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Abstract The Podostemaceae are highly enigmatic plantsaxa without stem scales but showing pollen as single
which are restricted to submerged river-rock habitats. Thgrains, withMonandriella linearifolia being basal to this
availability of new material of nine taxa from continental clade; (3) thd.edermanniellabyad clade includindpjinga,
Africa prompted this new study. Five species belonging tdDicraeanthus and Ledermanniellaspecies without stem
the generaDicraeanthus Leiothylax Letestuella Macro-  scales but with pollen dyads. To reduce the polyphyly of
podiella, andStonesiaand another four species of the large Ledermanniellasensu lato (i.e. sensu C. Cusset) we propose
generalnversodicraeasensu stricto and.edermanniella restricting Ledermanniellato the species of the former
sensu stricto have been analysed for the brst time. NesubgenusLedermanniella resurrectingMonandriella as
anatomical and developmental data are described ammionotypic genus, and accepting the genus namerso-
illustrated by use of microtome sections and scanninglicraeafor members ot edermanniellasubg.Phyllosoma
electron microscopy. In parallel, phylogenetic analyses of

all available sequence data of African Podostemaceae haweywords African PodostemaceaeDicraeanthus

been conducted using three plastid markena, trnD-  Inversodicraea Ledermanniella Leiothylax Letestuella
trnT, rpoB-trnC). Inversodicraeacf. bosii appears basal Monandriella Molecular systematics Morphology

within the continental African clade. The remaining taxa areStructural diversity Water plants matK trnD-trnT
distributed in three, rather poorly supported, major cladespoB-trnC

which are consistent with their morphology: (1) thever-

sodicraeeaclade is characterised by stem scales and contains

members of the formekedermanniellasubg.Phyllosoma  Introduction

with either polleamonads or dyads; (2) theedermanni-

ella-Monad group consisting of eiothylax Letestuella  The Podostemaceae (OOriver-weedsO0, including Tristicha-
Macropodiella StonesiaandLedermanniellaspeciesNall  ceae of some authors; Malpighiales) are the largest family of
strictly aquatic angiosperms (Cook and Rutishal#i7).
Molecular analyses indicate that Podostemaceae belong to

Electronic supplementary material The online version of this ivhi ; ;
article (doi10.1007/s00606-009-0214-dontains supplementary the Malpighiales clade in the eurosids I group (Gustafsson

material, which is available to authorized users. et al. 2002 APG I1 2003 Korotkova et al.2009 Wurdack
and Davis2009 and might date back to the Campanian,
M. Thiv (B<) about 76 mya (Davis et a2005. Three subfamilies can be

Staatliches Museum-fuNaturkunde, Stuttgart, Germany

L recognised: Tristichoideae and Weddellinoideae as the two
e-mail: thiv.smns@naturkundemuseum-bw.de

smaller podostemaceous subfamilies, and as third subfamily

J.-P. Ghogue the large and morphologically distinct Podostemoideae with
Herbier National du Cameroun, Yaougdeameroun 42 genera and ca. 270 spp. (Engl€28 Kita and Kato

V. Grob K. Huber E. Pfeifer R. Rutishauser 2001, Cook and Rutishause007).

Institut for Systematische Botanik, Universitasrich, In the past few years there has been a study focus on
Zurich, Switzerland African, including Madagascan, Podostemoideae (Moline
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et al. 2007 Kita et al. 2008. They are classibed in 16 Monandriella linearifolia (syn. L. monandr3. Moreover,
genera and ca. 82 species. Most of these inconspicuowge extended the number of chloroplast molecular markers,
water plants are restricted to a single river or waterfallby sequencingnatk, trnD-trnT, andrpoB-trnC for most of
(Grob et al.2007 Ameka et al.2009. Many of the genera the taxa.

and species in Africa occur in Cameroon and Gabon The Podostemaceae show many morphological pecu-

(Engler 1928 Cusset1987 Cook and Rutishause2007,
Ghogue et al2009.

liarities making this family a worthwhile, but often prob-
lematic study object. Some features may be seen as

The genera present in this region are, among othergdaptations to seasonally submerged river rocks with

Dicraeanthus Djinga, Inversodicraea Ledermanniella
Leiothylax Letestuella Macropodiella Monandriella and

Bowering in air possible for only a short period after the
rainy period. Many Podostemaceae have a Rattened pho-

Stonesia Some of them, however, expand their rangetosynthetic body which adheres to a hard substrate. It has

outside of Cameroon and Gabon (Talie Identibcation

been called a OOthallus®® because the conventional demar-

keys, drawings and short descriptions of all Africancation into stem, leaf, and root is often not obvious. Var-

Podostemaceae are provided in Rutishauser e2@04, in

ious botanists (Schnell998 Sehgal et al.2002 2007

addition to photographs of selected specimens. Molecularegard this vegetative body as a unique architectural type.
data of African Podostemaceae have been analysed bin contrast, we here adopt the classical rootbshoot model

e.g., Kita et al. 2009, Moline et al. 007, and Pfeifer
et al. 009.

(CRS model) with its structural categories roots, shoots
(including stems and leaves), as already proposed by, e.g.,

Moline et al. 007 usedmaK sequence and morpho- Warming (1881, 1891 1899, Jager-Zan (2000, and Cook
logical data for eight African Podostemaceae species of thand Rutishauser2007). The term O0stemO0 is applied to a

generaDicraeanthus Djinga, and Ledermanniellasensu

cylindrical or slightly Rattened photosynthetic body that

lato (incl. Inversodicrae Accordingly, all podostemoids develops exogenous leaves. We use the term OOrootOO for a
studied from continental Africa form a clade that is sister toslightly or strongly Rattened photosynthetic body when

the Madagascan gener&ndocaulos and Thelethylax

adhesive hairs and endogenous shoot buds are developed

Moline et al. Q007 have already tentatively suggested but no exogenous leaves.

revisions of the generic delimitations in the African taxa.
For exampleledermanniellasensu lato (inclinversodic-
raea and Monandriellg), as described by Cussetq74
19844 b), the largest podostemoid genus in Africa with ca.
46 spp., turned out to be an artibcial and somewha&
awkward genus. Its two subgenetzdermanniellaand
Phyllosoma(as proposed by Cuss&®84a b) were distin-

1

guishable by the absence versus presence of stem scales in

addition to the usually compound foliage leaves (Moline
et al. 2007 Rutishauser et aR007). Before CussetOs revi-
sion (1974 19844 b) mostLedermanniellaspp. belonged to
the genudnversodicraegEngler ex R.E. Fries. Among the
species known before Cusset and included in this study
(Tables1, 4), Ledermanniella bifurcata L. bowlingii,

L. cristata L. ledermannij andL. pusillawere members of
Inversodicraea whereasLedermanniella(with L. lineari-
folia), andMonandriella (with M. linearifolia, syn.Leder-
manniella monandrawere monotypic genera.

The availability of new material of these rarely collected
plants prompted our new analysis. Since the study by
Moline et al. 007, material of Pve additional species
from small genera such aicraeanthus zehnderi_eio-
thylax quangensijsLetestuella tisserantiiMacropodiella

3

The objectives of this study were:

To perform a molecular phylogenetic analysis of
African podostemoids and to include morphological
data across nine genera and 17 species.

To describe morphological idiosyncrasies of African
Podostemoideae and to plot them on to the molecular
tree in order to describe their evolutionary history.
Special emphasis will be given to the infraspecibc
variability of stem scale morphology because this
feature is traditionally taken as very important for
species delimitation itnversodicraegsyn.Lederman-
niella subg.Phyllosom3. To better visualise morpho-
logical differences, members of four genera
(Dicraeanthus Inversodicraea Leiothylax and Letes-
tuella) will be described and illustrated using micro-
tome sections and scanning electron microscopy.

To solve the mismatch at the generic rank in African
PodostemaceaebPodostemoideae.

