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• Background and Aims The presence, location and morphology of silica bodies are informative anatomical 
characters in angiosperms, mainly in Poales. In Podostemaceae, a strictly aquatic family, these structures are 
mentioned frequently, but there is limited insight into their location and morphological features. In the present 
study we focused on describing and analysing the morphological diversity of silica bodies in leaves of neotropi-
cal Podostemaceae at the intra- and interspecific levels to determine their taxonomic and phylogenetic relevance.
• Methods We studied 103 specimens distributed across 40 species. Silica body morphological traits were ana-
lysed under light and scanning electron microscopy. Additionally, data from three species of Hypericaceae (sister 
group) were retrieved from the literature. A phylogenetic framework based on four molecular markers was built in 
order to reconstruct ancestral character states related to silica bodies in neotropical Podostemaceae.
• Key Results Silica bodies were detected in epidermal, subepidermal and perivascular cells, presenting differ-
ent shapes and surface morphology. Presence and location were used for primary differentiation while surface 
morphology and lumen (presence and shape) were used for finer distinctions. Intraspecific comparisons among 
samples showed that the length and width of these structures were highly variable. Maximum parsimony and 
maximum likelihood analyses for ancestral character reconstruction were congruent. Three out of five characters 
showed a statistically strong phylogenetic signal.
• Conclusions Silica bodies were reported for the first time for 19 taxa, and their morphological diversity is 
greater than reported in previous studies. Their presence can be considered an apomorphy in Podostemaceae. 
Although some significant differences were detected in length and width, qualitative characters are more informa-
tive at both specific and generic ranks.
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INTRODUCTION

Many angiosperms retain inorganic compounds, such as cal-
cium oxalate crystals and silica bodies (Sangster and Hodson, 
1986; Horner and Wagner, 1995). Silicon (Si) is the second most 
abundant element in soil after oxygen (Sposito, 2008). It is com-
monly assimilated by plant roots as monosilicic acid (Si(OH)4) 
dissolved in water (Hart, 2015) and deposited as intracellular 
and/or extracellular silica bodies (SiO2.nH2O; also known as 
biosilica or phytoliths) in vegetative and/or reproductive struc-
tures. These bodies vary in size, shape and surface morphology 
(e.g. Gu et al., 2013), depending on in which type of cell and/
or tissue they accumulate. The physiological benefits of silicon 
in plants include promoting resistance to pathogens and insects, 
resisting drought conditions and improving essential nutrient 
intake (Guntzer et al., 2012, and references therein). Hart (2015) 
reports that silica bodies can be preserved in the environment 
for tens of millions of years at temperatures up to 1000 °C, and 
have been helpful tools in archaeological studies (e.g. Evett and 
Bartolome, 2013). The taxonomic relevance of the presence, 

location and form of silica bodies in angiosperms, and their 
use as informative characters at several taxonomic ranks, is 
highlighted by many studies (e.g. Brown, 1984; Prychid et al., 
2003a; da Costa et al., 2011). The majority of these studies have 
focused on monocot families, such as Cyperaceae and Poaceae 
(e.g. Figueiredo et al., 1971; Lu and Liu, 2003).

The eudicotyledonous Podostemaceae Rich. ex Kunth is 
the largest family of strictly aquatic angiosperms, encompass-
ing 50 genera and 280 species (Bove, 2018). It is a member of 
the clusioid clade (Malpighiales), which includes five families 
with the following phylogenetic topology: ((Podostemaceae + 
Hypericaceae) Calophyllaceae) + (Clusiaceae + Bonnetiaceae) 
(Ruhfel et  al., 2011). The family is broadly distributed 
across tropical regions, with few species in temperate areas 
(e.g. Podostemum ceratophyllum Michx.). In the neotrop-
ics, it ranges from central Mexico to northern Paraguay and 
Argentina and is represented by 20 genera and about 150 spe-
cies (Bove and Philbrick, 2010). Morphological and molecular 
data support recognition of three subfamilies: Tristichoideae, 
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Weddellinoideae and Podostemoideae (e.g. Engler, 1930; Koi 
et al., 2012).

Podostemaceae grow tightly adhered to the surface of sub-
merged solid substrates, mostly rocky, in swift currents of river 
rapids and waterfalls (rheophytes). As the water level drops, 
plants flower and set fruit (Cook and Rutishauser, 2007). Many 
species possess a thalloid photosynthetic body due to the dor-
siventral flattening of roots, shoots or a combination of both 
(Rutishauser, 1997). Leaves may be one cell layer thick and 
scale-like to compound and up to 2 m long. Some of the ana-
tomical peculiarities reported include: a lack of aerenchyma, 
which is a marked disparity when compared with other hydro-
phytes (Arber, 1920; Lopes, 2012); silica bodies in periph-
eral tissues (Metcalfe and Chalk, 1950); laticiferous tubes 
found in some neotropical taxa (Schnell, 1967; Rutishauser 
and Grubert, 1994); and dimorphic chloroplasts, recently 
reported in Cladopus japonicus Imamura, an Asiatic species of 
Podostemoideae (Fujinami et al., 2011).

The first author to detect silica bodies in Podostemaceae was 
Tulasne (1852: 6), observing them in stem epidermal cells of a 
species of Podostemum, even though he did not know its com-
position ‘… cellulae superficiales materie solida hyalina dilute 
brunnea aqua calda non soluta nec iode ullo modo colorata … 
qua materia non disrupta facile …’ (... peripheral cells with 
solid hyaline structures, brown when diluted in hot water, not 
soluble in iodine or even by coloration techniques … difficult to 
break …). This material was identified as silica by Cario (1881) 
and Warming (1881). Since then, silica bodies have been 
reported in epidermal and/or subepidermal cells of vegetative 
(Ancíbor, 1990; Ameka et al., 2002; Rutishauser et al., 2005; 
Koi and Kato, 2007) and reproductive organs (Sá-Haiad et al., 
2010) of several neotropical and palaeotropical taxa. However, 
Jäger-Zürn (2011) pointed out that silica bodies have been only 
incidentally recorded in Podostemaceae.

Little has been proposed regarding the use of silica bod-
ies in terms of taxonomic and phylogenetic perspectives in 
Podostemaceae (Table 1). da Costa et al. (2011) concluded that 
shape and surface morphology of silica bodies are valuable taxo-
nomic characters at the subfamily level in Podostemaceae, and 
emphasized the need for further investigations to evaluate their 
utility at lower hierarchical ranks. Lopes (2012) analysed the 
vegetative anatomy of eight neotropical species (five of them in 
Podostemum) from three genera, and concluded that these spe-
cies can be distinguished by the shape of their silica bodies.

Phylogenetic analyses have indicated that neotropical 
Podostemoideae are non-monophyletic (Kita and Kato, 2001; 
Ruhfel et al., 2011, 2016). Further studies by Koi et al. (2012) 
proposed a division of New World Podostemoideae into four 
clades: Diamantina ((Mourera-Apinagia clade) (Podostemum 
(Ceratolacis + Old world clade))). Investigations on the phylo-
genetic relationships of neotropical Podostemaceae based on 
molecular data (ITS, rbcL and trnL) revealed that Apinagia 
and Marathrum are not monophyletic (Tippery et  al., 2011). 
Additionally, an unexpected clade encompassing species of 
five morphologically diverse genera (Apinagia, Jenmaniella, 
Lophogyne, Marathrum and Monsostylis) was resolved (clade 
J in their fig.  3), strongly supported but with uncertain mor-
phological integrity, i.e. morphological synapomorphies that 
define the clade remain unknown. These results point to an 
incongruence between molecular and morphological datasets 

and emphasize the need to identify additional morphological 
characters. Variation in silica bodies, in terms of both their pres-
ence and their morphology, may help to address this problem.

