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Abstract: Two new species of the aerial green algal genus Podohedra from the tropical
epiphytic aerial biotopes are described. Both species were found on trentepohliacean fil-
amentous algae. The infrageneric taxonomy of the genus Podohedra based on morpho-
logical characters of the vegetative cells is discussed. The characters for discriminating
of acrophytic Podohedra species are given. The shape comparison of both organisms with
similar aerial green algal species Keratococcus bicaudatus is provided by means of out-
line fitting method based on elliptic Fourier analysis.
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Introduction

The genus Podohedra was erected by DURINGER (1958) to accommodate sessile
coccal green algae attached to the substrate with a stalk and reproducing entirely
by means of autospores. In its overall appearance the members of the genus
resemble Characium species, differing in type of asexual reproduction and most-
ly also in considerably smaller cell dimensions. The cells possess one nucleus and
the single parietal chloroplast. The shape of the cells varies from ellipsoidal to
beaked-elongate within the genus. Both pyrenoid bearing (P. longipes) and
pyrenoid-less species (P. falcata) were encompassed within Podohedra by
DURINGER (1958) in the original generic concept. The same approach was applied
also by GEITLER (1965) in his taxonomic revision of the genus Podohedra where
two other species (P. bicaudata and P. distincta) were described.

HINDAK (1970) investigated the species of the genera Monoraphidium and
Keratococcus. These genera classified traditionally into the subfamily Ankistro-
desmoideae of the family Chlorellaceae are differing mainly by the presence or
absence of the pyrenoid in Keratococcus and Monoraphidium respectively. Both
genera accommodate species with elongated cells which are not attached to the
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substrate and whose apical cell outgrowths are mostly symmetrical. However,
HINDAK investigated morphology and variability of these organisms and found
the much higher shape diversity than in original descriptions. He criticised the
GEITLER s (1965) broad conception of the genus Podohedra stating that the
species Podohedra bicaudata GEITLER is in fact identical with Keratococcus
bicaudatus (HANSGIRG) BOYE-PETERSEN and P. distincta GEITLER with
Monoraphidium rhaphidioides (HANSGIRG) HINDAK. Following these findings
HiNDAK (1970) synonymised both the above mentioned Podohedra species with
K. bicaudatus and M. rhaphidioides respectively. HINDAK (1970) also mentioned
the resemblance of other Podohedra species with the genus Keratococcus, espe-
cially with Keratococcus bicaudatus. This species often abounds in subaerial
biotopes similar to those from which both the original DURINGER s Podohedra
species (P. longipes, P. falcata) were described.

The further taxonomic investigation of the genus Podohedra was worked out
by HINDAK (1988). He redefined the generic concept of Podohedra so that the
genus accommodates only the pyrenoid bearing species P. longipes.
Consequently, he described the new genus Podohedriella HINDAK for pyrenoid-
less species previously classified within Podohedra and added two new organ-
isms within this genus (Podohedriella carpatica, P. recta).

Thus, until recently seven species originally classified into genera Podohedra
and Podohedriella and differing in overall cell morphology and dimensions were
described (DURINGER 1958, GEITLER 1965, HORTOBAGYI 1969, HINDAK 1988).
Four of them: Podohedriella falcata (DURINGER) HINDAK, Podohedra longipes
DURINGER, Podohedra bicaudata GEITLER (later synonymized with Keratococcus
bicaudatus) and Podohedra distincta GEITLER (later synonymised with
Monoraphidium rhaphidioides) occur in mucilaginous aerial algal growths dom-
inated by Coccomyxa dispar and C. confluens (DURINGER 1958, GEITLER 1965,
NEUSTUPA et al. 2002). These growths often abound in temperate ecosystems in
moist conditions on bare and withered spruce wood. Two Podohedriella species
— P. carpatica HINDAK and P. recta HINDAK — were described from periphyton and
metaphyton of small forest pools from Slovakia (HINDAK 1988). One species —
P. georgei HORTOBAGY1 (1969) — was described from tropical freshwater plank-
ton. However, neither the reproduction type, nor the stipitate nature of the cells
were presented.