Methods

heteromorphaand Stonesia ghogudiecame available to Taxon sampling

us and has been analysed here. Four species from the large

The objective of the sampling was to include representa-
tives of important groups of African Podostemaceae to
infer their infrageneric relationships. Information on the

genus Ledermanniellasensu lato (incl.Inversodicraea
Monandrielld were also addedinversodicraeacf. anni-
thomae and |. cristata, Ledermanniella pusilla and
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Table 1 continued

8

selected taxa is given in Table Dicraeanthus africanus

D. zehnderiDjinga felicis, Inversodicraeacf. annithomae

I. cf. bosii, I. cristata, 1. ledermannij Ledermanniella
bifurcatay L. bowlingii, L. letouzeyi L. linearifolia,

L. pusilla, Monandriella linearifolig Leiothylax quangen-
sis Letestuella tisserantiiMacropodiella heteromorpha
and Stonesia ghogueiThe monophyly of this African
group has been tested by includingaK data of all
Podostemaceae taxa as used by Moline et 2007.
Accordingly, the African clade received a bootstrap sup-
port of 91% (not shown). Because of availabiliypdos-
temum ceratophyllurfrom Eastern USA was sequenced as
outgroup for all three markers (Philbrick and Novelo
2004). Herbarium specimens, silica-gel dried samples
(stems and/or roots) for molecular studies, and ethanol
(70%)-bxed samples for morphological studies were col-
lected for each species. Vouchers and wet plant material
are housed in the National Herbarium of Cameroon (YA),
the Herbarium of Zurich Universities (Z/ZT), and (for
L. bowlingii) also the Ghana Herbarium (GC). Identibca-
tion of taxa was not always easy. Two specieslrofer-
sodicraea could not be identibed without doubt:
Inversodicraeacf. bosii(closely resembling,. ledermanni)

and Inversodicraeacf. annithomae(perhaps conspecibc
with Ledermanniella ntemensi¥.Kita, Koi, Rutish and
M.Kato). We included from three taxaD{craeanthus
zehnderj Djinga felicis, and Inversodicraea ledermannii
two somewhat polymorphic accessions each, and from
Inversodicraea cristatahree accessions that bnally turned
out to belong to the same species (fbr felicis and

I. ledermanniisee Moline et al2007).

We sequenced three chloroplast markers for most of the
African Podostemaceae in our analysis. Despite intensive,
repeated efforts, unsuccessful amplibcations led to a high
proportion of 18.8% of missing data in the matricesoB:
22/24, matK: 19/24, trnL intron: 15/24 sequences avail-
able; Tablel).

This study
This study
This study
Moline et al.
This stud

This study
(2009

rpoB-trnC
FM877823
FM877818
b
FM877819
FM877813
FM877821

b
FM877847

trnD-trnT
b
b
FM877844
FM877849

EMBL acc. noEMBL acc. no. EMBL acc. no. Ref.
matK
FM877842
b
DQ168440
FM877841

Eastern North America,
Dominican Republic,
Honduras

Cameroon (S), Gabon,
Cameroon Cameroon

African Republic, Ivory
Congo

Coast, Mali, Namibia

Cameroon, Central
Ghogue et al. GAHR-24 (YA, Z/ZT) Cameroon Gabon, Ivory Coast

Cameroon Western to Southern AfriceM877840
Angola, Benin,

Cameroon Cameroon, Sierra Leone B

Distribution
Cameroon Cameroon, Congo

Origin
USA (E)

Laboratory

Ghogue GHO-1660 (YA, Z/ZT)
Ghogue GHO-1663 (YA, Z/ZT)
Philbrick and Novelo CTP 4615
Ghogue GHO-1665 (YA, Z/ZT)

Voucher

For scanning electron microscopy the dissected plant parts
were critical-point dried and sputter coated with gold. The
electron micrographs were taken with a Jeol scanning
electron microscope at 20 kV. For microtome sections,
specimens were embedded in KulzerOs Technovit (2-
hydroxyethyl methacrylate), and sectioned with a Microm
HM 355 rotary microtome and conventional microtome
knife types C and D. The mostly m thick sections were
stained with ruthenium red and toluidine blue.

DNA extractions, amplibcations, and cycle sequencing
followed the procedures described in Moline et a0Q7).
The primers used were: trnL introtmLYA*F (TabC) and
trnLY**R (TabD; Taberlet et al1991); rpoB: rpoB and

Missing molecular data are indicated OOPOO

(Baillon) C. Cusset
Monandriella linearifolia Engler

Michx.
Rutishauser

Leiothylax quangensiéEngler) Warming Ghogue GHO-1667 (YA, Z/ZT)

Letestuella tisserantiG. Taylor
Macropodiella heteromorpha
Podostemum ceratophyllum
Stonesia ghoguek. Pfeifer and
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African Podostemaceae 61

trnC®“*R (Shaw et al.2005, makK: Pod2Rm, Pod5Fm, 1.2361, A/T: 0.3773, C/G: 1.2094, C/T: 1.0104) gamma
Pod6Rm, Pod8Fm, Pod41Fm, PodAFm, and Podnewl1Rulistribution of rates among sites with alpha shape para-
(Moline etal.2007). EMBL accessions are givenin Table  meter 0.8496, proportion of invariable sites 0.3963. The
analysis using these values yielded one optimum ML tree
Data analyses with a log-likelihood score of blh = 9484.50 (Fig.6).
There are three weakly supported groups (clades to
The data matrix included 24 terminal taxa comprising 17some degree) in continental Africa:
African species an@. ceratophyllumas outgroup, which is 1 thelnversopicraea Group (abbreviated abv in Fig. 6),
closely related to the African, Madagascan, and Asian with three Inversodicraeaspecies I cf. annithomae
members of Podostemoideae (Kita and Ka@®1, Moline I. cristata, I. ledermanni) forming a clade and the
et al. 2007). Sequences were aligned using ClustalX fourth Inversodicraeaspecies (i.el. cf. bosii) being
(Higgins and Sharfi988 with the default settings and then sister to all taxa studied from continental Africa;
manually adjusted in MacClade version 4.05 (Maddisor2 the second group has pollen monads (i.e. single pollen)
and Maddisor2002). The aligned data set is available as  and is referred to as theepERMANNIELLA-M ONAD GROUP
online supplement. There are no conBicting nodes in the (LM). Itappears paraphyletic and consists of a clade with
analyses of the individual data sets (not shown) with Ledermanniella bifurcatén addition to members of the
bootstrap values above 70% (Mason-Gamer and Kellogg generd_eiothylax LetestuellaMacropodiellg andSto-
1996. Wiens 006 basically recommended the inclusion nesia with M. linearifolia being basal to the clade; and
of missing data rather than excluding taxa or genes fron3 the remaining taxa show pollen dyads and accordingly,
phylogenetic analyses. Therefore, we followed the total form the LepermannieLra-Dvap croup (LD). It is
evidence approach and combined the three data sets into a actually a weakly supported clade. Besides the Ghana-
single large one using a super matrix approach (Sanderson ian endemicLedermanniella bowlingithere are three
et al. 1998 Bininda-Emond<004 de Queiroz and Gatesy other species of subftedermanniellai.e. L. letouzeyi
2007). The manageable number of taxa enabled a maxi- L. linearifolia andL. pusilla Moreover, all species of
mum likelihood (ML, Felsensteirnl981) analysis to be the generaDicraeanthusand Djinga belong to this
performed using PAUP. ML combines the advantages of group.
model-based methods for processing probabilities of data,
and extensive tree searches, and often produces similar
results to Bayesian inference or maximum parsimonyResults: vegetative structures
(Leacheand ReedeR002 Sober2004). To determine the
nucleotide substitution model that best bts the data, theeaf architecture
hierarchical likelihood ratio test (AIC) was used in
Modeltest3.0 (Posada and CrandaB98. ML analyses Leaves may be petiolate with a blade forked several times
specifying the GTR+ | + G model were implemented as into narrow segments, e.g. Dicraeanthus zehndernd
heuristic searches with a 100 random-addition-sequencénversodicraea cristata The petioles ofl. cristata are
TBR, and steepest descent options. The same options wemnearly cylindrical (Fig.1la, d) whereas the terminal leaf
used for ML bootstrap analyses (100 replicates). segments are slightly Battened with chloroplasts restricted
For character optimization, 23 morphological charactergo the epidermis (Figlf). Other African Podostemoideae
were listed in Appendix 1 and coded in Tabl@. The such as Ledermanniella linearifolia and Leiothylax
analysis was carried out using Mesquite 1.12 (Maddisomuangensihave entire linear or only once-forked leaves.
and Maddisor2007) applying the options OOtrace all charSeveral African Podostemoideae have stipules which are
actersOO and OOparsimony ancestral states reconstrucsiom@éxe lateral appendages of the leaf base. For example,
The ancestral character states were reconstructed on nodes zehnderi(Fig. 3abc) and.. quangensigFig. 4e) have
of the ML tree (Fig.6) and are listed in Tabl8. stipules attached to the leaf base. In membersnogr-
sodicraea(e.g. . cristatd) it is not obvious if there are
stipules or not, because the stem is covered with many
Results: molecular data stipule-like scales in addition to the petiolate and com-
pound leaves (Figla, b). Filled with silica bodies (Figdlc,
The selected optimum model of sequence evolution for thig) these stem scales protect the shoots in the rushing water.
combined data set was the general time reversibl@he stem scales outnumber the compound leaves up to 20
(GTR + | + G) model (Rodriguez et all990: unequal times (Fig.1d). The compound leaves contain rudimentary
base frequencies (A 0.3613, C= 0.1406, G= 0.1181, vascular bundles in the terminal segmenis/ersodicraea
T = 0.3800) and six substitution types (A/C: 0.9246, A/G: cristatais usually characterised by cristate stem scales with
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Fig. 1 Inversodicraea cristata
(syn.Ledermanniella cristatp
GHO 1659, 1664, 1666.
Vegetative structures.

