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1. Introduction 

 

1.1 Calcium oxalate crystals 

 

Background 

Mineral formation is common and widespread in biological systems, especially in the plant 

kingdom (Franceschi and Nakata, 2005). For most organisms, calcium is the cation of choice 

in biomineralization processes. As a consequence, calcium-bearing minerals comprise about 

50% of the known biominerals (Weiner and Dove, 2003). The most abundant minerals formed 

by plants are crystals of calcium carbonate or calcium oxalate (Bouropoulos et al., 2001). The 

term phytoliths or “plant stones” has traditionally been used to define miscellaneous mineral 

structures of plant origin but it is usually more restricted to silica particles only (Arnott and 

Pautard, 1970; Prychid et al., 2004). These silicophytoliths may be deposited as solid hydrated 

silicone dioxide in the cell lumen, in the intracellular spaces, as well as in cell walls (Mazumdar, 

2010). Cystoliths or calcium carbonate crystals occur in only a few plant families, such as 

Acanthaceae, Moraceae, and Urticaceae. They are usually located in papillate or hair-like sacs 

and occur mostly in the epidermis of the leaves (Mauseth, 1988). Calcium sulphate crystals 

also occur in plants but their formation is rather rare. Only a few reports mention calcium 

sulphate crystal formation in pith (Arnott and Pautard, 1970), in ray cells of secondary xylem 

(Miller, 1978), or in conifer needles (Pritchard et al., 2000). 

Calcium oxalate (CaOx) crystals were among the first objects reported by van Leeuwenhoek 

in 1675 and have been reported in over 200 plant families ever since (Nakata, 2012). 

Furthermore, in some plant tissues, such as petioles, bark, and fruits, they have been reported 

to comprise 80 to 90% of a plant’s dry mass (Franceschi and Horner, 1980; Horner et al., 

2012). These findings suggest that they constitute a widely occurring and potentially important 

biomineralization process in plants. Most plants indeed produce oxalic acid, which is a by-

product of the plant metabolism. Its conjugate base, oxalate, may be present as soluble sodium 

or potassium salts or as insoluble crystalline calcium oxalate (Ullmann et al., 2005). CaOx 

crystal formation in animals is generally considered to be pathological and extracellular. 

Urinary calculi (stones), which are often partly or entirely composed of CaOx, are a good 

example of this (Franceschi and Horner, 1980). In contrast, calcium oxalate formation in plants 

is generally intracellular and driven by genetic as well as environmental factors (Franceschi 

and Horner, 1980; Franceschi and Nakata, 2005). Crystal formation can occur within the 

vacuoles of the cells or associated with the cell wall (Franceschi and Nakata, 2005). Vacuolar 

crystals of higher plants develop within intravacuolar membrane chambers of specialized cells, 

called crystal idioblasts, as a result of crystal precipitation. These studies have revealed that 

these cells exhibit characteristic features, such as an enlarged nucleus, specialized plastids, 

and unique vacuolar components (Arnott and Pautard, 1970; Franceschi and Horner, 1980; 

Kostman and Franceschi, 2000; Franceschi and Nakata, 2005). 
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CaOx crystals may occur in a single tissue or in multiple tissues of the same species, in 

photosynthetic as well as in non-photosynthetic tissues. CaOx crystals were also reported in 

reproductive (e.g. floral organs), storage (e.g. seeds), and developing organs (e.g. shoot apical 

meristems) (Ilarslan et al., 2001; Franceschi and Nakata, 2005). Also, crystals can accumulate 

in a wide variety of cell types, such as storage parenchyma, bundle sheath cells, epidermal 

cells, or chlorenchyma. The deposition of CaOx into cell walls is common, especially in the 

cuticular layer of gymnosperms (Evert et al., 1970; Oladele, 1981; Fink, 1991).  

CaOx crystals appear in a wide range of forms and their development and morphology is 

genetically controlled (Franceschi and Horner, 1980; Webb, 1999). Although shape, size, and 

number of crystals vary among taxa, they have been classified into five types based on their 

morphology: (1) raphides, acicular crystals that form in bundles (Figure 1.1A-B); (2) styloids, 

acicular (slender, needle-like) crystals that form singly (Figure 1.1C); (3) druses, which are 

spherical aggregates of crystals (Figure 1.1D); (4) crystal sand, small tetrahedral crystals that 

form in clusters (Figure 1.1E); and (5) block-like rhombohedral crystals or prisms consisting of 

simple regular prismatic shapes (Figure 1.1F). Crystals can also aggregate to form crystal 

complexes, mostly from crystals of the same type (Figure 1.1G). It has been observed that 

crystals found in cell walls are of the rhombohedral type, whereas the crystals found within 

cells can be any of these aforementioned morphologies (Franceschi and Nakata, 2005). 

Crystal size is also greatly variable and is determined by the amount of available calcium 

(Borchert, 1985; Volk et al., 2002), the cell type in which the crystal is formed, and other 

environmental factors such as soil moisture content and degree of shading (Tanaka et al., 

2003). However, the underlying factors controlling which type of crystal is formed in plants are 

still unknown (Horner et al., 2012). CaOx crystals have also been classified by their chemical 

properties such as their hydration state. Three crystal types were described in this regard: a 

dihydrated (mineralogical name: Weddellite), a monohydrated (mineralogical name: 

Whewellite), and a trihydrate type (Franceschi and Horner,1980). Monohydrate crystals are 

more stable and the most common in plants, whereas the trihydrate type is rather exceptional. 

Hydration state has been determined for many different CaOx crystals and although there is a 

strong correlation between hydration and crystal morphology, it is also clear that similar crystal 

shapes, including druses from different species, can be either mono- or dihydrate 

(Terletzki,1884; Franceschi and Horner,1980; Monje and Baran, 2002). 
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Figure 1.1. Scanning electron micrographs of fresh, isolated calcium oxalate single crystals and crystal 

aggregations from different plants. A. Single raphide crystal from Psychotria sp. (Rubiaceae). B. Leaf raphide 

bundle of Psychotria sp. (Rubiaceae). C. Styloid crystal from parenchyma of Peperomia sp. (Piperaceae). D. Druse 

crystal from leaf of Opuntia sp. (Cactaceae). E. Crystal sand from petiole of Nicotiana sp. (Solanaceae). F. Prismatic 

crystal from leaf of Begonia sp. (Begoniaceae). G. Aggregate crystal complex from leaf parenchyma of Peperomia 

sp. (Piperaceae) (after Franceschi and Horner, 1980). 

 

Function 

Accumulation of CaOx crystals in plant tissues can be substantial, which suggests that they 

may play essential functional roles. The crystals are hypothesized to provide protection against 

herbivory, tolerance to heavy metals, and to regulate calcium concentrations (Nakata, 2012). 

For instance, sharp needle-like crystals in leaves were demonstrated to protect plants against 

grazing cattle and prismatic crystals are thought to act against chewing insects (Korth et al., 

2006). The needles can have grooves, which may be responsible for channelling toxins into 
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wounds (Nakata, 2012). Druse crystals on the other hand may function as main irritant, 

facilitating passage of toxins through organs of many plants (Konyar et al., 2014). In addition, 

it has been demonstrated that CaOx crystals can act as a biochemical reservoir that collects 

non-atmospheric carbon at night and provides subsidiary carbon for photosynthetic 

assimilation by crystal degradation during the day. This “alarm photosynthesis” mechanism is 

advantageous, especially in dry conditions (Tooulakou et al., 2016). Finally, in Peperomia 

(Piperaceae), the production of crystal sand has been suggested to provide protection against 

photoinhibition and to aid in moderating leaf temperature, allowing for growth in extreme 

environments (Horner et al., 2017). The presence of these crystals may have created stable 

internal physiological conditions and as such, gaining the advantage over other plants of 

moving towards new niches in a potentially stressful environment (Horner et al., 2017).  

Some other studies have found that the density of crystals in plant leaves increases due to 

particular environmental conditions such as light, drought, and high concentrations of calcium 

in the soil (Tanaka et al., 2003; Faheed et al., 2012). It seems that the environment has a major 

influence on the production and storage of CaOx crystals. To date, it is still unclear what the 

precise functions of CaOx crystals are in plants. The fact that plants are very plastic in 

response to their environment, and moreover, that they have evolved different metabolic 

pathways in order to produce and sequestrate oxalate to regulate the storage, distribution, and 

use of the soluble oxalates and crystalline calcium oxalate (Horner et al., 2000; Nakata, 2003; 

Franceschi and Nakata, 2005), makes unravelling this aspect even more challenging. 

 

Analysis and detection of calcium oxalate crystals 

Determining the presence of CaOx directly or indirectly can be done with a wide variety of tests 

(for a detailed overview see: Franceschi and Horner, 1980). The techniques and procedures 

for the analysis of CaOx crystals for both plant and animal material, which were developed in 

the late 1700’s, have been reviewed extensively by Hodgkinson (1977). The identification of 

crystals is preferably done by polarizing optics or through scanning electron microscopy. Some 

histochemical identification methods have also been widely used, such as the incineration 

technique (Johnson and Pani, 1962; Wolman and Goldring, 1962), which converts calcium 

oxalate to calcium carbonate by using acetic acid and hydrochloric acid or peroxides, also used 

for the characterization of silica idioblasts (Pizzolato, 1964). Other histochemical tests include 

saturation with rubeanic acid and steps in aqueous silver nitrate together with ammonium, such 

as the method of Yasue (1969). X-ray diffraction and infrared spectra are being used in order 

to confirm the presence of CaOx. A prerequisite for these latter methods is the isolation of the 

crystals from the biological material (Franceschi and Horner, 1980). They are also used in 

crystal structure analysis, but these results have been in conflict with the analyses of the optical 

and chemical properties of CaOx. This is mainly due to crystal variability (Franceschi and 

Horner, 1980). The most widely used technique for the analysis of CaOx crystals in plant 

tissues is polarization microscopy. The use of crossed polarizers is generally accepted, easy 

in use and proved highly conducive for a large number of samples (Faheed et al., 2012; Konyar 

et al., 2014; Horner et al., 2015; Horner et al., 2017).  
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Taxonomic distribution of calcium oxalate crystals in plants 

CaOx crystals are widely distributed across the plant kingdom. They have been detected in 

non-vascular plants, such as green algae and bryophytes, and also in vascular plants, 

including angiosperms and gymnosperms. Arnott and Pautard (1970) and Franceschi and 

Horner (1980) found that in higher plants, the distribution of these crystals as well as their 

morphology follows species-specific patterns. 

