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,Die Resultate der eigenen Untersuchung seien im Folgenden geschildert, wobei sich zeigen
wird, dass Genlisea eine der merkwiirdigsten unter allen tierfangenden Pflanzen ist.”
Karl von Goebel, 1891, Pflanzenbiologische Schilderungen II, p. 121.
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1. Introduction

1.1. Carnivorous Plants

In 1875, Charles Darwin provided conclusive evidence in his seminal work
“Insectivorous Plants” to validate the theory of plants that trap and digest animals. Ever since,
evolutionary botanists have attempted to address the question of how carnivory could have
evolved in the plant kingdom. Darwin (1875) himself was convinced that there had been
several independent origins of carnivory, however tracing the relationships of carnivorous
genera was often clouded by both convergent and parallel evolution of carnivorous traits
among angiosperms (Ellison & Gotelli 2009).

The “carnivorous syndrome” is reflected in many different specialised morphological
characters and physiological adaptations, and generally comprises the ability of a plant to
attract, retain, trap, kill, and digest animals and finally absorb and exploit the nutrients gained
from digestion of the prey (Givnish et al. 1984; Juniper 1986; Givnish 1989; Juniper et al.
1989; Adamec 1997; the latter establishing a more precise ecophysiological circumscription
of carnivory). Different methods and ways of prey attraction and trapping were established in
carnivorous plants, resulting in what can be distinguished as six different trap types: 1.
adhesive traps (“flypaper traps” or “sticky traps”) constituting glandular leaves; 2. pitcher
traps (“pitfall traps™) formed by tubular leaves or rosettes (in case of two carnivorous tank-
forming bromeliads); 3. snap traps (“spring traps” or “bear traps”) formed by rapidly closing
laminar lobes; 4. eel traps (“lobster pot traps”) formed by narrow tubular leaves that are
internally lined with retrorse hairs; and 5. suction traps (“bladder traps”) which are complex
modified tubular leaves that can actively inhaul small prey by creating a water current from
low pressure. Some of these trapping principles are realized only in a single genus (suction
traps are exclusively found in Utricularia), while others are present in several carnivorous
plant genera. However similar or identical trap types often evolved analogous in unrelated
plant groups, or closely related plant groups convergently developed different trapping
methods. Modern research methods of phylogenetic reconstructions showed evidence that
carnivory has evolved several times independently among flowering plants (Albert et al.
1992; Williams et al. 1994; Miiller et al. 2004, 2006; Heubl et al. 2006; Chase et al. 2009;
Ellison & Gotelli 2009; APG III 2009), confirming Darwin’s initial hypothesis of a
polyphyletic origin and convergent evolution of carnivorous plant lineages (Darwin 1875).

Reconstructing the phylogenetic relationships of flowering plants (APG III 2009)
revealed that the 17 known genera of carnivorous plants did not evolve from a single common
carnivorous ancestor (like eg. proposed by Croizat 1960), but fall into ten different
angiosperm families that belong to five separate botanical orders (see Table 1), all of which
evolved at least six times independently from non-carnivorous plants (at least two times in
Lamiales, see Chapter 2.1), and none of them is comprising exclusively carnivorous families
(Albert et al. 1992; Miiller et al. 2004, 2006; Heubl et al. 2006; Ellison & Gotelli 2009).

In Caryophyllales, carnivory is a monophyletic trait (Albert et al. 1992; Meimberg et
al. 2000, 2001; Cameron et al. 2002; Cuénoud et al. 2002; Rivadavia et al. 2003; Heubl et al.
2006), but three different trap types developed in this lineage (adhesive traps, snap traps, and
pitcher traps). Interestingly, carnivory most likely got lost again at least twice in this lineage,
in two members of Dioncophyllaceae and in the entirely non-carnivorous, monogeneric
Ancistrocladaceae (Ellison & Gotelli 2009; Fleischmann 2010).



In Ericales, carnivory most likely has evolved two times independently (Fleischmann
2010), one lineage with pitcher traps leading to the American pitcher plant family
Sarraceniaceae, and a sister lineage with resinous adhesive traps to the African Roridulaceae
(Albert et al. 1992; Conran & Dowd 1993; Bayer et al. 1996; Anderberg et al. 2002; Neyland
& Merchant 2006).

Oxalidales only comprise a single carnivorous plant taxon, the enigmatic,
monospecific Australian pitcher plant family Cephalotaceae (Albert et al. 1992; APG III
2009).

The phylogenetic relationsships of the carnivorous Lamiales taxa are treated in more
detail in the present thesis. Carnivory has evolved at least twice in this order, in the just
distantly-related families Lentibulariaceac and Byblidaceae (Miller et al. 2004, 2006;
Schéferhoff et al. 2010). Additionally, several other glandular members of this affinity have
repeatedly been suspected to be carnivorous or “proto-carnivorous”, including Martyniaceae
(Ibicella, Proboscidea, carnivory assumed by Beal 1875; Mameli 1916, and others),
Plantaginaceae/Gratiolaceae (Philcoxia, carnivory suspected by Taylor et al. 2000), and
Orobanchaceae (Lathraea, for speculation about carnivory see Groom 1897; Mannagetta
1897; Heslop-Harrison 1976). However nutrient uptake from casually caught animals has not
been detected in any of these genera (Studnicka 1982; Juniper et al. 1989; Rice 1999; Fritsch
et al. 2007; Ptachno et al. 2009), therefore they are not considered carnivorous plants here, as
they are not fulfilling the essential criteria of the carnivorous syndrome as circumscribed by
Adamec (1997).

In the monocot order Poales, carnivory was demonstrated for two tank-forming
species of the bromeliad genus Brocchinia (Givnish et al. 1984; Benzing et al. 1985; Benzing
1986; Ptachno et al. 2006), and it is suspected for one species of the tillandsoid Bromeliaceae
Catopsis (Fish 1976; Frank & O’Meara 1984; Benzing 1986).

Adaptations to carnivory must therefore have evolved repeatedly on multiple separate
occasions in the plant kingdom, to give rise to the extant carnivorous plant families and
genera (see Table 1).

More than 700 species of carnivorous plants are known today (see Table 1; McPherson 2010),
however over 95% of the species diversity is entirely made up by the carnivorous
Caryophyllales and Lamiales (Ellison & Gotelli 2009).



Angiosperm family genus number of trap type | distribution
order [number of genera / species [non-
carnivorous genera carnivorous
species]
Caryophyllales | Droseraceae [3/3] Drosera at least 194 adhesive | cosmopolitan
trap
Dionaea 1 snap trap | North
America:
eastern USA
Aldrovanda 1 snap trap | Old World
Drosophyllaceae[1/1] | Drosophyllum 1 adhesive | western
trap Mediterranea
n
Dioncophyllaceae Triphyophyllum | 1 adhesive | tropical
[3/1] trap western
Africa
Nepenthaceae [1/1] Nepenthes at least 129 pitfall trap | Southeast
Asia, India,
Australia,
Madagascar,
Seychelles
Ericales Sarraceniaceae [3/3] | Sarracenia 8 pitfall trap | North
America:
eastern USA
+ Canada
Darlingtonia 1 pitfall trap | North
America:
western USA
Heliamphora at least 23 pitfall trap | South
America:
Guayana
Highlands
Roridulaceae [1/1] Roridula 2 adhesive | South Africa
trap
Oxalidales Cephalotaceae [1/1] | Cephalotus 1 pitfall trap | Western
Australia
Lamiales Byblidaceae [1/1] Byblis 7 adhesive | Australia
trap
Lentibulariaceae [3/3] | Pinguicula at least 101 adhesive | cosmopolitan,
trap excluding
Australia
Genlisea at least 32 eel trap tropical
Africa,
Neotropics
Utricularia at least 228 suction cosmopolitan
trap
Poales Bromeliaceae [ca. Brocchinia 2[19] pitfall trap | South
50/2] America:
Guiana
Highlands
Catopsis 1[20] pitfall trap | Neotropics

Table 1. Carnivorous plant genera and species. An earlier version of this table has been prepared by myself
for McPherson (2010). Species numbers updated from Holst (1997), Taylor (1989), McPherson (2010),
McPherson et al. (2011).




1.2. Lentibulariaceae

The family Lentibulariaceae Richard (syn. Utriculariaceae, Pinguiculaceae) consists of
herbaceous small plants, predominately hygrophytes (at least when in active growth), and
some aquatics. It has been proposed as a natural group based on morphological characters (eg.
Casper 1966; Cronquist 1981), and its monophyly was also shown in molecular phylogenetic
reconstructions (Albert et al. 1992; Jobson et al. 2003; Miiller et al. 2004). All members of
Lentibulariaceae are carnivorous plants, and the family comprises three genera of markedly
distinct morphology: the two sister genera Utricularia and Genlisea are rootless plants that
trap microscopic aquatic or subsoil animals, while their common sister genus Pinguicula still
possesses true roots and catches its prey with flypaper traps (Albert et al. 1992; Jobson et al.
2003; Miiller et al. 2004, 2006; Miiller & Borsch 2005). The largest and most diverse genus is
Utricularia L. (including Biovularia Kamienski and Polypompholyx Lehm.), with over 200
species, (see Table 1; Taylor 1989; McPherson 2010).

Morphology

Roots (and even a radicle) are fully absent in Genlisea and Utricularia (Warming
1874; Darwin 1875; Goebel 1891, 1893; Lloyd 1942), but still present and functional in
Pinguicula (Casper 1966). In the two other genera, the roots have been functionally' replaced
by modified leaves (rhizophylls) in Genlisea, and by stolons (not quite appropriately termed
“rhizoids” by Taylor (1989)) in Utricularia. In Utricularia, the actual leaves are modified to
bladder traps (see below), and real photosynthetic leaves are absent in most species (but still
present in certain species, see below). The foliar organs in the majority of Utricularia species
constitute modified stolons (Brugger & Rutishauser 1989; Juniper et al. 1989; Sattler &
Rutishauser 1990; Rutishauser 1999). Often, however, the distinction between leaf and stem
is ambiguous (Lloyd 1942), and the plants display a “fuzzy morphology” (Rutishauser 1999;
Rutishauser & Isler 2001). Taylor (1989) quite adequately circumscribed this peculiar
organization of the vegetative organs of Lentibulariaceae as the “nonconforming nature of
the[ir] vegetative morphology as a whole”.
The generative organs, in contrast, virtuously follow the conventional bauplan of
angiosperms. In Pinguicula, the flowers are borne solitary on long pedicels from the rosette
(rarely bifurcate in a single species, P. ramosa); in Genlisea and Utricularia the inflorescence
is a single or (rarely) double raceme. The calyx consists of five (Pinguicula, Genlisea), or two
(occasionally four) (Utricularia) connate sepals. The sympetalous, bilabiate corolla is tubular
with a pronounced spur, and usually possesses a gibbous palate, forming a masked flower of
the “snap-dragon” type. The androeceum is reduced to the two anterior stamens, which are
bithecate with curved filaments that clasp around the ovary. The superior ovary shows a
central placentation, the style is short and persistent in fruit, with bilabiate stigma (the upper
lobe shorter than the lower one, which is hiding the thecae). The stigma is chemotactile in
some Utricularia species, but not in Genlisea and Utricularia. The fruit is a dry capsule,
rarely indehiscent or fleshy in a few aquatic Utricularia species (see Taylor, 1989).

Carnivory

Three different carnivorous trap types can be found in Lentibulariaceae, each confined
to one of the three genera: Pinguicula has adhesive traps (sticky flypaper traps), Genlisea has
eel traps (lobster pot traps), and in Utricularia we find suction traps (bladder traps). In all
three genera the leaves constitute the carnivorous traps, although in Genlisea and Utricularia
they are highly modified and not easily recognised as such. In Pinguicula, the glandular sticky
leaves both act as photosynthetic organs and carnivorous traps, whereas in the heterophyllous
Genlisea, both functions are separated to the two types of leaves (see Chapter 1.3).

! the rhizophylls do not only serve to anchor the plant in the substrate, but also to take up nutrients from the soil,
as Adamec (2008) has shown by his soil fertilizing experiments.
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Fig. 1. Generative and vegetative morphology of Lentibulariaceae. A. Cross-section of a typical
Lentibulariaceae flower (shown Genlisea flexuosa). B. Leaf-like stolon of Utricularia rostrata with traps. C.
Rosetted growth of the heterophyllous Utricularia multifida. D. Stoloniferous growth of the aquatic Utricularia
australis. E. Rosetted growth and traps of an excavated plant of Genlisea guianensis. G. Rosettes of glandular
leaves of Pinguicula planifolia.




In the case of Utricularia, this is even more complicated, as some of the derived species are
fully devoid of true leaves (Brugger & Rutishauser 1989; Sattler & Rutishauser 1990; Jobson
et al. 2003; Miiller & Borsch 2005; Albert et al. 2010). In all Utricularia species, the complex
suction traps are verifiably derived from stolon-borne leaves (Goebel 1891, 1913; Llyod
1942; Juniper et al. 1989), although this has denied by some authors who proposed an
anomalous bauplan of the Utricularia cormus. Some species of Utricularia still possess true
leaves; they are heterophyllous and produce both photosynthetic foliage and trap leaves.
However, in the majority of species the leaf-like photosynthetic organs represent modified
stolons (Ridley 1888; Brugger & Rutishauser 1989; Sattler & Rutishauser 1990; Taylor
1989), which bear the actual trap leaves.

While the sticky flypaper leaves of Pinguicula trap small arthropods, the subterraneous traps
of Genlisea and Utricularia have specialized in small soil organisms and microscopic aquatic
prey (eg. Darwin 1875; Goebel 1891). The prey spectrum of Genlisea is explained in more
detail in Chapter 1.3 below.

1.3. Genlisea

The genus Genlisea A.St.-Hil. was described from Brazil in 1833 by French botanist
Auguste de Saint-Hilaire, named in honour of countess Stéphanie-Félicité du Crest de Saint-
Aubin de Genlis, a famous contemporary authoress and owner of the renowned grand salon
“Madame de Genlis” in Paris (Saint-Hilaire 1833). The English vernacular name for Genlisea
is “corkscrew plant”, based on the ends of the forked trap leaves, which are conspicuously
spirally twisted, reminiscent of the end of a corkscrew (see below).

Vegetative morphology

All species of Genlisea are small rosetted herbs, which produce two kinds of leaves
from a short vertical stem (stem stolon-like and horizontally spreading in G. repens). The
epiterrestrial leaves are spatulate to linear and serve photosynthesic purposes. The
achlorophyllous, subterraneous rhizophylls are tubular leaves, which are epiascidiate in
ontogeny (Juniper 1986), and positively geotropic (Juniper et al. 1989). Their design is
fundamentally similar in all species of the genus (Fig. 2A): a short trap stalk or “footstalk on
the distal end is followed by a widened, hollow bulb-like trap vesicle (also termed “stomach”
or “digestion chamber” or “utricle”), that is narrowed down to a prolonged tubular part
“neck”). This tubular neck apically widens and branches into two helically twisted trap-arms.
The overall shape of the rhizophylls thus resembles an inverted Y. The hollow rhizophyll has
several entrances to its interior: a “trap mouth”, which is situated in the branching zone
between the two trap arms (Goebel 1891; Lloyd 1942; Reut 1993), as well as several slits that
are gradually spaced along the suture of the twisted trap arms (Fig. 2E). The inner surface of
the trap neck and arms is covered with rows of retrorse bristles (Fig. 2D, 2F) — termed
“detentive hairs” by Reut (1993) — which are facing the trap bulb, and which therefore only
allow an unidirectional movement of trapped animals towards the “stomach” of the trap. The
interior of the vesicular bulb of the rhizophyll is lined with multicellular glandular hairs
(“digestive glands™), consisting of three functional compartments, namely a basal cell, a
middle cell and gland head formed by four to eight secretory cells (Goebel 1891; Lloyd 1942;
Juniper et al. 1989; Reut 1993; Ptachno et al. 2005a, 2007). The digestive glands are either
distributed more or less equidistantly on the entire interior surface of the bulb (members of G.
subgenus Tayloria), or they are predominantly concentrated in a row along the vascular
bundle of the bulb (members of G. subgenus Genlisea, see Fig. 2B, 2C; Reut 1993; Ptachno et
al. 2007).
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Fig. 2. Trap morphology and distribution of Genlisea. A. Rhizophyll of G. aurea. B. Longitudinal section of
the upper part of a rhizophyll. C-E. SEM micrographs of the rhizophyll of G. hispidula. C. Longitudinal section
of the trap vesicular bulb, showing the digestive glands. D. Longitudinal section of the tubular neck, showing the
detentive hairs. E. Trap entrances along the helically twisted rhizophyll arm. F. Light microscope photograph of
the detentive hairs and glands (stained with lactophenol blue) at the base of the tubular neck of G. aurea. G.
Distribution of Genlisea, species numbers indicated. The dashed line marks the range of G. subgenus Tayloria.



Carnivory in Genlisea

The entire design of the Genlisea rhizophylls almost provokes to compare these
curious foliar organs with the intestinal tract of higher animals, “just lacking peristaltic”
(Heslop-Harrison 1975). Thus it is not surprising that the carnivorous nature of Genlisea was
suspected soon after the odd rhizophylls were first described by Warming (1874). He was the
first to recognize that the rhizophyll vesicles contained “soil debris and what probably
constitutes animal remnants” (Warming 1874). Charles Darwin already included Genlisea as
a carnivorous plant in his fundamental work “Insectivorous Plants” (Darwin 1875), based on
Warming’s description and own observations made on preserved specimens. The carnivorous
traps were subsequently examined and illustrated in more detail by Goebel (1891), who was
the first who also had access to living plant material for his morphological and anatomical
studies, and his students (Merl 1915; Lloyd 1942). However it was not until the late 20th
century that final evidence for carnivory in Genlisea was given with the detection of digestive
enzymes that are secreted from the plant (Heslop-Harrison 1975), and the proof of direct
uptake of nutrients originating from preyed animals by the plant with radio isotope tracing
(Barthlott et al. 1998). Captured animals are probably killed by anoxia inside the vesicular
“stomach” part of the trap (Adamec 2007), and then get digested by proteolytic enzymes that
are released from the secretory cells of the glandular head of the digestive hairs, which also
serve to take up the nutrients dissolved from the prey (Heslop-Harrison 1975; Barthlott et al.
1998; Ptachno et al. 2005a, 2006, 2007).

Prey spectrum: What do they catch?

The prey found in Genlisea traps consists of various microscopic soil invertebrates,
such as crustaceans (Goebel 1891; Lloyd 1942; Plachno et al. 2005b; Darnowski & Fritz
2010; Fleischmann, pers. obs.), soil mites (Goebel 1891; Lloyd 1942; Ptachno et al. 2005b;
Fleischmann, pers. obs.) and nematodes (Lloyd 1942; Studnicka 1996, 2003b, c; Ptachno et
al. 2005b; Fleischmann, pers. obs.), but also protozoa (Heslop-Harrison 1975; Barthlott et al.
1998; Ptachno et al. 2005b), and even small algae (Goebel 1891; Studnicka 1996; Ptachno et
al. 2005b; Ptachno & Wolowski 2008) as well as soil particles and debris can be found inside
the traps (Darwin 1875; Juniper et al. 1989; Meyers-Rice 1994; Studnicka 1996; Fleischmann,
pers. obs.). The question whether prey is actively attracted to the traps, or rather unselectively
enters the cavities and openings at the apices of the rhizophyll is not fully answered yet.
Barthlott et al. (1998) postulate a chemotactic prey attraction, however were not able to detect
any volatiles that are emitted from the traps. Studnic¢ka (2003a) assumes that the rhizophyll
openings mimic soil interspaces that attract soil microfauna by creating oxygen-rich areas in
the otherwise rather anaerobic conditions of the surrounding substrate. However this
explanation is not satisfactory, as most species of Genlisea naturally grow in wet soils that are
rinsed with swiftly seeping water (see Chapter 1.3.2), therefore it seems unlikely that their
rhizophylls are indeed reaching into anaerobic soil.

Barthlott et al. (1998) concluded a prey specialisation of Genlisea to protozoa from
their laboratory experiments and field observations on an African species in situ, despite the
fact that previous analysis of trap contents (Darwin 1875; Goebel 1891; Lloyd 1942; Heslop-
Harrison 1975) verifiably showed various metazoa trapped inside the rhizophylls. The rich
and almost exclusive content of protozoa that was observed inside the traps of G. stapfii by
Barthlott et al. (1998) might result from the inselberg habitats this species is confined to (see
Chapter 1.3.2). The shallow soils of inselbergs host a rich protozoan microfauna (Steffens &
Wilbert 2002), and thus the prey spectrum of this Genlisea species might rather reflect the soil
microfauna composition of the habitat than a putative prey specialisation. Prey contents of
several other species growing in different habitat types, as well as from cultivated plants
(including G. stapfii) showed mainly metazoa (Studnicka 1996, 2003c; Fleischmann,
unpublished data). Studnicka (1996) further noticed a trap size dimorphism in certain species
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of Genlisea, which produce larger traps that are reaching deep into the substrate, but also
smaller traps that are orientated more horizontally, close to the soil surface, and assumed a
possible prey specialisation.

The traps of Genlisea probably show no specialisation to either protozoa or metazoa, but
unselectively trap any kind of small soil organisms that are available to the plant, as it was
shown by feeding experiments in the laboratory (Ptachno et al. 2005b, 2008; Darnowski &
Fritz 2010) and comparative field studies (Studni¢ka 2003c; Fleischmann, unpublished data).

Trap mechanism: Aquatic hoover or passive shelter mimic?

Despite detailed research on the trap anatomy, the exact functioning of the eel traps of
Genlisea is still not well understood. Contradictory evidence has been published whether the
traps act as passive traps into which prey enters targeted for unknown reason (Darwin 1875;
Lloyd 1942; Taylor 1991; Barthlott et al. 1998; Adamec 2003; Ptachno et al. 2005b, 2008), or
whether Genlisea rhizophylls constitute active traps which can inhaul their prey by creating a
constant light water current resulting from a permanent exhaling of water from the trap
interior (Juniper et al. 1989; Meyers-Rice 1994; Studnicka 1996, 2003a, b). The presence of
immobile prey items such as non-ciliate algae and soil debris inside the trap vesicle, however,
as already observed by Goebel (1891), favours the theory of an active trapping system. This is
also confirmed by own studies made on rhizophylls of cultivated Genlisea plants. In freshly
excavated plants the rhizophylls will create a continuous water current if placed in Petri
dishes filled with water (the water movement can be visualized by a few droplets of drawing
ink), however this current rapidly declines in traps that have been detached from growing
plants (Fleischmann, unpublished). This is probably due to physiological processes when the
achlorophyllous rhizophyll is not supplied by photosynthetic energy from the green leaves
anymore. The ageing process of the living traps segregated from the whole plant in the
laboratory set-ups could be the reason why some studies showed no trap activity, while others
did. None of the abovementioned experiments on Genlisea traps was conducted on entire
plants, but all of them were performed on single detached traps.



1.3.1. Distribution

Data on distribution was extracted from literature (Fischer et al. 2000; Fleischmann et
al. 2010, 2011; Fromm-Trinta 1979, 1981, 1984; Ritter & Crow 2000; Olvera & Martinez
2002; Taylor 1967, 1991, 1999), as well as based on own field observations and herbarium
records. The first report of the Venezuelan Genlisea sanariapoana from adjacent Colombia
was made recently by J.H. Madrid and documented photographically (Vieira 2004).

The genus Genlisea comprises 32 species (see Checklist in Chapter 2.2), occuring in
the Neotropics and tropical Africa, including Madagascar. However not a single species of
Genlisea occurs on both continents (Fleischmann et al., 2010; Fig. 2G). Several species are
endemic to a narrow range. The distribution pattern of the genus matches some of the main
centres of plant biodiversity in general (Barthlott et al. 1996a, 2007), but also the centres of
global carnivorous plant diversity in particular (Barthlott et al. 2004).

13 species of Neotropical Genlisea are recognized in the taxonomic treatment

presented in this thesis (see Checklist in Chapter 2.2). The centres of greatest species numbers
and diversity in South America lie in the highlands of central Brazil and the Guiana
Highlands, and one widespread short-lived species (G. filiformis) is reaching its southernmost
limit in northern Brazil and Uruguay, and the northernmost range of the genus in isolated
populations in Cuba, Belize, Guatemala, and southernmost Mexico (Olvera & Martinez
2002).
The entire subgenus Tayloria, comprising eight species (Fleischmann et al. 2011), is endemic
to a small area in the highlands of eastern Brazil (Fig. 2G; Fromm-Trinta 1979, 1981, 1984;
Taylor 1991). Genlisea aurea, as well as the closely related G. minor, which has been
considered conspecific by most authors (Fromm-Trinta 1979; Taylor 1991), and a yet
undescribed tuber-forming geophyte species from this alliance are also endemic to Brazil,
however occupy a slightly wider range. Three species of Genlisea are endemic to the Guiana
Shield: one of them, G. sanariapoana, is confined to the lowlands of the upper Orinoco, along
the border of Venezuela and Colombia (Steyermark 1953; Taylor 1999); the narrowly
endemic G. glabra is restricted to a few high tepui summits of the Chimant4d Massif in central
Bolivar state, Venezuela, whereas the more widespread G. roraimensis occurs on several high
altitude plateaus of the Pantepui region of Venezuela, and adjacent Guiana (on Roraima tepui)
and Brazil (on Roraima and the Sierra de la Neblina; Taylor 1999).

Eleven species of Genlisea occur in tropical West and East Africa, and one species (G.
margaretae) is extending the range to Madagascar. The centres of diversity for the genus on
the African continent are the large upland plateau of central tropical Africa (covering the vast
range of Zambia, and bordering parts of Angola, Zimbabwe, the Republic of Congo and
Mozambique). Parallel to the widespread annual G. filiformis from the Neotropics, the small
annual G. stapfii reaches the widest range of distribution among the African species,
extending from Senegal southwest (absent in the dry areas of the Ghana Dry Zone and
Dahomey Gap) to the Central African Republic in the West and the Republic of the Congo
(Congo-Brazzaville) in the South. Genlisea stapfii is also the African species occupying the
widest spectrum of habitats (see below; Fischer et al. 2000).
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1.3.2. Habitats

Like the majortity of carnivorous plants, all species of Genlisea are commonly

confined to at least seasonally wet to waterlogged, nutrient poor, oligotrophic soils of
exposed, open habitats with low vegetation cover. I have assigned the habitat preferences of
the known species of Genlisea to five general ecological types of habitats here. Two species —
interestingly one African (G.stapfii) and one Neotropical (G. filiformis), but both of them
widespread annuals — show a broad ecological tolerance and are found in all of the below-
mentioned nutrient poor habitats.
The five habitat types illustrated below have in common that they represent isolated patches
of exposed habitats for a specialized vegetation, which are surrounded by a different,
contrasting type of ecosystem that does not support growth of the elements of these plant
communities (“functional islands”, Macedo & Prance 1978; Prance 1996).

Granite rocks: inselbergs

Inselbergs are conspicuous, more or less dome-shaped granitic (rarely gneissic) rock
outcrops, to which a specialized type of vegetation has adopted, which often sharply contrasts
in structure and species composition with the surrounding vegetation (see Fig. 3B; Barthlott et
al. 1993; Porembski & Barthlott 2000; Miiller 2007). Most inselbergs are found in seasonally
wet climates with a pronounced dry season, and are thus inhabited by a seasonal plant
community, which can mainly be found on shallow slopes and depressions where water
regularly drains to form small seepage areas during the rainy season. The term “ephemeral
flush vegetation” has been established for these plant communities (Richards 1957; see Fig.
3D). As the thin layers of organic soil overlying bare rock are poor in nutrients, this is a
suitable habitat for various carnivorous plant species (Bosser 1958; Klotz & Kock 1991;
Seine et al. 1995; Dorrstock et al. 1996; Barthlott et al. 1996b, 2004). Five species of
Genlisea occur on inselbergs in Africa, one of them (G. barthlottii) is exclusively found on
inselbergs (Porembski et al. 1996; Fischer et al. 2000). In the Neotropics, granitic inselbergs
can mainly be found in the coastal mountain ranges of Southeastern Brazil and on the Guiana
Shield, especially in Guiana and southern Venezuela (Gréger 1995, 2000; Porembski &
Barthlott 2000; Safford & Martinelli 2000; Groger & Huber 2007). Three neotropical species
of Genlisea can be found on granitic mountains and inselbergs (usually in shallow, wet
depressions or seasonal seepages and wet flushes, Huber 1995; Safford & Martinelli 2000),
but only one of them (the Brazilian G. lobata) is strictly confined to this type of habitat
(Fromm-Trinta 1989; Rivadavia 2002; Fleischmann et al. 2011).

Laterite outcrops: ferricretes

Ferricretes (“ferriferous concretes™), “duricretes”, or lateritic crusts, are hard backend
iron-rich soil layers that got exposed from the surrounding soil surface by erosion (Gledhill
1970; Miiller 2007; Beauvais 2009). Ferricrete habitats are common in tropical West and
Central Africa, but also in northern South Africa (see Fig. 3H). In shallow depressions or on
slopes with seeping water, seasonal rain-fed marshes or permanently wet peat bogs (see
“dambos” below) can form over the laterite crust, the latter even allow the presence of
specialized perennial plant communities and the occurence of peat mosses (Sphagnum)
(Gledhill 1970; Miiller 2007). Wet ferricretes are rich in carnivorous plant species, which
often grow in carpets of Sphagnum mosses in seepage zones (pers. obs.). Ten of the eleven
African species of Genlisea can be found on ferricretes (Fischer et al. 2000), however many
of them can also be found in nutrient poor seasonal or permanent bogs. In contrast to the
inselberg habitats, ferricretes can also host perennial species of Genlisea.
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Sandstone rocks: campos rupestres and tepuis

The African ferricrete habitats can be compared in terms of carnivorous plant species
richness with the Neotropical vegetation types of nutrient poor quartzitic soils overlying
sandstone rocks. In Brazil, these habitats are predominantly covered by a typical
sclerophyllous vegetation type called “campos rupestres” (“rocky fields”, see Fig. 3C). This
type of vegetation is usually found in higher elevated areas above 800-900 m elevation
(Giulietti & Pirani 1988; Giulietti et al. 1997), and is characterized by a great species richness
and high degrees of endemism, often localized to only a very small area (Giulietti & Pirani
1988; Alves & Kolbek 1994; Rapini et al. 2002; Alves et al. 2007; Echternacht et al. 2011).
Like the African ferricretes, these sandstone rocks host the greatest number of Neotropical
species of Genlisea, perennials as well as annuals (Rivadavia 2007; Silva et al. 2011;
Fleischmann et al. 2011).
The sandstone plateaus of the table mountains of the Guiana Highlands, the tepuis, host a
unique vegetation that is adapted to a harsh climate. On the rocky, open and windswept
summits, specialized plant communities establish where shallow pockets of soil accumulate in
cavities and shallow depressions (Huber 1995; McPherson 2010). They support a specialized,
isolated, tepui summit ecosystem of sclerophyllous “high altitude tepui scrub” and “wet tepui
meadows”, which are dominated by herbaceous plants and small subshrubs (Huber 1988;
Huber 1995), as well as many carnivorous plants, including Genlisea.

Wet savannah: dambos and morichales

The “dambos™ of tropical and subtropical Africa are flat, grass-covered savannah
wetlands along headwater drainage lines, which are seasonally inundated in the wet season,
but usually become substantially dry during the dry season, however often retaining
perennially wet areas along depressions (Mildbraed & Domke 1966; Boast 1990; von der
Heyden 2004). These seepage peat bogs of tropical Africa host a plant communitiy rich in
carnivorous plants, and several perennial and annual Genlisea species frequently occur in
dambos in Angola, Zambia, Zimbabwe, Cameroon, and South Africa (Jessen 1936; Mildbraed
& Domke 1966; Taylor 1988; Fischer et al. 2000; Fleischmann, pers. obs., Fig. 3F).
The wet lowland savannas of the Gran Sabana and the Amazon region of Venezuela and
Brazil are characterized by sparse herbaceous cover on poor, acidic, sandy soils (Huber 1995).
Extensive stands of “moriche” palms (Mauritia flexuosa) typically occur in the perennially
wet, inundated areas of these savannas (so-called “morichales”, see Fig. 3E; Brito & Ramirez
1988; Huber 1995). In permanently wet pools certain Genlisea species are growing as
submerged aquatics, or freely floating in algae mats.

Fig. 3. Typical habitats of Genlisea (facing page). A. High altitude tepui meadow over sandstone rocks along
shallow streams on Churi-tepui of the Chimanta Massif in Venezuela. Vegetation dominated by Brocchinia
reducta (Bromeliaceae). Habitat of Genlisea glabra and G. roraimensis. B. Inselberg in northern Sierra Leone in
the rainy season. The wet ephemeral flush vegetation on the upper slopes consists of mats of the perennial,
poikilohydric ,,resurrection plant Afrotrilepis pilosa (Cyperaceae), and annual Poaceae. Habitat of Genlisea
stapfii. C. Perennially wet seepage site in scrubland over sandstone rock (“campos rupestres”) in Minas Gerais,
Brazil. In the cool, seeping water a sparse vegetation of Cyperaceae, Eriocaulaceae, Drosera (Droseraceae),
lichens and algae grows in peaty soil. A typical habitat of Genlisea aurea, G. repens, G. flexuosa and G.
metallica. D. Wet ephemeral flush vegetation on an inselberg in northern Sierra Leone. Habitat of Genlisea
barthlottii, which grows in pockets of soil with Eriocaulaceae and Cyperaceae. E. “Moriche” palm swamp
dominated by Mauritia flexuosa (Arecaceae) and Cyperaceae in the Gran Sabana, Venezuela. Typical habitat of
Genlisea repens, G. filiformis and G. guianensis. F. Perennially wet spring-fed seepage site in a periodically dry
swamp (“dambo”) in northern Zambia. This site is rich in many carnivorous plants, such as Drosera,
Utricularia, as well as Genlisea glandulosissima, G. africana, G. margaretae and G. subglabra. G. Periodically
wet white silica sand plain in the Gran Sabana, Bolivar state, Venezuela. Habitat of the annual species Genlisea
filiformis, G. oxycentron and G. pygmaea, as well as many species of Utricularia. In permanent wet ditches and
pools, G. guianensis, G. repens and G. nigrocaulis occur. H. Perennial seepage habitat over ferricrete layer in
northern South Africa. In the Sphagnum moss cover at the flush margins a rich community of Xyris and Lobelia
sp., as well as the carnivorous plants Drosera longiscapa, Utricularia welwitschii and Genlisea hispidula were
found.
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White quartzitic sands: campinas and muri

This habitat type represents perennial or seasonal, extremely nutrient poor, acidic,
infertile soils consisting of a thick layer of almost pure silica sand, with almost no vegetation
cover, however rich in endemic plants specialized to these habitats (Anderson 1981; Splett
1997; Oliveira et al. 2001), White sands also represent a valuable habitat for many
carnivorous plant species, provided that they are at least seasonally wet (Barthlott et al. 2004).
The Brazilian “campinas” (lowland patches of white sand soils, eg. in the Amazon, central
and south-eastern Brazil (Splett 1997) are floristically very similar to the white sand savannas
of the Guianas (eg. “muri” bush, Macedo & Prance 1978; Huber 1995; see Fig. 3G), and both
host similar species of Genlisea, usually annuals, but also a few perennial taxa.

1.3.3. History of Genlisea research in Munich

The first plant of Genlisea that entered cultivation was grown in Munich in the late
19th century — a G. violacea raised by Karl von Goebel in the Botanic Gardens from seed that
was sent to him by Carl A.W. Schwacke from Diamantina, Brazil (Goebel 1893). Goebel was
fascinated by the carnivorous nature, and especially the odd morphological modifications of
the common bauplan of vascular plants he observed in Genlisea and Utricularia. The diverse
anatomy and morphology of these two Lentibulariaceae genera, based on numerous preserved
and living specimens he thoroughly studied, has been described and illustrated by him in
detail in his fundamental works “Pflanzenbiologische Schilderungen” and “Organographie der
Pflanzen” (Goebel 1891, 1913). In the third edition of his comprehensive three volume work
“Organographie der Pflanzen”, published in 1928, he even started the introductory chapter
with an elaborate part about Genlisea as an example of a plant with unusual morphology (“§
2. Genlisea als Beispiel einer Pflanze mit ungewohnlicher Organbildung”, pages 1-5). In all of
his publications dealing with Genlisea, he kept pointing out his scientific interest and
fascination in the genus, which he considered to be “one of the strangest among all
carnivorous plants” (Goebel 1891).

Two of Goebel’s students, Edmund Merl and Francis Ernest Lloyd, at the time in

Munich, both continued and deepened his studies on Utricularia and Genlisea (eg. Merl
1915; Lloyd 1934), and the latter later summarized them in the probably most profound and
detailed work on carnivorous plants (Lloyd 1942) since Darwin’s “Insectivorous Plants”
(1875).
Philipp von Luetzelburg, also a student of Goebel at the Botanical Institute in Munich (his
doctoral thesis was about trap anatomy of Utricularia, Luetzelburg 1910), emigrated to Brazil
and there contributed much to the knowledge of Brazilian Lentibulariaceae (Luetzelburg
1922). His herbarium collections, including many new species, are deposited in Munich
herbarium, and — together with Martius’ Brazilian collections — provide a valuable basis for
the taxonomic work on Neotropical Genlisea species in Munich.

14



2. Discussion

The present thesis is based on six publications, which deal with the systematics,
phylogeny, and evolution, as well as the biodiversity and taxonomy of Lentibulariaceae, with
a special focus on the genus Genlisea. Two of the publications cover both topics. One
publication has its focus on methodical problems of DNA extraction from carnivorous plants.
Unpublished observations on flower biology of Genlisea, as well as a taxonomic checklist of
the genus are additionally presented in this thesis.

2.1. Systematics, phylogeny and evolution

2.1.1. Evolution of carnivory in Lamiales: Article I

A robust phylogenetic backbone of Lamiales

Our largely resolved phylogenetic tree of the order Lamiales, based on three fast
evolving choroplast markers (trnK/matK, trnL-F, and rpsl6) comprises major representatives
from all lamialean families.
Within the order Lamiales, the basal branching families Plocospermataceae, Oleaceae and
Carlemanniaceae (revealed as sister taxa), and Tetrachondraceae are indicated as consecutive
sisters to the remaining lamialean families, which have been circumscribed previously as
“core Lamiales” (Hilu et al. 2003). In the present topology, core Lamiales are arranged in four
major clades, which are consecutive sisters (all with maximum support). The sister pair of
Gesneriaceae and Calceolariaceae is sister to Plantaginaceae (sensu APGIII 2009), these are
sister to Scrophulariaceae (in the circumscription of Oxelman et al. 2005), which are sister to
a clade that was here referred to as ‘“higher core Lamiales”, comprising the families
Byblidaceae, Linderniaceae, Stilbaceae, Lamiaceae, Phrymaceae (here revealed as
paraphyletic), Paulowniaceae, the genus Rehmannia (formerly Scrophulariaceae s.l.),
Orobanchaceae, as well as an unresolved polytomy of the crown-group, consisitng of
Acanthaceae, Bignoniaceae, Lentibulariaceae, Martyniaceae, Pedaliaceae, Schlegeliaceae,
Thomandersiaceae, and Verbenaceae.

Polyphyly of carnivory, and the path to carnivorous Lamiales

Lamiales host the majority of the carnivorous plant species diversity known today
(Ellison & Gotelli 2009; Fleischmann 2010), and they are the single order among
angiosperms in which carnivory evolved at least twice, in only distantly related families.
The independent origin of Byblidaceae, not in relation to Lentibulariaceae, is highly
confirmed by our data. Byblis was indicated as closely related to Lentibulariaceae in several
previous phylogenetic reconstructions (Albert et al. 1992; Bremer et al. 2002; Jobson et al.
2003), a fact that even led to the inclusion of this genus in the family Lentibulariaceae in
APGII (2003). Morphological characters (flower symmetry, corolla morphology, gland
anatomy) however underline the discreteness of Byblidaceae, and more recent phylogenies
(including this one; but also Miller et al. 2004, 2006), which are based on a more
comprehensive taxon sampling, and thus providing a solid phylogenetic backbone for
Lamiales, clearly support Byblis as a distinct lineage at the base of the higher core Lamiales,
but not closely related to Lentibulariaceae. The latter family, represented by at least two
species from all three genera Pinguicula, Genlisea, and Utricularia in the present
phylogenetic reconstructions, is shown in an unresolved polytomy of the crown-group of
higher core Lamiales (in accordance with Miiller et al. 2006). Unfortunately, the present
topology still does not allow to identify the immediate sister of Lentibulariaceae.
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The lack of resolutions further hampers to reveal the actual affinity of Lentibulariaceae to
Martyniaceae, a familiy which comprises many strongly glandular genera, two of which
(Ibicella and Proboscidea) have been suggested to be carnivorous (Beal 1875; Mameli 1916),
or “proto-carnivorous” (Rice 1999). Indeed, both genera have very sticky glandular leaves of
the flypaper trap type, and they catch numerous arthropods (Rice 1999), however are not able
to absorb any nutrients from their “prey” (Plachno et al. 2009). The glandular hairs of
Martyniaceae are also not of a specialized type as found in Lentibulariaceae (see below), but
follow the general anatomy as found ubiquitously in glandular lamialean genera (Raman
1987; Miiller et al. 2004). The presence of sticky mucilage-secreting glands is widespread
among Lamiales (and other angiosperms), especially in floral parts, and small arthropdos have
frequently been reported to be adhering to these glands, which led to speculation of carnivory
in various plant genera since Darwin (1875; see Chapter 1.1). The main purpose of this
“devensive killing” (Juniper et al. 1989) is probably to exclude non-pollinating insects from
the flowers, and to protect the generative organs from herbivores (Kerner 1878). In several
other densely glandular lamialean genera, especially the parasitic members of Orobanchaceae,
the glandular hairs have been demonstrated to serve mainly for water excretion (Groom
1897). These secretory glands show a remarkably similarity in design and function to the
digestive glands of carnivorous Lamiales. This trapping and secretion equipment could
represent a “preadaptation” towards carnivory in Lamiales (Miiller et al. 2004), in line with
the postulated evolutionary steps that led to the carnivorous syndrome in Caryophyllales
(Heubl et al. 2006).