a, b Shoot portion with stem
covered by 3b5-dentate scales,
seen from two opposite sides,
L stalk (petiole) of foliage leaf,
B lateral shoot bud on dorsal
side of leaf () base.Scale bars
1 mm.c Longitudinal section of
shoot tip, stem with two leaf
stalks () and two shoot buds
(B). Arrowheadspoint to stem
scales.Scale bar500 pm.

d Cross-section of shoot slightly
above shoot apex, with two leaf
stalks ), next younger leaf
marked withwhite asterisk

Note presence of several stem
scales, outer ones containing
dark silica bodiesScale bar

500 um. e Cross-section of
nearly mature stemX)
containing two vascular
bundles. Note lateral shoot bud
(B). Arrowheadspoint to stem
scales with dark silica bodies.
Scale bar500 um. f Fully

grown segments of forked leaf
blade (cross-sections).
Epidermis with chloroplasts,

vascular strands inconspicuous. - ..'-?.-}'?.7-’-":‘ o e
Scale bar200 um. g Ribbon- %

like root (R, seen in cross-
section) with endogenous
outgrowth of lateral root
(R, shown as longitudinal
section).Scale bar200 um

bve to seven teeth. However, a closer look reveals that thgescribed in the taxonomic literature). Other podostemoids
scales ofl. cristata are more polymorphic. Scales along such aslLeiothylax quangensialso differ strongly in the
vegetative stem portions are broad (triangular) and prolength of root-born shoots. The longest shoots are branched
vided with Pve to seven (rarely up to 10) teeth (Fig, b). and up to 30 cm long, whereas others are 2 cm or less.
Next to the terminal RBowers, however, the stem scales ofiny shoots are reduced to Rower buds, which are sessile
. cristataare subulate with one or two teeth only (FBh).  on the upper root surface.

The uppermost foliage leaves are reduced to Plamentous

structures with a few forks. The uppermost stem scales anBhoot branching

associated leaf bases are fused to some degree, forming a

cup that surrounds and protects the 3oral buds, at least thedmly a few African podostemoids show axillary branching

basal portions (Fig2a, b). as typical for most other angiosperms. For example, single
Bowers seem to occupy the leaf axils of long shoots in
Infraspecibc variation of shoot size Letestuella tisserantii Also vegetative lateral buds of

Letestuellaarise in leaf axils, or seemingly so (Figg).
Shoot length can vary substantially within one and the In many African podostemoids stem branching is asso-
same species. For examplRicraeanthus zehndetisually  ciated with double-sheathed leaves which occur toward the
has root-born shoots 1060 cm long which are brancheshoot tip after the formation of a set of normal, i.e. single-
several times. However, there are also very short shootsheathed leaves. Double-sheathed leaves subtend two shoot
with two leaves and a single terminal Bower (not yetbuds, one on the left (ventral) side and one on the right
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Fig. 2 Inversodicraea cristata (syn. Ledermanniella cristata 500 um. c Dehisced anther with endothecium consisting of partially
GHO1659, 1664, 1666. Reproductive structurasShoot tip with  lignibed cells, pollen in monadScale bar200 um. d Nearly mature
two RBowers, Rower at left anthetic, Rower at right in bud covered withunilocular capsule with three ribs per valve and two rib-like
unruptured spathelld¢). A androecium consisting of two stamens on dehiscence linesaéterisky. Note lack of septum. Free placenta
common stalk (andropodium)a ovary with short stalk and two surrounded by ovulesScale bar200 um. e Wall portion of mature
thread-like stigma lobesT linear tepal.Scale barl mm.b Another  capsule, with two Pbre-rich ribsafrowhead¥ The capsule wall
shoot tip with two Rowers, Bower at left with ruptured spathefe)(  consists of two partially lignibed inner cell layers and 2 or 3 outer
and elongated pediceFp), Bower at right in bud inside unruptured layers without cell wall thickeningsScale bar100 um. f Ovule in
spathella c). Stem scalesS) below spathellas entire or with a few cross-section, with outer integumenb, inner integumentlI{) and
teeth, forming transitional forms to forked leavek).(Scale bar  nucellus N). Scale bar50 um

(dorsal) side of their base, as shown in a longitudinalglobular shoot bud (B) that seems to rest (Fib). In other
section of a branching shoot tip tiversodicraea cristata samples ofl. cristata the shoots (or shoot buds) in both
(Fig. 1c). The two buds on opposite sides of a doublesheaths of a double-sheathed leaf are more equal in size. A
sheathed leaf may differ substantially in their size. Forsimilar branching type is found iDicraeanthus zehnderi
example, the double-sheathed leaf (L)lotristata shown  where the leaves of long (OOmainOO) shoots arise in a disti-
in Fig. 1a, b appears as lateral appendage of an elongatethous pattern, or nearly so. Each leaf (i.e. L6DL8 in
stem which is covered with cristate scales. The dorsal sidEig. 3a, b) is again a double-sheathed leaf with the ventral

of the leaf base (i.e. its OOdorsal sheath®0) is occupied dheath provided with two lateral stipules. On the dorsal side
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Fig. 3 Dicraeanthus zehnderi
GHO1651. Vegetative and
reproductive structures.

a, b Overview and close-up of
vegetative shoot tip with leaf
stalk (L6) and two young forked
leaves 7, L8). Arrowheads
point to lateral stipules of leaves
L7PL9. Asterisksindicate
pockets (surrounded by minute
scales) where leave$'j and
(later) also Bowers will grow
out. Scale barsl mm and

500 um, respectivelyc Shoot
tip with leaves [) and two
Bower buds inside spathellas
(Fc). Note lateral stipules
attached to leaf baseScale bar
1 mm.d Ovary tip with two
beak-like stigmas in
longitudinal section of
preanthetic RowerScale bar
100 um. e Cross-section of
Rower bud inside spathell&c).
Fp pedicel,A two anthers,

G ovary. Scale bar200 pm.

f Pollen dyad.Scale bar5 um.
g Polar view of pollen. Note
tricolpate patternScale bar

5 um. h Cross-section of
crustose root (i.e. very broad
dorsiventral ribbon)Asterisk
indicates adhesive hairs on
lower side.Arrowheadspoint to
rudimentary vascular tissue
layer inside root, fragmented
into single strandsScale bar
200 pm

of the leaf bases we bnd two or three subulate stipulesylindrical or terete. Moreover, the vascular stem tissue is
which belong to the OOdorsal sheathOO of a double-sheaiterted and may consist of three to Pve rudimentary
leaf (Fig.3b, marked with asterisks). The ventral sheathbundles arranged in a bow (Fidg). Short shoots that
again faces the main shoot (or a terminal Bower) whereasccur along long shoots may consist of a sessile Rower and
the OOdorsal sheathOO subtends an inconspicuous shoanbudaf (Fig.4d). Two consecutive stem cross-sections at
with outgrowing tiny leaves (Lin Fig. 3a). and below leaf insertion show the insertion of a short
Stems in some African podostemoids suchetestuella lateral shoot (SVS) in a non-axillary position on the
guangensigend to be slightly Rattened rather than beingright Bank rather than on the dorsal side of the leaf base
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Fig. 4 Leiothylax quangensis
GHO1667. Vegetative and
reproductive structures. Cross-
section of Bower bud inside
spathella Fc). Fp pedicel,

