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a b s t r a c t

The carnivorous plant genus Genlisea A. St.-Hil. (Lentibulariaceae) comprises at least 22 species distrib-
uted in South and Central America as well as in Africa (including Madagascar). It has only recently been
shown to be a true carnivore, specialized in protozoa and other small soil organisms. Here we present a
statistically highly supported phylogeny of Genlisea based on three chloroplast loci. The most recent com-
mon ancestor of Genlisea most likely was of Neotropical origin and characterized by pedicels that are
recurved in fruit, a strongly glandular inflorescence, and bivalvate capsule dehiscence. The further evolu-
tion of various morphological characters during the diversification of the genus is discussed. The two pre-
viously suggested subgenera Tayloria and Genlisea correspond to the two major clades found in our
analyses. In subgenus Genlisea, three clades can be clearly distinguished based on molecular and morpho-
logical characters and on biogeographic patterns, which led us to propose a new sectional classification.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The genus Genlisea A. St.-Hil. belongs to the carnivorous plant
family Lentibulariaceae (Lamiales, asterids I, APG III, 2009) and
comprises at least 22 species (a few more undiagnosed taxa await
their formal description (Fleischmann et al., in preparation), and
unlike preceding treatments recognizing 21 species (Fischer
et al., 2000; Taylor, 1991b), the authors do not consider G. subvir-
idis Hutch. conspecific with G. africana Oliv.). Genlisea is distributed
in South and Central America and in Africa (including Madagascar),
with centers of highest species diversity in south-eastern Brazil,
the Guiana Highlands and the Flora Zambesia area (Fig. 2).

Recently, the genus Genlisea has attended increased scientific
interest, because some of its members posses the smallest nuclear
genomes recorded among angiosperms, with ultrasmall holoploid
genome sizes of 63 and 64 Mbp in G. margaretae and G. aurea,
respectively (Greilhuber et al., 2006). Surprisingly, both the small-
est and the largest nuclear genomes in Lentibulariaceae are found
in Genlisea, resulting in about 24-fold variation of genome size in
the genus (Greilhuber et al., 2006). Moreover, some chloroplast re-
ll rights reserved.

(A. Fleischmann).
gions exhibit what is among the highest DNA substitutional rates
in angiosperm chloroplasts (Müller et al., 2004). These attributes
make Genlisea a perfect model system for studying factors govern-
ing substitutional rate and genome size shifts. The evolution of
these ultrasmall genomes is focus of ongoing research (Greilhuber
et al., in preparation).
1.1. Carnivory in Genlisea

All species of Genlisea lack roots which have been replaced by rhi-
zophylls (Fig. 1A–C) that are derived of leaves and epiascidiate in
ontogeny (Reut, 1993; Juniper, 1986; Juniper et al., 1989). The
achlorophyllous subterraneous rhizophylls are Y-shaped, consisting
of a vesicular bulb-like basal part and a tubular neck ending in two
helically twisted arms (Fig. 1B). These trap leaves attract and capture
soil protozoa (Barthlott et al., 1998; Płachno et al., 2008) and also –
presumably unselectively – trap small invertebrates and algae (e.g.
Darwin, 1875; Goebel, 1891; Juniper et al., 1989; Lloyd, 1942;
Heslop-Harrison, 1975; Studnička, 2003c; Płachno et al., 2005b;
Plachno and Wolowski, 2008). The prey enters the rhizophylls
through small openings along the apical part of the two helical arms,
or through the slightly larger opening (‘‘trap mouth”; Lloyd, 1942) at
the branching point of these arms. From there it is further directed
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Fig. 1. (A) General habit of Genlisea. (B) Scanning electron micrograph of a Genlisea trap (Genlisea margaretae), showing the achlorophyllous, forked, and helically twisted
rhizophyll. (C) Interior of the same trap, showing inward-pointing bristles and a trapped ciliate. (D and E) Capsule dehiscence. (D) Longitudinally bivalvate opening of
subgenus Tayloria (shown: Genlisea violacea). (E) Multiple circumscissile opening of subgenus Genlisea (shown: Genlisea pygmaea). (F and G) Flowers of cultivated specimens.
(F) Salveriform flower of subgenus Tayloria (shown: G. violacea). (G) Snap-dragon flower of subgenus Genlisea (shown: G. aurea).
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into the tubular interior of the vesicular trap leaf by rows of retrorse
2–3 celled ‘‘detentive hairs” (Lloyd, 1942; Reut, 1993; Fig. 1C), that
allow only unidirectional movement towards the distal part of the
trap (comparable to an ‘‘eel trap” (Darwin, 1875) or a ‘‘lobster pot”
(Heslop-Harrison, 1975)). The prey accumulates in a hollow cham-
ber at the distal part of the trap leaf (e.g. Płachno et al., 2005b; Lloyd,
1942; Reut, 1993), where it is probably killed by anoxia inside the
traps (Adamec, 2007) and digested by proteolytic enzymes secreted
from internal gland hairs (Płachno et al., 2005a; Barthlott et al., 1998;
Heslop-Harrison, 1975). However, the function of the trapping
mechanism is still not understood in detail, and there is at least some
contradictory evidence whether Genlisea rhizophylls may act as ac-
tive (Juniper et al., 1989; Studnička, 1996, 2003a,b) or – more likely –
passive traps (Płachno et al., 2008, 2005b; Adamec, 2003). Minor
interspecific differences in trap morphology, especially in the shape
of the detentive hairs, have been taken into consideration for species
distinction by some authors (Fromm-Trinta, 1979; Reut, 1993), but
were considered to be of low systematic value by others (Taylor,
1991a; Fischer et al., 2000).
1.2. General morphology and habitats

Genlisea plants are small annual or (more frequently) perennial
herbs. In addition to the carnivorous leaves, the plants bear a sec-
ond, non-modified leaf type that is chlorophyllous, epiterrestric,
usually spathulate to lanceolate, and forms a more or less dense ro-
sette (Fig. 1A), usually on a short rhizome in perennial species.
Only G. repens forms a creeping elongated rhizome. The inflores-
cence is basically a raceme (Fig. 1A), quite often one-sided, simple
or branched, and the scape can either be glabrous or hairy, with
glandular or setaceous hairs. Bracts and bracteoles are lanceolate
in general, and the pedicels are either glabrous, shortly hairy, or
possess long- or short-stalked glandular hairs. The same types of
indumentum can be found on the calyx and ovary. The zygomor-
phic flowers of Genlisea (Fig. 1A, F and G) follow the typical
‘‘snap-dragon” pattern (bearing a spur and gibbous palate) also ob-
served in related members of the order Lamiales. The corolla is
mostly yellow or violet, rarely whitish or cream, and interestingly
yellow colored flowers are restricted to the South American
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species. The ovary is either glabrous or covered with short eglan-
dular or glandular hairs, and the indumentum of generative organs
is used as an essential character for species classification (Taylor,
1991a; Fromm-Trinta, 1984; Fischer et al., 2000).

The carnivorous nature of Genlisea represents an adaptation to
nutrient poor habitats, and the plants are confined to perennial
or seasonally wet seepage areas and shallow soils of dripping walls
over rock, marshy grasslands and swamps, quartzitic sand plains or
flushes on the outcrops of inselbergs and ferricretes (Fischer et al.,
2000; Fromm-Trinta, 1979; Rivadavia, 2007).
1.3. Taxonomic history and previous phylogenetic work

Two subgenera have been proposed for Genlisea (Fischer et al.,
2000, based on the taxonomic section concept of Fromm-Trinta,
1977), which can be distinguished by the different capsule dehis-
cence (Fig. 1D and E). While in subgenus Tayloria capsules open
septicidally by two (rarely four, cf. Taylor, 1989) longitudinal
valves (Fig. 1D), subgenus Genlisea has poricidous capsules opening
by an apical lid and often along additional ring-like slits below the
lid, resulting in a unique multiple-circumscissile (Taylor, 1989) or
sometimes even spiral dehiscence (Stopp, 1958; Fig. 1E). Further
differences between both subgenera can be observed in pollen
morphology (Fromm-Trinta, 1981; Taylor, 1989) and in the ultra-
structure of digestive glands in the trap interior as well as in the
distribution pattern of the quadrifid glands along the hollow distal
part of the trap leaves (Płachno et al., 2007).

Subgenus Tayloria comprises three species (as well as a few
undescribed or neglected taxa; Rivadavia, 2002) endemic to the
highlands of south-eastern Brazil, whereas members of subgenus
Genlisea can be found in both Africa and the Neotropics (however,
not a single species occurs on both continents; Fig. 2).

Fischer et al. (2000) suggest three distinct morphological groups
for the African species. These groups are distinguished based on
fruiting characteristics, life history (annuality vs. perenniality)
and ovary indumentum and were not assigned names or taxo-
nomic rank.
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Fig. 2. Distribution of Genlisea, with species numbers indicated. Dashed yellow line ma
(1978), Taylor (1967, 1991), Olvera and Martínez (2002), Rivadavia and Fleischmann (p
While this classification already reflects an underlying concept
of the evolution of Genlisea, no detailed study on phylogenetic rela-
tionships of the whole genus have been undertaken hitherto, ex-
cept some preliminary phylogenetic reconstructions including
few species. Both Jobson et al. (2003) and Müller et al. (2004,
2006) gave support for the monophyly of the two subgenera Gen-
lisea and Tayloria. In addition, Müller et al. (2004) revealed that the
African species of subgenus Genlisea are not a monophyletic group,
but gave rise to the Neotropical species. Based both on morpholog-
ical and molecular data, the closest allies of Genlisea have always
been accepted to be Pinguicula and Utricularia. Molecular studies
further revealed Pinguicula to be sister of the other two genera
(Müller et al., 2004, 2006; see also Barthlott et al., 2007 for a gen-
eral overview). As to the systematic position of the family, recent
molecular systematic approaches stopped a long debate caused
by equivocal morphological evidence (revised by Casper, 1962)
and clearly placed them in the core-group of the order Lamiales
in the asterid I clade of core eudicots (e.g. Müller et al., 2001,
2004, 2006; APG III, 2009). However, the sister group of Lentibular-
iaceae still is not known for sure and is subject of ongoing research
(Schäferhoff et al., in preparation).

1.4. Aims of this study

A prerequisite for the above-mentioned studies on genome size
plasticity and DNA substitution rates in Genlisea is a well-sup-
ported hypothesis on its organismal evolution, which is simulta-
neously the starting point for exemplarily analyzing
morphological variation and ecological differentiation in the con-
text of carnivory.

The availability of probably the largest living plant collection of
Genlisea at the Bonn Botanical Gardens and the private plant collec-
tion of A.F., as well as the well preserved herbarium material col-
lected by F.R. (SPF), enabled us to extract DNA from fresh tissue
for a high percentage of the recognized species.

In this study, the chloroplast gene matK was sequenced (along
with the adjacent non-coding regions of the trnK intron), as well
as the intron of the ribosomal protein S16 gene rps16 (Oxelman
453015015
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et al., 1997) and the flanking trnQ–rps16 intergenic spacer region
(Calviño and Downie, 2007), all of which had previously been dem-
onstrated to be useful markers for phylogenetic reconstruction in
crown Lamiales viz. Lentibulariaceae (Cieslack et al., 2005; Jobson
et al., 2003; Müller and Borsch, 2005; Müller et al., 2001, 2004,
unpublished data).

Based on these data, we aim to reconstruct the evolutionary his-
tory of Genlisea using three complementary analytic approaches
and evaluate the phylogenetic significance and ancestral state
shifts of selected morphological traits, life history and of biogeo-
graphic distribution patterns. Finally, we evaluate previously sug-
gested infrageneric taxonomic groups (formal and informal ones)
in the light of the phylogenetic results and suggest a new sectional
classification.