In the course of the investigation of algal flora in aerial epiphytic growths of
tropical rainforests in Southeast Asia two populations accordant to Podohedra
generic description were encountered. In ever-wet aseasonal climatic conditions
of tropical rainforest the species-rich aerial algal and cyanobacterial communities
are developing. Generally, they are dominated with members of green algal gen-
era Trentepohlia and Phycopeltis or cyanobacterial genus Scytonema. However,
the coccal green algae of the morphologically delimited genera Chlorella,
Chlorolobion, Choricystis, Dictyochloropsis and others account for the most part
of the almost unexplored species diversity in these communities (NEUSTUPA
2002).
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In this paper the two organisms characterized with stalked asymmetrical elon-
gated cells and single pyrenoid bearing chloroplasts from these localities are pre-
sented and their description as new species of the genus Podohedra is proposed.

For the morphological comparison of both organisms and similar species
Keratococcus bicaudatus the outline fitting method based on elliptical Fourier
analysis was applied (ROHLF 1990). This approach is based on digitising of the
points along the contour of the object. Subsequently, the points are fitted with
function of elliptical Fourier analysis and the curves are compared using the coef-
ficients of the function as shape variables. The results can be demonstrated by
multivariate analysis (e.g. PCA). The changes in outlines represented by particu-
lar principal components can subsequently be reconstructed and visualised
(ROHLE 1990, BacHNoOU et al. 1999, Iwata & Ukar 2002). The method provides
the possibility of complex analysis of shape and its variability within the investi-
gated objects independently of their size and orientation.

The method of outline fitting using Fourier analysis was successfully applied
in a wide range of morphometric studies investigating morphology and taxono-
my of invertebrates (e.g. BACHNOU et al. 1999, Torr 2003); fish (e.g. Loy et al.
2000, Torres et al. 2000); human skeletal bones (e.g. SCHMITTBUHL et al. 2001);
vascular plant leaves (e.g. JENSEN et al. 2002) or diatoms (Pappas et al. 2001). The
benefits of outline analysis in comparison with traditional morphometric were
illustrated by JENSEN et al. (2002). The demonstration of the potential of outline
fitting method to green algal taxonomy and morphology is one of subsequent
goals of the presented study.

Material and methods

The investigated algae were isolated from two aerial localities in Peninsular Malaysia.
Podohedra tropica was isolated from the leaf of an unidentified shrub in secondary low-
land rainforest in the of Hulu Kelantan, geographical coordinates 5°13'10”N and
[01°48°00”E, altitude 450 m a s.1., collected 27. 1. 2000. Podohedra saltans was isolated
from the stalk of Bambusa sp. growing in The Forest Research Institute Malaysia (FRIM),
Selangor, Peninsular Malaysia, geographical coordinates 3°13°20”N and 101°32°30"'E,
altitude 400 m a s.l., collected 8.2.2000. For the morphological comparison the strain
CAUP H 3301 (identical with SAG 202-11) of Keratococcus bicaudatus was used. This
strain was isolated by PRINGSHEIM in the year 1955 from a small pool near Kiel, Germany.

For the morphological investigation and comparison the strains were cultivated on
both agar-solidified and liquid BBM (BiscHOFF & BoLp 1963) and in biphasic cultures
(PRINGSHEIM 1954); in the temperatures 13°C and 25°C; under the illumination of about
2500 lux (light source: Tungsram 36W F33, cool white). The set of standard cytological
solutions stains (cotton blue, methylene blue, India ink, nigrosine) were used. The pho-
tographs were made on the Olympus BX51 light microscope and Olympus Z300
microphotograph equipment.

The strains are kept in The Collection of Algae of Charles University of Prague, Czech
Republic (CAUP) (http://botany.natur.cuni.cz/algo/caup.html).

The outline analysis was conducted using elliptic Fourier analysis (KUHL & GIARDINA
1982). The SHAPE version 1.2. — a software package for quantitative evaluation of bio-
logical shapes based on elliptic Fourier descriptors (IwaTa & Ukal 2002) — was used for
the conducting of the analysis. The contours of the cells were digitised from the photo-
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graphs using Chain Coder program. In total, 75 randomly chosen objects of three com-
pared populations were analysed. The photographs were taken from 4 weeks old cultures
growing in the same standard conditions (agar-solidified BBM, 20°C, 12:12 hours
light:dark cycle, 2500 lux - artificial source Tungsram 36W F33, cool white plus the dif-
fuse daylight).

