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- ginum and P. weddellianum), as well as a phylogenetic analysis including P, ceratophyl-
- lum of ntDNA (ITS) and zr2K intron sequences to infer the infrageneric classification of

- used for a cladistic analysis in combination with molecular data. Emphasis is given to the -
 stipule types and how they are attached to the obliquely inserted leaf sheaths. A mono-

~-papillae) is paraphyletic without the inclusion of “Crenias” (characterized by smooth ™
‘capsules, mainly two palmately branched stigmas, and hairlike stigmatic papillae). Th

+“Crenias” species investigated appear as sister clade to Podostemum except Podostemum
“distichum and P. irgangii which are sister to the remainder of Podostemum and “Crenias”.

. per leat and to produce three-dimensional compound leaves with whorls or pseudo
!whorls of scales along the rachides.
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Moline, PM., Les, D., Philbrick, C.T., Novelo R., A., Pfeifer, E. & Rutishauser, R.: Com
parative morphology and molecular systematics of Podostemum (including Crenias) —
‘American river-weeds (Podostemaceae). — Bot. Jahrb. Syst. 126: 427-476. 2006. — ISSN
0006-8152. o
Podostemaceae live as haptophytes in swift-running rivers with stony beds and season- 0~
ally changing water levels, mainly in the Tropics. The present study provides a compara-
tive morphological study of eight Podostemum spp. including the former genus Crenias "
(P. comatum, P. distichum, P. irgangii, P. muelleri, P. ovatum, P. rutifolium, P, scaturi- :

Podostemum. Twenty-seven morphological characters were coded in a data matrix and

‘phyletic group is formed by P. ceratophyllum, P comatum, P. muelleri, P rutifolium, and "
species of the former genus Crenias (1.e. P ovatum, P. scaturiginum and P. weddellianum).
This suggests that Podostemum (with ribbed capsules, two linear stigmas, short stigmatic”

The phylogenetic analysis confirms a close relationship of P. distichum and P. irgangii. -
These species share the tendencies to increase the number of stipular lobes (axillary teeth)

phylogenetic analysis, Podostemaceae, Podostemum, stipules, taxonomy, water plants
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1. Introduction

Podostemaceae are an exclusrvely aquatic family of angrosperms They are
haptophytes and rheophytes, growing attached to rocks in rapids of seasonal
rivers and in the swift currents near waterfalls (Cook 1996). Podostemaceae seem
to be the only family in angiosperms that underwent an extreme radiation above
the genus level after going back into the water (Cook 1999). The adaptation of
Podostemaceae (49 genera, 280 species) to life in lotic currents has resulted in a
radically altered morphology compared with other angiosperms (Rutishauser
1997, Cook & Rutishauser, in press). The comblnatron of unusual morphology,
and unusual embryology has led to different opinions regarding the systematic
relationships of Podostemaceae within angiosperms (summarized in Les et al.
1997, see also Warming 1888, Engler 1928, Royen 1954, Philbrick & Novelo 1995,
1997, Ueda et al. 1997). Recent results based on analysis of combined rbcL and
18S rDNA data and matK sequences indicate that Podostemaceae belong to the
Malpighiales clade in the eurosids I group (Soltis et al. 1999, Savolainen et al.2000,
Kita & Kato 2001, Gustafsson et al. 2002). An enormous range of structural vari-
ability makes Podostemaceae, challenging for the taxonomist. Conventional
demarcation into stem, leaf and root are not obvious in several Podostemaceae,
but seem clearer in the genus Podostemum

