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Abstract

Specimens of Fallacia tenera were collected from the surface sediment at in a river estuary in Japan. Auxosporulation 

occurred in a rough culture. Morphological structures of vegetative cells and auxospores were observed in detail. The 

vegetative cells have one H-shaped chloroplast. The striae were interrupted by two depressed lateral sterna internally and 

partly covered by a finely porous conopeum on the external surface. The lateral sterna and porous conopea formed two 

more or less curved longitudinal canals connecting with the exterior via opening pores on both sides of a terminal fissure. 

This combination of characteristics is unique to the genus Fallacia. The cingulum was composed of three bands, such as 

an open valvocupula and two comparatively thin pleurae. The two pleurae could be distinguished by the shape of their 

ligulae. The second band had a triangular ligula, whereas the ligula of the third band is arc-shaped. The auxosporulation 

was type IA1a in Geitler’s classification. Two paired gametangia formed two anisogametes in each of them. Two 

auxospores formed in the thecae of the gametangia after a trans physiological anisogamy. The perizonium of the 

auxospore consisted of a set of transverse bands and five longitudinal bands. The primary transverse band was about 

twice wider than the secondary ones. The circular incunabular scales were present on the two terminals of the auxospore 

and on the surface of the primary transverse band. The primary longitudinal band had an acute terminal and was flanked 

by secondary longitudinal bands. Each side had two secondary longitudinal bands. All longitudinal bands were 

immediately beneath the transverse bands. Morphological comparison between Fallacia and Pseudofallaica, and the 

taxonomic position of F. tenera is also discussed. 

Key words: Auxospore, Auxosporulation, Conopeum, Depressed later sterna, Diatom, Fallacia tenera, Incunabula 
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Introduction

The genus Fallacia A.J. Stickle & D.G. Mann in Round et al. (1990: 667) includes many small taxa formerly 

assigned to Navicula sect. Lyratae and sect. Bacillares (Hustedt 1961–1966). Most Fallacia species are epipelic and 

epipsammic, living among coastal and estuarine intertidal sediments (Sabbe et al. 1999, Round et al. 1990). The 

genus Fallacia is characterized by a single H-shaped plastid, lyre-shaped hyaline lateral areas and finely porous 

conopeum partly or completely covering the striae (Round et al. 1990). The taxonomy of this genus has been 

studied by Sabbe et al. (1999) and Garcia (2003). There also have other reports of the genus Fallacia (Witkowski 

1991, 1993, Witkowski et al. 2000, Procopiak & Fernandes 2003, Mann & Stickle 2009, Rakowska 2010). Diatoms 

in the genus Fallacia have a well-developed finely porous conopeum, elevated silica structure on the mantle and 

intricate structure of the valve. We still know little about those structures and their variation in many Fallacia

species. In addition, the morphology of many Fallacia species has never been studied in detail. 

Recently, a new genus Pseudofallacia Y. Liu, Kociolek & Q. X. Wang (2012: 624) was proposed based on the 

morphological study of Pseudofallacia occulta (Krasske) Y. Liu, Kociolek & Q. X. Wang (2012: 625). Four 

species of Fallacia were transferred to this new genus, including Fallacia tenera (Hust.) D.G. Mann in Round et al.

(1990: 669) (Liu et al. 2012). Pseudofallacia differs from Fallacia mainly in the structure of lateral canals on both 

sides of the raphe. The canals in Pseudofallacia are formed by the depressed part of valve plane, which continue to 
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the raphe sternum. By contrast, the depression will rise up to the general valve plane in Fallacia. In addition, the 

areolae are present in the canals of Pseudofallacia, whereas in Fallacia areolae are not present there. Currently 

there are over one hundred taxa in Fallacia (Guiry in Guiry 2013), but most of them lack thorough morphological 

observation by SEM and TEM. The morphological study reported here is a first step towards evaluation of the 

taxonomic and phylogenetic relations within the species in this genus. 

The ultrastructure of a perizonium in pennate diatoms has been reported in many species covering araphid 

(Sato et al. 2004, Sato et al. 2008a, b) and raphid diatoms (Mann 1982, Toyoda et al. 2005, Poulíčková & Mann 

2006, Toyoda et al. 2006, Kaczmarska et al. 2007, Poulíčková et al. 2007, Mann & Poulíčková 2009, Mann et al.

2011, Idei et al. 2013). It also has been suggested that the ultrastructure of the perizonium has phylogenetic 

significance at higher taxonomic levels (Medlin & Kaczmarska 2004). Currently, the information is still 

insufficient to review the phylogenetic relationship in most specific taxonomic groups. Auxosporulation and 

ultrastructure of perizonium and incunabula in Fallacia have never been reported. 

In this study, a strain of Fallacia tenera (Hust.) D.G. Mann in Round et al. (1990: 669) was isolated from a 

river mouth in the coastal area in Japan. The vegetative cells, sexual reproduction, auxosporulation and 

ultrastructure of a frustule and an auxospore were observed in order to reexamine the morphology of frustule, 

reveal the auxosporulation and the structure of incunabula and perizonium. 

Materials and methods

Surface sediments with benthic diatoms were collected on 31 May 2012 from a small river mouth on Ubara beach, 

Chiba Prefecture, Japan (35°8’17”N, 140° 16’ 22” E) by using a glass tube as described by Round (1953). Epipelic 

diatoms were harvested on a cover slip according to Round et al. (1990). Clonal cultures of F. tenera were obtained 

by isolating a single cell from the cover slip and its transfer to F/2 medium (20 psu, the salinity of the�sampling   

site). Those cultures were maintained at 20–23°C, with 20–30 μmol photons•m-2•S-1 from cool-white fluorescent 

tubes; The photoperiod was 14:10 light:dark (L:D). Sexual reproduction and auxosporulation occurred in a rough 

culture derived from numerous cells isolated from natural population (the cells harvested on a cover slip). 

The method for observation of the cultured materials was described by Poulíčková et al. (2007). Cleaned 

frustules were prepared by the bleach solution method (Nagumo & Kobayasi 1990) and mounted on a glass slide 

with Mountmedia (Wako, Osaka, Japan). Nikon Optiphot-2 light microscope (LM), with differential interference 

contrast (DIC) was used to make LM observations. The size for vegetative cells, gametangia and initial cells was 

measured on LM photographs by using ImageJ software (Rasband, W.S. et al.1997–2012). Data set was analyzed 

by R software (R Development Core Team 2008) graphed by the package “simba” (Jurasinski 2007).