It is clear that current knowledge of presence and distribution of calcium oxalate crystals is 

mainly derived from studies focussing on seed plants (Horner et al., 2015). About 74% of the 

angiosperm families display calcium oxalate crystals and it is in this group that the highest 

variation of CaOx crystal types has been observed. Some plant species only display one 

crystal type in a specific cell type or tissue, whereas other species can contain different crystal 

types. Some species of the genus Helianthus (Asteraceae) for instance produce styloid and 

prismatic crystals (Meric and Dane, 2004). These styloid crystals are also characteristic for 

some families of Asparagales, while raphides are not present (Demiray, 2007). Other 

examples are the prisms and druses detected in leaves of the genus Begonia (Begoniaceae) 

(Horner and Zindler-Frank, 1982) and the unique situation where both crystal sand and druses 

occur within one crystal idioblast in some species of Rubiaceae (Lersten and Horner, 2011). 

Druses are the most common type in dicots, whereas raphides are more frequently observed 

in monocots (Prychid and Rudall, 1999). The latter group was shown to contain three types of 

CaOx crystals: raphides, styloids, and druses. Multiple studies have concluded that the shape 

and location of crystals within a taxon are consistent and may constitute synapomorphic 

characters (Prychid and Rudall, 1999; Leliaert and Coppejans, 2004). For instance, a review 

of the classification of the monocots demonstrated that the family Xanthorrhoeaceae sensu 

stricto (Asphodelaceae) could be segregated into three distinct families based on their 

distribution of CaOx crystals (Prychid and Rudall, 1999). Lersten and Horner (2008) described 

a significant trend with intermediate crystal types in Nothofagaceae and Fagaceae, with the 

former containing mainly prisms and the latter prominent cores of druses, demonstrating the 

taxonomic value of these crystals. Zindler-Frank (1987) and Cervantes-Martinez et al. (2005) 

recognized crystal macro-patterns in leaves of some members of Fabaceae.  

In gymnosperms, the deposition of CaOx crystals into epidermal cell walls is common and they 

also contain large amounts of crystals in their protoplasts (Fink, 1991; Franceschi and Nakata, 

2005). It has been shown that all mature cell types of the secondary phloem of numerous 

members of the family Taxodiaceae are characterized by the presence of CaOx crystals (Evert 

et al., 1970). Moreover, the secondary cell walls of gymnosperms contain considerable 

amounts of calcium oxalate crystals (Fink, 1991). Different crystal types have been identified 

in gymnosperms, which raises the question if CaOx crystals contain phylogenetic information 

for this plant lineage. For instance, in gymnosperms druses appear to be restricted to Ginkgo 

biloba, whereas this crystal type is abundant in angiosperms (Khan, 1995). Interestingly, Ca-

influx into the symplast is increased in conifer species under abnormal conditions such as high 

ozone levels and acid rain, therefore boosting the production of CaOx crystals in needles. 

Furthermore, crystals can adopt another shape while being embedded in a matrix of cellulose 

and callose or even change location, for example from cell wall to cell lumen (Fink, 1991).  
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CaOx crystals have not only been detected in higher plants but also appear to be abundant in 

non-vascular plants including green algae and bryophytes. For instance, needle-like crystals 

have been reported in the vacuoles of the siphonous green algae Penicillus (Friedmann et al., 

1972) and Chlorodesmis (Ducker, 1967). Such crystals inclusions were also found in red algae, 

e.g. in Antithamnion kylinii (Pueschel, 1995) and Spyridia filamentosa (Pueschel and West, 

2007). The diversity of crystal types in algae has been shown to be of systematic importance. 

Diagnostic morphological characters are scarce and generally not suitable for assessing 

evolutionary relationships within Cladophoraceae (Leliaert et al., 2003). However, distantly 

related algal species can be distinguished from one another by the presence or absence of 

crystalline cell inclusions of CaOx (Coppejans and Leliaert, 2004).  

Little is known about calcium oxalate crystals in bryophytes and any report on topics such as 

taxonomic utility, distribution or crystal morphology is lacking. Some papers, however, mention 

their presence in lichens and liverworts. For instance, their occurrence in cells in the proximity 

of the upper epidermis has been reported for the liverwort Monoclea (Rashid, 1998). In 

Antarctic lichens, it has been observed that the mycobiont produces calcium oxalate within its 

hyphae and that crystals accumulate in their thalli as a result of rock weathering (Jones et al., 

1981).  

Finally, also in fungi, which have traditionally been included in the plants sensu Linnaeus, 

calcium oxalate occurs in various mineral forms. In 1887, de Bary wrote, “Calcium oxalate is a 

substance so generally found in the Fungi that it is quite unnecessary to enumerate instances 

of its occurrence.” (Simkiss and Wilbur, 1989). These crystals are species specific for some 

fungi and can be decisive in delineating two species morphologically (Larrson, 1994). 

As was the case for bryophytes, the distribution of CaOx crystals in ferns and lycophytes, the 

first vascular plants, was never thoroughly investigated. The occurrence of CaOx among such 

a diverse group of organisms shows that it is a common and important biomineralization 

process in plants, including some early diverged lineages. In addition, the huge variation in 

taxonomic distribution as well as the wide occurrence among tissues, organs, various cell 

types, and subcellular location among species indicates multiple independent origins of CaOx 

formation and its functions, and raises some relevant questions about the evolution of the 

mechanistic aspects of this process. It is clear that much literature is available for multiple 

aspects of CaOx crystals in algae, gymnosperms, and especially angiosperms, but that on the 

other hand ferns and lycophytes are poorly documented. As a consequence, this obscures the 

true picture of the distribution of CaOx crystals throughout the plant kingdom. This picture is 

therefore crucial to infer hypotheses about the evolution and potential ecological function(s) of 

CaOx crystals in vascular plants. 
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1.2 Ferns and lycophytes 

 

Ferns and lycophytes are spore producing vascular plants characterized by both a free-living 

gametophyte and sporophyte stage. It was during the Carboniferous Period (360-300 million 

years ago) that lycophytes dominated the landscape, representing about 50% of the world’s 

flora. Today, however, lycophytes only represent about 0.5% of the flora. Both morphological 

and phylogenetic data confirm that lycophytes are the sister group of all vascular plants 

(Ambrose & Purugganan, 2013). Their overall morphology can appear primitive, yet they 

possess some unique structures, such as microphylls, ligules, and rhizophores. The extant 

lycophytes comprise approximately 1300 species, classified in three families (Ambrose & 

Purugganan, 2013). Ferns are the second-most diverse lineage of vascular plants on Earth 

(they account for more than 10,500 species) and they are sister to the seed plants (Testo and 

Sundue, 2016). Ferns are characterized by a combination of features including a life cycle in 

which both generations are free-living and differ substantially in their body plans, an 

asymmetric embryo with a large foot area and the apical growth, which is most visible in the 

circinate development of the unfolding leaf (except Equisetum) (Schneider et al. 2002, 2009). 

The gametophyte of ferns, also called prothallium, tends to be dimidiate and of a simple body 

plan, whereas the sporophyte develops a complex body plan that includes the differentiation 

into shoot, root, and leaves (Ambrose & Purugganan, 2013).  

Because of their common features, members of the fern and lycophyte clade have historically 

been lumped together under different groups, called “pteridophytes” or “ferns and fern allies”, 

which unite paraphyletic assemblages of plants. However, these classifications were often 

conflicting, in large part due to a paucity of information concerning pteridophyte relationships 

and a lack of consensus regarding patterns of morphological evolution. The term 

“monilophytes” was introduced for the first time by Pryer et al. (2004), defining the ferns as a 

monophyletic group. In this study, we followed the most recent phylogenetic tree of ferns and 

lycophytes (PPG, 2016) with monophyly as the most important criterion for the recognition of 

taxa. The monilophytes are comprised of four subclasses: Equisetidae (horsetails), 

Ophioglossidae, Marattiidae, and Polypodiidae (leptosporangiates). Extant Equisetidae 

include a single order, a single small family, and a single genus (Equisetum). Subclass 

Ophioglossidae encompasses two orders, each with a single family, and a total of 12 genera. 

Marattiidae includes only one order, one family, and six genera. Subclass Polypodiidae 

comprises the vast majority of extant fern diversity. Here, seven orders are recognized 

(Osmundales, Hymenophyllales, Gleicheniales, Schizaeales, Salviniales, Cyatheales, and 

Polypodiales), with the Polypodiales subsequently divided into six suborders 

(Saccolomatineae, Lindsaeineae, Pteridineae, Dennstaedtiineae, Aspleniineae, and 

Polypodiineae). Finally, within Lycopodiopsida (lycophytes), three orders are recognized 

(Lycopodiales, Isoetales, and Selaginellales). Order Lycopodiales includes one family and 16 

genera, whereas orders Isoetales and Selaginellales each contain a single monogeneric 

family. 
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Figure 1.2. Summary tracheophyte phylogenetic tree, depicting relationships among lycophyte and fern 

families. Dotted lines indicate areas of considerable uncertainty. Terminal clade height is roughly proportional to 

the diversity within the families with more than 100 species (From: PPG, 2016). 
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1.3 Calcium oxalate crystals in ferns and lycophytes 

 

To claim that calcium oxalate is widespread in higher plants is almost an understatement 

(Simkiss and Wilbur, 1989). Although CaOx crystals are particularly abundant in algae, 

gymnosperms, and angiosperms, their presence in ferns and lycophytes has never been 

investigated on a broad scale. Their distribution among lycophytes and lower vascular plants 

(monilophytes or ferns s.l.) is poorly documented, leading many researchers to believe that 

CaOx crystals are rare or even absent in these plant lineages.  

We have to go back to the end of the 19th century to find any comprehensive literature on the 

occurrence of CaOx crystals in ferns and lycophytes. In 1877, de Bary stated that calcium 

oxalate is uncommon in ferns, reporting the presence of CaOx crystals only in the epidermal 

cells of Asplenium nidus and the sclereids of Cyatheaceae. In 1886, Lachmann mentioned in 

a paper on crystalline cells in Davallia mooreana that calcium oxalate is completely absent in 

monilophytes and lycophytes. Later, Kohl (1889) examined about 30 species of ferns for the 

presence of CaOx crystals and reported three species with a large quantity of CaOx crystals 

(Thelypteris dentata, Blechnum gibbum, and Microlepia strigosa), and about ten species with 

a small quantity of CaOx crystals. In 1893, Poirault made a significant contribution to the 

knowledge of CaOx crystals in ferns and lycophytes by examining 500 fern species. He 

reported crystals in species of the following genera: Adiantum, Alsophila, Angiopteris, 

Asplenium, Christensia, Cyathea, Cystopteris, Danaea, Davallia, Dicksonia, Didymochlaena, 

Helminthostachys, Hypoderris, Lomaria, Lonchitis, Marattia, Meniscium, Oleandra, Onoclea, 

Ophioglossum, Platycerium, Pteris, Tectaria, Todea, and Woodwardia. However, this paper 

consisted of only four pages lacking descriptions of crystal abundance, shape, and size. 