.
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There is good ev1dence that Podostemum is restrrcted to the New World
(Philbrick & Novelo 2004) The' three Asian spec1es of Podostemum (P, barberi,
P. munnarense, P. subulatum) were transferred to the genera Zeylanidium and
Polypleurum (Cusset 1992, Philbrick & Novelo 2004). Inspite ¢ of several taxo-
nomic contributions by e.g., Warming: (1881 1882, 1891, 1899), Chodat &
Vischer (1917), Royen (1954), the structural varrabllrty and developmental mor-
‘phology of most species of Podostemum is not really understood. Podostemum
cemtopbyllum (Eastern North America t6 Central America, Honiduras and Do-
minican Republic) is the only member whose developmental morphology is al-
ready wellknown (Warming 1881, 1882, Hammond 1936,1937, Rutishauseretal.
2003). The closely related genus Crenias (Syn. Mniopsis, c. 5 spec1es) has been
sunk into Podostemum by Philbrick & Novélo (2004). Crenias was included in
Podostemums, as it is quite similar vegetatlvely to P. muelleri. The characters used
by the previous authors to drstlngulsh the two genera were the smooth capsules
and two palmately branched stigma lobes in most species of “Crenias”, whereas
Podostemum sensu stricto is charactensed by ribbed capsules and two linear
stigma lobes. '

Species demarcation in Podostemum i is dlfflcult because of enormous plastic-
ity found between individuals of the same species (Tur 1997). Morphologrcal di-
versity within Podostemum allowed Royen (1954) to dlstmgmsh seventeen spe-
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cies, but his conclusions were based mainly on herbarium spec1mens Based on
‘extensively recollected specimens of American Podostemum species Philbrick & .

- & Novelo (2004) we still consider Devillea as a monotypic genus on its own. Mo-_

(Devilleawith only one stamen per flower, pollen in monads —asin Oserya) and
‘is based only on'the type collection collected 160 years ago.

: Morphologlcal dlagnosm of the genus Podostemum sensu lato
(mcludmg “Crenias” ) S

‘Engler 1928, Royen 1954, Cook 1996, Tur 1997, Rutishauser et al. 2003 and Phil-
‘brick & Novelo 2004): Aquatic perennial herbs, attached to rocks in river-rapids
“and waterfalls. Roots thread- to ribbon-like, laterally flattened (Fig. 1),
‘branched, with adhesive hairs and exogenous finger-like holdfasts (Fig. 3).
“Stems dlstlnct (up to 70 cm long) or indistinct, arising laterally from the margms e
“of the root (Figs. 3, 8), often in opposite pairs, simple or branched; vegetative .

“shoots turn into reproductive ones when the water recedes, or (more rarely) there
- are flowering stems separate from the vegetative ones along the same root. Leaf

“ shea ths simple or double (Figs. 35,36). Stipules of various shape, in some spe-
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Novelo, (2004) suggest that several of Royen’s taxa are environmental forms

: (ecotypes) ofa con31derably smaller number of species. Consequently, thcy have -

amended the taxonomic circumscription of Podostemum s. str. to consist of not

_more. than six species: Podostemum cemtophyllum, P. comatum, P dzstzcbum, .
P irgangii,, P.-muelleri and P. rutifolium. In addition, they sank the species in
“Crenias” (4 spp-: . ovatum, P, saldanhanum, P. scaturiginum, P. 'weddelhanum) e
,,and Devillea(1'sp.: P, flagelliforme) into Podostemum s.1. which thus comprisesa ~
; total of now 11 species (Philbrick & Novelo 2004). In the present paper we use the

: name “Crenias” (with quotation marks) when referring to the Podostemum spe-

cies formerly in the genus Crenias. Similar to Royen (1954) but unlike Philbrick

lecular data of Devillea is lacking, and morphological evidence is not satisfactory

a“'

'\

“The genus is descrlbed by the followmg characters (Warming 1881, 1888;"

