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Biogeography of the cosmopolitan 
terrestrial diatom Hantzschia 
amphioxys sensu lato based 
on molecular and morphological 
data
Yevhen Maltsev 1*, Svetlana Maltseva 1, John Patrick Kociolek2, Regine Jahn3 & 
Maxim Kulikovskiy 1

Until now, the reported diversity of representatives from the genus Hantzschia inhabiting soils 
from different parts of Eurasia was limited to the few species H. amphioxys, H. elongata and H. 
vivax and some of their infraspecific taxa. We have studied the morphology, ultrastructure and 
phylogeny of 25 soil diatom strains, which according to published description would be assigned to 
“H. amphioxys sensu lato” using 18S rDNA, 28S rDNA and rbcL. We show that strains are made up 
of seven different species of Hantzschia, including five new for science. Five strains were identified 
as H. abundans. This species has a slight curvature of the raphe near its external proximal ends. 
Four of the examined strains were represented by different populations of H. amphioxys and their 
morphological characteristics fully correspond with its isolectotype and epitype. The main specific 
features of this species include 21–25 striae in 10 μm, 6–11 fibulae in 10 μm, 40–50 areolae in 10 μm 
and internal proximal raphe endings bent in opposite directions. H. attractiva sp. nov., H. belgica sp. 
nov., H. parva sp. nov., H. pseudomongolica sp. nov. and H. stepposa sp. nov. were described based on 
differences in the shape of the valves, significant differences in dimensions, a lower number of striae 
and areolae in 10 μm and the degree and direction of deflection of the internal central raphe endings. 
Based on the study of the morphological variability and phylogeny of soil Hantzschia-species from 
different geographical locations we conclude that while some species such as H. amphioxys are truly 
cosmopolitan in their distributions, some sympatric populations of pseudocryptic taxa exist in the 
Holarctic.

Diatoms are one of the most widespread group of unicellular algae, being reported from all types of water bodies 
and from all  continents1. Currently, two hypotheses about freshwater diatom distribution are being discussed; 
one suggesting that all or most diatom species have a cosmopolitan  distribution2,3 and the second that restricted 
geographic distributions and even endemicity are more  common4,5. On the one hand, capacity for dispersal, 
wide environmental tolerances and interbreeding between morphologically distinct units should result in wide, 
perhaps ubiquitous  distributions6–8. On the other hand, current careful investigation of taxonomy and distri-
bution of  diatoms5,9–12 and other  microorganisms13,14 have shown that unicellular organisms can be specific to 
restricted areas. Due to the long history of references that Hantzschia amphioxys (Ehrenberg) Grunow has a 
cosmopolitan  distribution15–17, an investigation of the global distribution of this species is an important tool for 
our understanding of global diatom biogeography.

Until recently, the genus Hantzschia Grunow included less than 50 species known from different parts of the 
world and from different water ecosystems like freshwater and saline waterbodies, terrestrial and soil  ecosystems1. 
Many new species from this genus were described during the last decade. Over 250 described taxa are currently 
known from the genus Hantzschia18. Main morphological features that are used for species delimitation are 
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number of striae and areolae, position and shape of fibulae, the degree and direction of deflection of the external 
and internal central raphe endings and the shape of the  frustule19.

The first drawings of valves, which later became the basis for the description of Hantzschia amphioxys, were 
made by C.G. Ehrenberg for several diatoms found in samples from the Americas, including the Falkland Islands, 
Peru, French Guiana and Labrador Peninsula in 1843; the valve from the Labrador was designated as  lectotype20. 
Initially, the species was described as Eunotia amphioxys21. A. Grunow, discussing new species of diatoms from 
Honduras, introduced the new genus Hantzschia, which included five species previously from the genera Eunotia 
Ehrenberg, Nitzschia Hassall and Epithemia Kützing22.

C.S.  Boyer23 chose the species Eunotia amphioxys as type for the genus Hantzschia. The further history of 
the study of H. amphioxys is associated with the accumulation of much material such as distributional reports 
on this species from around the world, and the inclusion of specimens reported under this name in taxonomic 
references and floristic studies. In parallel with this, there was an improvement in the methods of algal research, 
including the application of scanning and transmission electron microscopy, both of which contributed to the 
identification of new and taxonomically-important features for distinguishing between diatom species. For more 
than 150 years in the study of H. amphioxys, the diagnosis of this species has undergone numerous refinements 
and revisions. By the end of the first decade of the twenty-first century, many, sometimes completely contradic-
tory, diagnoses of the species were the result. For example, the length and width of valves as in different sources 
include: 20–100 and 5–15 µm24, 20–210 (300) and 13–15 µm25, 15–50 and 5–7 µm19, 36–68 and 6–10 µm16. 
Such discrepancies in size are also mirrored in the reported number of striae and fibulae in 10 µm. The situation 
changed in 2014, when R. Jahn, besides designating a lectotype after reviewing the samples of C.G. Ehrenberg, 
proposed an epitype from a soil strain for H. amphioxys20.

Until now, the diversity of representatives of the genus Hantzschia among soil diatoms was reported as H. 
abundans Lange-Bertalot, H. amphioxys, H. elongata Grunow and H. vivax (W. Smith) Peragallo, including 
some of their  varieties26–34. H. amphioxys, as the most commonly reported species, has been noted to occur in 
various ecosystems, from diverse soils, including  alkaline32 or  calcareous26, soils of halophilic, shrub, meadow, 
and psammophytic  phytocenoses30, soil horizons in artificial and natural forests of the steppe  zone33,35, for-
est litter of pine, oak and white acacia  plantations36, urban  soils37 and disturbed  lands38. It was shown that H. 
amphioxys could dominate even in the steppe soil post-pyrogenic  communities39 and in biological soil crusts 
after the effects of  fire29.

At the same time, the adoption of a narrow species concept by many researchers had led to the description of a 
number of new species within the genus Hantzschia. Thus, 17 new taxa were described by Lange-Bertalot et al.40 
mainly from samples from Sardinia, one taxon from springs in  Germany41, four species from Xinjiang Province, 
 China18, and five new taxa from fresh water bodies and soil of the South Atlantic  islands19. Until recently, many 
of the described species had been identified as H. amphioxys, which was considered to be a cosmopolitan species.

The predominant use of light microscopy for a long period of time as the main method of studying soil dia-
toms has led to the conclusion that only a few cosmopolitan species dominate in the soils. However, at the present 
stage of research, the combination of light and electron scanning microscopy and molecular phylogenetic analy-
ses, can either support cosmopolitanism among soil diatoms or reveal their hidden diversity. Our study presents 
molecular phylogenetic analyses of 13 novel soil strains of diatom algae, corresponding to H. amphioxys in the 
broad sense, isolated from soil or forest floor in the steppe, forest-steppe, forest and mountain zones of Eurasia. 
In addition, we performed morphological studies of 12 original strains by Souffreau et al.16. The results contain 
a description of five new species of Hantzschia and remarks on the biogeography of H. amphioxys sensu stricto.

Results and discussion
In most of the forest soil samples used in this survey, specimens belonging to the genus Hantzschia are quite 
common. Based molecular as well as on light microscopy (LM) and scanning electron microscopy (SEM) obser-
vations of 25 strains, seven different taxa were recognized. Figure 1 contains the locations of the strain’s habitats. 
In anticipation of the nomenclatural consequences, we are using the new names already here but will describe 
them formally later.

Molecular data. The obtained phylogenetic tree for representatives of the different strains Hantzschia con-
tains several large clades, some of which are monophyletic, while others contain several different species names 
(Fig. 2). In the analyzed tree, the largest clade is represented by different strains of H. amphioxys, the structure of 
which is described in the corresponding molecular analysis section. At the same time, the most significant is that 
in the same clade there is strain H. amphioxys D27_008, which has been designated as  epitype20. One of the larg-
est is the clade with H. abundans, which, in addition to our strains, and some that have already been published, 
includes the group of strains referred to as “Hantzschia sp. 3” (Sterre6)e, (Sterre6)f from Souffreau et al.16. We 
propose to refer to all of these strains as H. abundans. The next clade consists of the new species of H. attractiva 
and three strains of Hantzschia sp. 2 (Mo1)a, (Mo1)e, (Mo1)m from Souffreau et al.16, the latter we propose to 
merge into the new species named H. pseudomongolica, which is sister to H. attractiva. Given the topology of the 
tree and the morphological features of the representatives, we can conclude that there is a close relation between 
H. abundans and H. attractiva plus H. pseudomongolica. A separate group consists of two clades with sufficient 
statistical support (likelihood bootstrap, LB 76; posterior probability, PP 100), one of which is represented by 
two strains of H. parva, and the other with strains of H. cf. amphioxys (Sterre1)f, (Sterre1)h. Another large clade 
represents a set of strains of Hantzschia sp. 1 and Hantzschia sp. 2 (Mo1)h, (Mo1)l from Souffreau et al.16, among 
which there are both large cells (86–89 µm length) and smaller ones (37–39 µm length); strains also differ by 
striation – from 18–20 striae in 10 μm (strain (Mo1)h) to 21–22 in 10 μm (strain (Ban1)h). It is possible that 
Hantzschia sp. 1 and Hantzschia sp. 2 (Mo1)h, (Mo1)l may be several closely related species. Besides the large 
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clades, there are a number of separate branches in the tree, representing separate strains: Hantzschia sp. 1 (Ban1)
d, and the new species H. belgica (H. cf. amphioxys (Sterre3)a from Souffreaua et al.16) and H. stepposa. Inter-
esting is the position of the H. abundans (Tor3)c strain, which is very distant from other representatives of H. 
abundans and probably is a cryptic taxon, whose taxonomic status needs to be revised.

The absence of nucleotide sequences of the 18S rDNA gene for the Hantzschia strains discussed in Souffreau 
et al.16 did not allow us to carry out phylogenetic analysis based on three genes (18S rDNA, 28S rDNA and 
rbcL). However, in GenBank, 18S rDNA sequences are available for other Hantzschia strains, including strain 
D27_008, for which the nucleotide sequence of the 18S V4 rDNA region is known (NCBI Accession FR873247). 
Comparison of this sequence with similar ones in our strains shows a similarity of 98.4% (368 bp) with H. amphi‑
oxys MZ–BH9, MZ–BH14 and MZ–BH15. At the same time, the 18S V4 rDNA regions of these three strains 
are identical and they differ from the epitype by four transitions and one transversion. The similarity with the 
MZ-BH8 strain is somewhat less with 98.1%, due to one transition (transitions), in which it differs both from 
the rest of our strains and from the epitype. Also, for the 18S V4 rDNA region of the H. amphioxys D27_008 
strain, compared with all of our H. amphioxys strains, a specific feature is characteristic—the position of one 
nucleotide (insertion of thymine T). The level of similarity of 98.1–98.4% significantly exceeds the previously 
calculated rate of 97% for 399/387 bp20 between the strain H. amphioxys D27_008 and the strain H. amphioxys 
var. major A4 (NCBI Accession HQ912404) from Ruck and  Theriot42.