There is given experimental evidence that the carnivorous glands in Pinguicula also
play an additional defensive role against herbivores (Alcala et al. 2010), and the sticky foliage
might actually have evolved for defence purposes first case, and later was modified into a
successful flypaper trap. In both Lentibulariaceae and Byblidaceae, we find a gland
specialisation to either stalked secretory glands or sessile digestive glands. This parallels the
gland dimorphism observed in the carnivorous Caryophyllales (Juniper et al. 1989; Heubl et
al. 2006; Renner & Specht 2011), and represents a further specialisation towards carnivory, as
discussed by Heubl et al. (2006).

In contrast to the superficially similar glands of the adhesive traps found in the
carnivorous Caryophyllales (Drosophyllum, Triphyophyllum, Drosera), which are
vascularized (Fenner 1904; Juniper et al. 1989; Heubl et al. 2006) to enable exchange of
digestive fluid and nutirents, the unicellular or pluricellular stalks of the glands of Lamiales
are not lined with vascular bundles — neither in the non-carnivorous members, nor in the
highly specialized carnivorous taxa. Therefore, one key innovation towards carnivory in the
gland anatomy of Lentibulariaceae must have been the attachment of the digestive glands to
tracheid elements (Miiller et al. 2004), which is accompolished by a single large basal cell that
is embedded in the epidermis of the leaf. This prominent cell of the Lentibulariaceae glands,
which has storage purposes for prey digestion and nutrient uptake (“reservoir cell”; Heslop-
Harrison 1975), is physiologically connected to the subjacent tracheid cells by plasmodesmata
(Heslop-Harrison 1975, 1976). The cuticule of the gland head cells also became modified in
adaptation to the carnivorous syndrome, in that is bears several cavities, so-called “cuticular
gaps”, which serve for mucus secretion, enzyme release and nutrient uptake from the
dissolved prey (Juniper et al. 1989).

Although the shape of the glandular hairs found in the three genera of Lentibulariaceae
is very different (and even differs among members of the same genus in case of Utricularia
(Taylor 1989)), the functional anatomy is identical in all three genera (Heslop-Harrison 1975,
1976; Juniper et al. 1989; Ptachno et al. 2005a, 2007). The different structure rather represents
an adaptation to different trap types and ecosystems, which is also mirrored by the analogous
evolution of highly similar quadrifid glands in the aquatic traps of both Caryophyllales
(Aldrovanda) and Lamiales (Utricularia).

A possible reconstruction of the evolution of digestive glands and other morphological traits
of trap characters in the carnivorous Lamiales is illustrated in Fig. 4.
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2.1.2. Phylogeny and phylogeography of Genlisea: Article 11

The genus Genlisea was revealed as monophyletic, as it was already shown in
preceding molecular reconstructions focusing on Lentibulariaceae (Jobson et al. 2003; Miiller
et al. 2004, 2006; Miiller & Borsch 2005). In further accordance with these studies, our
phylogeny -that is based on the most comprehensive sampling of taxa from the genus to date-
also clearly revealed two major sister clades within Genlisea. These correspond to the two
subgenera (Tayloria and Genlisea) that have been put up based on capsule dehiscence
characters. Within G. subgenus Tayloria, the large, perennial species represent the basal
branching lineages, whereas the derived species are annuals or short-lived polycarpic species.
Three consecutive sister clades were obvious in G. subgenus Genlisea, which reflect
morphology and biogeography of their members, and were thus taxonomically circumscribed
as sections (see Chapter 2.2.1).

Genlisea is likely to have originated in the Neotropics, like its sister genus Utricularia
(Jobson et al. 2003; Miiller & Borsch 2005). We assume the origin in the south-eastern
Brazilian highlands, where the highest number of extant species (the greatest a-diversity) can
be found (Fromm-Trinta 1979; Taylor 1991; Fleischmann et al. 2011). Subgenus Tayloria is
also confined to this area (comprising the Brazilian states of Bahia, Minas Gerais, Espirito
Santo and Sdo Paulo), which coincidentally is simultaneously remarkable for hosting the
largest number of species of the sister genus Utricularia (Taylor 1989).

Genlisea subgenus Genlisea consists of three clades, two of them African
(representing sections Africanae and Recurvatae) and one of exclusively Neotropical species
(representing section Genlisea). The origin of this subgenus can be assumed in Africa: out of
all extant species sampled of this subgenus, the two consecutive sister clades comprising all
African species represent the basal lineages. One of them (section Recurvatae) gave rise to all
extant Neotropical species. The African Genlisea species therefore are paraphyletic, and do
not form a natural entity. The Neotropical species, in contrast, form a monophyletic group;
therefore a single colonization event of subgenus Genlisea in South America is likely.

Ancient vicariance or recent long-distance dispersal?

Given the disjunct transatlantic distribution pattern of Genlisea, one might argue that
the genus originated in the Western Gondwana area, while South America was still connected
to the African continent (as put forward by Plachno & Swiatek 2009). However, this would
imply an origin of the lamialean family Lentibulariaceae not later than the Late Cretaceous,
because from the Mid-Late Cretaceous, 110-100 million years ago (mya), northern South
America and the African continent started to drift away along a transform fault between
Brazil and Guinea, which opened the central South Atlantic (Scotese et al. 1988). Connections
between the two newly formed continents, which could have served as stepping stones for
biota exchange, could have persisted via volcanic islands on mid-ocean ridges until about 95
mya (Raven & Axelrod 1972). Still, this geologically too old, reckoning that Lentibulariaceae
belong to one of the most derived lineages of the crown group of the phylogenetically young
angiosperm order Lamiales (“higher core Lamiales”, Schéferhoff et al. 2010). The minimum
age of the crown group of Lamiales is estimated ca. 95-97 mya, that of the stem group ca.
104-106 mya (Bremer et al. 2002; Janssens et al. 2009). Unfortunately, reliable relaxed-clock
estimates for the age of Lentibulariaceae have thus far been hampered by both the absence of
useful fossil calibration points and the still unresolved phylogenetic position of the family
within Lamiales (Schéferhoff et al. 2010). Nevertheless, it cannot be denied from the evidence
given above that the entire affinity of crown Lamiales is verifiably too young as that the
disjunct trans-Atlantic distribution pattern observed in Genlisea could be explained by
vicariance hypothesis.
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Long-distance dispersal nowadays is widely accepted to explain disjunct ranges of
many plant taxa (Nathan 2001, 2006; Renner 2004). To explain the extant distribution of
Genlisea, two subsequent colonization events by long-distance dispersal in opposite
directions across the Atlantic have to be assumed. Presumably the common ancestral lineage
for all African species (leading to subgenus Genlisea) has colonized the African continent by
long-distance dispersal events from South America (assuming the Neotropics as centre of
origin for the genus). After a radiation of subgenus Genlisea in Africa (extending to
Madagascar) that gave rise to the extant sections Africanae and Recurvatae, an ancestral
member of this lineage re-colonized South America, there leading to a second radiation of
Neotropical Genlisea. The paraphyly of the African Genlisea species (giving rise to all
Neotropical members of subgenus Genlisea) contradicts a boreotropics migration, but favors
transatlantic long-distance dispersal to explain the extant disjunction in the range of Genlisea,
like it had already been proposed by Thorne (1973).

Transatlantic long-distance dispersal by water seems to be much more common than
dispersal by birds or wind, and even bidirectional transatlantic dispersal of diaspores of
several angiosperm taxa can parsimoniously be linked to existing or past sea currents between
South America and Africa (Renner 2004). Seeds of Genlisea are minute (Kamienski 1890;
Fromm-Trinta 1979; Taylor 1991; Fleischmann et al. 2011), 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 directly. However small seeded plant taxa could have possibly crossed the Atlantic
in packets of soil attached to “floating islands” of drifting vegetation (Renner 2004).

Interestingly, species of plant communities adapted to spatially scattered habitats
(“functional islands”, Prance 1996), such as white sands and granitic inselbergs —typical
habitats of Genlisea (see Chapter 1.3.2) — show a higher dispersal ability than florisitc
elements of the surrounding vegetation, in order to colonize new suitable habitats (Macedo &
Prance 1978; Groger 2000; Arbeldez & Duivenvoorden 2004). However this does not mean
that they feature a special “predestination” to long-distance dispersal, as these rare and
occasional events that constitute the tail-end of the distribution kernel are neither purposive
nor predictable, therefore there is no possibility for organisms to (pre-)adopt to it (S. Renner,
pers. com.). Moreover, there is no verifiable correlation between seed size or morphology and
long-distance dispersal events (Higgins et al. 2003).
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2.1.3. Radiation of the Andean Pinguicula: Article IV

The South American species of Pinguicula were considered to represent a closely related
natural entity by Casper (1966), based on biogeography, growth type and corolla characters,
and classified by him as Pinguicula section Ampullipalatum.

However we revealed that Casper’s section Ampullipalatum is polyphyletic. The two
south Andean rain forest species from Antarctic to Subantarctic latitudes (P. antarctica and P.
chilensis - the latter was not sampled for Beck et al. 2008, but ITS sequence data (Kondo &
Shimai, unpublished; accession number AB212101, available at NCBI GenBank) confirm a
sister relationship) are sister to the central Andean species (P. calyptrata, P. involuta and P.
chuquisacensis). The northern Andean P. elongata from Venezuela and Colombia is not
related to this alliance, but sister to a clade comprising the Mexican and Carribean species.
This group presents the majority of species of the genus, and resulted from a young radiation
of Pinguicula in Central America (Cieslack et al. 2005; Shimai & Kondo 2007; Shimai et al.
2007).

The phylogenetic connection of the northern Andean P. elongata to the Central

American species is corroborated by the growth type of this species, which is tropical-
heterophyllous (Fernandez-Pérez 1964; Casper 1966; Hernandez-Melan 2009). The plant
forms two types of leaves during a vegetation period, namely long thread-like carnivorous
glandular leaves during the period of active growth, and small, succulent, scale-like
eglandular, non-carnivorous leaves arranged in a bulb-like resting bud (“hibernaculum”) for
draught and winter dormancy. A transitional intermediate type of short succulent leaves is
formed at the beginning of the short dry sommer dormany (Hernandez-Melan 2009). This
growth type connects to the majority of Central American species, which show a tropical-
heterophyllous growth type that is adapted to a seasonal climate with pronounced dry summer
dormancy, during which they form bulb-like subterraneous resting buds or rosettes of small
succulent non-carnivorous leaves (Casper 1966; Legendre 2000). The remaining Andean
species, in contrast, display a homophyllous growth type (Casper 1966), this means they do
not respond to the seasonal climate of their habitats by forming a special type of leaves, but
produce carnivorous foliage throughout the year.
The homophyllous Andean species belong to a well-supported clade at the base of the
Pinguicula phylogenetic tree. They are sister to a group of species confined to coastal regions
of the eastern United States, and common sister to both is a sister pair of two Mediterranean
taxa. All species of this affinity are of homophyllous growth type, which thus can be
considered to represent the ancestral state in the genus (Cieslack et al. 2005; Miiller et al.
2006; Degtjareva 2006). This clade is sister to four consecutive sister clades, the first three
branching comprising the European and East Asian species of heterophyllous growth type.
The most derived group consists of a clade formed by the Central American species and their
sister P. elongata, which are also primary heterophyllous. However some annual species of
this clade, as well as the species of the Carribean which occur in a perennial tropical climate
display a tropical-homophyllous growth (Casper 1966; Legendre 2000), which however can
be considered convergent evolution of this growth type (see also Cieslack et al. 2005; Shimai
& Kondo 2007; Shimai et al. 2007).

Casper (1966) already postulated the diversification of South American Pinguicula
connected to the raise of the Andes, based on the “Nordic Invasion” theory. This hypothesis
assumes that most of the high Andean flora elements which belong to genera of largely north
temperate distribution (including Pinguicula, according to Diels (1937)) migrated from North
America via the Central American isthmus to South America during the cooling climates of
the Mid-Pliocene. Evidence for this theory arises from paleobotanical data (Burnham &
Graham 1999), and molecular phylogeographic reconstructions of other plant genera (eg.
Hughes & Eastwood 2006). The fact that the closest extant sister group of the Andean
Pinguicula are the species from the eastern United States favours a colonization of the Andes
by a southward migrating lineage of Pinguicula, probably from the northern hemisphere.
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2.2. Biodiversity and taxonomy

2.2.1. Infrageneric classification of Genlisea: Article 11

Three modes of capsule dehiscence are known in Genlisea fruits. Longitudinally
bivalvate capsules were first recognized by Benjamin (1847) in his G. reflexa, but he
erroneously assumed this character for the whole genus. Stopp (1958) described and
illustrated the unique spiral circumscissile dehiscence he observed in an African member of
the genus. Fromm-Trinta was the first to recognize that longitudinally valvate capsules were
only found in a single species known at the time, G. violacea (which also differs in other
characters from the remaining species known at the time), and proposed a new section, G.
section Tayloria Fromm, for that species (Fromm-Trinta 1977). Two further species were
described later and added to that section (Taylor & Fromm-Trinta 1983; Fromm-Trinta 1989).

Fischer et al. (2000) weighted the taxonomic value of the capsule dehiscence even
higher (capsule dehiscence characters are considered taxonomically important in several other
genera of Lamiales, see Fischer et al. 2004), and raised Fromm’s section Tayloria to subgenus
rank. This classification is supported by further morphological characters which distinguish
members of both subgenera, namely corolla shape and spur orientation (Fleischmann et al.
2010), the hairs covering the inflorescence parts (which are pluricellular (“septate”) in G.
subgenus Genlisea, but bicellular or unicellular (“non-septate”) in G. subgenus Tayloria;
Fromm-Trinta 1979; Fleischmann et al. 2011), pollen morphology (Fromm-Trinta 1981;
Taylor 1989), ovule development (Ptachno & Swiatek 2009), micromorphological characters
of the rhizophyll detentive hairs (Fromm-Trinta 1979, 1981; Reut 1993; Fleischmann et al.
2010), and distribution pattern and anatomy of the digestive glands inside the traps (Reut
1993; Ptachno et al. 2005a, 2007). Further evidence arises from molecular phylogenetic data
(Jobson et al. 2003; Miller et al. 2004, 2006; Fleischmann et al. 2010), which show both
subgenera to represent monophyletic sister groups.

Based on the three clades which were evident for G. subgenus Genlisea, we proposed
a further classification in three sections to comprise all members of that subgenus. Fischer et
al. (2000) arranged the African species of Genlisea in three different informal groups based
on the morphological characters of inflorescence and capsule indumentum, life history, and
position of the pedicel in fruit. They distinguished a group I of perennial plants with glandular
inflorescence and ovaries, and with pedicels that are reflexed in fruit, a group Il that
comprises annual species with glandular inflorescence and ovaries and pedicels not reflexed
in fruit, and a group Il for the perennial species with glabrous scapes and ovaries covered
only with eglandular hairs, as wells as pedicels not reflexed in fruit.

Our sectional classification agrees with group | of Fischer et al. (2000), which
represents G. section Recurvatae A. Fleischm. Kai Muell., Barthlott & Eb. Fisch., comprising
the three African species which have a pedicel that is strongly recurved (to circinate) in fruit,
namely G. margaretae, G. glandulosissima and G. pallida. All three are perennial plants that
have densely glandular inflorescence scapes and ovaries. The African species that were
separated to groups Il and 111 respectively by Fischer et al. (2000) on the base of life history
and the presence or absence of glandular hairs on scapes and ovaries were revealed as
monophyletic entity (however representing sister subclades), and thus were collectively
grouped in G. section Africanae A. Fleischm., Kai Muell., Barthlott & Eb. Fisch. All
members of this section are characterized by a pedicel that remains erect in fruit, in
combination with an African distribution.

The remaining species are the Neotropical members of G. subgenus Genlisea, which
are found united in a clade comprising also the generic type, G. aurea, and thus automatically
became the type section, Genlisea A. St.-Hil. section Genlisea. The members of this group are
the Neotropical species that have a pedicel that is erect in fruit — or simply speaking those
New World species of Genlisea which do not belong to G. subgenus Tayloria.
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Therefore any Genlisea species can be clearly assigned to one of the four infrageneric
categories based on the two characters “distribution” (Neotropical versus African) and
“fruiting pedicel pattern” (erect versus reflexed to circinate) alone:

distribution  pedicel in fuit taxonomic capsule dehiscence
category
Neotropical | reflexed/circinate | G. subgenus subgen. bi
: — . ivalvate
Tayloria Tayloria
Neotropical | erect G. section
Genlisea
African reflexed/circinate | G. section subgen. circumscissile/
Recurvatae Genlisea spiral
African erect G. section
Africanae

Of course further morphological characters aid this classification (see Fleischmann et
al. 2010), if biogeography or fruiting characters are not known for a given specimen. In
addition, Neotropical species of Genlisea can readily be assigned to either subgenus by the
capsule dehiscence alone (read above diagram from the right).

2.2.2. Five new species and a revision of Genlisea subgenus Tayloria: Article 111

Subgenus Tayloria is endemic to the highlands of eastern Brazil. All but one species
are confined to at least seasonally wet habitats in campos rupestres vegetation of the
Espinhaco Range (and few djacent mountain ranges) that lies in the states of Minas Gerais
and Bahia, whereas a single member, G. /lobata, only occurs on granitic mountains and
inselbergs at the border between Minas Gerais and Espirito Santo states. Detailed distribution
maps for all species, based on comprehensive herbarium and field studies, are presented in the
revision. The flora of the Epsinhaco Highlands shows a remarkable degree of endemism,
often on a very small local scale (Giulietti & Pirani 1988; Rapini et al. 2002; Echternacht et
al. 2011), and indeed, three of the five newly described species (G. metallica, G. nebulicola
and G. oligophylla) are microendemic to a narrowly restricted area, and are currently known
only from a single, or two locations. As these locations, like the majority of ecologically
vulnerable carnivorous plant habitats in the Espinhaco Range, are threatened by human
development — mainly by mining and agriculture — we assigned these three new species to the
Red List category “critically endangered” according to the [IUCN (2001) criteria.

The pattern of the fruiting pedicel reflexion was found to be a taxonomically useful
morphological character for species delimitation in G. subgenus Tayloria. A single species,
the phylogenetically basal branching G. uncinata (Fleischmann et al. 2010), has pedicels that
are strongly circinate in fruit, whereas in all other species, the pedicel becomes reflexed or
recurved in a distinctive, species-specific way after the flower has been pollinated
successfully.

The species of G. subgenus Tayloria can further be distinguished by seed shape and testa
ornamentation (characters which are also useful for species delimitation in the sister genus
Utricularia (Taylor 1989)), and seeds are illustrated by line drawings and scan electron
microscope (SEM) micrographs for all eight species of the subgenus. The basalmost
branching member of the subgenus, G. uncinata, is characterized by a unique seed shape and
papillate testa surface, which is distinct from all other Genlisea species. This species also
differs from all other members of G. subgenus Tayloria by its entire corolla upper lip, and a
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(slightly) expressed gibbous palate, two characters shared with species of G. subgenus
Genlisea. The overall corolla shape, however, with a spur that is divergent from the corolla
lower lip, but paralleling the pedicel, forming salverform blossom (Erbar & Leins 2010), is in
accordance with the remaining members of G. subgenus Tayloria.

When put in phylogenetic context (G. flexuosa and G. metallica correspond to G. aff.
violacea ‘giant’ and G. sp. ‘Itacambira’ respectively in Fleischmann et al. 2010; unpublished
sequence data for G. oligophylla reveal it as consecutive sister to G. metallica; no sequence
data available for the two new annual species yet), it becomes evident that the large, perennial
species (G. uncinata, G. oligophylla, G. flexuosa, and G. metallica) represent the early
branching taxa in G. subgenus Tayloria, which are consecutive sisters to the annual species.
The origin of G. subgenus Tayloria can be assumed in the northern part of its range, as the
extant most basally branching species, G. uncinata, is confined to the high mountain tops of
the Chapada Diamantina, Bahia. From there, a phylogeographic southward migration is
observed in the subsequently branching species: G. flexuosa occurs further south, but still
represents the northernmost outpost of G. subgenus Tayloria in the Espinhaco Range of
Minas Gerais, followed by the slightly more southerly occurring G. metallica, and finally the
derived group, comprising the annual species G. violacea and G. lobata, which greatly extend
the range far to the south and south-west, and east respectively. The polyphyly of G. violacea
observed in the phylogenetic reconstructions of Fleischmann et al. (2010) — a single accession
of G. violacea did not group with the remaining specimens sampled of this species but
showed up in an unresolved trichotomy comprising G. metallica and the clade of annual
species — can additionally be explained after the taxonomic revision of the subgenus. This
“outlier” most likely resulted from material of an intermediate plant between G. violacea and
G. flexuosa, which either represents a natural hybrid, or a fertile lineage of hybrid origin.
These plants are found in certain regions, where the ranges of both putative parent species
border.

2.2.3. Preliminary notes on Genlisea flower biology and pollination

Pollinator observations in Lentibulariaceae are rare, and only a few publications are
dealing with their floral biology, mainly focussing on aquatic species of Utricularia (Kondo
1972; Jérémie 1989; Khosla et al. 1998; Yamamoto & Kadono 1990; Araki & Kadono 2003;
Hobbhahn et al. 2006). No reports about floral visitors or mating system of Genlisea have
been made thus far, and therefore some notes on the flower biology of the genus, based on my
own observations made on plants in cultivation and in situ in Western African and Brazil are
presented here.

Flower types and pollinators

Both subgenera further display a slightly different corolla morphology, which
corresponds to two distinct flower types (Fleischmann et al. 2010).
Members of G. subgenus Genlisea are characterized by masked flowers (“snap-dragon
blossoms”). In this type of personate flowers, a gibbous mask formed by the palate of the
lower lip is firmly appressed to the upper lip, and therefore hiding the entrance to the corolla
tube and nectar spur. The way to the flower interior has to be pushed open, either by the
weight of the pollinator that is landing on the lower lip, or the pollinator is forcing its way by
pulling the mask down. In the snap-dargon type flowers, the corolla tube is usually entered by
the pollinator (see Fig. 7E). An unidentified member of the bee family Halictidae (“sweat
bees”; bee taxa identified to the best of my knowledge) was observed by myself acting as
pollinator of G. stapfii in a mass population of the plant on a small inselberg in northern
Sierra Leone, where the small bees were frequently visiting the abundantly present small blue
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flowers. The bees were pushing open the two corolla lobes, entering the corolla tube with
their front body and forelegs (see Fig. 7E), and the white pollen of the Genlisea got deposited
on the dorsal thorax of the bee, while it was feeding on the nectar from the spur. The bees
stayed at each individual flower for a few seconds. As the bees were usually visiting several
flowers of the Genlisea (almost the exclusive flowers present in the wet sward community on
this inselberg among many Poaceae and Cyperaceae) subsequently, and pollen transfer from
one flower to another was recorded. Therefore, melittophily can be reported for flowers of
certain Genlisea. A larger bee, probably a male Megachilidae was observed and pictured as
floral visitor of the large-flowered G. aurea in Brazil by F. Rivadavia (Fig. 7F). Megachilid
bees are common generalist visitors of the majority of plants of the campos rupestres
vegetation in Brazil (Freitas & Sazima 2006).

The members of G. subgenus Tayloria (perhaps except G. uncinata) display a different
corolla design, with a slender, long corolla tube with narrowed entrance and disc-like
spreading corolla lobes (creating a landing platform). They are typical “salverform blossoms”
(hypocrateriform flowers), which are generally pollinated by insects with a long proboscis,
like butterflies, moths, or dipterans like bombyliid flies (bee flies). In salverform flowers, the
pollinator does not enter the corolla tube with its head, and pollen is likely to be deposited on
the proboscis of the pollinator (Leins & Erbar 2010). Unfortunately, no flower visitors of any
members of this subgenus could be observed during a field-trip to Brazil in 2010. The overall
corolla shape of G. subgenus Tayloria closely resembles the flowers of the basal
Lentibulariaceae genus Pinguicula, whereas the corolla design of G. subgenus Genlisea is
identical to that of the sister genus Utricularia.

A possible specialization of members of both subgenera of Genlisea to different
pollinators might be the reason for the different corolla morphology, and perhaps this is also
linked to the observed differences in pollen morphology (Fromm-Trinta 1979, 1981; Taylor
1991). However comparative palynological data and pollinator observations are still lacking
for the genus.

Breeding system

The zygomorphic flowers of Genlisea are chasmogamous and entomophilous (Taylor
1991; Fleischmann pers. obs.), however little is known about the breeding system yet.
Autogamy was suspected by Taylor (1991), based on his observation and reports that certain
species of Utricularia - which display a similar flower design - are facultative autogamous
(Jérémie 1989; Taylor, 1989). My own hand-pollination and crossing experiments on plants
grown in cultivation, and based on a broad sampling of species, showed that some members
of G. subgenus Genlisea are indeed facultative autogamous and will self readily (especially in
species with a small corolla, eg. G. margaretae, G. glandulosissima, G. pygmaea, G.
filiformis, G. oxycentron, G. repens and G. nigrocaulis, almost every flower will develop into
a ripe capsule even without pollination), while others (especially those with larger sized
corollae) do not autonomously self. Non of the eight species of G. subgenus Tayloria was
observed to be selfing in cultivation. And there is strong evidence that all species of this
subgenus are allogamous when growing in their natural habitats, too: in all members of this
subgenus, the pedicels reflex or bend down after the flower has successfully been pollinated
(Fleischmann et al. 2011), whereas the pedicel of a flower with no fruit set will remain erect
after anthesis. During my field studies I noticed that on ripe infructescences of any species,
usually a certain percentage of pedicels is not reflexed and has not set ripe capsules. This is
confirmed from herbarium specimens of fruiting plants of all taxa, which frequently show
several pedicels on a scape that are not reflexed, and which do not bear a developing capsule.

Therefore several species of Genlisea seem to need insect visitation and allogamy for
successful fruit set, however apparently not necessarily xenogamy (“outcrossing”), because in

* plants were kept indoors in a closed terrarium setup under artificial lights, in order to exclude possible
pollinators.
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cultivation all species of Genlisea (from both subgenera) can be selfed manually with their
own pollen, which leads to normally developing capsules containing fertile seed (the seed
produced from manual selfing did not show less germination ability than seed produced from
artificial cross-pollination). Therefore no pollen self-incompatibility seems to be given. Parts
of my results got supported independently by the crossing experiments of F. Rivadavia and
M. Welge made with greenhouse-grown plants (pers. com.). Interspecific hybrids between
closely related species can be made artificially (Fleischmann et al. 2011; K. Pasek, pers.
com.), and do also rarely occur naturally (Fischer et al. 2000; Fleischmann et al. 2010),
however no successful crossings between members of both subgenera, or different sections
could be artificially created (Fleischmann, pers. obs.).

corolla upper lobe

/

palate —— ——cama

corolla

____— lower lobe

Fig. 7. Flower types and pollinators of Genlisea. Comparison of corolla design in both subgenera, longitudinal
sections of flowers. A. G. subgenus Tayloria (shown G. flexuosa). B. G. subgenus Genlisea (shown G.
hispidula). The orientation of the spur differs, forming a long tubular throat in Tayloria. In subgenus Genlisea,
the entrance to the corolla tube is masked by the upwardly arching gibbous palate. C. Front view of a typical
Tayloria flower (shown G. flexuosa), depicting the small slit between upper corolla lip and the yellow guide-
mark of the lower lip, where the proboscis of the pollinator is likely to be entered (arrow). D, E. Pollinator of G.
stapfii in Sierra Leone (Halictidae indet.). F. Flower visitor of G. aurea in Brazil (pollination not observed),
probably Megachilidae (photo by F. Rivadavia with kind permission).
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2.2.4. A new Andean species of Pinguicula: Article IV

Pinguicula chuquisacensis S. Beck, A. Fleischm. & Borsch was described and illustrated as a
new species. The plant is narrowly endemic to a single vertical sandstone dripping wall in the
valley of Nuevo Mundo in the department of Chuquisaca of south-eastern Bolivia, where it
occurs at submontane to montane altitudes from ca. 2100 to 2500 m. Because of its narrow
distribution to a single site, it is assigned to the Red List category “Critically Endangered”
according to the [TUCN (2001) criteria.

At about the same time, P. jarmilae Halda & Malina (Halda et al. 2007) was described
based on unauthorized collected material of the same taxon from idem location in Bolivia.
The respective authors published their description in a journal edited and released by the first
author himself, with the publication dated to late 2007. Although the publication was only
sent electronically as a PDF file, which does not constitute an effective publication according
to the nomenclature rules of the ICBN, the publication date was accepted, as the authors
claimed that the print version could not be distributed in time. It seems likely that this
publication has to be given priority, and thus P. chuquisacensis actually represents a
nomenclatural synonym of P. jarmilae.

Morphologically regarded, the new species appears most closely related to P.
calyptrata, especially in terms of corolla morphology (Beck et al. 2008), and growth habit
(see below). However molecular data (Beck et al. 2008) clearly show that P. chuquisacensis is
sister to P. involuta, and it has already become evident from previous phylogenetic studies
(Cieslack et al. 2005; Miiller et al. 2006; Kondo & Shimai 2006; Shimai & Kondo 2007,
Shimai et al. 2007) that vegetative characters and especially the corolla morphology are in
fact useful for species delimitation in Pinguicula, but not for a solid infrageneric classification
of the genus.

Pinguicula chuquisacensis differs from all Andean species by its large oblong leaves,
in which the leaf margins are only slightly incurved. Like P. calyptrata it forms stolons that
are originating from the leaf axils (Fleischmann, pers. obs. from cultivated specimens).
Interestingly, stolons are absent in its sister species P. involuta, but are prolifically produced
by the common sister of both, P. calyptrata (Casper 1966). This could represent an adaptation
to different habitats, as P. chuquisacensis and P. calyptrata are colonizing wet open soil and
steep dripping rock surfaces with shallow soil cover (Casper 1966; Beck et al. 2008), whereas
P. involuta predominantly grows in carpets of moss, bogs, and in deep peaty soils that are rich
in organic matter (Casper 1966; Brako & Zarucchi 1993; Rivadavia pers. com.), but it is
found only very rarely on bare clayey soils (Casper 1966). Therefore, the stolon-forming habit
of the two former species could represent an adaptation to quickly colonize exposed soil.
Stolon runners are also known from two European Pinguicula species (P. vallisneriifolia and
P. longifolia; Casper 1962, 1966; Blanca et al. 1999; Legendre 2000), as well as few Mexican
and Central American species (P. stolonifera, P. gigantea; Luhrs 1995; pers. obs.), all of
which are matt-forming lithophytes on vertical cliffs or exposed rock. On the other hand, a
great number of lithophytic Pincuicula species do not form runners, thus this mode of
vegetative propagation, which evolved several times in the genus, sees not to be necessarily
connected with certain habitat preferences.

The stolon-forming habit of P. chuquisacensis was first noticed by Halda et al. (2007), but not
obvious from the herbarium material I studied for Beck et al. 2008, and apparently not noticed
by Hibert Huaylla, who studied P. chuquisacensis at the locus classicus in Bolivia.
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2.2.5. A new Brazilian species of Utricularia: Article V

Utricularia rostrata A .Fleischm. & Rivadavia has been discovered by Fernando Rivadavia in
the Chapada Diamantina mountain range of Bahia state, north-eastern Brazil in 1992. It is
quite frequent in the high altitude sandstone mountains of this area, and it was personally
studied by myself in situ in April 2010.

The highlands of the sandstone mountains of the Chapada Diamantina, which
represent the northern section of the Espinhaco Range, are well-known for their species
diversity and high levels of endemism (Stannard 1995; Funch et al. 2009). 20 species of
Utricularia occur in this area (Taylor 1989), four of which are endemic, including the newly
described U. rostrata. The area is quite well-explored botanically, nevertheless this delicate
species has been overlooked in Flora treatments thus far (eg. Harley & Mayo 1980; Harley &
Simmons 1986; Zappi et al. 2003), which, considering its widespread range and common
occurance in the Chapada Diamantina, can only be explained by its diminuitive size.

We explain the unique seed dispersal mechanism of U. rostrata, in which the
prolonged lower calyx lobe (which is persistant in fruit, like in all members of the genus),
onto which the seed is shed from the ripe capsule, will act like a catapult to spread the seeds
when hit by a rain dropplet. This “splash cup” mechanism of rain dispersal (ombrochory)
might also apply to a few other species of Utricularia which have a similar lower calyx lobe
that is greatly enlarged in fruit), and was postulated by us for the genus for the first time.
Many plant species of open soil habitats in the Neotropics have either wind or water-dispersed
seed (Macedo & Prance 1978; Groger 2000; Arbeldez & Duivenvoorden 2004), and this is
also true for several carnivorous plants from these habitats (Fleischmann et al. 2007,
Rivadavia et al. 2009).

Utricularia rostrata was assigned to U. section Aranella (Barnhart) P.Taylor based on
morphological characters (trap morphology, corolla characters and shape and sculpture of the
seed). The species was meanwhile included in phylogenetic reconstructions of the genus
Utricularia (Schéferhoff 2011), and its placement within this section is confirmed by
molecular data as well. Trap morphology and seed characters have been shown to be useful
taxonomic tools for the infrageneric classification of Utricularia (Taylor 1989), and the
morphology-based sectional concept proposed by Taylor (1989) has been shown largely
congruent with the phylogenetic reconstructions of the genus (Jobson et al. 2003; Miiller &
Borsch 2005; Miiller et al. 2004, 2006; Schiferhoff 2011).

U. catolesensis G.L.Campos, M.Cheek & Giul. (Campos et al. 2010), which has been
described later from the same area, is conspecific and represents a nomenclatural synonym of
U. rostrata.

2.2.6. Checklist of Genlisea

In treatments previous to those of this thesis, 21 species of Genlisea were recognized (Taylor
1991; Fromm-Trinta 1984). However several species that were sunken in synonymy are
considered as distinct species based on distinctive morphological characters (from herbarium
studies, including the type specimens, and from field observations made on plants in situ).
This species concept is also confirmed by molecular data (Fleischmann et al. 2010).
Furthermore, five species were newly described in Article II1.
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Following the current species concept, the genus comprises 32 taxa (31 accepted
species and one yet undescribed species), 21 (including the undescribed species from section
Genlisea) occurring in South America, and 11 from Africa (including Madagascar).

Distribution ranges were determined from herbarium records, and from literature
(location data that seemed doubtful were verified by personal examination of the respective
herbarium specimens: Fernandez-Pérez 1964; Fischer et al. 2000; Fleischmann et al. 2010,
2011; Fromm-Trinta 1979, 1984; Olvera & Martinez 2002; Ritter & Crow 2000; Taylor 1967,
1991, 1999). The countries of the distribution range are arranged from North to South, the
country of the type collection is underlined.

Genlisea A.St.-Hil. — VVoy. Distr. Diam. 2: 428 (1833).

Genlisea subgen. Tayloria (Fromm) Eb.Fisch., S.Porembski & Barthlott - Nordic J. Bot. 20:
293 (2000), basionym: Genlisea sect. Tayloria Fromm — Bol. Mus. Nac. Rio de Janeiro, Bot.
44: 1(1977).

. biloba Benj. — Fl. Bras. (Martius) 10: 254 (1847). = violacea A. St.-Hil.

. cylindrica Sylvén — Ark. Bot. 8(6): 4 (1909). = violacea A. St.-Hil.

. exhibitionista Rivadavia & A.Fleischm. — Phytotaxa 32: 19 (2011). Brazil.

. flexuosa Rivadavia, A.Fleischm. & Gonella — Phytotaxa 32: 15 (2011). Brazil.
. lobata Fromm — Bradea 5(14): 152 (1989). Brazil.

. metallica Rivadavia & A.Fleischm. — Phytotaxa 32: 5 (2011). Brazil.

. nebulicola Rivadavia, Gonella & A.Fleischm. — Phytotaxa 32: 21 (2011). Brazil.
. oligophylla Rivadavia & A.Fleischm. — Phytotaxa 32: 10 (2011). Brazil.

. reflexa Benj. — Fl. Bras. (Martius) 10: 254 (1847). = (?) violacea A. St.-Hil.

. uncinata P.Taylor & Fromm — Bradea 3(41): 365 (1983). Brazil.

. violacea A.St.-Hil. — Voy. Distr. Diam. 2: 429 (1833). Brazil.

OOOOOOOOLOLOO

Genlisea subgen. Genlisea sect. Africanae A.Fleischm., Kai Muell., Barthlott & Eb.Fisch. —
Mol. Phylogenet. Evol. 56: 781 (2010).

G. africana Oliv. — J. Linn. Soc., Bot. 9: 145 (1865) [1867 publ. 1865]. Angola, Zambia,
Zimbabwe, DR Congo (Congo-Kinshasa).

G. africana Oliv. subsp. stapfii (A.Chev.) P.Taylor — in Fl. Afr. Centr. Spermatophyt.
Lentibulariac.: 58 (1972). = stapfii A. Chev.

G. africana Oliv. f. pallida R.E.Fries — Schwed. Rhod.-Kongo Exp.1: 301 (1916) = africana
Oliv.

G. angolensis R.D.Good - J. Bot. 62: 165 (1924). Angola, DR Congo (Congo-Kinshasa)

G. barthlottii Porembski, Eb.Fisch. & B.Gemmel — Bull. Mus. Natl. Hist. Nat., B, Adansonia
Sér. 4, 18: 152 (1996). Guinea, Sierra Leone.

G. hispidula Stapf — Fl. Cap. (Harvey) 4, II: 437 (1904). Nigeria, Cameroun, Central African
Republic, DR Congo (Congo-Kinshasa), Kenya, Tanzania, Zambia, Zimbabwe, Malawi,
Mozambique, Angola, South Africa.

G. hispidula Stapf subsp. subglabra (Stapf) P.Taylor — Kew Bull. 26 (3): 444 (1972). =
subglabra Stapf

G. stapfii A.Chev. — Bull. Soc. Bot. France 58(Mém. 8d): 188. 1912 [1911 publ. 1912].
Senegal, Mali, Guinea-Bissau, Guinea, Sierra Leone, Liberia, Ivory Coast, Burkina Faso,
Cameroun, Central African Republic, Gabon, Rep. Congo (Congo-Brazzaville), DR Congo
(Congo-Kinshasa).
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G. subglabra Stapf — FI. Trop. Afr. [Oliver et al.] 4(2.3): 498. 1906 [Jun 1906]. Zambia, DR
Congo (Congo-Kinshasa), Burundi, Tanzania, Malawi.

G. subviridis Hutch. — Botanist S. Afr. 528 (1946), in adnot. Zambia.

G. taylorii Eb.Fisch., Porembski & Barthlott — Nordic J. Bot. 20(3): 311 (2000), as 'taylori'.

Angola.

Genlisea subgen. Genlisea sect. Recurvatae A. Fleischm., Kai Muell., Barthlott & Eb. Fisch.
— Mol. Phylogenet. Evol. 56: 781 (2010).

G. glandulossisima R.E.Fr. — Wiss. Erg. Schwed. Rhodesia-Kongo-Exp. 1911-1912 i: 301
(1916). Zambia, Tanzania.

G. margaretae Hutch. — Botanist S. Afr.: 529 (1946), in adnot. Zambia, Tanzania,
Madagascar.

G. pallida Fromm & P.Taylor — Bradea 4(27): 177 (1985). Zambia, Angola.

G. recurva Bosser — Naturaliste Malgache X: 23 (1959). = margaretae Hutch.

Genlisea subgen. Genlisea sect. Genlisea

G. aurea A.St.-Hil. — Voy. Distr. Diam. 2: 429 (1833). Brazil.

G. anfractuosa Tutin — J. Bot. 72: 310. (1934). = filiformis A. St.-Hil.

G. esmeraldae Steyerm. — Fieldiana, Bot. 28: 534 (1953). = pygmaea A. St.-Hil.

G. filiformis A.St.-Hil. — VVoy. Distr. Diam. 2: 430 (1833). Brazil, Venezuela, Guiana,
Colombia, Bolivia, Cuba, Belize, Honduras, Nicaragua, Mexico.