For EM observation, vegetative cells were fixed with 2.5% glutaraldehyde, dropped on cover slips, 13-mm 

diameter for scanning electron microscope (SEM) observations, and treated by 70% nitric acids as described by 

Mann & Poulíčková (2009) or by boiling in a mixture of concentrated sulphuric and nitric acids. Auxospores were 

isolated from the mixed culture, transferred onto a cover slip (3-mm diameter or 13-mm diameter for SEM) and 

treated with NaClO followed by rinsing with distilled water repeatedly. Cleaned samples were dried in air and 

coated with osmium for SEM observations. Hitachi S-4000 and S-5000 were used for SEM observations; a JEOL-

2000EX was used to make transmission electron microscope (TEM) observations.

Terminology follows Anonymous (1975), Ross et al. (1979), Sims & Paddock (1979), Round et al. (1990) and 

Kaczmarska et al. (2013).

Results

Morphology of vegetative and initial cells

Vegetative cells were solitary or could form short straight chains under artificial cultural conditions, which were 

not found in natural populations. Each cell contained a single H-shaped chloroplast consisting of two plates 

connected in the center (Fig. 1). One pyrenoid (Fig. 1, arrow) was present in one of the two plates. Valves were 

naviculoid to elliptical with bluntly rounded poles, 8.5–24.1 µm long and 5.4–8.6 µm wide. The raphe was straight 

and slightly arched near the apices (Fig. 3). Terminal fissures curved toward the secondary side of valve. Two 
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hyaline curved narrow lateral areas went through the valve longitudinally and connected with the slightly 

transapical convex central area. The striae were radiate especially near the poles, 17–20 in 10 µm. Striae were 

interrupted into three longitudinal lines of areolae on half valve face. Two lines of areolae are adjacent to the raphe 

branch on both sides (Fig. 2, arrow), and areolae in the line on the secondary side of the raphe were smaller, fewer 

or even missing. In initial cells, the center of outline and middle parts of lateral area were more convex than normal 

vegetative cells (Fig. 4). Size diminution resulted in smaller valves becoming elliptic or even circular (Figs 4–8). 

FIGURES 1–3: The vegetative cell and a valve of Fallacia tenera. Scale bar = 5 µm. 

Fig. 1. H-shaped plastid with a pyrenoid (arrow). Fig. 2. TEM image of F. tenera. Note the asymmetric longitudinal line of areolae 

(arrow). Fig. 3. Cleaned frustule of F. tenera. Note the distal longitudinal line of areolae (arrow).

FIGURES 4–8: Morphological variation of Fallacia tenera. Scale bar = 5 µm. 

Fig. 4. Initial cell with a slightly convex center (arrow). Figs 5–7. Outline of vegetative cells from naviculoid to elliptical. Fig. 8. 

Vegetative cell finally become to circle and probably could not have sexual reproduction.

In SEM, the external valve face was flat with a shallow mantle (Figs 11, 13). On the internal valve face the small 

helictoglossae were present at the polar terminals of the raphe, slightly curved to the primary side of the valve (Figs 

10, 12, arrows). The distal longitudinal lines (Fig. 3, arrow) of areolae in LM were in fact a circle composed of 

areolae on the mantle around the valve face (Fig. 11). The other two longitudinal lines of areolae were on the valve 

face, interrupted by a depressed lateral sternum (Figs 10, 12). The sterna appeared as hyaline areas in LM. The 

areolae on the valve face were covered by a finely porous conopeum that extended from the raphe sternum to the 

valve mantle (Fig. 13, arrow). The edge of mantle also possessed “pegs” between two protrusions, which probably 

could fasten the connection of the conopeum and the mantle (Figs 14, 15, arrowheads). The conopeum and the inner 

edge of mantle all possessed undulate margins connected like a zipper (Fig. 16, arrow). The lateral depressed sterna 

(Fig. 15, arrow) and the finely porous conopa (Fig. 13, arrow) comprised two longitudinal canals (Fig. 18, 

arrowhead) that connect with the exterior by pores (Figs 13, 17, arrowhead) on both sides of terminal fissure. 

Around the areolae adjacent to the raphe, siliceous ribs were present between the valve and the conopeum to support
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FIGURES 9–20: The fine structure of Fallacia tenera in SEM and TEM. All Scale bars = 1 µm except Figs 9, 10, 18 (2 µm) and Figs 

19–20 (200 nm). Figs 9–10. Plan view (Figs 19–20) of external valve face and internal valve face. Figs 11–12. View of external and 

internal valve face at 30°tilt. Fig. 13. The detail of a frustule terminal. Note the finely porous conopeum (arrow) and two pores 

(arrowhead) lies beside the terminal fissures. Fig. 14. The broken valve shows a round areola (arrow) which should be covered by a 

conopeum and a “peg” (arrowhead), a silica flip. Fig. 15. The broken valve showing the depressed sterna (arrow). And also the “peg” 

(arrowhead) extend from the edge of the valve mantle. Fig. 16. The undulate margin of the conopeum. Fig. 17. The lumen between the 

conopeum and the valve (arrow), connecting outside through the terminal pores (arrowhead). Fig. 18. TEM photograph of a valve 

clearly shows the hyaline canal (arrowhead) and some silica structures (arrow) supporting the conopeum. Figs 19–20. The pattern of 

the areolae in longitudinal lines on the valve surface (fig. 19. Areolae are between the raphe and the canal, fig. 20, left) and on the 

mantle of valve. (fig. 20, right). They all belong to hexagonal array of hymen.

 

the conopeum (Fig. 18, arrow). The two longitudinal lines of areolae next to the raphe are asymmetric to one 

another (Fig. 18). The areolae were occluded by hymenes with a hexagonal array (Figs 19–20). The cingulum was 

composed of three non-perforated bands (Fig. 31). One open valvocopula bore an undulate advalavar edge of the 

pars interior (Fig. 22), and pars exterior with a curved down part of edge (Fig. 21, double arrows) at the pole 

opposite the opening. Two open pleurae had a relatively large ligula and a very narrow strip extending along the 

whole inner surface of the valvocopula. The two pleurae differ in the shape of their ligula, the width of strips and 

their orientations. The ligula of pleura 1 (second band) is arc shaped (Figs 21, 25, 26, arrowheads) and on the inner 

side of the closing pole of valvocopula, filling the missing parts formed by the curving down edge of the pars 

exterior of the valvocopula. The triangular ligula of the pleura 2 (third band) (Figs 23−24, arrows) was present on 

the inner side of the opening of valvocopula to fill the gap. The strip of the third band (Fig. 29, arrow) is thicker 

than the strip of the second band (Fig. 29, arrowhead). The terminals of those�strips were present on the poles 

opposed to the lingua (Fig. 28, arrows, band three & Fig. 30, arrowheads, band two).