P free placenta in unilocular
ovary, anthers not present at this
level. Scale bar300 um.

b Dehiscence areaséterisk of
nearly mature unilocular
capsule with ovule (cross-
section). Inner epidermisj
cells as transversal bbres,
hypodermal ) cells as
longitudinal PbresScale bar
100 um. ¢ Young globular
ovary (longitudinal section),
hanging upside down inside
spathella Ec). Note placenta
(P). Other abbreviations as
above.Scale bar200 um.

d Cross-section of stenXf with
leaf (L) and adjacent Rower bud
in spathella Ec, cut
longitudinally). Note single
stamen Q) above and strongly
inclined ovary () below. Scale
bar 200 um. e, f Two
consecutive cross-sections of
stem ) at and below leaf
insertion, respectively. Note
insertion of short vegetative
shoot V3 in non-axillary
position on the right Bank and
slightly below insertion of leaf
(L). Scale bar500 pum. g Same
stem as above. Cross-section
below leaf insertion. Note
broadened shape with discrete
strands of rudimentary vascular
tissue arrowhead$. Scale bar
500 pm

(Fig. 4e, f). The leaf L is again a double-sheathed leaf with(Fig. 3h) and Letestuella (Fig. 5h). The dorsiventrally
the ventral (=main) sheath facing towards the stem wheredsattened crustose roots of, e.D.,zehnderiare bxed to the
its OOdorsal sheathOO (including additional shoot budjoék by adhesive hairs. These crustose roots have a layer of

displaced towards one leaf Rank. vascular tissue or isolated vascular strands lacking obvious
xylem and phloem, in contrast to a central cylinder as
Root architecture typical for roots in most other angiosperms (Faip). In the

latter species and iheiothylaxit is difpcult to distinguish
Narrow ribbon-like roots about two to four times as wide asthe root tissue from the disk-like holdfast that surrounds the
thick are found in various African podostemoids. In base of an established stem as its adhesive foot. Crustose
Inversodicraea cristatdhe root ribbons form endogenous roots give rise to daughter roots (lobes) exogenously while
buds which turn into lateral roots (Fidg). Much broader root-born shoots start as endogenous buds and break
ribbons and crusts are found in, e.gicraeanthus through the upper surface of the crustose roots (5.
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Fig. 5 Letestuella tisserantiGHO1660. Vegetative and reproductive capsule dehisced into two valves. Note free central placenta covered
structures.a Two RBowers, Bower at left in bud with spathell&c) by ca. 50 ovulesScale bar200 um. f Portion of capsule wall (cross-
partially removed. Note single stamer)( accompanied by two section).Arrowheadpoints to indistinct broad rib. Capsule wall with
thread-like tepalsT). Flower at right anthetic with globular ovary transversal bbres of inner epidermi) (and longitudinal Pbres of
(G), topped by two club-shaped stigma lobes; stamen dropped excepiypodermis k). Scale bar50 um. g Cross-section of stenX} with

for Plament.Arrowheadpoints to position of twin tepalsScale bar  axillary shoot bud B) subtended by leafl{. Scale bar400 pm.

500 um. b Flower bud completely covered by spathellec). Scale  h Portion of crustose rootR, shown as cross-section) and basal
bar 500 um. ¢ Longitudinal section of young Bower bud inside portion of prominent root-borne stemX,( longitudinal section).
spathella Fc). Note short pedicelRp) carrying single stamerA) and  Arrowheadpoints to endogenous shoot bud arising inside root tissue.
gynoecium @) in oblique position.Scale bar200 um. d Immature  Scale barl mm

capsule with indistinct broad ribsScale bar200pum. e Mature

Results: reproductive structures other taxa. The spathella ruptures in order to release the
Rower before anthesis (Figa).
Spathella as tubular or sac-like cover of Boral buds
Position of Bower bud inside spathella
All Podostemoideae are characterised by a tubular or sac-
like cover (OOspathellaDO) that protects each Roral budhkre is one Rower per spathella, as typical for most
African podostemoids such dsiothylaxand Letestuella podostemoid genera worldwide (Cook and Rutishauser
these spathellas have a slightly pointed tip (F&lg, ¢). The  2007). Most African members have Rower buds in an
spathellas consist of ca. four cell layers and lack any vasdpside-down position inside the spathellas. For example,
cular tissue. The outer spathella epidermis is papillate inL.eiothylax quangensihas inverted Rower buds before
e.g., Dicraeanthus zehnder(Fig. 3c, €) and smooth in anthesis. Thus, the closed spathella contains an elongate
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Roral stalk (pedicel) with a hanging ovary, i.e. the twohave monads or dyads, depending on the group. For exam-
stigmas are pointing downwards (Fidc). Similarly, the ple, monads are character forcristata (Fig. 2c), whereas
Rower buds of all species @ficraeanthusInversodicraea Dicraenthus(Fig. 3f) has dyads, i.e. pollen grains that are
and Ledermanniellahave an inverted position inside the dispersed in pairs. Loose dyads that easily decay into
spathella. Thus, both pedicel and ovary are observablmonads are found iBjinga felicis and Stonesia ghoguei
in mid-level sections through spathellas (Fige, 4a).
African Podostemoideae start with an erect to inclinedCapsules: ribbed versus smooth
Boral bud position during early development, as shown for
Leiothylax quangensig¢Fig. 4d). The Bower bud of most The ovary walls of all Podostemaceae have transversally
African podostemoids then turns to an upside-down posielongate Pbres in the inner epidermis and longitudinally
tion by continued pedicel elongation inside the enlargingelongate bbers in the hypodermis (Figd, e, 4abc,5f).
spathella. Before anthesis the spathella ruptures ant@ihe ovaries in African podostemoids can be globular as in
delivers the Bower that soon becomes upright or nearly sheiothylax(Fig. 4c) andLetestuella(Fig. 5a). Or they are
on the elongating pedicel, as shown Fotristata (Fig. 2a, b).  ellipsoidal to spindle-shaped as inversodicraea cristata
Only a few African Podostemoideae have upright or(Fig. 2a). The ovaries of anthetic Bowers of most Podo-
slightly inclined ovaries throughout their whole develop- stemoideae do not have ribs. During capsule maturation
ment. For examplel_etestuella tisserantihas an oblique after anthesis some podostemoids (including all members of
ovary position (Fig5hc). After spathella rupture the Ledermanniellpacquire prominentribs. These ribs of some
inclined ovary may become completely upright (Fig). groups become clearly visible on shrinking or shedding of
the parenchyma of the young capsule wall. For example,
Flower structure Inversodicraea cristatdhas a nearly smooth ovary during
anthesis (Fig2a), but a strongly ribbed capsule afterwards
Various African members have a gynophore, i.e. alFig. 2d). Mature capsules are smooth (i.e. without ribs) in
gynoecium stalk in addition to a Roral stalk (elgeiothy-  Leiothylax quangensigFig. 4abc). Only slightly ribbed
lax, Fig.4c). The androecium of African podostemoids capsules are found ibetestuella tisserantifFig. 5dbf).
consists either of a single stamen (Fig) or of a Y-shaped
structure with a common foot (andropodium) carrying 2
(rarely 3) stamens (Figga). There are exceptions, for Discussion
exampleLetestuella which switch between Rowers with a
single stamen (Figba) and Rowers with two stamens on an Molecular phylogeny
andropodium within one and the same plant. There are
usually two subulate appendages (O0tepalsOO) on eitheOsigiall, our ML tree (Fig6) does not conBict with the
of the androecium (Fig2a, 5a). Exceptionally, there may clades found in the analysis by Moline et &007), but is
be a twin of tepals on one side, i.e. three tepals in total for @ble to attribute our newly collected taxa to particular
single Bower, as observed onceliatestuella(Fig. 5a). groups. In general, however, many clades show only low
There are usually two stigmas overtopping the ovary inbootstrap values, which might be caused by the high pro-
Podostemoideae, according to the two carpels involved iportion of missing data hampering our phylogenetic con-
ovary formation. Most podostemoids have two free, linearclusions. Still, several nodes gain additional support by
stigmas, as typical for nearly alLedermanniellaspp. morphological evidence. An expanded phylogenetic analy-
(Fig. 2a). Peculiar stigma shapes are foundioraeanthus sisindicated a monophyletic group of all continental African
andLetestuellaThe stigmas are prominent and horn-like in Podostemoideae included here being sister to the two
Dicraeanthus(Fig. 3d) whereas they are short and club- Madagascan genefandocaulosand Thelethylax(Pfeifer
shaped inLetestuella(Fig. 5a). et al.2009 unpublished data), a clade characterised in some
All African taxa covered by this study have unilocular members by endogenous formation of Rowers along stems,
ovaries lacking a septum (Figda, 5e). The ovules are because of dedifferentiation of cortex tissue, and epiphyl-
borne on a slightly inRated central placenta that is conlous Bowers. These are architectural peculiarities restricted
nected with the ovary tip and the ovary base (Hig). The to African podostemoids (Moline et a2007 Rutishauser