G. glabra P.Taylor - Mem. New York Bot. Gard. 17(1): 203 (1967). Venezuela.

G. guianensis N.E.Br. — Hooker's Icon. PI. 27: t. 2629. 1900 [1901 publ. May 1900].
Venezuela, Guiana, Brazil, Bolivia.

G. luetzelburgii Merl — ex Luetzelb. Estud. Bot. Nordeste Braz. 3: 223 (1923) [Insp. Fed.
Obras Secc.Publ. 57] nomen, = guianensis N.E. Br.

G. luteoviridis C.Wright — Anales Acad. Ci. Med. Habana 6: 319. 1869 in Sauv. Fl. Cub. 90.
= filiformis A.St.-Hil.

G. minor A.St.-Hil. — VVoy. Distr. Diam. 2: 430. Brazil.

G. nigrocaulis Steyerm. — Bull. Torrey Bot. Club 75: 657 (1948). Brazil, Venezuela, Guiana.
G. ornata Mart. ex Benj. — Fl. Bras. (Martius) 10: 252, t. 21, f. 2 (1847). = aurea A. St.-Hil.
G. ornata Mart. ex Benj. var. gracilis Merl — ex Luetzelb. Estud. Bot. Nordeste Braz. 3: 223
(21923) [Insp. Fed. Obras Secc.Publ. 57] nomen, = aurea A.St.-Hil.

G. oxycentron P.Taylor — Fl. Trinidad & Tobago 2: 288 (1954). Trinidad-Tobago, Brazil,
Venezuela.

G. pulchella Tutin — J. Bot. 72: 309 (1934). Guiana, Venezuela, Brazil.

G. pusilla Warm. — Vidensk. Meddel. Dansk Naturhist. Foren. Kjobenhavn (1874) 11 =
repens Benj.

G. pygmaea A.St.-Hil. — VVoy. Distr. Diam. 2: 431 (1833). Brazil, Venezuela.

G. repens Benj. — Fl. Bras. (Martius) 10: 253 (1847). Brazil, Venezuela, Guiana, Suriname,
Paraguay.

G. roraimensis N.E.Br. — Trans. Linn. Soc. London, Bot. 6: 56. 1901 [1901-05 publ. Jan
1901]. Venezuela, Brazil, Guiana.

G. sanariapoana Steyerm. — Fieldiana, Bot. 28: 534 (1953). Venezuela, Colombia.

G. sp. nov. ‘tuberous’ (in press.). Brazil.
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2.3. Methodology

2.3.1. DNA extraction from problematic carnivorous plant tissue: Article VI

DNA extractions preceding molecular phylogenetic constructions of Lentibulariaceae
(this thesis), Sarraceniaceae, and Droseraceae proved to be difficult from both fresh plant
tissues, silica-dried material, and herbarium specimens. The main reason for the difficulty to
obtain high-quality DNA that is suitable for PCR ampification and sequencing from these
plants are secondary plant compounds (mainly polyphenols like flavonoids and tannins) and a
high content of polysaccharides (especially present in the mucilage secreted from the glands
of taxa with sticky flypaper traps). The polyphenolic compounds of many carnivorous plant
taxa are found in the bright coloured foliage, as colourfull visual guides to attract insect prey
(Juniper et al. 1989), but also as complex secondary metabolites that probably serve herbivore
repellants (eg. complex quinones like plumbagin of carnivorous Caryophyllales; Hegnauer
1989).

Both polyphenols and polysaccharides are well-known to impede DNA extractions.
During the homogenization of the plant tissue, polyphenols can become oxidized, and then
will covalently bind to DNA molecules (Loomis 1974). This inferes with subsequent
molecular standard techniques for DNA amplification, restriction digest, and cloning
(Katterman & Shattuck 1983; Porebski et al. 1997; Stange et al. 1998). On the other hand,
polysaccharides eluated with the genomic DNA will inhibit the activity of enzymes such as
Taq polymerase, restriction endonucleases and ligases (Shioda & Marakami-Muofshi 1987;
Richards 1988). Commercially available kits for standard DNA extraction, such as the ones
used in the laboratories of the Heubl group, do not consider isolation from problematic plant
tissues. Several modified protocols have been published for DNA extraction specifically from
plants with high contents of polyphenols and sugars (eg. Porebski et al. 1997; Stange et al.
1998) have been published, some even designed for carnivorous Drosera leaf tissue
(Bekesiova et al. 1999). However none of them tested did yield in good quality DNA for our
purposes. Genomic DNA extraction in carnivorous plants therefore often had to be acquired
from corolla material, which contains less inhibiting compounds (eg. Miiller et al. 2004).

For our long-term phylogenetic research on a wide range of carnivorous plant taxa, we
established a new modified standard protocol for quick, easy and reliable DNA extraction
from any carnivorous plant tissue, that overcomes the usual problems that arise from the high
contents of secondary plant compounds and polysaccharides. Our protocol is based on a
commercially available kit, with additional steps to fully remove the two main inhibiting
compounds. Polysaccharides get dissolved during the cell lysis step in a high salt
concentration buffer of our modified DNA extraction procedure. Polyphenols are bound
during the lysis step by added PVP and N-laurolyl sarcosine, and effectively separated from
the DNA by centrifugation. Total genomic DNA extracted with our protocol showed no
degradation, and could be used successfully for standard molecular analysis.
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3. Outlook and Perspectives: genome sizes and chromosomes

Although Genlisea is a rather elusive genus of the carnivorous Lentibulariaceae, with
restricted distribution, rather inconspicuous habit, confined to certain nutrient poor habitats,
and rarely grown in botanical gardens, it nevertheless gained an increased interest of the
scientific community recently, with discovery that some species of Genlisea posses ultra-
small nuclear genomes, which are the smallest known among angiosperms (Greilhuber et al.
2006). Within the genus Genlisea, genome sizes range from 63.4 to 1510 Mbp (Million
basepairs, Greilhuber et al. 2006), and in different populations of certain species (most
notably G. aurea), the genome size can range about the two-fold (Albert et al. 2010).

Both the smallest and the largest genomes known for Lentibulariaceae are found
within the genus Genlisea, with the ultrasmall genomes reported for G. aurea and G.
margaretae representing one end of the scale, and the about 24-fold larger genomes of
members of subgenus Tayloria and G. hispidula on the other side (Greilhuber et al. 2006;
Albert et al. 2010). The genome sizes of those members of the sister genera Utricularia and
Pinguicula that have been recorded so far, fall in a gap of about 931 Mbp that lies between the
ultrasmall and the larger genomes.

High substitution rates have been observed in Genlisea and Utricularia across all three
genomic compartiments (Jobson & Albert 2002), those are the highest substitution rates
currently known among angiosperms (Miiller et al. 2004, 2006). The fast molecular evolution
can possible linked to speciation and diversitifcation (Jobson & Albert 2002), but also to
genome size minituarisation (Miiller et al. 2006; Greilhuber et al. 2006).

Moreover, the chromosomes of some members of Genlisea are diminutive in size,
reaching those of bacteria (Greilhuber et al. 2006) — one reason why karyotypes have not
previously been reported for the genus yet. Only very few cytological studies have been
carried out for Lentibulariaceae thus far, and these have been predominantly focusing on
Pinguicula (summarized in Casper & Stimper 2009) or aquatic species of Utricularia section
Utricularia (summarized in Rahman et al. 2001 and Casper & Manitz 1975). In the case of
Genlisea, chromosome numbers have been reported for three species only thus far (Greilhuber
et al. 2006), however two of them represent just approximations. The general lack of
karyotype data available for Lentibulariaceae (excluding Pinguicula) is mainly due to the very
small size of the metaphase chromosomes found in Utricularia and Genlisea (Rahman et al.
2001, Greilhuber et al. 2006), because of problems with chromosome staining using standard
dyes (Rahman et al. 2001), but also because of the difficulty to obtain suitable living material
of most taxa for chromosome counts.

One focus of the ongoing research is a forthcoming comprehensive study on the
evolution of genome sizes and chromosome numbers in phylogenetic context. In a joint work
with Prof. J. Greilhuber and Dr. E. Temsch from Vienna University, T. Michaels and W.
Wang from Ruetgers University, Jersey, and F. Rivadavia, we have evaluated the genome
from cultivated plant material for the majority of species of Genlisea, using both flow-
cytometry and Feulgen densitometry, and chromosome counts were performed for the
majority of taxa.

All data on taxonomy, ecology, chorology and phylobiography presented in this thesis, a
generic revision, as well as additional anatomical and cytological data, will be compiled in a
detailed monograph on the genus Genlisea, which is going to be published in due time
(Fleischmann, in prep.).
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4. Zusammenfassung

In der vorliegenden Arbeit werden Ergebnisse zur Systematik, Taxonomie, Evolution und
Biologie der Familie Lentibulariaceac (Wasserschlauchgewéchse) présentiert, mit
besonderem Schwerpunkt auf der Gattung Genlisea (Reusenpflanze).

Dabei wurden sowohl molekularbiologische Methoden der phylogenetischen Rekonstruktion,
als auch Methoden der systematisch-taxonomischen Verwandtschaftsanalyse angewandt.
Dariiber hinaus werden einige bliitenokologische Beobachtungen zu Genlisea erstmals
geschildert, die an Naturstandorten in Afrika (Sierra Leone, Zambia und Suidafrika) und
Stidamerika (Brasilien und Venezuela), sowie an Pflanzen in Kultur gemacht wurden.

Die anfinglichen, und meist hinreichend bekannten Probleme bei der DNA-Extraktion aus
Material von Pflanzen mit einem hohen Gehalt an Polysacchariden und sekundéren
Inhaltstoffen, vor allem polyphenolischen Substanzen, — beide zahlreich in den Blittern von
karnivoren Pflanzen vorhanden — wurden geldst, indem empirisch und durch Vergleich und
Kombination verschiedener bekannter Extraktionmethoden ein modifiziertes Verfahren zur
DNA-Isolation aus karnivoren Pflanzen erstellt wurde. Dies ermdglichte im weiteren Verlauf
die problemlose Gewinnung von hochqualitativer DNA verschiedenster karnivorer
Pflanzenfamilien zur Analyse mit molekulargenetischen Standardmethoden (PCR,
Klonierung, Sequenzierung).

Basierend auf einem umfangreichen Sampling von Gattungen aus der Angiospermenordung
Lamiales (Lippenbliitlerartige), zu der auch die Lentibulariaceae gehoren, wurde anhand der
schnell-evolvierenden Chloroplastenmarker #nK/matK, trnL-F und rpsi6 erstmals eine
umfassende Phylogeniehypothese zur dieser Ordnung aufgestellt. Die Baumtopologie ist in
groflen Teilen statistisch gut abgesichert, und wird weiterhin auch durch morphologische
Merkmale gestiitzt. Die Evolution von Karnivorie und wesentlicher morphologischer
Merkmale innerhalb der Lamiales wurde rekonstruiert, und taxonomische Konsequenzen
beziiglich der Umschreibung einiger Familien aus der Baumtopologie diskutiert.

In einem weiteren Teilaspekt der Arbeit wurde eine robuste Phylogenie der Gattung Genlisea
postuliert, die nahzu alle Arten der Gattung reprisentiert. Die Evolution vegetativer und
generativer Merkmale, sowie die raum-zeitliche Differenzierung wurden rekonstruiert, wobei
sich zeigt, dass die Gattung wahrscheinlich ihren Ursprung in den Tropen der Neuen Welt hat,
und von dort aus die Besiedelung Afrika erfolgte, wobei aus einer abgeleiteten Gruppe
afrikanischer Arten wiederum der Vorldufer einer zweiten Besiedelung Siidamerikas durch
Fernverbreitung entstammt. Die Baumtopologie wird durch zahlreiche morphologische
Merkmale gestiitzt, und auch die bisherige Einteilung der Gattung in zwei Untergattungen
wird durch die molekular-phylogenetische Analyse bestitigt. Die drei monophyletischen
Gruppen (Clades) von Arten der Untergattung Genlisea lassen sich auch morphologisch gut
abgrenzen, und wurden daher auf taxonomischem Rang als Sektionen formell beschrieben.
Eine eingehende Revision von Genlisea Untergattung Tayloria, durch morphologisch-
vergleichende Untersuchung von Herbarmaterial, sowie Feldstudien und Beobachtungen der
Pflanzen in situ, fithrten im Rahmen dieser Arbeit zur Beschreibung von fiinf neuen Arten von
Genlisea aus Brasilien. Dabei wurden die neuen Taxa, sowie die bisher bekannten drei Arten
der Untergattung detailliert morphometrisch analysiert und beschrieben, sowie mit
Zeichungen, Photos von Pflanzen am Naturstandort und rasterelektronenmikroskopischen
Aufnahmen illustriert. Daten zur Verbreitung, Okologie und Gefihrdung fiir alle acht Arten
wurden ermittelt und ein Bestimmungsschliissel erstellt, der eine eindeutige Identifizierung
aller Arten der Untergattung anhand von Herbarmaterial oder lebenden Pflanzen erméglicht.
Aufsammlungen einer unbestimmten Pinguicula (Fettkraut) aus Bolivien konnten als neue
Art identifiziert werden. Diese wurde morphologisch detailliert beschrieben und illustriert. In
diesem Zusammenhang wurde die neue Art P. chuquisacensis, mit anderen Vertretern
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Andiner Pinguicula, auch erstmals in phylogenetische Stammbaumberechungen mit
einbezogen. Die Merkmalsevolution der Wuchsform, und die Besiedelung und
Ausbreitungsgeschichte der Gattung Pinguicula in den Anden wurde rekonstruiert, wobei die
Andinen Taxa als paraphyletische Gruppe aufgedeckt wurden.

Die Wasserschlauch-Art Utricularia rostrata wurde aus Brasilien neu beschrieben und
erstmals wissenschaftlich dokumentiert. Ergidnzende Bemerkungen zur Taxonomie,
Morphologie und Biologie der neuen Art wurden gemacht, und ein erweiterter
Bestimmungsschliissel fiir die zugehorige Sektion erstellt.

Summary

In the present doctoral thesis the results of my studies on the systematics, taxonomy,
evolutionary history and biology of the family Lentibulariaceae (Bladderwort Family) are
provided, with special emphasis on the genus Genlisea (corkscrew plants). Methods of
molecular phylogenetic reconstruction were used in combination with morphological analysis
and descriptive taxonomy. Own observations on the pollination biology of Genlisea are
reported for the first time, which have been made during field excursions in Africa (Sierra
Leone, Zambia and South Africa) and South America (Brazil and Venezuela), as well as on
cultivated plants.

Initial problems of DNA extraction from carnivorous plant material, which is rich in
polysaccharids and secondary metabolites, especially polyphenols, were solved by developing
a modified protocol, which resulted from experimental comparison and modifications of
standard extraction methods. Based on this protocol, the extraction of highly pure genomic
DNA was possible from various carnivorous plant taxa studied.

Based on the analysis of the rapidly evolving chloroplast regions #rnK/matK, trnl-F and
rps16 from a comprehensive sampling of genera of the angiosperm order Lamiales, to which
also many carnivorous genera belong to, a robust phylogeny of the entire order was
postulated. The resulting topology gets high support from both statistical analysis and
morphological characters. Evolution of carnivory and several morphological traits within the
Lamiales were reconstructed, and taxonomic conclusions on the circumscription of certain
families were discussed.

Another focus was to present a well-supported phylogeny of Genlisea, which included the
majority of species of the genus. The evolution of vegetative and generative characters was
discussed, and phylogeographic reconstructions revealed an origin in the Neotropics, from
which Africa was colonized by long-distance dispersal. A lineage derived from the African
grade re-colonized South America by a second trans-Atlantic long-distance dispersal event.
Based on the tree topology and morphological character sets, a new infrageneric classification
of Genlisea was proposed.

A taxonomic revision of Genlisea subgenus Tayloria was conducted by comparative studies
of herbarium specimens and field studies. During this revision, five new species were
described from Brazil, and all eight known taxa of the subgenus were described and illustrated
in detail, including an identification key, photographs of plants in sifu, scan electron
micrographs of seeds, as well as data on distribution, ecology and conservation.

Herbarium collections of a hitherto unidentified Pinguicula taxon from Bolivia were
identified as new species, which was formally described and illustrated. The new species was
included in a first phylogenetic reconstruction of the Andean Pinguicula species, which were
revealed to be paraphyletic, and the evolution of growth type as well as the radiation and
phylogeography of the Andean taxa of the genus were discussed.

Finally, a new species of Utricularia was described and documented from Brazil, including
remarks on taxonomy, morphology and biology, and an identification key was presented for
the respective section of the genus.
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Abstract

unresolved trees in the past.

position.

Background: In the large angiosperm order Lamiales, a diverse array of highly specialized life strategies such as
carnivory, parasitism, epiphytism, and desiccation tolerance occur, and some lineages possess drastically accelerated
DNA substitutional rates or miniaturized genomes. However, understanding the evolution of these phenomena in
the order, and clarifying borders of and relationships among lamialean families, has been hindered by largely

Results: Our analysis of the rapidly evolving trnk/matK, trnl-F and rps16 chloroplast regions enabled us to infer
more precise phylogenetic hypotheses for the Lamiales. Relationships among the nine first-branching families in
the Lamiales tree are now resolved with very strong support. Subsequent to Plocospermataceae, a clade consisting
of Carlemanniaceae plus Oleaceae branches, followed by Tetrachondraceae and a newly inferred clade composed
of Gesneriaceae plus Calceolariaceae, which is also supported by morphological characters. Plantaginaceae (incl.
Gratioleae) and Scrophulariaceae are well separated in the backbone grade; Lamiaceae and Verbenaceae appear in
distant clades, while the recently described Linderniaceae are confirmed to be monophyletic and in an isolated

Conclusions: Confidence about deep nodes of the Lamiales tree is an important step towards understanding the
evolutionary diversification of a major clade of flowering plants. The degree of resolution obtained here now
provides a first opportunity to discuss the evolution of morphological and biochemical traits in Lamiales. The
multiple independent evolution of the carnivorous syndrome, once in Lentibulariaceae and a second time in
Byblidaceae, is strongly supported by all analyses and topological tests. The evolution of selected morphological
characters such as flower symmetry is discussed. The addition of further sequence data from introns and spacers
holds promise to eventually obtain a fully resolved plastid tree of Lamiales.

Background

With more than 23,000 species in at least 23 families
[1], Lamiales (eudicots/asterids) are one of the largest
orders of flowering plants, with representatives found all
over the world. The highest diversity is contributed by
herbaceous plants with mono-symmetric flowers. Some
members are economically important, such as Lamia-
ceae (pot-herbs like mint, sage, oregano or basil), Olea-
ceae (olives), Pedaliaceae (sesame), Verbenaceae (timber,
medicinal) Plantaginaceae (drugs like digitalis, ornamen-
tals) and Scrophulariaceae (ornamentals). The order
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1, 48149 Munster, Germany

Full list of author information is available at the end of the article

( BioMed Central

contains lineages with highly specialized life forms and
traits of particular scientific interest. So far, their com-
parative study has been limited by the lack of a robust
phylogenetic framework for Lamiales. Desiccation-
tolerant members (so-called “resurrection plants”, see
Figure 1a) of the recently described family Linderniaceae
[2] are a focus of molecular and evolutionary studies
[3,2]. Extreme metabolic and genomic shifts are exhib-
ited by parasitic plants. With Orobanchaceae, Lamiales
harbor the largest number of parasitic angiosperms
(Figure 1b). The family comprises both hemi- and holo-
parasites [4], with some species causing serious damage
in agriculture [5]. Chloroplast genomes of members of
Orobanchaceae show gene order rearrangements, high
evolutionary rates and gene losses, potentially as a

© 2010 Schaferhoff et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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Figure 1 Example taxa from Lamiales, showing representatives of desiccation-tolerant, parasitic, and carnivorous lineages, as well as
members from families frequently referred to in the text. a: the desiccation-tolerant Craterostigma pumilum from Linderniaceae; b: the
holoparasitic Orobanche gracilis from Orobanchaceae, a family that contains all hemi- and holoparasites from Lamiales; ¢: Pinguicula leptoceras from
Lentibulariaceae, the largest family of carnivorous plants in angiosperms; d: Pinguicula filifolia, with a habit resembling Byblis; e: Byblis gigantea from
Byblidaceae, another carnivorous lineage previously suspected to be the closest relative of Lentibulariaceae; f: Rhynchoglossum gardneri from
Gesneriaceae and g Calceolaria andina from Calceolariaceae, two families inferred here as sister groups based on molecular data, alveolated seeds
and pair-flowered cymes; h Prunella grandiflora (Lamiaceae), i: Verbena bonariensis (Verbenaceae), both families were long regarded as close
relatives but are inferred as only distantly related (Figure 2). Photos: a: EF; ¢, d, e AF,; f: Nadja Korotkova; g: D.CA; b, h, i: KF.M.
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consequence of parasitism in this family. One line of
current research in the family concentrates on gradual
plastid evolution under increasingly relaxed functional
constraints [Wicke et al., in prep].

Carnivory in Lamiales

Lentibulariaceae, the most species-rich family of carni-
vorous plants (ca. 350 spp.) belongs to Lamiales
(Figure 1c, d). This family is unique for a variety of
reasons: traps of Utricularia (bladderworts) are
regarded as a complex modification of leaves [6,7], and
the typical angiosperm body plan is strongly relaxed in
members of this genus [8-10]. Utricularia and its sister
genus, Genlisea (the corkscrew plants), are the only
carnivorous angiosperms known to feed on protozoa
[11]. They have the smallest holoploid genome sizes
among angiosperms, with some nuclear genomes as
small as 63 Mbp or less [12], and exhibit the highest
relative DNA substitution rates for some of the investi-
gated chloroplast genome regions [13,14]. Pinguicula
(butterworts), the third genus of Lentibulariaceae, is
far less extreme in genome size, substitution rate and
morphology, and exhibits glandular leaves that func-
tion as adhesive ("flypaper”) traps (Figure 1c, d).

Apart from Lentibulariaceae, the monogeneric Austra-
lian family Byblidaceae (Figure le) also attracts and
catches insects with simple flypaper traps comparable in
function to those of Pinguicula. The carnivorous syn-
drome of Byblis was questioned by some authors, as the
plants were considered to lack their own digestive
enzymes and have not been demonstrated to be able to
take up released nutrients, thus being ranked as merely
“protocarnivorous” [15]. However, a recent study [16]
detected phosphatase activity, thereby restoring the rank
of carnivory to Byblis. Morphological links - flypaper
trap leaves that are densely covered with multicellular,
non-vascularized epidermal glands, as well as embryol-
ogy [17,18] - and early phylogenetic studies suggested a
sister relationship of Byblidaceae and Lentibulariaceae
[19], thus hypothesizing a single origin of carnivory in
the order, which was questioned later [14]. With the
recently described genus Philcoxia [20], a further suppo-
sedly “protocarnivorous” lineage emerged and was
placed in Lamiales [21]. Although a first test of enzy-
matic activity was negative [21], this might have been an
artifact caused by the minuteness of the leaves, and
further experiments to test its status as potentially fully
carnivorous are underway.

Understanding the evolution of the morphological,
ecological, and genomic peculiarities in the order heavily
relies on having robust hypotheses on organismal rela-
tionships. For example, knowledge of the closest rela-
tives of resurrection plants, parasites, and carnivores,
respectively, would enable us to infer (pre-) adaptations
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and genomic changes on the evolutionary path leading
to each of these specialized groups.

Phylogeny and systematics of Lamiales: current state of
knowledge

While the monophyly of many of the currently accepted
families has been inferred with confidence by a number
of molecular phylogenetic studies [22,23], there has
been only little progress on understanding the relation-
ships among families. Nearly all phylogenetic trees
produced so far lacked resolution and support for inter-
familiar relationships of Lamiales [24-26]. This has
earned Lamiales the reputation of being among the
most difficult angiosperm clades to resolve [27].
Circumscription of Lamiales and the inclusion of
Hydrostachys

The current concept of Lamiales [28] expands the ear-
lier order Lamiales from pre-cladistic classification sys-
tems [29,30] to also include former Scrophulariales and
Oleales. While there is overwhelming evidence for the
monophyly of Lamiales circumscribed like this [28], the
surprising inclusion of Hydrostachys as an early branch
in Lamiales was recently proposed [31]. Hydrostachys is
a rheophyte from Africa and Madagascar suggested to
be related to Cornales in most previous analyses of
DNA sequence data, albeit without consistent placement
in this order [32-34].

Most studies converged on a set of most likely candi-
dates for the first branches of the Lamiales tree. Olea-
ceae have been consistently identified as being among
the first branches [2,14,24,35]. Whenever the monotypic
Plocospermataceae from Central America had been
included in the sampling [26,35], they were found to be
sister to the remaining Lamiales. In contrast, the Carle-
manniaceae-suspected to have affinities of some kind to
early branching Lamiales - have never been analyzed in
the context of a broad Lamiales sampling. Tetrachon-
draceae have been resolved as a branch following Olea-
ceae [36,26].

No clear picture in more derived parts of tree

In contrast, there has not been any consistent hypoth-
esis on the “backbone” of the remainder of the Lamiales
tree [37,31]. Conflicting hypotheses have been put for-
ward with regard to the relationships of Gesneriaceae
and Calceolariaceae (Figure 1f, g) to each other and to
remaining Lamiales. A successive branching order of
Oleaceae, Calceolariaceae, Gesneriaceae, and remaining
Lamiales was originally suggested [38,39], but support
for the placement of Gesneriaceae and for the mono-
phyly of the more derived remaining Lamiales was
always negligible. On the other hand, a clade including
Gesneriaceae and Calceolariaceae was hypothesized
[2,40,41]. Consequently, relationships of Calceolariaceae
remained indistinct, and until now there has been no
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study sampling all families from early branching
Lamiales with a sufficient amount of sequence data to
provide a clear picture.

The situation is even worse for the more derived, remain-
ing lineages of the Lamiales tree - as far as the backbone
and relationship among families is concerned, almost no
resolution could be obtained by previous studies [42,31,43].

The new circumscription of many traditional families
Lamiales are also known for the decomposition of pre-
viously widely accepted families due to phylogenetic
insights.

Scrophulariaceae and Plantaginaceae

The most prominent case for a family that turned out to
be polyphyletic are the Scrophulariaceae. In their tradi-
tional circumscription they used to be the largest family
(more than 5000 spp. [44]) among Lamiales. In the first
report on the polyphyly of Scrophulariaceae [45], mem-
bers of the “old” Scrophulariaceae sensu lato were found
in two different clades, named “scroph I” (including
Scrophularia) and “scroph I1I” (containing Plantago,
Antirrhinum, Digitalis, Veronica, Hippuris and Calli-
triche). The first clade was later [38] referred to as Scro-
phulariaceae sensu stricto (s. str.), while the “scroph II”
clade was called Veronicaceae. However, since Plantago
is contained in that clade, Plantaginaceae as the older
name should be given priority and meanwhile became
accepted for this clade [46,28]. Plantaginaceae experi-
enced an enormous inflation since these early studies,
when more and more genera from former Scrophularia-
ceae s. . were included in phylogenetic studies and
identified as members of this newly circumscribed
family [22,37-39]. Some genera from tribe Gratioleae,
including Gratiola itself, have been found in a well sup-
ported clade. Based on the unknown relationships to the
the other lamialean families, it has been suggested to
separate this part of the inflated Plantaginaceae by
restoring family rank to former tribe Gratioleae from
Scrophulariaceae as traditionally circumscribed [2].
Orobanchaceae

Initial molecular phylogenetic studies [47,48] showed
that all hemi-parasitic members of the former Scrophu-
lariaceae s. 1. should be included in a newly circum-
scribed Orobanchaceae while the non-parasitic genus
Lindenbergia was found sister to all hemi- and holopara-
sites and also included in Orobanchaceae. In this
expanded circumscription [4,49], the monophyly of Oro-
banchaceae is strongly supported by all studies, and the
family now comprises 89 genera with about 2000 species
[49] and unites phototrophic, hemi- and holoparasitic
plants. As next relatives to Orobanchaceae, a clade con-
sisting of the East Asian genera Rehmannia (six species)
and Triaenophora (one or two species) was identified
recently [43,50].
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Phrymaceae

Shortly after the first reports on the polyphyly of Scro-
phulariaceae [45], it was noticed that Mimulus (tribe
Mimuleae) neither clustered with the “scroph I” nor the
“scroph II” clade, but instead was found in a group
together with Lamiaceae, Paulownia and Orobanchaceae
[38]. Sampling the taxonomically isolated Phryma (Phry-
maceae), but not Mimulus, Phryma appeared as sister to
Orobanchaceae plus Paulownia [26]. In an attempt to
redefine the Phrymaceae, their circumscription was
expanded to include Mimulus, Hemichaena, Berend-
tiella, Leucocarpus, Glossostigma, Peplidium, Elacholo-
mia, Lancea, and Mazus [51]. However, relationships to
other families of Lamiales remained unclear. Sampling
six genera from Phrymaceae [39], two clades emerged:
one comprising Mimulus, Phryma, Hemichaena and
Berendita, the other including Mazus and Lancea being
sister to Rehmannia. Thus, the monophyly of Phryma-
ceae was put into question.

Linderniaceae

Linderniaceae were described as a new family indepen-
dent from Scrophulariaceae, comprising genera formerly
classified in the tribe Lindernieae of Scrophulariaceae
s. 1. and are characterized by stamens in which the abax-
ial filaments are conspicuously geniculate, zigzag shaped
or spurred [2,52,53]. The original recognition as a dis-
tinct clade was based upon a taxon set including the
genera Artanema, Craterostigma, Crepidorhopalon, Tor-
enia and Lindernia. The existence of a Linderniaceae
clade was confirmed by other studies comprising Crater-
ostigma, Lindernia, Torenia and Micranthemum [22] or
Stemodiopsis, Micranthemum, Torenia and Picria [39)].
Calceolariaceae

Jovellana and Calceolaria (formerly Calceolarieae/Scro-
phulariaceae) were identified as another lineage separate
from Scrophulariaceae, which led to recognizing them at
family level (Calceolariaceae) [38]. The authors of this
study initially also listed Porodittia as genus of this new
family, but a subsequent study [41] showed Porodittia to
be nested in Calceolaria.

Schlegeliaceae, Paulowniaceae, and Stilbaceae

The genera Paulownia and Schlegelia, which had been
traditionally included either in Bignoniaceae or Scrophu-
lariaceae, were not found to be related to any of these
families based on molecular data [54] and therefore
treated as families of their own [55,56]. In addition, Hal-
leria was transferred from Scrophulariaceae to Stilbaceae
[38]. Molecular phylogenetic studies later expanded the
circumscription of Stilbaceae to a total of 11 genera
[37,39].

Aims of this study
Using a dataset representing all major lineages from
Lamiales, the goal of the present study was to investigate
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inter-familial relationships within Lamiales, in the hope
to come up with a better resolved tree that provides the
basis for an interpretation of the evolution of the above-
mentioned morphological, ecological, and molecular
peculiarities observed in the order.

Since the protein-coding genes usually applied to the
inference problem in Lamiales have not provided satis-
factory resolution in the past, the approach in the cur-
rent study was to employ non-coding and rapidly
evolving chloroplast DNA. Introns and spacers have
been demonstrated to be a valuable source of phyloge-
netic signal even on deeper taxonomic levels than they
used to be applied to [57-59]. Mutational dynamics of
non-coding regions also include microstructural changes
in addition to substitutions, and generally are less con-
strained than coding genes [60]. Non-coding markers
have been shown to be significantly more informative
than coding regions [57]. Even more, non-coding mar-
kers have been successfully applied to disentangle deep
nodes in angiosperm evolution [58].

Methods

Taxon sampling and plant material

Sequences from the plastid markers truK/matK, trnL-F
and rps16 were newly generated or downloaded from
GenBank for 98 taxa from Lamiales, two outgroup taxa
from Solanaceae, and one from Rubiaceae. All 23
families currently accepted for Lamiales [28] were
sampled. Since one of the specific questions in our
study was the relationship between Lentibulariaceae and
Byblidaceae, which might have been blurred by long
branch attraction (LBA) problems in previous studies,
we slightly enhanced sampling for both families in one
set of analyses and included two to three species for
each genus. The complete material sampled is shown in
Table 1. Using fewer representatives for either family
did not change results. We also used a somewhat denser
taxon sampling for Gratioleae (Plantaginaceae) in order
to (i) examine whether the distinctness of this tribe [2]
can be confirmed after taxan sampling enhancement
and (ii) doublecheck the position of the apparently “pro-
tocarnivorous” genus Philcoxia.

Amplification and sequencing

Total genomic DNA was isolated using the AVE Gene
Plant Genomics DNA Mini Kit (AVE Gene, Korea),
according to the manufacturer’s protocol. As phyloge-
netic markers, the trnK intron including the coding
matK, the trnL-F region, and the rpsl6 intron were
amplified using standard PCR protocols. Primers used
for amplification and sequencing are given in Table 2.
Reactions were performed in 50 pl volumes containing
2 pl template DNA (10 ng/pl), 10 pl ANTP mix
(1.25 mM each), 2 pl of each forward and reverse
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primer (20 pm/pl), and 0.25 pl Taq polymerase (5 U/pl,
Peqlab). Thermal cycling was performed on an Biometra
T3 thermocycler using the following PCR profiles:
1:30 min at 96°C, 1 min at 50°C, 1:30 min at 72°C, 35
cycles of 30 sec at 96°C, 1 min at 50°C, 1:30 min at
72°C, and a final extension time of 10 min at 72°C for
the trnK intron; 35 cycles of 1 min at 94°C, 1 min at
52°C and 2 min at 72°C, followed by a final extension
time of 15 min at 72°C for the truL-F region; 1:30 min
at 94°C, 30 cycles of 30 sec at 94°C, 30 sec at 56°C and
1 min at 72°C, and a final extension time of 15 min at
72°C for the rpsi16 intron. Fragments were gel-purified
on a 1.2% agarose gel (Neeo-agarose, Roth), extracted
with the Gel/PCR DNA Fragments Extraction Kit (AVE
Gene, Korea) and sequenced on an ABI3730XL auto-
mated sequencer using the Macrogen sequencing service
(Macrogen Inc., Seoul, Korea). Pherogram editing and
contig assembly was done manually.

Addition and analysis of GenBank sequence data

We additionally took rbcL and ndhF sequences (see
Additional file 1, Table S1) for relevant taxa from Gen-
Bank, and in a separate set of analyses combined them
with our three marker dataset. Taxon sampling of these
four- and five-region datasets was adapted to include
only taxa with all regions present.

Because the position of Hydrostachys remained incon-
sistent in previous studies, all sequences from that genus
existing in GenBank were blasted against the entire data
of GenBank via blastn [61]. Additionally, truK/matKk,
rps16 and truL-F sequences for Hydrostachys from a col-
lection independent from those previously used
[31,33,62,63] were generated; all sequences used, includ-
ing voucher information, are given in Table 1. The newly
generated Hydrostachys matK sequence was aligned to
an existing angiosperm matK alignment [35] and sub-
jected to parsimony analysis.

Alignment and indel coding

DNA sequences were manually aligned in PhyDE [64],
taking microstructural changes into account as outlined
elsewhere [58,65]. Regions of uncertain homology were
excluded from phylogenetic analyses. For maximum
parsimony (MP) analyses and Bayesian Inference of
Phylogeny (BI), indels were coded according to simple
indel coding (SIC) [66] using the program SeqState [67].

Parsimony analyses

Searches for the shortest tree were performed using the
parsimony ratchet approach implemented in PRAP2
[68] using the following settings: 10 random addition
cycles with 200 ratchet replicates, setting the weight for
25% of the characters to 2. The files generated were exe-
cuted in PAUP* v4.0b10 [69]. Bootstrapping was
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Table 2 Primers used in the present study

Name Sequence 5’-3' Design
trnK3914Fdi GGGGTTGCTAACTCAACGG Johnson and Soltis
[120]
LETR ATAGAAATAGATTCGTTC Mdller et al. [13]
LE4R TTCGCCTGAAAATCCGTAACC Muller et al. [13]
LESR CAAGGTTCCTTGCRCCAACC this study
ACmatK500F TTCTTCTTTGCATTTATTACG Muller and Borsch
[121]
LindmatK1714R  CTCCAAAGAAAGYCAGTTCCTCTT  this study
LindmatK1580F TCAATTCATTCAACWTTTCCC this study

LE2F TGGTACGGAGTCAAAKTC Muller et al. [13]

trnkK2R AACTAGTCGGATGGAGTAG Johnson and Soltis
[120]

trntC2 TATGGCGAAATTGGTAGACGC this study

trntF ATTTGAACTGGTGACACGAG Taberlet et al.
[122]

rpsk GTGTGTAGAAAGCAACGTGCGACTT Oxelman et al.
[123]

rpsR2 TCGGGATCGAACATCAATTGCAAC — Oxelman et al.
[123]

performed with 10,000 replicates, each using TBR
branch swapping and holding only one tree [70]. We
measured the additional information provided by SIC-
coded indels by the difference in decay indices (com-
puted with PRAP2) for each node, comparing analyses
with and without indels.

Bayesian Inference of Phylogeny

Bayesian inference (BI) of phylogeny was done with help
of MrBayes v3.1.2 [71]. The model of best fit for the
combined dataset as well as for each of the three parti-
tions (trnK/matK, rps16 and truL-F) was found to be
GTR+G+I model was found as the optimal one using
jModelTest v.0.1.1 [72]. The indel partition was co-
analyzed together with the DNA partition, with the
restriction site (binary) model applied to the gap charac-
ters and the ascertainment (coding) bias set to “vari-
able”. Default priors 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 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 categories were used to approximate the
gamma distribution. Two runs with 5 million genera-
tions each were run, and four chains were run in paral-
lel for each run, with the temperature set to 0.2. The
chains were sampled every 100th generation, and the
burnin was set to 5000. To check for convergence of the
independent runs under a given model, it was ensured
that the plots of both runs indicated that the stationary
phase was reached, that the potential scale reduction
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factor approached 1 for all parameters, and that no sup-
ported conflicting nodes were found among the consen-
sus trees generated from each run. Convergence and
effective sampling sizes (ESS) of all parameters were
assessed with halp of Tracer v1.5 [73].

Maximum likelihood analyses

For maximum likelihood (ML) analyses RAXML v7.0.0
[74] was used. During the search for the best tree, the
GTRGAMMA model was used, while the slightly sim-
pler GTRCAT model was employed by RAXML during
the 500 bootstrap replicates. Support values from all
types of analysis were mapped on the tree topology
from the ML analysis and conflicting nodes were identi-
fied with help of TreeGraph2 [75].

Topological tests

Topological tests were used to see whether alternative
topologies could be rejected with confidence. Specifically
it was tested whether evidence against Byblidaceae being
sister to Lentibulariaceae was strong. Under parsimony,
the Templeton and Winning-sites (sign) tests were used
("NonparamTest” option in Paup*), while under the like-
lihood criterion, the Approximately Unbiased test
(AU-Test) [76] along with the more classical Shimo-
daira-Hasegawa test (SH-test [77]), as implemented in
consel 0.1j [78], were employed.

Ancestral state reconstruction

We inferred ancestral states for ten selected morphologi-
cal characters. Information on character states was com-
piled from different sources [79,1,27,80] and is given in
Table 3. We took the fully resolved best tree from the
RAXML search, and traced the evolution of these charac-
ters on that topology via maximum likelihood, using the
“multistate” command in BayesTraits [81].

Results

Sequence statistics and results from tree searches
Sequences of trnK/matK, trnL-F and rps16 yielded an
alignment of 7809 characters, of which 1739 were
excluded from subsequent analysis because of uncertain
homology. The alignment is available from TreeBase
(http://purl.org/phylo/treebase/phylows/study/TB2:
S$10963); detailed sequence statistics are given in Table
4. Consensus trees from parsimony analyses were well
resolved and supported. The MP trees from substitu-
tions only were 13118 steps long (CI 0.419, RI 0.504,),
those based on substitution and indel characters had a
length of 14719 steps (CI 0.453, RI 0.507,). Comparison
of decay values of substitution data versus substitutions
plus SIC-coded indels showed higher decay values for
most nodes when indel information was included (see
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Table 3 Morphological characters traced in the present
study
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Lentibulariaceae

Key: 1: merosity 0 = pentamerous 1 = tetramerous; 2: symmetry 0 =
polysymmetric 1 = monosymmetric; 3: number of stamens 0 =51=42=2;
4: geniculate stamens 0 = absent 1 = present; 5: pair flowered cymes 0 =
absent 1 = present; 6: Anthraquinones from shicimic acid metabolism 0 =
absent 1 = present; 7: biosynthetic route Il decarboxylated iridoids 0 = absent
1 = present; 8: alveolated seeds 0 = absent 1 = present; 9: Carnivory 0 =
absent 1 = present; 10: Parasitism 0 = absent 1 = present.