2. Materials and methods

2.1. Plant samples

The data set comprises 39 accessions representing 19 out of the
currently accepted 22 Genlisea species, plus three so far unde-
scribed taxa, as well as three outgroup taxa (one representative
of the other two genera in Lentibulariaceae, Utricularia L. and Pin-
guicula L., respectively, plus Verbena (Verbenaceae) as representa-
tive of a closely related family in Lamiales. All infrageneric taxa
and distinguished groups (Fischer et al., 2000; Fromm-Trinta,
1977, 1981; Taylor 1991b) are represented. The four undiagnosed
taxa (Fleischmann et al., in preparation) were collected by F.R. in
Brazil and are of close affinity to G. violacea (G. aff. violacea ‘giant’;
G. sp. ‘Itacambira’), G. repens (G.sp. ‘Gran Sabana’) and G. filiformis
(G. aff. filiformis), respectively. Voucher specimens are deposited at
Munich Herbarium (M), Bonn Herbarium (BONN), or the São Paulo
Herbarium (SPF). Table 1 lists species names, current taxonomy,
vouchers and GenBank accession numbers for the included taxa.

2.2. Amplification and sequencing

DNA was isolated from herbarium specimens and from fresh or
silica-gel dried tissues from cultivated plants (preferably corollas,
due to the lower risk of soil-borne contaminants (see Müller
et al., 2004), occasionally green leaves), using a NucleoSpin� Plant
Kit (Macherey–Nagel, Düren, Germany) following the manufac-
turer’s protocol (Macherey-Nagel, 2007).

Purification of genomic DNA was achieved using QiaQick col-
umns (Qiagen Inc., Valencia, California).

For PCR amplification of the trnK intron, 50 ll volumes were
used, containing 2 ll DNA template, 10 ll dNTP mix (1.25 mM
each), 2 ll of each primer (100 pmol/ll), and 0,25 ll Taq Polymer-
ase (5 U/ll; Promega). The PCR profile was 1:30 min at 96 �C, 1 min
at 50 �C, 1:30 min at 72 �C, 35 cycles of 0:30 min at 96 �C, 1 min at
50 �C, 1:30 min at 72 �C, and a final extension of 10 min at 72 �C. In
most taxa, the region was amplified in two overlapping halves.
Primers (MWG Biotech., Germany) used for amplification and
sequencing of the trnK intron were trnK3914Fdi and trnK2R (John-
son and Soltis, 1995), LE4R (Müller et al., 2004), ACmatK500F (Hilu
et al., 2003), as well as the specifically designed primers LE5R (50-
CAA GGT TCC TTG RCC AAC C-30), GenliseaR (50-TTC SCC TGA AAA
TCM GTA ACC-30), Utrnk1387F (50-GAA ATT CCW TTT TAT CTW
CGA G-30). Primer design was semi-automated with help of Seq-
State (Müller, 2005a). Due to the location of the universal amplifi-
cation primers, both forward and reverse primers started
sequencing approx. 30 bp within the intron (relative to the se-
quence of Nicotiana tabacum L., GenBank Accession No. NC001879).

Primers and PCR protocols for amplification and sequencing of
the rps16 intron followed Oxelman et al. (1997). In addition the
two internal sequencing primers rps16-234F (50-ACC AAC TTC
GTA AAT GTA TCT TAC-30) and rps16-706R (50-TTC ATT TCT TGA
GTG GTC TT-30) were designed to fill sequence gaps in certain
accessions of Genlisea.

Out of the 19 primers specifically designed by Calviño and Dow-
nie (2007) for the entire trnQ–trnk region of certain Apiaceae taxa,
the primer pair trnQ and rps161R proved to work well for PCR
amplification and DNA sequencing of the trnQ–rps16 spacer in Len-
tibulariaceae, as well as for several other taxa of Lamiales (Schäfer-
hoff, in preparation; Scheunert, in preparation). The PCR profile for
amplifications of the trnQ–rps16 intergenic spacer did not follow
that published in Calviño and Downie (2007), but was simplified
as follows: 5 min at 94 �C, 40 cycles of 1 min at 94 �C, 1 min at
54 �C, 2 min at 72 �C, final extension of 10 min at 72 �C.

PCR products were electrophoresed in a 1.2% agarose gel (Neeo-
agarose, Roth) and bands were excised and subsequently purified
using the QiaQuick gel extraction kit (Qiagen Inc., Valencia, Califor-
nia or the AVE-Gene gel extraction kit (AVE-Gene, Korea). For cycle
sequencing, either the ABI Prism Big Dye Terminator Cycle
Sequencing Ready Reaction Kit with Amplitaq DNA polymerase
FS (Applied Biosystems) was used, or the cycle sequencing reac-
tion, cleanup and electrophoresis were performed at Macrogen
Inc., Korea. GenBank references for all sequences used in this study
are presented in Table 1.

Sequence pherograms and basecalls were checked using PhyDE
v0.995 (Müller et al., 2005; www.phyde.de).

2.3. Sequence alignment and phylogenetic analysis

An initial multiple sequence alignment (MSA) was obtained
with MAFFT (Katoh and Toh, 2008), which apparently incorporates
the best-performing MSA algorithms to date (e.g. Wang et al., in
press; Simmons et al., submitted for publication). Based on this, se-
quence alignments were improved manually using PhyDE in order
to accommodate direct and inverted repeats that are ignored by
currently available automated alignment tools. Sequence statistics
(Table 3) were obtained via SeqState, which was also used to code
indels via simple indel coding (SIC, Simmons and Ochoterena,
2000). Maximum likelihood (ML) and Maximum parsimony (MP)
analyses were conducted using PAUP* v4.0b10 (Swofford, 2002).

MP analyses used the parsimony ratchet (Nixon, 1999). PRAP
(Müller, 2004) was used to output command files to be executed
in PAUP (Swofford, 2002), using 10 random addition cycles with
200 ratchet iterations each, in which 25% of characters receiving
weight 2. For tree evaluation, 10,000 bootstrap replicates were
run to minimize standard errors of bootstrap proportions. Searches
for the optimal trees were kept less intense, using only one tree to
swapped upon (TBR) in each replicate (Müller, 2005b). Identical
settings were used for a second set of MP analyses that additionally
employed information from SIC-coded indels.

For ML analyses, a fast likelihood ratchet approach (Morrison,
2007) as newly implemented in PRAP (Müller, 2004) v.2.0 was
used (http://bioinfweb.info/Software/PRAP2). PRAP-generated
command files that were handed over to PAUP (Swofford, 2002).
Finding the ML tree ideally includes (i) rapidly getting a starting
tree not too far from the optimal score; (ii) move rapidly to a
(near-) optimal tree island, (iii) getting the best tree within the is-
land (Morrison, 2007). Step (i) was achieved by calculating a BioNJ
tree using LogDet distances, followed by one round of NNI and then
one round of SPR branch swapping, optimizing the substitution
model parameters between these steps. Similar to the ratchet orig-
inally described for parsimony, step (ii) included alternating be-
tween branch swapping on the original matrix and branch
swapping on a matrix with 25% of characters upweighted. Differ-
ences to Nixon’s strategy for parsimony include that SPR branch
swapping was used, only ten iterations were performed, and dur-
ing the weighted analyses, only one tree was saved. ApproxLim
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Table 1
Taxa used in the present study. Sequences marked with * published in Müller et al. (2004), or *(1) Jobson and Albert (2002), *(2) Bremer et al. (2002), all other sequence data newly generated.

Species voucher (country, collector, number & herbarium) Lab code
LE...

Genlisea
subgenus

geographic distribution trnK rps16 trnQ-rps16

Genlisea africana Oliv. Zambia, Central, Kapiri Mposhi, F. Rivadavia & A. Fleischmann 73 (M; SPF) 268 Genlisea Africa (Central) FN641702 FN641735 FN641781
Genlisea aurea A.St.-Hil. Brazil, Mato Grosso, Chapada dos Guimarães, M.R.F. Cardoso 121 (SPF) 360 Genlisea South America (Brazil) FN641695 FN641743 FN641773
Genlisea aurea A.St.-Hil. Brazil, Goiás, Chapada dos Veadeiros, F. Rivadavia & V. Batista 2609 (SPF) 368 Genlisea South America (Brazil) FN641694 FN641744 FN641772
Genlisea aurea A.St.-Hil. Brazil, Goiás, Cristalina, F. Rivadavia & V. Batista 2645 (SPF) 288 Genlisea South America (Brazil) FN641714 FN641745 FN641771
Genlisea aurea A.St.-Hil. Brazil, São Paulo, Campos do Jordão, F. Rivadavia, M.A.K. Fontana, M. Peixoto

& L. Wix 1182 (SPF)
366 Genlisea South America (Brazil) FN641693 FN641746 FN641770

Genlisea barthlottii S.Porembski,
Eb.Fisch. & B.Gemmel

Sierra Leone, Northern, Makene, A. Fleischmann s. n. (M) 308 Genlisea Africa (tropical West) FN641704 FN641732 FN641784

Genlisea filiformis A.St.-Hil. Brazil, Tocantins, Jalapão, F. Rivadavia 2190 (SPF) 291 Genlisea South America to Mexico FN641691 FN641748 FN641768
Genlisea filiformis A.St.-Hil. Brazil, Bahia, Guaibim, F. Rivadavia 2106 (SPF) 320 Genlisea South America to Mexico FN641690 FN641749 FN641767
Genlisea aff. filiformis Brazil, Pará, Vigia, F. Rivadavia 2101 (SPF) 321 Genlisea South America (Brazil) FN641685 FN641755 FN641761
Genlisea aff. filiformis Brazil, Maranhão, Barreirinhas, F. Rivadavia 2495 (SPF) 298 Genlisea South America (Brazil) FN641684 FN641756 FM641760
Genlisea glabra P.Taylor Venezuela, Bolívar, Churí-tepui, s.n. (M) 476 Genlisea South America (Guianas) FN641692 FN641747 FN641769
Genlisea glandulosissima R.E.Fr. Zambia, Northern, Kasama,

F. Rivadavia & A. Fleischmann 30 (M; SPF)
263 Genlisea Africa (Central) FN641700 FN641738 FN641778

Genlisea glandulosissima R.E.Fr. Zambia, Northern, Lake Chila, F. Rivadavia & A. Fleischmann 43 (M; SPF) 265 Genlisea Africa (Central) FN641699 FN641739 FM641777
Genlisea guianensis N.E.Br. Venezuela, Bolívar, Ucaima, J. Bogner 1067 (M) 293 Genlisea South America

(Brazil + Guianas)
FN641697 FN641741 FN641775

Genlisea guianensis N.E.Br. Brazil, Goiás, Cristalina, F. Rivadavia 2655 (SPF) 292 Genlisea South America
(Brazil + Guianas)

FN641696 FN641742 FN641774

Genlisea hispidula Stapf South Africa,
cultivated BGM (M)

294 Genlisea Africa (South and Central) *AF531815 FN641731 FN641785

Genlisea hispidula Stapf South Africa, Gauteng, Witbank, F. Rivadavia & A. Fleischmann N4 (M; SPF) 305 Genlisea Africa (South and Central) FN641705 FN641730 FN641786
Genlisea lobata E.Fromm-Trinta Brazil, Minas Gerais, Serra da Araponga, F. Rivadavia, F. Pinheiro, L.S. Leoni

& J. Mullins 517 (SPF)
296 Tayloria South America (Brazil) FN641711 FN641723 FN641793

Genlisea margaretae Hutch. Zambia, Luapula, Mansa,
F. Rivadavia & A. Fleischmann 17 (M; SPF)

260 Genlisea Africa
(Central) + Madagascar

FN641701 FN641737 FN641779

Genlisea margaretae Hutch. Madagascar, BG Bonn 11400 (BONN) 309 Genlisea Africa
(Central) + Madagascar