blades simple, or repeatedly forked into linear segments (Figs. 11, 12). Leaf

cies two or even more intrapetiolar stipules (Figs. 16, 24). Spathellas, as sac-like
shaped membranous covers of the immature flowers (Fig. 8), splitting irregularly
from the top (Fig. 66) consisting of 3-5 cell layers (Figs. 37,67, 68). Flowers soli--
tary and positionally associated with a double-sheathed leaf each; pedicel 1-5
(rarely up to 8) mm long. Tepals linear (Fig. 18), one each side of the andropodium
and usually one on the top of the andropodium in the fork between the two ba-
sally fused filaments (Fig. 20). Stamens usually two, born onan andropodium; an-
thers dehiscing introrsely or latrorsely (Fig. 19); pollen in dyads. Capsules
ovoid, opening by two slightly unequal valves, the larger valve persistent
(Figs. 22, 51); each valve smooth (“Crenias”) or with 3 distinct or indistinct ribs
(Figs. 21, 56); style short; stigmas 2, linear or palmately branched (Figs. 18, 66)
with long stigma papillae in “Crenias.” Seeds per capsule up to 200. ‘
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Morphologlcal d1vers1ty of Podostemaceae in'general ¢
t Podostemaceae show various morphologlcal pecullarmes (developmental
_1d1osyncra51es) that are difficult to interpret. Structural categorles such as ‘root’,
“stem’ and ‘leaf’ are best accépted as convenient descriptive terms in Podostema—
- ceae. The creeping axis in e.g. Podostemum is called the ‘root” although it is typi-
* cally green and photosynthetrc (Rutrshauser ¢t al. 2003, Rutishauser. & Moline
2005). The root is the main prostrate axis fixing the plants to the rocks. Itis often
- dorsiventrally flattened. The range of shapes that therootcan develop in different

- members of the Podostemaceae is stunning. Long and creeping ribbons (e.g.

- Podostemum including “Crenias”) to crustose*and lichen-like: modified roots
(e.g. Hydrobryum; Zeylanidiam) can be observed (Ota et al. 2001, Kita & Kato
2004). The rhizodermal layer and "other long -lived plant parts ‘of ‘several
Podostemacacae (including Podostemumy) contain silica bodies protectmg them
from mechamcal ‘damage (Ancibor 1990) Many Podostemaceae roots develop
meger— or disc-like lateral outgrowths — so-called holdfasts — that serve as an-
chormg for the plant in the tormentous habitat. These multicellular holdfasts are
‘exogenous outgrowths of the root in Podostemum and positionally associated
with endogenous root-born shoots (Fig. 3): Root attachment to the substratumis
"due’ to “adhesive; unicellular hairs which grow into the slimy matrix of the
extracellular pectic substances of the cyanobactenal biofilm (Flgs 52 Jager—Zurn
& Grubert 2000).¢ BN , it :

- Leaf sizeand morphology in Podostemaceae range from tiny (less than lcm
long) to big (more than 1 m long) and from entire to complex 3- drmensronally
structured leaves (e.g,, Marathrum and Mowurera spp.): Unlike typical angio-
'sperms many Podostemaceae lack axillary shoot branchmg Some of the leaves
‘are double-sheathed (also called dithecous) having an inner (adaxral) and anouter
(abaxial) sheath. They giverise toa peculrar type of shoot branchmg with vegeta-
‘tive daughter shoots arising in both the inner and outer sheath of such a dou-
ble-sheathed leaf. The sheaths may also ¢ontain single flowers in one or both
'sheaths (Rutlshauser etal. 2003) Each young ﬂower is enclosed and protected by
flower bud and pedicel elongatron leads to “spathella rupturing. The presence of
this spathella is characteristic for all Podostemoideae whereas the members of the
small subfamilies Tristichoideae and Weddellmmdeae lack it (Cook 1996, Cook
& Rutishauser in press). Anthe51s in most Podostemaceae takes place when the
rwater recedes, i.e. during seasons of lowéwater levels. Wind or (more rarely) in-
sects act as pollen vectors although autogamy (mcludmg cleistogamy) is common
in several taxa (Rutishauser & Grubert 2000, Okada & Kato 2002, Philbrick &
Novelo 2004). The flowers of most Podostemaceae are bisexual. Many Podoste-
moideae taxa (including Podostemum) show a umform dorsrventral (zygomor-
phic) morphology of the flower, with a 2- locular ovary contammg many ovules.

- The perianth of Podostemum and allies is inconspicuous and consisting of 2 (or 3)

linear or subulate tepals The androecrum of Podostemum and allres is a Y-shaped
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structure consisting of two basally fused filaments forming a common stalk
(andropodium) and two distally free arms.