Additional file 2, Figure S1). Trees from coding rbcL
and ndhF seqences were far less resolved than those
from our three marker combined analysis (Additional
file 3 Figure S2 and Additional file 4, Figure S3).
The tree topology from the ML analysis is shown in
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Figure 2, collapsing nodes support by less than 50% in
at least one of the tree methodological approaches. BI
and ML trees generally showed slightly higher resolution
and statistical support than trees from MP searches.
Effective sampling sizes (ESS) of all parameters from the
Bayesian analysis were > 150. A phylogram from BI with
branch lengths indicating relative substitution rates is
given in Figure 3.

Resolution of the backbone of the Lamiales phylogeny
The precise branching pattern of the nine first-branch-
ing families in the Lamiales tree (Plocospermataceae,
Carlemanniaceae, Oleaceae, Tetrachondraceae, Calceo-
lariaceae, Gesneriaceae, Plantaginaceae (incl. Gratioleae),
Scrophulariaceae) is inferred with very high or maxi-
mum (most cases) support (Figure 2). A total of 16
nodes determining this branching pattern among
families along the spine of the basal Lamiales grade
receive very high or maximum support by all (most
cases) or at least two out of three inference methods.
An additional 19 of the nodes indicating delimitation
and relative position of the remaining 15 more derived
families receive very high or maximum support by at
least one out of three analytic approaches.

Phylogenetic position of Hydrostachys

In our blastn searches, all sequences (rbcL, atpB, 18s
rDNA, 26s rDNA, ndhF, matK) reached highest similar-
ity scores to other Hydrostachys sequences, followed by
sequences from Cornales taxa (Hydrangeaceae, Corna-
ceae, Loasaceae), with the exception of the matK
sequence of Hydrostachys multifida (AY254547) of Huf-
ford et al. [82] used in the study of Burleigh et al. [31].
This sequence showed highest similarity with Hydrangea
hirta and a number of sequences from Avicennia. When
included in the present trnK/matK alignment, the high
similarity of sequence AY254547 to Avicennia is
obvious. A blast search of the newly generated matK
sequence of Hydrostachys [EMBL: FN8112689] resulted
in best matches with taxa from Cornales. Aligning and
analyzing the newly generated trnK/matK, rpsl16 and
trnL-F sequences, Hydrostachys is resolved outside

Table 4 Sequence statistics for the rapidly evolving chloroplast markers used

charset #chars  #chars* length range mean S.D. %divergence* S.E*  %variable*  %informative* %GC
dataset 7809 6070 2211-4503 392644  482.561 10.15 0.187 51417 36.063 34212
trnK/matK 3699 3035 454-2645 222878 446491 10367 0264 60.362 43229 43229
trnLF 1997 1577 489-1104 882.881 72.353 9.086 0402 40.076 28.155 28.155
rps16 2113 1458 0-929 814.772 122.607 10792 0464 45.062 29.698  29.698

* calculated based on the alignment with hotspots excluded.
Standard errors calculated based on 100 bootstrap replicates.

Key: Characters = number of characters in the alignment matrix; Length range = actual sequence length in nucleotides (including hotspots; minimal and maximal
value observed); SD = standard deviation of mean length; S.E. = Standard error; % divergence (range) = pairwise sequence distance in percent (uncorrected p
distance, overall mean); % variable = percentage of variable positions; % informative = percentage of parsimony informative positions; % GC = GC content.
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Figure 2 Phylogeny of Lamiales inferred from parsimony, likelihood and Bayesian analysis of sequences from plastid trnK/matK, trnL-F
and rps16. Topology from the maximum likelihood tree depicted, collapsing nodes not supported by > = 50% in at least one of the three
analyses. Bold numbers above branches are posterior probabilities from Bayesian inferences, italic numbers above branches are MP bootstrap
values, number below branches indicate ML bootstrap proportions. Numbers in brackets indicate that the respective node was not supported by
all three methodological approaches. The bracketed number then indicates the strongest support found for any node that contradicts the
shown node [69]. Familial annotation according to APG Il [28]. For Phrymaceae monophyly is not confirmed, so subfamilies are annotated;
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Lamiales. Parsimony analysis of the newly generated
matK sequence in the context of the angiosperm matK
data set [35] evidently places the newly generated matK
sequence of Hydrostachys outside Lamiales, although its
precise position within asterids remains unresolved in
the 50%-majority-rule-bootstrap tree (Additional file 5,
Figure S4).

Position of carnivorous lineages

In neither the Bayesian nor the maximum likelihood
analysis Byblidaceae were found closely related to Lenti-
bulariaceae. In MP analyses, the position of Byblidaceae
receives no bootstrap support; interestingly, however,
the strict consensus from all shortest trees depicts Bybli-
daceae as sister to Lentibulariaceae, regardless of the
inclusion of indels. Because of this incongruence, albeit
unsupported, topological tests were employed to further
investigate the position of Byblidaceae. Under a parsi-
mony framework, the Templeton and sign tests find the
ML topology (Byblidaceae not closely related to Lentibu-
lariaceae) not to be significantly less parsimonious than
the shortest tree (Table 5), indicating that even under
parsimony there is no significant evidence against the
ML position of Byblidaceae or for its sister-group rela-
tionship to Lentibulariaceae. The AU-Test and SH-Test
indicate that a sister-group relationship of Byblidaceae
and Lentibulariaceae is significantly less likely than the
maximum likelihood and Bayesian consensus topology.

Results from ancestral state reconstruction

Ancestral state reconstruction indicated the probabilities
of the individual character states to be expected along
branches as shown in Figure 4.

Discussion

Lamiales sensu APGIII [28] (including Carlemanniaceae
and Plocospermataceae) receive maximal support in the
present study which is the first to sample taxa from
these two families in a multigene study; a single gene
study [36] did not provide support for the branching
order of the early branching lamialean families.

Table 5 Results from topology tests
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The phylogenetic position of Hydrostachys

Hydrostachys as a rheophyte with tuber-like rhizomes,
fibrous roots, and no stomata is a morphologically highly
aberrant genus [32], which has always hampered infer-
ence of its phylogenetic affinities based on morphology.
Embryological characters such as endosperm develop-
ment and the apical septum in the ovary [83] might be
interpreted as supporting a placement of Hydrostachys in
Lamiales [31]. The first molecular study, however, placed
it within Cornales [34]. In all previous phylogenetic stu-
dies, the genus was found on a long branch, indicating
strongly elevated substitutional rates - a fact that could
have misled previous phylogenetic inferences [33].
Burleigh et al. [31] recently used a 5-gene data matrix
to infer an angiosperm phylogeny, and resolved Hydro-
stachys as nested in Lamiales, branching right after Olea-
ceae. Results from our re-sequencing and re-analysis,
along with a blast screening of existing GenBank
sequences, strongly suggest that this placement most
likely was due to an erroneous matK sequence used in
their study. That sequence was first published by Hufford
et al. [82] but is identical to one published earlier by Huf-
ford et al. [62], although citing a different voucher. Inter-
estingly, Burleigh et al. [31] report that the 3-gene matrix
(rbcL, atpB, 18S) places Hydrostachys in Cornales, while
in the 5-gene matrix (additional matK and 26S data),
Hydrostachys is found in Lamiales. The authors suggest
the matK sequence to be the driving force for this result.
Indeed, the most likely incorrect matK sequence misin-
forms phylogenetic inference, even though only one out
of five genes provides the erroneous signal. If nothing
else, this demonstrates the strong phylogenetic signal and
potential of matK for phylogenetic analyses at the given
phylogenetic depth. Phylogenetic reconstruction using
our newly generated sequences in the context of the
three-marker matrix compiled here and in the context of
the angiosperm matK alignment clearly places Hydrosta-
chys outside Lamiales, which is consistent with earlier
findings [36,84,85] and with the analysis of two unpub-
lished matK sequences by Kita and Kato (AB038179,
AB038180).

Templeton Winning-sites Approxiomately Unbiased Shimodaira-Hasegawa
topology Length p P P P
tree 1 13123 02971 04049 1.000 0.994
tree 2 13118 5e-004 0.006

Key: Maximum Parsimony: Templeton- and Winning-sites tests. Tree 1: optimal tree from RAXML search (Figure 2), tree 2: optimal tree from MP ratchet search,
where Byblidaceae appear as sister to Lentibulariaceae. P = Approximate probability of getting a more extreme test statistic under the null hypothesis of no
difference between the two trees (two-tailed test). The shortest tree (tree 2) is not significantly different from the ML topology (tree 1, Figure 2). Maximum
Likelihood: Approximatly Unbiased- and Shimodaira-Hasegawa tests. The ML topology (tree 1, Figure 2) is significantly different from and more likely than the MP

alternative (tree 2).
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Figure 4 Evolution of selected morphological characters in Lamiales. ML ancestral state reconstruction on the ML topology (Figure 2)
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A robust hypothesis on the basal grade in Lamiales

The Central American Plocospermataceae branch first in
Lamiales (Figure 2), a scenario also found earlier in all
studies that sampled this monotypic family [26,35,36]. A
clade consisting of Carlemanniaceae plus Oleaceae
branches second. A close relationship between these two
families was found weakly supported (64% BS) previously
[36] based on rbcL sequences, and was also observed in a
study dealing with plastome rearrangements in Oleaceae
[35], when Carlemanniaceae appeared sister to Oleaceae
despite being set to as outgroup. We find the sister group
relationship between Carlemanniaceae and Oleaceae with
maximum support.

Tetrachondraceae are recovered with maximum sup-
port in all three analyses as third branch in Lamiales.
While this relationship has been observed previously
[36,26], statistical support for it has increased signifi-
cantly in our study (59% MP BS support in Savolainen
et al. [36] versus PP 1.00, 100% ML BS, 94% MP BS,
support in our tree). The family comprises two genera,
Tetrachondra and Polypremum, both of which were

sampled here. The genus Tetrachondra has a disjunct
distribution (New Zealand/South America) and com-
prises the two aquatic or semi-aquatic species, while the
monotypic Polypremum is found from southern U.S. to
the northern part of South America.

Relationships within core Lamiales

The core Lamiales (sensu [35], all Lamiales excluding
Carlemanniaceae, Oleaceae, Plocospermataceae, and
Tetrachondraceae; Figure 2) are unambiguously recov-
ered by our analysis. As first branch within this core
group a maximally supported clade composed of Cal-
ceolariaceae and Gesneriaceae (Figure 1f, g) is found.
The phylogenetic affinities of both families had
remained unclear so far [45,38,2] but both share the
presence of cornoside and absence of iridoids [86]. Ges-
neriaceae are a large (ca. 3200 species), predominantly
pantropical family of herbaceous perennials (rarely
woody shrubs and small trees), about one fifth of them
growing as epiphytes [87]. In contrast to many other
lamialean families, molecular phylogenetics confirmed
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their traditional circumscription, as proposed by Ben-
tham in 1876 [88].

Plantaginaceae

Next in the basal grade of core Lamiales is a clade com-
prising Plantaginaceae as currently defined [28] (PP
1.00, 100% ML BS, 84% MP BS), in which a major split
separates two groups from each other. All former stu-
dies focusing on Plantaginaceae relationships found a
major dichotomy within this family [38,22,39,89].
Rahmanzadeh et al. [2] argued that the finding of a well
supported clade including genera from Gratioleae
together with unclear relationships of this group to
other families is handled best with the recognition of a
separate family. Thus, Gratiolaceae were resurrected [2].
Current phylogenies allow both the recognition of two
families, as well as the treatment of Plantaginaceae with
two major subfamilies. Since the taxon sampling is still
far from being complete, and clear morphological char-
acters for either of the groups are lacking, we solely
accept Plantaginaceae throughout this manuscript. Rah-
manzadeh et al. [2] tentatively assigned 36 genera to
their Gratiolaceae, 13 of which were included in our
phylogenetic study. Among the genera proposed to be
part of Gratiolaceae, the widespread genus Limosella
was found in Scrophulariaceae [22,39], and the present
analysis confirms placement of Limosella in Scrophular-
iaceae. Stemodiopsis is found in Linderniaceae, while
Lindenbergia is sister to the remaining Orobanchaceae.
According to Olmstead et al. [38] and Rahmanzadeh et
al. [2], Angelonieae (two genera: Angelonia and Mono-
pera) appears closely related to Gratioleae. Gratioleae
have an integument 3-6 cells across, with large, trans-
versely elongated endothelial cells in vertical rows; this
causes its seeds to have longitudinal ridges. The exotes-
tal cells have hook-like thickenings [1]. Stevens et al. [1]
suggest Angelonieae (integument 5-12 cells across)
should also be included in Gratioleae. However, a denser
taxon sampling will be needed to further test what
belongs in this clade-regardless of the taxonomic level
on which it might be recognized.

Scrophulariaceae

Scrophulariaceae in their new circumscription, including
former Buddlejaceae and Myoporaceae, are the sister to
all other higher core Lamiales (PP 1.00, 100% ML BS,
79% MP BS). This was already indicated by previous
studies [2,39] and is confirmed here with high confi-
dence. A vastly expanded circumscription of Scrophular-
iaceae that was presented as a possibility in APGIII [28]
would thus mean that all higher core Lamiales would
have to be included in order to respect the principle of
monophyletic families. Such a classification would have
to include a morphologically very heterogeneous assem-
blage of lineages with more than 17.000 species and
does therefore not appear as very helpful.
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Higher core Lamiales (HCL) and the evolution of carnivory
The remaining families Acanthaceae, Bignoniaceae,
Byblidaceae, Lamiaceae, Lentibulariaceae, Linderniaceae,
Orobanchaceae, Paulowniaceae, Pedaliaceae, Phryma-
ceae, Schlegeliaceae, Stilbaceae, Thomandersiaceae, and
Verbenaceae form a clade strongly supported by BI (PP
1.00) and ML (100% ML BS) analysis, but only moder-
ately supported (76% MP BS) in MP trees (referred to
as “higher core Lamiales”, or HCL clade, in the follow-
ing). There is no morphological synapomorphy known
for this clade.

A monophyletic origin of carnivory in Lamiales has
been discussed since the introduction of molecular phy-
logenetics to the field of angiosperm systematics (see
chapter on Lamiales in [90]). In the earliest analyses of
rbcL sequences, the genus Byblis was found sister to
Lentibulariaceae, but this placement gained only weak
statistical support [19]. Later, an analysis of three coding
plus three non-coding chloroplast markers [26] found
Byblidaceae as sister to Lentibulariaceae with 65% jack-
knife support. This is the highest statistical support ever
reported for this relationship, but only one Byblis spe-
cies and one Pinguicula species were sampled in that
study.

Based on our data, a close relationship of carnivorous
Byblidaceae and Lentibulariaceae is extremely unlikely.
The placement of Byblidaceae next to Lentibulariaceae,
as found in previous studies and even in single MP tree
topologies of the current study, has been rejected at
highest significance levels by our topological tests and is
contradicted with substantial statistical support by our
ML and BI trees. It might be due to long branch attrac-
tion, to which MP is much more susceptible than the
other two approaches [91].

Accordingly, carnivory evolved at least twice within
Lamiales, in congruence with Miller et al. [13]. Our
data still do not provide enough resolution to identify
the immediate sister group of Lentibulariaceae. The
family appears in a weakly supported group together
with Acanthaceae, Thomandersiaceae and Martyniaceae/
Schlegeliaceae and Bignoniaceae, Pedaliaceae and Verbe-
naceae. An earlier study, sampling only one species
from Lentibulariaceae (Pinguicula), found Elytraria
(Acanthaceae) as sister to Lentibulariaceae [39] with
52% parsimony BS. In contrast, the monophyly of
Acanthaceae, including Elytraria, was strongly sup-
ported in a more recent study sampling 85 taxa from
Acanthaceae [92]. In congruence with that, we find Ely-
traria sister to remaining Acanthaceae.

The lack of resolution in higher core Lamiales still
hampers a clear identification of the precise degree of
relatedness to Martyniaceae, two strongly glandular
members of which (Ibicella and Proboscidea) have been
reported to attract and catch numerous arthropods, and
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thus have been classified as “protocarnivorous”. Recent
tests for protease activity of glands of the two respective
genera were negative [93]; however, putatively mutualis-
tic arthropods have been reported to be associated with
each genus [94], from which the plant might benefit
in a manner similar to the symbiosis observed in the
African Roridula (Roridulaceae, Ericales) [93].

Next relatives to the supposedly carnivorous or “pro-
tocarnivorous” genus Philcoxia are found in Gratioleae,
as previously suggested [21]. Without any doubt, Gratio-
leae have no close connection to Lentibulariaceae,
despite some morphological similarity. Should further
tests identify Philcoxia as a truly carnivorous plant, this
would be the third independent origin of the syndrome
within the order.

Further insights into the family circumscriptions in higher
core Lamiales

Linderniaceae

The exact position of Linderniaceae within higher core
Lamiales remains unclear. It is found unresolved in trit-
omy together with Byblidaceae and a clade including
Acanthaceae, Bignoniaceae, Lamiaceae, Lentibulariaceae,
Martyniaceae, Orobanchaceae, Paulowniaceae, Pedalia-
ceae, Phrymaceae, Schlegeliaceae, Stilbaceae, Thoman-
dersiaceae, and Verbenaceae. Only the maximum
likelihood tree depicts Linderniaceae and Byblidaceae
forming a poorly supported clade. The centers of diver-
sity of this family are in Southeast Asia and tropical
Africa. Among them, desiccation tolerant plants like
Craterostigma are found.

Stilbaceae and remaining families

Within the remaining families, the African Stilbaceae
branch first; this scenario gains convincing support from
Bayesian Inference (PP 0.93), weak support from ML
bootstrapping (62% ML BS), and lacks parsimony boot-
strap support. Molecular phylogenetic studies had
expanded the traditional circumscription of Stilbaceae
[38,39,95,96] to 11 genera (3 of which we sampled here)
with a predominantly South African distribution. Only
Nuxia extends to tropical Africa and the Arabian
Peninsula.

One of two major clades in this assembly comprises
Lamiaceae, Phrymaceae, Paulowniaceae, Rehmannia, and
Orobanchaceae. Although this clade also was recovered
previously [39], this is the first time it receives support
from BI and ML. Within that group, Lamiaceae are sis-
ter to the remaining taxa, supported by 50% ML BS
(our study), and PP 0.92 and 58% MP BS value [39]. We
find subfamily Mazoideae of Phrymaceae sister to a
clade including Paulownia, Phrymaceae subfamily Phry-
moideae, Rehmannia and Orobanchaceae. Herein,
Rehmannia is weakly linked to Orobanchaceae, while
the relationship between Paulownia and Phrymoideae
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remains unresolved. Previous studies dealing with the
next relatives of Orobanchaceae found either Paulownia
[38], or Phryma and Paulownia together, but as unre-
solved tritomy [26], or Mimulus and Paulownia as suc-
cessive sisters to Orobanchaceae [2] but did not include
Rehmannia and/or Triaenophora.

With regard to Orobanchaceae relationships, the most
extensive sampling in terms of both taxa and character
number are that of Xia et al. [43] and Albach et al. [50].
The authors found Rehmannia and Triaenophora
together as sister clade to Orobanchaceae, which should
either be included in Orobanchaceae, as suggested by
Albach et al. [50], or be recognized as a new family. As a
morphological synapomorphy, Orobanchaceae, Rehman-
nia and Triaenophora share alveolated seeds [43].
Although a well resolved phylogeny of Orobanchaceae
exists, it still remains to be tested using plastid sequence
data whether the non-parasitic Lindenbergia alone is sis-
ter to the remaining Orobanchaceae, or if Lindenbergia
plus the hemiparasitic genera Siphonostegia, Schwalbea,
Monochasma, Cymbaria and Bungea are in the respective
position [49].

Including taxa from both subfamilies of Phrymaceae in
a context of putative relatives, no evidence for the
monophyly of Phrymaceae was found [37,39]. Only
Beardsley and Olmstead [51] found weak support for a
monophyletic Phrymaceae, but this result is probably
due to the specific sampling used. In that study [51],
chloroplast data alone did not support this clade, while
nuclear data and the combined analysis did so. The
incongruence might be caused by a plastid-nuclear gen-
ome incongruity, which must be confirmed by additional
data.

The two subfamilies of Phrymaceae, Phrymoideae and
Mazoideae, do not form a clade in any of the trees in
Xia et al. [43] or Albach et al. [50], and the branching
order of Mazoideae, Phrymoideae and Paulownia is
inconsistent in different analyses of these studies.
Hence, the authors abstain from assigning these groups
to families. In the light of our data we suggest to segre-
gate Mazoideae from Phrymaceae and elevate it to
family rank.

The position of Lamiaceae distinct from Verbenaceae
(Figure 2) is an important and noteworthy finding. It
ends a century-old discussion on close relationships of a
Lamiaceae-Verbenaceae complex [88,97,98]. Molecular
phylogenetic analysis rather concluded that Lamiaceae
may not be monophyletic with respect to Verbenaceae
[99]. However, analyses of rbcL [100,99] were not con-
clusive about their relationships and even a combined
matK/trnK analysis [2] did not provide sufficient sup-
port for Lamiaceae and Verbenaceae.

The families Acanthaceae, Bignoniaceae, Lentibularia-
ceae, Martyniaceae, Pedaliaceae, Schlegeliaceae,



Schéferhoff et al. BMIC Evolutionary Biology 2010, 10:352
http://www.biomedcentral.com/1471-2148/10/352

Thomandersiaceae, and Verbenaceae form a clade in our
Bayesian and ML analyses (PP 1.00, ML BS 48%). For all
families for which more than one taxon was sampled,
monophyly is confirmed, but there is only little resolu-
tion of intra-familial relationships in that clade, espe-
cially in MP trees. In the work of Oxelman et al. [39], a
corresponding clade was found, including the families
mentioned above, except Pedaliaceae. We find weak
support for Schlegeliaceae to be sister to Martyniaceae,
while Oxelman et al. [39] found Martyniaceae, Verbena-
ceae and Schlegeliaceae in a clade (PP 0.82). Wortley et
al. [42] found Thomandersia weakly linked to Schlege-
liaceae, however, our data do not exhibit evidence for
support such a relationship. A close examination of the
floral anatomy of Thomandersia [101] could not
improve the knowledge on its relationships.

Implications for the evolution of floral symmetry and
other characters

Within Lamiales, both polysymmetric and monosym-
metric (zygomorphic) flowers occur. Next to the typical
pentamerous flowers, some groups exhibit tetramerous
morphology. With the most highly resolved phylogeny
of Lamiales to date, the evolution of floral symmetry
and flower merosity within the order can be studied in
more detail than previously possible. Assuming the
ancestral asterid flower to be pentamerous and polysym-
metric, Plocospermataceae as the most basal family of
Lamiales, share this plesiomorphic character state
(Figure 4). Regarding the evolution of tetramery, there
are two possible scenarios. In the first, tetramery evolved
once after the branching of Plocospermataceae in
Lamiales, with two reversals to pentamery in both Ges-
neriaceae and then independently in all Lamiales
branching after the Calceolariaceae/Gesneriaceae clade,
this possibility is the one which is favoured by our ML
ancestral state reconstruction. In the second scenario,
tetramery evolved three times independently in (i) Olea-
ceae/Carlemanniaceae clade, (ii) Tetrachondraceae, and
(iii) Calceolariaceae. Both options require three changes
in flower merosity, and thus are equally parsimonious.
However, there are details in floral development that
differ among the tetramerous families. In Oleaceae,
sepals are initiated in orthogonal positions, and petals
are in diagonal position, whereas in Tetrachondraceae,
sepals are initiated in diagonal, and petals in orthogonal
position [102]. Initiation in Calceolariaceae follows that
in Oleaceae; data for Carlemanniaceae are missing.
Because tetramery in the early branching lineages of
Lamiales is different for each group on more detailed
level, independent gains seem more likely than a general
shift towards tetramery and two independent reversals
to pentamery. Tetramerous flowers are also found in the
more derived Gratioleae, Veroniceae and Plantagineae
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(Plantaginaceae). Based on mixed evidence for fusion
and loss of flower parts in these groups, multiple origins
of tetramery within Plantaginaceae have been assumed.
For the Plantaginaceae, Bello et al. [103] hypothesize
two shifts from pentamery to tetramery: (i) in
Amphianthus, which has recently been shown to be
nested in Gratiola [89], and (ii) in a clade consisting of
Aragoa, Plantago and Veronica. An independent shift to
tetramery has been suggested by Albach et al. [104]
based on loss of a sepal in Veroniceae and fusion in
Plantago and Aragoa. But in these taxa the upper lip is
composed out of two petals. Evidence for this is vascu-
larization with two midribs, teratologic, pentamerous
flowers, and an evolutionary row from pentamerous to
tetramerous flowers within this tribe [98,82]. The evolu-
tion of flower symmetry can be easily reconstructed.
Lamiales descended from a polysymmetric ancestor, and
early branching lineages in Lamiales share this character
state. After branching of Tetrachondraceae, the ancestor
of the following taxa once acquired monosymmetric
flowers, accompanied by a reduction from five stamens
to four stamens plus one staminode. There are multiple
transitions back to actinomorphic flowers in Lamiales,
e.g. in the case of Plantago (Plantaginaceae) [103,105],
in some taxa in Lamiaceae, Scrophulariaceae, Gesneria-
ceae, and in all Byblidaceae. The corolla of Byblidaceae
is treated here as actinomorphic, although the curved
stamens introduce a slight element of zygomorphy.
Further morphological characters

Several morphological or biochemical characters lend
further support to some of our hypothesized phyloge-
netic relationships in Lamiales. Carlemanniaceae and
Oleaceae share the characteristic of having only two sta-
mens, while the first-branching Plocospermataceae have
five stamens, and the lineages branching later in the
evolution of Lamiales generally have four stamens. The
sister-group relationship between Calceolariaceae and
Gesneriaceae is further confirmed by two morphological
characters shared by these families (see Figure 4): (i) the
thyrsic inflorescence with pair flowered cymes, and (ii)
aulacospermous alveolated seeds [102]. Aulacospermous
seeds are otherwise only found in Linderniaceae (Crepi-
dorhopalon, Hartliella). However, an aberrant type of
aulacospermous seeds is found in some genera of Scro-
phulariaceae s.str.. Here not all cells of the endothelium
protrude into the endosperm and the ontogeny is differ-
ent from Calceolariaceae, Gesneriaceae and Lindernia-
ceae [44,106]. With regard to chemical compounds,
Plocospermataceae, Oleaceae and Carlemanniaceae have
no anthraquinones from the shikimic acid metabolism,
Tetrachondraceae have not been examined for the
occurrence of these compounds, and all other lineages
in Lamiales possess them. Consequently, these anth-
raquinones have evolved immediately before or
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immediately after branching of Tetrachondraceae.
Group II decarboxylated iridoids most likely evolved
once after the branching of Calceolariaceae + Gesneria-
ceae, since they are shared by all taxa branching after
this clade [1]. The close relationship between Rehman-
nia and Orobanchaceae is supported by the shared
occurrence of alveolated seeds.

Divergence ages in Lamiales

There have been several attempts to estimate Asterid
divergence ages, using fossil calibration points outside
Lamiales. By means of the earliest relaxed clock dating
method NPRS [107], Wikstrom et al. [108] provided
estimates for Lamiales stem group (sga) and crown
group ages (cga) of 74 mya and 64 mya, respectively.
Using a more sophisticated approach (PL, [107]), the
later results of Bremer at al. [109] and Janssens et al.
[110] were quite congruent, estimating the stem group
age at 106 and 104 mya, and the crown group age at 97
and 95 mya, respectively. The recent study of Magallon
and Castillo [111] presents a diversification hypothesis
for all angiosperms derived from constraining minimal
ages of 49 nodes with fossil data. This setup resulted in
a sga of 80 mya and a cga of 63 mya for Lamiales,
maybe because of the strongly reduced taxon sampling
among Lamiales compared to Bremer et al. [109].
Furthermore, the highest diversification rates among
angiosperms were found in Lamiales [112]. This rapid
radiation could be a reason for the difficulty in un-
tangling the relationships in Lamiales, as previously
supposed [2]. The very short branches among the repre-
sentatives of Higher Core Lamiales (see Figure 3) are
putatively indicative of a rapid radiation. So far, reliable
relaxed-clock estimates for the age of major Lamiales
lineages have been lacking for two reasons, one of
which is the scantiness of useful fossil calibration points.
Only few fossils, sometimes with questionable assign-
ment [113], are known from Lamiales. They include a
mummified Byblis seed (middle Eocene[114]), a fruit
from Bignoniaceae (middle Eocene, [115]), Justicia-like
pollen (Neogene, [116]), and vegetative parts from Hip-
puris (Hippuridaceae), Fraxinus (Oleaceae), and Chilop-
sis (Bignoniaceae) from Oligocene [117]. The second
reason for the absence of dating attempts in Lamiales
has been the uncertainty with respect to the phyloge-
netic position of the families within Lamiales. We
believe that our study represents good progress with
regard to this second problem. Nevertheless, we refrain
from trying to obtain divergence age estimated based on
our data at this point, because (i) the sparseness of reli-
able and useful fossil calibration points would force us
to either use an insufficient number of calibration points
or use calibration points that themselves are molecular-
clock based estimates with a substantial error margin,
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and (ii) because the remaining uncertainties in the
branching order within Lamiales would translate into
inferring clade ages with unsatisfyingly wide confidence
intervals.

Conclusions

Utility of chloroplast markers for Lamiales phylogenetics
Phylogenetic analysis of combined trnK/matK, trnL-F
and rpsl6 intron sequences enhanced both resolution
and statistical support compared to previous studies.
Addition of the more slowly evolving protein coding
rbcL and ndhF genes to our three-marker dataset did
not increase resolution and support values of trees to
the slightest degree (Additional file 6, Figure S5), and
analyses of each of the coding markers alone yield
highly unresolved topologies.

Despite the step forward reported here, more data
need to be compiled to clarify the affinities within the
derived Lamiales, especially for finding the next relatives
of carnivorous lineages and a better understanding of
the path to carnivory in the order. A recent simulation
study argued for accumulating many more characters
from slow evolving markers, and recommends 10,000-
20,000 characters for Lamiales [40]. Apart from the
much greater effort required by this strategy, the simula-
tion approach taken by the authors does not allow a
rejection of the utility of non coding markers. This is
because the distribution of rates and homoplasy at indi-
vidual sites, which seems to be a very important factor
determining phylogenetic utility [57], was not taken into
account by the authors. Moreover, simulations were
exclusively based on substitutional patterns derived
from functionally highly constrained ndhF and rbcL data
sets with a scarce taxon sampling and a very rough esti-
mation of phylogeny by neighbor-joining. A currently
popular approach in large scale angiosperm phyloge-
netics takes this idea one step further and uses concate-
nated coding sequences extracted from complete cp
genome sequences (e.g. [118]).

However, regardless of the markers and number of
characters used, it has emerged as highly crucial to
maintain a high taxon sampling density while accumu-
lating more characters [40,112,119]. Although the cost
for complete cp genome sequences have dropped dra-
matically in the past years, in particular when only pro-
tein coding regions are targeted and no assembly is
aimed at, the cost/benefit ratio so far has prevented
researchers from taking this avenue for resolving the
Lamiales phylogeny. For such an approach, it is cur-
rently unclear whether an appropriate number of taxa
could be upheld while keeping costs at a reasonable
level, and whether the information content in even a
large number of slowly evolving protein coding genes
would significantly exceed that in just a few more
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quickly evolving cp genome regions. In view of the sub-
stantial progress made here with this kind of marker,
adding further data from non-protein coding chloroplast
regions seems a promising strategy that, alone or in
combination with phylogenomic approaches, might
finally provide us with a clear picture of Lamiales
evolution.

Additional material

Additional file 1: Table S1: Taxa, specimens and GenBank acession
numbers for sequences used in the 5 gene analysis. Voucher
information.

Additional file 2: Figure S1: A comparison of decay values. Numbers
above branches give decay values from nucleotide data matrix; numbers
below branches that from nucleotides plus coded indels.

Additional file 3: Figure S2: Tree from rbcL analysis. Strict consensus
of 100 MP bootstrap replicates performed.

Additional file 4: Figure S3: Tree from ndhF analysis. Strict consensus
of 100 MP bootstrap replicates performed.

Additional file 5: Figure S4: Tree from angiosperm-wide matK
analysis of the Hilu et al. 2003 dataset plus our newly generated
Hydrostachys sequence. Strict consensus of 100 MP bootstrap replicates
performed.

Additional file 6: Figure S5: Tree from combined trnK/matK, trnL-F,
rps16, rbcl, ndhF analysis. 100 bootstrap replicates performed.
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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

Keywords:
Carnivorous plants
Genlisea
Lentibulariaceae
trnK/matK

rps16

trnQ-rps16
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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-

* Corresponding author. Fax: +49 89 172 638.
E-mail address: fleischmann@Irz.uni-muenchen.de (A. Fleischmann).

1055-7903/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.ympev.2010.03.009

gions exhibit what is among the highest DNA substitutional rates
in angiosperm chloroplasts (Miiller 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; Ptachno 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; Studnicka, 2003c; Ptachno 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).

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. Ptachno 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
frominternal gland hairs (Ptachno et al.,2005a; Barthlottetal., 1998;
Heslop-Harrison, 1975). However, the function of the trapping
mechanismis still not understood in detail, and there is at least some
contradictory evidence whether Genlisea rhizophylls may act as ac-
tive (Juniperetal., 1989; Studnicka, 1996, 2003a,b) or - more likely -
passive traps (Plachno 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 (Plachno 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.

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 Miiller et al. (2004,
2006) gave support for the monophyly of the two subgenera Gen-
lisea and Tayloria. In addition, Miiller 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
(Miiller 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. Miiller et al., 2001,
2004, 2006; APG 111, 2009). However, the sister group of Lentibular-
iaceae still is not known for sure and is subject of ongoing research
(Schaferhoff 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
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Fig. 2. Distribution of Genlisea, with species numbers indicated. Dashed yellow line marks the range of subgenus Tayloria. Data from Fischer et al. (2000), Fromm-Trinta
(1978), Taylor (1967, 1991), Olvera and Martinez (2002), Rivadavia and Fleischmann (pers. obs.).
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et al., 1997) and the flanking trnQ-rps16 intergenic spacer region
(Calvino 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; Miiller and Borsch, 2005; Miiller 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 Sdo 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 Miiller
et al., 2004), occasionally green leaves), using a NucleoSpin® Plant
Kit (Macherey-Nagel, Diiren, 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 pul volumes were
used, containing 2 pl DNA template, 10 pl dNTP mix (1.25 mM
each), 2 pl of each primer (100 pmol/pl), and 0,25 pl Taq Polymer-
ase (5 U/ul; 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 (Miiller et al., 2004), ACmatK500F (Hilu
et al., 2003), as well as the specifically designed primers LE5R (5'-
CAA GGT TCC TTG RCC AAC C-3'), GenliseaR (5'-TTC SCC TGA AAA
TCM GTA ACC-3'), Utrnk1387F (5-GAA ATT CCW TTT TAT CTW
CGA G-3'). Primer design was semi-automated with help of Seq-
State (Miiller, 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. NC0O01879).

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 (5-ACC AAC TTC

GTA AAT GTA TCT TAC-3') and rps16-706R (5'-TTC ATT TCT TGA
GTG GTC TT-3’) were designed to fill sequence gaps in certain
accessions of Genlisea.

Out of the 19 primers specifically designed by Calvifio 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 (Schdfer-
hoff, in preparation; Scheunert, in preparation). The PCR profile for
amplifications of the trnQ-rps16 intergenic spacer did not follow
that published in Calvifio 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 Amplitag 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 (Miiller 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
(Miiller, 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 (Miiller, 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 (Miiller, 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 BioN]
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 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.

Character number

1 2

Species

—_
o

G. subviridis

G. africana

G. barthlottii

G. stapfii

G. margareatae

G. glandulossisima
G. hispidula
subglabra

aurea

pygmaea

aff. filiformis
filiformis

repens

sp. ‘Gran Sabana’
roraimensis
glabra

guianensis
sanariapoana
uncinata

sp. ‘Itacambira’
violacea, type’
aff. violacea ‘giant’
violacea ‘short spur’
lobata
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n.a. n.a.

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+I" 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

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 (Stéver and Miiller,
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; Plachno et al,,
2008; Reut, 1993) and SEM photographs (Ptachno, 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; Plachno 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.

Sequence statistics for the markers used. Characters = number of characters in the alignment matrix); Length range = actual sequence length in nucleotides (including hotspots;
minimal and maximal value observed); SD = standard deviation of mean length; % divergence (range) = pairwise sequence distance in percent (uncorrected p distance, overall
mean, lowest and highest scores in brackets); ti/tv ratio (transition/transversion ratio based on p distances; range in brackets); % variable = percentage of variable positions; %

informative = percentage of parsimony informative positions; % GC = GC content.

Marker Characters Length range® Mean?® SD* % Divergence SE (Range) ti/tv SE (Range)
Combined dataset 4184 2628-4196 3719.36 323.818 9.161 0.289 (0.282-22.096) 0.658 0.038 (0.053-1.429)
trnQ 1062 279-857 576.692 91.941 11.600 0.554 (0.286-27.434) 0.646 0.078 (0.000-2.000)
rps16 511 789-851 814.282 14.523 7.663 0.730 (0.000-15.927) 0.690 0.121 (0.000-3.000)
trnK/matK 2611 1261-2503 2336.72 306.887 8.655 0.298 (0.147-27.778) 0.703 0.053 (0.000-3.143)
Marker % Variable % Informative % GC* % A? % C* % G* % T?
Combined dataset 37.643 21.917 32.829 32.724 15.518 17.311 34.447
trnQ 36.768 22444 27.166 35.917 14.259 12.907 36.917
rps16 32.485 18.200 34.602 33.310 16.107 18.494 32.088
trnK/matK 42.279 22.411 33.650 31.742 15.688 17.962 34.609

¢ Calculated with hotspots included (statistics for which correct alignment not needed).



774

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; Miiller 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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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 Espirito Santo state,and a clade (87 LB, 82 PB, 1.00 PP) made up of
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Fig. 3. Majority-rule-consensus tree from the Bayesian MCMC-analysis of combined trnK, rps16 and trnQ-rps16 datasets. Numbers above branches show Bayesian posterior
probabilities (left), maximum likelihood bootstrap proportions (right); numbers below branches are maximum parsimony bootstrap proportions values. Numbers in brackets
indicate that the respective node was not supported by all three methodological approaches. The bracketed number then indicates the strongest support found for any node

that contradicts the shown node (cf. Stéver and Miiller, 2010).
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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 Genliseq, 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
I +1II, our “clade I”) that is sister to a clade of African species
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(group 1), 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-
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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, Goids 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 (Plachno 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, Plachno 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;
Plachno 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 (Ptachno 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 Ptachno 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 (Ptachno,
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 Il
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 (Plachno, 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; Miiller
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
Miiller 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;
Miiller 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. Miiller, 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 Goias 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 Fiirst, 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; Miiller 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; Miiller
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, Espirito Santo and Sdo 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 Ptachno and Swiatek, 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 (Schaferhoff 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 (Dorrstock et al., 1996)).
These “outliers” have been explained by rather recent long-dis-
tance dispersal to Africa (Dorrstock 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 Genliseq, 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 Bolivar state of Venezuela and adjacent
Guyana), at least one of them (G. guianensis) has a few disjunct
populations in the states of Bahia, Goias, 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 Martinez, 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 +1II, 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 Il 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.
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Abstract

Five new species of Genlisea are described from Brazil, and all eight species of Genlisea subgenus Tayloria are
described and illustrated, including remarks on ecology, biogeography, and habitat. Distribution maps, line drawings,
photographs of the corolla, and SEM microphotographs of the seeds are presented for all species, and an identification
key is provided for the subgenus.

Resumo

Cinco novas espécies de Genlisea sdo descritas para o Brasil e todas as oito espécies de Genlisea subgénero Tayloria sdo
descritas e ilustradas, incluindo observagdes sobre ecologia, biogeografia e habitat. S3o apresentados mapas de
distribuigdo, ilustra¢des, fotografias da corola e microfotografias SEM das sementes para todas as espécies, além de uma
chave de identificag@o para o subgénero.

Key words: Brazil, Chapada Diamantina, new species, Serra do Espinhaco

Introduction

The sandstone massifs of the Espinhago Mountain Range (Cadeia do Espinhago or “Backbone Range”), of
Minas Gerais and Babhia states in eastern Brazil form a large north to south ranging mountain chain (see Fig.
1), usually over 800 m elevation, rising to over 2000 m in some areas (Rapini et al. 2002). It is made up by
quartzitic rocks of Pre-Cambrian age (Harley 1988), which are covered by shallow, sandy, nutrient poor,
acidic soils. The area hosts a unique flora, especially in the dominating campo rupestre (“rocky fields”)
vegetation type, which is found on the sandstone based soils in areas above (800—)900 m elevation (Harley
1988, Giulietti & Pirani 1988, Giulietti ef al. 1987, 1997, Benites et al. 2007).