Auxosporulation

Auxosporulation occurred in the rough cultures after introduction of fresh media. The size range of vegetative 

cells, gametangia and initial cells was measured (Table1) and illustrated in Fig. 46. Fallacia tenera became capable 

of sexual reproduction when it reached its cardinal point, which in this study is 15.33 µm in length. It is about 

63.5% of the upper size of the initial cell size range. The average length of gametangia (mean ± s = 11.62 ± 1.84 

µm) is 53% of the average length of initial cells (21.92 ± 1.19 µm). The length of the two pairing cells 

(gametangia) usually is in different size, including a longer cell measured 11.39–15.33 µm (13.02 ± 0.94) and a 

shorter cell measured 8.84–13.59 µm (10.22 ± 1.40). 

TABLE 1: Cell length for each life stage of Fallacia tenera (μm)

FIGURES 21–30: The fine structure of a complete cingulum. Bars in Figs 21, 22, 28 are 2 µm. Bars in Figs 23–27 and Fig. 28 are 1 

µm. The bar in Fig. 30 is 500 nm.

Fig. 21. A complete theca, two ligulae (arrow and arrowhead) of pleurae could been found at the two terminals. Fig. 22. An open 

valvocopula with undulate margin. Fig. 23. The internal view of a ligula (arrow) of the pleura 2 (the third band). Fig. 24. The external 

view of the ligula (arrow) of the pleura 2 (the third band). Fig. 25. The external view of a ligula of the pleura 1 (the second band). Fig. 

26. The internal view of the ligula (arrowhead) of the pleura 1 (the second band). Fig. 27. The linear strip (arrow) of the pleura 2 (the 

third band). Fig. 28. The two terminals of the linear strips (arrows) of the pleura 2 (the third band). Fig. 29. The linear strip (arrow) of 

pleura 2 (the third band) and the linear strip (arrowhead) of pleura 1 (the second band). Fig. 30. The two terminals (arrowheads) of 

pleura 1 (the second band). 

Initial cell Vegetative cell Gametangia Longer gametangia Shorter gametangia

L
en
g
th

Min 19.46 10.28 8.84 11.39 8.84

Mean 21.92 14.02 11.62 13.02 10.22

Max 24.11 21.32 15.33 15.33 13.59

s 1.19 2.09 1.84 0.94 1.40
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FIGURES 31. The illustration of the composition of a cingulum. An open valvocopula, a pleura with an arc shaped ligula and a pleura 

with an triangular ligula (bottom to top). 

Two cells engaged in sexual reproduction, usually of different sizes, were paired parallel with the girdle (Fig. 

32). Each gametangium formed two gametes (Fig. 33, arrowheads). After a trans physiological anisogamy (Fig. 

34), two zygotes were formed in the frustules of the two gametangia respectively (Fig. 35), and released (Fig. 36). 

Then the two zygotes elongated into two auxospores. In the young auxospores, the convex primary transverse 

perizonial band (Fig. 37, arrow) and two chloroplasts in each auxospore were present. In mature auxospores, the 

two chloroplasts began to appress to the auxospore wall (Fig. 38, arrow). The longitudinal perizonial bands were 

present in the auxospores (Fig. 38, arrowhead). Each auxospore could produce one initial cell. While the initial cell 

was forming in auxospore, the two chloroplasts contracted and appressed to one side of the auxospore, lying one 

towards each pole of auxospore (Figs 39–40, arrows). The newly formed theca of the initial cell (Figs 39–40, 

arrowheads) could be seen clearly in some auxospores. After the formation of the initial cell frustule, the two 

chloroplasts rotated to transapical axis, elongated and appressed to both sides of the frustule. In the meantime, the 

two chloroplasts still keep their identity except the hyaline connection (Figs 41–43). One of the two chloroplasts 

appears to extend along the hyaline connection towards the other one (Fig. 41, arrow). Finally, an H-shaped 

chloroplast was formed before the initial cell emerged from the wall of the auxospore. The initial cell broke the 

incunabular cap and escaped via the pole of the auxospore (Figs 44–45). The incunabular cap (Fig. 44, arrow), 

transverse perizonial bands (Figs 44–45, arrowheads) and longitudinal perizonial bands (Fig. 44, double arrows) 

could be observed. The mucilage capsule around the auxospore was not found in several auxosporulations. In 

addition, the expansion of auxospores is more or less parallel to the gametangia. The thecae of gametangia were not 

always present near a terminal of auxospore. Some could be seen near the primary perizonial transverse band (Fig. 

40) or two theca were at two terminals of the auxospore separately (Fig. 42, left auxospore) 

The ultrastructure of perizonium and incunabula

The perizonium of F. tenera consisted of a set of transverse and longitudinal bands. The transverse bands 

comprised a moderately broader primary band that was about twice the width than secondary bands (Figs 48, 50, 

arrow), and a series of narrow secondary bands on both sides of primary band, overlapping each other (Figs 48, 

50). The primary band was a closed band (Fig. 49 double arrows). The secondary bands were open bands. All the 

secondary bands have splits that formed a suture longitudinally (Fig. 49, arrow). 

The longitudinal bands were immediately beneath a series of transverse bands, and consisted of five bands 

including one primary band (Fig. 52, double arrows) and four semilanceolate secondary bands. Two were on each 
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FIGURES 32–45: The sexual reproduction, the auxospore development and the formation of initial cells. All scale bars = 10 µm. 

Fig. 32. Two paired cells in different size. Fig. 33. Two gametes (arrowheads) were formed in one gametangia. Fig. 34. The trans 

anisogamy? was occurred. One zygote (arrow) was formed in a theca (right) of gametangia and two unfused gametes (arrowheads). 