Ecology and distribution

Podostemaceae are restricted to rivers with a rocky bed, a seasonal water level
change and swift current. Podostemum has a rather disjunct distribution. The
center of diversity for this genus lies in SE Brazil (here all species of “Crenias”),
NE Argentina, Paraguay and Uruguay (Royen 1954, Royen & Reitz 1971, Tur
1997, 1999). Podostemum rutifolium subsp. ricciiforme occurs in Mexico, Belize,
Costa Rica and Colombia, whereas P rutifolium subsp. rutifolium and P
comatum are restricted to southeastern Paraguay, northeastern Argentina, west-
ern Uruguay and southern Brazil (Novelo & Philbrick 1997, Philbrick & Novelo
2004). The range of P. ceratophyllum extends from the Dominican Republic to
NE Canada (Royen 1954, Philbrick & Crow 1983, Philbrick & Novelo 2004).
There are no known localities of Podostemum (including “Crenias”) for the
Amazon Basin.

Aim

The aim of this paper is a comparison of morphological and developmental
characters of selected species of Podostemum (including “Crenias”). The com-
parative morphology of these taxa is linked with molecular data, expecially ITS
and trnK sequence data. This study has three goals: (I) We aim to elucidate the
infrageneric relationship of Podostemum (including “Crenias”) using the wide
species definitions as proposed by Philbrick & Novelo (2004). (II) We evaluate
the morphological distinctness of three species of “Crenias” (i.e. Podostemum
ovatum, P. scaturiginum and P. weddellianum) because they share morphological
peculiarities with Podostemum muelleri. (III) We compare the morphology of
Podostemum (including “ Crenias”) with results obtained from the phylogenetic
analysis of molecular data.

2. Material and methods
Sampling

We included 9 Podostemum species sensu Philbrick & Novelo (2004). The species
investigated are restricted to America and most of the studied material was collected from
Brazil by C. T. Philbrick (Western Connecticut State University, Danbury, USA) and
A. Novelo R. (Universidad Nacional Auténoma de México, Mexico City) during field
trips between January 1998 and May 2000 (Table 1), Dueto difficulties in the sampling vari-
ous collection numbers of specimens differ between the morphological and molecular
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Table 1: List of species with accession numbers and their collection sites (CTP = collectigns of C.T. Philbrick et

al;, LM = collection of D. Les and P. Moline, Novelo = collection of A. Novelo). Collect{ons used in both com-
‘ parative morphological and molecular §;qdie§ are indicated by an asterisk (*). For more 3;1formation on collec-
tions see Philbrick & Novelp (2004)." - 7" o

ACCESSION LOCATION '

SPECIES (NEW) " "AUTHOR . .

Ingroup ‘ e . T e ‘. )

Podostemum ceratophyllum - Michx, "> "% CTP 4615  USA, Connecticut: Chaplin,

S , Lowebe e e o T Natchaug River - -

Podostemum ceratophyllum =~ Michx. .. LM 0001 -~ USA, Connecticut: Chaplin,
; n wr-l o0 . Natchaug River | ‘

Podostemum comatum Hic}(én ' . .CTP 5022 .. “ Brazil, Rio Grande do Sul:

i
Podostemum comatum
Podostemum comatum
Podostemum comatum

Podostemum ‘comatum
Podostemum distichum

Podostemum distichum
Podostemum distichum
Podostemum distichum
Podostemum distichum
Podostemum distichum
Podostemum distichum
Podostemum distichum
Podostemum distichum

Podostemum distichum

Podostemum distichum
Podostemum irgangii

Podostemum muelleri
Podostemum muelleri

Podostemum muelleri
Podostemum muelleri
- Podostemum mueller;
Podostemum ovatum

Podostemum rutifolium
subsp. riccitforme
Podostemum rutifolium

- subsp. ricciiforme = ..

“- Hicken ™

" Hicken .-

' 'i"Ei,‘(g:ham.)‘ Wedd.

& C.'I'.Rhilbrick

w

‘Hicken
BT R T

‘Hicken "

' (Chamm.) Wedd.
. (Cham.) Wedd.

| f(c}i;?ﬁ;)wedd'.‘ o
(Cham) Wedd.

