Baraha). Near the village of Maromandia 3 km S.W. of 

Lonkinsty. Common herb in disturbed ground near villages. 16° 54’ S 49° 52 E, 25 m, 

23 September 1987, Pete Phillipson 2297 (MO); Soanierana-Ivongo; Commune: 

Antanifotsy; FKT Manjato; foret Anjahanintsina Marécage. Marécage saisonnière. 16° 

48’ 33” S 049° 41’ 54” E, 9 m, 24 September 2010, L. Faranirina et al. 241 (MO); 

Fivondronana: Soanierana-Ivongo, Firaisana: Manompana, Fokotany: Tanambao. 

Tanambaon’Ambodimanga. 16° 46’ 40” S 49° 43’ 10” E, 31 January 2004, R. Rabevohitra, 

Rakotovao & Rakotomamonjy 4942 (MO); Fivondronana: Soanierana-Ivongo, Firaisana: 

Manompana, Fokontany: Antanambaon’Ambodimanga. Forêt d’Andakibe. Plante 

herbacée de 2 m de haut. 16° 47’ 01” S 49° 44’ 23” E, 3 m, 04 October 2003, David 
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Rabehevitra, R. Razakamalala & S. Andrianarivelo 602 (MO); Maroansetra, Antalavia. 

Deep shade, evergreen forest, apparently fairly undisturbed, c. 100 from strand. c. 50 m 

inland from the sea, 15° 47' S 50° 1' E, 2 m, 24 February 1988, M. Cheek B1351 (MO); 

Maroansetra, Antalavia. Deep shade, evergreen forest, apparently fairly undisturbed, c. 

100 from strand. c. 50 m inland from the sea, 15° 47' S 50° 1' E, 2 m, 24 February 1988, 

M. Cheek B1351 (US); Fivondronana: Maroantsetra. Commune: Rantabe. Fokotany: 

Mafaipoza. Collected with David (MBG), Betafiana. River Andavatony. 15° 43’ 25” S 

049° 37’ 51” E, 60 m, 23 February 2002, P. Antilahimena et al. 895 (MO); District et 

Commune Ambanizana. Forêt littorale le long du bord de la mer. 15° 38’ 36” S 049° 

58’ 11” E, 250 m, 17 January 2006, J. Raharimampionona et al. 111 (MO); Ambanizana, 

Maroantsetra. 15° 38.960’ S 49° 57.730’ E, 14 February 2008, J. Aridy & Jivain 641 

(MO); Fiv: Maroantsetra. Comm: Anjahana. Fok: Ambanizana. 15° 37’ 32” S 049° 58’ 

30” E, 100 m, 10 April 2002, P. Antilahimena & J. Aridy 968 (MO); Nosy Mangabe, a 

520 ha island 5 km from Maroantsetra in the Bay of Antongil. Eastern domain. 15° 30’ 

S 49° 46’ E, 0-330 m, 11 October 1987, G.E. Schatz 1632 (MO); Sahavary, ca 2 – 3km 

N of village, in transitional area between disturbed, cultivated area and primary forest 

15° 19’ 22” S 49° 50’ 48” E, 300 m, 17 July 1995, Edmondson et al. 95-13 (FTG). Atsimo-

Antinamana. Vahgaindrano, Midongy du Sud (Midongy Atsimo), Amhagavelo - Fkt. 

Telorano. Small disturbed stream with granite boulders between abandoned fields with 

Lantana, Mellinis, Pteridium. Few primary forest trees left, up to 20 m tall. On wet soils 

along stream. 23° 41’ 52” S 47° 01’ 36” E, 705 m, 22 August 2008, R. W. Bussmann et al. 
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15095 (MO); Fivondronana: Farafangana, Firaisana: Mahabo-Mananivo, Fokontany: 

Mahabo. 8 November 2001, 23° 11’ 03” S 47° 42’ 59” E, 20 m, J. Rabenantroandro, G. 