Fig. 35. Two zygotes were formed after the gametes fusing. Fig. 36. Two zygotes were released from thecae of gametangia. Fig. 37. 

Younger auxospores paired more or less parallel to each other. Note the slightly convex center (arrow). Fig. 38. Matured auxospores. 

Two chloroplasts (arrow) appressed to the wall of auxospores. The longitudinal bands also could been found (arrowhead). Figs 39–40. 

Formation of initial cells. A theca was present in the left auxospore (arrowhead) in fig. 39. During the formation of initial cells, the two 

chloroplasts show strongly contraction (arrows) Fig. 41. In new formed initial cells, two elongate chloroplasts apressed to the girdle. 

One chloroplast projects to another one along the hyaline connection between them (arrow). Figs 42–43. The initial cells completely 

formed in the two auxospores. The two chloroplasts nearly fused (arrow) in the right initial cell (fig. 42). The H-shaped chloroplast 

(arrow) already formed in the left initial cell (fig. 43). Fig. 44. The initial cell were escaping from the perizonium. Note the transverse 

perizonial bands (arrowhead), cape (=incunabular cap, arrow) and probably longitudinal band (double arrows). Fig. 45. The empty 

perizonium with two broken poles. Note the primary transverse perizonial band and seven to nine secondary perizonial bands on each 

side of it.
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FIGURE 46. The length ranges of cells in each life stages of Fallacia tenera. 

IN: Initial cells, VE: Vegetative cells, GA: Gametangia (paired parental cells), LG: the longer gametangium of the two paired 

gametangia, SG: the shorter gametangium of the two paired gametangia. The numbers on the horizontal axis are the number of 

observations. 

side of the primary band (Fig. 51). The primary longitudinal band was bifacial and lanceolate with fimbriate 

margin. The secondary longitudinal bands were unifacial and possess fimbriate margin at one side (Fig. 51). The 

distal lateral edges of secondary bands were more or less convex (Fig. 51, arrowhead). 

Concentric normal scales (incunabular scales) were detected on the two terminals and the surface of transverse 

primary band (Figs 53–54). 

Discussion

Morphology and taxonomy of Fallacia tenera 

Fallacia tenera was first reported by Hustedt under the name Navicula uniseriata Hust. in Schmidt et al. (1934: pl. 

392). He changed the name to N. tenera Hust. in Schmidt et al. (1936: pl. 405 footnote) because of it being a later 

homonym with N. uniseriata Østrup (1913: 8). The formal description of N. tenera wasn’t given until in the diatom 

flora studies of Java, Bali and Sumatra (Hustedt 1937). The specimens in this study agree with the description 

given by Hustedt, except the longitudinal uniseriate areolae adjacent to the raphe. In Hustedt’s description, there is 

only one longitudinal line of areolae on the concave side of raphe (the primary side of the valve), and no areola on 

the convex side (the secondary side of the valve). In our sample the areolae could be visible on both sides, although 

those areolae on the convex side are variable and invisible in times. When we compared our specimens with the 

photographs of lectotype illustrated by Simonsen, one small and indistinct isolated areola could be found on the 

convex side of the raphe (Simonsen 1987, pl. 255, fig. 7, 9 under the name Navicula unistriata). It also was present 

in specimens from South Africa and Westerchelde estuary, the Netherlands (Schoeman & Archibald 1976–1980, 

Sabbe et al. 1999). Variation in the areolae also occurred in our monoclonal culture, it appears to be caused by 
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FIGURES 47–54: The incunabula and perizonium of Fallacia tenera. Scale bars = 2 µm, except Figs 47, 50, 51 (5 µm). 

Fig. 47. Paring of two auxospores with two parental cells valves in different size. Fig. 48. Perizonium investing the initial cell, note the 

primary transverse band (arrow). Fig. 49. “Suture” of secondary transverse perizonial bands (arrow) and closed primary band (double 

arrows). Fig. 50. Detial of primary transverse band (arrow) with an incunabular scale (double arrows) on the surface. Fig. 51. The 

longitudinal series of perizonial bands. Note the semilanceolate secondary bands (arrow) with a slightly convex outline in the center 

(arrowhead). Fig. 52. The detail of fig. 51. Showing the one side fimbriate margin of secondary longitudinal bands and lanceolate 

primary longitudinal band (double arrows). Figs 53, 54. Incunabular scales (arrow) on the terminal and on the primary transverse band.
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FIGURE 55. Comparison of general valve patterns of Fallacia tenera (left) and Pseudofallacia occulta (right). Section view of half 

valve. Showing F. tenera possess longitudinal depressed sternum (arrow). The conopeum (double arrows) covers two longitudinal row 

of areolae in F. tenera, while in P. occulta covers one longitudinal line.

environmental factors rather than genetics. Because of this variation, Schoeman & Archibald (1976–1980) united 

Navicula dissipata Hust. in Schmidt et al. (1936: pl. 403) with N. tenera. Since N. dissipata agrees with the 

description of F. tenera, except N. dissipata bears areolae presented on both side of raphe and the large cell size.

Nevertheless, there is an additional feature that may distinguish F. tenera from N. dissipata. Schoeman & 

Archibald (1976–1980) mentioned that “the inner puncta of the central striae are weakly developed or absent” in 

the type specimen of N. dissipata. That was not present in the samples from South Africa and in this study. 

Curiously, those constricted inner puncta of the central striae were present on the specimen of Fallacia cf. 

teneroides illustrated by Sabbe et al. (1999). Currently, there are still not sufficient data of N. dissipata to compare 

those two taxa in detail, especially the unknown morphological varying degree of N. dissipata. 

Quantitative data on the F. tenera population on which the current study is based suggest it differs slightly from 

the reports from Ranu Klindungan (type location), South Africa and Westerschelde (Table 2). The differences in 

the size range of cells from different locations could be due to the presence of cells in different stages of the life 

cycle. Since we observed the whole life cycle, the range of cell size in this study covers others except the report 

from South Africa, in which the length and width of specimens is even larger than the initial cells reported in this 

study. Interestingly, the length and width of South African material agree with the description given by Hustedt 

(1961–1966) of N. dissipata. The differences could probably be due to Schoeman & Archibald’s (1976–1980) 

synonymizing N. dissipata with F. tenera. Or perhaps they invested huge size materials which have high 

phenotypic plasticity from different locations in South Africa. With respect to the sampling sites, the type location 

is a freshwater lake, whereas meso- and polyhaline raches in the Westerschelde estuary. The sampling site in this 

study is ecologically similar to Westerschelde estuary. Because the specimens in this study differ slightly from the 

species from Westerschelde and Ranu Klindungan in striation density only, without considering the differences in 

length and width, such differences might be caused by phenotypic plasticity.