" o‘cresoz

- CTP 5045

CTP 5003*

.CTP 5004*

Chamywett.

(Cham.) Wedd, .

(Cham.) Wedd, 1~

(Cham.) Wedd. "~
(Cham.) Wedd. *~

(Cham) Wedd.

Warm,
C.TPhilbrick

& Novelo
(Liebm.) Novelo
& C.T.Philbrick
(Liebm.) Novelo

- CTP 55987
1 CTP 5441

- CTP 5008

CTP 5010

" CTP 5023

CTP 5039
CTP 5496
CTP 5001

Novelo 142¢

Novelo 3979+

Arroyo do Lajeado .

_Brazil, Rio Gra;ide do Sul:
" Arroyo do Lajeado

Brazil, Rio Grande do Sul:

i+ " Rio Taquarembo -

i*.. Brazil, Rio Grande do Sul:
- e o+ .. Rio Taquarembo -
" CTP 5633

Paraguay, Guairi: Rio Tebicuary-mi

“Brazil, Rio Grande do Sul:

Rio Francesco Alves
Brazil, Rio Grande do Sul:
Rio Francesco Alves

" Brazil, Rio Grande do Sul:

Rio Francesco Alves

* .. Brazil, Rio Grande do Sul:
©7:2" ' Rio Francesco Alves
* Brazil,-Rio Grande do Sul:

small river at BR-392

- Brazil, Rio Grande do Sul:
" small river at BR-392

Brazil, Rio Grande do Sul: Rio Bitia
Brazil, Rio Grande do Sul: Rio Tijela
Brazil, Rio Grande do Sul: Rio Tijela
Brazil, Rio Grande do Sul:

Arroyo Chuvisquiro

Brazil, Gotas: Rio Bonito

Brazil, Santa Catarina:

" Rio Chapecozinho

Brazil, Rio Grande do Sul:

Rio de Vacacai -

Brazil, Rio Grande do Sul:

Rio de Vacacai

Brazil, Rio Grande do Sul

Brazil, Rio Grande do Sul: Rio Jaguari
Brazil, Santa Catarina: Rio Itajai-Acu
Brazil, Rio de Janiero:

Rio da Cidade

Mexico, Oaxaca: Rio Usila

Mexico, Qaxaca: Rio Usila

Pod
sub.
Pod
sub
Poa
sub
Poa
sub

{ Poa

sub
Poa
sub
Poc

Poc

Ou
Api
Api

Ma
051
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rick et Podostemu‘r.n rutifolinm (Liebm.) Noyelo Novelo 3985* Mexico, Veracruz: Rio Rancho Viejo
1com-  subsp. riccitforme & C.T.Philbrick
collec- | Podostemum rutifolium Warm, CTP 5018 Brazil, Rio Grande do Sul:
subsp. rutifolium small river at BR-392
—— | Podostemum rutifolium Warm, CTP 5021 Brazil, Rio Grande do Su:
subsp. rutifolium Lagoa dos Patos
—— | Podostemum rutifolium Warm. CTP 5025 Brazil, Rio Grande do Sul:
| subsp. rutifolinm Arroyo do Lajeado
| Podostemum rutifolinm Warm. CTP 5040* Brazil, Rio Grande do Sul: Rio Jaguari
subsp. rutifolinm
Podostemum rutifolium Warm. CTP 5406* Brazil, Santa Catarina: Rio Irani
subsp. rutifolinm
Podostemum scaturiginum ~ (Mart.) C.T.Philbrick CTP 5602* Brazil, Goias: Cachaeira do Pantano
& Novelo
Podostemum weddellianum  (Tul.) C.T.Philbrick = CTP 5000%* Brazil, Rio de Janiero: Rio da Cidade
: & Novelo
Outgroup
Apinagia cf. rangiferina (Engler) v.Royen CTP 5579 Brazil, Mato Grosso: Rio Araguaia
Apinagia yguazuensis (Engler) v.Royen TPN 2122 Argentina, Misiones: Cataratas Iguazi
. Marathrum minuntiflorum (Cham.) Tul. Novelo 3978% Mexico, Tabasco: Rio Pedregal
-mi Marathrum schiedeanum (Cham.) Tul. Novelo 3983  Mexico, Veracruz: Balneario, Carrizal
Oserya coulteriana Tul. Novelo 3235  Mexico