McPherson & Ratiana 713 (MO); Farafangana, Ankarana, Antakohando village le plus 

proche. Forêt littorale de la réserve spéciale de Manombo sur sable, parcelle 2. 23° 05’ 

29” S 47° 45’ 25” E, 14 m, 19 September 2005, N. Rakotonirina et al. 386 (MO); 

Manakara, between Manakara and Farafangana on RN 12, near a “fady forest” 22° 58’ 

13”S 47° 45’ 32”E, 0 m, 07 August 1995, Edmondson et al. 95-78 (FTG); Commune 

Farafangana, District Vondrozo, Andranomite, ca. 6 km from Madiorano to Vohibe 

(RN 27). Lowland humid forest, near stream. 22° 47’ 36.8” S 47° 13’ 41.2” E, 522 m, 

24 November 2006, T. Ranarivelo et al. RTI 380 (K); Commune Farafangana, District 

Vondrozo, Madioranobe, ca 5 km south Madiorano, RN 27. Dry forest with scleria on 

abundance, E exposition, middle slope. 22° 48’ 23.2” S 47° 16’ 43.4” E, 558 m, 28 

November 2006, T. Ranarivelo et al. RTI 433 (K); Semi-shaded in forest by roadside. Soil 

fairly dark, dampish. By roadside, half mile east of P.N. Ranomafana, Talatakely camp 

site. 21° 15.06’ S 47° 25.59’ E, 860 m, 20 December 1997, L.R. Caddick et al. 305 (K); 

Fivondronana: Nosy Varika, Commune rurale: Ambahy, Fokontany: Ambahy. Forêt 

d’Ambahy à 500m à l’Est du Fokontany. 20° 46’ 57” S 48° 28’ 54” E, 17 November 

2003, R. Rabevohitra et al. 4806 (MO); Préfecture: Mananjary. Sous Préfecture: Nosy 

Varika. Commune rural: Ambahy. Fokontany: Ambahy. Forêt littorale sur sable. 20° 47’ 

53” S 48° 28’ 57” E, 22 m, 16 February 2004, R. Ludovic, D. Rabehevita & Stephan 615 

(MO). Atsinanana. Vatomandry, Ambalabe. Le long de la route Ambalabe-Mahatsara. 
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19° 14’ 08” S 048° 38’ 14” E, 75 m, 05 February 2011, N. Rakotoarivelo et al. 467 (MO); 

Ambila Lemaitso, east coast along road to Ampasimanolotra. Growing in coastal forest 

between the Pangalene canals and the Indian Ocean. In undergrowth along cart track 

leading to sea on dry sandy loam, mainly in areas around fallen trees in full sun and 

dappled shade. Other plants in area Hymenaea sp., Pothos scandens, Angraecum eburneum, 

Rhipsalis baccifera and Cycas thouarsii. 18° 57’ S 049° 08’ E, 0 m, 24 November 1995, C. 

Ross 8 (K); Tamatave, Vatomandry, westlich von Vatomandry ca. 50 m. Teil eines 

Blattes! 13 November 1967, J. Bogner 153 (US); Tamatave, Ambalafandrana. 50 m, leg. 

ign. 153 (K); Eastern domain Ambila Lemaitso, 10 km E. of Brickville Coastal dune 

forest and taller forest behind lagoon. 18° 51” S 49° 08’ E 0-50 m, 29 August 1987, 

G.E. Schatz & W. D’Arcy 1476 (MO); Fivondronana: Brickaville, Firaisana: 

Ambinaninony, Fokotany: Andranonkoditra. Forêt littorale sur sables de Vohibola du 

côté de l’hotel Pangalane. 18° 35’ 32” S 49° 14’ 02” E, 5 m, J. Rabenantoandro et al. 1228 

(MO); Vohibola Forest and along railway line between Andranhsotitra and Tampina. 

Littoral forest on sand. Vohibola Forest. Occasional. 18° 32’ 45” S 49° 15’ 20” E, 10 

m, 27 October 2002. C. Birkinshaw, R. Ludovic & A. Randrianasolo 1140 (MO). Diana. 

Préfecture: Mahanoro, S.P.: Masemeloka. Comm: Ambodibonara. Fok: 

Ambalavontaka. Forêt littorale sur sable de Nankinana, humifère mince. EPE 4. 20° 21’ 

44” S 48° 37’ 05” E, 23 m, 11 February 2004, Reza Ludovic & David Rabehevita 533 (MO). 