*AF531816 FN641736 FN641780

Genlisea pygmaea A.St.-Hil. Brazil, Tocantins, Jalapão, F. Rivadavia 2264 (SPF) 276 Genlisea South America FN641686 FN641754 FN641762
Genlisea repens Benj. Venezuela, Amazonas, Cerro Neblina, F. Rivadavia, GertJH

& S. McPherson 1876 (SPF)
322 Genlisea South America FN641689 FN641751 FN641765

Genlisea repens Benj. Brazil, Minas Gerais, Uberaba,
P.M. Gonella, F. Rivadavia, N. Silva & R. Palis 10 (SPF)

371 Genlisea South America (Brazil) FN641687 FN641753 FN641763

Genlisea roraimensis N.E.Br. Venezuela, Bolívar, Kukenán-tepui, s.n. (M) 314 Genlisea South America (Venezuela) *AF531817 FN641750 FN641766
Genlisea sanariapoana Steyerm. Venezuela, Amazonas, Pto. Ayacucho, A. Gröger & S. Llamozas 1118 (M) 301 Genlisea South America (Guianas) FN641698 FN641740 FN641776
Genlisea sp. ’Gran Sabana’ Venezuela, Bolívar,

Gran Sabana, F. Rivadavia 2567 (SPF)
283 Genlisea South America (Venzuela) FN641688 FN641752 FN641764

Genlisea stapfii A.Chev. Sierra Leone, Northern, Kabala, H. Schäfer s.n. (M) 306 Genlisea Africa (tropical West) *AF531818 FN641733 FN641783
Genlisea subglabra Stapf Zambia, Northen, Kasama, F. Rivadavia & A. Fleischmann 53 (M; SPF) 266 Genlisea Africa (Central) FN641706 FN641729 FN641787
Genlisea subviridis Hutch. Zambia, Central, Kapiri Mposhi, F. Rivadavia & A. Fleischmann 80 (M; SPF) 269 Genlisea Africa (Central) FN641703 FN641734 FN641782
Genlisea uncinata P.Taylor

& E.Fromm-Trinta
Brazil, Bahia, Mucugê, F. Rivadavia 471 (SPF) 367 Tayloria South America (Brazil) *AF531819 FN641718 FN641798

Genlisea violacea A.St.-Hil. Brazil, Minas Gerais, Milho Verde, F. Rivadavia 2560 (SPF) 304 Tayloria South America (Brazil) FN641716 FN641728 FN641788
Genlisea violacea A.St.-Hil. Brazil, Minas Gerais, Diamantina, F. Rivadavia 2551 (SPF) 282 Tayloria South America (Brazil) FN641707 FN641726 FN641790
Genlisea violacea A.St.-Hil. Brazil, Minas Gerais, Serra do Caraça, F. Rivadavia 110 (SPF) 302 Tayloria South America (Brazil) FN641709 FN641724 FN641792
Genlisea violacea A.St.-Hil. Brazil, Minas Gerais, Couto de Magalhães de Minas, F. Rivadavia 2532 (SPF) 303 Tayloria South America (Brazil) FN641715 FN641727 FN641789
Genlisea violacea A.St.-Hil. Brazil, Minas Gerais, Serra do Cipó, F. Rivadavia 1947 (SPF) 312 Tayloria South America (Brazil) FN641708 FN641725 FN641791
Genlisea violacea A.St.-Hil. Brazil, Minas Gerais, Serra de Ibitipoca, F. Rivadavia 1952 (SPF) 376 Tayloria South America (Brazil) FN641710 FN641722 FN641794
Genlisea aff. violacea ‘giant’ Brazil, Minas Gerais, Itacambira, F. Rivadavia & R. Gibson 1365 (SPF) 295 Tayloria South America (Brazil) FN641717 FN641720 FN641796
Genlisea aff. violacea ‘giant’ Brazil, Minas Gerais, Grão Mogol, F. Rivadavia 277 (SPF) 364 Tayloria South America (Brazil) FN641713 FN641719 FN641797
Genlisea sp. ‘Itacambira’ Brazil, Minas Gerais, Itacambira, F. Rivadavia & F. Pinheiro 1139 (SPF) 365 Tayloria South America (Brazil) FN641712 FN641721 FN641795
Pinguicula alpina L. L. Legendre s.n. (BONN) 023 - Europe, Asia *AF531783 *(1)AF482544 FN641759
Utricularia multifida R.Br. Australia, Western Australia, near Walepole, cult. A. Fleischmann s.n. 256 - Western Australia *AF531848 *(1)AF482583 FN641758
Verbena rigida Spreng. cult. BG Bonn 4147, K. Müller 742 (BONN) 073 - Europe *AF531820 *(2)AJ431065 FN641760
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Table 2
Morphological character matrix. Characters and their states as follows (referred to in
Fig. 4): 1 capsule dehiscence: 0 bivalvate, 1 circumscissile. 2 capsule position in fruit:
0 reflexed or recurved, 1 upright. 3 life history: 0 perennial, 1 annual. 4 indumentum
of the scape: 0 glandular (in combination with eglandular hairs in G. pygmaea, G. aff.
filiformis and G. filiformis), 1 glabrous. 5 indumentum of the capsule: 0 glandular, 1
glabrous (few eglandular hairs in G. hispidula). 6 corolla color: 0 violet (rarely white),
1 yellow. 7 corolla upper lip: 0 entire, 1 bilobate. 8 rosette: 0 lax, few leaves, 1 dense,
many leaves. 9 leave shape: 0 spathulate, 1 linear to lanceolate. 10 biogeography: 0
America, 1 Africa. If both states occur in one taxon, bracts unite them.

Species Character number

1 2 3 4 5 6 7 8 9 10

G. subviridis 1 1 1 0 0 0 0 0 0 1
G. africana 1 1 [01] 0 0 0 0 0 0 1
G. barthlottii 1 1 1 0 0 0 0 0 0 1
G. stapfii 1 1 1 0 0 0 0 0 0 1
G. margareatae 1 0 0 0 0 0 0 1 0 1
G. glandulossisima 1 0 0 0 0 0 0 1 0 1
G. hispidula 1 1 0 1 1 0 0 0 0 1
G. subglabra 1 1 0 1 1 0 0 0 0 1
G. aurea 1 1 0 0 0 1 0 1 0 0
G. pygmaea 1 1 [01] 0 0 1 0 1 0 0
G. aff. filiformis 1 1 1 0 0 1 0 1 0 0
G. filiformis 1 1 1 0 0 1 0 1 0 0
G. repens 1 1 0 1 1 1 0 1 0 0
G. sp. ‘Gran Sabana’ 1 1 0 1 1 1 0 1 0 0
G. roraimensis 1 1 0 0 1 1 0 1 0 0
G. glabra 1 1 0 1 1 0 0 1 0 0
G. guianensis 1 1 0 1 0 0 0 1 1 0
G. sanariapoana 1 1 0 0 0 0 0 1 0 0
G. uncinata 0 0 0 0 0 0 0 0 0 0
G. sp. ‘Itacambira’ 0 0 1 0 0 0 1 0 0 0
G. violacea, type’ 0 0 1 0 0 0 1 0 0 0
G. aff. violacea ‘giant’ 0 0 0 0 0 0 1 0 0 0
G. violacea ‘short spur’ 0 0 1 0 0 0 1 0 0 0
G. lobata 0 0 1 0 0 0 1 0 0 0

Utricularia multifida 0 n.a. 1 1 1 0 1 1 0 n.a.
Pinguicula alpina 0 n.a. 0 0 0 0 1 0 0 n.a.
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was set to 2 and not adjusted. This strategy was found to be more
successful in converging to the ML tree than the strategies imple-
mented in other ML inference packages (Morrison, 2007). Using
jModelTest (Posada, 2008) and the AIC, the best model was found
to be GTR+G. To assess confidence in clades, bootstrapping was
performed by executing PRAP-generated command files in PAUP.
Using optimized parameter values and the maximum likelihood
topology from the likelihood ratchet search, SPR branch swapping
was performed for each bootstrapped data matrix, and the propor-
tion of iterations in which a given clade was recovered was
mapped onto the maximum likelihood tree with TreeGraph v.2.0
(see below).

Bayesian analyses were conducted in MrBayes v.3.1.2 (Ronquist
and Huelsenbeck, 2003), again using the GTR+C model. Default pri-
ors were used, i.e. flat dirichlets (1.0, . . ., 1.0) for state frequencies
and instantaneous substitution rates, a uniform prior (0.0, 50.0) for
Table 3
Sequence statistics for the markers used. Characters = number of characters in the alignme
minimal and maximal value observed); SD = standard deviation of mean length; % diverge
mean, lowest and highest scores in brackets); ti/tv ratio (transition/transversion ratio base
informative = percentage of parsimony informative positions; % GC = GC content.

Marker Characters Length rangea Meana SDa % D

Combined dataset 4184 2628–4196 3719.36 323.818 9.1
trnQ 1062 279–857 576.692 91.941 11
rps16 511 789–851 814.282 14.523 7.6
trnK/matK 2611 1261–2503 2336.72 306.887 8.6
Marker % Variable % Informative % GC
Combined dataset 37.643 21.917 32.82
trnQ 36.768 22.444 27.16
rps16 32.485 18.200 34.60
trnK/matK 42.279 22.411 33.65

a Calculated with hotspots included (statistics for which correct alignment not neede
the shape parameter of the gamma distribution, a uniform prior
(0.0, 1.0) for the proportion of invariable sites, a uniform topological
prior, an exponential prior Exp(10.0) for branch lengths. Four catego-
ries were used to approximate the gamma distribution. Two runs
with 2 million generations each were run, and four chains were
run in parallel for each run, with the temperature set to 0.2. The
chains were sampled every 100th generation. To check for conver-
gence of the independent runs under a given model, it was made sure
that (i) plots of both runs indicate that stationary phase was reached
in both runs, (ii) potential scale reduction factor approached 1 for all
parameters; (iii) no supported conflicting nodes were found among
the consensus trees generated from each run.

Statistical support from congruent or conflicting nodes found
with the different analytic approaches was merged onto one tree
and visualized with help of TreeGraph v.2.0 (Stöver and Müller,
2010; http://treegraph.bioinfweb.info).

2.4. Non-sequence data and reconstruction of ancestral states

Morphological characteristics and dimensions, as well as infor-
mation on geographical distribution and ecological habit were
either based on personal observation of plants in natural habitats
in Brazil, Venezuela, tropical West and Central Africa and from
greenhouse-grown plants (A.F. and F.R.), or taken from herbarium
specimens or taxonomic literature (Fischer et al., 2000; Fromm-
Trinta, 1977, 1981, 1984; Rivadavia, 2000, 2002, 2007; Taylor,
1967; Taylor and Fromm-Trinta, 1983). The morphological and bio-
geographical data were coded as binary characters (Table 2).

Anatomical and morphological characters of the rhizophylls of
most species represented in the taxon sampling were obtained
from literature (Fromm-Trinta, 1979; Lloyd, 1942; Płachno et al.,
2008; Reut, 1993) and SEM photographs (Płachno, unpublished
data) and mapped on the tree topology a posteriori to infer the phy-
logenetic significance of this character, as discussed by various
authors (Fischer et al., 2000; Fromm-Trinta, 1979; Płachno et al.,
2007; Reut, 1993; Taylor, 1991a). Information on pollen morphol-
ogy was inferred from literature (Fromm-Trinta, 1979, 1981; Tay-
lor, 1989) and a palynological survey on all Genlisea species
sampled for this study (Fleischmann, unpublished data).

The reconstruction of ancestral states was done with Mesquite
v2.71 (Maddison and Maddison, 2009), using the trace all charac-
ters option. Parsimony ancestral state optimization was chosen
throughout all analyses.