studies. For six taxa (P, distichum, P, irgangii, P. ovatum, P. rutifolium subsp. ricciforme,
P, scaturiginum, P. weddellianum) specimens with the same collection numbers (marked
with * in Table 1) were used in both morphological and molecular studies. Where we had to
use specimens with different collection numbers for morphological than for molecular
studies, we tried to select specimens from the same river or even the same collection site. We
included two accessions per species from different collection sites to estimate the variation
in the species, and to test species delimitation. Species delimitation was particular interest-
.. ing in the polymorphic species P. distichum; therefore we included four accessions that rep-
fiua resent a broad range of morphological variability. For P, irgangii only one accession could
ﬂela be included due to sampling constraints. Due to a lack of fixed and silica-dried material,
ijela Podostemum flagelliforme (Tulasne & Weddell) Philbrick & Novelo (syn. Devillea
flagelliformis) could not be studied.

Morphological data

The morphological data presented in this study are mainly based on material that was

fixed and preserved in 70 % ethanol. Pictures presented in this study are based on scanning
electron microscopy (SEM). The dissected plant material was critical-pointdried and sput-
) ter-coated (Au). The micrographs were taken with a Jeol scanning electron microscope at
1guan 20 kV.
Acu For microtome sections, specimens were embedded in Kulzer’s Technovit (2-hydro-
ethyl methacrylate), as described by Igersheim & Cichocki (1996), and sectioned with a
MICROM HM 355 rotary microtome and conventional microtome knife types C and D.
The mostly 7 mm thick sections were stained with ruthenium red and toluidine blue
{Weber & Igersheim 1994). The permanent slides of the microtome sections are deposited
at the Institute of Systematic Botany, University of Zurich (Z).
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~In addition, 30 morphological characters from habit, leaves, flowers, and fruits were
coded in a matrix for phylogenetic analysis (appendxces 1 and 2). Character states were
compiled using ethanol-fixed and:herbarium specimens (Table 1). All characters were
equally wexghted and treated as unordered

Molecular data *
- .. For the molecular analysis each species was represented by up to four accessions from
dlfferent populations. Our data matrix comprised 24 OTU’s, 9 species out of the 11 species
- in Podostemum (Philbrick and Novelo 2004) comprised the ingroup, and five species from
the Podostemaceae comprised the outgroup (Table 2). We chose Apinagia, Marathrum,
and Oserya as outgroups as these genera have been shown to be more basal than
Podostemum within the subfamily Podostemoideae (Kita & Kato 2001). Total (genomic)
DNA of silica-dried tissue was obtained following a modified CTAB protocol after Doyle
(1987). We amplified the complete ITS region, including ITS-1, ITS-2 and the 5.8S rDNA
: and the th 5’-1ntron mcludmg only the begmmng of the matK gene..

[
" % e
[

- Table 2 Accessmns of Podostemum (including “Crenias”) mcluded in the molecular
phylogenetic study. The spec1es only represented by partial th intron sequences are in-
dicated by an asterisk (*).

SPECIES , T meeaes % CACCESSION ITS™ & ‘me intron
- DQ397959 DQ397980
-DQ397960 n.a.

DQ397961: DQ397981
: v DQ397962 na.

'CTP 5003 DQ397963. DQ397982
CTP 5004«  DQ397964 DQ397983
TCTP5063 - DQ397965. DQ397984
CTP 5598  DQ397966 n.a.