Sofia. Ambanja, Bemanevika, Bandrakorony. Du côté Ouest de la rivière de 

Bandrakorony sur la Péninsule d’Ampasindava. 13° 44’ 56” S 047° 59’ 14” E, 98 m, 26 
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January 2009, C. Rakotovao, Maevalignitry & Zazà 4290 (MO); Road to Ananlalava, west 

of Foulpointe. On laterite. 9 December 1984, L. Barnett & L.J. Dorr 226 (MO). Anosy. 

Fivondronana: Fort—Dauphin, Firaisana: Mahatalaky, Fokontany: Sainte Luce. Forêt 

littorale sur sables de Sainte Luce, parcelle 59 de la zone de conservation QMM. 24° 46’ 

15” S 47° 10’ 15" E, 4 m, 05 November 2003, J. Rabenantoandro et al. 1575 (MO); 

Fivondronana: Fort—Dauphin, Firaisana: Mahatalaky, Fokontany: Sainte Luce. Forêt 

littorale sur sables de Sainte Luce, bloc 59 prés du premier marécage. 24° 46’ 15” S 47° 

10’ 15” E, 5 m, 05 November 2003, J. Rabenantoandro & A. Monja 1595 (MO); Fort-

Dauphin, Iaboko, Antsotso. Forêt Ivohibe. 24° 33’ 52” S 47° 11’ 43” E, 386 m, 

November 2005, R. Razakamalala & et al. 2517 (MO); Northwest of Tolanaro (Fort 

Dauphin). Reserve integrale no II (Andohahela), parcelle I, eastern boundary. 24° 45’ S 

46° 51’ E, 250-500 m, 17-20 October 1992, S. Malcomber et al. 1666 (MO); Region of 

Fort Dauphin (Tôlañaro); forest of Petriky. 25° 05’ S 46° 52’ E, 25 m, 16 October 1989, 

G. McPherson, et al. 14127 (MO); Fort Dauphin. Forêt de Mandena. Forêt sur sable. 17 

March 1985, L.J. Dorr 4015 (MO); Col. de Manangotry. 20 August 1932, leg. ign. 10.348 

(MO, barcode 3329193); Fort-Dauphin, Iaboko, Antsotso. Forêt Ivohibe. 24° 33’52”S 

047° 11’ 43”E, 386m, November 2005, Razakamalala et al. 2517 (MO). MAURITIUS 

Moka. Gaulettes Serrées, S. of Nouvelle Decouverte: low primary association of 

Sapotaceae, Rubiaceae & Myrtaceae over lava flow. Locally abundant rooting in soil. 

Rainfall shade or sun, 450 m, 15 January 1976, D. Lorence 1596 (MO); Camp Thorel. 

Old Eucalyptus plantation overrun with introduced Ravenala, Ardisia, Rubus, Eugenia 
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jambos, Ligustrum; damp area beside stream on clay soil. 330 m, 8 March 1974, M.J.E. 

Goode 4382, J. Guého, D. Lorence (K); Growing in dense shade, indigenous thicket, near 

Camp Thorel. 1 May 1947, G. Sénées s.n. (K); Growing in dense shade, indigenous 

thicket, near Camp Thorel. 26 April 1947, G. Sénées s.n. (K); UNITED KINGDOM 

Kew. Palm House, Bed 15, Kew Accession number: 292-88-02349. Source: DSSC 6, 

Madagascar. 4 November 1996, L. Caddick s.n. (K); Victoria House. September 1887 leg. 

ign. s.n. (K); Cultivated at the Royal Botanic Gardens, Kew, England. 30 June 1994, 

accession number: 1988-2349. leg. ign. s.n. (K); 21 June 1866, W.T. Gerrard s.n. (K); 

December 1885, Rev. R. Baron 4308 (K). 

 

4.4 Key to the species of Tacca in Madagascar 

 

1a. Leaves palmately incised, lobes simple ……………… T. ankaranensis Bard. Vauc. 

1b. Leaves ternately incised, lobes further divided into lobules……………….……2. 