The elliptic Fourier descriptors of the outlines were computed using Chc2Nef pro-
gram (Iwata & Ukar 2002). The coefficients of first 30 harmonics were computed. The
appropriate number of harmonics was empirically tested beforehand for the sufficient
description of the outline information. The coefficients were used in subsequent principal
component analysis (PCA). The analysis and the scores of particular objects in ordination
space of principal components were computed using PrinComp program. The PrinPrint
program was used for the visualisation of shape information accounted for by each com-
puted principal component.

Results and discussion

Podohedra saltans NEUSTUPA sp. nova Figs 1-10, 19-24

Diagnosis: Cellulae epiphyticae, adultae fusiformes, pedicellatae, apice obtusatae,
uninucleates. Dimensiones cellulae (7,2-)9,5-12,5(13.5) x (3,2-)3,7-5,2 um, pedicellus
1,5-4 ym. Membrana cellulae laevis. Chromatophorus parietalis. Pyrenoide distincto
granulis amylaceis induto. Propagatio per 2 autosporas effecta.

Iconotypes: Fig. 19 - 24,

The vegetative cells are stipitate, attached to the substrate, straight to slightly
inflexed, ellipsoidal to reverse-egg-shaped. The apical pole of the cells is obtuse-
rounded to oval in some cases and without any cell wall thickening. The stalk is
slightly widened in its basal part. The cell dimensions without the stalk are (7,2-)
9.5-12,5(-135) x (3.2-)3,7-5,7(-6,2) um. The stalk: 1,54 um. The width :
length ratio is 1: 1,8-3. The cells possess the single chloroplast in a lateral posi-
tion with conspicuous pyrenoid and sometimes with slightly a lobed margin. The
envelope of pyrenoid is composed of separated globular to oval starch grains. The
reproduction takes place entirely by autosporogenesis. The division plane
between two daughter autospores originates in diagonal or more rarely in trans-
verse position within the mother cell. The stalks of daughter cells are fully devel-
oped in mature autosporangium. The autospores are released by rupture of the
autosporangium cell wall. Neither sexual reproduction nor the production of
zoids was observed.

The species was found growing epiphytic on the filaments of Trentepohlia
bossei on the stalk of Bambusa sp. in The Forest Research Institute Malaysia
(FRIM), Selangor, Peninsular Malaysia.

Podohedra tropica NEUSTUPA Sp. nova Figs 11-18, 25-30

Diagnosis: Cellulac epiphyticae, adultae fusiformes, curvatae, pedicellatae, apice
obtusatae et rostratae, uninucleates. Dimensiones cellulae (9-)10-13.2(-14.7) x (2.4-)3—
5.,5(=6,8) pum, pedicellus 2,5-5(~8) pm. Membrana cellulae laevis. Chromatophorus pari-
etalis, cum pyrenoide inconspicuo. Propagatio per 2 autosporas effecta.

lconotypes: Fig. 25 — 30.

The vegetative cells are stipitate, attached to the substrate. The cells are of

inflexed fusiform elongated shape. The apical pole is usually obtuse to sharply
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Figs 1-6
1-4 — Podohedra saltans, vegetative cells. 5 — P. saltans, vegetative cells in phase con-

trast showing separated starch grains of the pyrenoid. 6 — P. saltans, maturing autospo-
rangium. [Bar = 5 pm)]

pointed; in older cells sometimes more rounded. The stalk is slightly widened in
its basal part. The cell dimensions without the stalk are (9-)10-13.2(-14,7) x
(2.4-)3-5,5(-6.8) pm. The stalk: 2,.5-5(-8) pgm. The width : length ratio is 1: 2 —
4.5. The cells possess the single chloroplast in lateral position with inconspicuous
and sometimes hardly distinguishable pyrenoid. The reproduction takes place
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Figs 7-12

1,9, 10 — Podohedra saltans, vegetative cells and autosporangia in different stages of
maturity, 9 — phase contrast. 8 — P. saltans, vegetative cell with typical lateral chloroplast.
11, 12 — Podohedra tropica, vegetative cells. [Bar = 5 m]

entirely by autosporogenesis. The division plane between two daughter
autospores originates in diagonal position within the mother cell. The autospores
are released by rupture of the autosporangium cell wall. Neither sexual reproduc-
tion nor the production of zoids was observed.