More recently, styloid crystals have been found associated with the pith membrane of 

Bothrychium multifidum, the only extant fern that produces wood-like tissues (Gifford and 

Foster, 1989; Morrow and Dute, 2002). In 2010, another study reported calcium oxalate 

crystals (Weddellite) in all genera of Marattiaceae, suggesting that this is a general family trait 

(Baran and Rolleri, 2010). Finally, in 2012, crystals were detected in the cells of the 

circumendodermal band, a cell layer of varying structure and arrangement, of the petiole of 

Tectaria heracleifolia and Bolbitis portoricensis (Hernandez, 2012). Other studies focussed on 

phytoliths in ferns and lycophytes (i.e. opaline silica) and detected CaOx crystals in 

Cyatheaceae (Mazumdar, 2010, 2011). The more than 220 screened species over 40 different 

families indicated that phytoliths have a high probability to be a useful taxonomic tool at family 

level (Mazumdar, 2010). All things considered, it seems that CaOx crystals are not rare in ferns 

and lycophytes after all. There is little or no information available regarding the taxonomic value 

of calcium oxalate crystals in ferns and lycophytes, neither has their distribution in this group 

ever been assessed on a broad scale. However, to fully understand the evolution of crystal 

macropatterns throughout the plant kingdom, a thorough study of crystals in living 

representatives of the early vascular plants is essential. 
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2. Objectives 

 

Most of the hypotheses regarding the function of CaOx crystals in land plants have been 

proposed based on their taxonomic distribution, morphological diversity, and tissue-specific 

occurrence. It is, however, surprising that ferns and lycophytes, being the living representatives 

of the earliest diverged vascular plants, have largely been neglected. The objective of this 

thesis is to fill this crucial gap in knowledge by investigating the taxonomic distribution, 

morphological diversity, and tissue-specific occurrence of CaOx crystals in ferns and 

lycophytes. Hypotheses on the function of CaOx crystals are inferred by putting these 

observations in the context of phylogeny, ecology, and evolution, and provide guidance as to 

where future studies should be directed. 

First, a large-scale screening for CaOx crystals within ferns and lycophytes is set up with a 

special focus on covering the various taxonomic groups. If presence of CaOx is detected, the 

morphological crystal type will also be recorded. Moreover, the cell types in which the CaOx 

crystals are formed will be determined and their abundance will be estimated. To infer 

hypotheses on the potential function(s) of crystals, the sampling strategy is directed at covering 

both taxonomic and ecological variation.  

Next, our observations will be put in evolutionary context by performing phylogenetic analyses. 

Presence/absence and morphological data will be plotted on a phylogenetic tree in order to 

test whether certain patterns appear at different levels. This study will be able to determine 

whether the presence of crystals constitutes the plesiomorphic state within ferns and whether 

an evolutionary trend towards more complex crystal types occurs. Finally, it is investigated 

whether distribution patterns or particular crystal types can be related to fern ecology or 

potential function(s). 
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3. Materials and methods 

 

Materials 

A large-scale screening of various taxonomic groups is needed in order to get a representative 

view on the distribution of CaOx crystals in lycophytes and ferns. Our sampling strategy was 

twofold: firstly, we performed a broad screening covering the major groups of ferns s.l. and 

lycophytes, and secondly, a detailed analysis of Aspleniaceae was carried out. To perform a 

most effective sampling strategy for the first part, we needed a recently published phylogenetic 

tree of ferns and lycophytes as a reference (Christenhusz and Chase, 2014). Next, this 

taxonomic information was compiled with the inventory of some available dried collections. For 

this study, we had the privilege to cooperate with two botanic gardens (Ghent University, GENT 

and Botanic Garden Meise, BR) and to get access to the herbaria of both institutions. The fern 

and lycophyte taxa included in the reference phylogenetic tree were matched up to the 

availability of taxa in the dried (herbarium) collections. The sampling of the asplenioid species 

was performed in the same way as described above. However, as we want to put our results 

in a phylogenetic perspective, we collected only these species from which DNA sequences 

were available. Two datasets of published research were used, based on two molecular 

markers (i.e. rbcL and trnL-F) (Schneider et al., 2004; Lehtonen et al., 2011).  

All major groups within ferns and lycophytes were represented in our study (Figure 4.1). These 

include the leptosporangiate ferns, the largest group within ferns, as well as the more basal 

eusporangiate ferns. To assess the phylogenetic significance of crystal abundance and 

morphology at higher taxonomic levels, we sampled the Aspleniaceae at species level. 

Moreover, our sampling covered the (habitat) ecological diversity present within ferns and 

lycophytes. For instance, species that were included are tree ferns, aquatic ferns, and drought 

resistant species. Additionally, herbarium material of cosmopolitan species collected in 

different habitats were sampled and compared to assess the range of variation at species-level 

(Table 3.1). Only leaf material was collected as (1) crystals were found to be the most abundant 

in leaves (Franceschi and Horner, 1980), (2) leaves are always present in living and herbarium 

collections, and (3) leaves can be cleared while other organs often need to be sectioned, which 

may lead to loss of crystals during sample processing. Only mature leaves (e.g. leaves with 

sporangia, if available) were sampled and in case of lycophytes fully differentiated microphylls 

were collected. 

 

Leaf clearings  

Samples were processed following Horner et al. (2015). Dried specimens were first rehydrated 

in demineralized water. Next, 3% (v/v) sodium hypochlorite was used to bleach the rehydrated 

samples until the leaves appeared opaque (depending on the species, 1-24 h). Transparent 

vials were used to monitor the clearing process as overexposure to bleach may lead to 
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disintegration of the samples. Leaf material was then placed in between embedding cassettes 

and washed thoroughly in running tap water for 1 h. After being washed, the samples were 

gradually dehydrated in an ethanol gradient (30%, 50%, 70%, 85%, 2 × 100%), and afterwards 

incubated in a xylene intermedium series (1:1 xylene:ethanol and finally pure xylene, 40 min 

each). Cleared plant materials were mounted in Permount (Fisher Scientific) to produce 

permanent microscopic slides. Slides were observed with a Nikon Eclipse Ni-U microscope 

equipped with brightfield and polarization (crossed linear polarizers) optics and images were 

captured with a Nikon DS-Fi1c camera. The presence of the CaOx crystals as well as their 

abundance, shape and distribution were recorded. 

 

Phylogenetic analysis of Aspleniaceae 

A phylogenetic tree of the Aspleniaceae was constructed in order to plot and visualise crystal 

presence and type in this family. We relied on previous molecular studies within ferns and 

lycophytes and DNA sequences of two markers (i.e. rbcL and trnL-F) were gathered from 

GenBank (Schneider et al., 2004; Lehtonen, 2011). A preliminary sequence alignment was 

performed with MAFFT under default parameters as implemented in the DNA analysis software 

platform Geneious version 7.1.3 (Biomatters Ltd., Auckland, New Zealand, 

www.geneious.com). Afterwards, the alignments were checked and improved manually in 

order to arrange the homologous bases from different sequences relative to one another. In a 

next step, the alignments were concatenated whereby the two DNA regions were positioned 

one after the other. The phylogenetic tree was estimated using probabilistic methods under 

the Maximum Likelihood criterion in the CIPRES web portal version 3.3 (Miller et al., 2010). 

Maximum Likelihood analysis was performed with RAxML using GTRCAT for the 

bootstrapping phase and GTRGAMMA for the final tree inference version 8.0.0 (Stamatakis et 

al., 2008). The clade support was assessed using multiparametric bootstrap resampling with 

1000 replicates. Finally, the phylogenetic tree was visualized with Figtree version 1.4.2. 

 

 

 

 

 

 

 

 

http://www.geneious.com/
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4. Results 

 

Distribution of calcium oxalate crystals in ferns and lycophytes 

Naming of the taxa in this thesis is based on the latest phylogenetic insights (PPG, 2016). We 

assessed the presence of CaOx crystals as well as their morphology and plotted these 

character states on the phylogenetic tree published by Christenhusz and Chase (2014) (Figure 

4.1). In the present study, 63 out of the 337 genera or 171 out of approximately 11,916 species 

of ferns and lycophytes that are recognized by the Pteridophyte Phylogeny Group (2016) were 

screened and 14 genera or 30 species were characterized by the presence of CaOx crystals. 

Six crystal types were observed: crystal sand, raphides, styloid crystals, prismatic crystals, 

planoconvex-shaped crystals, and diamond-shaped crystals. Table 4.1 provides an overview 

of the presence of crystals as well as the different crystal types per genus (see also Figure 4.1) 

and per species.  

Within the lycophytes, representatives of the orders Lycopodiales, Isoetales, and 

Selaginellales were screened. Within the Lycopodiaceae family, three crystal types were found 

in the stem and strobilus of Huperzia selago. These were defined as prismatic, styloid and 

planoconvex-shaped crystals (Figure 4.2A). The crystals were spread in the epidermal cells of 

the stem but never in one and the same cell. The microphylls of Huperzia, on the other hand, 

did not contain crystals (data not shown). No crystals were observed in other studied members 

of this family (Figure 4.2B–C). In the clade encompassing the heterosporous lycophytes, no 

crystals were found in Selaginella (Figure 4.3A) and Isoetes (Figure 4.3B). Crystals also 

appeared to be absent in the screened Equisetum (Figure 4.3C) and Psilotum (Figure 4.3D) 

species. Within the Ophioglossales clade, crystals were observed in the genus Ophioglossum; 

leaves of O. vulgatum contained crystal sand-like crystals of irregular shape occurring 

disorderly (Figure 4.3E), whereas crystals appeared to be absent in O. petiolatum (Figure 4.3F) 

and O. reticulatum (data not shown). 

In the Marattiaceae family, three genera, i.e. Angiopteris (Figure 4.4A), Danaea (Figure 4.4B), 

and Marattia (Figure 4.4C–D), were screened and only Marattia was found to contain CaOx 

crystals. Two types of CaOx crystals, i.e. styloid-shaped crystals with pointy ends and prismatic 

crystals were detected near the veins of M. leavis. These crystal types are randomly distributed 

(Figure 4.4C). 

Styloid as well as small oval and more angular crystals of various sizes and shapes were found 

in Osmundaceae, more specifically in the species Osmunda claytoniana (Figure 4.5A) where 

they surround the veins. The crystal types occur disorderly and do not show any distribution 

pattern. In contrast, crystals were not detected in O. banksifolia (Figure 4.5B) and O. regalis 

(Figure 4.5C). No crystals were observed in the family Hymenophyllaceae (Figure 4.5D). 

Marsilea is the only genus within the clade of water ferns (Salviniales) in which CaOx crystals 

were observed. Both styloid and prismatic crystals were observed in M. minuta (Figure 4.6A). 
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The two crystal types occur disorderly and no clear pattern was observed. However, crystals 

were found to be located mostly in the vicinity of the veins (Figure 4.6A). Crystals appeared to 

be lacking in M. capensis (Figure 4.6B) and in the genera Salvinia (Figure 4.6C–D) and Azolla 

(Figure 4.6E–F). 