The studied Hantzschia strains presented low similarities between the clades indicated in the Fig. 2 and the 
evolutionary distance matrix based on the partial 28S rRNA gene including the D1-D3 region showed that nine 
H. abundans strains shared 99.20–99.87% similarities inside the clade, but they shared 95.61–96.67% similarities 
with H. amphioxys strains, 95.74–96.25% with H. stepposa MZ–BH12 and 96.14–96.54% with H. belgica (Sterre3)a  
(Supplementary Table S1). Thirteen H. amphioxys strains shared more than 99.07% similarity inside the clade 
with the greatest differences between SCII and SCIII subclades. Simultaneously, the evolutionary distance matrix 
showed that H. pseudomongolica strains shared low similarities with Hantzschia species which have central raphe 
endings internally bent to opposite directions with similarity 96.01–96.54% for H. amphioxys, 96.11% for H. 
stepposa and 96.54% for H. belgica.

Pairwise comparisons with putatively related taxa showed that strains of H. amphioxys were more than 99.13% 
similar, however they shared 98.01–98.26% similarities with H. attractiva and less than 98.55% amino acids 
similarity of ribulose-1,5-bisphosphate carboxylase with H. abundans strains in the analysis (Supplementary 
Table S2). Amino acids similarity between H. belgica, H. parva and H. stepposa had value less 99%. The percent 
similarity among aligned amino acids between Hantzschia species had a range of 97.95–100%.

Calculated evolutionary distances for the region D1–D3 of the 28S rRNA gene and amino acid sequence 
of ribulose-1,5-bisphosphate carboxylase provided strong evidence for H. attractive, H. belgica, H. parva, H. 
pseudomongolica and H. stepposa as species separate from H. amphioxys and H. abundans, since the intraspecies 
percent dissimilarity for Hantzschia species was 0.13–0.93% (D1–D3) or 0.59–0.89% (rbcL).

Morphological comparisons. In order to obtain an overview of the diversity and distribution of the 
diatoms with Hantzschia amphioxys-like morphology, we took soil samples for diatom analysis from steppe, 
meadow and forest biogeocenoses of Eurasia. In total, we studied 20 soil samples and from these thirteen strains 
of Hantzschia were isolated. H. attractiva sp. nov., H. belgica sp. nov., H. parva sp. nov., H. pseudomongolica sp. 
nov. and H. stepposa sp. nov. were described based on differences in the shape of the valves, significant differ-

Figure 1.  Map with the habitat locations of the studied strains.
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ences in dimensions, a lower number of striae and areolae in 10 μm and the degree and direction of deflection 
of the internal central raphe ends. Molecular investigations based on two-gene phylogeny and comparison of 
18S V4 rDNA sequences supported our results that new species were clearly separated from other Hantzschia 
species. The remaining species belonged to H. abundans and H. amphioxys.

H. abundans was split off from H. amphioxys by Lange-Bertalot28. The main morphological features of the 
species (compared to H. amphioxys) were the large sizes of the valves (length up to 80 µm, width up to 10 µm), 
fewer striae in 10 µm (15–20) and one-sided deviation of the internal proximal raphe ends (Table 1). A soil isolate 
from a wet meadow dominated by Phalaridetum, which was located 30 m from the river Nidder, Windecken, 
Hessen, Germany, was chosen as holotype. In general, our strains correspond to the diagnosis of the H. abun‑
dans species according to all major morphological characteristics. An exception, however, is the slightly smaller 
valve length in strain MZ–BH6 (37.5–39 µm, in diagnosis—not less than 40 µm), a smaller valve width in strains 
MZ–BH1 and MZ–BH6 (6–7 µm, in diagnosis—7–10 µm). We also noted an increase in areolae density up to 
50 in 10 µm (40 in 10 µm in diagnosis), although close values (45 in 10 µm) were noted by Zidarova et al.19 for 
the population of H. abundans from Byers Peninsula, South Shetland Islands. We have not noted the formation 
of the keel near the raphe from the outer side of the valve in our strains, which, according to Lange-Bertalot28, 
could indicate an excess of silica in the substrate. From the outer side of the valve in all the studied strains, we 
noted a slight curvature of the raphe near its central endings, which was not previously noted (Fig. 3m). This 

Figure 2.  Bayesian tree for representatives of the different strains Hantzschia, from an alignment with 40 
sequences and 1785 characters (partial rbcL gene and 28S rDNA fragments). Type strains indicated in bold. 
The epitype of Hantzschia amphioxys is underlined. Values above the horizontal lines (on the left of slash) are 
bootstrap support from RAxML analyses (< 50 are not shown); values below the horizontal lines (to the right of 
slash) are Bayesian posterior probabilities (< 80 are not shown). *100% statistical support.
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feature is more characteristic for different strains of H. amphioxys. According to morphological characteristics 
such as the width and length of the valve, the number of striae and fibulae 10 μm (supplementary Table S2 in 
Souffreau et al.16), as well as the position in the phylogenetic tree rbcL–28S rDNA (Fig. 2), we suggest to include 
the Hantzschia sp. 3 strains (Sterre6)e and (Sterre6)f from Souffreau et al.16 to H. abundans.

H. attractiva sp. nov. is visually and parametrically similar with some Hantzschia species but differs in a num-
ber of ways. In terms of the ratio of the length and width of the valve, the shape of its ends and concavity in the 
center of the ventral side of the valve, H. attractiva is most similar to H. subrupestris Lange-Bertalot28. However, 
these species can be distinguished from one another by a smaller number of striae (14–16 in 10 μm) and areolae 
(24 in 10 μm) in H. subrupestris (Table 1). In the case of H. subrupestris, the central raphe ends are straight or 
barely noticeably deflected in one direction, whereas in H. attractiva they deviate in one direction very clearly. 
Compared with H. abundans, the diagnostic features of H. attractiva include: less pronounced concavity of the 

Table 1.  List of all strains examined in this study with their GenBank accession numbers (BOLD ID). 
Geographic position and description of sample sites indicated.

Species, strains Length (μm) Width (μm)
Number of striae 
in 10 μm

Number of fibulae 
in 10 μm

Number of areolae 
in 10 μm

Central raphe 
endings structure references

H. abundans MZ–
BH1 45.5–48 6–7 16–20 7–9 40–45 Internally unilaterally 

bent this study

H. abundans MZ–
BH2 48.5–53.5 6.5–7.5 18–20 6–9 40–45 Internally unilaterally 

bent this study

H. abundans MZ–
BH5 48.5–50 6.5–7.5 18–20 7–9 40–50 Internally unilaterally 

bent this study

H. abundans MZ–
BH6 37.5–39 6–6.5 18–20 7–9 45–50 Internally unilaterally 

bent this study

H. abundans MZ–
BH7 50–53.5 7–7.5 16–18 7–8 40–45 Internally unilaterally 

bent this study

H. abundans 40–80 7–10 15–20 5–8 40 Internally unilaterally 
bent Lange-Bertalot28

H. achroma 12–58 4–4.5 34–35 11–14 n.a n.a Li and  Volcani45

H. acuticapitata 57–67 7.8–9.1 22–23 6–9 50 Internally straight Zidarova et al.19

H. amphioxys MZ–
BH8 36–38 4.8–5 23–24 6–8 45–48 Internally bent to 

opposite directions This study

H. amphioxys MZ–
BH9 40–41.5 5–6 23–24 6–8 40–50 Internally bent to 

opposite directions This study

H. amphioxys MZ–
BH14 44–46 5.5–6 21–24 7–8 50–60 Internally bent to 

opposite directions This study

H. amphioxys MZ–
BH15 40–41.5 5–6 22–23 7–10 45–50 Internally bent to 

opposite directions This study

H. amphioxys isolec-
totype 38–42.5 4.4–6.4 23–25 7–11 n.a n.a Jahn et al.20

H. amphioxys epitype 36.8–44.6 5.2–6.6 20–26 5–7.5 48–53 Internally bent to 
opposite directions Jahn et al.20

H. attractiva MZ–
BH11 66–70 7.7–8.9 17–18 5–7 40–50 Internally unilaterally 

bent this study

H. bardii 40–80 6–10 20–24 6–9 36 n.a Lange-Bertalot et al.40

H. belgica (Sterre3)a 36–38 6–7 22–23 8–9 50–55 Internally bent to 
opposite directions

this study; Souffreau 
et al.16

H. compactoides 60–80 10–12 14–16 5–6 30 n.a Lange-Bertalot et al.40

H. delicatula 43–50 5.5–6 18 7–9 30 n.a Metzeltin et al.43

H. giessiana 50–100 6.5–11 16–20 4–7 26–30 Internally bent to 
opposite directions Lange-Bertalot28

H. mongolica 80–127 15–18 11–14 n.a n.a n.a Metzeltin et al.44

H. nematoda 60–90 8 18 7–9 n.a n.a Metzeltin et al.43

H. parva MZ–BH3 41–42.5 6–7 17–20 7–8 40–45 Internally unilaterally 
bent this study

H. parva MZ–BH4 37–38.5 5–6 19–20 8–9 40–45 Internally unilaterally 
bent This study

H. psammicola 50–68 8 10 n.a 28 Internally bent to 
opposite directions Metzeltin et al.43

H. pseudomongolica 83.2–91.4 7.8–9.4 19–21 6–8 40–45 Internally straight This study; souffreau 
et al.16

H. stepposa MZ–
BH12 40–42.5 6–6.5 22–25 5–9 44–52 Internally bent to 

opposite directions This study

H. subrupestris 50–80 7–9 14–16 5–7 24 Internally straight Lange-Bertalot28

H. valdeventricosa (41) 55–70 9–10 18–19 (20) 5.5–7 n.a n.a Metzeltin et al.43
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middle part of the valve from the ventral side, vertical position of the valve ends, which are also less pronounced; 
a larger number of areolae in 10 μm and one-sided deviation of the central raphe ends on both sides of the valve 
(they are located straight in H. abundans). Our species differs from H. bardii Lange-Bertalot, Cavacini, Tagli-
aventi et Alfinito in the shape of the valve ends (in H. bardii, they are obliquely cuneate and finally protracted 
narrow-rostrate to subcapitate), a smaller number of striae in 10 µm and a larger number of  areolae40. Of nearly 
similar size to H. attractiva is H. compactoides Lange-Bertalot, Cavacini, Tagliaventi et Alfinito, which can be 
distinguished by a more pronounced bend of the valve from the ventral side, the direction of the valve ends in 
the same direction and their rostrate  shape40. Also, H. attractiva is characterized by smaller values of the width 
of the valve, the greater the number of striae and areolae in 10 µm. Another similar species is H. giessiana Lange-
Bertalot et  Rumrich28, which characterized by capitate valve ends, a smaller number of areolae in 10 µm (26–30) 
and the central raphe ends from inner part deviate in opposite directions in comparison with H. attractiva. The 
lengths 66–70 µm and breadth 7.7–8.9 µm also correspond to the type of H. nematoda Metzeltin, Lange-Bertalot 
et García-Rodríguez and H. psammicola Garcia-Baptista, which are distinguished from H. attractiva in addition 
to the shape of the valves by the presence of costae on the outer side of the  valve43.