The species was found growing epiphytically on the filaments of Trentepohlia
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Figs 13-18
13-18 — Podohedra tropica, vegetative cells. [Bar = 5 gm|

aurea growing on the leaf of an unidentified shrub in secondary lowland rainfor-
est in the area of Hulu Kelantan, Peninsular Malaysia.

HINDAK (1988) stated the similarity of aerial Podohedra species with
Keratococcus bicaudatus. Therefore, the strain CAUP H 3301 of Keratococcus
bicaudatus was chosen for the morphological comparison (Figs 31-34). The cells
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Figs 19-30
19, 21-24 — Podohedra saltans, vegetative cells with conspicuous pyrenoid. 20 — P. sal-
fans, maturing autosporangium with diagonal division plane. 25-29 — Podohedra tropica,

vegetative cells. 30 — P. tropica, autosporangium with 2 autospores in diagonal position.
[Bar =4 pm]
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Figs 31-34
31-34 — Keratococcus bicaudatus, strain CAUP H 3301, vegetative cells. [Bar = 5 pm]

of K. bicaudatus were found to be widely fusiform, with both apical poles usual-
ly obtuse to sharply pointed. As already ascertained by HINDAK (1970), in some
cells one of the cellular poles can become rounded so that the cells are more or
less asymmetric. Consequently, these particular cells can be hardly distinguish-
able from members of the genus Podohedra. The cells have a single parietal
chloroplast with the pyrenoid. The reproduction takes place by means of two
autospores. The dimensions of the cells are (11-)18,5-26,5(-30) x (2-)2,5-
7.5(-9) pm.

The results of the outline analysis showed the shape variability of the investi-
gated cultures. The first principal component (PC-1) of PCA encompassed 54.7 %
of the total shape variability. This component relates to changes from isopolar
fusiform cells with both apical poles obtuse pointed (the objects with positive
scores on the component) to markedly heteropolar and assymetric cells with stalk
on the proximal apical pole and rounded distal pole (the objects with negative
scores) (Fig. 35). The first principal component bears also the most considerable
information for the morphological delimiting of the investigating cultures (Figs
36, 37). The cells of Podohedra tropica mostly correspond with shapes bearing
negative values on PC-1. Podohedra saltans is typical with intermediate cells and
Keratococcus bicaudatus mostly with cells sharing the features typical for the
objects with positive scores on PC-1.
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Fig. 35

The changes of cell outlines reconstructed from the elliptic Fourier analysis and encom-
passed by the principal components 1-3 in PCA. The shapes typical for objects with neg-
ative scores on particular principal components are shown in the left part of the figure; the
mean shape in central position and the shapes typical for objects with positive scores in
the right part.

The second principal component (PC-2) encompassed 27,3% of the total
analysed variability. The component relates to the changes from the fusiform cells
with inflexed stalk to the cells with straight stalk and pronounced convex round-
ed outlines (Fig. 35). However, PC-2 does not distinguish clearly between the
cells originating from three investigated cultures (Fig. 36). The third principal
component (PC-3) encompassed 74 % of the total variability providing good
applicable information for the distinguishing of the cultures. The cells with point-
ed apical pole has negative scores on this component and the cells with obtuse
rounded apical pole share the positive scores (Fig. 37). PC-3 distinguishes the
cells of Podohedra saltans with higher scores indicating the typical more round-
ed shape of its apical poles (Fig. 35). The cells of Keratococcus bicaudatus and
Podohedra tropica have mostly the negative values of the PC-3 scores with their
cells usually typical by obtuse to sharply pointed apical poles.

In total we can see that the outline analysis revealed the distinct shape differ-
ences between the investigated cultures implicating their different specific nature.
On the other side, the occasional occurrence of cells with shape typical for other
analysed species in cultures indicates the relationship of the investigated organ-
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36 — PCA diagram showing the objects in the ordination space of first and second princi-
pal components. The centre areas of occurrence encircling 60% objects for particular
investigated are shown. Symbol “[” represents Podohedra tropica, symbol “V”
Podohedra saltans and symbol “O” Keratococcus bicaudatus.

isms. Consequently, the need of populational approach for the correct identifica-
tion of Keratococcus and Podohedra species is obvious.