2a. Primary leaf segments pinnatifid to pinnatisect, lobules and sinuses regular, 

inflorescence usually with dimorphic leafy involucral bracts, outer pair ovate 

with tips acute, ascending inner pair/s frequently larger with tips acuminate, 

berry fruits ovoid to ellipsoid………………………………… T. artocarpifolia  

2b. Lobules irregularly divided, inflorescence usually with almost uniformly-

sized inner and outer pairs of leafy involucral bracts, all with acute tips, berry 

fruits globose ………….……….……….……….….…..….… T. leontopetaloides 
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APPENDIX A: Physical characters and states 
 
Thirty morphological and physiological characters scored for 12 species of Tacca, 
corresponding to those sampled for molecular analysis (Table 1.2). Characters marked 
with * are autapomorphic. All characters were scored as non-additive. 
 
Life history and gross morphology 
 

0. Dormancy absence vs. presence 
(0) absent; leaves persistent throughout the year, more than 5 present 

when plants are flowering. 
(1) present; leaves deciduous during dry periods, usually 1-3 present 

when plants are flowering. 
1. Location of stem  

(0) hypogeal; leaves attached to stem below ground. 
(1) epigeal; leaves attached to stem above ground. 

 
Root and tuber 
 

2. Tuber absence vs. presence 
(0) absent; propagative organ a rhizome, elongate and cylindrical. 
(1) present; propagative organ a tuber, globose to ellipsoid, with short 

runners. 
3. Aerial adventitious prop root absence vs. presence (inapplicable for species scored 

as state 0 in character 1) 
(0) absent. 
(1) present; emerging from stem through closely overlapping sheaths of 

older petioles. 
 
Leaf 
 

4. Petiole shape in cross-section  
(0) terete. 
(1) canaliculate; U-shaped. 

5. Cavity within petiole absence vs. presence 
(0) absent. 
(1) present; petiole centrally hollow in cross section, ratio of diameter of 

cavity to petiole ⅓ to ⅞. 
6. *Epidermal feature on petiole absence vs. presence (diagnostic 

character for Tacca integrifolia Ker Gawl.) 
(0) absent; abaxial epidermis of petiole glabrous to glaucous.  
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(1) present; abaxial epidermis of the petiole with yellow ridges <0.1 mM, 
particularly prominent close to the sheath.  

7. Blade lobing absence vs. presence 
(0) absent; leaves entire. 
(1) present, leaves lobed to dissected. 

8. Order of lobing on blades (inapplicable for species scored as state 0 in character 7) 
(0) one order of lobing; leaf separated into primary segments, pinnately 

to palmately lobed. 
(1) two orders of lobing; leaf with primary segments further divided into 

lobules, lobules regular to irregular. 
9. Epidermal feature on leaf vein absence vs. presence 

(0) absent; veins on abaxial side of the leaf smooth. 
(1) present; veins on abaxial side of leaf with raised, crescent to sinuate 

extrusions of the epidermis and cuticle, resembling raised fish scales. 
≤0.1 mM. Most prominent on tertiary veins. 

  
 
Inflorescence 
 

10. Exsertion of inflorescence relative to leaf bases 
(0) inflorescence completely above leaf bases. 
(1) inflorescence completely below leaf bases.  

11. Number of involucral bracts 
(0) >4; one outer pair subtending a variable number of inner bracts. 
(1) 4; one outer pair subtending one inner pair. 

12. Orientation of lamina of outer involucral bract 
(0) horizontal; lamina parallel to ground. 
(1) vertical; lamina at right angles to ground. 

13. Shape of inner involucral bract  
(0) broader near base than above; ovate to deltoid. 
(1) broader near apex than below; obovate to spathulate. 
(2) filiform; terete, tapering, approximately 2 mM in diamter. 

14. Inner involucral bract posture in inflorescence 
(0) subtending inflorescence; lamina positioned below flowers.  
(1) ascending over inflorescence; lamina positioned above flowers.  