3. Results

Basic sequence and alignment statistics are provided in Table 3.
Phylogenetic signal in the three sequenced plastid regions is highly
congruent, as statistically well-supported contradictions among
the individual tree topologies could not be observed.
nt matrix); Length range = actual sequence length in nucleotides (including hotspots;
nce (range) = pairwise sequence distance in percent (uncorrected p distance, overall
d on p distances; range in brackets); % variable = percentage of variable positions; %

ivergence SE (Range) ti/tv SE (Range)

61 0.289 (0.282–22.096) 0.658 0.038 (0.053–1.429)
.600 0.554 (0.286–27.434) 0.646 0.078 (0.000–2.000)
63 0.730 (0.000–15.927) 0.690 0.121 (0.000–3.000)
55 0.298 (0.147–27.778) 0.703 0.053 (0.000–3.143)

a % Aa % Ca % Ga % Ta

9 32.724 15.518 17.311 34.447
6 35.917 14.259 12.907 36.917
2 33.310 16.107 18.494 32.088
0 31.742 15.688 17.962 34.609

d).

http://treegraph.bioinfweb.info
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The tree based on a dataset that combines all three markers is
shown in Fig. 3, along with bootstrap support values from ML
and MP analyses (LB and PB, respectively) and posterior probabil-
ities from Bayesian analyses (PP). When information from SIC-
coded indels was used in the MP analyses, an identical topology
was found and bootstrap values were virtually identical. The
monophyly of Genlisea is supported by all analyses (100 LB, 100
PB, 1.00 PP; Fig. 3), with Utricularia as sister genus (100 LB, 100
PB, 1.00 PP), confirming the results of previous phylogenetic stud-
ies (Jobson et al., 2003; Müller et al., 2004, 2006).

Within Genlisea, two well-supported (100 LB, 100 PB, 1.00 PP) sis-
ter clades are revealed, which agree with the two subgenera pro-
posed for the genus based on morphological characters (Fischer
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Fig. 3. Majority-rule-consensus tree from the Bayesian MCMC-analysis of combined trnK
probabilities (left), maximum likelihood bootstrap proportions (right); numbers below br
indicate that the respective node was not supported by all three methodological approac
that contradicts the shown node (cf. Stöver and Müller, 2010).
et al., 2000; Fromm-Trinta, 1977). First-branching in the Brazilian-
endemic Tayloria-clade (100 LB, 100 PB, 1.00 PP) is the large peren-
nial Genlisea uncinata Taylor and Fromm-Trinta from the highlands
of Bahia state in north-eastern Brazil, followed by the so far unde-
scribed perennial taxon G. aff. violacea ‘giant’ from central Minas
Gerais state (100 LB, 100 PB, 1.00 PP). Sister to this species is an unre-
solved polytomy (92 LB, 93 PB, 1.00 PP) consisting of the annual G.
violacea A. St.-Hil. from the type collection area in the coastal moun-
tains of southern Minas Gerais, the undescribed annual G. sp. ‘Ita-
cambira’ from central Minas Gerais, and a clade (100 LB, 99 PB,
1.00 PP) that consists of the sister pair (93 LB, 95 PB, 1.00 PP) of the
annual G. lobata E. Fromm-Trinta from eastern Minas Gerais border-
ing Espírito Santo state, and a clade (87 LB, 82 PB, 1.00 PP) made up of
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collections of smaller forms of G. violacea with narrow cylindrical
spur from northern Minas Gerais. Thus G. violacea is revealed as para-
phyletic assemblage here.

Subgenus Genlisea consists of three well-supported (100 LB,
100 PB, 1.00 PP) subclades (Fig. 3), named ‘‘clade I–III” here to
facilitate the following discussion. Clade I exclusively comprises
African species: the perennial sister pair (100 LB, 100 PB, 1.00
PP) G. hispidula Stapf and G. subglabra Stapf is sister (100 LB,
100 PB, 1.00 PP) to the annual species G. africana Oliv., G. bart-
hlottii S. Porembski, Eb. Fisch. and B. Gemmel, G. stapfii A. Chev.
and G. subviridis Hutch. The African clade I is sister to a clade
(100 LB, 100 PB, 1.00 PP) containing African and South American
species arranged in two statistically highly supported monophy-
letic groups, here referred to as clades II and III, respectively
(both 100 LB, 100 PB, 1.00 PP). First-branching is clade II, com-
prising the two African species G. margaretae Hutch. and G. glan-
dulosissima R.E. Fr.; however, the sampled individuals from G.
margaretae are reconstructed as paraphyletic, with the accession
from Madagascar being sister to a pair of central tropical African
G. margaretae and G. glandulosissima (66 LB, 74 PB, 1.00 PP). The
perennial violet-flowered African species G. margaretae and G.
glandulosissima are sister to a monophyletic group (clade III) of
exclusively South American species.

The first-branching sister pair (100 LB, 100 PB, 1.00 PP) of the
two large perennial violet-flowered species G. guianensis N.E. Br.
and G. sanariapoana Steyerm. is revealed as sister to all yellow-
flowered species of Genlisea (100 LB, 100 PB, 1.00 PP). Only the
Venezuelan G. glabra P. Taylor that has a pale lilac corolla falls
within the yellow-flowered species, however with weak support
(47 LB, 72 PB, 0.6 PP). It is sister to a clade (100 LB, 100 PB, 1.00
PP) comprising species that occur both north and south of the
Amazon (G. filiformis A. St.-Hil., G. pygmaea A. St.-Hil., G. repens
Benj., and the undiagnosed G. aff. filiformis) as well as the Venezu-
elan endemic G. roraimensis N.E. Br. and the so far undiagnosed tax-
on G. sp. ‘Gran Sabana’. ‘‘Genlisea repens” turned out to be a
polyphyletic assemblage, with the ‘‘typical” rhizome forming
plants from Brazil branching basal (weak-supported; 0.8 PP) from
a clade containing the sister pair (97 LB, 95 PB, 1.00 PP) G. aff. fili-
formis and G. pygmaea. In contrast, the rosette-forming Venezuelan
collection of G. repens fell within a clade of the Venezuelan G. ror-
aimensis and G. sp. ‘Gran Sabana’ (93 LB, 93 PB, 1.00 PP). Basally
branching from the ‘‘G. glabra-yellow species” sister clade is the
Brazilian-endemic G. aurea A. St.-Hil. (100 LB, 100 PB, 1.00 PP),
which is quite variable morphologically regarding general habit
and corolla size. Indeed the accessions sampled are retrieved as
two distinct clades, although weakly supported by Bayesian analy-
ses only (0.75 PP and 0.93 PP, respectively).

Phylogenetic reconstructions revealed no notable differences in
branch lengths between species of Genlisea (Fig. 5), indicating a more
or less constant evolution rate in the genus and the absence of line-
age effects or rate differences correlated with life history. Prelimin-
ary data also suggest that species with a comparatively large nuclear
genome (e.g. G. hispidula; Greilhuber et al., 2006) do not seem to have
measurably different substitution rates (as approximated via branch
lengths) compared to species with ultrasmall genomes (e.g. G. aurea;
Greilhuber et al., 2006). The evolution of genome size in Lentibular-
iaceae and potential correlates is the subject of parallel research to
be published elsewhere (Greilhuber et al., in preparation).
4. Discussion

4.1. Subgenus Tayloria

Members of subgenus Tayloria constitute the smaller out of the
two major clades reconstructed in Genlisea (Fig. 3). All its members
are characterized by pedicels that are recurved or reflexed in fruit
(Fig. 4), and by strongly glandular inflorescence parts. The bival-
vate capsule dehiscence (Fig. 1D) is similar to that of species in
the first-branching lineage of Lentibulariaceae, Pinguicula (Casper,
1966). Therefore, Tayloria can be assumed to represent the ‘‘basal
lineage” within Genlisea, in the sense of exhibiting plesiomorphic
states for at least some characters and therefore more or less rep-
resenting the assumed suite of character states found in the imme-
diate common ancestor of contemporary Genlisea.

The first-branching G. uncinata is a distinct and comparatively
large perennial species inhabiting a small remote highland area
in Bahia state of north-eastern Brazil (Rivadavia, 2000; Taylor
1991a; Taylor and Fromm-Trinta, 1983). It differs from all other
Genlisea species in its unique papillose seed morphology (Taylor,
1991a), and from the other members of subgenus Tayloria in the
large and robust habit, in a distinctive flower morphology (the
upper lip of G. uncinata is not bilobate as observed in all other spe-
cies of Tayloria (Figs. 1F and 4), the spur is distinctively hooked;
Fig. 3), and a thick and very glandular inflorescence with strongly
recurved pedicels in fruit (i.e. the pedicel supporting the capsule
is curved inwards; Fig. 4). The entire upper lip is a character shared
with members of subgenus Genlisea (Figs. 1G and 4), and lends
morphological support to the basal position of G. uncinata found
with molecular data. The morphological distinctness of G. uncinata
may be explained by its status as a relict lineage that survived in a
remote area. The sister group of G. uncinata is characterized by a
bilobate upper corolla lip (Fig. 4) and pedicels that are just slightly
recurved or reflexed in fruit. Except for the first-branching G. aff.
violacea ‘giant’, which represents an as yet undescribed but distinc-
tive, large perennial taxon (Fleischmann et al., in preparation), all
remaining species of subgenus Tayloria are annuals (Figs. 4 and
5). However, annuality in Tayloria seems to be induced by environ-
mental conditions of their natural habitats (Rivadavia, 2002, 2007),
as all of them can grow as polycarpic facultative perennials in cul-
tivation (Rivadavia and Fleischmann, pers. obs.). G. violacea is re-
trieved as paraphyletic with G. lobata nested within. However,
morphological diversity observed between different populations
of G. violacea indicates that this aggregate obviously represents
more than one species, resulting in several species that could be
separated based on flower characteristics (Benjamin, 1847; Sylvén,
1908). The type population of G. violacea from Ibitipoca, Minas Ger-
ais state (Saint-Hilaire, 1833), as represented by sample 376 in the
present study, is characterized by a rather large spur that is wid-
ened towards the tip. In contrast, all other accessions of G. violacea
sampled in this study display a short cylindrical spur. They per-
fectly match G. cylindrica Sylvén, a species previously separated
from G. violacea based on floral characters (Sylvén, 1908), but later
regarded as conspecific with the latter (Fromm-Trinta, 1979; Tay-
lor 1991b). Interestingly, both G. lobata and G. sp. ‘Itacambira’ ex-
hibit a narrow tubular spur, separating them from the earlier
branching G. aff. violacea ‘giant’. Variation in spur morphology
within subgenus Tayloria could be explained by adaptation to dif-
ferent pollinators, as quite often several taxa of the subgenus are
found growing sympatrically (Rivadavia, pers. obs.), and frequently
associated with species of subgenus Genlisea.

4.2. African species of subgenus Genlisea

The distinction of three groups among the African species
(group I–III), as already suggested by Fischer et al. (2000) based
on inflorescence indumentum and the arrangement of pedicel
and capsule in fruit, is supported here. However, the authors’ divi-
sion of the African species is not reflected by three subclades of a
large ‘‘African clade”. Instead, the African species of Genlisea are
paraphyletic, consisting of an exclusively African clade (group
II + III, our ‘‘clade I”) that is sister to a clade of African species



Fig. 4. Evolution of selected characters in Genlisea. Transitions appear as filled boxes on the branches, white boxes indicate reversals. Characters and character states follow
Table 2, character numbers shown above boxes, state transitions below. Implied plesiomorphic states coded as 0, implied apomorphic states as 1. Small diagrammatic
sketches illustrate character states above the respective boxes.
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(group I), which in turn is sister to a large group of South American
species.