ovules are bitegmic and tenuinucellate (Fig§.4b). et al. 2008 Pfeifer et al.2009. In general, the groupings
correlate with Ledermanniella subg. Phyllosoma now
Pollen: monads versus dyads attributed tdnversodicraeaand groups with pollen monads

and dyads, respectively. Within the African cladayer-
As usual for most Podostemoideae the pollen of Africansodicraeacf. bosii occupies the most basal position, being
members is tricolpate (Figg). African Podostemoideae sister to the lineage including the remaining taxa. Such a
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Fig. 6 Phylogram of the Podostemum ceratophyllum

maximum likelihood analysis of . "
Inversodicraea cf. bosii

Podostemaceaeb (syn. Ledermanniella bosii )

Podc_)stemOIdege from Inversodicraea cf. annithomae

continental Africa, based on 76 (syn. Ledermanniella annithomae)

three plastid markerarak,
trnD-trnT, rpoB-trnC).
Bootstrap support is indicated 68
above branche$?odostemum a
ceratophyllumfrom eastern

North America serves as

outgroup. There are three

100 [ Inversodicraea ledermannii (Acc. 1)
(syn. Ledermanniella ledermannii)

— |nversodicraea ledermannii (Acc. 2)

Inversodicraea cristata (Acc. 1)
(syn. Ledermanniella cristata )

Inversodicraea cristata (Acc. 2)

(partly paraphyletic) groups: 80 Inversodicraea cristata (Acc. 3)
InversodicraeaIn) group, with b

. Monandriella linearifoli
stem scalest.edermanniella- (syg. Lguegnéﬁmgla%ﬁnérg a

Monad (M) group, pollen as
single grains (monads), without
stem scales; and

Leiothylax quangensis

Macropodiella heteromorpha LM

Ledermanniellabyad (D) 56- st ia ah .
group, pollen dispersed in pairs 9 onesia ghoguel
(dyads), without stem scales. Letestuella tisserantii
The distribution areas of the 75 I
included species are given in ] 52 e . e | edermanniella bifurcata
Table 1. Lowercase lettersefer h
to nodes in Tabl& Ledermanniella bowlingii
Dicraeanthus africanus
m 66

[¢) 100 | Dicraeanthus zehnderi (Acc. 1)

pPL— Dicraeanthus zehnderi (Acc. 2)

Ledermanniella letouzeyi

98 s [ Djinga felicis (Acc. 1) LD
a Djinga felicis (Acc. 2)
5r6 Ledermanniella pusilla
93 t == Ledermanniella linearifolia (Acc. 1)

= | edermanniella linearifolia (Acc. 2)
0.01 substitutions/site

relationship, however, may be questioned because of highBicraenthus africanuBD. zehnderilineage appears best
morphological similarities betwednversodicraeaf. bosii  supported by their typical stigma lobes (TabRs).

andl. ledermanniiand preliminary molecular phylogenetic  The need for a taxonomic rearrangement with splitting
studies by Kita et al.Z005 2008, wherel. cf. bosiioccu-  of the large and artibcial genlkedermanniellaas debned
pies a basal position within thieversodicraeaclade. The by Cusset 1974 19844 1987 is obvious. Irrespective of
presence of stem scales for this entire group as proposed mhether Inversodicraea(formerly Ledermanniellasubg.
Cusset 19843 may be a further argument to consider thePhyllosomd, the Ledermanniellavionad group, and the
inclusion ofl. cf. bosii. Another critical point in our tree may Ledermanniellabyad group are monophyletic or possibly
be the intermediate position dflonandriellabetween the paraphyletic and weakly supported, the polyphyly of
Inversodicraea and the LedermanniellaMonad group, Ledermanniellasensu lato in its present (i.e. CussetOs)
making the latter group paraphyletic with regarditeder-  circumscription is well documented. Hence, some groups
manniellaDyad taxa and therefore suggesting a secondargppear more natural on returning to genera names used
evolution of pollen dyads. At this point we leave it open before 1974 (Tabled, 5). Thus, we advocate:

whether such a scenario, supported by the presence &f resurrectingMonandriella Engler (1926 1928 as a
shared exogenous root branching as homoplastic synapo- monotypic genus, withM. linearifolia Engler (syn.
morphy, or inclusion oMonandriellainto the LM group is L. monandrd;

favoured. Despite bootstrap supper50%, the LD group 2 restricting the genus namlaversodicraeaEngler ex
consists of taxa with pollen dyads only, which may be seen R.E. Fries {914 to all members of the OOscalyOd
as substantial morphological support. Within this clade, the Ledermanniellasubg.Phyllosoma
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Because of the described morphological and molecula€
evidence we apply the same concept ltversodicraea
bosii. We further advocate:

3 accepting the genus nameedermanniella Engler

(1909 for all species of the former subgenusder-

manniellg except forL. monandra(see above).

These proposals for the taxonomic changes are sum-
marised in Tablet, including all authorities. A morpho-
logical comparison of the studied genera (including the
resurrected generénversodicraeaand Monandriellg) is
given in Table5. Thus, we solved, at least to some extent,
the unsatisfactory situation of the generic classibcation.
Still, Ledermanniellasensu stricto remains polyphyletic
becausd.. bifurcata L. bowlingii, L. letouzey; L. lineari-
folia, andL. pusilla are scattered across thedermanni-
ella-Monad and LedermanniellaDyad groups. Future
taxonomic changes should be implemented as soon as more
data conbrm our results.

Morphological characters and hypotheses about their
evolutionary history by plotting them on to the
molecular cladogram

Morphological evolution in African podostemoids and the
meaning of morphological data for taxonomy in this group
will be discussed below. The genera involved are listed in
Table5, covering the most pertinent morphological char-

acters for their delimitation (Figs; Tables2, 3). €

€ Pollen monads versus dyagscharacter 3 in Appen-
dix 1, Tables2, 3) Most Podostemoideae genera are
characterised by monads or dyads (Cook and Rutish-
auser2007). This indicates that monad versus dyad is
useful as a diagnostic character. As typical for all Asian
and many American podostemoids, the tricolpate pollen
of several African genera (includingedermanniella
pro parte Saxicolellg Thelethylax are in brm (i.e. non-
decaying) dyads (Bezuidenhoud964 Ameka et al.
2002 2003 Jeger-Zan et al. 2006 Grob et al.2007,
Moline et al 2007. In Ledermanniellas.str. and in
Inversodicraeathere are taxa characterised by dyads
and taxa lacking them. Our new molecular data indicate€
that inLedermanniellss.str.there is a weakly supported
clade, i.e. theLedermanniella-Monad (LM) group,
with pollen as single grains (monads). Thederman-
niella-Dyad (LD) group, however, consists of taxa
with pollen dispersed in dyads. Moreover, it seems that
monad genera such a®iothylax Letestuella Macro-
podiella, andS. ghogueiwith a few dyads in addition
to the usual monads) belong to the LM group, whereas
the dyad genuBicraeanthusandDjinga felicis (with a
few monads in addition to the usual dyads) are part of
the LD group (Ghogue et aR009 Pfeifer et al 2009.