15. Filiform bracteole absence vs. presence 
(0) absent. 
(1) present. 

16. Filiform bracteole number (inapplicable for species scored 0 in character 15) 
(0) few; approximately 2 per inflorescence.  
(1) many, up to 60 per inflorescence. 
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17. Flower arrangement in inflorescence 
(0) superficially disorganized; absence of sequential maturation from 

central flowers in both lateral directions. 
(1) arranged in a double cincinnus; sequential maturation from central 

flowers in both lateral directions 
 
Infructescence 
 

18. Shape of inner tepal 
(0) entire; oblong to deltoid. 
(1) bilobed; obcordate. 

19. Annular disk on base of style absence vs. presence 
(0) absent. 
(1) present; disk consists of multicellular stalked glands surrounding the 

top of the inferior ovary within floral chamber, producing a sticky 
exudate. 

20. Floral thermogenesis absence vs. presence 
(0) absent. 
(1) present; from dawn till dusk on the first day flower opens. 

 
Infructescence 
 

21. Infructescence scape erect vs. declinate  
(0) erect; remaining so, such that the mature infructescence is elevated. 
(1) declinate; becoming pendent, such that the mature infructescence 

rests on the ground. 
22. Involucral bract marcescent vs. persistently photosynthetic 

(0) progressively marcescent as the infructescence matures.  
(1) persistently photosynthetic as the infructescence matures. 

23. *Inner involucral bract posture in infructescence display (inapplicable for 
species scored as state 0 in character 14, diagnostic character for Tacca palmata) 

(0) erect.  
(1) declinate; inner involucral bracts begin to subtend the developing 

fruit on opposite sides at right angles to outer involucral bracts, 
allowing the ripe red berries to be visible overhead.  

 
Fruit 
 

24. *Fruit type (diagnostic character for Tacca plantaginea) 
(0) capsule; dehisces loculicidally, fruit remains attached to pedicel. 
(1) berry; indehiscent. 
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25. Fruit shape  
(0) globose; diameter approximately equal to height. 
(1) ellipsoid; diameter approximately ¾ that of height. 

26. Fruit apex  
(0) rounded, tapering.  
(1) obpyramidal, flared. 

27. Fruit color at maturity 
(0) green–yellow. 
(1) purple-black; glossy, iridescent. 
(2) red–orange. 

28. *Seed shape (diagnostic character for Tacca chantrieri) 
(0) ovoid; sometimes irregularly faceted. 
(1) reniform; regularly laterally flattened. 

29. Testa texture 
(0) fleshy; whitish and mucilaginous if tissue is injured. 
(1) sclerified; pink to reddish brown. 

 



 

 

APPENDIX B: Character matrix, morphological partition 

Data matrix for 30 morphological and physiological characters (Appendix A) as scored for 19 species of Tacca and 
outgroups (Table 1.2). Polymorphisms and ambiguous characters are scored as follows: A represents a 
polymorphic state with individuals of a species having states corresponding with either 0 or 1, “-” was scored if 
character is inapplicable, “?” was scored if character was not observed. 

 
 Character number 

 1 2 3 
Taxon 0123456789012345678901234567890 

Dioscorea_bulbifera 111000-0-0--------0-?--------- 
Dioscorea_caucasica 111000-0-0--------0-?--------- 
Dioscorea_sansibarensis 111000-A00--------0-?--------- 
Dioscorea_sp ?11000-0-0--------0-?--------- 
Pandanus_sp 01-11?-0-0----------?--------- 
Stichoneuron_bognerianum 01-000-0-0--------0-?--------- 
T_ankaranensis 1?????010??110010001???-11?201 
T_artocarpifolia_A1 101-0101110000111001001?110000 
T_bibracteata 01011000-00102111?00?1??111A0? 
T_borneensis_C1 01011000-0111001110011?-11?101 
T_chantrieri_D3 01011000-00110011100110-111111 
T_cristata_E2 01011000-001111111001100111A01 
T_integrifolia_F1  01011010-001111111001100111?01 
T_leontopetaloides_B6 101-0101110000A110010010100000 
T_palmatifida_G2 100-0?0100010110-010?010110201 
T_palmata_H3 101-010100010110-010?011100201 
T_parkeri 1?0?01?A0?010A1A0?00?0??10??01 
T_plantaginea 01101000-011100110000-1-011001 
Trichopus_zeylanicus 010?00?0-?1-------00?--?110-?1 
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APPENDIX C: Molecular structural characters and states 
 
Thirty–eight molecular structural characters scored from amplified markers for 
individuals of Tacca and outgroups (Table 1.2). Characters two through thirty-eight 
can be observed from adjusted and unmodified alignments generated in MAFFT 
v.7.306 (Katoh and Standley, 2013) and are available upon request.  
 