TABLE 2: Comparison of Fallacia tenera reported in different locations

*the length measured including initial cells. 

Fallacia tenera Navicula dissipata

Ubara, Japan

(this study)

Ranu Klindungan 

(Holotype)

South Africa Westerschelde Nordasot

Length (µm) 10.3–16.2 

(8.5–24.1)*

12–14 9–27 9.7–10.6 9–27

Width (µm) 5.9–7.1 (5.4–8.6)* 5–6.5 4–9 5–5.4 5–7

Striation density 

(per 10 µm)

17–20 16–18 13–22 19–21.5 14–17
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Recently, F. tenera was transferred into Pseudofallacia based on presence of longitudinal ribs instead of lyre-

shaped canals and one large areola per striae (Liu et al. 2012). According to morphological characters of F. tenera

observed in this study, it does possess the typical characteristics of Fallacia. The lyre-shaped canal, which does not 

have areolae in it, probably is the most important characteristics distinguish the two genera. The presence of this 

canal has been detected in our material with certainty. The canal appears as a finely porous, hyaline area under 

TEM. It was also visible in the figures presented by Schoeman & Archibald (1976–1980). Although they did not 

mention the depression of sterna and longitudinal canals in their description of F. tenera (“longitudinal costa” in 

their article), it is still reasonable to believe the specimens from South Africa have the same structure as ours. Since 

depressed sterna could not been well observed in valve view in SEM, this feature has been only clearly illustrated 

in TEM micrographs given by Schoeman & Archibald (1976–1980). And in most articles “rib” or “costa” was used 

to describe this feature. Use of those terms probably mislead Liu et al. (2012) to transfer this species to 

Pseudofallacia

The presence of one areola per striae and the slightly elongate areolae on the mantle uncovered by the 

conopeum more or less resembles Pseudofallacia. The areolae on valve mantle are usually less than twice longer 

than others in F. tenera, by contrast the elongate areolae of Pseudofallacia ocullata usually more than three times 

longer than the areolae in canals. Those elongate areolae also appear to be more linear and take nearly two third 

width of the valve in Pseudofallaica. In addition, Areolae uncovered by a conopeum are also present on many 

Fallacia species like Fallacia gemmifera (Simonsen) D.G. Mann (1990: 668), Fallacia litoricola (Hust.) D.G. 

Mann (1990: 668) (unpublished observations), Navicula hodgeana R.M. Patrick & Freese (1961:189)(this taxon 

will be transferred to Fallacia) and Fallacia pygmaea (Kütz.) A.J. Stickle & D.G. Mann (1990: 668) (Garcia, 2003, 

fig. 9, 42) etc., although in some species like F. litoricola and F. pygmaea those areolae were only present at the 

two terminals. Thus areolae present on the valve mantle appear homologous with Fallaica species rather than 

Pseudofallaica species.

Sexual reproduction and Auxosporulation

Kaczmarska et al. (2013) described four types of cardinal points. In this study, the length of initial cells and upper 

sexual size threshold were measured. The minimum size of gametangia is also provided here. Those data measured 

directly from the pairing gametangia in a rough culture, not from separated monoclonal cultures. Thus we could not 

identify those cells under 8.84 µm were not paring is due to size or they were sexual incompatible. 

The auxosporulation of F. tenera belongs to type IA1a of geitler’s classification (Geitler 1973). It shows several 

features that agree with Fallacia pygmaea, such as two auxospores per pair of gametangia, presence of a 

perizonium, expansion more or less parallel to the gametangia, chloroplast contraction during formation of the 

initial cells (Karsten 1899). The mucilage capsule around the auxospore illustrated by Karsten (1899), however, was 

not observed in this study. Because of lacking the mucilage, we also could not determine the presence of several 

single auxospores surrounded by four thecae is type II auxosporulation or caused by our preparation of a slide. 

Unfortunately, the detailed process of meiosis and unequal cytokinesis could not been observed in this study, 

since the cells laid in the valve faces in most cases. Although a few individual cells seemed to undergo unequal 

cytokinesis, we could not know after that it will die or produce gametes (the separation from another cell caused by 

the preparation of a slide). The change of chloroplasts during auxosporulation is another interesting point. In every 

case thus far, the chloroplast inherited from the gametes either survive and retain their identity or undergo 

controlled senescence and death (anonymous reviewer, pers. Comm.). Based on our observations, the two 

chloroplasts inherited from the gametes have the tendency to fuse after the formation of initial cells forming an H-

shaped chloroplast, although we could not continually focus on one pair of auxospores to observe the whole 

process (Figs 41–42). In addition, in figures 42–43, the left initial cell shows a completely formed H-shaped 

chloroplast. The two cells are all at the last stage of initial cell forming. Based on these observations it seems 

unlikely that one of the chloroplasts will undergo controlled senescence and death. 

 

Ultrastructure of incunabula and perizonium 

All of the auxospore envelop and wall components have been reviewed by Kaczmarska et al. (2013) recently. 

In this study, only scales (incunabular scales) and perizonial bands including a set of longitudinal bands and 

transverse bands were detected. Kaczmarska et al. (2013) introduced five types of scales, namely simple scales, 

distorted scales, slit scales, dendroid scales and spinescent scales. In recent study, two types of scales, simple scales 
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and distorted scales, were reported in Diploneis papula (Schmidt in Schmidt et al.) Cleve (1894: 85) (Idei et al.

2013). For F. tenera only simple scales were found. Similar scales also were reported in Sellaphora marvanii 

(Poulíčková & D.G. Mann in Mann et al. 2011:1370), Nitzschia inconspicua Grunow (1862: 579) (Mann et al.

2013) and Caloneis linearis (Grunow) C.S. Boyer (1927: 311) (Ishii et al. 2012). 

In pennate diatoms, incunabular scales have been reported in araphid diatoms, Rhabdonema Kütz. (1844: 126)

(Stosch 1982); Gephyria media Arn. in Johnston (1860: 20) (Sato et al. 2004); Grammatophora marina (Lyngb.) 