Clade I exclusively comprises species with seed capsules held
upright in fruit (as the pedicels do not reflex after anthesis,
Fig. 4). It contains two highly supported subclades that differ in life
history and inflorescence indumentum (Figs. 4 and 5). The two
perennial species G. hispidula and G. subglabra, both without glan-
dular hairs on inflorescence or ovary (‘‘group III” sensu Fischer
et al., 2000), are sister to a group of annual species with at least
partially glandular scapes and ovaries (G. barthlottii, G. stapfii, G.
subviridis and G. africana; the recently described G. taylorii from
tropical eastern Angola (Fischer et al., 2000), which could not be in-
cluded for this study, is expected to belong to this clade, too). Inter-
estingly, G. barthlottii, which shows a tendency to perennial growth
in suitable habitats and in cultivation (Fleischmann, pers. obs.), is
indicated in a basal position sister to the obligate annual (mono-
carpic) African species.

Fischer et al. (2000) assigned G. angolensis (material could not
be obtained for the present study) to this group of annual glandular
species, due to the glandular ovaries and pedicels that are not re-
flexed in fruit. However, the life form of this semi-aquatic species
is not known with certainty, and at least vegetative parts are rem-
iniscent of large perennial species like the aquatic Neotropical G.
guianensis. Based on observations made on the few available her-
barium specimens of this species, G. angolensis could represent a
link between the glabrous perennial African species and the annual
glandular species. Obtaining fresh material of G. angolensis for suc-
cessful sequencing is therefore a priority for our ongoing work in
the genus.

Genlisea subviridis, which was put into synonymy with G. afri-
cana (Fischer et al., 2000; Taylor, 1991b), is considered as a distinct
species by the authors of the present study, since it differs from G.
africana in flower and capsule morphology (for a taxonomical revi-
sion of the genus: Fleischmann et al., in preparation). Moreover,
both species seem to be separated well ecologically, too (Fleisch-
mann and Rivadavia, pers. obs., 2006). All members of clade I share
large to medium sized flowers (8–10–18 mm long), with a violet,
mauve or bluish, rarely whitish corolla lower lip that bears a dis-



Fig. 5. Bayesian phylogram of Genlisea based on the combined trnK, rps16 and trnQ–rps16 datasets, with Utricularia and Pinguicula (Lentibulariaceae) and Verbena
(Verbenaceae) as outgroup, showing biogeographical distribution and life history of Genlisea. Highlighted branches: annual life history; species that occur both as annuals or
perennials naturally by �. Branch lengths follow scale given.
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tinct pale white mark on the palate with conspicuous dark purple
reticulate veins (Fig. 4). In contrast, the lower lip usually is paler or
white. All other members of subgenus Genlisea have a uniformly
colored corolla.

The African species in clade II (‘‘group I” sensu Fischer et al.,
2000; G. margaretae and G. glandulosissima) are perennials charac-
terized by glandular ovaries and capsules, and by pedicels that are
strongly reflexed in fruit (Figs. 4 and 5). Genlisea pallida, which
could not be included in the present study due to lack of suitable
material, is likely to group with this clade as well, as already pro-
posed by Fischer et al. (2000). Furthermore, all members of this
group can be distinguished from African members of clade I by
their overall smaller flowers (6–10 mm long), and by a corolla uni-
form in color (except for some darker veins on the exterior of the
tube in some specimens), but always without a distinct pale mark-
ing on the palate with dark reticulate venation.

The paraphyly of G. margaretae in the present study might be
explained by the fact that the basal branching accession origi-
nates from a disjunct population of G. margaretae in central Mad-
agascar. This Madagascan plant had been treated as a distinct
species, G. recurva, by Bosser (1958). It is, however, identical to
G. margaretae in overall morphology and is therefore regarded
as synonym of the latter (Taylor, 1991b; Fischer et al., 2000).
The Madagascan G. margaretae is sister to G. margaretae from
Central Africa plus the Zambian endemic G. glandulosissima, two
species which frequently can be found growing sympatrically,
and natural hybrids between those two species occur occasion-
ally (Hutchinson, 1946; Fischer et al., 2000; and Fleischmann
and Rivadavia, pers. obs.). The hybrid of G. margaretae and G.
glandulosissima was already mentioned by Hutchinson (1946)
from the common locus classicus of both parent species in north-
ern Zambia, and this is also is the locality where the respective
material used for the present study was collected. Therefore it
is possible that G. margaretae from some Central African popula-
tions (including the type location) displays a certain degree of
introgression with G. glandulosissima (and therefore clusters as
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sister to that species), whereas the plastid genome of the isolated
populations of G. margaretae on the island of Madagascar had not
been influenced by past hybridization events, and thus still pos-
ses a more ancestral plastome. Further phylogenetic reconstruc-
tion using nuclear markers as well as haplotype networks may
help to reveal the role of reticulate evolution in Genlisea.

4.3. South American species of subgenus Genlisea

Within the South American clade of subgenus Genlisea, a purple
flower color represents the plesiomorphic character state (found in
the large perennial species G. guianensis, G. sanariapoana, which are
sister to all other South American species having yellow flowers, as
well as in the African ancestors; Fig. 3). Thus a yellow corolla color
evolved only once within the genus; they are synapomorphic for
the clade comprising G. aurea, G. pygmaea, G. repens, G. filiformis,
G. aff. filiformis, G. roraimensis and G. sp. ‘Gran Sabana’ (Figs. 3
and 4). However, a violet flower color has evolved a second time
independently in G. glabra of isolated high tepui summits of central
Venezuela (Figs. 3 and 4).

G. aurea is split into two clades (Fig. 3), the members of both
show minor morphological differences. Typical G. aurea as circum-
scribed by Saint-Hilaire (1833) is represented by the accessions
from Chapada dos Veadeiros, Goiás state (Accession 368). These
are robust plants with thick scapes and the largest flowers in the
genus, up to 3 cm in length and over 2 cm in width (Rivadavia,
2007). Interestingly, these are the samples of G. aurea for which
ultrasmall genomes have been reported (Greilhuber et al., 2006),
whereas other accessions of G. aurea exhibit larger C-values, at
least twice the size of the ones published (Greilhuber, unpublished
data). The latter clade belong to plants that are more slender in
general appearance, have thinner but taller scapes and smaller
flowers with a spur that is distinctly longer than the corolla lower
lip. These have been described as G. minor A. St.-Hil. by the generic
author (Saint-Hilaire, 1833), or assigned to the name G. ornata var.
gracilis by Merl (Luetzelburg, 1923), however, have been consid-
ered conspecific with G. aurea in subsequent treatments (Fromm-
Trinta, 1979; Taylor, 1991b). Indeed, both taxa are separated by
few characters only, and the more slender G. minor of lower alti-
tudes had been discussed as mere ecotype of the more robust
appearance of montane G. aurea that is induced by altitudinal con-
ditions (Saint-Hilaire, 1833). However, the morphological differ-
ences between both taxa seem to remain stable both in wild
populations (Rivadavia, pers. obs.) and in cultivated specimens
(Fleischmann, pers. obs.), but both lineages need further study be-
fore a separation on a taxonomic rank can be considered.

4.4. Phylogenetic significance of the rhizophyll anatomy

Without living material for all sampled species and intense
microscopic studies, it has not been possible to compile a complete
and precise morphological and anatomical matrix for characters of
the rhizophyll. There are ongoing efforts to come up with such a
compilation (Płachno et al., in preparation); however, the limited
data available at this point already allow an initial discussion of
the most obvious trends.

In the absence of a phylogenetic framework, Płachno et al.
(2007) suggest a ‘‘basal position” of subgenus Genlisea within the
genus due to the distribution pattern of digestive glands in the
vesicular distal part of the trap leaves. According to the authors,
the concentration of digestive hairs in dense ridges along the vas-
cular bundles (as observed in members of subgenus Genlisea;
Płachno et al., 2007; Reut, 1993) is a ‘‘primitive feature”, whereas
in subgenus Tayloria, the secretory hairs are distributed more or
less equidistantly on the vesicle interior, with a tendency to form
latitudinally arranged rows in some species (Płachno et al.,
2007). Our data, however, are more congruent with a scattered dis-
tribution pattern of digestive glands in the traps as plesiomorphic
character state in Genlisea. It appears that in subgenus Genlisea, the
digestive hairs became accumulated and concentrated more equi-
distantly in ridges along the vascular bundle of the trap vesicle,
most likely in order to create areas of increased enzymatic activity,
and to enable rapid transport and use of nutrients gained from the
prey after digestions and uptake through the secretory glands. A
similar tendency towards concentration of digestive glands to cer-
tain regions of the trap leaves can be observed in various non-re-
lated carnivorous plants (displaying distinct trap types of the
carnivorous syndrome), e.g. in the pitchers of Cephalotus Labill.
(Cephalotaceae; Juniper et al., 1989; Lloyd, 1942).

The morphology of the trap leaves, especially the shape of the
2–3 celled retrorse detentive hairs of the interior part of the tubu-
lar, is in agreement with the resolved topology. The different types
of detentive hairs distinguished on species level by Fromm-Trinta
(1979, 1981) and Reut (1993) based on some minor interspecific
differences, can be grouped into three distinct general types by
the shape of the terminal cell.

In subgenus Tayloria, the detentive hairs of the tubular part
(neck) of the rhizophylls are rather short and not distinctly curved
upwards. The central cell of the hairs is widened towards a globose
apex, the terminal cell is rounded or with a short mucronate tip
(Fromm-Trinta, 1979; figures in Płachno et al., 2008). This type of
detentive hairs seems to be confined to members of Tayloria, and
was found in all three species recognized for the subgenus, as well
as in all of the undescribed taxa used in this study (Płachno,
unpublished data; Fleischmann, pers. obs.).

In subgenus Genlisea, two distinct types of detentive hairs have
been observed in all South American species studied (Fromm-Trin-
ta, 1979; Lloyd, 1942; Goebel, 1891; Reut, 1993), the detentive
hairs are thin and long and distinctly continuously reflexed, as
the elongated middle cell is strongly curved backwards, and usu-
ally the hairs of two subsequent rows even overlap for some part.
The terminal cell is not distinctly set apart from the middle cell,
and is more or less gradually tapering into an acute apex. An iden-
tical arrangement and shape of detentive hairs can be observed in
G. margaretae (Fig. 1; Fischer et al., 2000) and G. glandulosissima
and is most likely to occur in G. pallida as well (no material useful
for DNA extraction available). Therefore, this type of detentive trap
hairs can be assumed to represent a synapomorphic character of
the monophyletic group comprising the African species of clade II
and the Neotropical members of subgenus Genlisea.

A third type of detentive hair can be assigned to the mono-
phyletic group of African species that have pedicels not reflexed
in fruit (clade I). In members of this clade, a type of detentive
hairs is found that differs from all other members of subgenus
Genlisea in both the terminal and the basal cell. Terminal cells
with cylindrical apex (the distal part being either globose or
club-shaped (Reut, 1993)), as well as basal cells with a longitudi-
nal furrow, and which occasionally exhibit a pusticulate surface
(Reut, 1993) have so far only be observed in this group of African
species, and have been recorded and illustrated for G. hispidula,
G. subglabra and G. africana (Reut, 1993) and illustrated for G. sta-
pfii in Fischer et al. (2000). Reut (1993) records a second type of
detentive hair from the neck of the rhizophylls of G. hispidula and
G. subglabra (but not for G. africana), which he refers to as
‘‘smooth awl-shaped type”. This type is very similar to the deten-
tive hairs found in Neotropical members of subgenus Genlisea,
however, is not as distinctly curved. This hair type may represent
an evolutionary link of the two major subgroups of subgenus
Genlisea. However, many intermediate transition forms or devel-
opmental stages can be observed in Genlisea trap hairs, and hair
morphology can vary notably between different regions of a sin-
gle trap (Płachno, pers. com., Fleischmann, pers. obs.). Therefore,
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the value of the detentive trap hair morphology for taxonomy
and phylogenetic reconstruction remains arguable in Genlisea
(cf. Taylor, 1991a), whereas in the sister genus Utricularia, trap
anatomy and ultrastructure clearly support phylogeny and infra-
generic taxonomic delimitations (Jobson et al., 2003; Müller
et al., 2006; Taylor, 1989).