Our aim is to investigate the presence, location and morphol-
ogy of silica bodies in leaves of neotropical Podostemaceae. 
Our goals are to (1) analyse the inter- and intraspecific variation 
in silica body form and evaluate their utility as taxonomic char-
acters at the clade, generic and specific levels; and (2) evaluate 
the distribution of silica body characters across the phylogeny 
of neotropical Podostemaceae.

MATERIALS AND METHODS

Taxon sampling and anatomical analysis

Podostemaceae taxon sampling was based on the terminal 
branches of the phylogenetic studies conducted by Ruhfel et al. 
(2011) and Tippery et  al. (2011). We analysed 103 specimens 
representing 40 species and 18 genera, spread across the three 
subfamilies and the main clades of neotropical Podostemoideae 
(Table 2). To evaluate the stability of silica body features at the 
intraspecific level, we investigated at least three specimens of 
each species, preferably from different localities, when possible 
(Supplementary Data Appendix S1). The material was obtained 
from herbarium sheets and spirit collections housed in the herbaria 
of Museu Nacional (R) and Western Connecticut State University 
(WCSU); herbarium acronyms are according to Thiers (2017).

This study focused on leaves. Stems and roots were not 
included because of their limited availability on many specimens. 
To detect and study the morphology of silica bodies, fragments of 
apical, medial and basal portions of fully developed leaves were 
stored in 30 % hydrogen peroxide and glacial acetic acid solu-
tion (1: 1 v/v; Franklin, 1945) for 24 h. Subsequently, the samples 
were soaked in heated clove oil and phenol crystals (adapted from 
Johansen, 1940). To study the anatomical location of these struc-
tures in leaf blades, leaf samples were fixed in FAA70 (Johansen, 
1940), preserved in 70 % ethanol, dehydrated with a crescent 
alcohol concentration series, and embedded in (2 hydroxyethyl)-
methacrylate (HistoResin Embedding Kit; Leica, Heidelberg, 
Germany). Cross and longitudinal (5 µm) sections were obtained 
on a KD-3358 rotatory microtome (Zhejiang Jinhua Kedi 
Instrumental Equipment Co., China) using a steel knife. Sections 
were stained in aqueous 0.05 % Toluidine Blue O (O’Brien et al., 
1964) for 30 s, mounted in Canada balsam and examined with 
light microscopy. The terminology used to describe shape and 
surface morphology followed Madella et al. (2005), with adapta-
tions when necessary. Images were captured using an Olympus 
BX-51 microscope with the image-capture system Q-Color5 and 
Image-Pro Express software. For scanning electron microscopy 
analysis, leaf fragments were acetolysed according to da Costa 
et al. (2016). The acetolysed samples were placed on aluminium 
stubs, sputter-coated with gold–palladium and examined using a 
JEOL JSM-5800 microscope operating at 10 kV.

Statistical analysis

For each specimen that presented silica bodies we deter-
mined the following statistics for both length and width: 
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range (minimum and maximum), arithmetic mean and coef-
ficient of variation. Because some of the obtained data were 
not normally distributed (Shapiro–Wilk test, P  <  0.05), the 
Kruskal–Wallis test was implemented to assess intraspecific 
differences in length and width followed by a Bonferroni 
post-hoc test (P < 0.01).

Phylogenetic framework and ancestral states reconstructions

To understand the evolution of the characters under a phylo-
genetic perspective, we inferred a phylogenetic tree for 38 spe-
cies of Podostemaceae and three of Hypericaceae (outgroup) 
using four molecular markers (matK, rbcL, trnL and ITS). 
All sequences were obtained from GenBank (Appendix S2). 
Cipoia inserta and Wettsteiniola sp. were not used because their 
sequences were unavailable in the GenBank database. DNA 
sequences were initially aligned with MUSCLE (Edgar, 2004) 
and then verified manually in Mesquite ver. 3.31 (Maddison and 
Maddison, 2017). Maximum likelihood (ML) analyses were 
conducted using RaxML ver. 8.1.21 (Stamatakis, 2014) imple-
mented in raxmlGUI ver. 1.5 (Silvestro and Michalak, 2012) 
under the GTRGAMMA model of nucleotide substitution. Tree 
searches were carried out using ML + ‘rapid bootstrap’ option 
with 1000 replicates. FigTree ver. 1.4.2 (http://tree.bio.ed.ac.
uk/software/figtree) was used to visualize and annotate trees.

A matrix containing the anatomically discrete data obtained 
was designed following the recommendations of Sereno (2007). 
Information about silica bodies for three Hypericaceae species 
(outgroup), each one representing a subfamily, was inferred 
from the following literature: Baas (1970) for Cratoxylum 
arborescens (Vahl.) Blume; Łotocka and Osińska (2010) for 
Hypericum perforatum L.; and Almeida-Cortez and Melo-de-
Pinna (2006) for Vismia guianensis (Aubl.) Choisy.

The topology derived from combined molecular data under 
ML analysis was used to reconstruct ancestral character states 
in Mesquite ver. 3.31 (Maddison and Maddison, 2017) using 
maximum parsimony (MP) and likelihood (ML) approaches. 
For MP reconstructions, the number of steps was calculated 
considering unordered character states with equiprobable tran-
sitions. ML reconstructions were additionally implemented 
because of two advantages. First, they estimate the uncertainty 
of ancestral character reconstruction, and secondly they help to 
quantify the inferred ambiguities. The probability model imple-
mented was Markov chain (Mk) with one parameter.

To estimate the presence of phylogenetic signal (i.e. if there 
is a tendency for related species to resemble each other), we 
implemented the null hypothesis test (Maddison and Slatkin, 
1991). This procedure involves randomization of phylogenetic 
trees or character states and a posteriori comparison of the num-
ber of parsimony steps obtained. In this study we randomized 

Table 1. Studies that report silica bodies characters in neotropical species of Podostemaceae

Author (year) Taxa Description type

Cario (1881) Tristicha trifaria (Bory ex Willd.) Spreng. Location, shape and ornamentation under LM
Warming (1881) Podostemum ovatum C.T. Philbrick & Novelo (as Mniopsis 

glazioviana)
Podostemum weddellianum (Tul.) C.T. Philbrick & Novelo (as 

Mniopsis weddelliana)
Podostemum ceratophyllum Michx.

Location, shape and ornamentation under LM

Warming (1888) Mourera aspera (Bong.) Tul.
Podostemum muelleri Warm.

Location, shape and ornamentation under LM

Wächter (1897) Weddellina squamulosa Tul. Location under LM
Warming (1899) Podostemum distichum (Cham.) Wedd. (as P. glaziovianum)

Podostemum scaturiginum (Mart.) C.T. Philbrick & Novelo (as 
Mniopsis scaturiginum)

Location, shape and ornamentation under LM

Schnell (1967) Apinagia flexuosa (Tul.) P. Royen
Apinagia richardiana (Tul.) P. Royen
Marathrum capillaceum (Pulle) P. Royen
Mourera fluviatilis Aubl.