Kütz. (1844: 128) (Sato et al. 2008c); Pseudostriatella oceanica Shin. Sato, D.G. Mann & Medlin in Sato et al.

(Sato et al. 2008b) and Tabularia parva (Kütz.) D.M. Williams & Round (1986: 324) (Sato et al. 2008a), and in the 

biraphid diatoms, S. marvanii, D. papula, C. linearis and F. tenera (this study). In monoraphid diatoms Achnanthes 

crenulata Grunow in Cleve & Grunow (1880: 20) (Toyoda et al. 2005) and Achnanthes yaquinensis McIntire & 

Reimer (1974: 174) (Toyoda et al. 2006), however, scales were not present. Also, the transverse perizonial bands 

were not present in the two monoraphid species. Toyoda et al. (2005) suggested they were lost during the evolution 

from biraphid to monoraphid diatoms. Since those silica scales also were present in centric diatoms, which are 

believed to be the ancestor of pennate diatoms, those isodiametric scales may be the primitive form of incunabula. 

Navicula cryptocephala Kütz. (1844: 95) (Poulíčková & Mann 2006) bear “organic caps” instead of caps consists 

of isodiametric scales. Although N. cryptocephala has similar perizonium with S. marvanii and F. tenera, they 

seem to belong to different lineages. 

The set of transverse perizonial bands that are comprised of one open primary band and seven to nine bands on 

both sides of the primary transverse band. The primary transverse band is nearly two times wider than the 

secondary transverse band, whereas the primary band in Rhoicosphenia curvata (Kütz.) Grunow (1860: 511)

(Mann 1982) and Neidium cf. ampliatum (Mann & Poulíčková 2009) are less than twice wider. In contrast, the 

primary transverse perizonial band of S. marvanii, Caloneis silicula (Ehrenb.) Cleve (1894: 51) (Mann 1989) and 

Navicula cryptocephala Kütz. (1844: 95) (Poulíčková & Mann 2006) are much wider than in F. tenera. Pinnularia 

cf. gibba (Poulíčková et al. 2007) has the widest primary band than above. In addition, the prominent suture 

between primary and secondary band found in S. marvanii was also not detected in F. tenera. 

The longitudinal bands are composed of five bands. A similar arrangement has been reported in Rh. curvata 

(Kütz.) Grunow (1860: 511) (Mann 1982), D. papula (Schmidt in Schmidt et al.) Cleve (1894: 85) (Idei et al.

2013) and Nitz. inconspicua Grunow (1862: 579) (Mann et al. 2013). The longitudinal bands in D. papula have a 

primary band in the middle flanked on each side by two unifacial bands of different structure (Idei et al. 2013). The 

two bands are secondary and tertiary longitudinal bands. Their shapes (Idei et al.2013) differ from F. tenera. The 

shape of complete longitudinal perizonium contracts in the middle, which correspond with the outline of the initial 

cells (Idei et al.2013). Similarly, the outline of a complete longitudinal perizonium (only half could be seen in fig. 

48) convexing in the centre also corresponds with the outline of the initial cells of F. tenera. Moreover, just like the 

generally lateral symmetric vegetative cells the longitudinal perizonal bands also arranged lateral symmetricly in 

D. papula (Schmidt in Schmidt et al.) Cleve (1894: 85) (Idei et al. 2013) and F. tenera. In contrast, the 

longtitudinal perizonal bands in Nitz. inconspicua Grunow (1862: 579) (Mann et al. 2013) are not laterally 

symmetric like its vegetative cells. It suggests the longitudinal perizonium closely related to or even determine the 

shape of initial cells. 

Acknowledgements

We are grateful to the anonymous reviewer who gave us lots of helpful suggestions and related information to 

improve the manuscript. We also thank Dr. J.P. Kociolek and Dr. D.M. Williams for improving the English of the 

manuscript and their valuable comments. We thank Dr. Matsuoka and Dr. Mizuhashi from The Nippon Dental 

University for help us to use the SEM. This work has been partially supported by a Grant in Aid for Scientific 

Research (C: 24580261 & 25450272) from the Japan Society of the Promotion of Science.

 

 Phytotaxa 164 (4)  © 2014 Magnolia Press  •   251FALLACIA TENERA



References

Anonymous (1975) Proposals for a standardization of diatom terminology and diagnoses. Nova Hedwigia, Beiheft 53: 323–
354.

Boyer, C.S. (1927) Synopsis of North American diatomaceae, supplement, part 2.-Naviculatae, Surirellatae. Proceedings of the 
Academy of Natural Sciences of Philadelphia 79: 229–583.

Cleve, P.T.(1894) Synopsis of the Naviculoid Diatoms, Part I. Kongliga Svenska-Vetenskaps Akademiens Handlingar, 26: 1–
194.

Cleve, P.T. & Grunow, A. (1880) Beiträge zur Kenntniss der Arctischen Diatomeen. Kongliga Svenska-Vetenskaps Akademiens 
Handlingar, Vol: 17, Issue: 2, 121 pp.

Garcia, M. (2003) Observations on the diatom genus Fallacia (Bacillariophyta) from southern Brazilian sandy beaches. Nova 
Hedwigia 77: 3–4. 
http://dx.doi.org/10.1127/0029-5035/2003/0077-0309

Geitler, L. (1973) Auxosporenbildung und Systematik bei pennaten Diatomeen und die Cytologie von Cocconeis–Sippen. 
Österreichische botanische Zeitschrift 122: 299–321. 
http://dx.doi.org/10.1007/bf01376232

Grunow, A. (1860) Über neue oder ungenügend gekannte Algen. Erste Folge, Diatomeen, Familie Naviculaceen. 
Verhandlungen der Kaiserlich-Königlichen Zoologisch-Botanischen Gesellschaft in Wein 10: 503–582.

Grunow, A. (1862) Die österreichischen Diatomaceen nebst Anschluss einiger neuen Arten von andern Lokalitäten und einer 
kritischen Uebersicht der bisher bekannten Gattungen und Arten. Erste Folge. Epithemieae, Meridioneae, Diatomeae, 
Entopyleae, Surirelleae, Amphipleureae. Zweite Folge. Familie Nitzschieae. Verhandlungen der Kaiserlich-Königlichen 
Zoologisch-Botanischen Gesellschaft in Wien, 12: 315–472, 545–588. 
http://dx.doi.org/10.5962/bhl.title.64361

Guiry, M.D. & Guiry, G.M. (2013) AlgaeBase. World-wide electronic publication, National University of Ireland, Galway. 
Available from: http://www.algaebase.org/ ( accessed:12 March 2013).