The Espinhaco Range is divided into two main parts: the northern section—the Chapada Diamantina—
lies in the state of Bahia, the southern section—the Serra do Espinhaco—in Minas Gerais. The area in
between (less than 200 km wide) is covered with a dry cerrado and caatinga shrubland vegetation and
includes the Rio de Contas Basin with richer and deeper soils (Harley 1988), distinct from the specialized
campo rupestre vegetation that occurs on the poor soils of the higher elevated areas of the Espinhaco Range.
However, to the west of this basin lies a continuous series of fragmented sandstone foothills (reaching the
800-1000 m elevation range), that geologically connects the Serra do Espinhago to the Chapada Diamantina,
and possibly connected both areas floristically in the past during cooler periods (Antonelli ez al. 2010).
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Other sections of the Serra do Espinhago in Minas Gerais are separated by similar areas of lower elevation
covered with cerrado vegetation, most notably between the northern Diamantina Plateau and the highlands
extending from Itacambira to Grao Mogol (Fig. 1). These areas display edaphic and climatic conditions
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FIGURE 1. Map of eastern Brazil, illustrating the Espinhago Mountain Range (including the Chapada Diamantina),
showing the most important mountain massifs of the range, and the adjacent costal highlands and the Serra do Caparad.
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contrasting to those of the higher elevation areas, and therefore can also act as a barrier for migration of
endemic mountain flora and campo rupestre plants (Harley 1988, Echternacht ez al. 2011).

The flora of the Espinhaco Range shows a remarkably high degree of endemism (Harley 1988, Giulietti &
Pirani 1988, Rapini et al. 2002, Alves et al. 2007, Echternacht ez al. 2011), often on a small local scale,
especially in the mountain ranges (“Serras”) known as Serra do Cip6, Diamantina Plateau, Serra do Cabral
and Serra de Grdo Mogol, and in the Chapada Diamantina (see Fig. 1). The Serra do Cipo, which has been
known as the “Serra da Lapa” to 18th century naturalists, has ever since been intensively explored by
botanists (Giulietti et al. 1987); nevertheless, new taxa are still continuously described from that area (eg.,
Rivadavia & Gonella 2011).

The genus Genlisea Saint-Hilaire (1833: 428) belongs to the carnivorous plant family Lentibulariaceae of
the angiosperm order Lamiales (Angiosperm Phylogeny Group 2009). It occurs in South and Central America
and Africa, including Madagascar, and comprises 22 species previous to the present study (Fleischmann et al.
2010). The Brazilian endemic Genlisea subgenus Tayloria (Fromm-Trinta 1977: 1) Fischer, Porembski &
Barthlott (2000: 293) has been proposed by Fromm-Trinta (1977) based on capsule dehiscence. Three species
have so far been recognized therein (Taylor 1991): the type of the section, G. violacea Saint-Hilaire (1833:
431), and two additional species that were described 150 years later: in 1983, P. Taylor and Fromm-Trinta
described the distinctive G. uncinata Taylor & Fromm (1983: 365) from Bahia state, and in 1989, Fromm-
Trinta described G. lobata Fromm (1989: 152) from eastern Minas Gerais, close to the border of Espirito
Santo. The earlier described G. biloba Benjamin (1847: 254), G. reflexa Benjamin (1847: 254) and G
cylindrica Sylvén (1909: 4) were altogether synonymized with G violacea by Peter Taylor in 1976 on the
respective specimen annotations, and this opinion was followed in subsequent treatments (Fromm-Trinta
1979, Taylor 1991).

However, in the studies leading up to this work, certain herbarium specimens could not be assigned to any
of the three known species of G. subgenus Tayloria. These are here assigned to five newly described species.

Members of G subgenus Tayloria can be distinguished from G subgenus Genlisea by their longitudinally
bivalvate capsule dehiscence (Fromm-Trinta 1977), flower morphology (Fleischmann ez a/. 2010), and in
further morphological characters, such as a spur that is widely divergent from the lower lip of the corolla and
paralleling the pedicel (parallel with corolla lower lip in G. subgenus Genlisea).

The following characters are equally found in all members of G. subgenus 7ayloria, and are therefore not
repeated in the descriptions of each species: The scape indumentum consists of glandular capitate hairs (stalk
unicellular and multicellular oblong head) and/or eglandular hairs (simple bicellular or unicellular hairs). In
contrast to G. subgenus Genlisea, the hairs found in G. subgenus Tayloria are not septate. Bracts and
bracteoles are basifix in all species, and not connate at the base. The inflorescence of all Genlisea species is a
raceme, or (less frequently) a double raceme. Like in all members of Lentibulariaceae, Genlisea flowers
possess two stamens, the filaments are curved inwards, and the anthers are bithecate. The ovary is superior,
the stigma is bilabiate (lower lobe smaller than enlarged orbiculate upper lobe) and persistent in fruit. The
fruit is a dry capsule, longitudinally bivalvate, and many-seeded. Herbarized plants are usually drying dark
brown or black.

All Genlisea species are distinctly heterophyllous, producing green, photosynthetic, epiterrestrial leaves,
and tubular achlorophyllous, subterraneous leaves (rhizophylls). The latter replace the entirely absent roots,
and beyond that act as carnivorous “eel-traps” in order to catch small soil organisms. The overall design of
these inverted Y-shaped organs is more or less identical in all members of the genus, however a few
anatomical differences in trap hairs and digestive glands are found between members of the two subgenera
(Ptachno ef al. 2005), and between some species (Reut 1993, Fromm-Trinta 1979). These microscopic
characters however are very constant in all members of G. subgenus Tayloria, and thus are not considered
here, as they are of low taxonomic value in this group. Therefore, all leaf characters (lamina, petiole) and
measurements given in the present work are referred to the epiterrestrial, green, photosynthetic leaves.

Seed morphology, especially testa structure, proved to be a valuable character for species delimitation in
the sister genus Utricularia (Taylor 1989). Whereas seed shape and testa sculpture seems to be rather
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consistent in subgenus Genlisea, it is apparently more or less species specific in G. subgenus Tayloria (Taylor
& Fromm-Trinta 1983, Fromm-Trinta 1989). During herbarium work and observations made on living plants
in the wild, several new species have been revealed, which are described and illustrated here. Genlisea
oligophylla from Minas Gerais state has been both treated under G. uncinata and G. violacea in previous flora
treatments (Fromm-Trinta 1996), whereas the remaining taxa have been assigned to G. violacea in the past
(Fromm-Trinta 1979, Harley & Mayo 1980, Fromm-Trinta 1996, Fromm-Trinta 2004), or were hitherto
unknown to science.

Material and Methods

Herbarium specimens were personally studied and annotated by at least one of the authors in the following
herbaria: B, BHCB, ESA, HB, K, M, OUPR, RB, SPF, UEC. Herbarium acronyms follow /ndex Herbariorum
(http://sweetgum.nybg.org/ih/).

For SEM analysis, seeds were taken from herbarium specimens from SPF or M, gold-coated by a sputter-
coater (BAL-TEC, Liechtenstein) and analysed with a scanning electron microscope (438VP, LEO,
Germany).

Distribution maps were prepared using georeferenced location data obtained from herbarium records
(extrapolated or approximated for some old or vaguely specified localities) or own field observations. The
underlying maps were generated using DIVA-GIS (Hijmans et al. 2005), based on the spatial cartographic
data provided by the Brazilian Institute of Geography and Statistics (IBGE; http://www.ibge.gov.br). Names
of mountain ranges and massifs used here follow Harley (1988) and Giulietti ez al. (1997).

A key to the species of Genlisea subgenus Tayloria

[0. Capsule opening with bivalvate dehiscence, corolla lilac, lavender or white, spur divergent from corolla lower lip ..
................................................................................................................................................................ —> § Tayloria
- Capsule opening with circumscissile dehiscence, corolla yellow, lilac, bluish or white, with gibbous palate near
throat, spur paralleling the I0WEr 1P ......ccooiiiioiei e —> § Genliseal

1. Scape thick (more than 1 mm in diam. above the middle in dried specimens), succulent. Upper lip of the corolla lon-

ger than (EQUALLINGE) 5 MM ....oouiiiii ettt ettt a e sttt esa e et et e et e et e es e e st eneeeaeenseeseeneesseeneeanean 2
- Scape thin (less than or equalling 1 mm in diam. in dried specimens, but base sometimes to 1.5 mm wide), often fil-
iform. Upper lip of the corolla shorter than 5 Mm.......c..oooiiiiiiiiii e e 4

2. Scapes with a dense indumentum of glandular capitate hairs only. Leaves many, present in flowering plants,
arranged in a dense rosette. Fruiting pedicels recurved (apical part of the fruiting pedicel straight, paralleling the
scape). Upper lip of the corolla deeply bilobate, subequal to lower lip. Spur equalling (slightly longer than) the
corolla upper lip. Corolla deep violet. [Minas Gerais Only] .........ccoooveririeriiiiiiie e G metallica

- Scapes with a dense indumentum of both eglandular simple hairs and glandular hairs. Leaves few, not present in
flowering plants (or only single leaves arranged near the base of the scape). Fruiting pedicels circinate (apical part of
the fruiting pedicels strongly curved inwards, not paralleling the scape). Upper lip of the corolla entire or upper third
bilobate, shorter than the lower lip. Spur distinctly longer than the upper corolla lip. Corolla pale lilac to lavender ..

3. Upper lip entire. Spur longer than lower corolla lip, with apex uncinate (rarely apex straight in single flowers). Pedi-
cel shorter than (equalling) the spur, to 8.5 mm long, strongly circinate in fruit. Corolla without darker venation.
Seed papillate (magnifier!). [Bahia only] . .....cocooiiiiiii e G. uncinata

- Upper lip bilobate (rarely single flowers of a scape with lobes of the upper lip fused). Spur shorter than (equalling)
lower corolla lip, with apex straight. Pedicel distinctly longer than the spur, to 10 mm long, laxly circinate in fruit.
Corolla with dark purple veins. Seed not papillate, margins winged (magnifier!). [Minas Gerais only] ..........c..........
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4.  Spur about 1.5-2.0 times longer than the upper corolla lip, or spur more than 5 mm long .........ccceevveevvenienveenenne. 5
- Spur shorter than (equalling, or just slightly exceeding) the upper corolla lip, or spur shorter than (equalling) 5 mm.

...................................................................................................................................................................................... 9
5. Flowering scapes usually longer than (equalling) 25 CIM c...cccviiiiiiiiiiiiiiiiieie et et 6
- Flowering scapes ShOTter than 25 CM.......cccoiciiiiiiiiiiiiieeecteee ettt ettt e et e et e e e sbeesseesabaesaneesseessaeenseenseas 7

6. Upper corolla lip much shorter than lower lip (lower lip from tip to base 3—4 times longer than upper lip). Fruiting
pedicels recurved but older ones turned upwards from the middle. Scapes with indumentum of glandular capitate
and shorter eglandular simple hairs. Leaves 10-40 mm x (3—)8—19 mm, sometimes with sparse cover of microscopic
glandular hairs. Plants of perennially wet swamps. [northern Minas Gerais only] .........ccccooevevieieneennnnn. G flexuosa

- Upper corolla lip subequal to (slightly shorter than) lower lip (lower lip from tip to base 2.0-2.5 times longer than
upper lip). Fruiting pedicels recurved and pointing downwards (rarely gradually arcuated more than 360° and then
pointing upwards). Scapes with indumentum of glandular capitate hairs and equally long eglandular simple hairs, or
exclusively glandular capitate hairs. Leaves (1.5-)3.0-12.0 mm x (0.5-)1.5-7.0 mm, always glabrous. Annual
plants of periodically wet areas. [Minas Gerais, SA0 PaUlO] ........c.ooveviiriiiriiiiiiiiieie e G violacea

7. Corolla white (pale lilac), spur dark purple. Corolla lobes conspicuously emarginate. Fruiting pedicels sharply
reflexed (bent downwards abruptly) from the base. Spur narrowly conical, never widened towards the apex. Scapes
with sparse indumentum of eglandular simple hairs and fewer glandular hairs. [Espirito Santo and eastern Minas
GIETAIS] 1.vevieieetiett ettt ettt ettt et et e bt ett e ete e st e ese e st e se e e e e aeess e es e s b e e s e e b e ks e bRt at e n b e b e e ne e eaeenb e ae e s b nte e e teeneens G. lobata

- Corolla and spur of the same colour, pale lilac to dark violet, rarely white. Corolla lobes entire, or shallowly retuse.
Fruiting pedicels recurved (curved downwards arcuated (arching) from the base). Spur saccate, narrowly conical or
tubular, narrowed or widened towards the apex. Scapes with dense indumentum of eglandular simple hairs and glan-
dular capitate hairs, with dense indumentum of glandular capitate hairs only, or with sparse indumentum of exclu-
sively glandular capitate hairs. [Minas Gerais, S0 Paulo, Bahia] ..........cccccoovieiiiiiiiiiiiieieciceeee e 8

8. Corolla length shorter than 7 mm. Sepals and bracts subglabrous. Scapes with sparse indumentum of glandular cap-
itate hairs only. [Minas GeraiS ONLY . .....c.ccuiiiiiiiiiiiii ettt ettt ete e ese e sseesaesraenne e G. nebulicola
- Corolla length longer than (equalling) 7 mm. Sepals and bracts with glandular capitate hairs (and usually also eglan-
dular simple hairs). Scapes covered with glandular hairs only, or both glandular capitate hairs and eglandular hairs .

9. Corolla lower lip 6-8 mm wide. Corolla with open throat, without gibbous marking at the base of the palate (but
small greenish-yellow area). Corolla upper lip 2.0-2.5 mm long. Spur 2.0-3.0(—4.0) mm long, saccate or shortly
conical. [Bahia OnLY] ..ocooiiiiiiiii et s e e s G. exhibitionista

- Corolla lower lip (6.5-)10.0-15.0 mm wide. Corolla with pronounced gibbous marking consisting of two yellow
rims at the base of the palate. Corolla upper lip 3.0-5.0 mm long. Spur (2.3—)3.0-5.0(-6.0) mm long, cylindrical,
usually widened towards the apex. [Minas Gerais, SA0 Paulo] .......cccooveviiiiiiiiiiieieeeceee e G. violacea

Species descriptions

The species are arranged in order of affinity, with the three large perennial species related to G. uncinata first,
followed by the species related to G violacea.

1. Genlisea metallica Rivadavia & A.Fleischm., sp. nov. (Figs. 2, 4, 12A,B, 13E,F, 14)

Species a Genlisea uncinata et Genlisea oligophylla scapis pilis glanduligeris tantum obsitis, pilis eglanduligeris omnio
destitutis, et corollae lobis subequalibus diagnoscenda.

Type:—BRAZIL. Minas Gerais: Municipio de Itacambira, a alguns km de Itacambira pela estrada para Montes Claros,
alto da Serra, ca.1300 m, 29 July 2002, F. Rivadavia & R. Gibson 1366 (holotype SPF!, isotypes BHCB!, M!, NY!).

Rosetted perennial herb, to 30 cm tall, forming short thickened underground stems; rosette dense and
compact, comprising 1540 leaves. Leaves spathulate, yellowish green, up to 25 mm long; petiole 1-15 mm
long and up to 3 mm wide, grading into the lamina; lamina spathulate to broadly obovate, 10-20 mm x 8 mm.
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Inflorescence a raceme, with up to 20 flowers per scape; scapes, bracts, bracteoles and calyx densely covered
with indumentum of glandular capitate hairs 0.2-0.3 mm long. Scapes 1-3(-6), erect, succulent, self-
supporting, up to 300 mm long, terete, diam. 1.0-2.0 mm, occasionally bifurcate or multiple-branched, lower
part of the scape with dispersed sterile bracts. Bracts narrowly lanceolate to narrowly oblanceolate, 2.5-4.0
mm long and 0.8—1.5 mm wide, from gibbous base, with apex retuse or emarginate, rarely obtuse. Bracteoles
subulate to narrowly lanceolate, 1.5-2.0 mm long and 0.3—-0.5 mm wide, with apex obtuse or emarginate.
Pedicel terete, ca. 0.5 mm in diam., 5-10 mm long and erect at anthesis, 10—15 mm long and recurved in fruit.
Sepals 5, oblanceolate to obovate, 4—8 mm % 0.8—1.3 mm. Corolla bilabiate, to 13 mm long, deep violet (often
with a velvety or metallic shine in living plants, caused by papillae on the corolla upper surface), with a
marking on the palate consisting of two yellow ridges surrounded by a paler, white to bluish area; upper lip
cuneate to very broadly obovate, 5-8 mm long and up to 8 mm wide, divided to the half into two widely
divergent lobes, lobes 3.0-3.5 mm wide, with apex rounded or shallowly retuse; lower lip to transversely
elliptic to broadly obtrullate in outline, trilobate, up to 11 mm wide and 8 mm long, lobes subequal, median
one 5 mm wide, lateral lobes 4.0—4.5 mm wide; spur up to 5 mm long, equalling (or slightly longer as) the
lower corolla lip, cylindrical, straight or slightly curved downwards near the apex, 2 mm in diam., with apex
obtuse; corolla margins glabrous, corolla lower surface and spur covered with capitate glands. Capsule
globose, 2.0-3.5 mm in diameter, covered with capitate glandular hairs, opening septicidally. Seeds ellipsoid
to prismatic, about two times wider than high, 300-600 um long, the testa cells isodiametric to slightly
elongate, with the anticlinal walls much raised, with veriform transverse ridges, and the periclinal walls
slightly concave, minutely verrucose.

Distribution:—Brazil, endemic to Minas Gerais, so far only known from a small population in wet
campo rupestre near the town of Itacambira in the Serra do Grao Mogol, and from a single collection made on
the Pico Itambé. Rare, in localized populations.

Habitat:—At the type location, G. metallica grows in a seasonal seepage area, in shallow accumulations
of quartzitic sand over or between rocks. It grows near other species of Genlisea, but not sympatric with any.

Etymology:—The epithet metallica refers to the metallic sheen of the dark violet flowers, caused by
microscopic papillae on the upper surface of the corolla.

Conservation Status:—Ceritically Endangered (CR), according to the criteria of IUCN (2001), as only
two small and localized populations are currently known. The locus classicus at Itacambira faces potential
threat by Eucalyptus plantations and cattle ranching (although that place is considered an Environment
Protection Area (APA)—as any river and headwater in Brazil is), and thus we strongly recommend to create a
government protected area that encompasses the common type location of G metallica and G. flexuosa and
surrounding highlands, which are rich in numerous other endemic plants species. For example, the same area
represents the locus classicus of Drosera grantsaui Rivadavia (2003: 82) and D. x fontinalis Rivadavia (2009:
121).

Notes:—Genlisea metallica has a very distinctive dark violet flower colour, with a velvety or metallic
shine in live specimens, which is caused by small papillae of the corolla epidermis. The stiff and erect, thick
scapes covered exclusively by glandular hairs distinguish this species from G. flexuosa and G. violacea, which
both have very slender scapes with a much more sparse indumentum of glandular, and often eglandular hairs.
The scapes of G. metallica are so densely covered by glandular capitate hairs, that even dried herbarium
specimens still remain somewhat viscid.

In contrast to all other species of Genlisea subgenus Tayloria, G. metallica tends to have a much more
compact rosette of many overlapping leaves. To survive the dry season, G metallica dies back to turnip-like
organs formed by short, succulent vertical underground stems at the base of the flower scapes (Fig. 14). At its
type location, G: metallica grows within a short distance, but not sympatric with, G aurea Saint-Hilaire (1833:
429), G. filiformis Saint-Hilaire (1833: 430), G. repens Benjamin (1847: 253), G. violacea, G. oligophylla and
G. flexuosa, making Itacambira the place with the highest number of species known throughout the range of
Genlisea. Moreover, no other area is currently known where more than two species of G. subgenus Tayloria
co-occur (see Figs. 2, 3). This high alpha-diversity observed in Genlisea at Itacambira is in contrast with many
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other flora elements of the Espinhaco campo rupestre vegetation, which show a lower rate of endemism in the
northern part of the Serra do Espinhaco of Minas Gerais (eg. Rapini et al. 2002, Echternacht ef al. 2011).
Genlisea metallica was referred to as G. sp. ‘Itacambira’ in the phylogenetic reconstructions of Fleischmann ez

al. (2010).
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FIGURE 2. Distribution map of the Genlisea subgenus Tayloria species of affinity to G uncinata (large perennial

species with thick scapes).
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FIGURE 3. Distribution map of the Genlisea subgenus Tayloria species of affinity to G violacea.

Additional specimens examined (paratypes):—BRAZIL. Minas Gerais: Municipio de Itacambira,
estrada para Montes Claros, ca.1300 m, 14 July 1999, F. Rivadavia & F. Pinheiro 1139 (SPF); 22 April 2010,
P M. Gonella et al. 293 (SPF). Municipio de Santo Antonio do Itambé, descida do Morro do Pico Itambé, ca.
1000 m, [the elevation given as 3068 m is clearly wrong], 06 April 1982, I. Rossi et al. CFCR 30934 (K,

SPF).
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FIGURE 4. Genlisea metallica (all from P.M. Gonella et al. 293). A, habit. B, section of the scape. C, section of the
pedicel. D, bract and bracteoles. E, insertion of bract and bracteoles to the peduncle. F, calyx. G, corolla. H, seeds.
Drawing by A. Fleischmann.
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2. Genlisea oligophylla Rivadavia & A.Fleischm., sp. nov. (Figs. 2, 5, 12C,D, 13C,D)

Genliseae uncinatae similis sed corollae labio superiore bilobato, corolla reticulato-venosa, calcari apicem versus non
uncinato, calcari corollae labio inferiore paulo breviore vel subaequante, pedicello quam calcar longiore, et
seminibus prismaticis alatis differt.

Type:—BRAZIL. Minas Gerais: Municipio de Santana do Riacho, bifurcacdo da estrada para Concei¢do do Mato Dentro
e Morro do Pilar, ca. 1450 m, 23 February 1996, F. Rivadavia & J. Mullins 535 (holotype SPF!, isotypes BHCB!,
M!).

Robust perennial herb, up to 50 cm tall. Leaves few, spathulate, forming a lax rosette; petioles subterraneous,
lamina orbiculate to transverse broadly obovate; leaves usually not present at anthesis. Inflorescence a lax
raceme, with up to 25 flowers; scape, bracts, bracteoles, pedicels and calyx densely covered with glandular
capitate hairs up to 0.8 mm long and fewer eglandular simple hairs of equal length; scape indumentum denser
towards the apex; Scapes solitary, erect, succulent, self-supporting, terete, ca. 2—-3 mm in diam., up to 50 cm
long, rarely bifurcate or branched, lower part of the scape with dispersed sterile bracts.

Bracts lanceolate, up to 2.5 mm long and 0.8 mm wide, with gibbous base. Bracteoles subulate, 1-2 mm
long, 0.3 mm wide. Pedicels up to 10 mm long at anthesis, ca. 0.5 mm in diam., terete, glandular, erect at
anthesis, enlarged and circinately curved downwards in fruit.

Sepals 5, lanceolate to oblong, ca. 1 mm wide, 2.0-2.5 mm long. Corolla up to 18 mm long, pale lavender
to lilac-bluish, with dark purple reticulate venation along the nerves, base of the lower lip whitish with two
yellow spots on the two vertical ridges of the palate; upper corolla lip very broadly obovate, up to 5 mm long
and 9 mm wide, deeply bilobate to the middle (rarely only shallowly truncate), lobes divergent, each lobe ca.
4 mm wide, oblong to rectangular in outline, with apex retuse; lower corolla lip 3-lobate, the entire limb
broadly obtrullate to broadly oblong in outline, up to 10 mm long and 14 mm wide, lobes subequal in size, the
median lobe ca. 6 mm wide, lateral lobes ca. 5 mm wide, lobe margins entire or slightly crenulate; spur
narrowly cylindrical, straight, about as long as or slightly shorter than the lower lip of the corolla, 6—8 mm
long, ca. I mm in diameter, with apex obtuse or subacute; back of the corolla, margins of the corolla lobes and
spur sparsely covered with glandular capitate hairs. Capsule globose, 2—4 mm in diameter, glandular. Seeds
prismatic, 4—6-angled, 300-350 um long and 250-300 um wide, ca. 100 pm high, broadly winged on the
angles, the testa cells elongate (to isodiametric on the distal surface), with the anticlinal walls much raised,
straight, and the periclinal walls tabular, microscopically rugose.

Distribution:—Brazil, endemic to Minas Gerais, so far only known from a few localities in the Serra do
Cip6 and from a single population near the town of Itacambira in the Serra de Grao Mogol.

Habitat:—Moist drainage sites, in humid and peat-based sandy soils, between tall grasses, growing in
close proximity to other Genlisea spp. (including G. flexuosa, G. metallica, and G. violacea), Drosera spp. and
Utricularia spp.

Etymology:—The specific epithet oligophylla refers to the few photosynthetic leaves of this taxon (often
single or no leaves present during flower anthesis).

Conservation Status:—Critically Endangered (CR). A few very small populations (often single
individuals) occur inside protected areas of the Serra do Cipd National Park, however any of the populations
outside borders of this park are under high threat of destruction by cattle farming, Eucalyptus plantations, and
mining activity.

Notes:—Genlisea oligophylla shares with G uncinata the thick, erect succulent scapes, which in both
species seem to represent the main photosynthetic organ during anthesis and fructification, as leaves are
infrequent or absent in flowering specimens of both taxa (pers. obs.; Rivadavia 2000). Genlisea oligophylla
differs from G uncinata in its upper corolla lip, which is always divided into two distinct lobes in the upper
part (entire, or apex shallowly retuse in G. uncinata), the distinctive dark purple venation of the lavender
corolla (of uniform lilac colour in G uncinata), a spur which is not curved hook-like, and which is slightly
shorter than or as long as the corolla lower lip (curved, or rarely not curved in some exceptional specimens of
G. uncinata, but always distinctly longer than the lower lip). Furthermore, G. oligophylla differs in having
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FIGURE 5. Genlisea oligophylla (all from P.M. Gonella et al. 227). A, habit, one leaf detached. B, section of the scape.
C, scape indumentum. D, bract and bracteoles. E, corolla. F, seeds. Drawing by A. Fleischmann.
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pedicels at anthesis longer than the spur (shorter than the spur in G uncinata), which are enlarged and widely
circinate in fruit (not much enlarged and strongly circinate in fruit in G. uncinata), and winged prismatic seed
(papillate ellipsoid seed in G uncinata).

Fromm-Trinta (1996) cited G. uncinata for the Serra do Cipd, but the respective specimens she studied
actually represent G. oligophylla. Curiously, the seed shape illustrated for those Cipd specimens is papillate,
which suggests that she may not have seen the actual seeds and simply based her drawings on seed belonging
to G. uncinata from Bahia. Unfortunately, no voucher specimens are given for the source of the drawing.
However, no specimens of G oligophylla examined for the present study did show papillate seed, including
those cited by Fromm-Trinta (1996).

Genlisea uncinata and G. oligophylla are geographically widely separated, with G oligophylla currently
only known to occur in the central sections of the Serra do Espinha¢o in Minas Gerais, South-Eastern Brazil,
ca. 500 km distant from the closest known populations of G. uncinata, which is endemic to the Chapada
Diamantina mountain range of central Bahia state, North-Eastern Brazil. The higher elevation campo rupestre
habitats of these two species are separated by lower elevation areas covered with dry cerrado and caatinga
vegetation, most notably the fragmented sandstone foothills which lie between the Chapada Diamantina and
Serra do Espinhago. Today, these intermediate areas represent a climatic and edaphic barrier for the exchange
of montane flora from north to south or vice versa. Harley (1988) postulates that this barrier probably already
acted as such in the past, when the area could have been drier or covered by forest. However, campo rupestre
vegetation may have occupied these foothills during cooler periods, which then may have served as stepping
stones for species migration in either direction, and therefore might explain extant species disjunctions in the
floras of the two highlands of the Espinhaco Mountain Range (Antonelli ef al. 2010).

Additional specimens examined (paratypes):—BRAZIL. Minas Gerais: Municipio de Itacambira,
estrada para Montes Claros, ca.1285 m, 05 March 1997, F. Rivadavia 609 (SPF). Municipio de Santana do
Riacho, Serra do Cipo, 1938, J. Badini & H.L. Mello Barreto s.n. (OUPR 2111); km 135 da rodovia Belo
Horizonte Concei¢do do Mato Dentro, Parque Nacional da Serra do Cipo, 20 May 1989, 4. M. Giulietti & J.R.
Pirani CFSC 11442 (SPF); Serra do Cip6, bifurcagio da estrada para Concei¢do do Mato Dentro e Morro do
Pilar, ca.1450 m, 04 April 2003, F. Rivadavia 1549 (SPF); atual km 142 (antigo km 149), ca. 1350 m, 17 May
2008, PM. Gonella et al. 119 (SPF); 07 April 2009, P.M. Gonella et al. 227 (SPF). Municipio de Concei¢ao
do Mato Dentro, ca. 70 km NE of Belo Horizonte, Serra do Cip6 km 149, estrada do Pilar, 03 November 1938,
H.L. Mello Barreto 8915 (BHCB, F (not seen, K photo!)) [the duplicate at BHCB consists of a single sterile
scape of G oligophylla, and eight much more slender scapes of G. violacea]. Municipio de Santa Luzia, ca. 70
km NE of Belo Horizonte, Serra do Cipd km 137, estrada de Concei¢do, 04 February 1938, H.L. Mello
Barreto 8968 (K photo!).

3. Genlisea uncinata P.Taylor & Fromm (Figs. 2, 6, 12E,F, 13A,B)

Type:—BRAZIL. Bahia: Serra do Sincora, ca. 15km NW of Mucugé on the road to Guiné and Palmeiras, 1300—-1500m,
19 March 1988, R.M. Harley et al. 20980 (holotype CEPEC!, isotypes K!, R, NY, U image!, P).

Robust perennial herb, to 80 cm tall. Leaves few, especially during anthesis, slightly succulent, spathulate;
petiole narrowly cuneate, 1-5 cm long; lamina obovate to transversely elliptical, up to 15 mm long and 6 mm
wide. Inflorescence a dense raceme, multi-flowered (up to 21 flowers; Taylor & Fromm-Trinta 1983); scape,
bracts, bracteoles and pedicels densely covered by glandular capitate and fewer eglandular simple hairs to 0.8
mm long; indumentum denser towards the apex of the scape; calyx and ovary covered by glandular capitate
hairs only. Scapes solitary, thick, succulent, terete, 23—80 cm long, up to 3.5 mm in diam. at the base, erect,
simple, rarely bifurcate or branched, covered with numerous sterile gibbous bracts dispersed along the whole
length. Bracts ovate, 2.0-3.3 mm long, 0.5—1.3 mm wide, with gibbous base, glandular. Bracteoles lanceolate,
1.3-1.5 mm long, 0.2-0.3 mm wide, glandular. Pedicels terete, 6.0-8.5 mm long, up to 1 mm in diameter,
erect at anthesis, circinate and pointing downwards in fruit. Sepals 5, subequal, ovate, elliptical or oblong,
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2.0-2.5 mm long, up to 1 mm wide, the lowermost two slightly curved, densely covered exclusively with
glandular capitate hairs. Corolla bilabiate, up to 20 mm long, pale lavender to lilac-bluish, base of the lower
lip with two yellow marks on the two vertical ridges of the palate; upper lip entire, semicircular to very
broadly ovate, ca. 6 mm long and 6-9 mm wide, apex obtuse or slightly emarginate; lower lip 3-lobate, the
entire limb approximately semicircular to broadly obtrullate in outline, 7-9 mm long and 13—17 mm wide,
lobes subequal, the median one slightly larger, lobe margins rounded or slightly undulate; spur conical, from
slightly constricted base, with apex uncinate (rarely in some exceptional specimens with apex straight), longer
than the pedicel and longer than the lower corolla lip, up to 11 mm long and to 3 mm at its greatest width;
back of the corolla, margins of the corolla lobes and spur densely covered with glandular capitate hairs.
Capsule globose, ca. 3.0—4.5 mm in diameter, longitudinally bivalvate, densely covered with glandular
capitate hairs. Seeds ellipsoid, 350-600 pm long, 250-350 um wide, 150-200 um high (all dimensions
including papillae), testa papillose, with membranous flat papillae up to 130 um long, papillae with striate
reticulation.

Distribution:—Brazil, endemic to Bahia, where it is known from the high elevation sandstone massifs of
the Serra das Almas, Serra do Barbado, Serra da Mesa and Serra do Sincora in the Chapada Diamantina
Mountain Range. Fromm-Trinta’s (1996) erroneous report of G. uncinata for Minas Gerais, from the Serra do
Cipd, is based on two specimens representing G. oligophylla (see under that species).

Habitat:—High montane to subalpine, (1300-)1500-2033 m. Mostly growing among tall grasses in
moist or damp peaty or quartzitic soils, but also growing in wetter organic soil on seepage sites and along
streamsides at higher elevations. Many of the high elevated mountain tops of the Chapada Diamantina Range
are often cloud-covered at night even during the dry winter, and thus nocturnal condensation is a major source
of water in the dry season for numerous plants of the campos rupestres (Harley & Simmons 1986). Even in
late July (the dry season), the soil in the high montane habitats of G uncinata was found to be relatively moist
(Rivadavia 2000).

The higher elevated areas of the Chapada Diamantina may receive two peaks of rainfall per year: the first
main rainy season is concentrated between November and January (sometimes extending to April), and a
second shorter and less regular one from May to June (occasionally to July) (Zappi et al. 2003). This
additional precipitation during the dry season is concentrated on the high mountain tops, and occurs when the
temperatures suddenly drop at night. Together with the dew from condensation, it allows evergreen vegetation
(with xeromorphic adaptations) to occur in the high montane areas (Zappi et al. 2003). These are the
perennially moist areas of campo rupestre vegetation, where G uncinata predominantly occurs. But it can also
be found on high mountain passes, where wind is funnelled from one side of the highlands to the other, and
thus more humidity accumulates and condensates along these natural corridors. At these lower elevations, G
uncinata plants were often observed growing localized in the lee of large rocks, and in pockets of soil on wet
vertical cliffs, whereas the plants are more common and widespread in the campos rupestres on the summit
areas.

Conservation Status:—Near Threatened (NT). Genlisea uncinata is locally endemic (although thought
to be more widespread on other summits throughout the Chapada Diamantina), but most of the known
locations are situated on remote mountain tops of the Chapada Diamantina, thus are considered relatively well
preserved, although not all are protected within National Parks.

Notes:—The large Genlisea uncinata is not likely to be confused with any other species. It is the only
species of G. subgenus Tayloria with a spur longer than the pedicel at anthesis, and with an entire upper lip
(although an undivided upper lip can be found in exceptional single flowers of some specimens of G
oligophylla. For differences between the closely related species G. uncinata and G. oligophylla, see under the
latter species). Moreover, the papillate seeds of G uncinata are very distinctive, and do not correspond with
the seed morphology of any other species of Genlisea. The thick, succulent, tall erect scape of G. uncinata is
also very diagnostic, and further only found in G oligophylla and (to a lesser degree) in G metallica. Genlisea
uncinata bears the tallest inflorescences of all Genlisea species, with scapes up to 80 cm tall (up to 120 cm in
cultivation; Rivadavia 2000), and as thick as a pencil near the base (Rivadavia 2000).
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FIGURE 6. Genlisea uncinata. A, habit (Harley et al. 20980). B, leaf. C, section of pedicel. D, calyx. E, corolla. F,
seeds (B—C from F. Rivadavia 471). Drawing by A. Fleischmann.
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In G uncinata, as well as in the related G oligophylla, the leaves and the thick succulent inflorescences
originate from a short vertical subterraneous stem, ca. 1-5 cm below ground. This is considered an adaptation
to anchor and give support to the thick and tall inflorescence scapes (Rivadavia 2000). Moreover, the
underground stem most likely also helps the plants to survive fires, as the campo rupestre vegetation within of
the Chapada Diamantina frequently experiences seasonal burning (Funch ez a/. 2009).

The strongly circinate, short fruiting pedicels of G uncinata (usually curved inwards forming a circle of
almost 360°) are not found in any other New World member of the genus. A homologous pedicel circination is
only observed in the three African members of Genlisea section Recurvatae Fleischmann et al. (2010: 781).

Genlisea uncinata has been revealed to represent the most basal branch of G subgenus Tayloria
(Fleischmann et al. 2010). Interestingly, it shares floral characters of both subgenera: the entire upper corolla
lip of G. subgenus Genlisea (an undivided upper corolla lip is found in all members of G. subgenus Genlisea,
whereas members of G. subgenus 7ayloria have an upper lip that is bilobate), and a slightly expressed gibbous
mask of the lower lip palate, which is not found in any other member of G. subgenus Tayloria. But the overall
flower design (spreading spur) and corolla colouration fits the typical pattern of G. subgenus Tayloria, as well
as the defining capsule dehiscence.

Specimens examined:—BRAZIL. Bahia: Municipio de Abaira, Campo do Cigano, 1780 m, 12 February
1992, R.M. Harley et al. H52003 (K, SPF); Riacho da Taquara, 1650—1800 m, 24 February 1992, E. Nic
Lughadha et al. H52162 (K, SPF); Garimpo do Bicota, 1530 m, 24 March 1992, B. Stannard & T. Silva
H52806 (K, SPF); Catolés, Serra do Barbado, 1750-2033 m, caminho da forquilha da Serra, 26 February
1994, P.T. Sano et al. CFCR 14625 (SPF); Catolés, subida do Morro do Barbado pela Serra do Guarda Mor,
1700-1950 m, 28 July 1995, F. Rivadavia 487 (SPF); Serra dos Cristais, 1960 m, 08 June 1994, W. Ganev
3335 (K, SPF); Catolés, Serra dos Cristais, 1600 m, 20 May 1999, V.C. Souza et al. 22881 (ESA); trilha para o
Campo da Mutuca, Serra da Mesa, vila de Catolés, ca. 1540 m, 15 July 2005, F. Rivadavia et al. 2026 (SPF);
trilha para o Pico do Barbado e Campo da Mutuca, 1540 m, 28 April 2010, PM. Gonella & A. Fleischmann
327 (SPF). Municipio de Mucugé, no alto da serra ao norte da cidade, 1300—-1450 m, 24 July 1995, F.
Rivadavia 471 (SPF).

4. Genlisea flexuosa Rivadavia, A.Fleischm. & Gonella, sp. nov. (Figs. 3, 7, 12G,H, 13G,H)

Genliseae violaceae similis sed foliis majoribus, scapis longioribus et flexuosis prostratis, calcari labio superiore 1.5—
2.0-plo longiore, labio superiore labio inferiore multo breviore, pedicellis fructigeris deorsum recurvatis medio
sursum flexis.

Type:—BRAZIL. Minas Gerais: Municipio de Itacambira, a alguns km de Itacambira pela estrada para Montes Claros,
1300 m, 12 February 2011, P.M. Gonella et al. 394 (holotype SPF!, isotypes BHCB!, M!, NY!).

Rosetted perennial herb, to 60 cm tall; rosette lax, comprising ca. 820 spathulate leaves; rosette diameter up
to 75 mm. Leaves spathulate, 10—40 mm long; petiole (4—)9-25 mm long and up to 18 mm wide, gradually
widened into the lamina; lamina obovate to oblongate, (3—)10-30 mm x (3—)8—19 mm, glabrous or adaxial
surface with sparse glandular hairs up to 0.2 mm long. /nflorescence a lax raceme, many-flowered, with up to
30 flowers, occasionally bifurcate or multiple branched; scape, bracts, bracteoles and calyx densely covered
by an indumentum consisting of glandular capitate hairs 0.2-0.3 mm long and numerous simple eglandular
hairs 0.1-0.3 mm long. Scapes 1-2(—4), 100—600 mm long, terete, diam. ca. 0.5 mm (to 1.5 mm near the
base), long and flexible and supported by nearby grasses and herbs. Bracts narrowly obovate to linear-
triangular, up to 20 mm long and 0.5 mm wide. Bracteoles subulate, up to 15 mm long and 0.2 mm wide.
Pedicels terete, ca. 10—15 mm and erect at anthesis, curving downwards after anthesis for fructification, but
curved upwards again and often twisted around nearby grasses and herbs when capsules split open; adaxial
side of pedicels covered with both glandular and shorter eglandular hairs, abaxial side with glandular hairs
only. Sepals 5, lanceolate to obovate, 4—8 mm x 0.8—1.3 mm. Corolla up to 17 mm long, pale lavender to

A REVISION OF GENLISEA SUBGENUS TAYLORIA Phytotaxa 33 © 2011 Magnolia Press * 15



FIGURE 7. Genlisea flexuosa (all from P.M. Gonella et al. 292). A, habit. B, section of the scape. C, bract and
bracteoles. D, corolla. E, mature infructescence. F, seeds. Drawing by A. Fleischmann.
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lilac-bluish, with two yellow ridges forming a marking of ca. 3 x 3 mm at the base of the lower lip, the yellow
marking surrounded by a darker purple or bluish line, and the upper lip often with darker purple streaks along
the nerves; upper corolla lip broadly oblong, up to 5 mm long and 7 mm wide, upper third deeply divided into
two divergent lobes, each lobe ca. 3 mm wide, with apex retuse or rounded; lower corolla lip up to 10 mm
long and 15 mm wide, semicircular to broadly obtrullate in outline, trilobate, lobes subequal in size, median
lobe ca. 6 mm wide, lateral lobes ca. 5 mm wide, apex of each lobe slightly retuse; spur cylindrical, straight
(rarely slightly curved downwards near the apex), widening towards the tip, much longer than the upper lip of
the corolla, 5-8 mm long, 1.5-2.0 mm in diameter, with apex obtuse. Capsule globose to broadly ovoid, 3.0—
3.5 mm in diameter, opening septicidally. Seeds globose or broadly ellipsoid to slightly prismatic, 0.3—-0.6 mm
long, testa reticulate, testa cells large, polygonal, isodiametric, with the anticlinal boundaries straight and
much raised, and the periclinal walls tabular, with minutely verrucose broad longitudinally striate bands
(continuing on the anticlines).