The tropical Podohedra species described in this paper differ distinctly from
their relatives in temperate ecosystems. The discrete morphological characters for
the differentiation of the aerial Podohedra species described so far, the species
which were originally classified in Podohedra but later transferred to relative
genera and Keratococcus bicaudatus are summarised in Table 1. The main char-
acters suitable for species identification in these organisms are the cell and stalk
dimension, the overall shape of cell outline (heteropolarity of cells, rounded or
pointed apical pole — see the outline analysis), the presence or absence of
pyrenoid and the structure of its starch envelope. Podohedra georgei, which was
described from freshwater plankton differs considerably from aerial species in its
overall cell morphology. Moreover, it has been observed only in free living unat-
tached stage (HORTOBAGY1 1969). Therefore, its position within the genus
Podohedra remains questionable and should be possibly revised in the future.

The aerial cryptogamic communities in tropical rainforests are globally one of
the less known species-rich algal microbiotopes. In floristic study carried out in
17 microlocalities in Peninsular Malaysia, 51 species of microscopic algae and
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Fig. 37

37 — PCA diagram showing the objects in the ordination space of first and third principal
components. The centre areas of occurrence encircling 60 % objects for particular inves-
tigated are shown. Symbol “I17 represents Podohedra tropica, symbol “V” Podohedra
saltans and symbol “O” Keratococcus bicaudatus.

cyanophytes were encountered. About 41 % of them have been considered as
hardly identifiable or probably undescribed species (NEUsTUPA 2002). Regarding
the abundance of different suitable microbiotopes and complexity of tropical rain-
forest ecosystem, we can assume that there is probably a “hidden continent™ of
microalgal diversity awaiting future scientific concern in the tropics.
Consequently, the discovery of further Podohedra-type species would not be
entirely surprising.

As well, we can assume the higher diversity of Podohedra species in temper-
ate Coccomyxa dominated mucilaginous growths. NEUSTUPA et al. (2002) report-
ed the occurrence of two unidentifiable morphotypes distinctly differing from
described species in material from Sumava Mits. in Czech Republic. However, the
reproduction and variability could not be ascertained in these populations.
Therefore, these morphotypes remain undescribed till now.

The generic concept of Podohedra is based on cell morphology and the repro-
duction type. The infrageneric taxonomy relies mainly on morphological differ-
ences in shape of the vegetative cells and the cell dimensions (Tab. 1). The analy-
ses of shape can provide valuable information for the taxonomy of these organ-
isms. We assume that the outline fitting analysis will become one of the standard
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tools for the investigation of morphology and phenotypic plasticity of coccal
green algae in the near future. Together with JENSEN et al. (2002) and ApAMms et
al. (2003) we believe that geometric morphometrics provides new ground for the
fundamental progress in morphology of living organisms in the 21st century.

Acknowledgements

The author is grateful to Dr. ALENA LUKESOVA, CSc. for her remarks and especially to
Assoc. Prof. Dr. FRANTISEK HINDAK, DrSc. for his critical comments which greatly
enhanced the manuscript. The work was supported by the grants no. 139/2002/B-Bio and
134/2000/B-Bio of the Grant Agency of the Charles University of Prague and by the
research project of Czech Ministry of Education no. J13/98113100004.

References

Apams, D. C.; RoHLE, F. J. & Suicg, D. E. (2003): Geometric morphometrics: Ten years
of progress following the “revolution™. — Italian J. Zoology, in press.

BachHNou, A.; CARBONNEL, G. & Bouas, B. (1999): Morphométrie des Hemicytherinae
(Ostracodes) par modélisation mathématique du profil latéral externe. Application sys-
tématique et phylogénétique. — C. R. Acad. Sci. Paris, Sciences de la terre et des
planétes 328: 197-202.

BiscHorr, H. W. & BoLp, H. C. (1963): Some soil algae from Enchanted Rock and relat-
ed algal species. Phycological Studies IV. — Univ. Texas Publ. 6318: 1-95.

DURINGER, 1. (1958): Uber die Verteilung epiphytischer Algen auf den Blittern wasserbe-
wohnender Angiospermen sowie systematisch-entwicklunggeschichtliche Bemerkun-
gen iiber einige griine Algen. — Osterr. Bot. Z. 105: 1-43.

ETTL, H. & GARTNER, G. (1995): Syllabus der Boden-, Luft- und Flechtenalgen. — 721 pp..
G. Fischer, Stuttgart.