Hustedt, F. (1937) Systematische und ökologische Untersuchungen über die Diatomeenflora von Java, Bali und Sumatra nach 
dem Material der Deutschen Limnologischen Sunda-Expedition. Teil I. Systematischer Teil, Fortsetzung. . Archiv für 
Hydrobiologie, Supplement 15: 187–295.

Hustedt, F. (1961–1966) Die Kieselalgen Deutschlands, Österreichs und der Schweiz. In Dr. L. Rabenhorsts (ed.) 
Kryptogamenflora von Deutschland, Österreich und der Schweiz, Band 7, Teil 3, Akademische Verlagsgesellschaft, 
Leipzig: 816 pp.

Idei, M., Sato, S., Watanabe T., Nagumo, T. & Mann, D.G. (2013) Sexual reproduction and auxospore structure in Diploneis 
papula (Bacillariophyta). Phycologia 52: 295–308. 
http://dx.doi.org/10.2216/12-021.1

 Ishii, O., Idei, M., Suzuki, H., Nagumo, T. & Tanaka, J. (2012) Sexual reproduction and fine structure of auxospore in Caloneis 
linearis (Bacillariophyceae). Journal of Japanese Botany 87: 96–107.

Johnston, C. (1860) Descriptions of Diatomaceae, chiefly of those found in “Elide” (Lower California) Guano. Quarterly 
Journal of Microscopical Science 8:18–21.

Jurasinski G (2007) simba: A Collection of Functions for Similarity Calculation of Binary Data. R package version 0.2–5, URL 
http://CRAN.R-project.org/package=simba.

Karsten G. (1899) Die diatomeen der kieler bucht. Wissenschaftliche meeresuntersuchungen, N.F. (Kiel) 4:1–205.
Kaczmarska, I., Davidovich, N. A. & Ehrman, J. M. (2007) Sex cells and reproduction in the diatom Nitzschia longissima

(Bacillariophyta): discovery of siliceous scales in gamete cell walls and novel elements of the perizonium. Phycologia 46: 
726–737. 
http://dx.doi.org/10.2216/07-04.1

Kaczmarska, I., Poulíčková, A., Sato, S., Edlund, M.B., Idei, M., Watanabe, T., & Mann, D.G. (2013) Proposals for a 
terminology for diatom sexual reproduction, auxospores and resting stages. Diatom Research 28: 263–294. 
http://dx.doi.org/10.1080/0269249x.2013.791344

Kützing, F.T. (1844) Die Kieselschaligen. Bacillarien oder Diatomeen. Zu finden bei W. Köhne, Nordhausen, 152 pp., 30 pls. 
http://dx.doi.org/10.1080/037454809495289

Liu, Y., Kociolek, J. P., Fan, Y. & Wang, Q. (2012) Pseudofallacia gen. nov., a new freshwater diatom (Bacillariophyceae) 
genus based on Navicula occulta Krasske. Phycologia 51: 620–626. 
http://dx.doi.org/10.2216/11-098.1

Mann, D.G. (1982) Structure, life history and systematics of Rhoicosphenia (Bacillariophyta) II. Auxospore formation and 
perizonium structure of Rh. curvata. Journal of Phycology 18: 264–274. 
http://dx.doi.org/10.1111/j.1529-8817.1982.tb03183.x

Mann, D.G. (1989) On auxospore formation in Caloneis and the nature of Amphiraphia (Bacillariophyta). Plant Systematics 
and Evolution 163: 43–52. 
http://dx.doi.org/10.1007/bf00936152

Mann, D.G. & Poulíčková, A. (2009) Incunabula and perizonium of Neidium (Bacillariophyta). Fottea 9: 211–222.
Mann, D.G., Poulíčková, A., Sato, S. & Evans, K.M. (2011) Scaly incunabula, auxospore development, and girdle 
LI ET AL.252   •  Phytotaxa 164 (4)  © 2014 Magnolia Press

http://www.algaebase.org
http://CRAN.R-project.org/package=simba
http://CRAN.R-project.org/package=simba


polymorphism in Sellaphora marvanii sp. nov. (Bacillariophyceae). Journal of Phycology 47: 1368–1378. 
http://dx.doi.org/10.1111/j.1529-8817.2011.01058.x

Mann, D.G., Sato, S., Rovira, R. & Trobajo, S. (2013) Paedogamy and auxosporulation in Nitzschia sect. Lanceolatae
(Bacillariophyta). Phycologia 52: 204–220. 
 http://dx.doi.org/10.2216/12-077.1

Mann, D.G. & Stickle, A.J. (2009) Cytological characteristics of the Sellaphoraceae. Acta botanica croatica 68: 239–250
McIntire, C.D. & Reimer, C.W. (1974) Some marine and brackish-water Achnanthes from Yaquina Estuary, Oregon (U.S.A.). 

Botanica Marina 17:164–175. 
http://dx.doi.org/10.1515/botm.1974.17.3.164

Medlin, L.K. & Kaczmarska, I. (2004) Evolution of the diatoms: V. Morphological and cytological support for the major clades 
and a taxonomic revision. Phycologia 43: 245–270. 
http://dx.doi.org/10.2216/i0031-8884-43-3-245.1

Nagumo, T. & Kobayasi, H. (1990) The bleaching method for gently loosening and cleaning a single duatom frustule. Diatoms 
5: 45–50.

Østrup, E. (1913) Diatomaceae ex Insulis Danicis Indiae occidentalis. Dansk Botanisk Arkiv 1: 1–39. 
http://dx.doi.org/10.5962/bhl.title.3831

Patrick, R.M. & Freese, L.R. (1961) Diatoms (Bacillariophyceae) from Northern Alaska. Proceedings of the Academy of 
Natural Sciences of Philadelphia 112: 129–293.