Distribution:—Brazil, Minas Gerais, endemic to the highlands of Itacambira, Botumirim and Gréo
Mogol.

Habitat:—Wet seepage sites, swamps, and damp areas in montane regions (ca. 700-1400 m), on peat-
based soils, quartzitic sand or among rocks, in open places, among tall grasses and sparse shrubs. Often
growing together with other perennial carnivorous plants (Utricularia spp., Drosera spp., as well as Genlisea
repens and G aurea).

Etymology:—The specific epithets refers to the long and flexuous scapes, but also to the fact that the
recurved fruiting pedicels reflex upwardly for some part at maturity.

Conservation Status:—Near Threatened (NT). Genlisea flexuosa is somewhat widespread in northern
Minas Gerais, but restricted to localized wetlands. Except those populations that fall within the borders of the
State Park of Grao Mogol, these areas are not protected. Campo rupestre habitats are quite sensitive to habitat
destruction, and many locations in Serra do Espinhag¢o are under threat of habitat loss by mining activity.

Notes:—Genlisea flexuosa resembles a robust specimen of G violacea, as it is larger in all parts, except
for the flower size. It can be distinguished from G. violacea in vegetative state by the much larger spathulate
leaves, which are arranged in a lax rosette. When in flower, G. flexuosa is distinguished by the usually taller
scapes with more numerous flowers, and the proportion of the spur to the corolla upper lip: in G. flexuosa, the
spur is distinctly longer (about twice as long) as the upper corolla lip, whereas in the quite variable G
violacea, the spur is about as long as the corolla upper lip or slightly shorter (rarely slightly longer).
Moreover, the upper lip of G flexuosa is much smaller in relation to the lower lip (size ratio ca. 1:3—4), and
both form an acute to right (or slightly obtuse) angle. In G violacea, the upper corolla lip has about 0.4 to half
the size of the lower lip, and both join at an obtuse to straight angle. Size ratios of the corolla are already
consistent in freshly opened flowers, whereas the angle between the corolla lips is correctly expressed in fully
mature corollae only.

Both species also differ in life strategy and habitat preferences: the perennial G flexuosa prefers generally
wetter habitats (swamps, bogs and perennial seepages) comparing to the annual G violacea, which occurs on
seasonal dripping moss-covered rocks or walls, or periodically wet or moist sandy soils.

At the northernmost range of G. violacea, especially in the Serra do Cabral, Serra de Grao Mogol, in the
Parque Estadual do Rio Preto, and between the towns of Diamantina and Gouveia, rare populations of very
large and robust specimens of G. violacea can be found (see under G. violacea “specimens examined™). These
large plants share several characters with G. flexuosa, such as long spurs that much exceed the upper corolla
lip, and very long scapes. However, they lack other characteristics typical of G flexuosa, such as the large
rosettes and long, broadly spathulate leaves, or the scape indumentum of glandular and shorter eglandular
hairs. Otherwise, they resemble G violacea in all vegetative parts, and do not form the long flexuous scapes
with upwardly recurved, twining fruiting pedicels. Like the perennial G. flexuosa, which inhabits grass-
covered areas of perennially wet swamps, these large plants are mostly confined to wet, peaty habitats, in
contrast to the annual G violacea, which inhabits seasonally wet, open habitats. The distinct characters of G
flexuosa and the respective large G. violacea plants are maintained stable in cultivation, if kept under identical
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growing conditions, thus ecologically induced variation can be excluded. As all morphological characters of
the robust plants in question (except scape or spur lengths), conform to typical G. violacea, we here assign
them to G violacea. However, considering the fact that these large plants are found in areas up to 180 km
south of where the ranges of G violacea and G. flexuosa overlap, we cannot exclude a potential hybrid origin.
Further evidence that G. flexuosa and G. violacea represent distinct taxa is the fact that both species have been
observed to occur in close proximity, but in ecologically separated habitats (eg. near the town of Itacambira).

Genlisea flexuosa frequently and abundantly reproduces asexually by small plantlets budding from the
apical, helically twisted part of the trap leaves. This mode of vegetative reproduction was also observed—to a
lesser degree—in many other species of Genlisea by the authors of the present work, and is known to occur
less frequently in cultivated plants of all members of G. subgenus Tayloria. Genlisea flexuosa was referred to
as G aff. violacea ‘giant’ in the phylogenetic reconstructions published in Fleischmann ef a/. (2010), and as G
violacea in Fromm-Trinta (2004).

Interestingly, plants of G flexuosa from Itacambira and Botumirim bear small glandular capitate hairs
sparsely scattered on the adaxial surface of the lamina. Glandular leaves have not been observed in any other
species of Genlisea so far, all of which have entirely glabrous leaves, although some species (most notably G
aurea) are known to prolifically produce mucus from their rosette leaves.

Genlisea flexuosa is the only member of G. subgenus Tayloria with generally climbing inflorescences: the
scapes are thin, long and flexible, and self-supporting only before anthesis. During anthesis, the scapes lean
for support on nearby grasses and herbs. The pattern of the fruiting pedicel reflexion of G. flexuosa is unique
among Genlisea: like in all members of G. subgenus Tayloria, the pedicels of pollinated flowers bend down
after anthesis as soon as the capsule develops, so that the fruiting capsules will face the ground. In G flexuosa,
however, the ripe capsules are not pointing downwards when these split open, but face upwards as the pedicel
curves or twists again at about half of its length when the seed capsules mature (Fig. 7E). Often, the apical part
of the pedicel is twisted several times, twining around nearby grasses. Thus, the scape of the infructescence
becomes anchored in the surrounding vegetation, and the ripe capsules are well exposed above the ground
when they open. In the other species of G. subgenus Tayloria (most notably G. violacea and G. lobata),
exceptional specimens sometimes have fruiting pedicels gradually arcuated more than 360°, and then pointing
upwardly (Fig. 11A). However these are never abruptly bent upwards at about half of their length, as in G
flexuosa, but are continuously arcuately curved from the base.

Near the town of Itacambira, G flexuosa can be found growing in close proximity to G metallica, and a
putative hybrid between both species was encountered by two of the authors, AF and PMG (P.M. Gonella et
al. 294). The possible hybrid plant was growing sympatrically with G flexuosa in a swampy area, and shared
intermediate vegetative and floral characters of both parent species.

Additional specimens examined (paratypes):—BRAZIL. Minas Gerais: Municipio de Itacambira, ao
lado da estrada para Itacambira, 16 December 1994, F. Rivadavia 312 (SPF); a alguns km de Itacambira pela
estrada para Montes Claros, ca.1330 m, 05 March 1997, F. Rivadavia 599 (SPF); 14 July 1999, F. Rivadavia
& F. Pinheiro 1138 (SPF); 13 October 2001, F. Rivadavia 1287 (SPF); 22 April 2010, P M. Gonella et al. 292
(SPF); a direita da estrada para Montes Claros, ca. 1300 m, 29 July 2002, F. Rivadavia & R. Gibson 1365
(SPF). Municipio de Botumirim, alto da Serra da Canastra, ca. 1375 m, 13 October 2001, F. Rivadavia 1269
(SPF); Varzea da Estiva, seguindo em dire¢@o ao pareddo rochoso no fundo da varzea (vereda), 12 February
2011, PM. Gonella et al. 389 (SPF); margem direita do Rio do Peixe, 794 m, 6 September 2011, F. Rivadavia
2705 (SPF). Municipio de Grao Mogol, Vale do Ribeirdo das Mortes, proximo a nascente, 1050—1100 m, 23
May 1987, J.R. Pirani & R. Mello-Silva CFCR 10843 (SPF); trilha da Tropa, 02 June 1994, F. Rivadavia 277
(SPF); trilha saindo de Grao Mogol, 09 September 1994, F. Rivadavia 304 (SPF).

18 * Phytotaxa 33 © 2011 Magnolia Press FLEISCHMANN ET AL.



5. Genlisea exhibitionista Rivadavia & A. Fleischm., sp. nov. (Figs. 3, 8, 12J, K, 13N, O)

Genliseae violaceae similis sed corolla 6-8 mm lata, palato subnullo, corollae labio superiore 2.0-2.5 mm longo, calcari
breviore saccato vel breviter conico.

Type:—BRAZIL. Bahia: Municipio de Mucugé, no alto da Serra ao norte da cidade, ca. 1400 m, 24 July 1995, F.
Rivadavia 472 (holotype SPF!)

Rosetted annual or facultative short lived perennial; delicate herb, to ca. 12 cm tall; rosette lax, comprising
few leaves, usually 3—8. Leaves spathulate, up to 30 mm long, dark green or wine red; petiole up to 15 mm
long and 1-2 mm wide, gradually widening into the lamina; lamina obovate to oblong-spathulate, up to 5 mm
wide and 15 mm long, glabrous. Inflorescence a simple raceme, bearing 1-6 flowers. Scapes 1-3, 30—-120 mm
long, terete, diam. up to 0.5 mm, with base ascending, covered with both glandular capitate and simple
eglandular hairs up to 0.5 mm long. Bracts narrowly lanceolate, 1.0-1.3 mm long, up to 0.3 mm wide, with
glandular capitate hairs. Bracteoles subulate to narrowly lanceolate, up to 1 mm long and 0.2 mm wide, with
glandular capitate hairs. Pedicel/ 3—10 mm, growing during anthesis, adaxial side covered with both glandular
and shorter eglandular hairs, abaxial side only sparsely hairy; pedicels erect at anthesis, recurved in fruit.
Sepals 5, lanceolate, 1.5-1.8 mm long and 0.4—-0.7 mm wide, adaxial side with capitate glandular hairs and
few eglandular hairs. Corolla up to 11 mm long, bilabiate, tubular, lacking a gibbous palate (or only very
shallowly pronounced), pale lilac, base of lower lip white and with a pale greenish-yellow marking at the
margin of the mouth; outer surface of corolla lobes sparsely covered with capitate glands on ca. 0.5 mm long
translucent stalks, gland head dark, and longer eglandular hairs; upper lip 2.0-2.5 mm long, 3.5-4.0 mm wide,
deeply bilobate, lobes spreading, each lobe ca. 1.5-2.0 mm wide; lower lip rhombic to transversely oblong in
outline, 5.0-6.5 mm long, 6—8 mm wide, trilobate, with emarginate crests between the lobes, median lobe
larger than the lateral ones, up to 4 mm wide and 3 mm long, lateral lobes ca. 2.5 mm wide and 2 mm long;
palate on the upper part of lower corolla lip ca 1.5 mm long, ca. 1 mm wide, pale yellow, densely covered with
translucent short-stalked glands; spur short, terete, saccate or shortly conical, obtuse, 2—3(—4) mm long, 2 mm
wide; back of the corolla and spur sparsely covered with glandular and longer eglandular hairs, few long
eglandular hairs on the palate. Capsule globose to broadly ovoid, ca. 2 mm in diameter, covered with
glandular capitate and eglandular hairs. Seedls prismatic, 4—6-angled, ca. 300 um long, 200-250 pm wide and
100 pm high (two to three times wider than high), narrowly and irregularly winged on the angles, testa
reticulate, the testa cells polygonal to isodiametric, with the anticlinal walls much raised, slightly sinuate, and
the periclinal walls tabular, on the distal surface with verrucose broad longitudinally striate bands that are
continuing on the anticlines.

Distribution:—Brazil, endemic to Bahia, so far only known from three locations in the Chapada
Diamantina highlands: two in the Serra do Sincord, and one at the Cachoeira da Fumaga. It is the
northernmost occurring member of the subgenus. Although apparently rare and occurring in very small
localized populations (as already mentioned in Rivadavia 2000, referring to this plant as “Genlisea sp.”), G.
exhibitionista may in fact be more common, occurring in scattered populations on the rarely explored
mountain tops of the Chapada Diamantina.

Habitat:—Growing in cracks of moss-covered vertical wet sandstone rocks in semi-shaded places with
high humidity, or on saturated peat in shaded crevices of dripping rocks in (upper) montane regions (1000—
1400 m). The locus classicus is high montane habitat receiving regular fog, and the site at the Cachoeira da
Fumaca lies within the reach of the spray of the waterfall and the upriver Riacho da Fumaca. At both places,
G. exhibitionista is often growing sympatric with the carnivorous bladderwort Utricularia rostrata
Fleischmann & Rivadavia (2009: 155).

Etymology:—The specific epithet refers to the conspicuous opening between lower and upper corolla
lobe, which is unique among Genlisea, exposing and exhibiting the styles and stamens.

Conservation Status:—Vulnerable (VU). Although it is currently known from only three small
populations consisting of very few individuals, we assume that it is more widespread in poorly-explored areas
of the Chapada Diamantina, especially at high elevations, on regularly fog-covered summits.
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FIGURE 8. Genlisea exhibitionista (all from F. Rivadavia 472). A, habit. B, section of the scape. C, bract (centre) and
bracteoles. D, insertion of bract and bracteoles to the peduncle. E, calyx. F, corolla. G, seeds. Drawing by A.

Fleischmann.
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Notes:—All members of G subgenus Tayloria have hypocrateriform zygomorphic flowers, which
possess a more or less well-developed small notch on the palate between upper and lower corolla lip, through
which the corolla tube can be entered by pollinating insects. The bilobate stigma and the two anthers are
firmly enclosed within the tubular part of the corolla. In some species (G. flexuosa, G. lobata, G. nebulicola,
some local forms of G violacea) the concave bulge of the upper lip base is well expressed, so that the ventral
surface of the stigmatic lobe is visible when the flower is viewed from the front. In all these species, however,
the entrance to the tubular part of the corolla remains a small slit, as it is narrowed by a prominent small,
blotch-like protrusion of the lower lip (consisting of two yellow gibbous rims in all species except G
uncinata, G. oligophylla and G. metallica, which additionally bear a larger gibbous swelling). In G
exhibitionista, however, this protrusion is lacking. Furthermore, the palate is slightly concave, forming a
relatively large, open, conical corolla tube (which is reminiscent of the open labiate flowers of the
Lentibulariaceae genus Pinguicula [Linnaeus 1753: 17]), in which stigma and anthers are freely exposed. This
unique corolla design among Genlisea might indicate that G exhibitionista relies on a different pollinator. The
very short, wide spur of this species (which is the shortest in relation to overall corolla size observed in any
Genlisea species), together with the open conical corolla tube, suggest a short-tongued insect is acting as the
main pollinator, which probably inserts its head deeply into the corolla tube to reach the nectar at the bottom
of the spur. In contrast, the flowers of all remaining species of G. subgenus Tayloria (perhaps except those of
G. uncinata) which have a slender, long corolla tube with a narrowed entrance and disc-like spreading corolla
lobes (creating a landing platform), are typical salverform blossoms, which are pollinated by insects with a
long proboscis, like butterflies, moths, or dipterans like bombyliid flies (bee flies). In salverform flowers, the
pollinator does not enter the corolla tube with its head, and pollen is likely to be deposited on the proboscis of
the pollinator (Leins & Erbar 2010).

Genlisea exhibitionista differs from the somewhat similar G violacea in its much shorter, saccate to
shortly conical spur, a smaller corolla (especially a much shorter and narrower upper lip) lacking a gibbous
marking of the palate, and a slightly different indumentum of scape and calyx, consisting of more simple hairs
than glandular hairs. Previous mention of G violacea from the Chapada Diamantina (Harley & Mayo 1980)
correspond to G exhibitionista.

Additional specimens examined (paratypes):—BRAZIL. Bahia: Municipio de Palmeiras, cachoeira da
Fumaga, ca.1320 m, 20 June 2005, F. Rivadavia et al. 2086 (SPF). Municipio de Andarai, approx. 15 km
North of Mucugé on road to Andarai, ca. 1100 m, 18 February 1977, R.M. Harley et al. 18889 (K (alcohol
material), RB).

6. Genlisea nebulicola Rivadavia, Gonella & A. Fleischm., sp. nov. (Figs. 3,9, 12L,M, 13P,Q)

Genliseae lobatae similis sed corollae lobis integris obtusis, scapis tantum pilis glanduligeris sparsis obsitis, sepalis
perangustis et subglabris, pedicellis fructigeris recurvatis (non reflexis) differt.

Type:—BRAZIL. Minas Gerais: Municipio de Sdo Roque de Minas, Parque Nacional da Serra da Canastra, base da
Cachoeira Casca d'Anta, 27 March 2011, P M. Gonella 408 (holotype SPF!).

Small, perhaps perennial, lithophyte, to 6 cm tall. Leaves rosulate, broadly spathulate, 4.5-15.0 mm long and
up to 5 mm wide. Inflorescence a lax raceme, often more or less one-sided, 2—8-flowered; scapes and pedicels
very sparsely covered with short-stalked glandular capitate hairs 0.08—0.20 mm long. Scapes 14, up to 60
mm long, erect, terete, filiform, ca. 0.5 mm wide near the base, 0.25 mm in diam. towards the apex. Bracts
narrowly oblong, to 1.5 mm long and 0.2 mm wide, glabrous or with occasional capitate glandular hairs.
Bracteoles subulate to narrowly oblong, 0.5-0.8 mm long and up to 0.15 mm wide, glabrous or with
occasional capitate glandular hairs. Pedicels terete, 0.1-0.3 mm in diam., to 5 mm long and erect or slightly
curved downwards at anthesis, recurved from the base and ca. 10 mm long in fruit; pedicels inserted from
distinctive swollen nodes on the scape. Sepals 5, subulate to narrowly oblong, 0.8—1.2 mm long and 0.15-0.40
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mm wide, adaxial side glabrous or with few single capitate glandular hairs; calyx densely covered with
glandular capitate hairs and eglandular hairs. Corolla bilabiate, 6.0-6.5 mm long, lower lip pale lilac-lavender
or whitish and with a mark of two yellow rims at the base of the palate, upper lip with dark purple streaks
along the nerves; lower lip trilobate, ovate to broadly ovate in outline, to 4.5 mm long and 4 mm wide, the
median lobe circular to transversely elliptic, 2.0-2.5 mm long and to 2.5 mm wide, the smaller lateral lobes
ovate to elliptic, ca. 1 x 1.0-1.5 mm, lobes with apex obtuse to slightly undulate; upper lip bilobate, 1.5-2.0
mm long and 2.5-3.0 mm wide, lobes spreading; spur narrowly cylindrical to oblong, straight or slightly
curved downwards, shorter than lower corolla lip, up to 3 mm long and 0.5 mm in diameter, apex obtuse;
corolla margins and lower surface glabrous, spur with few scattered glandular capitate and eglandular hairs.
Capsule broadly obovoid to ellipsoid, up to 2 mm long and 1.5 mm wide, glabrous at the base, with capitate
glandular hairs towards the tip. Seeds prismatic, 5—6-angled, ca. 400 um long, 300 um wide, and 100 pm high
(three to four times wider than high), the testa cells more or less isodiametric (to elongate on the distal
surface), with the anticlinal walls raised, slightly sinuate, the periclinal walls tabular, microscopically rugose.

Distribution:—Brazil. Minas Gerais, endemic. Thus far only found at the Serra da Canastra and the Serra
das Sete Voltas (Alex Melo, pers. obs.). Rare and very localized populations.

Habitat:—Lithophyte. At the Casca d’Anta waterfall G nebulicola is growing on algae- or moss-covered
sandstone rocks dripping constantly with water from the spray of the waterfall, always on the side facing
south, away from the falls. At least during the wet season, plants are continuously fogged by the spray from
the waterfall, often causing flowers and fruits to be enveloped by water droplets. It occurs sympatrically with
the carnivorous bladderwort Utricularia laciniata Saint-Hilaire & Girard (1838: 870). At the Serra das Sete
Voltas, it has been observed growing on a dripping moss-covered vertical sandstone wall with Drosera
communis (Saint-Hilaire 1824: 267) and Utricularia subulata (Linnaeus 1753: 18) (Alex Melo, pers. obs.).

Etymology:—The epithet nebulicola meaning ‘adherent to clouds’, refers to the unique habitat at the
Casca d’Anta, where the plant grows in the fog of the spray from the waterfall.

Conservation Status:—Ceritically Endangered (CR). The type location, although within a National Park,
is easy accessible and frequently visited by tourists, and the very small population could face potential risk of
destruction or overcollection. At the second known location, this plant is known from a few individuals only.

Notes:—The minute G. nebulicola is apparently most closely allied to G lobata, with which it shares the
cylindrical oblong spur of the corolla, the pale corolla colour, and the very slender fragile scapes. It differs
from G lobata in the indumentum of capitate glandular hairs (consisting of both glandular and numerous
eglandular hairs in G lobata), in its more delicate flowers, which have entire corolla lobes, by shorter scapes
less than 10 cm high, and by its very short pedicels at anthesis, which are about as long as (or even shorter
than) the entire corolla length, and which are recurved (not reflexed) in fruit. It resembles G violacea in the
vegetative parts, but differs from that species in the more delicate inflorescence and flowers, the oblong
cylindrical spur, and the very sparse indumentum of glandular hairs, which make the inflorescences of G
nebulicola appear almost glabrous. Genlisea nebulicola has a very diagnostic calyx indumentum and it is the
only species within G. subgenus 7ayloria that has (semi)glabrous bracts and sepals.

Genlisea violacea is also found in the Serra da Canastra at the Casca d’Anta (e.g., F. Rivadavia & M.
Peixoto 880), and it occurs in close proximity to the known populations of G. nebulicola. However the two
species apparently do not grow sympatrically, with G. violacea only being known from seasonally humid
habitats around pools at the top of the waterfall and in moist sandy soils halfway down from the top (F.
Rivadavia, pers. obs.).

Additional specimens examined (paratype):—BRAZIL. Minas Gerais: Municipio de S0 Roque de
Minas, Parque Nacional da Serra da Canastra, base da Casca d’Anta, ca. 1000 m, 01 April 1999, F. Rivadavia
& M. Peixoto 864 (SPF, M).
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FIGURE 9. Genlisea nebulicola (all from F. Rivadavia & M. Peixoto 864). A, habit. B, leaf. C, section of the pedicel. D,
bract (centre) and bracteoles. E, insertion of bract and bracteoles to the peduncle. F, calyx and entire pedicel. G, corolla.
H, seeds. Drawing by A. Fleischmann.
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7. Genlisea lobata Fromm (Fig. 3, 10, 12N,0, 13L,M)

Type:—BRAZIL. Minas Gerais: Serra do Caparad, na primeira formacao rochosa em dire¢do a Tronqueira, sobre rochas
em local imido, com agua escorrendo, 19 March 1988, R.F.N. Camargo et al. FPNC 0002 (holotype CESJ!, isotypes
SPF!, R photo!, MO image!).

Small to medium sized rosetted annual herb, up to 22 cm tall. Leaves few, rosulate, obovate to obovate-
spathulate, 7.0—12.5 mm long and 1.5-5.0 mm wide. Inflorescence a lax raceme, 1-14-flowered; scapes,
bracts, bracteoles, pedicels and ovary covered with glandular capitate hairs of 0.1-0.4 mm length and
numerous eglandular simple hairs to 0.5 mm length. Scapes 1-4, 60-220 mm long, erect, filiform, to 0.35 mm
in diameter. Bracts narrowly lanceolate, ovate or oblong, 0.8—1.5 mm long, 0.2-0.5 mm wide, with apex
emarginate (bidentate), acute or retuse. Bracteoles lineate, linear-lanceolate, lanceolate or narrowly oblong,
0.5-1.0 mm long, ca. 0.2 mm wide. Pedicels terete, 0.05—0.20 mm in diam., to 15 mm long, erect at anthesis,
in fruit sharply reflexed from a slightly swollen base. Sepals 5, unequal, ovate, ovate-lanceolate, slightly
elliptical to oblong or narrowly cuneate, with apex obtuse, acute, retuse or emarginate, 3-nervate, 1.0-1.3 mm
long and 0.4—0.5 mm wide. Corolla bilabiate, 8.5-9.0 mm long, lower lip white or pale lilac with a blotch
consisting of two yellow rims at the base of the palate, upper lip pale lilac or white, with dark purple
reticulation, spur dark purple; upper lip bilobate, lobes rectangular to cuneate, 2.0-3.5 long and wide, with
apex emarginate to bilobate; lower lip trilobate, lobes subequal, median one larger than the lateral ones, 5.0—
6.5 mm long and 4.5-8.0 mm wide, with apex emarginate or crenulate, lateral lobes with apex emarginate;
corolla margins glabrous; spur cylindrical (or slightly narrowed towards the tip), oblong, 3—5 mm long, to 1
mm in diameter near the base, shorter than the lower corolla lip, with apex obtuse; spur and corolla lower
surface sparsely covered with few glandular capitate hairs and eglandular simple hairs, yellow marking on the
palate densely covered with eglandular hairs. Capsule ellipsoid to obovoid, 2.0-2.5(—4.0) mm in diam.,
glabrous at the base, with glandular and eglandular hairs towards the tip. Seeds prismatic, yellowish brown, 4—
6-angled, 300400 pm long, 200-250 pm wide and ca. 100 um high (two to three times wider than high), very
narrowly winged on the angles, testa reticulate, the testa cells large, polygonal to isodiametric, with the
anticlinal walls raised, and the periclinal walls tabular, on the distal surface with verrucose broad
longitudinally striate bands that are continuing on the anticlines.

Distribution:—Brazil, endemic to South-Eastern Brazil, where it is known from the Serra do Caparad
highlands at the border between the states Minas Gerais and Espirito Santo, the Pico do Forno Grande
inselberg (Serra do Castelo), Muniz Freire, Santa Maria de Jetib4, and from Pedra Azul in Espirito Santo, and
from the Serra da Araponga and the Serra das Cabegas in Minas Gerais.

Habitat:—Montane (1000-1722 m), growing on marshy depressions on granitic hills (inselbergs), on
seepage sites over granitic rock, among mosses (often Sphagnum spp.) in partly shaded seasonally wet areas,
or in humid sandy soil among grasses (Rivadavia 2002). In contrast to all other members of G subgenus
Tayloria, G. lobata does not grow in the campo rupestre vegetation of the quartzite highlands (constituting the
Espinhag¢o Range), but is instead confined to the granitic outcrops of the easterly mountain chains and
surrounding inselbergs.

Conservation Status:—Vulnerable (VU). Genlisea lobata is known from a few locations, but population
sizes of this annual plant are generally small. It grows in more developed areas that have suffered extensive
granite mining activities, deforestation and habitat change in the lowlands over recent decades, which also can
affect the local climate and hydrology of the montane regions.

Notes:—Genlisea lobata is readily distinguished from all other species of G. subgenus Tayloria by the
distinctly emarginate petal tips, and by the colour pattern of the corolla. Although white flowered specimens
of G violacea are known to rarely occur in some populations, they never have a purple spur and bicoloured
upper corolla lip. The sharply reflexed pedicels of fruiting specimens are unique in the subgenus, too, as all
other species have either arcuate-recurved or circinate pedicles in fruit.
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FIGURE 10. Genlisea lobata (all from F. Rivadavia et al. 517). A, habit. B, section of the scape. C, bract (centre) and
bracteoles. D, insertion of bract and bracteoles to the peduncle. E, calyx. F, corolla. G, valve of the seed capsule. H,

seeds. Drawing by A. Fleischmann.
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An artificial hybrid has been created in cultivation between G lobata and G. flexuosa by carnivorous plant
breeder Jan Flisek (named as “G. lobata x violacea”; K. Pasek, pers. com.), and between G lobata and G
violacea by P.M. Gonella. This indicates that there are no reproductive barriers between these closely related
taxa (see Fleischmann et al., 2010), and that rather geographical isolation and edaphic factors have driven
speciation.

Genlisea lobata is the only member of G subgenus Tayloria that occurs in Espirito Santo state, and
previous records of G violacea from this state (Fromm-Trinta 1979, Taylor 1991) result from misidentified
specimens of G lobata.

Specimens examined:—BRAZIL. Espirito Santo: Municipio de Castelo, Parque Estadual do Forno
Grande, Trilha para o Forninho, 1100-1400 m, 17 July 2008, R. Goldenberg 1166 (RB); Pedra abaixo do
Mirante, 1100-1400 m, 09 April 2009, R. Goldenberg 1428 (RB). Municipio de Ibitirama, Serra do Caparad,
24 March 1970, A.P. Duarte 12691 (BHCB). Municipio de Domingos Martins, Rodovia Vitéria—Belo
Horizonte, Pedra Azul, 16 June 1980, O.J. Pereira 451 (UEC). Municipio de Muniz Freire , estrada entre
Manhuagu e Vitéria, 1000 m, 07 September 1977, G.J. Shepherd et al. 58354 (UEC). Municipio de Santa
Maria de Jetiba, Alto Sao Sebastido, 1000-1170 m, 16 May 2006, A.P. Fontana & R.R. dos Santos 2118 (RB).
Minas Gerais: Municipio de Araponga, Parque Estadual Serra do Brigadeiro, Serra das Cabegas, 1722 m, 30
January 2002, A.N. Caiafa & F-M. Martins 214 (UEC); Serra da Araponga, Fazenda Neblina, ca. 1400 m, 17
February 1996, F. Rivadavia et al. 517 (SPF). Municipio de Alto Caparad: Parque Nacional do Caparao, Vale
Verde, 02 April 1989, L. Krieger & al. 23586 (R); Vale Verde, ca. 1300 m, 10 June 1993, F. Rivadavia 216
(SPF); Vale Verde, 28 May 1999, W. Forster & L.S. Leoni 74 (ESA); Vale Verde, ao longo do Rio Caparao, 16
February 2000, V.C. Souza et al. 23187 (ESA); préximo a entrada do parque, ca. 1300 m, 27 February 2005, F.
Rivadavia 1964 (SPF).

8. Genlisea violacea A.St.-Hil. (Figs. 3, 11, 12P-U, 13J,K)

Type:—BRAZIL. Minas Gerais: Minas Geraes Montagnes ¢levées, bord de ruisseaux dans la Serra da Lapa [Serra do
Cip6], without date, A. de Saint-Hilaire B2 2162 (holotype P!; isotypes P!, B+ (photo M!)).

Genlisea biloba Benjamin (1847: 254). Type: BRAZIL. Sao Paulo: Guaratingueta, without date, C.F.P. Martius s.n.
(holotype M!).

Genlisea cylindrica Sylvén (1909: 4). Type: BRAZIL. Minas Gerais: Serra de Caldas (infra Pedra Branca), 01 June 1874,
C.W.H. Mosén 1996 (holotype S, K fragmentum typi! photo K! photo M!).

Possible synonym: Genlisea reflexa Benjamin (1847: 254). Probable type: BRAZIL. without locality, without date, F.
Sellow s.n. (B+, photo K! photo M!)

Small to medium sized annual herb, up to 25(=35) cm tall. Leaves spathulate, (1.5-)3.0-12.0 mm long and
(0.5-)1.5-7.0 mm wide, petiole short, 1-5 mm long, lamina obovate-spathulate to obovate. Inflorescence a lax
raceme, often more or less one-sided, 1-6(—12)-flowered; scapes, bracts, pedicels, sepals and ovary covered
by glandular capitate and fewer eglandular hairs, or by glandular capitate hairs only. Scapes 1-2(-4), erect,
terete, (25-)30-250(—350) mm tall, (0.1-)0.2—1.0 mm in diam., occasionally bifurcate or multiple branched.
Bracts ovate, ovate-lanceolate, rarely elliptical, oblong or linear-lanceolate, with apex acute or pointed, rarely
emarginate or retuse, dorsal surface and margins glandular, 1.0-2.0(-3.2) mm long and 0.2—0.8 mm
wide.Bracteoles subulate, linear-lanceolate, linear or lanceolate, oblong or ovate-lanceolate, with apex acute,
0.5-2.0 mm long and 0.1-0.3 mm wide. Pedicel terete, 0.2—0.3 mm in diam., erect and 7-20 mm long at
anthesis, reflexed and enlarged to 32 mm in fruit (sometimes arcuated more than 360° and then pointing
upwards). Sepals 5, oblong, ovate-lanceolate or elliptical, rarely linear-lanceolate, with apex acute, pointed,
rarely obtuse or emarginate, 1.0-3.0 mm long and 0.2—1.2 mm wide. Corolla bilabiate, (5—)7-12(—16) mm
long, violet or lilac, with gibbous yellow mark on the palate of the lower lip; upper lip deeply bilobed,
obcordate, 3.0-5.0(—7.0) mm long and (3.0-)5.0-8.5 mm wide, lobes oblong or circular, overlapping or
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FIGURE 11. Genlisea violacea. A, habit and infructescence. (St.-Hilaire B2 2162, type; corolla details adopted from
photographs of plants in situ). B, leaf (1 from F. Rivadavia & J. Mullins 536; 2 from F. Rivadavia 2532). C, section of the
pedicel (1 from Glaziou 8218a; 2 from Regnell 111848; 3 from Martius s.n.). D, bract and bracteoles (F. Rivadavia 2560).
E, calyx (F Rivadavia 2560). F, corolla (1 from F. Rivadavia 1952; 2 from F. Rivadavia 2532; 3 from F. Rivadavia 2560,
4 from F. Rivadavia & J. Mullins 536). G, seeds (from F. Rivadavia 2532). Drawing by A. Fleischmann.
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slightly spreading; lower lip (5.5-)8.0-10.0 mm long and (6.5-)10.0-15.0 mm wide, distinctly 3-lobate, lobes
oblong, spreading, with apex rounded, obtuse, retuse, emarginate or truncate, margin often slightly undulate,
lobes subequal, median lobe bigger; spur cylindrical, straight (or sometimes slightly curved downwards near
the apex), widened towards the apex, with apex rounded, obtuse or retuse, shorter than (rarely almost
equalling) the lower corolla lip, (2.3-)3.0-5.0(-=6.0) mm long and 0.5-2.0 mm wide. Capsule globose, 2.0—
3.0(=5.0) mm in diam., with glandular capitate hairs. Seeds prismatic, 5—6-angled, 250-350 pm long, 200—
300 um wide, and 100—150 um high (about twice as wide as high), the testa cells isodiametric, with the
anticlinal walls raised, slightly sinuate, the periclinal walls tabular, microscopically rugose, on the distal
surface with verrucose longitudinally striate bands that are continuing on the anticlines.

Distribution:—Brazil, endemic to the states of Sdo Paulo and Minas Gerais. Previous erroneous reports
of G. violacea from Espirito Santo (Fromm-Trinta 1979, Taylor 1991) and Bahia (Harley & Mayo 1980)
correspond to G. lobata and G. exhibitionista respectively. In Sdo Paulo state, only two historic collections of
G. violacea have been made in the late 19th century in the Serra do Mar. It was found growing “in moist plains
near Guaratinguetd” (Benjamin 1847) and in the Serra da Bocaina in “Campos da Bocaina, au Bom Jardim,
dans les bourbiers” (Glaziou 1911).

In Minas Gerais, G. violacea is common along the Serra do Espinhago, especially in the central (Serra do
Cipo, Diamantina Plateau and Serra do Cabral) and southern parts (Serra de Ouro Branco and Serra do
Caraca), whereas it is more rarely found in the northern part (Serra de Grdo Mogol). Furthermore, G violacea
is encountered in the northeastern part of the Serra da Mantiqueira highlands, and reaches its westernmost
limit at the Serra da Canastra Range.

FIGURE 12. Flower photographs of Genlisea subgenus Tayloria in situ, corolla shown in ventral and lateral view. A, B,
G. metallica, Itacambira. C, D, G. oligophylla, Serra do Cipo. E, F, G uncinata, Serra do Sincora. G, H, G. flexuosa,
Itacambira. J, K, G exhibitionista, Cachoeira da Fumaga. L, M, G nebulicola, Casca D’ Anta. N, O, G. lobata, cultivated
plant. P, Q, G violacea, Diamantina. R, S, G. violacea, Serra do Cipé. T, U, G violacea, Ibitipoca. Scale bars 1 cm.

...... continued on the next page
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FIGURE 13. SEM microphotographs of seeds of Genlisea subgenus Tayloria. Genlisea uncinata (F. Rivadavia 471): A,
distal view. B, proximal view. Genlisea oligophylla (P.M. Gonella et al. 227): C, distal. D, lateral. Genlisea metallica
(PM. Gonella et al. 293): E, lateral and proximal views. F, proximal. Genlisea flexuosa (P.M. Gonella et al. 292): G,
distal. H, lateral. Genlisea violacea (F. Rivadavia 2532): J, distal. K, lateral, distal, and proximal views. Genlisea lobata
(F. Rivadavia et al. 517): L, lateral-distal view. M, proximal. Genlisea exhibitionista (F. Rivadavia et al. 2086): N, distal.
0O, proximal. Genlisea nebulicola (F. Rivadavia & M. Peixoto 864): P, distal. Q, proximal. Scale bars 100 pm.
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FIGURE 14. Thickened underground stem of Genlisea metallica.
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Habitat:—Lower montane to subalpine, (680-)900—-1950 m, at higher elevations especially in the Serra
do Caraga. Seasonally wet places and dripping walls, on sandy quartzitic ground or in thin organic layer over
rocks, rarely growing in Sphagnum. Usually in moist and open places among sparse grasses in cerrado and
campo rupestre vegetation, but also in open gallery forest.

Conservation Status:—Least Concern (LC) for Minas Gerais, where it is widespread, including several
well-established populations in National Parks and State Parks. However, several local populations of this
variable species that lie outside protected areas may be threatened to different degrees by human activities.
Probably Extinct (EX) in the state of Sao Paulo, from where only historic collections exist, from areas which
have been highly developed in the past century.

Notes:—Saint-Hilaire’s type of G violacea is based on a collection made in the central part of the species’
range, in the Serra do Cipd (“Serra da Lapa”), however no collection date is given. Nevertheless, the
collection number of the type, Saint-Hilaire B2 2162 (representing Catalogue B° = Volume 2 of his collection
Series B, Section 1) indicates that it must have been collected on a voyage between December 1816 and
March 1818 (Dwyer 1955). But apparently Auguste de Saint-Hilaire also encountered G. violacea at the
southern part of its range, in the eastern Serra da Mantiqueira, because in his protologue he states the Serra do
Ibitipoca as a second locality: “ad rivulos montis altissimi Serra da Lapa [Serra do Cipo] et in arenosis
humidis montis Serra da Ibitipoca” (Saint Hilaire 1833). However no herbarium specimens made by Saint-
Hilaire have been found for the latter record.

Due to the wide distribution, G violacea is highly diverse in overall size, indumentum, corolla size, shape
and venation, especially in the northern part of its range, and in the Serra da Canastra and Furnas region. The
notable variability resulted in the description of three further species, G reflexa, G. biloba and G. cylindrica,
which are all considered to be conspecific with G violacea (Fromm-Trinta 1979, Taylor 1991). This opinion is
also shared by the authors of the present study. The examination of the available type material (Martius s.n.!,
Mosén 1996!), left no doubt that G biloba and G. cylindrica both represent G. violacea. The case of G. reflexa,
however, is more difficult (as no physical type can be found anymore). In his protologue of G reflexa,
Benjamin (1847) did not cite a type specimen, neither did he mention the collector. The locus classicus is also
denoted rather broadly as “Habitat in Brasilia”. However in 1976, Peter Taylor (on herbarium annotations)
recognized a photo of a collection made by Sellow (s.n., without collection date) as the type of Benjamin’s G
reflexa, as this was the only material of a G violacea-like plant belonging to the given time frame and which
did not have an earlier identification or name, and thus could without doubt be associated with Benjamin’s
description. This opinion was also followed by Fromm-Trinta (1979), and is also agreed with by the authors of
the present study. Unfortunately, no further locality other than the country is given with the Sellow collection,
which could help to determine the locus classicus of G. reflexa.