Position of Bower buds in spathellacharacter 4 in
Appendix 1, Table®, 3) Flower position (or, more
exactly, ovary position) inside the spathella is an
important character distinguishing the African and
Madagascan podostemoid genera and species from
other groups (Cussé&B87 Cook and Rutishaus@007,
Grob et al.2007, Moline et al.2007, Rutishauser et al.
2007. All podostemoid members in America and
Australasia have erect (or only slightly inclined) Bower
buds inside the spathella. This pattern is found (as
reversal) in a few podostemoid species from Africa and
Madagascar, e.g. iDjinga and Letestuella(Cook and
Rutishause2007, Ghogue et al2009. Most African
Podostemoideae have inverted Rower buds inside the
spathellas (Ameka et a003, a character state which

is found at all internal nodes except fdDjinga
(Table 3). Thus, completely or partially inverted Rower
buds are a unique feature (synapomorphy) of several
African and Madagascan Podostemoideae. It seems that
podostemoids with inverted Bowers evolved only once
from podostemoids with erect RBowers (Moline et al.
2007. The African genusSaxicolella (with upright
Bower buds) is not included in this analysis. Prelimin-
ary molecular data, however, indicate a basal position
of Saxicolellawith regard to all African Podostemoi-
deae; thusSaxicolellamay have retained erect Roral
buds as plesiomorphic character state (Ameka et al.
2002 Kelly et al. 2009.

Ribbed versus smooth capsu(esharacters 8 and 9 in
Appendix 1, Table®, 3) Mature capsules of African
podostemoids are ellipsoid to spindle-shaped or (rarely)
globose. They are smooth or more often ribbed. Most
African taxa have three ribs per valve, running the
entire length of the capsule. The dominance of three
ribs per valve can be clearly interpreted as a plesio-
morphic character state of African Podostemaceae
(Table 3). Only Endocaulos Paleodicraeia and Sto-
nesiaare known to have an increased rib number per
valve, with some but not all of the bve to seven ribs
running along the entire length of the capsule valve
(Pfeifer et al.2009.

Shoots with non-axillary branching and double-
sheathed leaveé=character 13 in Appendix 1, Tables
2, 3) Axillary branching as typical for most angio-
sperms occurs only rarely in Podostemoideae, e.g. in
Letestuella tisserantiand Saxicolella submersérom
Africa (Ameka et al.2002. In many Podostemoideae
from Africa and America (e.gLedermanniella bowl-
ingii, Podostemum ceratophyllyrthere are leaves with
two sheaths that are inserted laterally and opposite each
other, which is the predominant character in our group.
Such leaves have been called double-sheathed or
OOdithecousOO by Warming (8§81 and others
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(Moline et al.2006 2007. The occurrence of double-
sheathed leaves among conventional (i.e. single-
sheathed) leaves allows the stem to branch by a

arranged in a distichous or helical pattern, whereas
stem scales are inserted irregularly around the stem.
Scale morphology is traditionally taken as important to

peculiar process that may be called OObifurcationO0. Aslistinguish the species oinversodicraea (Cusset

long as a stem forms single-sheathed leaves, it grows in
a monopodial manner. A double-sheathed leaf then
appears in a terminal (or nearly terminal) position
giving rise to new shoot modules (daughter shoots) in
each sheath (as shown fdnversodicraea cristata
Fig. 1c). Imaichi @007 observed double-sheathed
leaves in Dicraeanthus africanusinside the lateral
short shoots whereas the long shoots (with lengths up to
30 cm) are unbranched and lack double-sheathed
leaves.

Flower position along shoots(=character 14 in
Appendix 1, Table®, 3) Flowers in non-American
Podostemoideae are either solitary in terminal position
of short shoots, which do not contain double-sheathed
leaves (e.g.Saxicolella amicorum Thelethylaxspp.,
and most Asian members), or they occur in clusters,
positionally associated with double-sheathed leaves, in
addition to leaves (bracts) with one sheath, as in
species of the African genericraeanthus Inversodi-
craea Ledermanniella Saxicolella Sphaerothylax
besides Zeylanidium subulatumas Asian exception
(Jeger-Zgan 1999 2000 Ameka et al.2002 2003
Imaichi et al. 2005 Moline et al. 2007). Positional
association of Rowers with double-sheathed leaves is
also known from American podostemoids which are
basal to all Asian, Madagascan, and African members
of this subfamily (Rutishauser and Grub&®00. It
seems that various African podostemoids that
switched to endogenous formation of Rower buds
from inside the stem cortex lack double-sheathed
leaves. Within our group, an endogenous origin of
Bowers in the stem cortex evolved once in the
LedermanniellaByad group, but seems to be lost in
Ledermanniella linearifolia Endogenous Roral bud
formation along the stem was found In letouzeyi
and Stonesia ghogudiMoline et al. 2007 Rutishauser

et al. 2007 Pfeifer et al.2009.

Stem scaleg=characters 19 and 20 in Appendix 1,
Tables2, 3) All members of Inversodicraea(ca. 20
spp.) are characterised by stem scales with entire or
toothed margins (Cusset984a 1987. These stem
scales contain many silica bodies and may serve as
exoskeleton. They resemble the scaly leaves of the
Brazilian podostemoi®iamantinaand the stem scales
of Weddelling which forms its own subfamily
(Rutishauser et al2005 Koi and Kato 2007). The
stem scales in members tfversodicraeaare usually
much smaller and more numerous than the compound
leaves, which are also present. Compound leaves are

@ Springer

198443 1987 Rutishauser et aR007). Scale morphol-
ogy, however, may vary substantially within a species.
For example, scales df ledermanniiare tridentate,
more rarely entire or quadridentate (Moline et2007).
Inversodicraeacf. annithomaehas elliptical to oboval
scales. Their margin is smooth or slightly to strongly
dentate with up to ten teeth (Cusd€i843. The scales

of I. cristata are even more polymorphic. Scales along
vegetative stem portions are triangular and provided
with several teeth. Next to the terminal Rowers,
however, the stem scales bfcristata are more similar

to those ofl. ledermannij being subulate with one or
two teeth only.

Ribbon-like to crustose roots (=characters 2123 in
Appendix 1, Tableg, 3) Roots with their tips covered
by a cap (calyptra) are found in the outgroup taxa such
as Podostemum ceratophyllurfrom North America
(Philbrick and Novela2004 Moline et al.2006 Jeger-
Zurn 2008. Most African Podostemoideae, however,
lack root-caps completely (foBaxicolellaand Thele-
thylaxas exceptions, see Ameka et 2002 Grob et al.
2007). Cap-less ribbon-like roots (width usually 6 mm
or less) are found in many African and Madagascan
Podostemaceae, elgedermanniella bowlingi{Ameka

et al. 2003 and Inversodicraea ledermannifMoline

et al. 2007). They show endogenous formation of both
lateral roots and shoots along the margins. In various
African  members there are crustose roots
(width > 10 mm) with endogenous shoots arising from
the upper surface. Crustose roots branch into daughter
(or lateral) lobes by exogenous branching. Such lobed
crusts occur in some species Dfcraeanthus Inver-
sodicraea Ledermanniella Macropodiella and Sph-
aerothylax (Rutishauser et al2007). Crustose roots
may have evolved once or twice within African
podostemoids from groups having ribbon-like roots
(Moline et al. 2007). In our phylogeny they probably
evolved in the coreLedermanniellaMonad and the
Ledermanniellabyad group (node h in Fig. 6;
Table 3), although with some plasticity. The broad
root ribbons (6 mm wide or more) with their exoge-
nous lobes oDjinga felicis (Ghogue et al2009 and
Stonesia ghogugPfeifer et al.2009 may be viewed as
intermediates between narrow ribbons and broad
crusts. According to Koi et al.2006, who studied
Asian podostemoids, crustose roots evolved as homo-
plasies twice (e.g.Hydrobryum spp., Zeylanidium
olivaceum from Asian members with narrow ribbon-
like roots.
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Conclusions and outlook

Our results from analysis of new material of rarely col-
lected African Podostemaceae reveal the morphological
differentiation and interpret the enigmatic features in a
phylogenetic framework. Similar to Moline et al2E07)

we infer that the generic delimitations in some African taxa 5.
require revision. In a brst step we implemented some
taxonomic rearrangements, while others are awaiting new
molecular data. The inclusion of additional molecular
markers and additional African and non-African members
of Podostemoideae in molecular analyses is upcoming (cf. 6.
Kita et al. 2005 2008 Kelly et al. 2009 Brad Ruhfel, in
preparation). As far as we are aware, African Podostema-7.
ceae occupy either very restricted areas or are widespread.
New beld collections of African Podostemaceae are needed
to evaluate which of the O0local speciesODi¢eaganthus
zehnderi Inversodicraea annithomad. bosii) belong to 8.
polymorphic but more widespread taxa. Morphological and 9-
developmental analyses of various African podostemoids
are on the way (Konrad Huber, in preparation). These
studies will promote our knowledge of this interesting plant10-
group by combining anatomical data and molecular sys-
tematics. There is an ongoing multidisciplinary project on11.
Podostemaceae in Cameroon (Ghogue et 2009,
including botanical beldwork, ethnobotanical surveys, and.2-

studies on biogeography and conservation biology.
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Appendix 1: Morphological characters
Morphological characters and characters states used for

African Podostemaceae modibed and supplemented aftep
Moline et al. 007 and Philbrick and Novelo2004).