Polymerase chain reaction product 
 

0. Size of product amplified using NAD1_Fwd and NAD1_Rvs primers  
(0) approximately 1.5 kbp. 
(1) approximately 3 kbp. 
(2) approximately 5 kbp. 

 
Alignment: nad1 (excluding palmate-leaved individuals) 
 

1. Extended nucleotide change (begins at position 30) 
(0) CGC. 
(1) ATA. 

2. Extended nucleotide change (begins at position 85) 
(0) TCT GA– –. 
(1) CAT TGT C. 

3. Extended nucleotide change (begins at position 214) 
(0) AAA GTA TA. 
(1) CGC GTA GC. 

4. Extended transversion (begins at position 377) 
(0) GGA. 
(1) TCC. 

5. Extended nucleotide change (begins at position 388) 
(0) GAC GTC. 
(1) AAC TGG. 

6. Extended nucleotide change (begins at position 392) 
(0) GTC. 
(1) TAG. 

7. Extended transversion (begins at position 482) 
(0) GA. 
(1) TC. 

8. Extended transversion (begins at position 507) 
(0) GA. 
(1) TC. 

9. Extended nucleotide change (begins at position 517) 
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(0) GCG CGT TAG CTA ATA G. 
(1) –TA AGT TAG CTA AGC A. 

10. Extended transversion (begins at position 552) 
(0) TT. 
(1) AA. 

11. Insertion/deletion (begins at position 559) 
(0) TGA TTC TTT. 
(1) 9 gaps. 

12. Extended transversion (begins at position 560) 
(0) GA. 
(1) TC. 

13. Extended nucleotide change (begins at position 562) 
(0) TTC TTT. 
(1) AAA AAG. 

14. Extended nucleotide change (begins at position 578) 
(0) TCT. 
(1) AAA. 

15. Extended nucleotide change (begins at position 602) 
(0) AAG GAA GAA. 
(1) CGG CGC CAG. 

16. Insertion/deletion (begins at position 790) 
(0) GTA AG. 
(1) 5 gaps. 

17. Extended nucleotide change (begins at position 793) 
(0) AGC TCG GCC. 
(1) TGT GTA ATT. 

18. Insertion/deletion (begins at position 818) 
(0) GCT T. 
(1) 4 gaps. 

19. Extended transition (begins at position 823) 
(0) GC. 
(1) AT. 

20. Insertion/deletion (begins at position 837) 
(0) ATA. 
(1) 3 gaps. 

21. Insertion/deletion (begins at position 840) 
(0) 2 gaps. 
(1) TT. 

22. Extended nucleotide change (begins at position 879) 
(0) GGG CCC GC. 
(1) CCG CCT TT. 
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23. Extended nucleotide change (begins at position 886) 
(0) CA. 
(1) AT. 

24. Extended transversion (begins at position 925) 
(0) GA. 
(1) TC. 

25. Insertion/deletion (begins at position 945) 
(0) GCA GAA. 
(1) 6 gaps. 

 
Alignment: nad1 of palmate-leaved individuals 
 

26. Insertion/deletion (begins at position 53) 
(0) TTG TCT TAA AGC TT. 
(1) 14 gaps. 

27. Nucleotide change (begins at position 94) 
(0) G. 
(1) T. 

28. Insertion/deletion (begins at position 778) 
(0) 9 gaps. 
(1) CAT AAG GG. 

29. Insertion/deletion (begins at position 1054) 
(0) 3 gaps. 
(1) TTT. 

 
Alignment: atp1 
 

30. Extended transversion (begins at position 541) 
(0) TCC. 
(1) ATT. 

 
Alignment: matK 
 

31. Insertion/deletion (begins at position 736) 
(0) 6 gaps. 
(1) ATT TCA. 

 
Alignment: trnH–psbA 
 

32. Insertion/deletion (begins at position 189) 
(0)TCT AAT AAG GT. 
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(1) 11 gaps. 
33. Insertion/deletion (begins at position 224) 

(0) ATA AT. 
(1) 5 gaps. 