. Ingroup i
Podostemum ceratopbyllum
Podostemum cemtopbyllum
“Podostemum comatum :
Podostemum comatum

- Podostemum distichum
- Podostemum distichum
Podostemum’ dzstzcbum

‘Podostemumirgangii i = CTP.5441 "  DQ397967. DQ397985
Podostemum muelleri . CTP5039  DQ397968. DQ397986
~(P0dostemum muellen x S CTP 5496 = = DQ397969. DQ397987
“Podostemum ovatum S, CTP.5001 © DQ397953. DQ397976

Podostemum mtzfolmm subsp. rzcmforme; - Novelo 3979 DQ397970 DQ397988

" Podostemum rutifolium subsp. ricciiforme . Novelo 3985  DQ397971. DQ397989

Podostemum rutifolium subsp. ratifolium = CTP 5040 DQ397972  DQ397990%
Podostemum rutifolium subsp. rutifolium  CTP 5406 DQ397973 na.

 Podostemum scaturiginum CTP 5602 DQ397954 n.a.
- Podostemum weddellianum CTP 5000 DQ397952 DQ397975*
.. Outgroup”® . -
Apinagia cf. rangiferina CTP 5579 DQ397958 DQ397979%
“Apinagia yguazuensis - w v .. TPN 2122 DQ397951  DQ397974*
Marathrum minutiflorum ~ Novelo 3978 DQ397955 DQ397977%
.. Marathrum schiedeanum . Novelo 3983 DQ397956 DQ397978*

' ‘Oserya coultemma Novelo 3235 DQ397957 na.
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The ITS region was amplified using the primers ITS-5 and I'TS-4 of White et al. (1990).
The PCR profile was as follows: an inittal denaturation step of 94 °C for 5 min, 30 cycles of
94 °Cfor 1 min, 55 °Cfor 1 minand 72 °C for 45 sec, and a final extension step of 72 °C for
5 min. We then sequenced the ITS region of cleaned PCR products using the same amplifi-
cation primers plus the internal primers ITS-2 and ITS-3 (White et al. 1990).

The trnK 5-intron was amplified using the primers trnK-3914F and trnK-2R by John-
son & Soltis (1994). The PCR profile was as follows: an initial denaturation step of 94 °C
for 5 min, 30 cycles of 94 °C for 1 min, 53 °C for 1 min and 72 °C for 3 min, and a final ex-
tension step of 72 °C for 5 min.

We then sequenced the ITS region using the same amplification primers plus the inter-
nal primers ITS-2 and ITS-3 (White et al. 1990). The trnK intron was sequenced using the
same primers as for the amplification plus trnK-253F (Johnson & Soltis 1994). Sequencing
was done onan ABI 377 Sequencer, using a cycle sequencing procedure (PRISM Ready Re-
action Dye Deoxy Terminator Cycle Sequencing Kit, Applied Biosystems Inc.). Sequences
were aligned visually with gaps treated as missing data. The ITS data contained two highly
variable regions, onein ITS-1, and one in ITS-2. The pattern of divergence made it impossi-
ble to align the outgroup sequences against the ingroup sequences in the highly variable re-
gions. Consequently, the outgroup sequences were represented by “?”-characters in the
variable regions in the matrix. We were unsuccessful inacquiring the trnK intron sequences
for the following specimens: Podostemum scaturiginum (CPT 5602), Oserya coulteriana
(CPT 3235), Podostemum comatum (CPT 5633), P. ceratophyllum (LM 0001), P. distichum
(CPT 5598), and P. rutifolium (CPT 5406). The following species are represented by partial
trnK intron sequences only in the data matrix (due to a failing primer): Apinagia cf.
rangiferina (CPT 5579), A. yguazuensis (TPN 2122), Marathrum minutiflornm (Novelo
3978), M. schiedeanum (Novelo 3983), Podostemum rutifolium subsp. rutifolium (CPT
5040), and Podostemum weddellianum (CPT 5000).

Phylogenetic analysis

The data set was analysed with PAUP* 4.0b10 (Swofford 2000) using the branch-and-
bound algorithm (furthest addition, Maxtrees set to 100,000). Morphological and molecu-
lar data were analysed separately to test congruence, and combined in a total evidence ap-
proach. The criterion of congruence was arbitrarily defined as conflicting nodes that have
at least 70 % bootstrap support (Mason-Gamer & Kellogg 1996). The trees from the indi-
vidual data sets were found to be equivalent when they contained no robust incongruent
groupings, thus suggesting that they could be combined (Johnson & Soltis 1998, Wiens
1998, Eldenis & Linder 2000).