1. Maximum stamen number: € two (or three but 17.
never more), 1= one.

2. Thirdtepal onandropodium: & absent, 1= present.

3. Pollen union: 0= monads, 1= dyads, write (01) if 18.

loose dyads present or a mixture of monads to dyads
with a ratio from 1:4 to 4:1 (as found iDjinga and

Stonesigpro parte). 19.
4. Ovary position of Bower buds in spathella=Oerect,
1 = oblique-inclined, 2= inverted (hanging). 20.

Important here is the maximum degree of Roral

inversion in the spathella. Certain African taxa with
completely inverted RRoral buds such beversodic-
raea ledermannii(Moline et al. 2007 show partial

reversal before anthesis to an oblique-inclined
position inside the elongating but still closed
spathella.

Ovary and capsule shape:=spindle-shaped (fusi-
form) to obovoid and ellipsoidal (at least twice as
long as thick), but not Rattened, & globose to
subglobose (less than twice as long as thick),
ellipsoidal and laterally Rattened.

Gynophore: G= absent, 1= present (at least 1/6 of
ovary length).

Shape of stigma lobes: 8 each lobe entire, linear,
1 = lobes branched (multilobed), 2 each Ilobe
entire, conical (as typical for Dicraeanthus,

3 = each lobe entire, club-shaped.

Ribs of mature capsule: £ absent, 1= present.
Number of ribs per capsule valve: Hnone
observable, % three ribs per valve, Z bve or
more ribs per valve.

Septa in ovary and capsule:=0absent (unilocular
ovary), 1= present (bilocular or trilocular ovary).
Valve symmetry: G= two equal valves (isolobous),
1 = two unequal valves, one persistent.

Vegetative stem length: € lacking or <1 cm,
1=1P10 cm, 2= 10B30 cm.

Double-sheathed leaves: =0absent (or not yet
observed), 1= present.

Flower bud origin along stem: £ exogenous, usu-
ally protected by leaf sheaths in addition to spathella,
1 = endogenous origin in stem cortex (with or
without preformed keyholes). Use (01) when inter-
mediacy obvious, as iDjinga.

Epiphylly: Additional Bowers arising from the clefts
of (on) forked leaves: @& no epiphyllous RRowers
observable, % epiphyllous Rowers usually obser-
vable (as inLedermanniella letouzeyand Stonesia
ghogue), (01 if epiphyllous Bowers only rarely seen
such as in special form of. bowlingii, shown in
Ameka et al.2009.

Maximum leaf length: G= <1 cm, 1= 1Bb5 cm,

2 = always> 6 cm (often> 20 cm).

Blade division of foliage leaves: £ forked (at least
once, usually several times),=% simple and usually
plamentous.

Stipules: 0= absent (sheath only), & present (any
type, usually two in lateral position, some leaves
within same shoot may lack them).

Stem scales in addition to foliage leaves (as typical
for Inversodicrae 0 = absent, 1= present.

Shape of stem scales (if present at all}xGubulate
(entire or with 1 or 2 lateral teeth), £ broad and
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dentate to cristate (with up to 10 teeth). Notice: Fries RE (1914) Podostemonaceae. Wissenschaftliche Ergebnisse der

|. cristata has subulate stem scales just below Bowers Schwedischen Rhodesia-Kongo-Expedition 1911891912, vol 1.
Aftonbladets, Stockholm, pp 5658

(Fig. 2b). . . Ghogue JP, Ima&hi R, Kita Y et al (2009) River ecology and

21. Root shape: € narrow to broad ribbons with distribution of Podostemaceae (river-weeds) in Cameroon,
outgrowth of endogenous shoots (Bowers) only along  especially its West Province. In: Proceedings XVIIl AETFAT
Ranks, 1= crustose (disk-like) with outgrowth of congress Yaoungé&ameroon (in press)

Ghogue JP, Ameka GK, Grob V et al (2009b) Enigmatic morpholo
endogenous shoots (Bowers) on upper surface. of Djinga felicis (PodostemaceaebPodostemoideae), pa ba%lly
22. Root cap: O=absent, 1= present (at least known endemic from northwestern Cameroon. Bot J Linn Soc
rudimentary). 160:64D81
23. Root branching: @ endogenous, % exogenous Grob V, Pfeifer E, Rutishauser R (2007) Mc_)rphology, development
outgrowth of daughter roots (lobes) gnd regeneration ofThelethylax minutiBoraa Madagascan
) riverweed (Podostemaceae). Phyton 47:205D229
Gustafsson MHG, Bittrich V, Stevens P (2002) Phylogeny of
Clusiaceae based abclL sequences. Int J Plant Sci 163:1045b
1054
References Higgins DG, Sharp PM (1988) CLUSTAL: a package for performing
multiple sequence alignment on a microcomputer. Gene 73:237D
Ameka GK, Pfeifer E, Rutishauser R (2002) Developmental mor- 244
phology of Saxicolella amicorumand S. submersgPodostem-  Imaichi R (2007) Elaborate Roral development of Africaicraean-
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Ameka GK, Ghogue J-P, Rutishauser R (2009) Podostemaceaksger-Zan | (1999) Developmental morphology of the shoot system
research in AfricaNstate of the art and open questions. In: of Podostemum subulaturPodostemaceaebPodostemoideae).
Proceedings XVIII AETFAT congress Yaourd&€ameroon Beitr Biol Pl3anzen 71:281D334
(in press) Jeger-Zan | (2000) The unusual ramibcation modeSphaerothylax

APG Il (Bremer B, Bremer K, Chase MW et al) (2003) An update of abyssinica(Wedd.) Warm. (PodostemaceaebPodostemoideae).
the Angiosperm Phylogeny Group classibcation for the orders  Flora 195:200D227
and families of Rowering plants. Bot J Linn Soc 141:399D436 Jager-Zun | (2008) Morphological analysis of shoots and roots in
Bezuidenhout A (1964) The pollen of the African Podostemaceae.  Thelethylax minutiBorand T. insolata(PodostemaceaebPodos-

Pollen Spores 6:463D478 temoideae): taxonomic and evolutionary implications. Bot Jahrb
Bininda-Emonds ORP (2004) The evolution of supertrees. Trends  Syst 127:245D272
Ecol Evol 19:315D323 Jeger-Zun |, Novelo AR, Philbrick CT (2006) Microspore develop-

Cook CDK, Rutishauser R (2007) Podostemaceae. In: Kubitzki K (ed)  ment in PodostemaceaebPodostemoideae, with implications on
The families and genera of vascular plants, vol 9. Springer, the characterization of the subfamilies. Plant Syst Evol 256:209D

Berlin, pp 304Db344 216

Cusset C (1974) Contribution I&¢ude des Podostemaceae. 4. Les Kelly LJ, Ameka GK, Chase MW (2009) DNA barcoding of African
genresLedermanniellaMonandriella et Inversodicraea Adan- Podostemaceae (river-weeds): a test of proposed barcode
sonia Se 2 14(2):271D275 regions. Plant Syst Evol (in press)

Cusset C (1984a) Contribution E3éude des Podostemaceae. 7. Kita Y, Kato M (2001) Infrafamilial phylogeny of the aquatic
LedermanniellaEngl. sous-genrd?hyllosomaC. Cusset. Bull angiosperm Podostemaceae inferred from the nucleotide
Mus Natl Hist Nat Paris 85 (Sect B Adansonia) 4:3619390 sequence of the matK gene. Plant Biol 3:156D163