Poulíčková, A. & Mann, D.G. (2006) Sexual reproduction in Navicula cryptocephala (Bacillariophyceae). Journal of 
Phycology 42: 872–886. 
http://dx.doi.org/10.1111/j.1529-8817.2006.00235.x

Poulíčková, A., Mayama, S., Chepurnov, V. A. & Mann, D.G. (2007) Heterothallic auxosporulation, incunabula and perizonium 
in Pinnularia (Bacillariophyceae). European Journal of Phycology 42: 367–390. 
http://dx.doi.org/10.1080/09670260701476087

Procopiak, L. & Fernandes, L. (2003) Valve morphology of the benthic diatom Fallacia marnieri (Manguin) Witkowski 
(Sellaphoraceae-Bacillariophyta). Brazilian Journal of Biology 63: 113–119. 
http://dx.doi.org/10.1590/s1519-69842003000100015

R Development Core Team (2008) R: A language and environment for statistical computing. R Foundation for Statistical 
Computing, Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R-project.org.

Rasband, W.S. (1997–2012) ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/.
Rakowska, B. (2010) Fallacia helensis (schulz) D.G. Mann and associated diatoms in water drained from the “bełchat w brown 

coal mine”. Diatom Research 25: 349–354. 
http://dx.doi.org/10.1080/0269249x.2010.9705855

Ross, R., Cox, E.J., Karayeva, N.I., Mann, D.G., Paddock, T.B.B, Simonsen, R. & Sims, P.A. (1979) An amended terminology 
for the siliceous components of the diatom cell. Nova Hedwigia Beiheft 64: 513–533.

Round, F.E. (1953) An investigation of two benthic algal communities in Malham Tarn, Yorkshire. The Journal of Ecology, 
174–197. 
http://dx.doi.org/10.2307/2257108

Round, F.E., Crawford, R.M. & Mann D.G. (1990) The diatoms: biology & morphology of the genera. Cambridge University 
Press, Cambridge, 747 pp.

Sabbe, K., Vyverman, W. & Muylaert, K. (1999) New and little-known Fallacia species (Bacillariophyta) from brackish and 
marine intertidal sandy sediments in Northwest Europe and North America. Phycologia 38: 8–22. 
http://dx.doi.org/10.2216/i0031-8884-38-1-8.1

Sato, S., Nagumo, T. & Tanaka, J. (2004) Auxospore formation and the morphology of the initial cell of the marine araphid 
diaotm Gephyria media (Bacillariophyceae). Journal of Phycology 40: 684–691. 
http://dx.doi.org/10.1111/j.1529-8817.2004.03164.x

Sato, S., Kuriyama, K., Tadano, T. & Medlin, L.K. (2008a) Auxospore fine structure in a marine araphid diatom Tabularia 
parva. Diatom Research 23: 423–433. 
http://dx.doi.org/10.1080/0269249x.2008.9705767

Sato, S., Mann, D.G., Matsumoto, S. & Medlin, L.K. (2008b) Pseudostriatella (Bacillariophyta): a description of a new araphid 
diatom genus based on observations of frustule and auxospore structure and 18S rDNA phylogeny. Phycologia 47: 371–
391. 
http://dx.doi.org/10.2216/ph08-02.1

Sato, S., Mann, D.G., Nagumo, T., Tanaka, J., Tadano, T. & Medlin, L.K. (2008c) Auxospore Fine Structure and variation in 
modes of cell size changes in Grammatophora marina (Bacillariophyta). Phycologia 47: 12–27. 
http://dx.doi.org/10.2216/07-34.1

Schmidt, A., Fricke, F., Heiden, H., Müller, O. & Hustedt, F. (1874–1959) Atlas der Diatomaceen-kunde. R. Reisland, 
Ascherleben, Leipzig. 10 vol., 472 pl. 

Schoeman, F.R. & Archibald, R.E.M. (1976–1980) Diatom flora of Southern Africa: CSIR, Special Report, Pretoria.
Sims, P.A. & Paddock, T.B.B. (1979) Observations and comments on some prominent morphological features of naviculoid 

genera. Nova Hedwigia, Beiheft 64: 169–191.
 Phytotaxa 164 (4)  © 2014 Magnolia Press  •   253FALLACIA TENERA

http://www.r-project.org./


Simonsen, R. (1987) Atlas and catalogue of the diatom types of Friedrich Hustedt. J. Cramer, Berlin, 524 pp. 772 pl.
Stosch, H.A. (1982) On auxospore envelopes in diatoms. Bacillaria 5: 127–156.
Toyoda, K., Idei, M., Nagumo, T. & Tanaka, J. (2005) Fine-structure of the vegetative frustule, perizonium and initial valve of 

Achnanthes yaquinensis (Bacillariophyta). European Journal of Phycology 40: 269–279. 
http://dx.doi.org/10.1080/09670260500150511

Toyoda, K., Williams, D.M., Tanaka, J. & Nagumo, T. (2006) Morphological investigations of the frustule, perizonium and 
initial valves of the freshwater diatom Achnanthes crenulata Grunow (Bacillariophyceae). Phycological Research 54: 
173–182. 
http://dx.doi.org/10.1111/j.1440-1835.2006.00420.x

Trobajo, R., Mann, D.G., Chepurnov, V.A., Clavero, E. & Cox, E.J. (2006) Taxonomy, life cycle, and auxosporulation of 
Nitzschia fonticola (Bacillariophyta). Journal of Phycology 42: 1353–1372. 
http://dx.doi.org/10.1111/j.1529-8817.2006.00291.x

William, D.M. & Round, F.E. (1986) Revision of the genus Synedra Ehrenb. Diatom Research 1:313–339 

http://dx.doi.org/10.1080/0269249x.1986.9704976
Witkowski, A. (1991) Fallacia cassubiae sp. nov., a new brackish-water diatom from the puck bay (southern baltic sea), 

poland. Diatom Research 6: 401–409. 
http://dx.doi.org/10.1080/0269249x.1991.9705184

Witkowski, A. (1993) Fallacia florinae (moeller) comb. nov. a marine, epipsammic diatom. Diatom Research 8: 215–219. 
http://dx.doi.org/10.1080/0269249x.1993.9705254

Witkowski, A., Lange-Bertalot, H. & Metzeltin, D. (2000). Diatom flora of marine coasts I. Vol. 12. In: Lange-Bertalot, H. (ed.) 
Iconographia Diatomologica. A.R.G. Gantner Verlag K.G., Ruggell, 925 pp. 
LI ET AL.254   •  Phytotaxa 164 (4)  © 2014 Magnolia Press