We obtained light and scanning electron micrographs based on the study of the original materials of the 
strains (Mo1)a, (Mo1)e and (Mo1)m and described H. pseudomongolica sp. nov. Originally the (Mo1)a, (Mo1)e 
and (Mo1)m strains were presented in Souffreau et al.16 as “H. amphioxys sp. 2”, however, the authors presented 
only the length and breadth characteristics of the valves without clarifying the taxonomic status or providing 
an explanation of the isolated position of the strains in the phylogenetic tree in relation to the clade with H. 
amphioxys (Fig. 4 in Souffreau et al.16). H. mongolica Metzeltin, Lange-Bertalot et Nergui 44 was described from 
freshwater habitats from Mongolia. This species differs from H. pseudomongolica sp. nov. by its larger valve 
size (length 80–127 µm and width—15–18 µm) and significantly smaller striae density (11–14 in 10 µm). H. 
pseudomongolica sp. nov. differs from H. attractiva in both its dimensional characteristics (longer valves and 
more dense arrangement of striae) and the shape of the valve ends. In H. attractiva the ends are narrowed, 
broadly-rounded and directed vertically, in H. pseudomongolica the ends are more attenuate, almost capitate, 
and deflected towards to the dorsal side.

The paratype of H. parva differs from the holotype by somewhat larger valve sizes, namely, 41.5–42.5 µm long 
and 6–7 µm wide. The large width of the valves, a smaller number of striae in 10 µm and one-sided deviation of 
the central ends of the raphe from the inside of the valve in H. parva underlines its differences with H. amphioxys 
(in comparison with the  isolectotype20). Compared with H. abundans, H. parva is characterized by having nar-
rower valves (for H. abundans in the range of 7–10 µm), a more dense areola arrangement, lack of a keel near 
the raphe externally and by the position of the central raphe ends (for H. abundans they are straight internally).

The smallest species of the genus Hantzschia is H. achroma B.E. Volcani et C.-W. Li, which differs from H. 
parva, in addition to the narrower shape of the valve and tapering valve ends, by a smaller width (up to 4.5 μm), 
more dense striation (34–35 striae in 10 μm) and a higher fibular density (11–14 in 10 μm)45. In spite of the close 
dimensions of the valve, described from Uruguay H. delicatula Metzeltin, Lange-Bertalot et García-Rodríguez43 
has an almost flat ventral side of the valve and its ends are in almost the same plane as the cuneate, as well as 
lower density of areolae (30 to 10 μm), which distinguishes it from H. parva (Table 1). The greater width of the 
valve (9–10 µm), as well as its flattened form on the ventral side, distinguish H. parva from another Uruguayan 
species H. valdeventricosa Metzeltin, Lange-Bertalot et García-Rodríguez43.

According to its morphometric features, H. stepposa sp. nov. is similar to H. amphioxys. Also, these two species 
are similar in the deflection of the central raphe ends on the inner side of valve—they curve in opposite directions. 
Despite this, the two species are easily distinguished by the shape of the valves: H. amphioxys is characterized 
by a pronounced concavity of the ventral side of the valve in the middle, whereas in H. stepposa, the ventral side 
is almost straight; in H. amphioxys, the valve ends are clearly directed to the dorsal side of the valve, while in H. 
stepposa they are arranged vertically. The presence of central raphe ends at the inner side that are deflected in 
opposite directions distinguishes H. stepposa from most of the known Hantzschia species, whose valve length do 
not exceed 100 μm (including H. attractiva and H. parva). The only species with a similar position of the central 
ends of the raphe and up to 100 µm in length is H. giessiana28. However, along with the large size of the valve 
(50–100 μm), it is also characterized by a completely different shape of the valves—a strongly concave ventral 
side and ends curved towards it (Table 1).

Originally strain (Sterre3)a was presented in Souffreau et al.16 as “H. cf. amphioxys”, however, the authors 
presented only the morphometric characteristics and the light micrograph of one valve without clarifying its 
taxonomic status and explaining its isolated position in the phylogenetic tree in relation to the Hantzschia 
amphioxys clade (Fig. 4 in Souffreau et al.16). We present light and scanning electron micrographs based on a 
study of the original material with description of a new species H. belgica sp. nov. In comparison with other 
Hantzschia species that have internal proximal raphe ends that are deflected in opposite direction (H. amphioxys 
and H. stepposa), H. belgica differs in shape and direction of the valve ends. If H. amphioxys and H. stepposa are 
characterized by extended and capitated ends, which are directed to the dorsal side of the valve in H. amphioxys 
and arranged vertically in H. stepposa, in H. belgica the ends of the valves are not distinctly protracted and not 
directed to either the dorsal or ventral margins.

A comparative analysis of the main morphological characteristics (length and width of the valves, the number 
of striae, the number of fibulae and areolae in 10 μm) in the four H. amphioxys strains isolated by us with the 
proposed diagnoses of Jahn et al.20 of the lectotype and epitype show a coincidence in most data. Small differ-
ences can be attributed to the slightly larger maximum length of the valves in strain MZ–BH14 (46.0 μm with 
a maximum of 44.6 μm in the epitype). The density of the areolae for epitype is in the range of 48–53 areolae in 
10 µm (submitted in this study). Some studies indicate the number of areolae in 10 µm for different populations 
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of H. amphioxys in the range of 40–50 areolae in 10 µm19,28. In this regard, the excess of this range is observed 
only in the strain MZ–BH14, whose density of areolae in the valve can reach 60 in 10 µm.

Based on a detailed study of morphology and ultrastructure, as well as the use of phylogenetic analysis using 
the 28S rDNA and rbcL genes, our results found 25 soil strains that represent geographically distant populations 
and formally could be classified as H. amphioxys sensu lato, containing seven different Hantzschia species, includ-
ing five new for science. Five strains were identified as H. abundans and are fully consistent with the diagnosis 
of all major morphological characteristics for that taxon. For these strains, we noted areolar densities up to 50 
in 10 μm (the original diagnosis reported 40 areolae in 10 μm). Externally, in all the studied strains, we noted a 
slight curvature of the raphe near its proximal endings, which was not previously reported. In addition, another 
four of the studied strains represent different populations of H. amphioxys and their morphological characteristics 
fully correspond to the adopted isolectotype and  epitype20. The main specific features of these types include: the 
presence of 21–25 striae in 10 µm, 6–11 fibula in 10 µm, 40–50 areolae in 10 µm and internal proximal raphe 
ends curved in opposite directions (Table 1). Five new species were identified on the basis of differences in the 
shape of valves, the size characteristics of the valves, the number of striae and areolae in 10 μm and the position 
of the central raphe ends compared to the already known Hantzschia species.

Phylogenetic analysis using the 28S rDNA and rbcL genes showed that adding our strains does not change 
the tree topology obtained by C. Souffreaua et al.16 for different lines of H. amphioxys. At the same time, the 
presence of a detailed morphological description of our strains using SEM results made it possible to distinguish 
morphological differences between the available clades. The connection of the topology of the obtained tree with 
the morphological features of the isolated strains shows that morphological features reflect phylogenetic related-
ness. These morphological features that also reflect relationships based on genomic data are shape of the valve, 
the raphe structure (presence or absence of the central nodule and direction of the central branches relative to 
each other in it), the number of striae and areolae in 10 µm. These morphological features were correlated with 
the clades in the ML (Maximum Likelihood) and BI (Bayesian inference) trees constructed from fragments of 
the 28S rDNA and rbcL genes.

Description of new species and emendations. Hantzschia abundans Lange‑Bertalot emended by Malt‑
sev et Kulikovskiy (Fig. 3). Morphology. Valves are dorsiventral with evidently concave central part of ventral 
side of the valve. Dorsal side is slightly convex, sometimes straight (Fig. 3a–l). Valve ends are slightly tapered 
and capitate (strains MZ–BH2, MZ–BH5) or more cuneate and capitate (MZ–BH1, MZ–BH6). Length 37.5–
53.5 µm, breadth 6.0–7.5 µm. Fibulae are of different sizes, 6–9 in 10 µm. Two central fibulae are rather widely 
spaced. Striae are radiate, parallel at the valve ends, 16–20 in 10 µm. Areolae are not visible in LM. Fibulae are 
connected with 1–4 striae or interstriae.

Ultrastructure. In outside view central raphe ends are straight or slightly curved to the same side (Fig. 3m). In 
inside view central raphe ends are curved to dorsal side (Fig. 3n). Striae are uniseriate, 40–50 in 10 µm. Helic-
toglossae are small.

Molecular analysis. In the phylogenetic tree based on the 28S rDNA and rbcL genes, H. abundans strains form 
a separate clade (Fig. 2). In addition to our 5 strains, we also included two other strains of H. abundans, (Wes1)b 
and (Wes3)b, that were isolated from De Panne, Belgium (Souffreau et al.16). This clade also includes soil strains 
(Sterre6)e and (Sterre6)f, named by Souffreau et al.16 as “Hantzschia sp. 3”, isolated from Gent, Belgium.

Ecology and distribution. The strains H. abundans MZ–BH1, MZ–BH2, MZ–BH5, MZ–BH6 and MZ–BH7 
isolated by us belong to soil populations (Fig. 1, Table 2).

Hantzschia attractiva Maltsev et Kulikovskiy sp. nov. (Fig. 4). Holotype. Slide no. 02508/MZ–BH11 (Holotype 
represented by Fig. 4) in the collection of Maxim Kulikovskiy, К.A. Timiryazev Institute of Plant Physiology 
RAS, 10.05.2015, collected by Y. Maltsev.

Type locality. Sod-medium podzolic soil, horizon 0–5 cm, plantation Betula pendula Roth, Yaroslavl region, 
Russia, N57°50′ 23.83″ E38°4′13.02″, 10.05.2015.

Registration. https ://phyco bank.org/10251 6.

Diagnosis. Length 66–70 µm, breadth 7.7–8.9 µm. Valves slightly asymmetrical to the apical axis, with dorsal 
margin concave or straight, ventral margin slightly concave. Apices protracted, rounded. Fibulae are different in 
size and placed irregularly, 5–7 in 10 µm. Central fibulae are more widely spaced than the others. Striae 17–18 
in 10 µm. Areolae are not evident in LM.