4.5. Flower morphology and palynology

Similar to the situation with trap data, no complete and detailed
survey of pollen morphology and ultrastructure of all members of
Genlisea is available at this point. Therefore, the following discus-
sion is based on the literature and preliminary own observations.

Pollen in subgenus Tayloria is 4-zono-colporate, with a narrow
constriction at the equator, and spiraperturate colpores have been
found at least in G. violacea (Taylor, 1989). In contrast, pollen grains
in subgenus Genlisea are more or less spherical, with three or four
furrows distributed equidistantly along the equator, with a ten-
dency to form syncolpi (Fromm-Trinta, 1979, 1981; Taylor, 1989).

In view of the incompleteness of the data, no conclusions on the
ancestral pollen type in Genlisea can be drawn. In the sister genus
Utricularia, there seems to be a strong evolutionary tendency to an
increased number and size of apertures (Jobson et al., 2003; Lob-
reau-Callen et al., 1999; Taylor, 1989). Accepting Tayloria as the
less derived sublineage in Genlisea, the initial data cited above
would indicate a contrary trend for this genus. However, the differ-
ent pollen grain shape in Tayloria is considered here to represent a
synapomorphic character state, which developed from a common
ancestral type, which is similar to the extant pollen in Pinguicula,
the basal lineage of Utricularia (subgenus Polypompholyx, sensu
Müller and Borsch, 2005) and Genlisea subgenus Genlisea. They
all display a very similar type of spherical zonocolporate pollen
with discrete endoapertures (bearing five to eight furrows in Pin-
guicula (Casper, 1966) and three furrows in members of Utricularia
subgenus Polypompholyx (Lobreau-Callen et al., 1999; Huynh,
1968; Taylor, 1989)).

Palynological data support the three major phylogenetic clades
viz. subgenera of the sister genus Utricularia (Jobson et al., 2003;
Müller et al., 2006); likewise in Genlisea, both subgenera can be
distinguished by pollen morphology. The distinct pollen types of
both subgenera might reflect adaptation to different types of poll-
inators, a general trend observed in Lamiales (Minkin and Eshb-
augh, 1989; Lobreau-Callen, 1980). This is supported by the
difference in general flower display between the two subgenera:
flowers in subgenus Genlisea have a lower corolla lip that forms a
big gibbose palate arching upwards to close the tube (masked
flower or ‘‘snap-dragon flower”) (Fig. 1G). The spur is tapering to-
wards an acute apex, and it is always sharply pointing downwards
from the palate, i.e. forming a more or less right angle with the cor-
olla opening from its base. The upper lip in subgenus Genlisea is al-
ways entire. Therefore, the bisymmetrical flowers of subgenus
Genlisea closely resemble flowers of Utricularia. In contrast, in
members of subgenus Tayloria, the palate is reduced to a small, dis-
tinct yellow round marking on the lower lip, and the palate is not
firmly appressed to the upper lip (usually even a narrow slit be-
tween upper and lower lip is present). Moreover, the saccate spur
is not curved from its base, but held horizontally and therefore
forms a gradual elongation of the corolla tube. The bilabiate flow-
ers of subgenus Tayloria represent a rather polysymmetric disc-like
display type, resembling a salverform flower type (Fig. 1F). The
upper corolla lip is entire in the basal G. uncinata, but distinctly bi-
lobed in all other members of the subgenus (Figs. 3 and 4), the cor-
olla tending towards polysymmetry in some species (most notably
in the smaller forms of G. violacea and G. sp. ‘Itacambira’). The
straight spur of members of Tayloria is cylindrical, with rounded
apex and often widened towards the tip (only narrowed and
curved towards the apex in G. uncinata). In terms of overall mor-
phology, Tayloria flowers are more reminiscent of flowers of the
basal Lentibulariaceae genus Pinguicula.

4.6. Life history

A perennial growth form seems to represent the plesiomorphic
habit in Genlisea, from which annuals have evolved at least three
times independently in all major clades (Figs. 4 and 5). Within
Tayloria, the first-branching G. uncinata and G. aff. violacea ‘giant’
are a large perennial montane plants (Taylor and Fromm-Trinta,
1983; Rivadavia, 2000, 2007; Rivadavia pers. obs.), the ancestors
of which gave rise to the more derived annual members of the sub-
genus. Interestingly, the annual growth habit of G. sp. ‘Itacambira’,
G. violacea and G. lobata seems to be exclusively induced by ecolog-
ical conditions, as all members of this subgenus have been shown
to be perennial under artificial conditions in cultivation (Rivadavia,
2002, 2007; Fleischmann, pers. obs.). The same can be assumed for
the annual species among the Neotropical members of subgenus
Genlisea, i.e. G. filiformis, G. aff. filiformis and G. pygmaea, respec-
tively, which evolved from two distinct perennial ancestral lin-
eages (Figs. 4 and 5). These three species can continue growth
and flowering for more than one growing period if conditions are
suitable to maintain growth (Rivadavia, 2007), and therefore can
be considered facultative biennials or short-lived polycarpic spe-
cies (Harper, 1977).

In contrast, the annual species of clade I, which grow in ephem-
eral wet habitats of inselberg outcrops and periodically dry
swamps (Fischer et al., 2000), seem to be true monocarpic annuals.
Even if artificially grown in permanently wet conditions, G. bart-
hlottii, G. stapfii and G. subviridis fail to continue growth and inev-
itably die back after seed production (Fleischmann, pers. obs.). The
African monocarpic annuals could represent an adaptation to
ephemeral flush vegetation habitats on inselbergs and ferricretes,
a highly seasonal habitat type which is only available for a short
time every season, and which rapidly becomes desiccated during
the dry season (e.g. Müller, 2007; Porembski and Barthlott,
1997). In contrast, the seasonal habitats of white oligotrophic sand
plains of the Guianas and the Brazilian ‘‘cerrado”, ‘‘campos rupes-
tre” and coastal ‘‘restingas” vegetation, where the short-lived Neo-
tropical facultative biennials among Genlisea occur, usually feature
some localized wet niche spots that persist for a prolonged time
into the dry season, like wetter depressions found along streams
and seepages, which may support an extended growth and flower-
ing period for short-lived therophytes (e.g. Castellani et al., 2001).
Likewise, the ‘‘annual” carnivorous Drosera sessilifolia A. St.-Hil.,
which often can be encountered growing next to short-lived Neo-
tropical Genlisea spp. in similar seasonal habitats, is reported to be
a size-dependant facultative biennial (Nemoto and Libeiro, 2006).

A single member among the annuals of clade I is able to grow as
a facultative perennial: although Genlisea africana is reported to be
an annual element of seasonal wet flush vegetation of African
inselbergs and ferricretes (Fischer et al., 2000), it was found grow-
ing as a perennial plant in at least a few permanently wet seepage
areas in northern Zambia, sympatrically with the perennial species
G. glandulosissima and G. margaretae (Fleischmann and Rivadavia,
pers. obs.). The sister species of clade I, G. hispidula and G. subglab-
ra, are perennial species of permanently wet marshes and seepage
areas (Fischer et al., 2000; Taylor, 1991a).

Interestingly, among the perennial New World species of subge-
nus Genlisea, a geophytic life strategy has evolved. Plants from the
highlands in north-eastern Goiás and Minas Gerais states of central
Brazil (not included in the present taxon sampling), so far consid-
ered a large-flowered phenotype of G. pygmaea (but rather repre-
senting a distinct taxon related to G. aurea; Fleischmann et al., in
preparation), survive a dry dormancy in seasonally wet, sandy
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habitats by forming stolon-derived subterraneous tubers (Rivad-
avia, 2007; Carow and Fürst, 1991).

The rosetted habit was lost in a single more derived species of
subgenus Genlisea, G. repens, which forms long, elongated rhizomes
growing horizontally below the soil surface and producing both
subterraneous rhizophylls and epigeous green leaves (e.g. Lloyd,
1942; Taylor, 1991a). This growth type is similar to the derived ter-
restrial species of Utricularia, which seem to have evolved several
times from rosetted (generally annual) ancestors, as exemplified
by, e.g. subgenus Polypompholyx (Taylor, 1989; Müller and Borsch,
2005).

4.7. Phylogeography

The genus Genlisea is likely to have originated in the Neotropics
(Fig. 5), like its sister genus Utricularia (Jobson et al., 2003; Müller
and Borsch, 2005). The origin can be assumed in the south-eastern
Brazilian highlands, where the highest number of extant species
(greatest a-diversity) can be found (Fromm-Trinta, 1979; Fig. 2).
Subgenus Tayloria is also confined to this area (comprising the Bra-
zilian states of Bahia, Minas Gerais, Espírito Santo and São Paulo),
which coincidentally is simultaneously remarkable for hosting
the largest number of species of the sister genus Utricularia (Taylor,
1989).

In contrast, subgenus Genlisea can be assumed to be of African
origin. Out of all extant species of subgenus Genlisea, the two
clades consisting exclusively of African species represent the basal
lineages, one of them (clade II) gave rise to all Neotropical species.

The two main lineages (clade I and clade II + III) of subgenus
Genlisea are therefore, likely to have evolved from a common
ancestor on the African continent, as one of them consists entirely
of species restricted to Africa (clade I), whereas in clade II, the basal
lineage is composed of African species (with G. margaretae reach-
ing Madagascar), from which a monophyletic group of species
has branched whose extant members are exclusively found in
South America (Figs. 4 and 5).

Given the disjunct trans-Atlantic distribution pattern of Genli-
sea, it seems most parsimonious that the genus evolved in the
Western Gondwana area while South America was still joined with
the African continent (as proposed by Płachno and Swiątek, 2009).
However, this would imply an origin of Lentibulariaceae not later
than the Late Cretaceous (in the Mid-Late Cretaceous (110–
100 mya), northern South America and Africa began to drift away
along a transform fault between Brazil and Guinea opening the
central South Atlantic (Scotese et al., 1988), connections between
these two continents, however, could have persisted via volcanic
islands on mid-ocean ridges until about 95 mya (Raven and Axel-
rod, 1972)). This is too old an estimated age for a family that be-
longs to the rather young crown group of Lamiales (estimated
age of crown Lamiales ca. 95 mya, of the stem group ca. 104 mya
(Janssens et al., 2009)). So far, reliable relaxed-clock estimates for
the age of Lentibulariaceae have been hampered by both the ab-
sence of useful fossil calibration points and the uncertainty with
respect to the phylogenetic position of the family within Lamiales.
A currently compiled large data matrix for Lamiales based on non-
coding cp DNA regions may shed light on divergence times of the
more derived lamialean families (Schäferhoff et al., in preparation).

At least 111 genera of angiosperms are known to display a trop-
ical trans-Atlantic distribution between South America and Africa,
including Madagascar (Thorne, 1973), and also five sections of the
sister genus Utricularia (all of the latter having just a single mem-
ber occurring on the African continent (Dörrstock et al., 1996)).
These ‘‘outliers” have been explained by rather recent long-dis-
tance dispersal to Africa (Dörrstock et al., 1996; Renner, 2004; Tay-
lor, 1989; Thorne, 1973). The case of Genlisea, however, is different,
because no species co-occur in both Africa and South America. On
the other hand, a more or less comparable a-diversity can be found
on both continents.

To explain the extant distribution of Genlisea, two subsequent
colonization events by long-distance dispersal in opposite direc-
tions have to be assumed. Presumably the common ancestral line-
age for all African species (leading to subgenus Genlisea) has
colonized the African continent by long-distance dispersal events
from South America. After a radiation of subgenus Genlisea in Afri-
ca (extending to Madagascar) that gave rise to clades I and II, an
ancestral member of clade II + III re-colonized South America, lead-
ing to a second radiation of Neotropical Genlisea (clade III).