Location under LM

Tur (1987) Podostemum muelleri (as P. uruguayense)
Tristicha trifaria

Location under LM

Ancíbor (1990) Podostemum muelleri (as P. galvone)
Podostemum rutifolium Warm.
Podostemum muelleri (as P. uruguayense)
Podostemum weddellianum (Tul.) C.T. Philbrick & Novelo

Location and shape under LM and TEM

Rutishauser et al. (2005) Diamantina lombardii Novelo, C.T. Philbrick & Irgang Location under LM
Sá-Haiad et al. (2010) Podostemum weddellianum Location under LM
da Costa et al. (2011) Diamantina lombardii

Tristicha trifaria
Weddellina squamulosa

Location, shape and ornamentation under LM and SEM, with 
taxonomic and phylogenetic implications

Lopes (2012) Apinagia riedelii (Bong.) Tul. (as A. yguazuensis)
Podostemum comatum Hicken
Podostemum distichum
Podostemum irgangii C.T. Philbrick & Novelo
Podostemum muelleri
Podostemum rutifolium
Tristicha trifaria

Location, shape and ornamentation under LM and SEM, with 
taxonomic implications

LM, light microscopy; SEM, scanning electron microscopy; TEM, transmission electron microscopy.
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character states (5000 replications) for each character, pre-
serving the topology of the original tree. Distributions of the 
numbers of character steps obtained by randomization were 
compared with the number of steps of the original reconstruc-
tion at a 0.01 confidence level (one-tailed test).

RESULTS

Silica bodies were found in leaves of all three subfamilies of 
Podostemaceae, and in 24 of 40 species examined, encompass-
ing 11 of 18 genera. These structures were intracellular in all 
analysed species, i.e. filling the entire intracellular space. The 
presence or absence of silica bodies was a stable trait in all spe-
cies and in almost all genera, except Apinagia and Marathrum; 
the polyphyletic nature of these two genera will be discussed 
below. Silica bodies were found at three anatomical locations 
in the leaves: epidermis (Fig. 1A–C), subepidermis (Fig. 1D–F) 

and perivascular cells (Fig.  1G–I), filling the intracellular 
space. When present they occur in all epidermal cells (in a 
continuous manner) and sparsely in subepidermal and perivas-
cular cells. We identified six shapes: rectangular (Fig. 2A–B, 
K–L, O–R, V), short-rectangular (Fig. 2C–D, I–J), polyhedral 
(Fig. 2E–H, S–T), irregular (Fig. 2M–N), lobate (Fig. 2U) and 
oblong (Fig. 2W–X). Six types of silica body surface structure 
were recognized: granulate (Fig.  2A–D, I–L, Q–R), smooth 
(Fig.  2E, S), perforate (Fig.  2F–H), verrucose (Fig.  2M–P), 
crenate (Fig. 2U–V) and undulate (Fig. 2T, W–X). Additionally, 
we found a central lumen presenting a circular (Diamantina; 
Fig. 2H), elongate (Ceratolacis and Podostemum; Fig. 2E, S–T) 
and irregular (Cipoia; Fig.  2F) shape. With the exception of 
Tristicha trifaria, epidermal silica bodies are orientated such 
that their ornamented side faces the outer periclinal wall, i.e. a 
dorsiventral arrangement.

Arithmetical means of silica body length varied from 15.4 µm 
(Tristicha trifaria) to 178.8 µm (Noveloa coulteriana) and width 

Table 2. Species of Podostemaceae included in the present study, organized by subfamily and genus; the number in parentheses rep-
resents the total species in each genus

Genera Studied species

Tristichoideae
Tristicha Thouars (1) T. trifaria (Bory ex Willd.) Spreng.
Weddellinoideae
Weddellina Tul. (1) W. squamulosa Tul.
Podostemoideae
Apinagia Tul. (32) A. fimbrifolia P. Royen

A. fluitans P. Royen
A. longifolia (Tul.) P. Royen
A. richardiana (Tul.) P. Royen
A. riedelii Tul.
A. staheliana (Went.) P. Royen

Autana C.T. Philbrick (1) A. andersonii C.T. Philbrick
Castelnavia Tul. & Wedd. (6) C. fluitans Tul. & Wedd.

C. monandra Tul. & Wedd.
C. multipartita Tul. & Wedd.
C. noveloi C.T. Philbrick & C.P. Bove
C. pendulosa (C.T. Philbrick & C.P. Bove) C.T. Philbrick & C.P. Bove
C. princeps Tul. & Wedd.

Ceratolacis (Tul.) Wedd. (2) C. pedunculatum C.T. Philbrick, Novelo & Irgang
Cipoia C.T. Philbrick, Novelo & Irgang (2) C. inserta C.T. Philbrick, Novelo & Irgang

C. ramosa C.P. Bove, C.T. Philbrick & Novelo
Diamantina Novelo, C.T. Philbrick & Irgang (1) D. lombardii Novelo, C.T. Philbrick & Irgang
Jenmaniella Engl. (6) J. ceratophylla Engl.

J. fimbriata P. Royen
Lophogyne Tul. (1) L. lacunosa (Gardn.) C.P. Bove & C.T. Philbrick
Marathrum Humb. & Bonpl. (15) M. aeruginosum P. Royen

M. foeniculaceum Humb. & Bonpl.
M. plumosum (Novelo & C.T. Philbrick) C.T. Philbrick & C.P. Bove
M. tenue Liebm.
M. utile Tul.

Monostylis Tul. (1) M. capillacea Tul.
Mourera Aubl. (8) M. aspera (Bong.) Tul.

M. elegans (Tul.) Baillon
M. fluviatilis Aubl.
M. weddelliana Tul.

Noveloa C.T. Philbrick (2) N. coulteriana (Tul.) C.T. Philbrick
Oserya Tul. & Wedd. (5) O. perpusilla (Went.) P. Royen
Podostemum Michx. (11) P. ceratophyllum Michx.

P. scaturiginum (Mart.) C.T. Philbrick & Novelo
P. weddellianum (Tul.) C.T. Philbrick & Novelo

Rhyncholacis Tul. (24) R. applanata K.I. Goebel
R. penicillata Matthiesen

Wettsteiniola Suess. (3) Wettsteiniola sp.
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from 6.1 µm (Apinagia staheliana) to 26.4 µm (Cipoia ramosa). 
In the intraspecific comparison (Table S1) the coefficient of vari-
ation showed high variability among samples. Length and width 
differences were significantly different among at least two of 
three sampled specimens of all species, except Apinagia rich-
ardiana, Ceratolacis pedunculatum and Mourera fluviatilis. 
Interestingly, the three specimens of Noveloa coulteriana ana-
lysed had statistically different mean lengths but similar mean 
widths. Because quantitative data were not stable at the intraspe-
cific level for most species, no further analyses were conducted.

Below we present general descriptions for each genus that 
possesses silica bodies, a taxonomic key to genera and the 
major state transitions on the phylogeny (Figs 4–6).