Ultrastructure. Raphe with two branches, not continuous, internal proximal raphe ends curved in the dorsal 
direction. Fibulae of varying sizes, connected with 1–5 striae. Striae are uniseriate with 40–50 areolae in 10 µm. 
Internally, the areolae are rectangular in shape.

Etymology. The epithet refers to the attractive nature of the shape of the valve.

https://phycobank.org/102516
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Molecular analysis. In the phylogenetic tree based on the 28S rDNA and rbcL genes, the strain H. attractiva 
MZ–BH11 occupies an isolated position in the clade with three strains of Hantzschia sp. 2 (Mo1)a, (Mo1)e and 
(Mo1)m (Fig. 2), described by Souffreau et al.16 from Kangai-Nuruu (Mongolia). Clade H. attractiva plus H. 
pseudomongolica (Hantzschia sp. 2(Mo1)a, (Mo1)e and (Mo1)m) has high BI support and is sister to the clade 
of H. abundans (Fig. 2).

Ecology and distribution. The strain H. attractiva MZ–BH11 was isolated from the soil (sod-medium podzol) 
(Table 2).

Hantzschia pseudomongolica Maltsev et Kulikovskiy sp. nov. (Fig.  5). Holotype. Slide no. CSO77/(Mo1)a 
(holotype represented by Fig. 5a, d–g) in the collection of Universiteit Gent, collected by Pieter Vanormelingen.

Type locality. Soil, Kangai-Nuruu, Mongolia. N47°50′20.0″ E99°59′59.9″.

Paratype. Slide no. CSO78/(Mo1)e (paratype represented by Fig. 5b–c) in the collection of Universiteit Gent, 
collected by Pieter Vanormelingen. Slide no. CSO81/(Mo1)m in the collection of Universiteit Gent, collected by 
Pieter Vanormelingen.

Registration. https ://phyco bank.org/10251 7.

Diagnosis. Valves nearly straight, slightly asymmetrical to the apical axis and some specimens are also slightly 
asymmetrical to the transapical axis (Fig. 5d,g). Apices protracted, rounded to slightly capitate. Length 83.2–
91.4 µm, breadth 7.8–9.4 µm. Fibulae are of different sizes, 6–8 in 10 µm. Two central fibulae are more widely 
spaced than the others. Striae 19–21 in 10 µm. Areolae are not discernible in LM.

Figure 3.  Valve morphology of the different strains of Hantzschia abundans. (a–l) Light micrographs. (a–c) 
H. abundans MZ–BH1. (d–f) H. abundans MZ–BH2. (g–i) H. abundans MZ–BH6. (j–l) H. abundans MZ–
BH7. (m) Scanning electron micrograph of H. abundans MZ–BH1, exterior of valve at valve center, showing 
the bent of the raphe near the central raphe endings. (n) Scanning electron micrograph of H. abundans 
MZ–BH7, interior of valve at valve center, showing the unilateral bent of the central raphe endings. Scale bars 
(a–l) = 10 µm, (m) = 5 µm, (n) = 0.5 µm.

https://phycobank.org/102517
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Ultrastructure. Raphe not continuous. In inside view central raphe ends are straight (Fig. 5h). Areolae 40–45 
in 10 µm.

Molecular analysis. In the phylogenetic tree based on the 28S rDNA and rbcL genes, H. pseudomongolica 
strains form a common clade with H. attractiva with high statistical support (LB 90; PP 100) (Fig. 2). In this case, 
the strains (Mo1)a and (Mo1)e form a separate subclade, slightly isolated from the clade with strain (Mo1)m.

Etymology. The species is named according to the region where it was found and indicating superficial simi-
larities with H. mongolica.

Hantzschia parva Maltsev et Kulikovskiy sp. nov. (Fig. 6). Holotype. Slide no. 02509/MZ–BH4 (Holotype here 
represented by Fig. 6a–g) in the collection of Maxim Kulikovskiy, К.A. Timiryazev Institute of Plant Physiology 
RAS, 19.04.2015, collected by Y. Maltsev.

Type locality. Chernozem, horizon 0–5 cm, mixed deciduous stands, Poltava region, Ukraine, N49°8′31.69″ 
E34°13′1.51″, 19.04.2015.

Figure 4.  Valve morphology of the strain Hantzschia attractiva MZ–BH11. (a–d) Light micrographs of the natural population. 
(e–i) Light micrographs of monoculture. (j) Scanning electron micrographs, interior of valve. (k) Scanning electron 
micrograph, showing the raphe keel. (l) Scanning electron micrograph, interior of valve at valve center, showing the bent of the 
raphe near the central raphe endings. Scale bars (a–j) = 10 µm, (k–l) = 1 µm.
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Strains
Sample 
locality

Collection 
date Latitude Longitude

Short 
description Slide No GenBank Accession Numbers (BOLD ID)

SSU rDNA, 
partial LSU rDNA, partial rbcL, partial

Hantzschia 
abundans MZ–
BH1

Henichesk, 
Kherson 
region, 
Ukraine

01 Mar 2013 N46°10′31.0″ E34°46′12.1″
Steppe, chest-
nut soil, hori-
zon 0–5 cm

02502 MW396843 MW396827 MW387960

Hantzschia 
abundans MZ–
BH2

Henichesk, 
Kherson 
region, 
Ukraine

01 Mar 2013 N46°9′57.72″ E34°47′34.78″
Cemetery, 
chestnut soil, 
horizon 
0–5 cm

02503 MW396844 MW396828 MW387961

Hantzschia 
abundans MZ–
BH5

Kalinovka 
village, Zhy-
tomyr region, 
Ukraine

18 Apr 2015 N50°16′4.03″ E28°47′54.57″
Betula pendula 
forest, cher-
nozem, hori-
zon 0–5 cm

02510 MW396847 MW396831 MW387964

Hantzschia 
abundans MZ–
BH6

Dmitrovka 
village, Kyiv 
region, 
Ukraine

18 Apr 2015 N50°26′49.26″ E30°11′8.13″
Pinus sylvestris 
forest, cher-
nozem, hori-
zon 0–5 cm

02511 MW396848 MW396832 MW387965

Hantzschia 
abundans MZ–
BH7

Boryspil, 
Kyiv region, 
Ukraine

19 Apr 2015 N50°19′54.99″ E31°0′0.50″

Quercus robur 
L. forest, 
chernozem, 
horizon 
0–5 cm

02512 MW396849 MW396833 MW387966

Hantzschia 
abundans 
(Sterre6)e

Gent, Oost-
Vlaanderen 
(East Flan-
ders), Belgium

21 Nov 2007 N51°01′30.8″ E3°42′55.2″
Concrete 
pavement with 
biofilm, moist

CSO92 n.a (HANT021-11)

Hantzschia 
abundans 
(Sterre6)f

Gent, Oost-
Vlaanderen 
(East Flan-
ders), Belgium

21 Nov 2007 N51°01′30.8″ E3°42′55.2″
Concrete 
pavement with 
biofilm, moist

CSO93 n.a (HANT022-11)

Hantzschia 
attractiva MZ–
BH11

Yaroslavl 
region, Russia 10 May 2015 N57°50′23.83″ E38°4′13.02″

Betula pendula 
and Pinus 
sylvestris forest, 
sod-medium 
podzolic 
soil, horizon 
0–5 cm

02508 MW396852 MW396836 MW387969

Hantzschia 
pseudomon‑
golica (Mo1)a

Kangai-Nuruu, 
Mongolia n.a N47°50′20.0″ E99°59′59.9″ Sediment (lit-

toral zone) CSO77 n.a (HANT006-11)

Hantzschia 
pseudomon‑
golica (Mo1)e

Kangai-Nuruu, 
Mongolia n.a N47°50′20.0″ E99°59′59.9″ Sediment (lit-

toral zone) CSO78 n.a (HANT007-11)

Hantzschia 
pseudomongol‑
ica (Mo1)m

Kangai-Nuruu, 
Mongolia n.a N47°50′20.0″ E99°59′59.9″ Sediment (lit-

toral zone) CSO81 n.a (HANT010-11)

Hantzschia 
parva MZ–
BH3

Henichesk, 
Kherson 
region, 
Ukraine

01 Mar 2013 N46°9′57.72″ E34°47′34.78″
Cemetery, 
chestnut soil, 
horizon 
5–10 cm

02504 MW396845 MW396829 MW387962

Hantzschia 
parva MZ–
BH4

Kobilyaky 
village, 
Poltava region, 
Ukraine

19 Apr 2015 N49°8′31.69″ E34°13′1.51″

Quercus robur 
and Fraxinus 
excelsior L. for-
est, chernozem, 
horizon 
0–5 cm

02509 MW396846 MW396830 MW387963

Hantzschia 
stepposa MZ–
BH12

Kamenka-
Dniprovska, 
Zaporizhia 
region, 
Ukraine

20 Oct 2014 N47°30′23.46″ E34°23′15.99″

Planting of 
Quercus robur, 
fermentation 
sub-horizon of 
forest floor

02516 MW396853 MW396837 MW387970

Hantzschia bel‑
gica (Sterre3)a

Gent, Oost-
Vlaanderen 
(East Flan-
ders), Belgium

21 Nov
2007 N51°01′38.6″ E3°42′58.4″

The upper half 
cm of bare soil 
under Quercus 
in meadow, 
moist

CSO86 n.a (HANT015-11)

Hantzschia 
amphioxys 
MZ–BH8

Mishutino vil-
lage, Moscow 
region, Russia

05 Oct 2015 N56°22′55.12″ E38°6′36.13″

Populus nigra 
L. and Betula 
pendula forest, 
sod-medium 
podzolic 
soil, horizon 
0–5 cm

02505 MW396850 MW396834 MW387967

Continued
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Paratype. Slide no. 02504/MZ–BH3 (Paratype here represented by Fig.  6h–n) in the collection of Maxim 
Kulikovskiy, К.A. Timiryazev Institute of Plant Physiology RAS, 1.03.2013, collected by Y. Maltsev.

Registration. https ://phyco bank.org/10251 8.

Diagnosis. Valves linear-lanceolate, asymmetrical about the apical axis, with dorsal margin more or less 
straight to slightly convex, ventral margin concave, with apices small, protracted, rounded to subrostrate. Length 
37.0–42.5 µm, breadth 5–7 µm. Fibulae irregularly-placed along the ventral margin, 7–9 in 10 µm, with a distinct 
central nodule. Striae 17–20 in 10 µm; areolae not visible with LM.

Ultrastructure. Raphe not continuous, with internal proximal raphe ends deflected slightly in the same direc-
tion. Areolae 40–45 in 10 µm, rectangular in shape internally.

Etymology. The epithet “parva” chosen according to size of the valve and compared with most species in the 
genus.