Indeed, bidirectional trans-Atlantic dispersal of diaspores of
many angiosperms can parsimoniously be linked to water currents
between South America and Africa (Renner, 2004). Trans-Atlantic
long-distance dispersal by water seems to be much more common
than dispersal by birds or wind, and even small seeds such as those
of Melastomataceae (a family of which many annual members
share similar habitat needs with Genlisea) could have possibly
crossed the Atlantic in soil attached to drifting vegetation (‘‘float-
ing islands”; Renner, 2004). Exceptional westerly winds are known
to occur from north-eastern Brazil to northwest Africa, creating a
putative migratory pathway for diaspores from the extant Neo-
tropical center of diversity of Genlisea to its African range. Seed
of Genlisea is minute (Fromm-Trinta, 1979; Taylor, 1991a), rather
short-lived and not able to float for a prolonged time (Fleischmann,
pers. obs.), and therefore not likely to be drifted in sea water di-
rectly. However, fast equatorial currents have been demonstrated
to transport larger floating objects (with surfaces exposed to the
wind) across the Atlantic in less than two weeks, and transport
was probably even faster across the narrower Atlantic when a
shorter distance between the African continent and South Ameri-
can had to be covered (Renner, 2004).

Following this assumption, the South American subcontinent,
especially the center of diversity in the south-eastern Brazilian
highlands, has been colonized by Genlisea twice independently
(first a radiation of subgenus Tayloria and a subsequent re-coloni-
zation event by derived members of subgenus Genlisea via long-
distance dispersal from Africa).

This contradicts the boreotropics hypothesis as explanation for
the disjunct area of Genlisea as put forward by Jobson et al. (2003)
(see Renner, 2004), which assumes an interchange of tropical biota
between temperate North America and Eurasia during the Early
Tertiary. The paraphyly of the African Genlisea species (giving rise
to all Neotropical members of subgenus Genlisea; Figs. 4 and 5) is
not in agreement with such a migration pattern, but favors trans-
Atlantic long-distance dispersal as explanation for the extant dis-
junction in the range of Genlisea, like it had already been proposed
by Thorne (1973).

The migratory pathways of Genlisea on the South American con-
tinent are difficult to reconstruct, and no conclusions can be drawn
from the tree (Fig. 5) as to which of the two extant centers of diver-
sity in the New World (north and south of the Amazon) might have
been the origin of diversification. Presumably Genlisea had once
been more widespread in the uplands of north-eastern South
America to the north and the south of the Amazon basin, and the
two extant centers of species endemism and diversity (in the Gui-
ana Highlands and the highlands of south-eastern central Brazil)
represent relict areas providing suitable habitats. The basal lineage
of the New World Genlisea consists of two species inhabiting the
Guianas (Amazonas and Bolívar state of Venezuela and adjacent
Guyana), at least one of them (G. guianensis) has a few disjunct
populations in the states of Bahia, Goiás, Minas Gerais and Mato
Grosso of southern Brazil (Fromm-Trinta, 1981; Taylor, 1991a; Riv-
adavia, pers. obs.) and adjacent eastern Bolivia (Ritter and Crow,
2000). In the present study, the Brazilian plants have been shown
to be sister to G. guianensis from Guiana populations, but they dif-
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fer in several morphological characters and therefore may deserve
to be recognized as distinct taxa (Fleischmann et al., in prepara-
tion). The next-branching lineages are either endemic to the cen-
tral Brazilian highlands (G. aurea) or Venezuela (G. glabra, a high
montane species of very narrow distribution range, restricted to
a few tepui summits of the central Guiana Shield). The remaining
members of this clade are widespread throughout the range of
Neotropical Genlisea, and occur in both montane and lowland
areas, with one single species, the annual G. filiformis, greatly
extending the range of New World Genlisea to the north and west
by reaching Central America, Cuba and Mexico (Fromm-Trinta,
1979; Olvera and Martínez, 2002; Taylor, 1991a).

4.8. Taxonomic implications

Based on the morphologically distinctive characters found be-
tween members of the three clades of subgenus Genlisea, these
three lineages (clades I–III) are described at the taxonomical rank
of sections here. The two sections proposed for the 12 African spe-
cies are identical to the groups I and II + III, respectively, as sug-
gested by Fischer et al. (2000), and can be clearly distinguished
by the position of the capsule in fruit (pedicels recurved or up-
right). The monophyletic group of Neotropical members of subge-
nus Genlisea (including the type of the genus, G. aurea) becomes the
autonymous type section.

Genlisea A. St.-Hil subgen. Genlisea sect. Genlisea.
Plantae pedicellis in fructu erectis, corollis unicoloribus luteis, vio-

laceis vel albidis, plantae Neotropicae. Type: Genlisea aurea A. St.-Hil.,
Voy. Diam.: 429, 1833.

Plants with pedicel upright in fruit (a character shared with
members of section Africanae); corolla without bicolored palate
(a character shared with members of section Recurvatae); inflores-
cence covered with glandular or eglandular hairs or glabrous, from
glabrous (rarely pubescent) base; ovary glabrous or covered with
glandular and/or eglandular hairs; perennial or annual plants;
leaves spathulate (or linear to lanceolate in G. guianensis); deten-
tive hairs from the tubular neck of trap leaf interior strongly re-
curved, narrow with tapering acute apex (a character shared
with members of section Recurvatae). Section Genlisea corresponds
to clade III in Fig. 3.

Genlisea subgen. Genlisea sect. Recurvatae A. Fleischm., Kai
Muell., Barthlott and Eb. Fisch. sect. nova.

Plantae pedicellis glandulosis in fructu recurvis, corollis unicolori-
bus violaceis vel albidis, plantae Africanae. Type: Genlisea glandulo-
sissima R.E. Fries, Schwed. Rhod.-Kongo Exp. 1: 301, 1916.

Species included: G. margaretae Hutch. (syn. G. recurva Bosser),
G. glandulosissima R.E. Fries, G. pallida Fromm-Trinta and P. Taylor.

Plants with pedicel recurved in fruit (a character shared with sub-
genus Tayloria); corolla without bicolored palate (a character shared
with members of section Genlisea), usually with distinct constriction
above the ovary; inflorescence glandular from the base; ovary den-
sely glandular; perennial plants forming dense rosettes of multiple
narrowly spathulate leaves; detentive hairs from the tubular neck
of trap leaf interior strongly recurved, narrow with tapering acute
apex (a character shared with members of section Genlisea).

The section name refers to the strongly recurved fruiting pedi-
cels of the members of this section, which are easily detectable
in fruiting specimens. The three members of this section are the
only African species of Genlisea with recurved pedicels. In Neotrop-
ical Genlisea species, reflexed pedicels are confined to subgenus
Tayloria. Section Recurvatae corresponds to clade II in Fig. 3.

Genlisea subgen. Genlisea sect. Africanae A. Fleischm., Kai Muell.,
Barthlott and Eb. Fisch. sect. nova.

Plantae pedicellis glabris vel glandulosis in fructu erectis, corollis
violaceis vel albidis labiis inferioribus macula alba reticulata, plantae
Africanae.
Type: Genlisea africana Oliv., J. Linn. Soc. Bot. 9: 145. 1865.
Species included: G. africana Oliv., G. angolensis R.D. Good, G.

barthlottii Porembski, Eb. Fisch. and Gemmel, G. hispidula Stapf, G.
stapfii A. Chev., G. subglabra Stapf, G. subviridis Hutch., G. taylorii
Eb. Fisch., Porembski and Barthlott.

Plants with pedicel not reflexed in fruit, fruiting capsules held
upright (a character shared with members of subgenus Genlisea
section Genlisea); corolla pale mauve, violet or white, with dis-
tinctly white palate with darker reticulation, not constricted above
the ovary; inflorescence glabrous from the base, but covered with
glandular or eglandular hairs in the uppermost part in some spe-
cies; ovary covered with glandular and/or eglandular hairs, or gla-
brous; perennial or annual plants forming more or less lax rosettes
consisting of few broadly spathulate to obovate leaves; detentive
hairs from the tubular neck of trap leaf interior not strongly re-
curved, with cylindrical apex, often two distinct types of detentive
hairs.

The section name is based on the type species of this section, G.
africana, which was the first African species to be described (Oliver,
1865), as well as on the geographic distribution of the members of
this section, which is limited to the African continent. Section Afric-
anae corresponds to clade I in Fig. 3.
5. Conclusions

Phylogenetic trees based on the plastid markers trnK/matK,
rps16 and trnQ–rps16 are in agreement with the distribution of
morphological characters such as flower-color and -shape, life his-
tory (annuals vs. perennials), and with biogeographic patterns.
Subgenera Genlisea and Tayloria are clearly recovered by our
molecular data, and are not only distinguished by the dehiscence
of the capsules (Fromm-Trinta, 1977), but also in terms of trap
morphology, pollen morphology and flower shape (most likely
linked to different pollination syndromes).

Members of subgenus Tayloria share a number of character
states with the basal lineage of Lentibulariaceae, Pinguicula, such
as bivalvate capsules, tubular flowers with a straight spur but lack-
ing a gibbose palate, an upper corolla lip that is crenate or bilobate,
and predominantly violet to white flower colors. In contrast, sub-
genus Genlisea displays several parallels to derived members of
the sister genus Utricularia, such as an entire upper corolla lip,
‘‘masked flowers” with a gibbose palate from the lower lip, and
predominantly yellow flower-colors.

The indumentum of scape and capsule turned out to be a rather
homoplastic character, but is useful for taxonomical delimitation
on species level. Anatomical characters of the rhizophylls, espe-
cially the shape of the internal detentive hairs, are less useful for
species delimitation (cf. Fischer et al., 2000; Taylor, 1991a) and
their distribution shows only weak agreement with the clades
found based on the molecular data.

Combining evidence from molecular, morphological, and bio-
geographical evidence, three distinct groups could be delimitated
and be formally described as sections in subgenus Genlisea.

Finally, since only very few nodes in the trees reconstructed
here receive low support, this study provides an exceptionally clear
picture of the evolution in a genus, and therefore will also provide
a valuable foundation for studies on genome size plasticity in Gen-
lisea and beyond.
Acknowledgments

This study was supported by the Deutsche Forschungsgemeins-
chaft, DFG Grant MU2875/2 to K.F.M. Support to A.F. was given by
the graduate funding of the Universität Bayern e.V. Thanks to the
Akademie der Wissenschaften und der Literatur, Mainz, for



782 A. Fleischmann et al. / Molecular Phylogenetics and Evolution 56 (2010) 768–783
continued support to the Carnivorous Plants working group at the
Nees Institute. The contribution of Johann Greilhuber in ongoing
studies on genome evolution in Genlisea is highly acknowledged.
Eberhard Fischer is thanked for his collaboration on African Genli-
sea taxonomy, Vitor Miranda for information on Brazilian Genlisea
species, and Susanne Renner for insightful comments on plant dis-
persal. The help of Bartosz Płachno in providing SEM images and
information on Genlisea trap anatomy is kindly acknowledged.
We thank Tanja Ernst for technical lab assistance; Eva Facher
helped with SEM studies of seed and trap material. Vitor Batista,
Carlos Rohrbacher, Paulo Gonella, Kamil Pasek, Markus Welge
and Matthias Teichert are acknowledged for additional plant mate-
rial from cultivated specimens. The curators of M are thanked for
providing study accession to their collection. Thanks to the current
and former staff of the Bonn Botanical Gardens (W. Höller and O.
Kriesten in particular) for maintaining the valuable living plant col-
lection of Genlisea.

References

Adamec, L., 2003. Zero water flows in the carnivorous genus Genlisea. Carniv. Pl.
Newsl. 32, 46–48.

Adamec, L., 2007. Oxygen concentrations inside the traps of the carnivorous plants
Utricularia and Genlisea (Lentibulariaceae). Ann. Bot. 100, 849–856.