Generic descriptions

Apinagia (except A.  fimbrifolia). Silica bodies occurred in 
apical, medial and basal regions of leaves, located in adaxial 
and abaxial subepidermal and/or perivascular cells (Fig.  1D, 
G–H). They presented rectangular and short-rectangular 
shape (Fig. 2A–D), granulate surface and a lumen was absent. 

Average length ranged from 26.5 (A.  longifolia) to 102.4 µm 
(A. fluitans) and width from 7.3 to 17.9 µm (A. longifolia).

Ceratolacis. Silica bodies occurred at the basal leaf (rare or 
absent at medial and apical portions), located in adaxial and 
abaxial epidermal cells. They presented rectangular and pol-
yhedral shapes, a smooth surface and an elongated lumen 
(Fig.  2E). Average length ranged from 53.4 to 62.4  µm and 
width from 11.1 to 12.6 µm.

Cipoia. Silica bodies occurred in apical, medial and basal 
regions of leaves, located in adaxial and abaxial epidermal cells. 
They presented rectangular and polyhedral shapes, a perforated 
surface and irregular shaped lumens (Fig.  2F–G). Average 
length ranged from 35.7 (C. ramosa) to 56.2 µm (C.  inserta) 
and width from 14.2 (C. inserta) to 26.4 µm (C. ramosa).

Diamantina. Silica bodies occurred in apical, medial and 
basal regions of leaves, located in adaxial and abaxial epi-
dermal cells (Fig.  1A). They presented rectangular and 
polyhedral shapes, a perforated surface and circular lumens 
(Fig. 2H). Average length ranged from 17.6 to 30.1 µm and 
width from 9.7 to 15 µm.

A B C

D E F

G H I

Fig. 1. Location of silica bodies (arrows) on leaves of studied species under light microscopy. (A–C) Epidermal silica bodies in transverse sections. (A) Cipoia 
inserta. (B) Tristicha trifaria. (C) Weddellina squamulosa. (D–F) Subepidermal silica bodies. (D) Transverse section of Apinagia longifolia. (E) Transverse sec-
tion of Marathrum plumosum. (F) Longitudinal section of an outgrowth of Mourera aspera. (G–I) Perivascular silica bodies. (G) Transverse section of Apinagia 

richardiana. (H) Longitudinal section of Apinagia staheliana. (I) Transverse section of Mourera aspera. Scale bars = 50 µm; except (D) = 100 µm.
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Marathrum (except M.  aeruginosum). Silica bodies occurred 
in apical, medial and basal regions of leaves, located in adaxial 
and abaxial subepidermal and perivascular cells (Fig. 1E). They 
presented short-rectangular and rectangular shapes (Fig. 2I–L), 
a granulate surface and a lumen was absent. Average length 
ranged from 26.6 (M.  plumosum) to 80.4  µm (M.  foenicula-
ceum) and width from 10.7 to 23.8 µm (M. tenue). Marathrum 
aeruginosum was the only analysed species of this genus that 
did not possess silica bodies.

Mourera. Silica bodies occurred in apical, medial and basal 
regions of leaves, and were located in perivascular and/or adax-
ial and abaxial subepidermal cells (Fig. 1F, I). They presented 
irregular and rectangular shapes (Fig. 2M–P), a verrucose sur-
face and a lumen was absent. Average length ranged from 38.6 
(M. fluviatilis) to 72.5 µm (M. elegans) and width from 15.7 
(M. elegans) to 30.9 µm (M. aspera).

Noveloa. Silica bodies occurred in apical, medial and basal 
regions of leaves, and were located in adaxial and abaxial sub-
epidermal and perivascular cells. They presented rectangular 
shapes, a granulate surface (Fig. 2Q) and a lumen was absent. 
Average length ranged from 95.9 to 178.8 µm and width from 
20.9 to 25.2 µm.

Oserya. Silica bodies occurred in all leaf portions, located in 
adaxial and abaxial subepidermal cells. They presented a rectan-
gular shape (Fig. 2R), granulate surface and absent lumen. Average 
length ranged from 39.8 to 87.8 µm and width from 14.2 to 17 µm.

Podostemum. Silica bodies occurred in apical, medial and basal 
regions of leaves, located in adaxial and abaxial epidermal cells. 
They presented rectangular and polyhedral shapes, a smooth 
(Fig. 2S) or undulate (Fig. 2T) surface and an elongated lumen. 
Average length ranged from 33.7 (P. scaturiginum) to 70.1 µm 
(P.  ceratophyllum) and width from 15.6 (P.  ceratophyllum) to 
20.3 µm (P. scaturiginum).

Tristicha. Silica bodies occurred in apical, medial and basal 
regions of leaves, located in adaxial and abaxial epidermal cells 
(Fig.  1B). They presented a lobate (‘H’) shape in epidermal 
cells in the midvein region (Fig. 2U), and rectangular shape in 
the remaining epidermal cells (Fig. 2V). Their surface was cre-
nate and a lumen was absent. Average length ranged from 15.4 
to 19.6 µm and width from 8.5 to 11 µm.

Weddellina. Silica bodies occurred in apical, medial and basal 
regions of the scale-like leaves, located in abaxial epidermal 
cells (Fig. 1C). They presented an oblong shape, had an undulate 
surface (Fig. 2W–X) and a lumen was absent. Average length 
ranged from 33.3 to 48.1 µm and width from 21 to 33.7 µm.

Silica bodies were not found in the leaves of species in the fol-
lowing genera: Autana, Castelnavia, Jenmaniella, Lophogyne, 
Monostylis, Rhyncholacis and Wettsteiniola. Apinagia fimbrifo-
lia and Marathrum aeruginosum also lacked silica bodies.

Genus-level identification

The dichotomous key to neotropical Podostemaceae genera 
(except Macarenia P. Royen) presented below is based on the 
presence/absence of silica bodies, and their location and mor-
phology. Quantitative data were not used.

1a. Silica bodies absent …….…… Autana, Apinagia fimbri-
folia, Castelnavia, Jenmaniella, Lophogyne, Marathrum aer-
uginosum, Monostylis, Rhyncholacis and Wettsteiniola
1b. Silica bodies present  .........................................................  2
2a. Silica bodies restricted to epidermis  ................................  3
2b. Silica bodies restricted to cortical cells  ............................  7
3a. Lumen absent  ...................................................................  4
3b. Lumen present  ..................................................................  5
4a. Surface crenate  ....................................................  Tristicha
4b. Surface undulate  ............................................... Weddellina
5a. Surface perforate  ..............................................................  6
5b. Surface smooth or undulate; lumen elongate .......................
.................................................... Ceratolacis and Podostemum
6a. Lumen circular  ...............................................  Diamantina
6b. Lumen irregular  .......................................................  Cipoia
7a. Rectangular and irregular or only irregular shape ................
....................................................................................  Mourera
7b. Only rectangular shape  .....................................................  8
8a. Silica bodies restricted to subepidermal cells  ..........Oserya
8b. Silica bodies occurring in subepidermal and perivascular 
cells or restricted to the latter  ....................................  Apinagia 
(except A. fimbrifolia), Marathrum (except M. aeruginosum) 
and Noveloa

Ancestral state reconstruction and phylogenetic signal

The matrix of molecular data resulted in 4545 nucleotide 
bases for the 41 taxa. The ML tree obtained (Fig.  3) shows 
that Podostemaceae, its subfamilies and most genera are 
strongly supported as monophyletic. Podostemoideae includes 
two main lineages, clades A and B, that are moderately sup-
ported (~70 % boostrap support). Moreover, their respective 
subclades are moderately to strongly supported. The genera 
Apinagia, Marathrum and Jenmaniella were recovered as 
non-monophyletic.