Molecular analysis. In the phylogenetic tree based on the 28S rDNA and rbcL genes, two strains of H. parva, 
MZ–BH3 and MZ–BH4, form a single clade (Fig.  2). With high bootstrap support, a sister clade joins this 
lineage, which includes two soil strains of H. cf. amphioxys (Sterre1)f and (Sterre1)h, isolated from the region 
of Gent,  Belgium16. Compared to H. parva, these strains are characterized by somewhat larger valve sizes (35–
49 µm long, 8–9 µm wide) and the number of striae is about 20–22 in 10 µm. It is possible that strains (Sterre1)f 
and (Sterre1)h represent another new species of Hantzschia, closely related to H. parva.

Ecology and distribution. In the course of this research, two H. parva soil strains were isolated from geographi-
cally distant biogeocenoses (Fig. 1, Table 2). The strain H. parva MZ–BH4 (holotype) was isolated from the soil 
in the broadleaf forest biogeocenosis. The strain H. parva MZ–BH3 (paratype) BH2 was isolated from the soil of 
the steppe biogeocenosis at the city cemetery. The dominant grass cover consisted of Elytrigia repens (L.) Desv. 
ex Nevski, Hordeum leporinum Link and other grasses.

Hantzschia stepposa Maltsev et Kulikovskiy sp. nov. (Fig. 7). Holotype. Slide no. 02516/MZ–BH12 (Holotype 
represented by Fig. 7) in the collection of Maxim Kulikovskiy, К.A. Timiryazev Institute of Plant Physiology 
RAS, 20.10.2014, collected by Y. Maltsev.

Type locality. Forest litter, ordinary humus chernozem, plantation Quercus robur, Zaporizhzhia region, 
Ukraine, N47°30′23.46″ E34°23′15.99′, 10.20.2014.

Registration. https ://phyco bank.org/10251 9.

Diagnosis. Valves linear-lanceolate, straight to extremely weakly asymmetrical to the apical axis, apices pro-
tracted, knob-like to nearly capitate. Length 40.0–42.5 µm, breadth 6.0–6.5 µm. Fibulae irregular in size, 5–9 in 
10 µm. Striae 22–25 in 10 µm.

Ultrastructure. Raphe not continuous externally and internally; central raphe endings are straight in outside 
view and curved in opposite directions in inside view. Areolae fine, 44–52 in 10 µm, rectangular in shape inter-
nally.

Etymology. The species named according to the ecological region where it was found.

Table 2.  Comparison of species and strains of Hantzschia from studied material with similar taxa.

Strains
Sample 
locality

Collection 
date Latitude Longitude

Short 
description Slide No GenBank Accession Numbers (BOLD ID)

Hantzschia 
amphioxys 
MZ–BH9

Kursk region, 
Russia 02 May 2015 N51°41′8.11″ E36°3′57.79″

Quercus robur 
forest, gray for-
est soil, hori-
zon 0–5 cm

02506 MW396851 MW396835 MW387968

Hantzschia 
amphioxys 
MZ–BH14

Bogatyr village, 
Zaporizhia 
region, 
Ukraine

04 May 2015 N46°37′8.87″ E35°16′27.13″

planting 
of Pinus 
pallasiana, 
fermentation 
sub-horizon of 
forest floor

02513 MW396854 MW396838 MW387971

Hantzschia 
amphioxys 
MZ–BH15

Kamenka-
Dniprovska, 
Zaporizhia 
region, 
Ukraine

07 Oct 2014 N47°30′32.50″ E34°23′17.87″

Planting of 
Pinus sylvestris, 
chernozem 
with low 
humus, hori-
zon 0–5 cm

02514 MW396855 MW396839 MW387972

https://phycobank.org/102518
https://phycobank.org/102519


12

Vol:.(1234567890)

Scientific Reports |         (2021) 11:4266  | https://doi.org/10.1038/s41598-021-82092-9

www.nature.com/scientificreports/

Molecular analysis. In the phylogenetic tree based on the 28S rDNA and rbcL genes, H. stepposa MZ–BH12 
occupies a separate position (Fig. 2). H. stepposa is the sister taxon to the H. amphioxys clade, which empha-
sizes the close relation of the two species. The H. stepposa plus H. amphioxys clade is sister to the soil-dwelling 
Hantzschia belgica (Sterre3)a, characterized as a small cell species (length 36–37 μm and width 6.0–6.5 μm) with 
a number of striae close to H. stepposa (22–23 in 10 μm).

Ecology and distribution. The strain H. stepposa MZ–BH12 was isolated from the fermentation sub-horizon 
of the forest floor in the Quercus robur plantation with Celtis occidentalis L. in the second tier. The grass ground 
cover was represented by Stellaria holostea L., Anthriscus sylvestris (L.) Hoffm., Glechoma hederacea L. and Urtica 
dioica L.

Hantzschia belgica Maltsev et Kulikovskiy sp. nov. (Fig. 8; Fig. 1 L in Souffreau et al16). Holotype. Slide no. 
CSO86/(Sterre3)a (Holotype represented by Fig. 8) in the collection of Universiteit Gent.

Type locality. Soil, Gent, Oost-Vlaanderen (East Flanders), Belgium. N51°01′38.6″ E3°42′58.4″, 21.11.2007, 
collected by Caroline Souffreau.

Registration. https ://phyco bank.org/10252 0.

Diagnosis. Valves linear-lanceolate, weakly asymmetrical to the apical axis, with small, protracted apices. 
Length 36–38 µm, breadth 6–7 µm. Fibulae variable in size and spacing along the ventral margin. Central fibulae 
more widely spaced than the others, 8–9 in 10 µm. Striae 22–23 in 10 µm.

Ultrastructure. Raphe not continuous and eccentric, placed on the valve mantle for the entire length. In inside 
view central raphe endings curved in opposite directions. Externally, areolae are rounded; internally they are 
rectangular in shape. Areolae fine, 50–55 in 10 µm.

Etymology. The species named according to the region where it was found.

Molecular analysis. In the phylogenetic tree based on the 28S rDNA and rbcL genes, H. belgica (Sterre3)a occu-
pies a separate position, sister to H. amphioxys plus H. stepposa clade (Fig. 2). These three taxa are closely related, 

Figure 5.  Valve morphology of the strain Hantzschia pseudomongolica (Mo1)a. (a–c) Light micrographs of the 
natural population. (d–g) Light micrographs of monoculture. (h) Scanning electron micrograph, interior of 
valve at valve center, showing the position of the central raphe endings. Scale bars (a–g) = 10 µm, (h) = 1 µm.

https://phycobank.org/102520
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with high statistical support (LB 100; PP 100) and represent a group of Hantzschia species, in which the central 
raphe ends on the inner side of the valve and are deflected in opposite directions.

Hantzschia amphioxys (Ehrenberg) Grunow emend. Maltsev et Kulikovskiy (Fig. 9). Morphology. Valves lin-
ear-lanceolate, with apices narrowly protracted, deflected dorsally. Fibular approximately of similar size and 
equally-spaced, with the two central fibulae more separate from one another as compared to others. Length 
36–46 µm, breadth 4.8–6.5 µm. Fibulae 7–10 in 10 µm. Striae 21–24 in 10 µm.

Ultrastructure. Raphe not continuous. In outside view central raphe ends slightly curved to the same side 
(Fig. 9r). In inside view central raphe endings distinctly curved in opposite directions (Fig. 9s). Number of are-
olae are variable in different strains: from 40–50 in MZ–BH9 to 50–60 in MZ–BH14. Areolae range from 40 to 
60 in 10 µm between the strains investigated.

Molecular analysis. In the phylogenetic tree, all the H. amphioxys strains isolated by us, as well as the sequences 
taken from BOLDSYSTEMS, form a separate clade (Fig. 2). This clade has several prominent subclades, formed 
with high statistical support. The first subclade (SCI) is represented by two strains of H. amphioxys (Sterre1)e and 
(Sterre3)c, isolated from soil in the Gent (Belgium)  region16. The second subclade (SCII), which is sister to SCI, is 
formed by three strains, also isolated from Gent (Belgium), which are 2–5 µm shorter than the valves compared 
to the first group, one of our strains, MZ–BH8 and the epitype H. amphioxys D27_008. A separate monophyletic 
group within H. amphioxys has the other two subclades. The third subclade (SCIII) consists of three strains of 
H. amphioxys isolated from Schirmacher Oasis (Antarctica)16. The fourth subclade (SCIV) is represented by our 
three strains: MZ–BH9, MZ–BH14 and MZ–BH15 from widely separated habitats in Russia and Ukraine.

Figure 6.  Valve morphology of representatives from the different strains Hantzschia parva. (a–n) Light 
micrographs. (a–c) Natural population of H. parva MZ–BH4. (d–g) Monoculture of H. parva MZ–BH4. (h–j) 
Natural population of H. parva MZ–BH3. (k–n) Monoculture of H. parva MZ–BH3. (o) Scanning electron 
micrographs of H. parva MZ–BH4, interior of valve. (p) Scanning electron micrograph of H. parva MZ–BH4, 
exterior of valve at valve center, showing almost straight the central raphe endings. (q) Scanning electron 
micrograph of H. parva MZ–BH3, interior of valve at valve center, showing the unilateral bent of the central 
raphe endings. Scale bars (a–n) = 10 µm, (o) = 5 µm, (p,q) = 1 µm.
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Ecology and distribution. The four H. amphioxys MZ–BH8, MZ–BH9, MZ–BH14 and MZ–BH15 strains we 
have identified belong to different, geographically distant, soil populations (Fig. 1, Table 2). Strain MZ–BH8 and 
MZ–BH9 were isolated from soil in mixed deciduous forests. Strain MZ–BH14 was isolated from the fermenta-
tion sub-horizon of forest litter in the Pinus pallasiana (D. Don) Holmboe planting. In the algae flora of this 
litter, H. amphioxys is one of the  dominants36. Strain MZ–BH15 was isolated from the forest floor in the Pinus 
sylvestris L. plantation.