34. Insertion/deletion (begins at position 260) 
(0) TAG ATA AG. 
(1) 8 gaps. 

 
Alignment: trnL–F 
 

35. Insertion/deletion (begins at position 692) 
(0) TAT CC. 
(1) 5 gaps. 

36. Insertion/deletion (begins at position 736) 
(0) ATA TAT GGR AAA RG. 
(1) 14 gaps. 

37. Insertion/deletion (begins at position 749) 
(0) TYT SYA TTA TT. 
(1) 11 gaps. 



 

 

APPENDIX D: Character matrix, molecular structural partition 

Data matrix for 38 molecular structural characters (Appendix C) as scored for 54 individuals of Tacca and 
outgroups (Table 1.2). Tacca ankaranensis was not scored for this partition as none of the relevant genes were 
amplified for this individual. Polymorphisms and ambiguous characters are scored as follows: “-” was scored if 
character is inapplicable, “?” was scored if character was not observed. 

 
 Character number 

 1 2 3 4 
Taxon 01234567890123456789012345678901234567890 

Dioscorea_bulbifera ?1000010????????00001001000--?-0?0???? 
Dioscorea_caucasica 01000010????????00001000000----0?00??? 
Dioscorea_sansibarensis ?1000010????????00001001000----0?0???? 
Dioscorea_sp ?1???????????????????????????????0???? 
Pandanus_sp 0-0001?1?????????0001000000----0?00000 
Stichoneuron_bognerianum 0-0001?1?????????0001000000----0?0???? 
T_artocarpifolia_A1 ????????????????????????????????010??? 
T_artocarpifolia_A2 ????????????????????????????????010??? 
T_artocarpifolia_A3 ????????????????????????????????010??? 
T_artocarpifolia_A4 10??????????????????????????????010001 
T_artocarpifolia_A5 1011100?0110011101110010101----0010??? 
T_bibracteata 0000000?1?10000000000000000----0100000 
T_borneensis_C1 0000000?0000000000000000000----0001000 
T_borneensis_C2 0000000?0000000000000000000----0001000 
T_aff_chantrieri 0000000?101000000000??0??00----0000000 
T_chantrieri_D1 0000000?1010000000000000000----0000100 
T_chantrieri_D2 0000000?1010000000000000000----0000100 
T_chantrieri_D3 000?000?1010000000000000000----0000100 
T_chantrieri_D4 0000000?1010000000000000000----0000100 
T_cristata_E1 00000?0?0000000010000000010----0001000 
T_cristata_E2 0000000?0000000010000000010----0001000 
T_cristata_E3 0000000?0000000010000000010----0001000 
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T_cristata_E4 0000000?0000000010000000010----0001000 
T_cristata_E5 0000000?0000000010000000010----0001000 
T_cristata_E6 0000000?0000100010000000010----0001??? 
T_cristata_E7 00??????????????????????????????001000 
T_cristata_E8 0000000?0000000010000000010----0001000 
T_cristata_E9 00??????????????????????????????001000 
T_cristata_E10 0000000?0000000010000000010----0001000 
T_cristata_E11 0000000?0000100010000000010----0001000 
T_cristata_E12 0000000?0000100010000000010----0001000 
T_integrifolia_F1 0000000?1001000000000000000----0000000 
T_integrifolia_F2 0000000?0001000000000000000----0000?00 
T_integrifolia_F3 0000000?0001000000000000000----0000000 
T_integrifolia_F4 0000000?0001000000000000000----0000000 
T_leontopetaloides_B1 ?0???????????????????????????????????? 
T_leontopetaloides_B2 10??????????????????????????????000000 
T_leontopetaloides_B3 1011100?0110011101110110101----0000001 
T_leontopetaloides_B4 10??????????????????????????????000000 
T_leontopetaloides_B5 10??????????????????????????????000001 
T_leontopetaloides_B6 1011100?0110011101110110101----0000000 
T_leontopetaloides_B7 10??????????????????????????????000000 
T_leontopetaloides_B8 10??????????????????????????????010010 
T_leontopetaloides_B9 1011100?0110011101110110101----0000000 
T_leontopetaloides_B10 1011100?0110011101100110101----0000000 
T_palmata_H1 00--------------------------11-2100010 
T_palmata_H2 00??????????????????????????????--0010 
T_palmata_H3 00--------------------------11-2100010 
T_aff_palmatifida 00-------------------------10011000010 
T_palmatifida_G1 00-------------------------0000110?010 
T_palmatifida_G2 00-------------------------00001---010 
T_parkeri 00??????????????????????????????000000 
T_plantaginea 00??????????????????????????????100000 
Trichopus_zeylanicus 01000001????????00001000000----0?0???? 