Characters and their respective states are listed in Table 3, 
while the data matrix is provided in Table  4. Because silica 
body shape was revealed as polymorphic (i.e. two or more char-
acter states for each terminal in some conditions), we did not 
use it in ancestral reconstructions.

Silica bodies were found in subfamilies Tristichoideae, 
Weddellinoideae, and clades A and F, and the genus Mourera in 
Podostemoideae. These structures are absent in Hypericaceae 
(outgroup), in clade D, Autana, Castelnavia and Rhyncholacis 
(Podostemoideae). MP and ML analyses show congruency 
for all ancestral states and unambiguously reconstructions for 
most ancestral states (Fig.  4A); ambiguities were found only 
in the common ancestors of Podostemaceae + Hypericaceae 
(silica bodies reconstructed as absent, 60.4 % likelihood) and 
(Podostemoideae + Weddellinoideae) Tristichoideae (silica 
bodies reconstructed as present, with 76.5 % likelihood). Silica 
bodies were present in the common ancestor of Podostemoideae 
+ Weddellinoideae (96.6 % likelihood). Because these structures 
were present in the common ancestor to all Podostemaceae, 
one loss event probably occurred in the ancestor of clade C; 
this event resulted in the absence of silica bodies in some sub-
clades of this clade. Both analyses indicate that these structures 
appeared again in clade F (99 % likelihood). The absence of 
silica bodies in Podostemoideae is an apomorphy while the 
presence is the plesiomorphic state. Such an interpretation is 
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Fig. 2. Shape and surface morphology of silica bodies in leaves of studied taxa under light and scanning electron microscopy (SEM). (A–B) Rectangular and 
(C–D) short-rectangular with granulate surface in Apinagia. (A) A. fluitans; (B) A. riedelii (upper inset shows surface details under SEM); (C) A. richardiana; (D) 
A. longifolia. (E) Polyhedral with smooth surface and elongate lumen in Ceratolacis pedunculatum. (F–G) Polyhedral and rectangular with perforated surface in 
Cipoia ramosa and C. inserta, respectively; arrowheads (F) indicate perforations (note irregular lumen). (H) Rectangular with perforated surface (arrowheads) and 
circular lumen (*) in Diamantina lombardii. (I–J) Short-rectangular and (K–L) rectangular with granulate surface in Marathrum. (I, K) M. foeniculaceum; (J, L) 
M. plumosum. (M–N) Irregular and (O, P) rectangular with verrucose surface in Mourera. (M, O) M. aspera; (N, P) M. fluviatilis. (Q) Rectangular with granulate 
surface in Noveloa coulteriana. (R) Rectangular with densely granulate surface in Oserya perpusilla. (S) Polyhedral and rectangular with smooth surface and 
elongate lumen in Podostemum ceratophyllum. (T) Polyhedral with undulate surface and elongate lumen in Podostemum scaturiginum. (U) Rectangular and (V) 
lobate with crenate surface in Tristicha trifaria. (W–X) Oblong with undulate surface in Weddellina squamulosa. Scale bars = 20 µm, except in the B, V and X 

insets (10 µm).
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explained by three steps; the test for phylogenetic signal indi-
cated that this number is statistically smaller than expected if 
they had evolved randomly (mean 13.5; median 14; P < 0.01).

Epidermal silica bodies occur in all subfamilies of 
Podostemaceae, whereas cortical silica bodies is a condition 
restricted to Podostemoideae (Mourera and clade F). MP and ML 
analyses show congruency for all ancestral states, which were 
reconstructed unambiguously (Fig. 4B). Both analyses indicate 
the presence of epidermal silica bodies (91.4 % likelihood) 
in the common ancestor of Tristichoideae (Podostemoideae + 
Weddellinoideae). A transition to silica bodies in cortical cells 
occurred in the ancestor to clade B (99.9 % likelihood). Silica 
bodies in cortical cells is an apomorphy, while epidermal silica 
bodies is plesiomorphic in Podostemaceae. Change in the loca-
tion of silica bodies is explained through one step; this num-
ber is statistically smaller than expected if this character had 
evolved randomly (mean 7.3; median 7; P < 0.01).

In relation to the surface of silica bodies, our results indi-
cate that each morphological type was restricted to least inclu-
sive clades (e.g. verrucose surface in the Mourera clade). 
Consequently, MP and ML analyses were ambiguously recon-
structed for the majority of clades (Fig.  5A); the exceptions 
were the most recent ancestors of Mourera and clade F.  In 
Podostemoideae, clade A presented greater diversity of surface 
types than clade B. MP and ML analyses indicate that the most 
probable character states in the common ancestors to Mourera 
and clade F were verrucose (99.2 % likelihood) and granulate 
(98.5 % likelihood), respectively; these character states can be 
interpreted as synapomorphies. The evolution of silica body 
surface requires at least seven steps to be explained; this num-
ber is statistically smaller than expected if this character had 
evolved randomly (mean 12.8; median 13; P  <  0.01). Silica 
bodies with verrucose or granulate surfaces can be interpreted 
as apomorphic states in Podostemaceae.

The absence of a lumen is hypothesized as the character state 
of the ancestor to all Podostemaceae by MP analysis (Fig. 5B). 
Both analyses (MP and ML) indicate that this feature appeared 
in the ancestor of clade A (90.8 % likelihood). One step is neces-
sary to explain the evolution of this character; this number is 

statistically smaller than expected if this character had evolved 
randomly (mean 6; median 6; P  <  0.01). Considering that a 
lumen arose in clade A, MP and ML analyses ambiguously 
reconstructed the character ‘lumen shape’ to its common ances-
tor (Fig. 6; circular shape with 42.8 % likelihood). MP analysis 
indicates the presence of an elongate lumen in the common 
ancestor of Ceratolacis (Cipoia + Podostemum). There are two 
steps required to recover the evolutionary history of this char-
acter; this number is not statistically smaller than expected if 
this character had evolved randomly (mean 2; median 2; P = 1). 
Silica bodies with a lumen can be interpreted as an apomorphy 
in Podostemaceae, although further studies are needed to test 
this hypothesis. In addition, their irregular shape can be con-
sidered an apomorphy in clade A  and their irregular shape a 
synapomorphy to Cipoia ramosa.

DISCUSSION

Our phylogenetic analyses corroborate previous studies (Ruhfel 
et  al., 2011, 2016; Tippery et  al., 2011; Koi et  al., 2012). 
However, Diamantina lombardii was placed in clade A  with 
moderate bootstrap support. This topology diverges from that 
proposed in preceding analyses which have placed this species 
as sister to the remaining Podostemoideae (Ruhfel et al., 2011) 
or as sister to the strictly neotropical clade (represented by our 
clade B), both of which are poorly supported. Further analyses 
including additional molecular markers are required for a more 
consistent phylogenetic framework.