Some species of the tree fern clade, Cyatheales, also possess CaOx crystals. Elongated 

styloid-like crystals with rounded ends and small angular and rounded crystals of variable 

shape, reminiscent of crystal sand, were observed in Cyathea arborea (Figure 4.7A). Both 

crystal types in the leaf mesophyll of Cyathea were randomly distributed. In Dicksonia 

antarctica, crystal sand-like (oval shaped) crystals were detected at the leaf margins and 

surrounding the veins (Figure 4.7B). No crystals were observed in the screened species of the 

genera Cibotium (Figure 4.7C) and Lophosoria (Figure 4.7D). 

CaOx crystals were present in the family Lindsaeaceae, as we observed crystals in 

Odontosoria aculeata (Figure 4.8A). Both small rounded and angular (crystal sand-like) 

crystals and planoconvex to raphid-like crystals of various sizes were detected in the leaf 

mesophyll. However, no crystals were observed in other species of this family, such as 

Lindsaea parkeri (Figure 4.8B) and L. stricta (Figure 4.8C).  

Two crystal types were observed in Dennstaedtia scabra (Dennstaedtiaceae) (Figure 4.8D), 

being crystal sand and prismatic crystals occurring in a mixed fashion in the leaf mesophyll. 

Both other species within this family, D. hirsuta (Figure 4.8E) and Pteridium aquilinum (Figure 

4.8F) did not contain CaOx crystals. 

Adiantum diaphanum (Figure 4.9A) is the only species out of three species screened of the 

genus Adiantum (Vittarioideae, Pteridaceae) that is characterized by the presence of crystals. 

Prismatic crystals of various sizes were observed, scattered in the mesophyll. No crystals were 

detected in A. cayennense (data not shown) and A. hispudulum (Figure 4.9B). The genus 

Diplazium (Athyriaceae) is also characterized by the presence of crystals: prismatic-like 

crystals of various sizes were found in two out of three screened species, i.e. D. proliferum 

(Figure 4.9C) and D. cristatum (Figure 4.15C). No crystals were observed in D. esculentum. 

Athyrium filix-femina (Figure 4.9E), another member of the Athyriaceae family, did not contain 

crystals.  

Thelypteris acuminata (Thelypteridaceae) (data not shown), Woodsia ilvensis (Figure 4.9D) 

and W. macrochlaena (Woodsiaceae) (data not shown) as well as Blechnum gibbum (data not 

shown) and B. spicant (Figure 4.9F) (Blechnaceae) were screened but no crystals were 

detected. 

Tectaria devexa contains raphides that occur individually or packed in bundles in each 

mesophyll cell (Figure 4.10A), whereas T. decurrens (Figure 4.10B) possesses prismatic 

crystals co-occurring with oval shaped and rounded styloid-like crystals. Both crystal types are 

found close to the veins. No crystals were observed in Arthropteris palisotii (data not shown), 

also nested within Tectariaceae. 

In the Dryopteridaceae family, which contains the genera Arachniodes, Dryopteris (Figure 

4.10C), Elaphoglossum, and Polystichum (Figure 4.10D), no crystals were detected.  
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Platycerium is the only genus within the Polypodiaceae in which CaOx crystals were detected. 

The fertile fronds of P. stemaria (Figure 4.10E) contained crystals of variable shapes and sizes, 

dispersed throughout the leaf mesophyll. No specific type could be assigned to these crystals, 

as we detected a high variability in crystal morphology and we were hampered in our 

observations by the thickness of the fertile leaves. CaOx crystals were not detected in P. 

alicorne (Figure 4.10F). No crystals were observed in other studied genera of this family, e.g. 

Grammitis, Microsorum, Polypodium, and Pyrrosia (data not shown). 

 

Distribution of calcium oxalate crystals in Aspleniaceae 

As our results indicated variation at species level, we conducted an in-depth analysis of the 

distribution of CaOx crystals in the family Aspleniaceae. The phylogenetic tree of 

Aspleniaceae, constructed with a maximum likelihood analysis, was used to plot the crystal 

type and presence as characters states of a representative selection of asplenioid ferns (Figure 

4.11). Most clades are well supported, but many polytomies occur in the tree. This is due to 

the fact that only two molecular markers, rbcL and trnL-F, were used. However, the obtained 

phylogenetic tree corresponds with the published tree of Schneider et al. (2004). The lack of 

resolution in the tree does not hamper our ability to draw conclusions about the phylogenetic 

distribution of CaOx crystals and their types. 

In total, 18 out of 66 screened Asplenium and all Hymenasplenium species were characterized 

by the presence of CaOx crystals in either the mesophyll and/or associated with the veins 

(Figure 4.11). The crystals and their distribution in the leaves displayed specific crystal 

macropatterns. The observed crystal shapes included crystal sand, diamond-shaped crystals, 

raphides, styloid, and prismatic crystals.  

Crystal sand was the most common crystal type in the screened Asplenium species (16 out of 

18 species; Table 4.1), including A. aethiopicum (Figure 4.12A), A. emarginatum (Figure 

4.12B), A. hemionitis (Figure 4.12C), and A. mannii (Figure 4.12D). The crystals in A. mannii 

surround the veins, whereas in the other species, the crystal sand is typically dispersed 

randomly in patches. All crystals were found in the mesophyll. Small crystals of variable shape 

(crystal sand) and diamond-shaped crystals co-occur in patches in the mesophyll of A. elliottii 

(Figure 4.15A). A. nidus (Figure 4.12E) is the only species in which much larger prismatic and 

styloid crystals were observed. These CaOx crystals were very abundant in both the mesophyll 

and the epidermis. Diamond-shaped crystals were also detected in A. rhizophyllum (Figure 

4.12F) and occur randomly in the leaf mesophyll. 

The majority of the studied Asplenium species does not contain CaOx crystals. Species in 

which no crystals were observed include A. jahandiezii (Figure 4.13A), A. sagittatum (Figure 

4.13B) A. polydon (Figure 4.13C), A. ruta-muraria (Figure 4.13D), A. serratum (Figure 4.13E), 

and A. theciferum (Figure 4.13F). 

Three Hymenasplenium species were screened and H. unilaterale (Figure 4.14A) and H. 

obscurum (Figure 4.14B) contain bundles of raphides and individual raphides. Both bundles 
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and individual crystals occur in the mesophyll. H. laetum (Figure 4.14C), on the other hand, 

contains crystal sand, scattered in the mseophyll. 

 

Interspecific variation of CaOx crystals occurrence in ferns s.l. 

Interspecific variation has been found within some fern genera, i.e. Adiantum, Asplenium, 

Dennstaedtia, Dicksonia, Diplazium, Marattia, Marsilea, Ophioglossum and Osmunda. 

Asplenium elliottii contains crystal sand and diamond-shaped crystals (Figure 4.15A), whereas 

no crystals were observed in A. scolopendrium (Figure 4.15B). Prismatic crystals of various 

sizes were detected in Diplazium cristatum (Figure 4.15C), but D. esculentum is not 

characterized by the presence of CaOx crystals (Figure 4.15D). Finally, as shown earlier, 

styloid-like and prismatic crystals were detected in Marattia laevis (Figure 4.15E), while no 

crystals were found in M. fraxinea (Figure 4.15F). 
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ID Species name Crystal presence Crystal type 

BA39 Adiantum cayennense 0  

BA140 Adiantum diaphanum 1 prismatic 

BA141 Adiantum hispidulum 0  

BA47 Anemia angolensis 0  

BA48 Anemia dregeana 0  

BA205 Angiopteris evecta 0  

BA206 Angiopteris itoi 0  

BA207 Angiopteris palmiformis 0  

BA84 Arachniodes amabilis 0  

BA85 Arachniodes denticulata 0  

BA122 Arthropteris palisotii 0  

BA183 Asplenium abscissum 0  

BA182 Asplenium adiantum-nigrum 1 crystal sand 

BA180 Asplenium adulterinum 0  

BA181 Asplenium aethiopicum 1 crystal sand 

BA179 Asplenium angustum 1 crystal sand 

BA178 Asplenium bulbiferum 1 crystal sand 

BA208 Asplenium centrafricanum 0  

BA177 Asplenium ceterach 0  

BA214 Asplenium cheilosorum 0  

BA176 Asplenium cordatum  0  

BA175 Asplenium cristatum 0  

BA174 Asplenium cuneatiforme 0  

BA173 Asplenium cuneifolium 0  

BA172 Asplenium cuspidatum 0  

BA171 Asplenium dalhousiae 0  

BA170 Asplenium dareoides 0  

BA169 Asplenium elliottii 1 diamond-shaped 

BA168 Asplenium emarginatum 1 crystal sand 

BA167 Asplenium ensiforme 1 crystal sand 

BA166 Asplenium erectum 0  

BA165 Asplenium fissum 0  

BA164 Asplenium flabellulatum 0  

BA184 Asplenium fontanum 0  

BA163 Asplenium forisiense 0  

BA162 Asplenium formosum 0  

BA161 Asplenium friesiorum 0  
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BA160 Asplenium harpeodes 0  

BA159 Asplenium hemionitis 1 crystal sand 

BA157 Asplenium incisum 1 crystal sand 

BA158 Asplenium jahandiezii 0  

BA155 Asplenium pseudolaserpitifolium 1 crystal sand 

BA211 Asplenium loxoscaphioides 1 crystal sand 

BA154 Asplenium mannii 0  

BA213 Asplenium mannii 1 crystal sand 

BA153 Asplenium marinum 1 crystal sand 

BA152 Asplenium monanthes 0  

BA151 Asplenium montanum 0  

BA150 Asplenium nidus 0  

BA209 Asplenium nidus 0  

BA210 Asplenium nidus 1 styloid, prismatic 

BA149 Asplenium normale 0  

BA148 Asplenium onopteris 0  

BA147 Asplenium petrarchae 0  

BA146 Asplenium phyllitidis 0  

BA145 Asplenium polydon 0  

BA204 Asplenium praegracile 0  

BA203 Asplenium prolungatum 0  

BA202 Asplenium protensum 0  

BA200 Asplenium resiliens 0  

BA201 Asplenium rhizophyllum 1 diamond-shaped 

BA199 Asplenium ruta-muraria 0  

BA212 Asplenium rutifolium 1 crystal sand 

BA198 Asplenium sagittatum 0  

BA197 Asplenium sandersonii 0  

BA196 Asplenium sarelii 0  

BA195 Asplenium scolopendrium 0  

BA194 Asplenium seelossii 0  

BA193 Asplenium septentrionale 0  

BA192 Asplenium serratum 0  

BA191 Asplenium tenerum 1 crystal sand 

BA190 Asplenium theciferum 0  

BA189 Asplenium trichomanes 0  

BA188 Asplenium unilaterale 1 raphides 

BA215 Asplenium unilaterale 1 raphides 

BA216 Asplenium unilaterale  1 raphides 

BA187 Asplenium viride 0  
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BA186 Asplenium volkensii 0  