The support for each node was calculated using bootstrap analysis (Felsenstein 1985).
Bootstrap values were obtained using PAUP* with 1000 bootstrap replicates, each repli-
cate comprising 10 random addition sequence replicates (nchuck =10, chuckscore = 1) with
TBR branch-swapping and MULPARS in effect.

3. Results
Comparative morphology
To illustrate essential features of Podostemum (including “Crenias”™) we have

chosen P. distichum (Figs. 1~23) as it is morphologically the most variable species
in the genus. In the description of the remaining species groups (Figs. 24~77)
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e give emphasrs on anatomical data and focus on’ characters deviating from
P distichum. We identified three major groups in Podostemum (including
“Crenias”) based on their morphologlcal similarity and the results of the cladistic
~ < analysis (see Fig. 79). These are the P, distichum clade, the P cemtophyllum clade
*and the P. mueller: grade, comprising P. muelleri and all “Crenias” species (e.g.
P. ovatum, P. scaturiginum;and P weddellzanum) The three groups and addi-

. tional subgroupings are descr1bed below.

Podostemum dlstxchum clade

The species in the P. dzstzchum clade Ravea suite of morphologlcal characters
in common (sce descr1pt1on below) that allow to distinguish them clearly from
~ other species in the genus. Pl’lllbrle & Novelo (2004) came to the conclusion that
" six closely related spemes, L.e;"P. aguirense: (syn. P. warmingii), P. atrichum,
P. distichum sensu stricto, P, glazzovmnum, and P schenckii as recogmzed by
Royen (1954), have to be lumped into one spec1es, P. distichum. This species to-
. gether with the recently described new spec1es P zrgan gu (Phllbnck & Novelo
+.2001) form the P dzstzchum group.

- e G 3 T ‘%_ .
- 1. Podostemum dzstzchum (Figs:. 1—23) ' :

Roots: Green, elongated and ribbon- llke, cross section narrow elliptical
. (Fig. 1) provided with an asymmetncal root cap (Fig. 2), attached to the substra-
~tum via fingerlike holdfasts (Fig. 3) and adhesive hairs (Fig. 4) roots endoge-
~ nously branched or (rarely) exogenously branched (Fig, 6), growmg intertwined;

- silica-bodies present in peripheral root cells (Fig. 5).

Shoot position on root: Shoots arising endogenously (F1gs 4,10) and of-
" ten opposite along the margin of the root; posmonally assocmted with exogenous
- holdfasts (Figs. 3, 8). . ' .~ =™
Shoots: Upto 8 cmlongin the matenal studied here (up t060cm according

~ to Philbrick & Novelo 2004), flexible (upright when young), larger stems often
. twisted and with longitudinal furrows (resembling P, comatum), stem 1-3 mm
in diameter at base, internodes short; distichous phyllotaxis, branched or

L unbranched (Fig. 7). Branchmg is correlated with presence of double-sheathed

- portions fallen away), complete | leaves 2 are still present towards the shoot tip.
- Leaves: Repeatedly forked or pinnate, 14 cm long (Figs. 11, 12), petiolate,
“cross section elliptical at base to flattened near tip with narrow groove along
midrib, with unicellular hairs in groove (Flg 13). The leaf divisions are often ar-
ranged in a 3-dimensional manner, with consecutive forks more or less perpen-
_ dicular to the plane of previous ones along the growth axis of the leaf (Figs. 11,
~ 14). Depending on the population the forked leaves are provided with additional
verticillate or semi-verticillate scales along the rachides, as found in 2. distichum
s. str. (Figs. 7, 15); or the forked leaves lack such additional scales along the elon-
" gated leaf segments totally. This is observable in what was formerly known as
- P atrichum, now conspecific with P distichum (Figs. 11, 12)..
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