Biogeography. The H. abundans clade contains strains isolated in different regions of Belgium: (Sterre6)e 
and (Sterre6)f from Gent, (Wes1)b and (Wes3)b from De  Panne16, as well as our strains from Zhytomyr, Kyiv and 
Kherson regions of Ukraine (Fig. 2). Clade H. attractiva plus H. pseudomongolica (“Hantzschia sp. 2” of Souf-
freau et al.16) represents rather remote populations: H. attractiva MZ–BH11 was isolated in the Yaroslavl region 
of Russia, and strains H. pseudomongolica (Mo1)a, (Mo1)e, (Mo1)m—in the mountain region of Kangai-Nuruu 
Mongolia. However, the presence of a stable phylogenetic connection between these populations undoubtedly 
underlines their close relationship. Also quite interesting is the relationship between the Canadian strains of 
Hantzschia sp. 1 (Ban1)b, (Ban1)e, (Ban1)f, (Ban1)h and Mongolian Hantzschia sp. 2 (Mo1)h, (Mo1)l. As for 
the clade of H. amphioxys, it represents the most distant populations from the Antarctic, Belgium, Germany, 
Russia and Ukraine. Moreover, the selected subclades do not always correspond to the region: the SCI subclade 
includes two Belgian strains (Sterre1)e and (Sterre3)c; SCII subclade is formed by three Belgian strains (Sterre4)
a (Sterre4)b, (Sterre6)b, one Berlin strain D27_008 and strain MZ–BH8 from the Moscow Region (Russia); SCIII 
subclade consists of three Antarctic strains SCHIR S11, SCHIR S15, SCHIR S16; SCIV subclade is represented 
by our three strains: MZ–BH9 (Kursk region, Russia), MZ–BH14 and MZ–BH15 (Zaporizhia region, Ukraine). 
Due to the absence of distinct differences in morphology and ultrastructure between representatives of the sub-
clade SCI–SCIV (Fig. 2) we don’t distinguish new species which may correspond to the separate monophyletic 
subclades within H. amphioxys.

Figure 7.  Valve morphology of the strain Hantzschia stepposa MZ–BH12. (a–g) Light micrographs. (h) 
Scanning electron micrograph, interior of valve at valve center, showing bent to opposite directions of the 
central raphe endings. (i) Scanning electron micrograph, exterior of valve at valve center, showing almost 
straight the central raphe endings. (j) Scanning electron micrograph, interior of valve. Scale bars (a–g) = 10 µm, 
(h,i) = 1 µm, (j) = 5 µm.
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Analysis of the distribution of the studied strains showed the presence of two trends in the biogeography of 
Hantzschia species. The first one shows that within the genus there are a number of widely distributed species; 
the second one shows that there are also species with a probably limited distribution (see also for Planothidium 
by Jahn et al.12). Neither H. abundans, nor H. amphioxys had strains that are more closely related to local endem-
ics, and given the habitats confirmed in our study, they are species with wide distribution. Also, H. parva can 
be considered as widely distributed, two strains of which were isolated from habitats distant more than 400 km 
apart. The second trend may indicate the presence of species with a limited distribution: H. stepposa, H. abundans 
(Tor3)c, and two strains of H. cf. amphioxys (Sterre1)f, (Sterre1)h. However, the question of endemism of these 
species has to be rethought after revising the characteristics of the morphology and ultrastructure of phylogeneti-
cally close or new strains of Hantzschia. Our study has shown that samples of H. amphioxys strains can contain 
both H. amphioxys sensu stricto itself and a number of pseudocryptic taxa. When studying the biogeography 
of individual taxa, it is necessary to take into account the seasonal characteristics of their vegetation. We have 
shown, for example, that H. amphioxys as a dominant of all communities in the coniferous and white acacia litter 
in the spring, and in the summer—only in the white acacia. In the fall, H. amphioxys falls out of the dominant 
complex and may be absent in  samples46.

Figure 8.  Valve morphology of the strain Hantzschia belgica (Sterre3)a. (a–c) Light micrographs of the natural 
population. (d–g) Light micrographs of monoculture. (h) Scanning electron micrograph, exterior of valve. 
(i) Scanning electron micrograph, interior of valve at valve center, showing bent to opposite directions of the 
central raphe endings. Scale bars (a–g) = 10 µm, (h) = 5 µm, (i) = 0.5 µm.
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Today, there is no single and universal morphological or ultrastructural feature that would characterize the 
genus Hantzschia and the most effective way to verify membership to this genus is with a molecular  phylogeny47. 
Considering this, the data obtained here for 13 new soil strains of H. amphioxys and 6 related species not only 
significantly complement the previously obtained  material16, but also represent a significant step in understanding 
the diversity and biogeography of cryptic and pseudocryptic taxa in the genus Hantzschia.

Materials and methods
Diatom samples of Hantzschia were collected in 2014–2015 from different soil and forest floor horizons in the 
territory of steppe, meadow and forest biogeocenoses of Eurasia (Fig. 1, Table 2). The forest floor samples were 
taken at a distance of 1.0–1.5 m from tree trunks in the areas without large branches and accumulated bark 
from the A01 (fresh debris), A02 (0–5 cm, decomposed debris with partially preserved initial structure of some 
components), and A03 (5–10 cm, strongly decomposed debris) sub-horizons. In total, we studied 20 soil samples, 
and from these 13 strains of Hantzschia amphioxys sensu lato were isolated. The isolated strains were deposited in 
the culture collection of Molecular systematics of aquatic plants laboratory at К.A. Timiryazev Institute of Plant 
Physiology RAS. The cultivation of the strains was done as follows: a subsample of each collection was added to 
a WC liquid  medium48. Monoclonal strains were established by micropipetting single cells under the inverted 
microscope Zeiss Axio Vert. A1. Nonaxenic monocultures of the algae were cultivated in the liquid WC medium 

Figure 9.  Valve morphology of representatives from the different strains Hantzschia amphioxys. (a–o) Light 
micrographs. (a–c) H. amphioxys MZ–BH15. (d–g) H. amphioxys MZ–BH8. (h–k) H. amphioxys MZ–BH9. (l–
o) H. amphioxys MZ–BH14. (p) Scanning electron micrograph of H. amphioxys MZ–BH9, exterior of valve. (q) 
Scanning electron micrograph of H. amphioxys MZ–BH8, interior of valve. (r) Scanning electron micrograph 
of H. amphioxys MZ–BH8, exterior of valve at valve center, showing almost straight the central raphe endings. 
(s) Scanning electron micrograph of H. amphioxys MZ–BH9, interior of valve at valve center, showing bent to 
opposite directions of the central raphe endings. Scale bars (a–o) = 10 µm, (p,q) = 5 µm, (r,s) = 1 µm.
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in Petri dishes with alternating 12-h light and dark photoperiod with 70 μmol photons m−2 s−1 light intensity. 
Strains were analyzed after one month of culturing.

Parts of the original strains by Souffreau et al.16 such as Hantzschia sp. 1 (Ban1)e and (Ban1)f, Hantzschia sp. 
2 (Mo1)a, (Mo1)e and (Mo1)m, Hantzschia sp. 3 (Sterre6)f, H. amphioxys SCHIR_S11, SCHIR_S16, (Sterre1)e, 
(Sterre3)c and (Sterre4)b, H. cf. amphioxys (Sterre3)a were provided by Ghent University (Belgium) and used 
for morphological studies with taxonomic revisions.

Samples and strains for light microscopy and scanning electron microscopy investigations were processed 
by means of a standard procedure involving treatment with 10% HCl and concentrated  H2O2. The material was 
washed with distilled water. Permanent diatom preparations were mounted in Naphrax. LM observations of 
the natural population and monocultures were performed using a Zeiss Axio Scope A1 microscope (Germany) 
equipped with oil immersion objective (× 100/n.a 1.4, DIC). The ultrastructure of the valve was examined with 
the JSM-6510LV (Japan) scanning electron  microscope49. Cell measurements were based on at least 50 individuals 
and expressed as minimum and maximum values in the taxonomic description.

The sample selected and designated as lectotype was from the Labrador Peninsula (sample Nr. 1780) stored in 
the Ehrenberg collection, Museum für Naturkunde, Leibniz-Institut für Biodiversitäts- und Evolutionsforschung 
an der Humboldt Universität zu Berlin (BHUPM) with the mica-reference number 250502b blue. Additionally, 
in the Algae Collection, Botanischer Garten und Botanisches Museum Berlin-Dahlem, Freie Universität Berlin 
(B) an isolectotype (B 40 0040891) was selected, and the strain D27_008 was designated as epitype with its V4 
domain of 18S rDNA already  published20; rbcL and 28S rDNA sequences of Hantzschia amphioxys strain D27_008 
have been submitted to NCBI in this study (for methods of extraction see Abarca et al.50).

Total DNA of monoclonal cultures was extracted using InstaGene Matrix according to the manufacturer’s 
protocol. Fragments of 18S rDNA (380 bp, including V4 domain), partial 28S rDNA gene including the D1-D3 
region (753 bp) and partial rbcL plastid gene (1032 bp) were amplified using primers from Zimmerman et al.51 
for 18S rDNA fragments, from Jo et al.52 for 28S rDNA fragments and from Ruck and  Theriot42 for rbcL frag-
ments. The rbcL and 28S rDNA sequences were used for phylogeny reconstruction. V4 domains were used for 
the step–by–step comparison of the 18S rDNA sequences of our strains and other Hantzschia strains.

Amplifications of the 18S rDNA fragments, partial 28S rDNA and rbcL genes fragments were carried out 
using the premade mix ScreenMix (Evrogen, Russia) for the polymerase chain reaction (PCR). The conditions 
of amplification for 18S rDNA fragments were: an initial denaturation of 5 min at 95 °C, followed by 35 cycles at 
94 °C for denaturation (30 s), 52 °C for annealing (30 s) and 72 °C for extension (50 s), and a final extension of 
10 min at 72 °C49. The conditions of amplification for partial 28S rDNA were: an initial denaturation of 5 min at 
95 °C, followed by 45 cycles at 94 °C for denaturation (30 s), 62 °C for annealing (30 s) and 72 °C for extension 
(80 s), and a final extension of 10 min at 72 °C. The conditions of amplification for partial rbcL were: an initial 
denaturation of 5 min at 95 °C, followed by 45 cycles at 94 °C for denaturation (30 s), 60 °C for annealing (30 s) 
and 72 °C for extension (80 s), and a final extension of 10 min at 72 °C49.

The resulting amplicons were visualized by horizontal agarose gel electrophoresis (1.5%), colored with SYBR 
Safe (Life Technologies, United States). Purification of PCR products was carried out with a mixture of FastAP, 
10 × FastAP Buffer, Exonuclease I (Thermo Fisher Scientific, USA) and water. 18S rDNA fragments and partial 
28S rDNA and rbcL genes were decoded from two sides using forward and reverse PCR primers and the Big 
Dye system (Applied Biosystems, USA), followed by electrophoresis using a Genetic Analyzer 3500 sequencer 
(Applied Biosystems, USA)49.

Editing and assembling of the consensus sequences were carried out by comparing the direct and reverse 
chromatograms using the Ridom TraceEdit program (ver. 1.1.0) and  Mega753. Newly determined sequences and 
DNA fragments from 27 other Hantzschia species, which were downloaded from GenBank and BOLD (taxa, 
strain numbers and Accession Numbers are given in Supplementary Table S3), were included in the alignments.

The nucleotide sequences of the 28S rDNA and rbcL genes were aligned separately using the Mafft v7 software 
and the E-INS-i  model54. For the protein-coding sequences of the rbcL gene, we checked that the beginning of 
the aligned matrix corresponded to the first position of the codon (triplet). The resulting alignments had lengths 
of 752 (28S rDNA) and 1033 (rbcL) characters and can be found in the Supplementary Alignment S4.