BA185 Asplenium wrightii 0  

BA58 Athyrium filix-femina 0  

BA99 Azolla caroliana 0  

BA100 Azolla nilotica 0  

BA36 Blechnum gibbum 0  

BA37 Blechnum spicant 0  

BA130 Bolbitis auriculata 0  

BA127 Bolbitis quoyana 0  

BA144 Ceratopteris richardii 0  

BA40 Ceratopteris thalictroides 0  

BA97 Cheilanthes microphylla 0  

BA46 Cibotium barometz 0  

BA217 Cibotium shiedei 0  

BA82 Ctenitis eatonii 0  

BA41 Cyathea arborea 1 
styloid-like, crystal 
sand-like 

BA56 Cystopteris fragilis 0  

BA52 Danaea alata 0  

BA34 Davallia corniculata 0  

BA117 Dennstaedtia hirsuta 0  

BA115 Dennstaedtia scabra 1 
crystal sand, 
prismatic 

BA43 Dicksonia antarctica 1 
styloid-like (oval-
shaped) 

BA44 Dicksonia arborescens 0  

BA86 Diplazium cristatum 1 prismatic 

BA87 Diplazium esculentum 0  

BA88 Diplazium proliferum 1 prismatic 

BA50 Dipteris conjugata 0  

BA32 Dryopteris affinis 0  

BA33 Dryopteris filix-mas 0  

BA4 Elaphoglossum acrostichoides 0  

BA5 Elaphoglossum crinitum 0  

BA8 Elaphoglossum ovatum 0  

BA57 Equisetum arvense 0  

BA113 Gleichenia microphylla 0  

BA76 Grammitis achilleifolium 0  

BA77 Grammitis leptostoma 0  

BA92 Gymnocarpium dryopteris 0  
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BA102 Huperzia selago 1 

styloid, prismatic, 
planoconvex-
shaped 

BA156 Hymenasplenium laetum 1 crystal sand 

BA219 Hymenasplenium obscurum 1 raphides 

BA19 Hymenophyllum denticulatum 0  

BA20 Hymenophyllum hirsutum 0  

BA55 Isoetes echinospora 0  

BA109 Lindsaea parkeri 0  

BA112 Lindsaea stricta 0  

BA42 Lophosoria quadripinnata 0  

BA107 Loxogramme avenia 0  

BA106 Lycopodiella inundata 0  

BA220 Lycopodium clavatum 0  

BA103 Lycopodium obscurum 0  

BA11 Lygodium circinatum 0  

BA26 Marattia fraxinea 0  

BA25 Marattia laevis 1 styloid, prismatic 

BA14 Marsilea capensis 0  

BA15 Marsilea minuta 1 styloid, prismatic 

BA49 Matonia pectinata 0  

BA136 Microsorum musifolium 0  

BA134 Microsorum scandens 0  

BA60 Nephrolepis cordifolia 0  

BA218 Nephrolepis exaltata 0  

BA66 Odontosoria aculeata 1 
crystal sand-like, 
raphide-like 

BA80 Oleandra articulata 0  

BA61 Onoclea sensibilis 0  

BA29 Ophioglossum petiolatum 0  

BA30 Ophioglossum reticulatum 0  

BA31 Ophioglossum vulgatum 1 crystal sand-like 

BA22 Osmunda banksiifolia 0  

BA23 Osmunda claytoniana 1 styloid 

BA24 Osmunda regalis 0  

BA132 Platycerium alicorne 0  

BA133 Platycerium angolense 0  

BA131 Platycerium stemaria 1 type unclear 

BA74 Polypodium plebejum 0  

BA75 Polypodium vulgare 0  

BA69 Polystichum biaristatum 0  

BA70 Polystichum craspedosorum 0  
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BA71 
Polystichum setiferum var. 
fuscopaleaceum 0  

BA101 Psilotum nudum 0  

BA67 Pteridium aquilinum 0  

BA63 Pteris cretica 0  

BA1 Pyrrosia angustata 0  

BA17 Salvinia molesta 0  

BA18 Salvinia natans 0  

BA59 Selaginella kraussiana 0  

BA108 Stromatopteris moniliformis 0  

BA126 Tectaria decurrens 1 
styloid-like, 
prismatic 

BA125 Tectaria devexa 1 raphides 

BA89 Thelypteris acuminata 0  

BA51 Trichomanes pinnatum 0  

BA95 Vittaria zosterifolia 0  

BA38 Woodsia ilvensis 0  

BA142 Woodsia ilvensis 0  

BA143 Woodsia macrochlaena 0  

BA121 Woodwardia areolata 0  

BA119 Woodwardia radicans 0  

BA120 Woodwardia virginica 0  
 

Table 4.1. Table showing all investigated species with indication of crystal presence and type. 0 indicates 

that no crystals were observed, whereas 1 indicates the presence of crystals in that particular specimen. 
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Figure 4.1. Phylogenetic tree showing relationships of a representative selection of fern genera based 

on molecular data with indications of CaOx crystal presence and type plotted as character states 

(adapted from Christenhusz and Chase, 2014). Observed genera are displayed in black. The genera in which 

CaOx crystals were observed are in bold. The numbers in parentheses refer to the number of crystal-containing 

species against the number of screened species. The genera that were not screened are indicated in grey. The 

shape of the symbols refer to the different observed crystal types: square: crystal sand; circle: styloid crystals; 

triangle: raphides; reversed triangle: planoconvex crystals; diamond: diamond-shaped crystals; parallelogram: 

prismatic crystals. Filled symbols refer to a scattered pattern of crystals in the leaf mesophyll, whereas open 

symbols indicate crystals surrounding the veins.  
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Figure 4.2. Cleared microphylls/stems of isosporous lycophytes viewed between crossed polarizers. A. 

CaOx crystals in the epidermis of the stem of Huperzia selago (BA102): prismatic, styloid and planoconvex-

shaped crystals were observed (insets, top to bottom). B – D. CaOx crystals not observed in the microphylls of 

Lycopodiella inundata (BA106) (B) and Lycopodium clavatum (BA220) (C).. Abbreviations: ep, epidermis; st, 

stoma; v, vein. Insets are set to the same scale. 
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Figure 4.3. Cleared microphylls of heterosporous lycophytes and leaves of Equisetum, Psilotum 

(reduced scale-like leaves), and Ophioglossum viewed between crossed polarizers. A – D. CaOx crystals 

not observed in Selaginella kraussiana (BA59) (A), Isoetes echinospora (BA55) (B), Equisetum arvense (BA57) 

(C) and Psilotum nudum (BA101) (D). E. CaOx crystals in the mesophyll of Ophioglossum vulgatum (BA31). 

Only crystal sand-like crystals were observed; crystals of irregular shape. F. CaOx crystals not observed in 

Ophioglossum petiolatum (BA29). Abbreviations: ep, epidermis; st, stoma; v, vein. Insets show a single crystal 

and are set to the same scale. 
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Figure 4.4. Cleared leaves of Marattiaceae viewed between crossed polarizers. A – B. CaOx crystals not 

observed in Angiopteris evecta (BA53) (A) and Danaea alata (BA52) (B). C. CaOx crystals surrounding the veins 

of Marattia laevis (BA25): styloid-like (singly or aggregated) and prismatic crystals were observed (insets, top to 

bottom). D. CaOx crystals not observed in Marattia fraxinea (BA26). Abbreviations: ep, epidermis; id, idioblast; 

st, stoma; tr, trichome; v, vein. Insets show high magnification of a single crystal (C) or silica idioblast (D) and 

are set to the same scale. 
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Figure 4.5. Cleared leaves of Osmunda and Hymenophyllum viewed between crossed polarizers. A. CaOx 

crystals surrounding the veins of O. claytoniana (BA23): styloid crystals of variable sizes were observed (top to 

bottom). B – C. CaOx crystals were not observed in O. banksifolia (BA22). (B) and Osmunda regalis (BA24) (C). 

D. CaOx crystals were not observed in H. hirsuta (BA20). Abbreviations: ep, epidermis; st, stoma; v, vein. Insets 

show high magnification of a single crystal and are set to the same scale. 
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Figure 4.6. Cleared leaves of Salviniales viewed between crossed polarizers. A. CaOX crystals scattered 

around the veins of Marsilea minuta (BA15): styloid and prismatic crystals were observed (insets). B. CaOX 

crystals not observed in Marsilea capensis (BA14). C – F. CaOx crystals not observed in Salvinia molesta (BA17) 

(C), Salvinia natans (BA18) (D), Azolla caroliana (BA99) (E) and Azolla nilotica (BA100) (F). Abbreviations: ep, 

epidermis; st, stoma; v, vein. Insets show high magnification of a single crystal and are set to the same scale. 
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Figure 4.7. Cleared leaves of Cyatheales viewed between crossed polarizers. A. CaOx crystals scattered 

in the leaf of Cyathea arborea (BA41): styloid-like and crystal sand-like crystals of variable sizes were observed 

(insets). B. CaOx crystals are concentrated at the leaf margins and occur occasionally around the veins in the 

mesophyll of Dicksonia antarctica (BA43): styloid-like (oval shaped) crystals were observed (inset). C – D. CaOx 

crystals not observed in Cibotium barometz (BA46) (C) and Lophosoria quadripinnata (BA42) (D). Abbreviations: 

ep, epidermis; st, stoma; v, vein. Insets show high magnification of a single crystal and are set to the same scale. 
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Figure 4.8. Cleared leaves of Odontosoria, Lindsaea, Dennstaedtia and Pteridium, viewed between 

crossed polarizers. A. CaOx crystals spread throughout the mesophyll of Odontosoria aculeata (BA66): 

planoconvex-shaped to raphide-like crystals (both thickened and slender crystals occur) and small crystal sand-

like crystals were observed (insets). B – C CaOx crystals not observed in Lindsaea parkeri (BA109) (B) and 

Lindsaea stricta (BA112) (C). D. CaOx crystals scattered in the leaf of Dennstaedtia scabra (BA115): crystal 

sand and prismatic crystals were observed (insets). E – F. CaOx crystals not observed in Dennstaedtia hirsuta 

(BA117) (E) and Pteridium aquilinum (BA67) (F). Abbreviations: ep, epidermis; esi, epidermal silica idioblast; st, 

stoma; tr, trichome; v, vein. Insets show high magnification of a single crystal and are set to the same scale.  
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Figure 4.9. Cleared leaves of Adiantum, Diplazium, Woodsia, Athyrium, and Blechnum viewed between 

crossed polarizers. A. CaOx crystals in the mesophyll of Adiantum diaphanum (BA140): prismatic crystals of 

variable size were observed (insets). B. CaOx crystals were not observed in Adiantum hispidulum (BA141). C. 