Presence–absence of silica bodies

Silica bodies have been reported for some families of 
Malpighiales, which are not closely related to Podostemaceae, 
such as Euphorbiaceae (Berry and Wiedenhoeft, 2004), 
Erythroxylaceae (Rury, 1981) and Chrysobalanaceae 
(Welle, 1976). Our MP and ML analyses were unable to 
resolve whether these structures were present in the com-
mon ancestor of Podostemaceae + Hypericaceae. Inasmuch 
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Fig. 3. Maximum likelihood phylogram (left) and cladogram (right) based on combined molecular data (ITS, matK, rbcL and trnL) of neotropical Podostemaceae. 
Scale bar represents the substitutions per site. Nodal values above branches indicate ML bootstrap percentages.
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as anatomical analyses in Calophyllaceae (sister group of 
Podostemaceae + Hypericaceae) did not report the presence 
of silica bodies (e.g. Caddah et al., 2012), their appearance 
in Podostemaceae can be interpreted as an evolutionary 

novelty, and their absence in some taxa as an apomorphic 
character state (i.e. a reversion, when Malpighiales is taken 
into account). According to Sangster and Hodson (1986), 
Podostemaceae is the only submerged vascular aquatic plant 
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Fig. 4. Ancestral character state reconstructions of silica body presence/absence (A) and location (B) in neotropical Podostemaceae from maximum parsimony 
(left) and maximum likelihood (right) analyses. Pie charts at nodes represent parsimony and likelihood proportions, respectively.
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family in which silicification is reported. Hydrostachyaceae 
(Cornales), another group of submerged freshwater angio-
sperms with a rheophytic habit, presents clustered crys-
tals of calcium but no silica bodies (Solereder, 1908). The 
presence or absence of these structures is also reported in 

palaeotropical species of Tristichoideae and Podostemoideae 
(Rutishauser and Huber, 1991; Mathew et al., 2001; Ameka 
et  al., 2002, 2003). The transformation series presence–
absence–presence of silica bodies, as observed here, was also 
reported for Commelinales by Prychid et al. (2003b).
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Fig. 5. Ancestral character state reconstructions of silica body morphology (A) and the presence of a lumen (B) in neotropical Podostemaceae from maximum 
parsimony (left) and maximum likelihood (right) analyses. Pie charts at nodes represent parsimony and likelihood proportions, respectively.
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Our results confirm the presence of silica bodies in five species 
that have already been reported in the literature: Apinagia rich-
ardiana (Schnell, 1967), Diamantina lombardii (Rutishauser 
et al., 2005; da Costa et al., 2011), Mourera aspera (Warming, 
1888), Tristicha trifaria (Cario, 1881; Costa et al., 2011) and 
Weddellina squamulosa (Wächter, 1897; da Costa et al., 2011). 
We added new data for 19 species, in addition to the 16 spe-
cies analysed that do not possess silica bodies. Lopes (2012) 
mentioned the presence of these structures in five Podostemum 
species (P. distichum, P. irgangii, P. muelleri and P. rutifolium); 
herein we extend the report to another three species, which 
means all species examined thus far in this genus have them, 
giving robustness to the morphological significance of this 
character state (discussed below in Morphology of silica bod-
ies section). Although Warming (1888) detected silica bodies 
in outgrowths on the adaxial leaf surface of Mourera aspera, 
subsequent analyses by Steude (1935) and Lopes (2012) did 
not mention these structures. Herein, we report their presence 
in this species as well as in another three species of Mourera. 
Jäger-Zürn (2011) mentioned that vegetative organs of the gen-
era Apinagia, Marathrum and Mourera are devoid of silica bod-
ies. However, we noted the presence of these structures in all 
analysed species of these genera, except Apinagia fimbrifolia 
and Marathrum aeruginosum. The presence/absence of these 
structures in Apinagia and Marathrum reported here needs to 
be taken in context. Both genera have been reported to be poly-
phyletic by Tippery et al. (2011). It is noteworthy that our anal-
yses corroborate Tippery et al. (2011) and place the analysed 
species of these genera embedded in two different strongly 
supported clades: clade D, grouping A. fimbrifolia, M. aerugi-
nosum and species of different genera that are devoid of silica 
bodies; and clade G, grouping Apinagia sensu stricto (s.s.) and 

Marathrum s.s. that possess silica bodies. An analogous condi-
tion was found in the palaeotropical genus Polypleurum (Tul.) 
Warm. (Jäger-Zürn, 2011); only P. wallichii (R. Br. ex Griff.) 
Warm. (as P. minus (Wedd)), out of four species analysed, pre-
sented silica bodies.

The presence/absence of silica bodies is a stable attribute at 
several hierarchical levels (clades, genera and species) in which 
monophyly is supported by morphological (e.g. Castelnavia; 
Philbrick et al., 2009) and molecular (Tippery et al., 2011) data. 
The absence of silica bodies in leaves is a homoplasious apo-
morphy to clade D. This clade was first identified by Tippery 
et al. (2011) in their phylogenetic analyses of neotropical taxa 
(their clade J). The lack of silica bodies is the first non-molec-
ular synapomorphy proposed for this clade. The absence of 
silica bodies in Wettsteiniola sp., the only unsampled genus in 
the phylogenetic framework presented here, in addition to the 
prostate stems and flowers arising in fascicles from fused leaf 
bases, could indicate affinities between it and Rhyncholacis. 
The above-mentioned observations indicate that silica body 
presence/absence is a conservative character at the genus level 
in neotropical taxa.

Metcalfe and Chalk (1950) hypothesized that the main role 
of silica bodies in Podostemaceae was mechanical strength, due 
their accumulation in peripheral tissue, forming a ‘carapace’. 
Although we are not able to fully corroborate such a propos-
ition, we have observed that leaves which possess silica bod-
ies in the epidermis (e.g. Cipoia) are stiffer and darker than 
those which possess silica bodies in subepidermal or perivas-
cular cells (e.g. Apinagia and Mourera). Interestingly, species 
in which silica bodies are present or absent can occur sympatri-
cally, sometimes on the same rock (e.g. Monostylis capillacea 
and Tristicha trifaria; Bove & Philbrick collections 1852 and 
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Fig. 6. Ancestral character state reconstruction of silica body lumen morphology in neotropical Podostemaceae from maximum parsimony (left) and maximum 
likelihood (right) analyses. Pie charts above and below branches represent parsimony and likelihood proportions, respectively.
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1853, respectively). This evidence indicates that the presence of 
these structures is not related to environmental factors as sug-
gested by Jäger-Zürn (2011), thus enhancing their taxonomic 
and phylogenetic utility.

Location of silica bodies

Silica bodies were found in epidermal, subepidermal and 
perivascular cells. Solereder (1908) and Cook and Rutishauser 
(2007) pointed out that they are only detected in the peripheral 
tissues (i.e. epidermal and subepidermal layers) of roots, stems 
and leaves, forming a carapace. According to Solereder (1908), 
these structures are found in a continuous arrangement in the 
epidermis and discontinuous in subepidermis and perivascu-
lar cells; we observed this pattern in all analysed species. The 
first report of the occurrence of silica bodies in cortical cells in 
Podostemaceae was done by Schnell (1967) for Apinagia flexu-
osa (Tul.) P. Royen (a species not included in this study) and 
A. richardiana. We report this same condition in another 14 spe-
cies, making this the first report of this condition in Marathrum, 
Mourera, Noveloa and Oserya.