The data set was analyzed using Bayesian inference method with posterior probability implemented in Beast 
ver. 1.10.1.55 to construct phylogeny. For each of the alignment partitions, the most appropriate substitution 
model was estimated using the Bayesian information criterion (BIC) as implemented in jModelTest 2.1.1056. 
This BIC-based model selection procedure selected the following models, shape parameter α and a proportion 
of invariable sites (pinvar): TrNef + I and pinvar = 0.8330 for 28S rDNA; F81 + I and pinvar = 0.9030 for the first 
codon position of the rbcL gene; JC for the second codon position of the rbcL gene; TPM1uf + G and α = 0.8100 
for the third codon position of the rbcL gene. We used the HKY model of nucleotide substitution instead of TrNef, 
F81, JC and TPM1uf given that they were the best matching model available for Bayesian inference method. A 
Yule process tree prior was used as a speciation model. The analysis ran for 10 million generations with chain 
sampling every 1000 generations. The parameters-estimated convergence, effective sample size (ESS) and burn-
in period were checked using the software Tracer ver. 1.7.1.55. The initial 25% of the trees were removed, the rest 
retained to reconstruct a final phylogeny. The phylogenetic tree and posterior probabilities of its branching were 
obtained on the basis of the remaining trees, having stable estimates of the parameter models of nucleotide substi-
tutions and likelihood. ML analysis was performed using the program  RAxML57. The nonparametric LB analysis 
with 1000 replicas was used. As there are no outgroup taxa included in our analysis, we chose an unrooted tree 
design. The statistical support values were visualized in FigTree ver. 1.4.4 and Adobe Photoshop CC (19.0).



18

Vol:.(1234567890)

Scientific Reports |         (2021) 11:4266  | https://doi.org/10.1038/s41598-021-82092-9

www.nature.com/scientificreports/

Received: 4 October 2020; Accepted: 11 January 2021

References
 1. Round, F. E., Crawford, R. M. & Mann, D. G. Diatoms: Biology and Morphology of the Genera (Cambridge University Press, Cam-

bridge, 1990).
 2. Fontaneto, D. Biogeography of Microscopic Organisms (Cambridge University Press, Cambridge, 2011).
 3. Kociolek, J. P. & Spaulding, S. A. Freshwater diatom biogeography. Nova Hedwigia 71, 223–241 (2001).
 4. Kulikovskiy, M. S., Lange-Bertalot, H., Metzeltin, D. & Witkowski, A. Lake Baikal: hotspot of endemic diatoms I (Iconographia 

Diatomologica (Koeltz Scientific Books, Oberreifenberg, 2012).
 5. Abarca, N., Jahn, R., Zimmermann, J. & Enke, N. Does the cosmopolitan diatom Gomphonema parvulum (Kützing) Kützing have 

a biogeography?. PLoS ONE 9, e86885. https ://doi.org/10.1371/journ al.pone.00868 85 (2014).
 6. Finlay, B. J., Monaghan, E. B. & Maberly, S. C. Hypothesis: the rate and scale of dispersal of freshwater diatom species is a function 

of their global abundance. Protist 153, 261–273. https ://doi.org/10.1078/1434-4610-00103  (2002).
 7. Finlay, B. J. & Fenchel, T. Cosmopolitan metapopulations of free-living microbial eukaryotes. Protist 155, 237–244. https ://doi.

org/10.1078/14344 61047 74199 619 (2004).
 8. Pinseel, E. et al. Global radiation in a rare biosphere soil diatom. Nat. Commun. 11, 2382. https ://doi.org/10.1038/s4146 7-020-

16181 -0 (2020).
 9. Poulíčková, A., Spackova, J., Kelly, M. G., Duchoslav, M. & Mann, D. G. Ecological variation within Sellaphora species complex 

(Bacillariophyceae): specialists or generalists?. Hydrobiologia 614, 373–386. https ://doi.org/10.1007/s1075 0-008-9521-y (2008).
 10. Beszteri, B., John, U. & Medlin, L. An assessment of cryptic genetic diversity within the Cyclotella meneghiniana species complex 

(Bacillariophyta) based on nuclear and plastid genes, and amplified fragment length polymorphisms. Eur. J. Phycol. 42, 47–60. 
https ://doi.org/10.1080/09670 26060 10440 68 (2007).

 11. Li, Y., Williams, D. M., Metzeltin, D., Kociolek, J. P. & Gong, Z. Tibetiella pulchra gen. nov. et sp. Nov., a new freshwater epilithic 
diatom (Bacillariophyta) from River Nijiang in Tibet, China. J. Phycol. 46, 325–330. https ://doi.org/10.1111/j.1529-8817.2009.00776 
.x (2010).

 12. Jahn, R. et al. Planothidium lanceolatum and Planothidium frequentissimumreinvestigated with molecular methods and morphology: 
four new species and the taxonomic importance of the sinus and cavum. Diatom Res. 32, 75–107. https ://doi.org/10.1080/02692 
49X.2017.13125 48 (2017).

 13. Chao, A., Li, P. C., Agatha, S. & Foissner, W. A statistical approach to estimate soil ciliate diversity and distribution based on data 
from five continents. Oikos 114, 479–493. https ://doi.org/10.1111/j.2006.0030-1299.14814 .x (2006).

 14. Foissner, W. Biogeography and dispersal of micro-organisms: a review emphasizing protists. Acta Protozool. 45, 111–136 (2006).
 15. Gollerbach, M. M. & Shtina, E. A. Soil Algae (Nauka, Leningrad, 1969).
 16. Souffreau, C. et al. Molecular evidence for distinct antarctic lineages in the cosmopolitan terrestrial diatoms Pinnularia borealis 

and Hantzschia amphioxys. Protist 164, 101–115. https ://doi.org/10.1016/j.proti s.2012.04.001 (2013).
 17. Maltsev, Y. & Kulikovskiy, M. Molecular and morphological investigation of cosmopolitan diatom Hantzschia amphioxys with 

remarks on biogeography. Phycologia 56, 125 (2017).
 18. You, Q., Kociolek, J. P. & Wang, Q. The diatom genus Hantzschia (Bacillariophyta) in Xinjiang Province, China. Phytotaxa 197, 

1–14. https ://doi.org/10.11646 /phyto taxa.197.1.1 (2015).
 19. Zidarova, R., Van De Vijver, B., Quesada, A. & De Haan, M. Revision of the genus Hantzschia (Bacillariophyceae) on Livingston 

Island (South Shetland Islands, Southern Atlantic Ocean). Pl. Ecol. Evol. 143, 318–333. https ://doi.org/10.5091/plece vo.2010.402 
(2010).

 20. Jahn, R., Kusber, W.-H. & Lange-Bertalot, H. Typification and taxonomy of Hantzschia amphioxys (Ehrenberg) Grunow (Bacil-
lariophyta): type of the genus name Hantzschia Grunow. Nova Hedwigia Beih. 143, 103–110. https ://doi.org/10.1127/1438-
9134/2014/005 (2014).

 21. Ehrenberg, C. G. Verbreitung und Einfluss des mikroskopischen Lebens in Süd- und Nord-Amerika. Abh. Königl. Akad. Wiss., 
291–445 (1843).

 22. Grunow, A. New diatoms from Honduras, with notes by F. Kitton. Monthly Microscopical J. 18, 165–186 (1877).
 23. Boyer, C. S. Synopsis of the North American Diatomaceae. Proc. Acad. Nat. Sci. Philadelphia 79, 227–583 (1927).
 24. Topachevsky, O. V. & Oksyuk, O. P. Diatom algae ‑ Bacillariophyta (Diatomuae). Identifier of Freshwater Algae of the Ukrainian 

SSR, vol 11 (USSR Academy of Sciences, Kyiv, 1960).
 25. Krammer, K. & Lange-Bertalot, H. Bacillariophyceae. 2. Teil: Bacillariaceae, Epithemiaceae, Surirellaceae. Süßwasserflora von Mit‑

teleeuropa. Band 2/2 (Gustav Fisher Verlag, Jena, 1988).
 26. Lund, J. W. Observations on soil algae. New Phytol. 44, 196. https ://doi.org/10.1111/j.1469-8137.1945.tb050 33.x (1945).
 27. Aleksakhina, T. I. & Shtina, E. A. Soil Algae of Forest Biogeocenoses (Nauka, Moscow, 1984).
 28. Lange-Bertalot, H. 85 neue Taxa und über 100 weitere neu definierte Taxa ergänzend zur Süßwasserflora von Mitteleuropa. Vol 

2/1–4. Biblioth. Diatomol. 27, 1–454 (1993).
 29. Johansen, J. R. Impacts of fire on biological soil crusts. In Biological Soil Crusts: Structure, Function, and Management. Ecological 

Studies (Analysis and Synthesis) (eds. Belnap, J. & Lange, O. L.) vol. 150 (Springer, Berlin, 2001).
 30. Kostikov, I. Y. et al. Soil Algae of Ukraine: History and Methods of Research, System, Synopsis of Flora (Kyiv, 2001).
 31. Rosentreter, R. & Belnap, J. Biological Soil Crusts of North America in Biological Soil Crusts: Structure, Function, and Management. 

Ecological Studies (Analysis and Synthesis) (eds. Belnap, J. & Lange, O. L.) vol. 150 (Springer, Berlin, 2001).
 32. Tsarenko, P. M., Wasser, S. & Nevo, E. Algae of Ukraine: Diversity, Nomenclature, Taxonomy, Ecology and Geography Vol. 2 (Bacil-

lariophyta (ARG Gantner Verlag K-G, Ruggell, 2009).
 33. Maltseva, I. A. Soil Algae of the Forests of Steppe Area of Ukraine (Lux, Melitopol, 2009).
 34. Lin, C.-S., Chou, T.-L. & Wu, J.-T. Biodiversity of soil algae in the farmlands of mid-Taiwan. Bot. Stud. 54, 41. https ://doi.

org/10.1186/1999-3110-54-41 (2013).
 35. Maltsev, Y. & Maltseva, I. The influence of forest-forming tree species on diversity and spatial distribution of algae in forest litter. 