CaOx crystals in the mesophyll of Diplazium proliferum (BA88): prismatic-like crystals of variable sizes were 

observed (insets). D – F. CaOx crystals not observed in Woodsia ilvensis (BA142) (D), Athyrium filix-femina 

(BA58) (E) and Blechnum spicant (BA137) (F). Abbreviations: ep, epidermis; esi, epidermal silica idioblast; tr, 

trichome; v, vein. Insets show high magnification of a single crystal and are set to the same scale. 
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Figure 4.10. Cleared leaves of Tectaria, Dryopteris Polystichum, and Platycerium viewed between 

crossed polarizers. A. CaOx crystals uniformly distributed in the leaf of Tectaria devexa (BA125): bundles of 

raphides or individual raphides (insets) were observed in epidermal cells. B. CaOx crystals surrounding the 

veins of Tectaria decurrens (BA126): prismatic crystals and styloid-like crystals were observed (insets). C – D. 

CaOx crystals not observed in Dryopteris affinis (BA32) (C) and Polystichum craspedosorum (BA70) (D). E. 

CaOx crystals in the mesophyll of Platycerium stemaria (BA131): crystals of variable sizes and morphologies 

were observed, type unclear. F. CaOx crystals not observed in Platycerium alicorne (BA132). Abbreviations: ep, 

epidermis; st, stoma; v, vein. Insets show high magnification of a single crystal or multiple crystals and are set 

to the same scale. 
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Figure 4.11. Maximum likelihood tree of a representative selection of species within Aspleniaceae 

constructed with a RAxML analysis based on two molecular markers (rbcL and trnL-F) with indication 

of CaOx crystal presence and type plotted as character states. Bootstrap values lower than 65 are not 

shown. Species names in black represent species investigated for the presence of CaOx; species containing 

crystals are shown in bold. Grey font indicated species that were not studied. The shape of the symbols refer to 

the different observed crystal types: square: crystal sand; circle: styloid crystals; triangle: raphides; diamond: 

diamond-shaped crystals; parallelogram: prismatic crystals. Filled symbols refer to a scattered pattern of crystals 

in the leaf mesophyll, whereas open symbols indicate crystals surrounding the veins. 
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Figure 4.12. Cleared leaves of Asplenium viewed between crossed polarizers. A – D. Crystal sand was 

observed in the mesophyll of A. aethiopicum (BA181) (A), A. emarginatum (BA168) (B), A. hemionitis (BA159) 

(C) and surrounding the veins of A. mannii (BA213) (D). E. CaOx crystals scattered in the leaf of A. nidus 

(BA210): styloid and prismatic crystals were observed. F. Diamond-shaped CaOx crystals were observed in A. 

rhizophyllum (BA201). Abbreviations: ep, epidermis; esi, epidermal silica idioblast; v, vein. Insets show high 

magnification crystal(s) and are set to the same scale. 
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Figure 4.13. Cleared leaves of Asplenium viewed between crossed polarizers. A – F. CaOx crystals not 

observed in A. jahandiezii (BA158) (A), A. sagittatum (BA198) (B), A. polydon (BA145) (C), A. ruta-muraria 

(BA199) (D), A. serratum (BA192) (E) and A. theciferum (BA190) (F). Abbreviations: ep, epidermis; st, stoma; 

v, vein. 
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Figure 4.14. Cleared leaves of Hymenasplenium viewed between crossed polarizers. A. CaOx crystals in 

the mesophyll of H. unilaterale (BA216): bundles of raphides as well as individual raphides were observed. B. 

CaOx crystals in the mesophyll of H. obscurum (BA219): bundles of raphides as well as individual raphides were 

observed. C. CaOx crystals uniformly distributed in the mesophyll of H. laetum (BA156): crystal sand was 

observed. Abbreviations: ep, epidermis; v, vein. Insets show high magnification of crystals and are set at the 

same scale. 
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Figure 4.15. Interspecific variation in presence and distribution of CaOx crystals. Cleared leaves of 

Asplenium, Diplazium, and Marattia viewed between crossed polarizers. A. CaOx crystals in mesophyll of 

A. elliottii (BA169): crystal sand and diamond-shaped crystals were observed. B. CaOX crystals not observed 

in A. scolopendrium (BA195). C. CaOx crystals in mesophyll of D. cristatum (BA86): prismatic crystals of variable 

sizes were observed. D. CaOx crystals not observed in D. esculentum (BA87). E. CaOx crystals surrounding 

the veins of M. laevis (BA25): styloid-like and prismatic crystals were observed. F. CaOx crystals not observed 

in M. fraxinea (BA26). Abbreviations: ep, epidermis; st, stoma; v, vein. Insets show high magnification of a single 

crystal or multiple crystals and are set to the same scale.  
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5. Discussion  

 

5.1 Distribution of CaOx crystals among ferns and lycophytes 

The main objective of this master dissertation was to investigate the distribution of CaOx 

crystals in ferns s.l. and lycophytes. The presence, distribution and morphology of CaOx 

crystals were assessed for the first time at a broad taxonomic scale. We were able to 

demonstrate that lycophytes and ferns produce CaOx crystals. In this section, we discuss the 

obtained results in a phylogenetic, ecological and functional context.  

 

5.1.1 Crystal types 

Franceschi and Horner (1980) classified CaOx crystals in five major types: crystal sand, 

druses, prismatic crystals, raphides and styloid crystals. These crystal types have been widely 

adopted ever since (Prychid and Rudall, 1999; Tanaka et al., 2003; Horner et al., 2015). In the 

present study, all mentioned crystal types were observed except for druses. This crystal type 

occurs in dicots (Frey, 1929; Konyar et al., 2014; Horner et al., 2015) and, although more 

restricted, also in monocots (Prychid and Rudall, 1999). Druses have been detected in xylem 

parenchyma cells of the gymnosperm Ginkgo biloba (Bhatnagar and Moitra, 1996). Based on 

our data and what is currently reported in the literature we hypothesize that the occurrence of 

druses is a derived character state that may have evolved in gymnosperms.  

In some cases it was not straightforward to assign the observed CaOx crystals to the crystal 

types defined by Franceschi and Horner (1980). Therefore, we described intermediate types 

and added the suffix ‘-like’ (e.g. raphide-like or crystal sand-like). These crystals resemble the 

recognized crystal types described by Franceschi and Horner (1980) but contain some subtle 

deviations, featuring a combination of elongated, rounded and/or angular shapes. In multiple 

studies, particular environmental conditions were found to increase the production of CaOx 

crystals and alter crystal size and density such as light and drought and the increased amount 

of calcium in the soil (Tanaka et al., 2003; Faheed et al., 2012). As the relative importance of 

active and passive absorption of calcium is influenced by several environmental parameters 

(Franceschi and Horner, 1980; Adams and Ho, 1993), it is very likely that indeed the 

environment has a major influence on CaOx crystal shape. This probability and the wide variety 

of observed crystal morphologies in a restricted amount of specimens are the major reason 

why we did not describe these shapes as new crystal types, but rather designated them as 

intermediates. However, some crystals do possess a very distinct shape which is easily 

recognizable and distinguishable from other types described by Franceschi and  Horner 

(1980). As such, two new types of CaOx crystals were identified within lycophytes and ferns: 

diamond-shaped and planoconvex-shaped crystals. It is clear from the results of this study that 

CaOx crystal morphologies cannot be assigned to the traditional five types described by 

Franceschi and Horner (1980) and that deviations from these crystal types exist. The newly 
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reported crystal types were, to the best of our knowledge, never detected in other plant 

lineages. Further research is needed to determine if these types are typical of ferns and 

lycophytes or also occur within other vascular plant groups such as gymnosperms and 

angiosperms.  

Since the observed intrageneric variation with respect to CaOx crystal occurrence and shape 

was large and the number of sampled species per genus is often restricted, we cannot 

extrapolate our conclusions to genus level from observations at species level. Diplazium 

cristatum (Figure 4.15C) and D. proliferum (Figure 4.9C) which both possess prismatic-like 

crystals for instance gives the idea that crystal type within a single genus is stable. As a 

consequence, due to the fact that our sampling at species level is incomplete, it is very likely 

that there are other genera that include multiple species with different crystal shapes. The 

screened Tectaria species, which contain different crystal types, raphides in T. devexa (Figure 

4.10A) and prismatic as well as styloid-like crystals in T. decurrens (Figure 4.10B) illustrate the 

latter statement. As a result we cannot conclude that crystals are absent at a particular 

taxonomic level, hence the statement ‘not observed’. 

It is of interest to highlight that, while most species produce a single crystal type, several 

distantly related species produced more than one (co-occurring) crystal type in a single leaf. 

Examples of this observation include the lycophyte Huperzia selago (Figure 4.2A) that 

possesses planoconvex as well as prismatic and styloid crystals in the stem, and the 

monilophyte Dennstaedtia scabra (Figure 4.8D) which contains both prismatic crystals and 

crystal sand in the leaf mesophyll. Similar observations were in the leaves of Piper species, 

which contain both crystal sand and styloid crystals (Horner et al., 2012) and a combination of 

druses and prismatic crystals occurring in leaves of Cynanchum acutum (Konyar et al., 2014). 

The fact that different crystal types occur in the same species or genus is not surprising as 

CaOx crystal formation is not only genetically controlled, but depends also on physical, 

chemical and biological parameters as has been assessed for some angiosperms (Franceschi 

and Horner 1980; Molano-Flores 2001; Kuo-Huang et al., 2007). Also important to note is that 

multiple tests are needed in order to assess the elemental composition of the crystals, 

especially in the species containing different crystal types. Chemical characterization is 

essential, as contamination of the samples with birefringent structures, other than CaOx 

crystals, could have occurred. 

 

5.1.2 Presence of crystals at genus and species level 

In the present study, 30 species in 14 genera of lycophytes and ferns were found to possess 

CaOx crystals. When plotting the species with crystals on a molecular phylogenetic consensus 

tree of the lycophytes and monilophytes, no trend was observed (Figure 4.1). The taxa in which 

crystals were detected are generally distantly related from each other and no phylogenetic 

clustering is present. At genus level, we observed that the presence of CaOx crystals was not 

stable as some species within a genus contained crystals while others did not (Figure 4.15). It 

is, however, possible that the species of a crystal-producing genus possess the potential to 

form and store crystals in leafy organs, but that certain external environmental factors, such 

as soil pH, temperature and light may prevent their formation (Franceschi and Horner, 1980; 

Konyar et al., 2014).  
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At species level, one example of intraspecific variation has been observed in two specimens 

of the species Asplenium nidus (Figure 4.12E and data not shown). However, as A. nidus 

constitutes a species complex with possible cryptic species (Yatabe and Murakami, 2003), it 

is not unlikely that the investigated samples are not conspecific, and as a result, that the 

observed variation is not intraspecific. Furthermore, it is worth mentioning that only leaf-like 

structures were screened and that CaOx crystals may be present in other organs, including 

reproductive structures (Konyar et al., 2014), stems, and roots (Horner et al., 2000; Franceschi 

and Nakata, 2005). Including observations at organ-level would offer a more complete view on 

the presence of CaOx crystals in ferns and lycophytes. 