Angiosperm Phylogeny Group. [A.P.G.], 2009. An update of the Angiosperm
Phylogeny Group classification for the orders and families of flowering plants:
APG III. Bot. J. Lin. Soc. 161, 105–121.

Barthlott, W., Porembski, S., Fischer, E., Gemmel, B., 1998. First protozoa-trapping
plant found. Nature 392, 447.

Barthlott, W., Porembski, S., Seine, R., Theisen, I., 2007. The Curious World of
Carnivorous Plants: A Comprehensive Guide to their Biology. Timber Press,
Portland.

Benjamin, L., 1847. Lentibulariaceae. In: Martius, C.P.F. de, Flora Brasiliensis 10.
Munich.

Bosser, J., 1958. Sur deux nouvelles Lentibulariacées de Madagascar. Naturaliste
Malgache 10, 21–23.

Bremer, B., Bremer, K., Heidari, N., Erixon, P., Olmstead, R.G., Anderberg, A.A.,
Kallersjo, M., Barkhordarian, E., 2002. Phylogenetics of asterids based on 3
coding and 3 non-coding chloroplast DNA markers and the utility of non-coding
DNA at higher taxonomic levels. Mol. Phylogenet. Evol. 24, 274–301.

Calviño, C.I., Downie, S.R., 2007. Circumscription and phylogeny of Apiaceae
subfamily Saniculoideae based on chloroplast DNA sequences. Mol.
Phylogenet. Evol. 44, 175–191.

Carow, T., Fürst, R., 1991. Fleischfressende Pflanzen. Artenübersicht, Kultur,
Vermehrung. Verlag Thomas Carow, Nüdlingen.

Casper, S.J., 1962. ‘‘Systematisch maßgebende” Merkmale für die Einordnung der
Lentibulariaceae in das System. Österr. Bot. Zeitschr. 1, 108–131.

Casper, S.J., 1966. Monographie der Gattung Pinguicula L. Bibliotheca Botanica 127/
128, 1–225.

Castellani, T.T., Scherer, K.Z., de Souza, P.G., 2001. Population ecology of
Paepalanthus polyanthus (Bong.) Kunth: demography and life history of a sand
dune monocarpic plant. Rev. Bras. Bot. 24, 122–134.

Cieslack, T., Polepalli, J.S., White, A., Müller, K., Borsch, T., Barthlott, W., Steiger, J.,
Marchand, A., Legendre, L., 2005. Phylogenetic analysis of Pinguicula
(Lentibulariaceae): chloroplast DNA sequences and morphology support
several geographically distinct radiations. Am. J. Bot. 92, 1723–1736.

Darwin, C., 1875. Insectivorous Plants. Murray, London.
Dörrstock, S., Seine, R., Porembski, S., Barthlott, W., 1996. First record of the American

Utricularia juncea (Lentibulariaceae) from Africa. Kew Bull. 51, 579–583.
Fischer, E., Porembski, S., Barthlott, W., 2000. Revision of the genus Genlisea

(Lentibulariaceae) in Africa and Madagascar with notes on ecology and
phytogeography. Nordic J. Bot. 20, 291–318.

Fromm-Trinta, E., 1977. Tayloria Fromm-Trinta – Nova Seção do gênero Genlisea St.-
Hil. (Lentibulariaceae). Bol. Mus. Nac. Bot. (Rio. J.) 44, 1–4.

Fromm-Trinta, E., 1979. Revisão das espécies do gênero Genlisea St.-Hil
(Lentibulariaceae) das regiões sudeste e sul do Brasil. Rodriguésia 31 (49),
17–139.

Fromm-Trinta, E., 1981. Revisão do gênero Genlisea St.-Hil. (Lentibulariaceae) no
Brasil. Bol. Mus. Nac. Bot. (Rio. J.) 61, 1–21.

Fromm-Trinta, E., 1984. Genliseas Americanas. Sellowia 36, 55–62.
Goebel, K., 1891. Pflanzenbiologische Schilderungen 2. Marburg, pp. 121–127.
Greilhuber, J., Borsch, T., Müller, K., Worberg, A., Porembski, S., Barthlott, W., 2006.

Smallest angiosperm genomes found in Lentibulariaceae, with chromosomes of
bacterial size. Plant Biol. 8, 770–777.

Harper, J.L., 1977. Population Biology of Plants. Academic Press, London.
Heslop-Harrison, Y., 1975. Enzyme release in carnivorous plants. In: Dingle, J.T.,

Dean, R.T. (Eds.), Lysozymes in Biology and Pathology, vol. 4. North Holland
Publishing Company, Amsterdam, pp. 525–578.

Hilu, K.W., Borsch, T., Müller, K.F., Soltis, D.E., Soltis, P.S., Savolainen, V., Chase, M.W.,
Powell, M.P., Alice, L.A., Evans, R., Sauquet, H., Neinhuis, C., Slotta, T.A.B.,
Rohwer, Campbell, C.S., Chatrou, L.W., 2003. Angiosperm phylogeny based on
matK sequence information. Am. J. Bot. 90, 1758–1776.

Hutchinson, J.A., 1946. A Botanist in Southern Africa, London, pp. 528–529.
Huynh, K.-L., 1968. Étude de la morphologie du pollen du genre Utricularia L. Pollen

Spores 10, 11–55.
Janssens, S.B., Knox, E.B., Huysmans, S., Smets, E.F., Merckx, V.S.F.T., 2009. Rapid

radiation of Impatiens (Balsaminaceae) during Pliocene and Pleistocene: result
of a global climate change. Mol. Phylogenet. Evol. 52, 806–824.

Jobson, R.W., Albert, V.A., 2002. Molecular rates parallel diversification contrasts
between carnivorous plant sister lineages. Cladistics 18, 127–136.

Jobson, R.W., Playford, J., Cameron, K.M., Albert, V.A., 2003. Molecular phylogenetics
of Lentibulariaceae inferred from plastid rps16 intron and trnL-F DNA
sequences: implications for character evolution and biogeography. Syst. Bot.
28, 157–171.

Johnson, L.A., Soltis, D.E., 1995. Phylogenetic inference in Saxifragaceae s.str.
and Gilia (Polemoniaceae) using matK sequences. Ann. Mo. Bot. Gard. 82,
149–175.

Juniper, B.E., 1986. The path to plant carnivory. In: Juniper, B.E., Southwood, R.
(Eds.), Insects and the Plant Surface. Echvard Annald, London, pp. 195–218.

Juniper, B.E., Robins, R.J., Joel, D.M., 1989. The Carnivorous Plants. Academic press,
London.

Katoh, K., Toh, H., 2008. Improved accuracy of multiple ncRNA alignment by
incorporating structural information into a MAFFT-based framework. BMC
Bioinformatics 9, 212.

Lloyd, F.E., 1942. Carnivorous Plants. Chronica botanica Co., Massachusetts,
Waltham.

Lobreau-Callen, D., 1980. Is adaptation to parasitism and saprophytism necessarily
linked with simplification of the exine ultrastructure. Abstracts of Fifth
International Palynological Conference, Cambridge, 230.

Lobreau-Callen, D., Jérémie, J., Suarez-Cervera, M., 1999. Morphologie et
ultrastructure du pollen dans le genre Utricularia L. (Lentibulariaceae). Can. J.
Bot. 77, 744–767.

Luetzelburg, von P., 1923. Est. Bot. Nordeste 3, 223.
Macherey-Nagel, 2007. NuclepSpin�Plant: Genomic DNA from Plant User manual,

June 2007/Rev. 6. Macherey-Nagel GmbH & Co. KG, Düren.
Maddison, W.P., Maddison, D.R., 2009. Mesquite: a modular system for evolutionary

analysis. Version 2.71. Available from: <www.mesquiteproject.org>.
Minkin, J.P., Eshbaugh, W.H., 1989. Pollen morphology of the Orobanchaceae and

rhinanthoid Scrophulariaceae. Grana 28, 1–18.
Morrison, D.A., 2007. Increasing the efficiency of searches for the maximum

likelihood tree in phylogenetic analysis of up to 150 nucleotide sequences. Syst.
Biol. 56, 988–1010.

Müller, J.V., 2007. Herbaceous vegetation of seasonally wet habitats on inselbergs
and lateritic crusts in West and Central Africa. Folia Geobot. 42, 29–61.

Müller, K.F., Quandt, D., Müller, J., Neinhuis, C., 2005. PhyDE� 0.995: Phylogenetic
Data Editor. Available from: <www.phyde.de>.

Müller, K.F., 2004. PRAP – computation of Bremer support for large data sets. Mol.
Phylogenet. Evol. 31, 780–782.

Müller, K.F., 2005a. SeqState – primer design and sequence statistics for
phylogenetic DNA data sets. Appl. Bioinformatics 4, 65–69.

Müller, K.F., 2005b. The efficiency of different search strategies in estimating
parsimony jackknife, bootstrap, and Bremer support. BMC Evol. Biol. 5, 58.

Müller, K.F., Borsch, T., 2005. Phylogenetics of Utricularia (Lentibulariaceae) and
molecular evolution of the trnK intron in a lineage with high substitutional
rates. Plant Syst. Evol. 250, 39–67.

Müller, K.F., Borsch, T., Legendre, L., Fischer, E., Porembski, S., Barthlott, W., 2001.
The evolution of carnivory in the Lamiales: evidence from matK and adjacent
noncoding regions. Botany. Abstracts. Botanical Society of America, 129.

Müller, K.F., Borsch, T., Legendre, L., Porembski, S., Theisen, I., Barthlott, W., 2004.
Evolution of carnivory in Lentibulariaceae and the Lamiales. Plant Biol. 6, 477–
490.

Müller, K.F., Borsch, T., Legendre, L., Porembski, S., Barthlott, W., 2006. Recent progress
in understanding the evolution of Lentibulariaceae. Plant Biol. 8, 748–757.

Nemoto, M., Libeiro, J.F., 2006. Factors determining the habitat of Drosera sessilifolia
in the humid zone of the Brazilian Cerrado. Ecol. Res. 21, 150–156.

Nixon, K.C., 1999. The parsimony ratchet, a new method for rapid parsimony
analysis. Cladistics 15, 407–414.

Oliver, D., 1865. On the Lentibulariaceae collected in Angola by Dr. Welwitsch, with
an enumeration of the African species. J. Linn. Soc. Lond. Bot. 9, 145–146.

Olvera, G.M., Martínez, S.E., 2002. Primer registro de Genlisea (Lentibulariaceae)
para México. Acta Bot. Mex. 59, 71–73.

Oxelman, B., Lidén, M., Berglund, D., 1997. Chloroplast rps16 intron phylogeny of the
tribe Sileneae (Caryophyllaceae). Plant Syst. Evol. 206, 393–410.

Płachno, B.J., Faber, J., Jankun, A., 2005a. Cuticular discontinuities in glandular hairs
of Genlisea A. St.-Hil. in relation to their functions. Acta Bot. Gall. 152, 125–130.

Płachno, B.J., Adamus, K., Faber, J., Kozlowski, J., 2005b. Feeding behaviour of
carnivorous Genlisea plants in the laboratory. Acta Bot. Gall. 152, 159–164.

Płachno, B.J., Kozieradzka-Kiszkurno, M., Swiatek, P., 2007. Functional utrastructure
of Genlisea (Lentibulariaceae) digestive hairs. Ann. Bot. 100, 195–203.

Płachno, B.J., Kozieradzka-Kiszkurno, M., Swiatek, P., Darnowski, D.W., 2008. Prey
attraction in carnivorous Genlisea (Lentibulariaceae). Acta Biol. Cracov. Ser. Bot.
50, 87–94.

Plachno, B.J., Wolowski, K., 2008. Algae commensal community in Genlisea traps.
Acta Soc. Bot. Pol. 77, 77–86.
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