Folia Oecologica 45, 12–21. https ://doi.org/10.2478/foeco l-2018-0008 (2018).
 36. Maltsev, Y. I., Pakhomov, A. Y. & Maltseva, I. A. Specific features of algal communities in forest litter of forest biogeocenoses of 

the Steppe zone. Contemp. Probl. Ecol. 10, 71–76. https ://doi.org/10.1134/S1995 42551 70100 85 (2017).
 37. Maltsev, Y. I., Maltseva, I. A., Solonenko, A. N. & Bren, A. G. Use of soil biota in the assessment of the ecological potential of urban 

soils. Biosyst. Divers. 25, 257–262. https ://doi.org/10.15421 /01173 9 (2017).
 38. Maltseva, I. A. & Maltsev, Y. I. Diversity of cyanobacteria and algae in dependence to forest-forming tree species and properties 

rocks of dump. Int. J. Environ. Sci. Technol. https ://doi.org/10.1007/s1376 2-020-02868 -w (2020).
 39. Scherbina, V. V., Maltseva, I. A. & Solonenko, A. N. Peculiarities of postpyrogene development of algae in steppe biocenoses at 

Askania Nova Biospheric national park. Contemp. Probl. Ecol. 7, 187–191. https ://doi.org/10.1134/S1995 42551 40201 40 (2014).
 40. Lange-Bertalot, H., Cavacini, P., Tagliaventi, N. & Alfinito, S. Diatoms of Sardinia. Rare and 76 New Species in Rock Pools and Other 

Ephemeral Waters. Iconographia Diatomologica (ARG Gantner Verlag KG, Königstein, 2003).

https://doi.org/10.1371/journal.pone.0086885
https://doi.org/10.1078/1434-4610-00103
https://doi.org/10.1078/143446104774199619
https://doi.org/10.1078/143446104774199619
https://doi.org/10.1038/s41467-020-16181-0
https://doi.org/10.1038/s41467-020-16181-0
https://doi.org/10.1007/s10750-008-9521-y
https://doi.org/10.1080/09670260601044068
https://doi.org/10.1111/j.1529-8817.2009.00776.x
https://doi.org/10.1111/j.1529-8817.2009.00776.x
https://doi.org/10.1080/0269249X.2017.1312548
https://doi.org/10.1080/0269249X.2017.1312548
https://doi.org/10.1111/j.2006.0030-1299.14814.x
https://doi.org/10.1016/j.protis.2012.04.001
https://doi.org/10.11646/phytotaxa.197.1.1
https://doi.org/10.5091/plecevo.2010.402
https://doi.org/10.1127/1438-9134/2014/005
https://doi.org/10.1127/1438-9134/2014/005
https://doi.org/10.1111/j.1469-8137.1945.tb05033.x
https://doi.org/10.1186/1999-3110-54-41
https://doi.org/10.1186/1999-3110-54-41
https://doi.org/10.2478/foecol-2018-0008
https://doi.org/10.1134/S1995425517010085
https://doi.org/10.15421/011739
https://doi.org/10.1007/s13762-020-02868-w
https://doi.org/10.1134/S1995425514020140


19

Vol.:(0123456789)

Scientific Reports |         (2021) 11:4266  | https://doi.org/10.1038/s41598-021-82092-9

www.nature.com/scientificreports/

 41. Werum, M. & Lange-Bertalot, H. Diatoms in Springs from Central Europe and Elsewhere Under the Influence of Hydrogeology and 
Anthropogenic Impacts. Iconographia Diatomologica (ARG Gantner Verlag K-G, Königstein, 2004).

 42. Ruck, E. C. & Theriot, E. C. Origin and evolution of the canal raphe system in diatoms. Protist 162, 723–737. https ://doi.
org/10.1016/j.proti s.2011.02.003 (2011).

 43. Metzeltin, D., Lange-Bertalot, H. & García-Rodríguez, F. Diatoms of Uruguay, Compared with Other Taxa from South America and 
Elsewhere. Iconographia Diatomologica (ARG Gantner Verlag KG, 2005).

 44. Metzeltin, D., Lange-Bertalot, H. & Soninkhishig, N. Diatoms in Mongolia. Iconographia Diatomologica (ARG Gantner Verlag KG, 
2009).

 45. Li, C.-W. & Volcani, B. E. Four new apochlorotic diatoms. Br. Phycol. J. 22, 375–382 (1987).
 46. Maltsev, Y. I., Didovich, S. V. & Maltseva, I. A. Seasonal changes in the communities of microorganisms and algae in the litters of 

tree plantations in the Steppe zone. Eurasian Soil. Sci. 50, 935–942. https ://doi.org/10.1134/S1064 22931 70600 59 (2017).
 47. Carballeira, R. et al. A combined morphological and molecular approach to Nitzschia varelae sp. Nov., with discussion of symmetry 

in Bacillariaceae. Eur. J. Phycol. 52, 342–359. https ://doi.org/10.1080/09670 262.2017.13095 75 (2017).
 48. Guillard, R. R. L. & Lorenzen, C. J. Yellow-green algae with chlorophyllide c. J. Phycol. 8, 10–14 (1972).
 49. Kulikovskiy, M. et al. Morphological and molecular investigation of Gomphonema longissimum and related taxa from Malili 

lakes (Indonesia) with comments on diatom evolution in ancient lakes. Eur. J. Phycol. 55, 147–161. https ://doi.org/10.1080/09670 
262.2019.16647 71 (2020).

 50. Abarca, N. et al. Defining the core group of the genus Gomphonema Ehrenberg with molecular and morphological methods. Bot. 
Lett. 167, 114–159. https ://doi.org/10.1080/23818 107.2019.16949 80 (2020).

 51. Zimmermann, J., Jahn, R. & Gemeinholzer, B. Barcoding diatoms: evaluation of the V4 subregion on the 18S rRNA gene, including 
new primers and protocols. Org. Divers. Evol. 11, 173–192. https ://doi.org/10.1007/s1312 7-011-0050-6 (2011).

 52. Jo, B. Y., Shin, W. & Boo, S. M. Studies on ultrastructure and three-gene phylogeny of the genus Mallomonas (Synurophyceae). J. 
Phycol. 47, 415–425. https ://doi.org/10.1111/j.1529-8817.2010.00953 .x (2011).

 53. Kumar, S., Stecher, G. & Tamura, K. MEGA7: molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol. 
Evol. 33, 1870–1874. https ://doi.org/10.1093/molbe v/msw05 4 (2016).

 54. Katoh, K. & Toh, H. Parallelization of the MAFFT multiple sequence alignment program. Bioinformatics 26, 1899–1900. https ://
doi.org/10.1093/bioin forma tics/btq22 4 (2010).

 55. Drummond, A. J. & Rambaut, A. BEAST: Bayesian evolutionary analysis by sampling trees. BMC Evol. Biol. 7, 214. https ://doi.
org/10.1186/1471-2148-7-214 (2007).

 56. Darriba, D., Taboada, G. L., Doallo, R. & Posada, D. jModelTest 2: more models, new heuristics and parallel computing. Nat. 
Methods 9, 772. https ://doi.org/10.1038/nmeth .2109 (2012).

 57. Stamatakis, A., Hoover, P. & Rougemont, J. A rapid bootstrap algorithm for the RAxML web-servers. System. Biol. 75, 758–771. 
https ://doi.org/10.1080/10635 15080 24296 42 (2008).

Acknowledgements
Purification and culturing, performing the DNA extraction and PCR reactions, depositing of the investigated 
Hantzschia strains were carried out with financial support by Russian Science Foundation (project number 
20-74-10076) and by framework of the state assignment (theme AAAA–A19–119041190086–6) for finishing 
the manuscript. The authors would like to thank Dr. Koen Sabbe for the comments and improving the paper. We 
thank Dr. Caroline Souffreau and Dr. Eveline Pinseel for providing samples from Souffreau et al. [16].

Author contributions
Y.M. and M.K. designed the research; Y.M. isolated the strains of Hantzschia, made morphological and molecular 
descriptions, wrote the manuscript; S.M. cultured, performed the DNA extraction and PCR reactions; J.P.K. and 
R.J. edited the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https ://doi.
org/10.1038/s4159 8-021-82092 -9.

Correspondence and requests for materials should be addressed to Y.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2021

https://doi.org/10.1016/j.protis.2011.02.003
https://doi.org/10.1016/j.protis.2011.02.003
https://doi.org/10.1134/S1064229317060059
https://doi.org/10.1080/09670262.2017.1309575
https://doi.org/10.1080/09670262.2019.1664771
https://doi.org/10.1080/09670262.2019.1664771
https://doi.org/10.1080/23818107.2019.1694980
https://doi.org/10.1007/s13127-011-0050-6
https://doi.org/10.1111/j.1529-8817.2010.00953.x
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/bioinformatics/btq224
https://doi.org/10.1093/bioinformatics/btq224
https://doi.org/10.1186/1471-2148-7-214
https://doi.org/10.1186/1471-2148-7-214
https://doi.org/10.1038/nmeth.2109
https://doi.org/10.1080/10635150802429642
https://doi.org/10.1038/s41598-021-82092-9
https://doi.org/10.1038/s41598-021-82092-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Biogeography of the cosmopolitan terrestrial diatom Hantzschia amphioxys sensu lato based on molecular and morphological data
	Results and discussion
	Molecular data. 
	Morphological comparisons. 
	Description of new species and emendations. 
	Hantzschia abundans Lange-Bertalot emended by Maltsev et Kulikovskiy (Fig. 3). 
	Morphology. 
	Ultrastructure. 
	Molecular analysis. 
	Ecology and distribution. 

	Hantzschia attractiva Maltsev et Kulikovskiy sp. nov. (Fig. 4). 
	Holotype. 
	Type locality. 
	Registration. 
	Diagnosis. 
	Ultrastructure. 
	Etymology. 
	Molecular analysis. 
	Ecology and distribution. 

	Hantzschia pseudomongolica Maltsev et Kulikovskiy sp. nov. (Fig. 5). 
	Holotype. 
	Type locality. 
	Paratype. 
	Registration. 
	Diagnosis. 
	Ultrastructure. 
	Molecular analysis. 
	Etymology. 

	Hantzschia parva Maltsev et Kulikovskiy sp. nov. (Fig. 6). 
	Holotype. 
	Type locality. 
	Paratype. 
	Registration. 
	Diagnosis. 
	Ultrastructure. 
	Etymology. 
	Molecular analysis. 
	Ecology and distribution. 

	Hantzschia stepposa Maltsev et Kulikovskiy sp. nov. (Fig. 7). 
	Holotype. 
	Type locality. 
	Registration. 
	Diagnosis. 
	Ultrastructure. 
	Etymology. 
	Molecular analysis. 
	Ecology and distribution. 

	Hantzschia belgica Maltsev et Kulikovskiy sp. nov. (Fig. 8; Fig. 1 L in Souffreau et al16). 
	Holotype. 
	Type locality. 
	Registration. 
	Diagnosis. 
	Ultrastructure. 
	Etymology. 
	Molecular analysis. 

	Hantzschia amphioxys (Ehrenberg) Grunow emend. Maltsev et Kulikovskiy (Fig. 9). 
	Morphology. 
	Ultrastructure. 
	Molecular analysis. 
	Ecology and distribution. 


	Biogeography. 

	Materials and methods
	References
	Acknowledgements