German plant collector Friedrich Sellow travelled across Brazil on six different expeditions, and collected
near putative areas of distribution of all members of Genlisea subgenus Tayloria, especially in the state of
Minas Gerais, which he travelled through on three expeditions (Urban 1906). The original material of the
Sellow specimens in B very probably got destroyed in World War 11, and thus black and white photos thereof
deposited in K(!) and M(!) seem to represent the single remaining phototypes. Both the M and K photos
(labelled “Key negative 16807, Nov. 1976”) are obviously a photo print of a much older photo, which was
taken from the original specimen. It has become evident from the first author’s enquiry that there is no more
original left of the photo taken from the holotype directly, neither in B nor in K. Sadly, the photo in M does not
show the whole type sheet, but represents only a detail of the original herbarium specimen, as it only depicts
two partial scapes, most likely belonging to two different individuals. According to the description of the plant
by Benjamin (1847), the single specimen he studied had four visible scapes (“scapi in unico specimine mihi
viso 4, [...]7).

Unfortunately, the photo at M does not allow the identification of crucial floral characters of G reflexa,
but the upper corolla lip is somewhat larger as generally found in G violacea. Most notably, the scape appears

to be relatively robust (a fact also noted in the protologue: “scapi [...] stricti, crassiusculi”). Therefore, the
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only taxon this specimen could possibly match, other than G. violacea, is G. metallica (as G. lobata, G
exhibitionista and G. nebulicola have much more slender scapes and very different and smaller corollae, G.
uncinata and G oligophylla have a thicker scape and a shorter pedicel at anthesis, which is distinctly circinate
in fruit, and in G flexuosa the spur would be much longer, and the upper corolla lip would be distinctly
smaller). However we can further exclude that G reflexa might represent the large-flowered G metallica, as
Benjamin’s protologue states that the corolla of G reflexa is “2.5-3 lin. longi” (ca. 5.6—6.7 mm), which is
distinctly smaller than the corolla of G metallica - but also only half the size of the corolla length given for G
biloba in the same text (from upper to lower lobe “circiter 6 lin. longa®, which equals ca. 13.5 mm).
Fortunately, the type material of G biloba is available for comparison, and it is without doubt conspecific with
Saint-Hilaire’s G. violacea. Therefore Benjamin’s G reflexa very likely represents a stunted specimen of G
violacea, as this is the only known taxon that matches both corolla shape and size.

Earlier reports of large, many flowered specimens of G violacea with scapes up to 64 cm and bearing up
to 17 flowers (Fromm-Trinta 1979, Fromm-Trinta 1981) are referring to G flexuosa, G. oligophylla, and G
uncinata. Genlisea violacea is a small to medium sized plant across most of its range, and usually has scapes
not exceeding 25 cm, with up to six flowers. Only rarely the scapes reach up to 35 cm tall (<. Rivadavia et al.
588), with a maximum of 12 flowers.

Specimens examined:—BRAZIL. without locality, without date, J. Kuhlmann 11199 (RB); without date,
without locality, F. Sellow s.n. (B+, photo K! photo M!, probably type of G. reflexa).

Sao Paulo: Guaratingueta, without date, C.F.P. Martius s.n. (M 173411, holotype of G biloba); Campos
da Bocaina, 16 February 1876, A.F-M. Glaziou 8218a (K fragmentum!).

Minas Gerais: without locality, 1892, A.F.M. Glaziou 19871 (K); Serra de Caldas (infra Pedra Branca), 01
June 1874, C.W.H. Mosén 1996 (S [not seen], K fragmentum typi! photo K! photo M!, holotype of G
cylindrica); Cidade de Caldas, Pedra Branca, March 1875, A.F. Regnell 111.848 (R, K fragmentum!, photo
MY!); Caldas, Pedra Branca, ca. 1950 m, 24 January 1980, A. Krapovickas & C.L. Cristobal 35475 (K).
Municipio de Lima Duarte, Distrito de Conceicdo de Ibitipoca, Parque Estadual Florestal de Ibitipoca, 21
January 1987, H.C. de Souza s.n. (BHCB); ca. 1350 m, 23 November 2001, F. Rivadavia 1322 (SPF); ca. 1380
m, 26 February 2005, F. Rivadavia 1952 (SPF); Parque Estadual da Serra do Ibitipoca, 17 December 2010,
P M. Gonella et al. 368 (SPF); Serra Negra, Fazenda Serra Negra, Cachoeira da Mamae Oxum, 961 m, 02
March 2008, F.R.G. Salimena et al. 2690 (CESJ). Municipio de Tiradentes, alto da Serra de Sao José, ca.1170
m, 08 June 2007, F. Rivadavia et al. 2588 (SPF). Municipio de Capitdlio, Furnas, entre Furnas e Piumhi, 22
March 1991, F. Rivadavia 47 (SPF); Furnas, estrada Passos—Piumhi (MGO050), ca. 820 m, 08 March 1997, F.
Rivadavia 636 (SPF); estrada Furnas—Capitdlio, 13 February 1998, R. Goldenberg et al. 512 (UEC) [mixed
collection of G violacea and Utricularia amethystinal; estrada Passos—Piumhi (MG-050), 26 March 2011,
P M. Gonella 405 (SPF). Municipio de Sdo Roque de Minas, Serra da Canastra, vale da nascente do rio Sao
Francisco, 12 December 1996, L.S. Kinoshita & A.O. Simées 96155 (UEC); Parque Nacional da Serra da
Canastra, trilha entre a base e o alto da Casca D’Anta, ca. 1200 m, 02 April 1999, F. Rivadavia & M. Peixoto
880 (SPF); Parque Nacional da Serra da Canastra, na parte alta da Cachoeira Casca D'Anta, 27 March 2011,
P.M. Gonella 409 (SPF). Municipio de Moeda, Serra da Moeda, estrada para Moeda, ca. 1140 m, 12 March
2002, F. Rivadavia 1340 (SPF); 26 April 2002, F. Rivadavia 1350 (SPF); estrada para Moeda, 1331 m, 26
April 2007, J.A.N. Batista & C.A.N. Martins 2057 (BHCB). Municipio de Catas Altas, Caminho para Pico do
Sol, ca. 1850 m, 1. San Martin Gaiardo & 1. Freitas 162001 (UEC); Serra do Caraga, Pico do Inficionado,
1950 m, 16 February 2000, M.F. Vasconcelos s.n. (BHCB 52583); Serra do Caraga, 17 February 2001, R.C.
Mota 1204 (BHCB); RPPN Santuario do Caraga, Pico da Carapuga, 1919 m, 17 February 2009, C.T. Oliveira
& A.J. Arruda 319 (BHCB). Municipio de Santa Barbara, sandstone summit of Serra do Caraca, ca. 1750—
1950 m, 25 January 1971, H. S. Irwin et al. 29060 (K); Parque Natural do Caraga, trilha para Gruta do Padre
Caio, 1400 m, 02 March 1992, F. Rivadavia 110 (SPF); subida do Pico do Sol, 1800 m, 04 March 1992, F.
Rivadavia 119 (SPF); subida do Pico da Carapuga, 1700-1850 m, 05 March 1992, F. Rivadavia 121 (SPF).
Municipio de Santa Luzia, Serra do Cipo, 15 April 1935, H.L. Mello Barreto 1264 (RB); Serra do Cipd, km
138, Estrada Pilar, 15 April 1935, H.L. Mello Barreto 1067 & A.C. Brade 14424 (BHCB, RB). Municipio de
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Jaboticatubas, rodovia Lagoa Santa—Concei¢do do Mato Dentro—Diamantina, 04 March 1972, A.B. Joly et al.
771 (UEC); rodovia Lagoa Santa—Concei¢do do Mato Dentro—Diamantina, 27 May 1972, A.B. Joly et al. 2109
(UEC); Fazenda da Serra do Cip6, 26 February 1992, F. Rivadavia 98 (SPF); Serra do Cipo, proximo a estatua
do Juquinha, 10 April 1993, F. Rivadavia 214 (SPF); Serra do Cip6, morro entre a sede do IBAMA ¢ a estatua
do Juquinha, ca. 1500 m, 04 July 1995, F. Rivadavia 442 (SPF); Serra do Cipd, km 112—-113 da estrada para
Concei¢do do Mato Dentro, ca. 1360 m, 04 April 2003, F. Rivadavia 1546 (SPF). Municipio de Santana do
Riacho, rodovia Belo Horizonte—Concei¢do do Mato Dentro, 30 March 1980, I. Cordeiro et al. CFSC 6074
(SPF); rodovia Belo Horizonte—Concei¢do do Mato Dentro, 23 July 1980, N.M. Menezes et al. CFSC 6383
(SPF). Municipio de Santana do Pirapama, rodovia Belo Horizonte—-Concei¢do do Mato Dentro, Fazenda
Inhame (Serra Mineira), Serra do Cipd, 22 March 1982, J.R. Pirani et al. CFSC 8086 (SPF) [mixed collection
with Utricularia amethystina]; 23 March 1982, I. Cordeiro et al. CFSC 8190 (SPF); rodovia Belo Horizonte—
Conceicdo do Mato Dentro, Fazenda Palacio, 19 July 1985, D.C. Zappi CFSC 9341 (SPF 40380); rodovia
Belo Horizonte—Conceig¢do do Mato Dentro, 26 February 1987, D.C. Zappi et al. CFSC 10021 (SPF); estrada
Belo Horizonte—Concei¢do do Mato Dentro, bifurcagao para Morro do Pilar, 14 February 1988, J. M. Piliackas
et al. CFSC 10884 (SPF); bifurcagio da estrada para Conceigdo do Mato Dentro e Morro do Pilar, ca. 1450 m,
23 February 1996, F. Rivadavia & J. Mullins 536 (SPF); Distrito de Lapinha, trilha para o Pico do Breu, ca.
1400 m, 30 January 2005, F. Rivadavia 1947 (SPF); Serra do Cip0, distrito de Sdo José da Cachoeira, trilha da
Captacdo da Fazenda Toucan Cip6, 680 m, 17 February 2007, V.C. Souza et al. 32551 (ESA); estrada S. José
da Cachoeira—Inhame, 1500 m, 19 February 2007, D.C. Zappi et al. 817 (ESA, RB, SPF); Serra do Cipo
(Serra da Lapa), distrito de Sdo José da Cachoeira, trilha da Senhorinha, 1300 m, 19 February 2007, V.C.
Souza et al. 32835 (ESA, RB). Serra do Cipd, without attribution to administrative area: Environs de Rio
Janeiro et D’Ouro Preto, 1883—-1884, A.F.M. Glaziou 15182 (K); Serra do Cipd, 20 July, without year, L.
Damazio s.n. (RB 112382); Serra do Cipd, 06.1908, L. Damazio 2068 (RB). Municipio de Congonhas do
Norte, Serra da Mangabeira, ca.1240 m, 26 February 1997, F. Rivadavia & F. Pinheiro 562 (SPF); Serra da
Carapina (Serra Talhada segundo folha do IBGE), 1310 m, 02 March 1998, R.C. Forzza et al. 687 (SPF).
Municipio de Serro, Serro Frio [Serro], in paludibus supra montes adamantinus, propre Tejuco [Diamantina],
without date, C.F.P. Martius s.n. (M 173410); de Serro em direcdo a Milho Verde, 1000 m, 11 March 1995,
V.C. Souza et al. 8327 (ESA); Serro para Diamantina, 25 February 1967, A.P. Duarte 10385 (RB); BR 259,
nascente do Rio Jequitinhonha, 04 March 1999, F. Feres et al. 99/47 (UEC); estrada para Gouveia, 980 m, 27
February 2002, V.C. Souza et al. 28517 (ESA); Distrito de Milho Verde, cachoeira do Lajeado, ca.1050 m, 05
April 2003, F. Rivadavia & J.P.A. Neves 1566 (SPF); estrada de Milho Verde para Diamantina, ca.1220 m, 06
April 2003, F. Rivadavia 1578 (SPF); estrada de Milho Verde para Capivari, ca.1210 m, 13 May 2007, F.
Rivadavia 2560 (SPF). Municipio de Santo Antonio do Itambé, ca. 18 km N of Serro on road (MG 2) to
Diamantina, 1200 m, 23 February 1968, H. S. Irwin et al. 20665 (K); Trinta Réis, estrada Serro—Diamantina,
27 January 1986, H.L. Wagner et al. CFCR 9232 (BHCB, SPF). Municipio de Gouveia, estrada Diamantina
km 98, 03 June 1985, H.F. Leitoa f. et al. 17225 (UEC); estrada Curvelo—Diamantina, Serra do Barro Preto, 09
April 1982, A. Furlan et al. CFCR 3209 (SPF); Contagem, Fazenda Galheiros, 06 February 2009, R. Mello-
Silva & M.G. Sajo 3159 (SPF); rodovia Gouveia—Curvelho (BR 259), ao sul da fazenda Contagem, norte da
Serra do Indaial, base de inselberg proximo ao Ribeirdo do Contagem, 07 February 2009, R. Mello-Silva &
M.G. Sajo 3164 (SPF). Municipio de Datas, vicinity of Datas, 1300 m, 24 January 1969, H. S. Irwin et al.
22558 (NY photo!); estrada Datas—Serro, povoado de Trinta Réis, 19 April 1987, D.C. Zappi et al. CFSC
10668 (SPF). Municipio de Diamantina, Riacho das Varas [Conselheiro Mata], 21 March 1892, Schwacke
7945 (OUPR); Conselheiro Mata, June 1934, 4.C. Brade s.n. (RB 28479); Diamantina, January 1947, W.A.
Egler s.n. (RB 59862); ca. 18 km E of Diamantina, 900 m, 18 March 1970, H. S. Irwin et al. 27877 (K);
estrada Turmalina/Diamantina, MG-2, 14 km de Diamantina, 1200 m, 14 May 1979, G. Martinelli 5963 (RB);
estrada para Biri-Biri, ca. 944 m [3098 feet; elevation given as “3068 m” certainly not correct], 08 April 1982,
N. Hensold et al. CFCR 3119 (K, SPF); Diamantina, ao leste da cidade, 22 February 1992, F. Rivadavia 61
(SPF); Serro dos Cristais, estrada vicinal da rodovia para Araguai (BR 367), 30 January 2000, R. Mello-Silva
& R.C. Forzza 1758 (SPF); Area de Protecdo Ambiental Pau de Fruta, 13 February 2001, J.A. Lombardi 4217
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(BHCB); estrada entre Diamantina ¢ Conselheiro Mata, 1180 m, 08 July 2001, V.C. Souza et al. 25437
(BHCB, ESA, SPF); rodovia para Mendanha (BR-367), 1300 m, 23 January 2007, J.R. Pirani et al. 5680
(SPF); estrada para a Gruta do Salitre, ca. 1150 m, 13 May 2007, F. Rivadavia 2546 (SPF); estrada para Milho
Verde, ca. 1120 m, 13 May 2007, F. Rivadavia 2551 (SPF); ao sul da cidade de Diamantina, 1140 m, 24 July
2008, PM. Gonella et al. 169 (SPF); ao norte do distrito de Inhai, 05 September 2011, P.M. Gonella et al. 461
(SPF). Municipio de Rio Vermelho, Serra da Torre, ca. 1300 m, 11 July 1999, F. Rivadavia et al. 1112 (SPF).
Municipio de Couto de Magalhdes de Minas, ca. 30 km ao leste de Diamantina ca. 905 m, 12 May 2007, F.
Rivadavia 2523 (SPF); ca. 40 km ao leste de Diamantina, ca.1330 m, 12 May 2007, F. Rivadavia 2532 (SPF,
M). Municipio de Sao Gongalo do Rio Preto, Parque Estadual do Rio Preto, junto ao cérrego da Lapa, 07
April 2000, J.A. Lombardi et al. 3764 (BHCB); Parque Estadual do Rio Preto, 08 April 2000, J.A. Lombardi
et al. 3900 (BHCB); cerca de 1 km depois da portaria, ca. 828 m, 05 February 2009, PM. Gonella & R.V.R.
Viana 181 (SPF); trilha para o alto da chapada, ca. 1107 m, 05 February 2009, PM. Gonella & R.V.R. Viana
187 (SPF). Municipio de Augusto de Lima, Serra do Cabral, ca. 12 km da cidade em direcdo a Fazenda Serra
do Cabral, 1000 m, 20 March 1994, C.M. Sakuragui et al. CFCR 15259 (SPF) [mixed collection with
Utricularia spp.]. Municipio de Buendpolis, Parque Nacional das Sempre Vivas, atras do alojamento de
guarda-parques, 04 September 2011, P M. Gonella et al. 446 (SPF). Municipio de Itacambira, estrada
Juramento—Itacambira (MG-308), 13 February 2011, P M. Gonella et al. 400 (SPF).

The following specimens are somewhat atypical for G. violacea, and differ in having very long scapes,
numerous flowers, and/or a prolonged spur, resembling G. flexuosa in these characters. All of these were
collected in populations that occur in the northernmost part of the range of G violacea, close to the range of G
flexuosa, therefore introgression with the latter species cannot be excluded. The specimens, however, are here
assigned to G violacea, as they agree with this species in the majority of combinations of characters.

BRAZIL. Minas Gerais: Municipio de Gouveia, estrada Diamantina—Curvelo, ca.1260 m, 02 August
2002, F. Rivadavia & R. Gibson 1403 (SPF); 06 April 2003, F. Rivadavia 1589 (SPF); 03 September 2011,
PM. Gonella et al. 423 (SPF). Municipio de Diamantina, Cachoeira dos Cristais, ca.1000 m, 01 March 1997,
F. Rivadavia et al. 588 (SPF). Municipio de S8o Gongalo do Rio Preto, Parque Estadual do Rio Preto,
descendo o Ribeirdo das Eguas, ca. 890 m, 28 June 2003, F. Rivadavia & Deco 1611 (SPF). Municipio de
Buenopolis, Serra do Cabral, estrada para Lapa Pintada, 1100-1200 m, 13 October 1988, R.M. Harley & al.
24937 (SPF, K photo!). Municipio de Joaquim Felicio, Serra do Cabral, Fazenda da Onga, ca. 1100 m, 01
September 1985, J.R. Pirani et al. CFCR 8179 (SPF); Serra do Cabral, descida da Serra, 1000 m, 12 February
1988, J.R. Pirani et al. 2222 (SPF); Serra do Cabral, estrada que sobe a serra a partir da rua do Cruzeiro em J.
Felicio, ca.1080 m, 06 March 1997, F. Rivadavia 617 (SPF); Serra do Cabral, km34 da estrada que sobe a
serra ao norte de Joaquim Felicio, ca.1200 m, 07 March 1997, F. Rivadavia 630 (SPF); Serra do Cabral, 16
May 1999, V.C. Souza et al. 22422 (ESA, SPF); estrada da ‘Serra do Cabral Agro Industria S.A.” entre
J.Felicio e Augusto de Lima sobre a Serra do Cabral, a 10km da camara municipal de J.Felicio, ca. 990 m, 29
June 2003, F. Rivadavia 1635 (SPF); estrada da ‘Serra do Cabral Agro Industria S.A.” entre J.Felicio e
Francisco Dumont, ca. 1200 m, 03 July 2003, F. Rivadavia 1667 (SPF); Serra do Cabral, 1016 m, 21 April
2010, PM. Gonella et al. 285 (SPF). Municipio de Grao Mogol, proximo ao Morro do Jambeiro, 03 June
1994, F. Rivadavia 281 (SPF); estrada Grdo Mogol-Montes Claros, 715 m, 12 August 2010, PM. Gonella 356
(SPF); 07 Sepember 2011, P M. Gonella et al. 480 (SPF); trilha para Cachoeira Véu das Noivas, 11 February
2011, PM. Gonella et al. 383 (SPF).

Discussion

The more robust, perennial species (G. uncinata, G. oligophylla, G. flexuosa, and G. metallica) represent the
early branching taxa in G. subgenus Tayloria, which are consecutive sisters to the annual species
(Fleischmann ef al. 2010; unpublished data for G. oligophylla). The origin of G. subgenus Tayloria can be
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assumed in the northern part of its range, as the extant most basally branching species, G. uncinata, is confined
to the high mountain tops of the Chapada Diamantina, Bahia. From there, a phylogeographic southward
migration is observed in the subsequently branching species: G flexuosa occurs further south, but still
represents the northernmost outpost of G. subgenus Tayloria in the Espinhago Range of Minas Gerais,
followed by the slightly more southerly occurring G. metallica, and finally G violacea and G. lobata, which
extend the range far to the south and south-west, and east respectively (for phylogenetic trees, see
Fleischmann et al., 2010; a comprehensive phylogeny of the subgenus including the newly described taxa is
in preparation).

In Genlisea subgenus Tayloria, the different pattern of the fruiting pedicel reflexion is a diagnostic
character, and it can be somewhat helpful for species delimitation. Genlisea uncinata has pedicels that are
strongly circinate in fruit (pedicels strongly curved inwardly and evenly along their whole length), often
forming arcs of about 360°, this means the capsule is almost tangent to the pedicel base. Genlisea oligophylla
has much more laxly circinate pedicels in fruit (pedicels evenly curved inwardly along their whole length, but
less strong than in G. uncinata; sometimes stronger curved in the basal part than in the apical part). In the
majority of species, namely G metallica, G. exhibitionista, G. flexuosa, G. nebulicola, and G. violacea, the
fruiting pedicels are recurved in fruit (pedicels arcuate-curved downwards only near the base, the apical part
often more or less paralleling the peduncle; in G flexuosa usually subsequently curved or twisted upwards at
half length when the capsules mature). In G violacea, some fruiting pedicels are occasionally curved as full
arc of a circle, thus the capsule is facing upwards. Genlisea lobata is the only species in which the fruiting
pedicels are not recurved, but sharply reflexed from the base (pedicels bent downwards abruptly from the
base, not curved, but more or less paralleling the peduncle for their whole length).

Although the overall rhizophyll morphology is very similar in all members of G. subgenus Tayloria, and
all species produce only one type of rhizophyll traps (no trap dimorphism has been observed, such as that
found by Studnicka (1996) in some species of G. subgenus Genlisea), at least some differences in the length
ratio of trap stalk to the helically twisted trap arms are found: in the phylogenetically early branching species
G. uncinata, G. oligophylla and G. metallica, the trap stalk is much prolonged, reaching deep into the substrate
(Rivadavia 2000), and the trap arms are relatively short. In contrast, in the other members of the subgenus, the
long helically twisted trap arms comprise the major part of the entire trap length. The orientation of the traps
in the soil is also different, with the former three species having rhizophylls reaching radially deep into the
soil, whereas the remaining species G. violacea, G. lobata, G. nebulicola, G. exhibitionista and G flexuosa
form trap leaves that are usually spreading horizontally just below the soil surface. This most likely is an
adaptation to different substrates, as these species (with the exception of G. flexuosa) grow in shallow soils,
often lithophytically, whereas G uncinata, G. oligophylla, G. metallica can be found growing in deeper soils.
However, as the underground parts of Genlisea are usually not well-preserved in herbarium specimens, and
difficult to observe as they require carefully excavated plants, trap characters are not considered for this
taxonomic treatment.
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Pinguicula chuquisacensis is described and illustrated as a new species from the department of
Chuquisaca of Bolivia. Data on distribution, ecology and a key for identification among other central
Andean species are given. DNA sequence data are presented for this new taxon and related Andean
species of Pinguicula for the first time. The plastid tree reveals a lineage of central Andean species
(within the clade of tropical growth type species), whereas the northern Andean (Colombia, Vene-
zuela) P. elongata appears distantly related and sister to all remaining taxa of the Mexican-Central
American-Caribbean clade of Pinguicula.

Resumen

Se describe y se ilustra una nueva especie de Pinguicula de Chuquisaca, Bolivia, P. chuquisacensis. Se
discuten la distribucion, el habitat y la ecologias y se presenta una clave de identificacion entre las
especies de las Andes Centrales. Se presentan una filogenia obtenida sobre la base de secuencias de
ADN incluyendo este nuevo taxén y de las especies Andinas relacionadas por la primera vez. P.
chuquisacensis pertenece a un grupo monofilético de las especies de las Andes Centrales pero P.
elongata de las Andes del Norte (Colombia, Venezuela) es una linea hermana de todos los otras
especies de Pinguicula que representan un clado distribuido en Mexico, Centro America y en el
Caribe.

Additional key words: carnivorous plants, Andean biogeography, taxonomy, phylogenetics,
matK/trnK

Introduction

The genus Pinguicula L. belongs to the carnivorous angiosperm family Lentibulariaceae, and is
the sister group of the Genlisea-Utricularia clade (Jobson & al. 2003; Miiller & al. 2004). Pin-
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guicula is well supported as monophyletic by both molecular and morphological characters
(Miiller & al. 2004). Characteristic are flypaper traps with a special type of mucilage glands that
loose turgor upon stimulation. To the contrary, the other two genera possess morphologically
complex eel or bladder traps. Casper monographed Pinguicula in 1966, thereby recognizing 48
species. In a more recent synopsis Legendre (2000) already lists 85 species, and this number is
still growing. Zamudio (2001, 2003, 2005) described several new taxa from Mexico; Casper &
Urquiola Cruz (2003) and Casper (2003, 2004, 2007) from Cuba; and even in the European Alps a
well isolated and easily distinguishable new species was discovered (Steiger & Casper 2001).
Therefore, Pinguicula can be estimated to contain an approximated 100 species.

The first comprehensive phylogenetic analysis of Pinguicula used plastid trnK/matK se-
quence data (Cieslack & al. 2005). Rather than supporting a previous subgeneric and sectional
classification system that had largely been based on floral morphology (Casper 1966), several
geographically distinct radiations were unravelled. The most speciose of these radiations is a
Mexican-Central American-Caribbean clade (P. filifolia Griseb., P. moranensis Kunth and rela-
tives) with P. alpina L. as sister group. A Eurasian radiation with shallow branches probably re-
sulting from rapid speciation comprises north temperate and sub-boreal taxa (P. leptoceras
Rchb., P. vulgaris L. and relatives), whereas East Asian (P. villosa L. and relatives) and Mediter-
ranean (P. lusitanica L. and relatives) appear as distinct lineages (Cieslack & al. 2005). From the
South American butterworts P. antarctica Vahl (Patagonia, Tierra del Fuego) was resolved as
the sister group to a clade of species from the southeastern United States (P. lutea Walter and rel-
atives). So far, P. antarctica was the only South American Pinguicula included in any phylogen-
etic analysis. Degtarajeva & al. (2006) generated nrITS trees for Pinguicula, focussing on the
Eurasian clade with particularly dense taxon sampling. Several major clades were congruently
discovered with high bootstrap support such as the Eurasian clade (P. sect. Pinguicula) or the
clade of species with tropical growth type from the southeastern United States (P. [utea and rela-
tives), whereas deeper nodes only received confidence in Bayesian analysis of the data. Incon-
gruent placements of P. lusitanica and P. vulgaris in the chloroplast and nuclear gene trees may
point to the presence of ancient hybridisation in the evolution of Pinguicula but with the cur-
rently available data no conclusive assessment of reticulate evolution or other modes of
speciation is possible. Using ITS sequences Shimai & al. (2007) recently analysed relationships
among Cuban species of Pinguicula. These authors were also able to show that most of these nar-
row endemic species are distinguishable by their ITS ribotypes.

South American species of Pinguicula are known to grow in high Andean Paramo, Puna and
Tierra Fria habitats (P. calyptrata Kunth, P. elongata Benj., P. involuta Ruiz & Pav.) or in Ant-
arctic rain forests (P. antarctica, P. chilensis Clos; Casper 1966). All five South American spe-
cies of Pinguicula were considered as closely related by Casper (1966) and classified as P. sect.
Ampullipalatum Casper. In Bolivia the only known Pinguicula species was P. involuta, occur-
ring in the Yungas of the La Paz departamento.

During preparation of the treatment of Lentibulariaceae for the Catalogo de las Plantas
Vasculares de Bolivia morphologically and ecologically deviating plants of a new species of
Pinguicula were encountered. Aims of this study were to evaluate their relationships among the
South American taxa of Pinguicula using molecular and morphological data, to describe them as
anew species, P. chuquisacensis, and to provide a key for identification of the currently accepted
Andean species.

Material and methods

Plants were studied in their natural habitat by Hibert Huaylla at the type locality in Chuquisaca,
Bolivia, and as herbarium specimens (see specimens citations). The validating description was
provided by the authors of the new species. Measurements were taken from herbarium specimens
and corollas were dissected using a binocular for detailed morphological analysis. Since herbar-
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Table 1. List of the Pinguicula species and sources of the plant material from which matK/trnK sequences
were generated and added to the Pinguicula alignment of Cieslack & al. (2005).

Species Source GenBank number Geographic distribution
P. calyptrata Peru, Depto. Amazonas, Prov. FM200225 central Andes
Chachapoyas, Balsas road to (Colombia, Ecuador, Peru)

Leymebabamba, just below Abra
Callacalla, 3559 m, M. Weigend, E.
Rodriguez, H. Forther & N. Dosert

2000/867 (M)
P. chuquisacensis Bolivia, C. E. Hinchliff, FM200223 central Andes
W. B. Warrington & A. Lliully 595 (Bolivia)

(without voucher but of same popula-
tion as Lliully & al. 587, see speci-
mens, below)

P. elongata Colombia, from tissue culture FM200224 northern Andes
(no voucher) (Colombia, Venezuela)
P. involuta Peru, Dept. Huanuco, Weg von FM200226 central Andes
Laguna Copra zur Negro Coche, (Bolivia, Peru)
c. 3800 m, 7. Hofreiter & T. Franke
1/38 (M)

ium material did not yield genomic DNAs in a quality that could be used for amplification of
matK/trnK or ITS (T. Borsch, unpublished data), an additional specimen had to be recollected (A.
Lliully 895) with some leaves preserved on silica gel.

For molecular phylogenetic analysis, matK/trnK sequences of P. elongata, P. involuta, P. ca-
lyptrata and of the new species were generated and added to the already existing Pinguicula
alignment of Cieslack & al. (2005). Laboratory and alignment methods basically followed those
described in Cieslack & al. (2005). The ¢rnK intron including the matK gene was amplified and
sequenced in two halves using primers trnK3914Fdi (GGGGTTGCTAACTCAACGG) and Lel
(ATAGAAATAGATTCGTTC) as well as ACmatK500F (TTCTTCTTTGCATTTATTACG) and
trnK2R (AACTAGTCGGATGGAGTAG). The four new sequences generated for this study can
be downloaded from EMBL/GenBank (Table 1). The alignment is available from the senior au-
thor upon request.

PAUP* (Swofford 2002) was used to execute parsimony ratchet command files generated by
PRAP (Miiller 2004). 10 random addition cycles with 200 ratchet iterations each were employed.
During bootstrapping, searches for the optimal trees were far less intense, with only one tree
swapped upon via TBR branch swapping in each replicate (Miiller 2005). To minimize standard
errors of bootstrap proportions, 10 000 replicates were run.

MrBayes v3.1.2 (Ronquist & Huelsenbeck 2003) was used for Bayesian analyses under the
GTR+I" model. Default priors 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 the shape parameter of the gamma
distribution, a uniform prior (0.0, 1.0) for the proportion of invariable sites, a uniform topologi-
cal prior, an exponential prior Exp(10.0) for branch lengths. Four categories were used to ap-
proximate 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 convergence of the independent runs under a given model,
we ensured that plots of both runs indicate that stationary phase was reached in both runs, the po-
tential scale reduction factor approached 1 for all parameters, and no significantly conflicting
nodes were found among the consensus trees from the individual runs.
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Fig. 1. Pinguicula chuquisacensis — A: habit of flowering plant; B: lateral view of the flower; C: corolla,
opened; D: seed; E: hairs of the corolla tube, E1: hairs of the palate region, E2: hairs of the base of the lobes
of the lower lip, E3: hairs of the three rows in the corolla tube interior. — Scale bars: A =20 mm, B = 10 mm,
C =5mm, D =50 pm, E = 100 pm; drawn from the type collection by Andreas Fleischmann.
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Results

Pinguicula chuquisacensis S. Beck, A. Fleischm. & Borsch, sp. nov.
Holotype: Bolivia, Depto. Chuquisaca, Prov. Belisario Boeto, 1 km de Nuevo Mundo a Padilla,
2250 m, 5.7.1995, M. Kessler 5149 & J. Gonzales & K. Bach (LPB; isotype: B).

Paratypes. — BoLiviA: CHUQUISACA: Boeto, Nuevo Mundo, NE of Villa Serrano, steep base hills
with wooded valleys and rough grazing, 2400 m, 23.11.1995, J. R. I. Wood 10168 (HSB, K, LPB);
Boeto, 1 km de lacomunidad de Nuevo Mundo, camino a Serrano, 2518 m, 14.5.2004, H. Huaylla
1121 (HSB, MO); Boeto, Nuevo Mundo, Quebrada Nuevo Mundo, cafién himedo al sudoeste del
pueblo, 2145 m, 30.11.2005, J. Villalobos con M. Paredes & D. Villalobos 501 (B, HSB, LPB);
same locality, 2.7.2007, C. E. Hinchliff with W. B. Warrington & A. Lliully 587 (HSB, LPB, M, WS).

Pinguicula calyptrata Kunth affinis sed foliis 4-6 (non 5-10), valde majoribus (4-11 cm non
1-4.5 cm), oblongis ad ovato-oblongis (non obovatis ad rotundato-obtusis), corolla albida (non
purpurea ad pallide lilacina), lobis labii superioris lobis labii inferioris distincte brevioribus (non
similibus), subrectangulis et subemarginatis vel integerrimis (non profunde emarginatis) differt.

Herba perennis. Rhizoma simplex, ca. 15 mm longum, radicibus adventitiosis filiformibus nume-
rosis. Folia 4-6 radicalia rosulata, solum adpressa vel suberecta, succulenta (sicco membranacea),
(3-)4-6(-11) cm longa et (1-)2-3 cm lata, oblonga vel ovato-oblonga, apice rotundata, basin versus
abrupte angustata, margine leviter involuta, laete viridia, superne glandulis obsita. Hibernacula
nulla. Scapi 1-4(-5), erecti, teretes, glandulis stipitatis disperse obsiti, 5-7(-11) cm alti. Flores
parvi, 13-15 mm longi (calcari incluso). Calyx bilabiatus, extus glandulis stipitatis modice dense
obsitus; labium superum usque ad !/3 longitudinis trilobum, lobis subtriangulis vel ovatis; labium
inferum usque ad !/3 longitudinis, bilobum, lobis ovato. Corolla bilabiata, albida, venis obscuris,
extus glandulis stipitatis disperse obsita; labium superiorum bilobum, lobis subrectangulis angulis
rotundatis, ca. 5 mm longis 2-3.5 mm latis, subemarginatis vel integerrimis; labium inferior paulo
longius, trilobum, lobis obovato-oblongis vel subrectangulis angulis rotundatis, longioribus quam
latis, 4.5-5 mm longis, 4-5 mm latis, perspicue emarginatis, basi pilis multicellularibus cylindricis
vel subcapitatis obsitis. Tubus subcylindricus, venis obscuris, intus pilosus, parte inferiore pilis
multicellularibus longis (ad 100 um) subulatis, subclavatis vel subcapitatis in triabus lineis or-
dinatis cum palato; palatum bivesiculatum sparse pilosum pilis multicellularibus cylindricis vel
capitatis, brevibus; tubus ad faucem ca. 3 mm diametro, in calcar conicum obtusum vel acutiuscu-
lum 2-3 mm longum gradatim transiens. Stamina 2, ca. 2 mm longa, basi ovarii adnata, filamenta
brevia, incurvata. Ovarium subglobosum, glabrescens, in stylum brevissimum productum, stigma
bilobum. Capsula subglobosa, ca. 3 mm longa, glabrescens. Semina numerosa, 0.5-0.65 mm
longa, 0.15-0.25 mm lata, ellipsoidea, superficie reticulata.

Perennial herb, rosette forming, scapose. Rhizome c. 15 mm long, with numerous adventitious fi-
brous roots. Leaves 4-6, rosetted, flat on the ground or somewhat erect, succulent (drying mem-
branous), (3-)4-6(-11) cm long, (1-)2-3 cm wide, oblong to ovate-oblong in outline, rounded at
the tip and attenuated to the base into a short petiole c. 5 mm wide, with margins more or less
uprolled, yellowish green, upper surface of lamina glandular, covered with carnivorous glands.
Hibernacula (dormant buds) absent. Scapes 1-4(-5), erect, 5-7(-11) cm long, terete, 0.5-1 mm
tick, 1-flowered, sparsely glandular. Flowers small, 13-15 mm long, including spur. Calyx two-
lobed, upper surface of sepal tips sparsely covered with stipitate glands; upper lip divided to !/3 of
its length into 3 lobes, the lobes ovate to subtriangular, each 2-3 mm long, outer lobes 1 mm wide
at the base, central lobe 2 mm wide at the base; lower lip divided to /3 of its length into 2 ovate
lobes ¢. 2 mm long and 1 mm wide. Corolla two-lipped, whitish, lobes and tube striated by veins;
upper lip two-lobed, lobes obovate ¢. 5 mm long and 2-3.5 mm wide, subemarginate at the apex;
lower lip little larger than the upper lip, with 3 oblong to obovate-oblong lobes of nearly equal
size, 4.5-5 mm long and 4-5 mm wide, each with emarginate apex, at the base near the throat with
long multicellular uniseriate hairs. Tube funnel-shaped, at the entrance to the throat c. 3 mm wide,
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Fig. 2. Phylogenetic relationships in Pinguicula based on trnK sequences. Above nodes are bootstrap propor-
tions from maximum parsimony analysis; below branches are posterior probabilities from the Bayesian
MCMC analysis. An asterisk (*) marks nodes that collapse in the strict consensus tree from the nine most par-
simonious trees found. Species not already analysed by Cieslack & al. 2005 (newly added in this study) are in
bold; P. chuquisacensis described here as a new species is underlined.
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without palate. Spur short, 2-3 mm long, straight, grading into the tube, tapering into the blunt
apex. Stamens with filaments incurved, c. 2 mm long, anthers c. 1.2 mm long. Ovary subglobose,
subsessile, glabrous. Capsule subglobose, c. 3 mm in diameter. Seed fusiform, 0.5-0.65 mm long
and 0.15-0.25 mm wide, with appendages on micropylar and chalazal end, brownish, seed coat
surface with rectangular ornamentation.

Ic. —Fig. 1; see also colour photograph (leaf rosettes at the type locality) in the electronic supple-
ment at www.bgbm.org/willdenowia/willd38/beck+al.htm.

Distribution. — Pinguicula chuquisacensis is endemic to the department Chuquisaca of Bolivia
and so far only confirmed from the valley of Nuevo Mundo. It is the only species of Pinguicula
known from the Bolivian-Tucuman biogeographic province (Arbo 1999; Navarro 2002; Wood
2005). Its altitudinal distribution ranges from about 2100 to 2500 m. According to field observa-
tion by Hibert Huaylla, the species can only be found in the area of one small cliff in the valley.
The different altitudes possibly have to be explained by errors of GPS data.

Habitat and ecology. — Pinguicula chuquisacensis grows on steep, seasonally wet, dripping sand-
stone rock faces in the valleys of the seasonal forests of the Bolivian-Tucuman formation, in areas
with frequent cloud covering. It is confined to the open upper parts of the acidic, wet sandstone
cliffs, where it grows in small populations besides the road. It grows together with Lycopodiella
cernua (L.) Pic. Serm. The evergreen seasonal Myrtaceae forest extends around with Blepharo-
calyx salicifolia O. Berg and Myrcianthes pseudo-mato (D. Legrand) McVaugh (Myrtaceae) and
some Lauraceae. No hibernacula (dormant resting buds) have been observed in P. chuquisa-
censis, therefore this species can be assigned to the tropical homophyllous growth type, although
it grows in seasonally wet habitats. All other known Andean species of Pinguicula are restricted
to permanently wet soils. The plants have been collected in flower in July (Kessler & al. 5149;
Hinchliff & al. 587) and in flower and fruit in November (J. R. I. Wood 10168; Villalobos & al. 501).

Conservation status. — Pinguicula chuquisacensis is a very rare local endemic species, known to
exist only at a single location in the valley of Nuevo Mundo. Hibert Huaylla tried to find the spe-
cies in other areas of the valley, but without success. Its area of occupancy is estimated to be less
than 10 km? and with a significant decline projected in the area of occupancy by road construc-
tion. We therefore recommend to classify the new species in the Red List category “Critically En-
dangered (CR)” according to criteria B2a+b (IUCN 2001).

Molecular data. — Maximum parsimony analyses recovered 9 shortest trees with 1771 steps (CI =
0.761, RI = 0.803). The topology is shown in Fig. 2, with bootstrap proportions indicated above
the branches, and posterior probabilities from the Bayesian analysis below the branches.
Bayesian inference yielded a congruent tree that was slightly better resolved within the European
clade. A Bayesian phylogram is shown in Fig. 3 indicating several autapomorphies in the
trnK/matK sequence of the sample of Pinguicula chuquisacensis studied. Our new species be-
longs to a clade with the other two central Andean species P. involuta and P. calyptrata and the
southern South American P. antarctica, whereas the northern South American P. elongata is re-
solved as sister to the remaining species of the Mexican/Central American/Caribbean Clade (Fig.
2-3). The second southern South American species, P. chilensis was not included in our analysis.