Our results corroborate the location of silica bodies reported 
in the literature for the following species: Apinagia richardiana 
(Schnell, 1967), Diamantina lombardii (Rutishauser et al., 2005; 
da  Costa et  al., 2011), Podostemum ceratophyllum (Warming, 
1881), P.  scaturiginum (Warming, 1899), Tristicha trifaria 
(Cario, 1881; da Costa et al., 2011) and Weddellina squamulosa 
(Wächter, 1897; Koi and Kato, 2007; da Costa et al., 2011). Mello 
et al. (2011), in their taxonomic work, treated the outgrowths on 
the adaxial leaf surface of Mourera aspera as papillae and men-
tioned that these structures are composed of a set of siliceous 
cells. In our studies, we found silica bodies in the outgrowths 
and in subepidermal cells of Mourera aspera and M. fluviatilis. 
Lopes (2012) mentioned the presence of epidermal silica bod-
ies in five species of Podostemum; herein we report this same 
condition in another three species. The information summarized 
here indicates that the location of these structures is a conserva-
tive character at the genus level. Nonetheless, we recognize the 
need for further analysis, mainly in species-rich genera such as 
Apinagia and Marathrum, in order to corroborate this hypothesis.

It is of interest that epidermal silica bodies in Podostemoideae 
are restricted to clade A.  Given that the neotropical spe-
cies embedded in this group are related to Old World taxa of 
Podostemoideae (Koi et al., 2012; Ruhfel et al., 2016), addi-
tional analyses of palaeotropical species are needed to verify 
possible variation in the location of silica bodies in palaeotropi-
cal species in this clade.

Morphology of silica bodies

Schnell (1967) and Dickison (2000) pointed out that silica 
bodies commonly assume the shape of the cells in which they 
occur, as these structures occupy the whole intracellular space 
(Solereder, 1908). Our results show congruency with this infor-
mation, as elongate shape was detected in silica bodies that 
occur in perivascular cells, which are longer than epidermal or 
subepidermal cells (e.g. Apinagia longifolia). We presume that 
the great variety of silica body shapes observed in epidermal 
cells (lobate, oblong and rectangular) is a result of the presence 
of cells with different architectures in this tissue.

Comparing our results with those described by da Costa et al. 
(2011), who analysed silica bodies from vegetative shoots, we 

Table 4. Data matrix scored for species in this study; numbers 
refer to characters and their states expressed in Table 3 (dashes 

represent inapplicable data)

Taxon Character

1 2 3 4 5

Podostemaceae
Apinagia fimbrifolia 0 – – – –
Apinagia fluitans 1 1 2 0 –
Apinagia longifolia 1 1 2 0 –
Apinagia richardiana 1 1 2 0 –
Apinagia riedelii 1 1 2 0 –
Apinagia staheliana 1 1 2 0 –
Autana andersonii 0 – – – –
Castelnavia fluitans 0 – – – –
Castelnavia monandra 0 – – – –
Castelnavia multipartita 0 – – – –
Castelnavia noveloi 0 – – – –
Castelnavia pendulosa 0 – – – –
Castelnavia princeps 0 – – – –
Ceratolacis pedunculatum 1 0 0 1 2
Cipoia inserta 1 0 1 1 0
Cipoia ramosa 1 0 1 1 0
Diamantina lombardii 1 0 1 1 1
Jenmaniella ceratophylla 0 – – – –
Jenmaniella fimbriata 0 – – – –
Lophogyne lacunosa 0 – – – –
Marathrum aeroginosum 0 – – – –
Marathrum foeniculaceum 1 1 2 0 –
Marathrum plumosum 1 1 2 0 –
Marathrum tenue 1 1 2 0 –
Marathrum utile 1 1 2 0 –
Monostylis capillacea 0 – – – –
Mourera aspera 1 1 3 0 –
Mourera elegans 1 1 3 0 –
Mourera fluviatilis 1 1 3 0 –
Mourera weddelliana 1 1 3 0 –
Noveloa coulteriana 1 1 2 0 –
Oserya perpusilla 1 1 2 0 –
Podostemum ceratophyllum 1 0 0 1 2
Podostemum scaturiginum 1 0 4 1 2
Podostemum weddellianum 1 0 4 1 2
Rhyncholacis applanata 0 – – – –
Rhyncholacis penicillata 0 – – – –
Tristicha trifaria 1 0 5 0 –
Weddellina squamulosa 1 0 4 0 –
Wettsteiniola sp. 0 – – – –
Hypericaceae
Cratoxylum arborescens 0 – – – –
Hypericum perforatum 0 – – – –
Vismia guianensis 0 – – – –

Table 3. List of characters of silica bodies on the leaves of neo-
tropical Podostemaceae and their respective states

Character States

1. Silica bodies 0 = absent, 1 = present
2. Silica bodies, location 0 = epidermis, 1 = cortex
3. Silica bodies, surface morphology 0 = smooth, 1 = perforate, 

2 = granulate, 3 = verrucose, 
4 = undulate, 5 = crenate

4. Silica bodies, lumen 0 = absent, 1 = present
5. Silica bodies, lumen, shape 0 = irregular, 1 = circular, 2 = elongate

detected some differences in terms of shape: rectangular and 
oblong (vs. rectangular and polyhedral, here described) for 
Diamantina lombardii; rectangular (vs. rectangular and lobate, 
here described) for Tristicha trifaria; and triangular, elipsoid, 
ovate or oblong (vs. oblong, here described) for Weddellina 
squamulosa. These differences with da Costa et al. (2011) are 
a consequence of reinterpretation in D. lombardii and W. squa-
mulosa, and the inclusion of silica bodies from the stems in 
T.  trifaria, which probably have different shaped cells from 
those of leaves. The shape of the silica bodies in the leaves of 
Podostemum scaturiginum illustrated by Warming (1899) is 
in agreement with our description. Ameka et al. (2002), who 
analysed only two species (one voucher each) of Saxicolella 
Engl., asserted that there was little chance that silica bodies are 
taxonomically valuable characters due their homogeneous mor-
phology in most Podostemaceae. However, our results refute 
this assertion, because we detected five distinct shapes and six 
types of surface morphology, in addition to the presence and 
shape of lumens (see below) in some taxa.