Cusset C (1984b) Contribution E3éude des Podostemaceae. 8. Kita Y, Imaichi R, Ghogue J-P et al (2005) Molecular phylogeny of
Ledermanniellé&Engl. sous-genreedermanniellaBull Mus Natl Cameroonian and Ghanaian Podostemaceae. In: Abstract poster,
Hist Nat Paris $e6 (Sect B Adansonia) 3:249D278 international botanical congress, Vienna

Cusset C (1987) Podostemaceae and Tristichaceae. In: 8&abie Kita Y, Koi S, Rutishauser R et al (2008) A new species of
Morat Ph (eds) Flore du Cameroun, vol 30. Ceper, Yaeunde Ledermanniella(Podostemaceae) from Cameroon. Acta Phyto-
pp 5199 taxon Geobot 59:223D227

Davis CC, Webb CO, Wurdack KJ et al (2005) Explosive radiation ofKoi S, Kato M (2007) Developmental morphology of the shoot in
Malpighiales supports a mid-Cretaceous origin of modern Weddellina squamulosand implications for shoot evolution in

tropical rain forests. Am Nat 165:E36DE65 the Podostemaceae. Ann Bot 99:112191130

De Queiroz A, Gatesy J (2007) The supermatrix approach td<oi S, Fujinami R, Kubo N et al (2006) Comparative anatomy of
systematics. Trends Ecol Evol 22:34b41 root meristem and root cap in some specieg?oflostemaceae

Engler A (1909) Podostemonaceae Africanae Liedermanniella and the evolution of root dorsiventrality. Am J Bot 93:682D
nov. gen. Bot Jahrb Syst 43:378D381 692

Engler A (1926) Podostemonaceae Africanae Manandriellanov. Korotkova N, Schneider JV, Quandt D et al (2009) Phylogeny of the
gen. Bot Jahrb Syst 60:451D467 eudicot order MalpighialesNanalysis of a recalcitrant clade with

Engler A (1928) Reihe Podostemales. In: Engler A, Prantl K (eds) Die sequences of thpeD group Il intron. Plant Syst Evol 257(3D
nattrlichen PRanzenfamilien. Engelmann, Leipzig, pp 1D68, 4):189D203

483484 LeacheAD, Reeder TW (2002) Molecular systematics of the Eastern
Felsenstein J (1981) Evolutionary trees from DNA sequences: a fence lizard Sceloporus undulatyisa comparison of parsimony,
maximum likelihood approach. J Mol Evol 17:368D376 likelihood, and Bayesian approaches. Syst Biol 51:44D68

@ Springer



African Podostemaceae 77

Lebrun JP, Stork AL (1991). Enumeration des planfeieurs literature list. Revised version 20-07-2007 (Prst version 2004).
dOAfrique tropicale, 1. @eralites et Annonaceaé Bandaceae. http://lwww.systbot.uzh.ch/podostemaceae
Conservatoire et Jardin botaniques de Geneve, Geneva Rutishauser R, Grob V, Pfeifer E (2008) Plants are used to having
Maddison DR, Maddison WP (2002) MacClade. Version 4. Sinauer, identity crises. In: Minelli A, Fusco G (eds) Key themes in
Sunderland evolutionary developmental biology. Cambridge University

Maddison WP, Maddison DR (2007) Mesquite: a modular system Press, Cambridge, pp 194213
for evolutionary analysis. Version 1.12, pp 315D3hép:// Sanderson MJ, Purvis A, Henze C (1998) Phylogenetic supertrees:
mesquiteproject.org assembling the trees of life. Tree 13:1059109

Mason-Gamer RJ, Kellogg EA (1996) Testing for phylogenetic Schnell R (1998) Anatomie des Podestes. In: Carlquist S,
conf3ict among molecular data sets in the tribe Triticeae Cutler DF, Fink S, Ozenda P, Roth |, Ziegler H (eds)
(Gramineae). Syst Biol 45:524D545 Encyclopedia of plant anatomy: extreme adaptations in angio-

Moline PM, Don L, Philbrick CT et al (2006) Comparative spermous hydrophytes. Borntraeger, Berlin, pp 1979283
morphology and molecular systematicsRddostemunginclud- Sehgal A, Sethi M, Mohan Ram HY (2002) Origin, structure and
ing CreniagbAmerican river-weeds (Podostemaceae). Bot Jahrb interpretation of thallus irHydrobryopsis sessili§Podostema-
Syst 126:427D476 ceae). Int J Plant Sci 163:891D905

Moline PM, Thiv M, Ameka GK et al (2007) Comparative Sehgal A, Khurana JP, Sethi M et al (2007) Organ identity of the
morphology and molecular systematics of African Podostema- thalloid plant body ofGrifbthella hookerianaand Polypleurum
ceaebPodostemoideae, with emphasis Qioraeanthus and stylosuniNlPodostemoideae (Podostemaceae). Plant Syst Evol
Ledermanniellafrom Cameroon. Int J Plant Sci 168:1599180 267:93b104

Pfeifer E, Grob V, Thiv M et al (2009%5tonesia ghoguBipeculiar Shaw J, Lickey E, Beck J et al (2005) The tortoise and the hare II:
morphology of a new Cameroonian species (Podostemaceaeb relative utility of 21 noncoding chloroplast DNA. Am J Bot

Podostemoideae). Novon 19:102D116 92:142D166

Philbrick CT, Novelo RA (2004) Monograph oPodostemum Sober E (2004) The contest between parsimony and likelihood. Syst
(Podostemaceae). Syst Bot Monogr 70:1D106 Biol 53:644D653

Posada D, Crandall KA (1998) MODELTEST: testing the model of Taberlet P, Gielly L, Pautou G et al (1991) Universal primers for
DNA substitution. Bioinformatics 14:817D818 amplibcation of three non-coding regions of chloroplast DNA.

Rodriguez F, Rodriguez JF, Oliver A et al (1990) The general Plant Mol Biol 17:110591109
stochastic model of nucleotide substitution. J Theor Biol Warming E (1881) Familien Podostemaceae |. Kgl Danske Vidensk
142:485D501 Selsk Nat Math Afd 2:1D34

Rutishauser R, Grubert M (2000) Developmental morphology ofWarming E (1891) Familien Podostemaceae V. Kgl Danske Vidensk
Apinagia multibranchiatgPodostemaceae) from the Venezuelan Selsk Nat Math Afd 7:133D179

Guyanas. Bot J Linn Soc 132:299D323 Warming E (1899) Familien Podostemaceae V. Kgl Danske Vidensk
Rutishauser R, Pfeifer E, Novelo RA et al (200Bjamantina Selsk Nat Math Afd 9:105b154

lombardiiNan odd Brazilian member of the Podostemaceae. Wiens JJ (2006) Missing data and the design of phylogenetic

Flora 200:245D255 analyses. J Biomed Inform 39:34D42

Rutishauser R, Pfeifer E, Bernhard A (2007) Podostemaceae of AfriciVurdack KJ, Davis CC (2009) Malpighiales phylogenetics: gaining
and Madagascar: keys to genera and species, including genera ground on one of the most recalcitrant clades in the angiosperm
descriptions, illustrations to all species known, synonyms, and tree of life. Am J Bot 96:155191570

@ Springer


http://mesquiteproject.org
http://mesquiteproject.org
http://www.systbot.uzh.ch/podostemaceae

	How to get off the mismatch at the generic rank in African Podostemaceae?
	Abstract
	Introduction
	Methods
	Taxon sampling
	Laboratory
	Data analyses

	Results: molecular data
	Results: vegetative structures
	Leaf architecture
	Infraspecific variation of shoot size
	Shoot branching
	Root architecture

	Results: reproductive structures
	Spathella as tubular or sac-like cover of floral buds
	Position of flower bud inside spathella
	Flower structure
	Pollen: monads versus dyads
	Capsules: ribbed versus smooth

	Discussion
	Molecular phylogeny
	Morphological characters and hypotheses about their evolutionary history by plotting them on to the molecular cladogram

	Conclusions and outlook
	Acknowledgments
	Appendix 1: Morphological characters
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