185 
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APPENDIX E: Taxa and sequences used in this study 

List of  individuals used for molecular analysis, sorted by alphabetical order, see Table 
1.2 for voucher information. Unsuccessful amplifications are marked with an û. 
 

Representative 

Mitochondrial Plastid 

nad1 atp1 atpB rbcL matK 

trnH-

psbA trnL-F 

Dioscorea bulbifera  û      

Dioscorea caucasica       û 

Dioscorea sansibarensis  û      

Dioscorea sp. û û     û 

Pandanus sp.     û   

Stichoneuron bognerianum     û  û 

Tacca ankaranensis û û û   û û 

Tacca artocarpifolia A1 û û û û   û 

Tacca artocarpifolia A2 û û û û   û 

Tacca artocarpifolia A3 û û û û   û 

Tacca artocarpifolia A4        

Tacca artocarpifolia A5       û 

Tacca bibracteata        

Tacca borneensis C1        
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Tacca borneensis C2        

Tacca aff. chantrieri        

Tacca chantrieri D1        

Tacca chantrieri D2   û     

Tacca chantrieri D3        

Tacca chantrieri D4        

Tacca cristata E1        

Tacca cristata E2        

Tacca cristata E3        

Tacca cristata E4        

Tacca cristata E5        

Tacca cristata E6       û 

Tacca cristata E7 û       

Tacca cristata E8        

Tacca cristata E9        

Tacca cristata E10        

Tacca cristata E11        

Tacca cristata E12        

Tacca integrifolia F1        
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Tacca integrifolia F2 
       

Tacca integrifolia F3 
       

Tacca integrifolia F4 
       

Tacca leontopetaloides B1 û û  û  û û 

Tacca leontopetaloides B2        

Tacca leontopetaloides B3        

Tacca leontopetaloides B4        

Tacca leontopetaloides B5        

Tacca leontopetaloides B6        

Tacca leontopetaloides B7        

Tacca leontopetaloides B8 û       

Tacca leontopetaloides B9        

Tacca leontopetaloides B10        

Tacca aff. palmatifida        

Tacca palmatifida G1        

Tacca palmatifida G2      û  

Tacca palmata H1        

Tacca palmata H2 û     û  

Tacca palmata H3        

Tacca parkeri        
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Tacca plantaginea        

Trichopus zeylanicus       û 

1The sample was annotated as being of  highly degraded quality.  
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APPENDIX F: MP consensus trees of AT-COM-e vs. AT-COM-c data sets 
 

MP strict consensus trees of A. AT-COM-e and B. AT-COM-c data sets. Branch color 
indicates topological congruence between analyses, with identical subtrees drawn in 
dark blue (congruence = 1). Greater conflict is reflected in lighter branch colors, as 
shown in the scale below.  
 
 
 
 

 

A B 
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APPENDIX G: ML trees of AT-COM-e vs. AT-COM-c data sets 
 

ML trees of A. AT-COM-e and B. AT-COM-c data sets. Branch color indicates 
topological congruence between analyses, with identical subtrees drawn in dark blue 
(congruence = 1). Greater conflict is reflected in lighter branch colors, as shown in the 
scale below.  
 
 
 
 

 
 

A B 