Delimitation. — Pinguicula chuquisacensis differs from the related P. calyptrata in having very
long (up to 11 cm) oblong to ovate-oblong leaves, white flowers, less truncate corolla margins
and short lobes of the upper lip, whereas in P. calyptrata the leaves are broad-ovate to rotun-
date-obtuse, the flowers are pale lilac to purple, have strongly truncate corolla lobes and rela-
tively long lobes of the upper lip.

Key to the central Andean species of Pinguicula

1. Small plants; leaves obovate, leaf margins strongly incurved; upper lip of corolla much
shorter than lowerlip . . . . . . . . . . . . . ... ... ... .. Pinoluta
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—  Plants of medium size; leaves ovate-oblong, leaf margins poorly incurved; upper lip of co-
rolla only slightly shorter than, or as long as lower lip. . . . . . e 2
2. Leaves 5-10, obovate to rotundate-obtuse, 10-35(-45) mm long and 7- 20 mm wide; all co-
rolla lobes deeply emarginate, lobes of upper lip equal in size to lobes of lower lip; flowers
purple to pale lilac; plant of high altitudes (Paramos and cloud forest vegetation at
> 3000 m altitude) . . . . . . P calyptrata
— Leaves 4-6, oblong to ovate- oblong, 40 60( 110) mm long and 20 30 mm wide; lobes of up-
per corolla lip shorter than lobes of lower lip, lobes of upper corolla lip subemarginate;
flowers white; plant of submontane to montane altitudes (Bolivian Tucumano Forest in
2000-2500 m altitude) . . . . . . . . . . . . . . . . . . . . P chuquisacensis

Discussion
Species classification of Andean Pinguicula

Morphologically speaking the new species described here first appeared most closely allied to
Pinguicula calyptrata but is clearly different (see above). Molecular data were thus elusive in
further underscoring the difference to that species. As the matK/trnK trees indicates, the next rel-
ative may be P. involuta rather than P. calyptrata. Moreover, P. chuquisacensis has several
autapomorphies in its matK/trnK sequence (see phylogram in Fig. 3) that seem rather many for
within species variability. Nevertheless, the inclusion of further populations of P. involuta, P.
calyptrata and P. chuquisacensis is needed, as is the use of nuclear markers to infer speciation
patterns and better understand the origin of these species. At the species level, and sampling sev-
eral geographically distinct populations per species, so far only the Eurasian Pinguicula clade
(P. sect. Pinguicula) was analysed with molecular markers (Degtarajeva & al. 2006). These au-
thors resolved different ITS ribotypes from the different populations of several respective taxa in
as clades, and most likely, species-non monophyly (e.g. in P. longifolia) is caused by improper
taxonomy rather than biological phenomena like reticulate evolution or incomplete lineage sort-
ing. DNA sequences therefore appear to help recognizing groups of individual specimens, and
are useful for species recognition.

The best known species in the central Andes of the high eastern Yungas slopes of Peru and
Bolivia (as far south as Cochabamba) is Pinguicula involuta (Casper 1966; Brako & Zarucchi
1993). This species is a small plant growing on acid black soils in high elevations (up to 3500 m)
that are rich in organic matter and permanently humid. Another species, P. calyptrata, grows in a
similar habitat in wet Paramo soil (up to 4000 m) but has a more northern range from Peru
through Ecuador to Colombia (Taylor 1975; Brako & Zarucchi 1993). P. elongata is very dis-
tinct and restricted to the Andes of Colombia and Venezuela (Luteyn 1999).

Relationships in South American Pinguicula

Pinguicula chuquisacensis belongs to a well supported clade of central Andean species within P.
sect. Ampullipalatum, to which possibly also the southern Andean taxa represented here by P.
antarctica belong. Although not sampled here, P. chilensis appears morphologically very closely
allied to P. antarctica (Casper 1966) and may therefore be hypothesised as its closest relative.
However, further sequence data are needed to corroborate the sister group relationship of these
south Andean species to the central Andean Pinguicula clade, since there is only weak statistical
support for this.

Our result that Pinguicula elongata is not related to the Andean species but to the Mexi-
can-Carribean clade means that section Ampullipalatum of subgenus Temnoceras is polyphyletic
in the circumscription of Casper (1966). All members of section Ampullipalatum are of the tropi-
cal growth type, and share a two-lobed corolla with conical tube, and a short, saccate spur which
gradually widens into the corolla tube. However, P. elongata is of a tropical-heterophyllous
growth type, while all other members of the section are homophyllous, i.e. they do not produce hi-
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bernacula or non-glandular “winter rosettes” but form rosettes of glandular carnivorous leaves in-
stead all year round (Casper 1966). This difference from the other South American Pinguicula led
Casper (1966) to differentiate a monotypic subsection Heterophylliformis for P. elongata. Al-
though the position of P. elongata as sister lineage to all remaining species of the Pinguicula radi-
ation in the Mexican-Central American-Caribbean region is a surprising result, it may mark a
biogeographical pattern that can be explained by the proximity of continental South America.
Further studies are needed to examine a possible convergent evolution of the tropical growth type
in P. elongata.

Casper (1966) already hypothesized an origin of South American Pinguicula species in rela-
tion to the raise of the Andes based on the assumption that any of the high Andean elements were
migrated from the North via Central America to South America in Pliocene (“Nordic Invasion™)
including Pinguicula (Diels 1937). Ancestors of Andean Pinguicula were considered to have
lived in the southern Caribbean area (south of the Isthmus of Tehuantepec) even considering P.
elongata, which is the northernmost species of the extant South American Pinguicula, as a mem-
ber of such an ancestral lineage (Casper 1966). The hypothesis that many of the high Andean
species belong to north temperate genera and have migrated southwards via Mesoamerica with
cooling climates after about the Mio-Pliocene have been confirmed by palaeobotanical evidence
(Burnham & Graham 1999). A recent analysis using methods of molecular phylogeography and
speciation in the genus Lupinus by Hughes & Eastwood (2006) indicated that there may have
been several southward migration phases from North America with subsequent radiation in habi-
tats offered by the uprising Andes as recently as late Pliocene or Pleistocene. According to our
study, the origin of the Andean species of Pinguicula appears different from Casper's original as-
sumption, because the clade of P. lutea and relatives from the southeastern United States is much
more closely related than the Caribbean taxa. A further understanding of the origin of the central
Andean Pinguicula will thus require a better understanding of speciation patterns in the tropical
growth clade first recognized by Cieslack & al. (2005).
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Utricularia rostrata (Lentibulariaceae), a new species
from the Chapada Diamantina, Brazil

Andreas Fleischmann' & Fernando Rivadavia?

Summary. Utricularia rostrata A. Fleischm. & Rivadavia (Lentibulariaceae) is described from the Chapada Diaman-
tina highlands in Bahia state, north-eastern Brazil. The morphological characteristics which distinguish this new
species are discussed, together with its distribution and ecology.

Key Words. Brazil, Chapada Diamantina, Lentibulariaceae, new species, Utricularia.

Introduction

The sandstone formation known as the Chapada
Diamantina highlands in the central part of Bahia state,
north-eastern Brazil, is well-known for its floral diversity
and high rate of endemism (Stannard 1995). Nearly 20
species of the carnivorous plant genus Utricularia L.
are known to occur on these highlands, of which three
are endemic: U. blanchetii A. DC., U. flaccida A. DC. and
U. parthenopipes P. Taylor (Taylor 1989).

In late 1992, a minute unidentified species of
Utricularia was observed by one of us (F. Rivadavia)
growing at different places on the Chapada Diamantina.
After several trips to this region over the years, it
became clear that this was an undescribed species.
Surprisingly, this new species has proved to be very
common and widespread on the Chapada Diamantina
and therefore its absence from herbarium collections
can only be explained by its diminutive size.

Based on field studies, herbarium specimens and
plants in cultivation, this new species of Utricularia is
described below.

Utricularia rostrata A. Fleischm. & Rivadavia sp. nov.
Utriculariae costatae P. Taylor affinis sed calcar incurva-
tum corolla brevius vel maxime subaequans et lobus
superus calicis obovatus apice acuto capsulam circum-
cludens differt. Typus: Brazil, Bahia, Municipio de
Mucugé, cachoeira do Tiburtino, F Rivadavia, V.
Miranda, E. Read & J. Mullins 1983 (holotypus SPF!;
isotypi K, M).

Accepted for publication October 2008.

Small delicate terrestrial annual (occasionally peren-
nial). Stolons few, filiform, up to 7 cm long, c. 0.1 mm
thick. Leaves from the stolons, petiolate, lamina
narrowly linear with apex subacute, c. 0.5 mm wide,
I-nerved; up to 20 mm long. Traps numerous on the
leaves and stolons, ovoid, on stalk of c. 0.2 mm length,
0.40 — 0.45 mm long by 0.35 — 0.40 mm wide, mouth
lateral with a single, conical, dorsal appendage of
0.1 mm and a longer, deeply bifid, multicellular,
ventral appendage; outer surface of traps papillose;
trap interior with both quadrifid glands and bifid
threshold glands, both on stalk c. 10 pm long;
quadrifid glands X-shaped, apical cells 70 — 80 pm
long. Inflorescence a raceme, erect, simple, up to 13 cm
long; peduncle filiform, terete, glabrous, c. 0.2 mm
thick. Scales few, similar to the bracts, basifixed, ovate-
deltoid, with apex acute, 0.6 — 0.8 mm long. Bracts
basifixed, ovate-deltoid, with apex acute, c. 0.6 mm
long and 0.25 mm wide, 3-nerved. Bracteoles narrowly
ovate, with apex acute, c. 0.6 x 0.15 mm. Flowers 1 —
3 (4); pedicel filifom, terete, 0.4 — 1.2 mm long,
c. 0.1 mm in diam. Calyx lobes unequal, upper lobe
longer than the lower lobe at anthesis, membranous,
glabrous, with few simple parallel nerves; upper lobe
obovate with apex acute, strongly convex, ¢. 2 mm
long; lower lobe shorter at anthesis (c. 1.3 mm, but
elongated to c. 25 mm in fruit), convex, margins
curved inwards, narrowly elliptic to obovate, with apex
rounded or minutely bifid, 1.3 — 1.5 mm long,
spreading in fruit. Corolla white, mauve or violet, lower
lip with a yellow blotch at the palate and white or

' LMU Munich, Systematic Botany, Menzinger Str. 67, 80638, Munich, Germany. e-mail: fleischmann@Irz.uni-muenchen.de
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1 mm

C 10 ym ﬁ;

0.5 mm

Fig. 1. Utricularia rostrata; A habit; B leaf with traps; C trap, lateral view; D quadrifid internal trap gland; E base of internal trap
gland; F scale from base of peduncle; G scale from upper part of peduncle; H bract; J bracteole; K calyx; L corolla; M flower, lateral
view; N corolla upper lip; P stamen; Q capsule and calyx in fruit; R seed; S pollen; Same scale bars used for D & E; for F & G; for H &

J; for K & L; for N & P. All from Rivadavia et al. 1983 (SPF). DRAWN BY A. FLEISCHMANN.

© The Board of Trustees of the Royal Botanic Gardens, Kew, 2009
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cream markings on the limb, 3 — 4 mm long; upper lip
constricted below the middle, the superior part
quadrate to elliptic with apex crenate, the inferior
part transversely elliptic with prominent basal sac with
raised rim, the whole upper lip only slightly longer
and not wider than the calyx, 2.6 — 3.0 x 1.0 mm;
lower lip limb transversely elliptic to trapezoid in
outline with a prominent rounded palate at the base,
the apex rounded, crenate, 1.7 — 4.0 x 3.5 — 5.0 mm;
palate margin with short ciliae; spur narrowly conical,
with apex shortly bidentate, curved upwards, slightly
shorter than or equalling the lower lip, 0.7 — 1.0 mm
in diam., c. 3 mm long. Filaments curved, c. 0.6 mm
long, the anther thecae subdistinct, c. 0.5 mm by
0.3 mm. Ovary globose; style short; stigma bilabiate.
Capsule globose, to 1.2 mm in diam., shorter than the
calyx lobes, totally covered by enrolled upper calyx
lobe, wall membranous, dehiscence by a single,
longitudinal, ventral, marginally thickened slit. Seed
truncate-obovoid, compressed, c. 250 x 200 um; testa
surface rugose, testa cells + rectangular, elongate, with
conspicuously raised anticlines. Pollen 5-colporate,
circular in outline, 22 x 27 um. Fig. 1.

DISTRIBUTION. Brazil: Bahia, endemic to the Chapada
Diamantina highlands. Utricularia rostrata is known to
occur from the northern part of the Chapada
Diamantina, around the town of Lenc¢ois and at the
Fumaca waterfall, to the southern part of these high-
lands, c. 100 km to the south near the town of Barra
da Estiva and c. 125 km to the South West near the
town of Rio de Contas. Map 1.

BRAZIL. Bahia: Municipio de Mucugé, cachoeira do
Tiburtino, 11 July 2005, IY¥ Rivadavia, V. Miranda, L.
Read & J. Mullins 1983 (holotype SPF!; isotypes K; M);
Abaira, Serra do Barbado, 14 July 2005, I Rivadavia,
V. Miranda, E. Read & J. Mullins 2011 (SPF!); Abaira,
Serra da Mesa, 15 July 2005, I! Rivadavia, V. Miranda,
E. Read & J. Mullins 2029 (SPF!); Barra da Estiva, ao
sul da cidade, 22 July 2005, F Rivadavia, V. Miranda,
E. Read & J. Mullins 2093 (SPF!); Piata, Serra do
Santana, 13 July 2005, I' Rivadavia, V. Miranda, F. Read
& J. Mullins 1998 (SPF!); Ibicoara, cach. do Buracio,
12 July 2005, E Rivadavia, V. Miranda, E. Read &
J- Mullins 1990 (SPF!); Lengois, Vale do Ribeirdo, 29
Dec. 1992, E Rivadavia 160 (SPF!); Lengois, cach. do
Sossego, 21 July 2005, E Rivadavia, V. Miranda, E. Read
& J. Mullins 2091 (SPF!); Mucugé, estr. p/Andarai, 22
July 2005, E Rivadavia, V. Miranda, E. Read & J. Mullins
2092 (SPF!); Palmeira, cach. da Fumaga, 20 July 2005,
I Rivadavia, V. Miranda, E. Read & J. Mullins 2084
(SPF!); Rio de Contas, Pico do Itobira, 18 July 2005, I
Rivadavia, V. Miranda, E. Read & J. Mullins 2066
(SPF!).

HABITAT. Commonly found growing in moist sandy
soils in semi-shaded habitats along streams and water-
falls; also common with mosses on semi-shaded
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Map 1. Distribution of Utricularia rostrata in Bahia state, Brazil
(X).

vertical rocks dripping with water; occasionally found
growing in open sandy seepages over rocks; c. 550 m —
1570 m.

CONSERVATION STATUS. Least Concern (LC) (IUCN
2001). Utricularia rostrata is widespread and common,
and present in protected areas of a national park.
Thus it is currently not under threat.

ETYMOLOGY. The specific epithet rostrata refers to the
unique beak-like rostrate apex of the upper calyx lobe,
which is especially obvious in fruiting material of this
species.

NOTES. Utricularia rostrata is placed in sect. Aranella
(Barnhart) P. Taylor because of its trap morphology
(i.e. trap mouth with a single dorsal appendage and a
pair of multicellular ventral appendages). However,
the raised rim surrounding the basal sac of the upper
corolla lip is not as prominent in U. rostrata as is typical
with other members of that section. This new species is
apparently most closely related to U. costata P. Taylor,
because of the shape and sculpture of its seed (Fig. 2),
and because calyx lobes, scales, bracts and bracteoles
all have entire margins (at least lowermost scales
fimbriate to dentate in all other members of Aranella
except U. costata and U. purpureocaerulea A. St. Hil. &
Girard).

Utricularia rostrata differs from all other members of
sect. Aranella in its rostrate upper calyx lobe, which
totally encloses the seed capsule in fruit. Furthermore,
U. rostrata differs from the related U. costata in its short
and curved spur (straight and 3 times as long as the

© The Board of Trustees of the Royal Botanic Gardens, Kew, 2009
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Fig. 2. Scanning electron micrographs of seed of Utricularia rostrata. A overview; B seed surface detail. All from F. Rivadavia, V.

Miranda, E. Read & J. Mullins 1983 (SPF). Scale bars=30 pm.

lower corolla lip in U. costata), in its calyx with apex
acute (upper lobe with obtuse, denticulate apex, lower
lobe truncate to shortly bidentate), in the corolla
upper lip being rectangular (upper corolla lip ovate)
and in the lower corolla lip 3 — 4 times as long as the
lower calyx lobe (about as long as the lower calyx
lobe). Utricularia rostrata can be distinguished from U.
purpureocaerulea (with which it shares bracts and
bracteoles that all have entire margins) by its quadrate
to elliptic upper corolla lip, that is constricted below
the middle, that has a crenate apex, and that is
narrower than the calyx and by its spur that is curved
upwards (upper corolla lip transversely elliptic, not
constricted, with apex rounded, much wider than the
calyx and spur straight in U. purpureocaerulea). Seed of
U. rostrata is truncate-obovoid, not ovoid like the seed
of U. purpureocaerulea.

When growing in shadier habitats the inflorescen-
ces tend to be green in colour and the corolla mauve

to violet. In sunnier habitats the whole inflorescence
and especially the calyx may be reddish, while the
corolla becomes nearly white. The flowers of Utricu-
laria rostrata are sweetly perfumed.

The upper calyx lobe encloses the whole capsule
in fruit, the lower calyx lobe is horizontally spreading
in fruit. Seed which is shed from the longitudinal
vertical dehiscence line of the capsule will fall on the
lower calyx, from which it is shed by wind, or —
more effectively — splashed by rain drops. The lower
calyx lobe will act like a catapult, when hit by a rain
droplet. Other species of Utricularia also have a lower
calyx lobe that is elongated in fruit, becoming
conspicuously larger than both the upper lip and the
capsule (like U. pusilla Vahl of sect. Setiscapella
(Barnhart) P. Taylor or U. nana A. St. Hil. & Girard
of sect. Benjaminia P. Taylor). In these species, the
lower lip may act like a seed catapult for rain drop
dispersal as well.

Key to Utricularia sect. Aranella

This key is adapted from Taylor (1989: 238) adding Ulricularia rostrata as follows:

7. Lowermost scales deeply fimbriate . . ................

7. Lowermost scales entire

...................................... 64. laciniata

8. Spur of corolla with apex obtuse, 2 — 3 times as long as the lower lip; upper lip scarcely longer than wide; calyx

very strongly nerved, the lower lobe longer........

....................................... 66a. costata

8. Spur of corolla with apex acute or shortly bifid, shorter or scarcely longer than the lower lip; calyx not very
strongly nerved, the lobes + equal or the upper lobe longer at anthesis

9. Upper lip of corolla not wider than calyx, quadrate to elliptic, scarcely longer than wide, constricted below the
middle; spur curved upwards; calyx upper lobe with apex acute, enclosing the capsule in fruit; seed truncate-

obovoid . ... ... .

....................................... 66b. rostrata

9. Upper lip of corolla much wider than calyx, corolla transversely elliptic, much wider than long, not constricted;
spur straight; calyx upper lobe with apex 3-dentate, not enclosing the capsule in fruit; seed ovoid . . . ........

................................. 65. purpureocaerulea

© The Board of Trustees of the Royal Botanic Gardens, Kew, 2009



UTRICULARIA ROSTRATA (LENTIBULARIACEAE), A NEW SPECIES FROM BRAZIL 159

Acknowledgements

The authors would like to thank Ed Read, Vitor Miranda,
and Joe Mullins for helping in the study of Utricularia
rostrata in its natural habitat in 2005 and Paulo Gonella for
helping with measurements from herbarium specimens.

References
IUCN (2001). TUCN Red List Categories and
Criteria: Version 3.1. IUCN Species Survival

Commission. IUCN, Gland, Switzerland and Cam-
bridge, UK.

Stannard, B. L. (ed.) (1995). Flora of the Pico das Almas.
Royal Botanic Gardens, Kew.

Taylor, P. (1989). The genus Utricularia — a taxonomic
monograph. Kew Bull. Addit. Ser. XIV. HMSO,
London.

© The Board of Trustees of the Royal Botanic Gardens, Kew, 2009






Overcoming DNA extraction problems
from carnivorous plants

Fleischmann, A., Heubl, G., 2009.
Anales del Jardin Botanico de Madrid 66: 209-215.

Article VI







Anales del Jardin Botanico de Madrid
Vol. 66(2): 209-215

julio-diciembre 2009

ISSN: 0211-1322

doi: 10.3989/ajbm.2198

Overcoming DNA extraction problems from
carnivorous plants

by

Andreas Fleischmann & Giinther Heubl

LMU Munich, Systematic Botany and Mycology, Menzinger Strasse 67, D-80638 Munich, Germany
fleischmann@lrz.uni-muenchen.de

Abstract

Fleischmann, A. & Heubl, G. 2009. Overcoming DNA extraction
problems from carnivorous plants. Anales Jard. Bot. Madrid
66(2): 209-215.

We tested previously published protocols for DNA isolation from
plants with high contents of polyphenols and polysaccharides
for several taxa of carnivorous plants. However, we did not get
satisfying results with fresh or silica dried leaf tissue obtained
from field collected or greenhouse grown plants, nor from
herbarium specimens. Therefore, we have developed a simple
modified protocol of the commercially available Macherey-
Nagel NucleoSpin® Plant kit for rapid, effective and repro-
ducible isolation of high quality genomic DNA suitable for PCR
reactions. DNA extraction can be conducted from both fresh
and dried leaf tissue of various carnivorous plant taxa, irrespec-
tive of high contents of polysaccharides, phenolic compounds
and other secondary plant metabolites that interfere with DNA
isolation and amplification.

Keywords: carnivorous plants, DNA extraction, polyphenols,
polysaccharides, secondary metabolites, viscous mucilage.

Introduction

Many carnivorous plants show bright coloured
leaves, which serve as visual attractants for insect prey
(Juniper & al., 1989). Most pitcher plants (Cephalotus,
Darlingtonia, Heltamphora, Nepenthes and Sarracenia)
often have dark red spots, markings, veins or bright
coloured leaves which serve as insect guides and prob-
ably mimic flowers (Juniper & al., 1989). Quite often
these colour marks result from polyphenolic secondary
metabolites (flavonoids or tannins). Polyphenolic com-
pounds are known from several carnivorous plants, for
example flavonoids occur in Sarraceniaceae (Sheridan

Resumen

Fleischmann, A. & Heubl, G. 2009. Superando problemas de ex-
traccién de ADN de plantas carnivoras. Anales Jard. Bot. Madrid
66(2): 209-215 (en inglés).

Probamos algunos protocolos publicados previamente para el
aislamiento del ADN de plantas con alto contenido de polifeno-
les y polisacaridos para varios taxones de plantas carnivoras. Sin
embargo, no conseguimos muy buenos resultados ni con tejidos
de hojas frescas, ni con tejidos de hojas secadas en gel de silice
obtenidas de plantas colectadas en el campo o cultivadas en los
invernaderos, ni de especimenes de herbario. Por lo tanto, he-
mos desarrollado un protocolo sencillo, modificado del Mache-
rey-Nagel NucleoSpin® Plant kit disponible en el mercado para
el aislamiento rapido, eficaz y reproducible de ADN gendémico
de alta calidad conveniente para la reaccién en cadena de la po-
limerasa. La extraccién del ADN se puede realizar en tejidos de
hojas frescas o secas de varios taxones de plantas carnivoras, sin
importar el grado de contenido de polisacaridos, compuestos
fendlicos u otros metabolitos secundarios que interfieren con el
aislamiento y la amplificacion del ADN.

Palabras clave: plantas carnivoras, extraccion del ADN, polife-
noles, polisacaridos, metabolitos secundarios, mucilago viscoso.

& Griesbach, 2001) and Roridula (Wollenweber,
2007). The carnivorous plant members of the order
Nepenthales (Aldrovanda, Dionaea, Drosera, Dro-
sophyllum, Nepenthes and Triphyophyllumz) are addi-
tionally characterised by quinones like plumbagin
(Schlauer & al., 2005). The phenolic metabolite group
of phenylethanoid glycosides is mainly restricted to the
Lamiales, an observation supported by the presence of
acetoside, which was found in both carnivorous fami-
lies of this order, Byblidaceae and Lentibulariaceae
(Schlauer & al., 2004; Schlauer & al., 2005).

In those carnivorous plants that trap insects by
sticky flypaper traps, such as Drosera, Drosophyllum,



210 A. Fleischmann & G. Heubl

Triphyophyllum, Byblis and Pinguicula, the leaves are
usually densely covered with specialized glands that
secrete a water-based viscous mucilage that contains
predominantly acidic polysaccharides (Juniper & al.,
1989; Rost & Schauer, 1977). In the two species of the
pre-carnivorous genus Roridula from South Africa,
the glue of the sticky traps is resin-based (Lloyd,
1934) and rich in phenolic compounds, such as
flavonoids (Wollenweber, 2007).

Both phenolic secondary metabolites and leaf se-
cretions in the mentioned carnivorous plants impede
the extraction of DNA from leaf tissue. During ho-
mogenization of the plant samples, phenolic compo-
nents can become oxidized (Loomis, 1974). Oxi-
dized polyphenols are known to bind covalently and
therefore irreversibly to DNA molecules and thus in-
terfere with subsequent reactions such as DNA am-
plification, restriction digest and cloning (Katterman
& Shattuck, 1983; Stange & al., 1998; Porebski & al.,
1997). Polysaccharides inhibit the enzymatic activity
of several enzymes such as polymerases, ligases and
restriction endonucleases (Shioda & Marakami-
Muofushi, 1987; Richards, 1988), including Tag poly-
merase (Fang & al., 1992) and thus interfere with
PCR (polymerase chain reaction). The result is either
avery low DNA yield or none at all, or if DNA can be
extracted, the remaining secondary metabolites may
inhibit further steps in DNA amplification. For
example, total genomic DNA isolated from bright
coloured leaves of several species of Drosera, He-
liamphora and Sarracenia could not be amplified by
PCRin our studies. Therefore, genomic DNA extrac-
tion in carnivorous plants was acquired from flower
material in some cases (A. Fleischmann, unpu-
blished; Miiller & al., 2004), which usually contains
lower amounts of polyphenols and polysaccharides
than the carnivorous leaves. Unfortunately, flower
material is not always available in abundance and
many crucial species only flower rarely in cultivation,
or removal of flowers from herbarium specimens is
not allowed.

Five different protocols for DNA isolation from
plants with high concentrations of polyphenols and
polysaccharides have been tested and compared when
conducting this study (Tel-Zur & al., 1999; Stange &
al., 1998; Porebski & al., 1997; Lodhi & al., 1994), in-
cluding one protocol specifically designed for DNA
extraction from in vitro material of the carnivorous
plant Drosera rotundifolia (Bekesiova & al., 1999).
None of these methods, however, enabled us to obtain
total genomic DNA suitable for PCR from the carni-
vorous plant taxa used in this study. Consequently our
broad and long-term research on carnivorous plants

and problems with DNA extraction spurred the deve-
lopment of a more reliable method of obtaining high
quality DNA from leaves of carnivorous plants, irres-
pective of the plant tissue used for extraction. There-
fore, a standard protocol for quick and easy genomic
DNA extraction from a NucleoSpin Plant kit
(Macherey-Nagel, Germany) was modified to fulfil the
specific needs when dealing with DNA isolation from
carnivorous plant material rich in secondary metabo-
lites, polyphenols and polysaccharides.

Material and methods
Plant material

Plant samples from herbarium specimens and living
plants from tissue culture were obtained from various
sources (see Table 1 for details).

Reagents and solutions

e Buffer CO solution (cat. no. 740570.250,
Macherey-Nagel (M-N)).

® 5% sodium N-lauroyl sarcosine (w/v) (Sigma).

¢ 10% PVP (polyvinyl-pyrrolidone) (w/v) (Sigma).

¢ 5 M NaCl.

e RNase A solution (cat. no. 740505, M-N).

o Buffer C4 solution (cat. no. 740935, M-N).

® Phenol:chloroform (1:1 v/v).

¢ Chloroform:isoamyl alcohol (24:1 v/v).

e Ethanol (100%).

o Buffer CW (cat. no. 740932, M-N).

e Buffer C5 solution (cat. no. 740931, M-N).

e Elution buffer CE (cat. no. 740570.250, M-N).

PVP, sodium N-lauroyl sarcosine and NaCl solu-
tions are sterilized by autoclaving.

DNA extraction

This method for DNA extraction is a modified ver-
sion of the NucleoSpin® Plant kit standard user ma-
nual “Genomic DNA from Plant” (Macherey-Nagel,
2007).

The plant samples are homogenized, for fresh leaf
tissue preferably by grinding in a mortar under liquid
nitrogen. Dried herbarium specimens or silica dried
material is best homogenized using an automatic
retch. To achieve lysis of the plant cells, the (frozen)
powder is transferred into a capped microfuge tube.
Following the protocol of the manufacturer of the M-
N NucleoSpin® Plant kit (Macherey-Nagel, 2007)
400 pl buffer CO (preheated to 45°C) are added. In
addition to the original recipe, we add 94l 5M NaCl,
120yl of 5% sodium N-lauroyl sarcosine and 60pl
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10% PVP to the suspension. Following the reco-
mmendations of the M-N protocol, 10 ul RNase A so-
lution are added to the lysis mixture, and the suspen-
sion is vortexed thoroughly. The lysis mixture is now
incubated for 60 min. at 60°C in a water bath, and
mixed 3-4 times during the incubation step by inver-
ting the tubes once or twice.

We extract the lysate with an equal volume (c. 680 ul)
of phenol: chloroform. After centrifugation at 7,100 g
for 10 min. at 4°C, the supernatant (aqueous phase) is
transferred into a new microfuge tube. An equal volu-
me (c. 680 pl) of chloroform:isoamyl alcohol is added,
and the samples are centrifuged at 7,100 g for 10 min.
at 4°C again. Now 300 pl of the supernatant (aqueous
phase) is transferred to a new microfuge tube, and 300
ul of buffer C4 and 200 pl ethanol are added. The so-
lution is mixed by inverting the tube 2-4 times. From
this step on, the modified protocol is processed fol-
lowing exactly the protocol “5.1 Genomic DNA pu-
rification with NucleoSpin® Plant (lysis buffer C1
and C0)” in the user manual. A NucleoSpin® Plant
column (cat. no. 740570.250, M-N) is placed into a
new NucleoSpin® collecting tube (2ml, cat. no.
740600, M-N), on which the sample is loaded. It is
centrifuged for 1 min. at 11,000 g, and the flow-
through is discarded afterwards. For the first washing
step, 400 pl of buffer CW is added to the column, the
sample is centrifuged for 1 min. at 11,000 g, and the
flow-through is discarded. The second washing step is
performed by adding 700 pl of buffer C5 to the co-
lumn, centrifugation for 1 min. at 11,000 g and dis-
card of the flow-through.

In the following washing step, 200 pl of buffer C5
are added to the column, which is afterwards cen-
trifuged for 2 min. at 11,000 g to remove residual
buffer C5 and dry the silica membrane. The column
is now placed into a new 1.5 ml centrifuge tube. For
elution, we pipette 100 pl of elution buffer CE (pre-
heated to 70°C) onto the membrane of the column
(using 50 ul will result in higher concentrated DNA
eluate). After a 5 min. incubation at room tempera-
ture, the column is centrifuged for 1 min. at 11,000 g
to elute the DNA.

DNA quantification

The concentration of total genomic DNA isolated
with both the standard protocol “Genomic DNA
from Plant” (Macherey-Nagel, 2007) and our modi-
fied protocol was determined fluorimetrically on the
basis of absorbance at 260 nm by using a PicoGreen®
dsDNA Quantitation Reagent fluorescent nucleic
acid stain (Molecular Probes), following the manufac-
turer’s protocol.

DNA amplification

The isolated genomic DNA was analyzed by stan-
dard methods for PCR amplification and agarose gel
electrophoresis. The primer pairs used for amplifica-
tion were ITS1 and ITS4 (White & al., 1990) for
members of Ericales and Nepenthales and rbcLaF
and rbcLcR (Hasebe & al., 1994) of the rbcL chloro-
plast region for Lamiales taxa sampled. Reactives and
concentrations used for the PCR amplifications were
as follows, for a final content of 100 pl in the reaction
tube: 1 pl of DNA template, 81.5 pl of aqua bidest., 5
pl of ANTP mix (2.5 mM, ABGene, Germany), 10 pl
of PCR reaction buffer (10x ThermoPol, New En-
gland BioLabs), 0.25 nl of each primer solution
(MWG-Biotech, Germany) and 2 ul of Tag poly-
merase suspension (1U/pl, AGS, Germany; diluted
to 1:10 before use). The amplification profile consis-
ted of 94°C (3 min.), 40 cycles of 94°C (305s)/ 54.5°C
(305s)/ 72°C (75 s) and a final extension of 10 min. at
72°C for ITS and of 94°C (3 min.), 34 cycles of 94°C
(605)/54.7°C (60's)/ 72°C (90 s) and 10 min. at 72°C
for rbcL. respectively.

Results and discussion

Total genomic DNA prepared with our protocol
showed no degradation. It was tested for molecular
use by performing PCR-reactions and restriction
analysis, both of which were successful.

The concentration of total genomic DNA is given
in Table 1. Tn most samples, the concentration of total
genomic DNA eluted was higher when following the
Macherey-Nagel standard protocol, compared to our
modified protocol (see Table 1 and DNA bands in
Fig. 1). The loss of DNA yield in our extraction pro-
tocol was 30% on average compared to the standard
protocol (but ranging from 5% to 60%, depending
on the plant species; see Table 1). However, in most
cases, DNA obtained from the standard extraction
method could not be used for PCR reactions, even if
the template was more diluted (1:1, 1:10, 1:100 using
aqua dest.) in order to reduce the concentration of
secondary metabolites.

PVP and N-lauroyl sarcosine were used to elimi-
nate polyphenols from the DNA extraction proce-
dure (Maliyakal, 1992; Doyle & Doyle, 1987; Bekesio-
va & al., 1999) during cell lysis. PVP binds effectively
to polyphenolic compounds which can then be sepa-
rated from DNA by centrifugation (Maliyakal, 1992).
In our protocol this is achieved in the phenol:chloro-
form extraction step. In addition, N-lauroyl-sarcosine
is used as an antioxidant to avoid oxidation of polyphe-
nolic plant components in the suspension during lysis.
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Fig. 1. DNA isolation from carnivorous plant taxa. Ethidium bro-
mide-stained 1% agarose gel of undigested total genomic DNA
extracted from leaves of various carnivorous plant taxa. Capital
letters used for DNA obtained with the modified protocol, lo-
wer case letters used for DNA isolated using the standard
Macherey-Nagel NucleoSpin Plant kit user manual “Genomic
DNA from Plant”. M: lambda DNA ladder (Thermo Fisher Scien-
tific). Lanes H1/h1: Heliamphora sp. 1. H2/h2: Heliamphora
tatei. S/s: Sarracenia alata. T/t: Triphyophyllum peltatum. VVouch-
ers see Table 1.

The combination of both 10% PVP and N-lauroyl
sarcosine during cell lysis of the plant tissue yields in
increased amounts of pure total genomic DNA iso-
lates compared to the separate usage of both agents.
The presence of oxidized phenolic compounds can be
reduced further by keeping plant material frozen dur-
ing homogenization (Katterman & Shattuck, 1983),
this is achieved by grinding fresh plant material in a
mortar under liquid nitrogen.

The samples h1, h2,s,d2, n, t, r1, 12, b (for abbrevia-
tions, see Table 1) had a dark reddish brown colour af-
ter cell lysis (step 2) and this colour did not change un-
til step 11. This colouration is due to the high presence
of oxidized polyphenols in the suspension, which bind
to the extracted nucleic acids and proteins (Loomis,
1974). During processing with M-N columns the
brownish DNA-protein-polyphenol mix attaches to
the column membrane and cannot be removed by the
wash buffers used. However, the polyphenols are elu-
ted together with the DNA in the elution step. This
explains why the DNA obtained from these samples
using the standard NucleoSpin® Plant protocol
(Macherey-Nagel, 2007) could not be amplified by
PCR (see Fig. 2), although a suitable amount of total
genomic DNA was isolated (see Table 1).

Polysaccharides can be seen during DNA extrac-
tion procedure as the lysis suspension takes on a
blurred viscous consistency. The genetic markers cho-
sen could not be amplified by PCR in our studies
when polysaccharides were not removed from the
DNA preparation. High salt concentrations during
cell lysis help to remove polysaccharides, as they in-
crease their solubility in ethanol (Fang & al., 1992),
thus they become dissolved in the lysis buffer but can-
not precipitate with the DNA. NaCl concentrations
of 1 M, as reported in Fang & al. (1992), did not result
in total removal of polysaccharides of most carnivo-
rous plant tissue used. We observed that concentra-
tions of 5> M NaCl added to the suspension in the lysis
step did result in the highest yields of total genomic
DNA (Lodhi & al., 1994, recommend concentrations
of at least 2.5 M NaCl for DNA isolation from
grapevines rich in polysaccharides).
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Fig. 2. DNA amplification from carnivorous plant taxa. Ethidium bromide-stained 0.7% agarose gel of PCR products of DNA obtained
from standard and modified Macherey-Nagel protocol. M: lambda DNA ladder (Thermo Fisher Scientific). H1/h1: Heliamphora sp. 1.
H2/h2: Heliamphora tatei. S/s: Sarracenia alata. D1/d1: Drosera alba. D2/d2: Drosera zeyheri. T/t: Triphyophyllum peltatum. N/n: Ne-
penthes mira. R1/r1: Roridula dentata. R2/r2: Roridula gorgonias. B/b: Byblis gigantea. P/p: Pinguicula moctezumae. G/g: Genlisea au-
rea. U/u: Utricularia benjaminiana. Vouchers see Table 1. For PCR of H1 to b, the nuclear marker ITS was used, for samples P to u the

chloroplast marker rbcl. The greyscale of the gel is inverted.
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PCR amplification of DNA obtained from our
modified protocol was possible due to the absence of
contaminants, which could not be removed by the
NucleoSpin Plant standard protocol (see Fig. 2).
However, DNA of Drosera alba (D1/d1), Byblis gigan-
tea (B/b) and Utricularia benjaminiana (U/u) did am-
plify with templates obtained from both protocols. In
the first two of these, freshly collected silica dried
plant tissue from cultivated plants was used, and the
total dry weight was higher than in the samples from
herbarium specimens. This might explain a higher
yield of total genomic DNA extracted, and therefore a
higher content of DNA template for PCR reactions.
However, the PCR product yield obtained using the
standard protocol was significantly lower in Drosera
alba compared to the modified protocol (see Table 1
and DNA bands D1 / d1 in Fig. 2), despite the fact
that the concentration of total template DNA was
slightly higher when using the standard protocol.
Thus a major factor for success in PCR-amplification
is not the quantity but the quality of the DNA tem-
plate used. In the case of Utricularia benjaminiana, the
reason why both protocols worked well may be the
fact that the tissues of this aquatic plant are soft and
pale green, and therefore do not contain high
amounts of secondary plant metabolites which can act
as contaminants during DNA preparation.

Existing DNA extraction protocols for the carnivo-
rous plant Drosera using the CTAB method (Bekesio-
va & al., 1999) are unreliable when considering yield
and quality of DNA isolated from plant material
which was not grown in vitro. Attempts to obtain
DNA from the extraction protocol published by
Bekesiova & al. (1999) with various species of Drosera
and other carnivorous plants failed with leaf tissue
from fresh, greenhouse grown and field collected
plant material, as well as with dried leaves from
herbarium specimens. A reason for this might be the
fact that Bekesiova & al. (1999) used in vitro-grown
plants of D. spatulata (Figures 1A and 1B in that paper
show D. spatulata, not D. rotundifolia). Plants grown
on axenic media under artificial lights often exhibit a
reduced content of secondary metabolites and light
induced phytopigments such as anthocyanins. This is
also true for many carnivorous plants, which are less
vividly coloured when grown in vitro.

A few carnivorous plant genera have not been tes-
ted in this study (the monotypic genera Aldrovanda,
Cephalotus, Darlingtonia, Dionaea and Drosophyl-
lum). In all of these, high numbers of polyphenols and
polysaccharides have also been found: flavonoids in
Cephalotus (Nicholls & al., 1985; Jay & Lebreton,
1972) and Darlingtonia (Jay & Lebreton, 1972),

quinones, phenolics and polysaccharide secretions in
Drosophyllum, Dionaea and Aldrovanda (Schlauer &
al., 2005; Juniper & al., 1989). Therefore we assume
that our protocol will work equally well with these
genera to avoid problems caused by secondary plant
metabolites in DNA purification or amplification.
This protocol has also been tested successfully with
some non-carnivorous plants that have high contents
of polysaccharides and polyphenols, Mabea (Euphor-
biaceae), Oxalis (Oxalidaceae) and Echinopsis (Cac-

taceae).
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