Some hypotheses have been proposed in order to explain the occurrence or absence of CaOx 

crystals in plants. First, as was discussed previously, the environment plays a major role in 

regulating crystal density in leaves (Konyar et al., 2014). Also, it has been shown in some 

plants that CaOx crystal formation acts as a defence mechanism against herbivory; especially 

elongated and pointed crystal types such as styloid crystals and raphides. Artificial grazed 

plants were demonstrated to have higher CaOx crystal densities in their leaves than plants that 

were not subjected by grazing (Molano-Flores, 2001; Franceschi and Nakata, 2005). Genetic 

factors are a third possible explanation for the occurrence of specific crystal types. It has been 

shown that the membranes associated with the crystal chamber regulate the rate of transfer 

of calcium and oxalic acid in the crystallization space, and thus determining the shape of CaOx 

crystals (Frey-Wyssling, 1981). Several studies concluded that CaOx crystal formation is tightly 

regulated, which is reflected in the establishment of a genetic model that will enable the 

characterization of the mechanisms and genes involved in regulating CaOx formation (Nakata 

and McConn, 2000; Franceschi and Nakata, 2005). We observed numerous consistencies in 

crystal type within a plant and this was illustrated by the presence of deviating crystal forms or 

intermediates in this study. We can therefore not draw any conclusions in this regard. 

 

5.1.3 Evolutionary, functional, and ecological considerations 

The different crystal types are randomly distributed throughout the phylogenetic tree (Figure 

4.1) and no pattern was observed. Our results therefore do not point towards a certain 

evolutionary trend in crystal occurrence and morphology on a high taxonomical level. This is 

in contrast to the results of a study that found that within the Piperales two entire subfamilies 

of Piperaceae, Verhuellioideae and Zippelioideae, were characterized by the presence of 

raphides and druses, whereas the families Asaraceae and Lactoridaceae mainly contained 

crystal sand (Horner et al., 2015). It is possible that we did not observe any pattern because 

of the restricted amount of species screened per genus. A broader screening will therefore be 

necessary to assess this. Furthermore, it is also plausible that such a phylogenetic signal is 

more easily detected at lower taxonomic level, such as family level. In addition, more 

angiosperms and ferns should be screened in order to infer hypotheses about the evolution of 

CaOx crystals.  

Our data suggests that CaOx crystals may not be as abundant in ferns and lycophytes as they 

are in gymnosperms and angiosperms. This observation could be related to the potential 
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function(s) of crystals in these particular plant lineages. Many functions have been 

hypothesized for CaOx crystals, including calcium regulation, plant protection against 

herbivory, ion balance, tissue support, plant rigidity, detoxification (e.g. heavy metals and 

oxalic acid), and light gathering and reflection (Franceschi and Nakata, 2005; Horner et al., 

2017). Although druses were found to be the main irritant in toxic organs of plants (Konyar et 

al., 2014), this crystal type was not detected in the screened fern species. It has been shown 

that also leaves of ferns are subjected to herbivory, in some cases even comparable to 

angiosperms (Williams-Linera and Baltazar, 2001). Fern-feeding herbivores are mostly 

restricted to arthropods as most vertebrates avoid ferns as a food source due to their high 

concentrations of phenolic compounds. It is plausible that raphides, due to their sharp features, 

act as a protection mechanism against herbivory, yet this has never been investigated. In the 

present study, raphides were observed in Tectaria and Hymenasplenium species. It is possible 

that, due to their needle-like shape, they serve as a defence mechanism against particular 

external pressures such as grazing. It is clear from many studies that herbivorous insects 

prefer to feed on angiosperms rather than on ferns (Mehltreter, 2010). Further research is 

needed to assess if there is a causal relationship between the reduced occurrence of crystals 

in ferns and the restricted grazing. Ferns are mostly skiophilous plants growing in the deep-

shade of forest understories and often very wet environments (Sharpe et al., 2010). It has been 

shown that often-shaded Peperomia species contain mainly druses, which are more efficient 

with respect to light dispersal, thereby improving photosynthetic capacity. This contrasts with 

our data, which indicate that ferns usually produce prisms and crystal sand, which have been 

designated as adaptations to dry and sunny conditions (Horner et al., 2017). However, the 

major reason for this may be the lower photosynthetic rates of ferns and lycophytes compared 

to seed plants (Tosens et al., 2016). 

Herbarium material was used in this study and the ecological information needed to understand 

crystal presence and type in ferns and lycophytes was retrieved from the labels. Unfortunately, 

most of the herbarium labels only contained limited information. Such information, would have 

allowed us to assess if there is a correlation between several CaOx-crystal-related characters 

and particular (bio)geographical, and/or ecological information, such as habitat, habit, and 

environmental conditions. Nonetheless, a few ecological aspects, based on the available 

information and data obtained from the literature, are discussed below.  

Diplazium proliferum, Diplazium cristatum, Adiantum diaphanum, Marsilea minuta and 

Dennstaedtia scabra are species occupying a wide variety of ecological niches but all species 

contain prismatic(-like) crystals. Their geographical ranges, morphology, and habitat were 

compared and no obvious relation with CaOx crystal presence or type was found. Diplazium 

proliferum is pantropical and was collected in the Afrotropical forest at mid-elevation levels 

(500 – 2000 m), occurring in a wet monsoon climate. The fern is composed of rigid tissues and 

grows in very moist conditions. Diplazium cristatum on the other hand is strictly neotropical 

(Mexico, Caribbean, Brazil and Venezuela), but comparable in morphology and growing 

conditions (Figure 4.15C). As both Diplazium species do not show specific common 

geographical occurrences and as they are closely related to each other, it seems more 

plausible that genetic factors play a prominent role in determining the prismatic crystal type. 

Adiantum diaphanum, on the other hand, grows in the understorey of moist tropical forests at 

mid-elevation levels (400 – 2200 m) in the Indochinese region, Australia and Pacific islands. 

The plant is rather fragile and composed of membraneous tissues. Marsilea minuta occurs in 

Kenya, in shallow pools in full sunlight, mostly occurring at low altitudes. Dennstaedtia scabra 
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(Figure 4.8D) also occurs in the Indochinese but mountainous regions (up to 2400 m) and 

grows in the understorey of forests (Lin et al., 2013). We do not see any pattern arising from 

the aforementioned examples relating geography, habitat and/or habit to the prismatic crystal 

type that all plants have in common.  

Another example is represented by Odontosoria aculeata and Huperzia selago, the only 

specimens in which planoconvex crystals were observed. While the former was collected in 

Haiti where it grows on a copper rich soil, the latter was found in Switzerland on a strongly 

grazed heather. It is apparent that in this case there is no link between geography and ecology 

on one hand and the presence of planoconvex-shaped crystals on the other. However, more 

research at species level in this regard is required in order to confirm these suggestions 

regarding geography and ecology of ferns. 

 

 

5.2 Distribution of CaOx crystals in Aspleniaceae 

The family Aspleniaceae is one of the most widespread fern groups that occurs in all biomes 

and is distributed over all continents except Antarctica. It is one of the most species-rich groups 

among the leptosporangiate ferns, consisting of about 700 species (Schneider et al., 2004). 

The choice for an in-depth analysis of this group was based on the large collection and years 

of experience in asplenioid ferns of the Research Group Pteridology at Ghent University and 

the fact that preliminary studies revealed the presence of CaOx crystals within this fern group. 

We investigated the distribution at species level and found that crystals are indeed abundant 

in Asplenium and Hymenasplenium, the two recognized genera within Aspleniaceae (PPG, 

2016). The former genus contained mostly crystal sand, whereas the latter was characterized 

by both crystal sand and bundles of raphides. 

 

5.2.1 Presence of crystals at genus and species level 

We compared the occurrences of CaOx crystals within the screened asplenioid ferns (Figure 

4.11) and there appears to be a phylogenetic signal. The three screened Hymenasplenium 

species did contain crystals, spread throughout the leaf mesophyll, whereas Asplenium 

species varied in the occurrence of crystals. This observation however, can be biased by the 

low amount of Hymenasplenium species sampled, as it very likely that other unscreened 

species lack crystals. It is possible that all species of the Aspleniaceae family do possess the 

ability to produce and store CaOx crystals, but that the environmental conditions and particular 

external pressures, as discussed in section 5.1.2, could have been an inhibiting factor in their 

production. 
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5.2.2 Crystal types 

In comparison to other genera of ferns and lycophytes, we observed less variation in crystal 

types within Aspleniaceae at species level. Crystal sand occurs in most of the screened 

species. A. rhizophyllum, however, is an exception as it  possesses diamond-shaped crystals, 

yet resembling cubic forms of crystal sand. It is worth noting that, in contrast to the pattern we 

observed in Figure 4.1, all species within Aspleniaceae were characterized by one crystal type 

except for A. nidus. Both prismatic and styloid crystals were detected in one specimen of A. 

nidus, while another specimen of the same species lacked crystals. Hymenasplenium 

unilaterale (Figure 4.14A) and H. obscurum (Figure 4.14B) contain bundles of raphides in the 

leaf mesophyll, while crystal sand was reported in H. laetum (Figure 4.14C). Our results show 

interspecific variation in both Asplenium and Hymenasplenium and we can state that crystal 

type is not stable in the Aspleniaceae family.  

Raphides were only found in the genus Hymenasplenium, more specifically in H. obscurum 

and H. unilaterale, both paleotropical species, originating from the Indo-Malaysian floristic 

subkingdom at altitudes ranging from 100 until 1800m. H. laetum, on the other hand, which 

was shown to contain crystal sand, is a Neotropical fern occurring in Mexico, Paraguay, and 

Venezuela at lower altitudes. All three species are lithophytes growing in the understorey of 

evergreen tropical forests. This example could be an indication for a relation between crystal 

type and biogeography, however, the number of species screened is too low in order to draw 

firm conclusions.  

We can state that, as can be observed from the phylogenetic tree that is based on a selection 

of a few species only (Figure 4.11), crystal type does not have a phylogenetic signal at genus 

level. Our results indicate that we can therefore not distinguish the genus Asplenium from 

Hymenasplenium based on crystal type. It is possible that species could be delineated from 

each other by the identification of crystals, but in order to conclude this more species should 

be screened and checked for intraspecific variation. 