Solereder (1908) mentioned that silica bodies in 
Podostemaceae can possess smooth, crenate, undulate or per-
forate surfaces. We also found granulate (Apinagia, Marathrum 
and Oserya) and verrucose (Mourera) surfaces. Lopes (2012) 
mentioned the presence of ‘punctate’ ornamentation in 
Podostemum distichum and P.  irgangii, which are similar to 
those reported here for P. scaturiginum and P. weddellianum. 
Some of the surface types depicted here were also found in the 
stems of palaeotropical taxa: for example, the undulate sur-
face in Polypleurum wallichii (as P. minus (Wedd.) Nagendran, 
Arekal & Subramanyam) reported by Jäger-Zürn (2011) and 
perforated surface in two species of Saxicolella (Ameka et al., 
2002). It is noteworthy that in Podostemoideae, undulate and 
perforate surfaces are restricted to clade A. Considering taxa of 
this clade (with the exception of Diamantina lombardii) have 
been placed in the ‘primarily Old World clade’ (Ruhfel et al., 
2011: 316), further analyses including palaeotropical taxa are 
needed to describe the diversity of silica body surfaces in this 
clade. A crenate surface, similar to that of Tristicha trifaria, has 
been reported in several palaeoecological analyses of sediments 
and attributed to a Podostemaceae-type (Kennett et al., 2010; 
Erra, 2010; Garnier et al., 2013; Yost et al., 2018). Warming 
(1899) postulated that the surface diversity is a result of the 
influence of cellular organelles (e.g. nucleus, chloroplast and 
starch grains) on the silica body. Although we are not aware of 
any study which could point in this direction, we hypothesized 
that some of these organelles may be present during the silica 
body ontogenetic series. Based on this hypothesis, the great 
surface diversity presented by epidermal silica bodies (crenate, 
undulate, perforate and smooth) could indicate the presence 
of distinct ontogenetic series in epidermal silica bodies. It is 
important to note that clade A presented the greatest diversity 
in surface of silica bodies. The ambiguity retrieved in ancestral 
state reconstruction of silica body morphology can be attributed 
mainly to the sub-sampling of the aforementioned clade, once 
palaeotropical taxa were not included our analysis.

Ameka et al. (2002) were the first to observe a lumen in silica 
bodies of Podostemaceae (depicted in their fig. 25) In our pre-
vious analyses of Diamantina lombardii (da Costa et al., 2011), 
we incorrectly interpreted the lumen as a perforation; here it is 
reinterpreted as a lumen because it is a structure that is centrally 
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detected some differences in terms of shape: rectangular and 
oblong (vs. rectangular and polyhedral, here described) for 
Diamantina lombardii; rectangular (vs. rectangular and lobate, 
here described) for Tristicha trifaria; and triangular, elipsoid, 
ovate or oblong (vs. oblong, here described) for Weddellina 
squamulosa. These differences with da Costa et al. (2011) are 
a consequence of reinterpretation in D. lombardii and W. squa-
mulosa, and the inclusion of silica bodies from the stems in 
T.  trifaria, which probably have different shaped cells from 
those of leaves. The shape of the silica bodies in the leaves of 
Podostemum scaturiginum illustrated by Warming (1899) is 
in agreement with our description. Ameka et al. (2002), who 
analysed only two species (one voucher each) of Saxicolella 
Engl., asserted that there was little chance that silica bodies are 
taxonomically valuable characters due their homogeneous mor-
phology in most Podostemaceae. However, our results refute 
this assertion, because we detected five distinct shapes and six 
types of surface morphology, in addition to the presence and 
shape of lumens (see below) in some taxa.

Solereder (1908) mentioned that silica bodies in 
Podostemaceae can possess smooth, crenate, undulate or per-
forate surfaces. We also found granulate (Apinagia, Marathrum 
and Oserya) and verrucose (Mourera) surfaces. Lopes (2012) 
mentioned the presence of ‘punctate’ ornamentation in 
Podostemum distichum and P.  irgangii, which are similar to 
those reported here for P. scaturiginum and P. weddellianum. 
Some of the surface types depicted here were also found in the 
stems of palaeotropical taxa: for example, the undulate sur-
face in Polypleurum wallichii (as P. minus (Wedd.) Nagendran, 
Arekal & Subramanyam) reported by Jäger-Zürn (2011) and 
perforated surface in two species of Saxicolella (Ameka et al., 
2002). It is noteworthy that in Podostemoideae, undulate and 
perforate surfaces are restricted to clade A. Considering taxa of 
this clade (with the exception of Diamantina lombardii) have 
been placed in the ‘primarily Old World clade’ (Ruhfel et al., 
2011: 316), further analyses including palaeotropical taxa are 
needed to describe the diversity of silica body surfaces in this 
clade. A crenate surface, similar to that of Tristicha trifaria, has 
been reported in several palaeoecological analyses of sediments 
and attributed to a Podostemaceae-type (Kennett et al., 2010; 
Erra, 2010; Garnier et al., 2013; Yost et al., 2018). Warming 
(1899) postulated that the surface diversity is a result of the 
influence of cellular organelles (e.g. nucleus, chloroplast and 
starch grains) on the silica body. Although we are not aware of 
any study which could point in this direction, we hypothesized 
that some of these organelles may be present during the silica 
body ontogenetic series. Based on this hypothesis, the great 
surface diversity presented by epidermal silica bodies (crenate, 
undulate, perforate and smooth) could indicate the presence 
of distinct ontogenetic series in epidermal silica bodies. It is 
important to note that clade A presented the greatest diversity 
in surface of silica bodies. The ambiguity retrieved in ancestral 
state reconstruction of silica body morphology can be attributed 
mainly to the sub-sampling of the aforementioned clade, once 
palaeotropical taxa were not included our analysis.

Ameka et al. (2002) were the first to observe a lumen in silica 
bodies of Podostemaceae (depicted in their fig. 25) In our pre-
vious analyses of Diamantina lombardii (da Costa et al., 2011), 
we incorrectly interpreted the lumen as a perforation; here it is 
reinterpreted as a lumen because it is a structure that is centrally 

located and much larger than perforations. Considering that the 
presence of a lumen was restricted to clade A in which neotrop-
ical taxa are closely related to Old World taxa (Ruhfel et al., 
2011, 2016), further analyses in these latter species are needed 
to corroborate the presence of the lumen as a synapomorphy to 
this clade. In Podostemoideae, dorsiventral silica bodies were 
restricted to clade A.  It is noteworthy that this trait has been 
reported from the stems of Saxicolella amicorum and S. sub-
mersa (Ameka et al., 2002) and on leaves of Diamantina lom-
bardii (da Costa et al., 2011).

Based on the results, there were no clear interspecific differ-
ences in terms of size of silica bodies. Our results contrast with 
those of Krishnan et al. (2000) for 80 species of Poaceae, in which 
the authors provided an identification key based on shape and size 
(length and width). The factors that influence the size of silica 
bodies in neotropical Podostemaceae remain to be determined.

CONCLUSION

Our investigation shows the diversity of silica body attributes in 
neotropical Podostemaceae and their taxonomic and phyloge-
netic significance. The absence of silica bodies in most families 
of the clusioid clade could indicate that the appearance of these 
structures in Podostemaceae is a novelty that first arose in the 
ancestor of this family (synapomophy). The quantitative attrib-
utes evaluated were highly variable in intraspecific comparisons 
and of little taxonomic or phylogenetic utility. In contrast, quali-
tative characters (presence, location, surface type and lumen 
characteristics) are conservative at the specific and, in the same 
instances, the generic rank. Among the detected attributes, their 
location, the presence of a lumen and surface type are relevant 
as taxonomic and phylogenetic characters for the delimitation 
of clades, genera and/or species. Additionally, the positive cor-
relation between phylogenetic support and character state transi-
tions reinforce the phylogenetic relevance of silica bodies.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Appendix S1: 
Voucher specimens used in anatomical analysis. Appendix S2: 
GenBank accession numbers for sequences used in this study. 
Table S1: Range, arithmetic mean and coefficient of variation 
of analysed specimens.
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