GEITLER, L. (1965): Die Gattung Podohedra (Chlorophyceae, Chlorococcales). — Osterr.
Bot. Z. 112: 173183,

HINDAK, F. (1970): A contribution to the systematics of the family Ankistrodesmaceae
(Chlorophyceae). — Algological Studies 1: 7-32.

— (1988): Studies on chlorococcal algae (Chlorophyceae) IV. — Biol. Price, Bratislava
34(1-2): 1-263.

HorTOBAGYI, T. (1969): Phytoplankton organisms from three reservoirs on the Jamuna
River, India. — Stud. Biol. Hung. 8: 1-80.

Iwata, H. & UkaL, Y. (2002): SHAPE: A computer program package for quantitative eval-
uation of biological shapes based on elliptic Fourier descriptors. — The J. Heredity 93:
384-385.

JENSEN, R. J.; CioraNt, K. M. & MIRAMONTES, L. C. (2002): Lines, outlines and landmarks:
morphometric analyses of leaves of Acer rubrum, Acer saccharinum (Aceraceae) and
their hybrid. — Taxon 51: 475-492.

KOMAREK, J. & FotT, B. (1983): Chlorococcales. — In: HUBER-PESTALOZZI, G. (ed.): Das
Phytoplankton des Siilwassers, Bd. 7., p. 1-1043, Schweizerbart, Stuttgart.

KUHL, F. P. & Giarpina, C. R. (1982): Elliptic Fourier features of a closed contour, —
Comp. Graphics Image Processing 18: 236-258.

Loy, A.; BusiLaccHl, S.; CosTa, C.; FERLIN, L. & CATAUDELLA, S, (2000): Comparing geo-
metric morphometrics and outline fitting metohds to monitor fish shape variability of
Diplodus puntazzo (Teleostea, Sparidae). — Aquacultural Engineering 21: 271-283.

NEUSTUPA, J. (2002): Aerial epiphytic coccal green algae from tropical rainforests of
Peninsular Malaysia. — In: Proc. Abstr. Int. Conf. “Biology and taxonomy of green
algae IV”, Smolenice, Slovakia. p. 65-66.



16 J. NEUSTUPA

NEUSTUPA, J.; NOVAKOVA, S ; SEINOHOVA, L.; SKALOUD, P. & REZACOVA, M. (2002): Algae
from aquatic, peat bog and aerial biotopes in the catchment area of the River Kiemel-
nd in Sumava National Park. — Czech Phycology, Olomouc, 2: 47-61.

Pappas, J. L.; FOWLER, G. W. & SToERMER, E. F. (2001): Calculating shape descriptors
from Fourier analysis: shape analysis of Asterionella (Heterokontophyta, Bacillario-
phyceae). — Phycologia 40: 440-456.

PRINGSHEIM, E. G. (1954): Algenreinkulturen, ihre Herstellung und Erhaltung. — 109 pp.,
VEB G. Fischer, Jena.

RoOHLF, F. J. (1990): Fitting curves to outlines. — In: ROHLF, F. J. & BOOKSTEIN, F. L. (eds.):
Proceedings of the Michigan morphometrics workshop, p.167-177, The Univ.
Michigan Museum of Zoology, Ann Arbor, Michigan, USA.

SCHMITTBUHL, M.; LE MINOR, J. M.; TARONI, F. & MANGIN, P. (2001): Sexual dimorphism
of the human mandible: demonstration by elliptical Fourier analysis. — Int. J. Legal
Med. 115: 100-101.

TorrEs, G. J.; LOMBARTE, A. & MORALEZ-NIN, B. (2000): Sagittal otolith size and shape
variability to identify geographical differences in three species of the genus
Merluccius. — J. Mar. Biol. Assoc. U. K. 80: 333-342.

Tort, A. (2003): Morphological plasticity of the outline and the internal structures of the
shell of the recent Terebratella tenuis sp. nov. (Brachiopoda, Terebratulida). —
Zoomorphology 122: 47-54

Manuscript received March 14, 2003, accepted June 17, 2003,

The author’s address:

Mgr. IRl NEUSTUPA,
Department of Botany,

Faculty of Science,

Charles University of Prague,
Benatska 2,

CZ 128 01 Praha 2,

Czech Republic.

e-mail: neustupa@natur.cuni.cz