 

5.2.3 Evolutionary and ecological considerations 

Some studies reported that CaOx crystals have a taxonomic value, and in that they are 

characteristic for some angiosperm families and subfamilies (Horner et al., 2015). Another 

study demonstrated that the CaOx crystal type evolution in the genera Piper and Peperomia 

is characterized by increasing complexity (Horner et al., 2012). We cannot draw conclusions 

in this regard, as we have too few positive observations (i.e. crystals present). According to 

our study, CaOx crystals seem to have originated multiple times independently within the 

Aspleniaceae. In addition, we did not detect a trend towards more complex crystal types. We 

did not observe any ecological link with CaOx crystal type or presence. For instance, species 

that contain crystal sand grow in a wide variety of biomes, reaching/ranging from dry 

Mediterranean climate (A. adiantum-nigrum and A. aethiopicum) to wet paleotropical forests 

(A. ensiforme and A. mannii) and temperate zones (A. marinum). The species in which 

diamond-shaped crystals were detected also occur in different biogeographical regions. A. 

elliottii grows in Afrotropical regions and is an opportunist epiphyte, whereas A. rhizophyllum 

is found on limestone in the Mississippi state, Southeast of the United States. 
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5.3 Future prospects 

The results of this thesis highlight that more research (i.e. taxonomic screening) is required at 

species and genus level. In addition, functional studies should also be performed in order to 

investigate the influence of external factors on the production of CaOx crystals, which is 

important for drawing the right phylogenetic conclusions. These environmental factors include 

the amount of available calcium, presence of heavy metals, influence of herbivores, shading 

and moisture content, etc., and it is very likely that one or a combination of these could have a 

major influence on the occurrence and morphology of CaOx crystals (Tanaka et al., 2003; 

Faheed et al., 2012; Konyar et al., 2014). Research with respect to the genetic background of 

CaOx production and crystal formation is necessary, allowing a more purposeful screening. 

Moreover, it is essential to infer the correct elemental composition of the crystals, as this is a 

possible cause of variation. Several studies have shown that also magnesium oxalate and 

calcium sulphate crystals may occur in plants (Honghua et al., 2012). This is especially 

important for species that contain different crystal types because contamination with materials 

other than CaOx crystals can bias our results.  
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6. Conclusions 

 

The results of this master dissertation show that lycophytes and ferns contain CaOx crystals, 

although to a lesser extent than what has been observed in angiosperms. The vast majority of 

the screened specimens did not contain CaOx crystals. Our data further indicate that, crystals 

seem to have originated multiple times independently within the lycophytes and ferns and that 

CaOx crystals are not a useful taxonomic character at genus and species level. However, as 

the number of species in this study was limited, we cannot extrapolate conclusions at genus 

level from observations at species level. Yet, since clades were observed with both crystal 

containing as well as crystal lacking species, it is possible that most fern and lycophyte groups 

possess the ability to produce and store CaOx crystals, but that the environment plays a role 

in defining the crystal type and regulating the crystal density. In this study, at least six different 

morphologies excluding intermediate crystal types were described. All crystal types that have 

been reported in gymnosperms and angiosperms were found in ferns and lycophytes, except 

for druses. We hypothesise that druses are an evolutionary novelty in gymnosperms and 

angiosperms, but more research is needed to confirm this. We described two new crystal 

types: planoconvex and diamond-shaped crystals. As for the distribution of crystal types, we 

found that, while most species contain only one crystal type (as was the case for most species 

of Aspleniaceae), several species produced more than one (co-occurring) crystal types in a 

single leaf. No phylogenetic signal was found for the presence or the type of crystals in ferns 

s.l. and lycophytes, nor in the Aspleniaceae. Altogether, a broader screening of all major 

taxonomic groups is necessary in order to give a conclusive answer on ecological and 

evolutionary questions concerning the distribution of CaOx crystals in ferns and lycophytes. 
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7. Summary 

 

Calcium oxalate is the most widely distributed inorganic crystal in plants, occurring in over 200 

plant families. This wide distribution suggests that they constitute an important 

biomineralization process in plants. The variation in CaOx crystal shape and cell types 

producing them indicates that crystals may have evolved many times independently in different 

plant lineages and may probably serve multiple functions. Their distribution among lycophytes 

and ferns is poorly documented and has led to the assumption that they are rare or absent in 

these lineages. Only a few reports indicate that CaOx crystals are present in several fern 

families, but their distribution in this group has never been assessed on a broad scale. 

Our aim was to determine and compare shape, abundance as well as distribution patterns of 

calcium oxalate crystals across ferns and lycophytes. Such knowledge is crucial to infer 

hypotheses about the structural-functional evolution of CaOx-formation in land plants. Our 

observations were plotted on a phylogenetic tree in order to test whether certain patterns 

appear on different phylogenetic levels. It was also investigated whether distribution patterns 

or particular crystal types could be related to fern ecology or potential function(s). 

To this end, only dried leaf material was sampled, covering both ecological as well as 

phylogenetic variation. The samples were cleared afterwards and permanent slides were 

produced. Slides were viewed with bright-field and polarization (crossed linear polarizers) 

optics and presence of the CaOx crystals as well as their abundance, shape and distribution 

were recorded. A phylogenetic tree was constructed with a maximum likelihood analysis using 

RAxML, based on rbcL and trnL-F sequences gathered from Genbank. The correlation 

between crystal shape and presence and functional ecological traits were assessed by plotting 

our observations as character states on the phylogenetic trees. 

Six CaOx crystal types were recorded in this thesis, being crystal sand, raphides, styloid 

crystals, prismatic crystals, planoconvex-shaped crystals, and diamond-shaped crystals. The 

latter two crystal types were newly described because of their distinct shape. Other crystals 

showed variation in size and shape and were designated as intermediates. Two major 

macropatterns have been observed, being a random distribution in the leaf mesophyll/ 

epidermis and one surrounding the veins. While most of the screened species produced only 

one crystal type (as was the case for most asplenioid species), some species contained more 

than one crystal type. As for the occurrence of crystals in ferns and lycophytes, we observed 

interspecific variation at genus level. 

No phylogenetic signal for the occurrence and the type of CaOx crystals was found in all major 

groups of ferns and lycophytes. According to our study, crystals seem to have originated 

multiple times independently within the lycophytes and ferns. All recognized crystal types were 

found in ferns, except for druses. We hypothesised that druses are an evolutionary novelty in 

gymnosperms and angiosperms, but more research is needed to confirm this. Our data 

suggest that CaOx crystals are not a suitable taxonomic tool at genus nor at species level. 
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However, as the number of species in this study was restricted, we cannot extrapolate 

conclusions at genus level from observations at species level. More functional and genetic 

research in the context of CaOx production is required. A broader screening of all major 

taxonomic groups is necessary in order to give a conclusive answer on ecological and 

evolutionary questions concerning the distribution of CaOx crystals in ferns and lycophytes.  
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8. Samenvatting 

 

Calcium oxalaat is het meest voorkomende anorganisch kristal in het plantenrijk, verspreid in 

meer dan 200 plantfamilies. Dit algemeen voorkomen suggereert dat ze deel uitmaken van 

een belangrijk biomineralisatieproces in planten. De variatie in kristalvorm en de celtypes die 

ze produceren geven aan dat kristallen waarschijnlijk verschillende malen onafhankelijk van 

elkaar ontstaan zijn in diverse plantengroepen en dat het aanneembaar is dat ze verscheidene 

functies hebben. Hun verspreiding binnen de varens en wolfsklauwachtigen is weinig 

gedocumenteerd en dit heeft geleid tot de veronderstelling dat CaOx kristallen zeldzaam of 

zelfs afwezig zijn in deze plantengroepen. Slechts een handvol studies hebben de 

aanwezigheid van CaOx kristallen in een paar varenfamilies aangetoond. Hun verspreiding is 

echter nooit grondig onderzocht geweest op grote schaal. 

Het doel van deze thesis was om de vorm, abundantie en de distributiepatronen van CaOx 

kristallen te bepalen en te vergelijken in de varens en wolfsklauwachtigen. Deze kennis is van 

belang om hypotheses te formuleren over de structurele en functionele evolutie van 

calciumoxalaat vorming in landplanten. Onze observaties werden geplot op een fylogenetische 

boom om te achterhalen of specifieke patronen verschijnen op een bepaald fylogenetisch 

niveau. Eveneens werd er onderzocht of de geobserveerde patronen van een bepaald 

kristaltype toegewezen kon worden aan varen ecologie of potentiële kristalfuncties. 

Enkel gedroogd bladmateriaal werd ingezameld. De staalnamestrategie werd zodanig 

opgesteld dat een zo groot mogelijke variatie in ecologie en taxonomie werd bestreken. Het 

bladmateriaal werd hierna opgeklaard en vaste preparaten werden gemaakt. De preparaten 

werden met brightfield en polarisatiemicroscopie (door gekruist gepolariseerd licht) 

geobserveerd en de aanwezigheid van CaOx kristallen, alsook hun abundantie, vorm en 

distributie werden geregistreerd. Een fylogenetische boom werd eveneens geconstrueerd aan 

de hand van een maximum likelihood analyse gebaseerd op twee moleculaire merkers, rbcL 

en trnL-F, waarvan de sequenties werden afgehaald van Genbank. De correlatie tussen 

kristalvorm en aanwezigheid enerzijds en de functioneel ecologische kenmerken anderzijds 

werden bepaald door onze observaties te plotten als kenmerktoestanden op de fylogenetische 

boom. 

Zes kristaltypes werden gerapporteerd in deze studie, waaronder kristalzand, rafiden, styloide 

kristallen, prismatische kristallen, planoconvex-vormige kristallen alsook diamantvormige 

kristallen. De laatste twee types zijn nieuw en werden voor het eerst in deze studie beschreven 

vanwege hun zeer specifieke vorm. De andere kristallen vertoonden veel variatie in vorm en 

grootte en werden om die reden soms aangeduid als intermediaire vormen. Twee algemene 

macropatronen werden geobserveerd in het bladmateriaal, waaronder een willekeurige 

verspreiding in het bladmoes of de epidermis en een patroon rond de nerven. De meeste 

soorten in deze studie bevatten slechts 1 kristaltype, terwijl sommige soorten meer dan 1 

kristaltype bevatten. De familie Aspleniaceae wordt gekarakteriseerd door de aanwezigheid 
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van voornamelijk kristalzand. Verder observeerden we interspecifieke variatie bij het 

voorkomen van kristallen in varens en wolfsklauwachtigen op genus niveau.  

Er werd geen fylogenetisch signaal aangetoond voor het voorkomen en het type van CaOx 

kristallen in de voornaamste groepen van de varens en wolfsklauwachtigen. Onze resultaten 

tonen aan dat kristallen meerdere keren zouden zijn ontstaan binnen deze groep van vroege 

vaatplanten. Alle erkende kristaltypes werden gevonden in varens, behalve stervormige 

kristallen of drusen. Bijgevolg veronderstellen we dat stervormige kristallen een evolutionaire 

nieuwigheid betreft in naaktzadigen en bloemplanten, maar meer onderzoek zal moeten 

uitwijzen of deze hypothese correct is. Verder suggereren onze data dat CaOx kristallen geen 

geschikt taxonomisch kenmerk zijn om genera noch soorten af te bakenen. Aangezien het 

aantal soorten in deze thesis beperkt was, kunnen we echter onze observaties op soortniveau 

niet gebruiken om conclusies te trekken op genusniveau. Meer functioneel onderzoek alsook 

studies naar de basis van de CaOx productie zijn noodzakelijk. Ook een bredere screening 

van alle voornaamste taxonomische groepen is vereist om een duidelijk antwoord te kunnen 

formuleren op ecologische en evolutionaire vraagstukken omtrent de distributie van CaOx 

kristallen in de varens en wolfsklauwachtigen.  
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