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Abstract: Many diatom groups are known for widespread (pseudo)cryptic species diversity and Pinnularia 
gibba group is one of them. Recently, Kollár et al. (2019) delimited species within the group by means of a 
polyphasic approach, providing an evidence for the existence of fifteen species.  In order to further guide the 
systematic revision of the group, the present study focuses on the evolution and morphology of the P. gibba group. 
Using representatives of the fifteen species we used fossils to constrain and calibrate a multi–gene species–level 
phylogeny. Although many species are morphologically highly similar, significant differences in cell size were 
detected in different sections of the tree, suggestive of ongoing morphological differentiation. We further used 
the phylogenetic analysis to assess marker resolution for DNA barcoding, showing that the proposed diatom 
barcode markers rbcL and V4 SSU rDNA can distinguish closely related (pseudo)cryptic species of the group.
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Introduction

Diatoms (Bacillariophyta) are one of the most diverse 
groups of protists with an estimated number of extant 
species ranging between 30,000 and 200,000 (Andersen 
1992; Mann & Vanormelingen 2013). Among pri-
mary producers, such species richness is matched only 
by green algae (ca. 35,000 –200,000 spp.; Andersen 
1992; Adl et al. 2007), and streptophytes (over 300,000 
extant spp. although it is argued that species concepts 
applied in vascular plants are relatively narrow in com-
parison to those applied in microalgae; Christenhusz 
& Byng 2016). As a group, diatoms are cosmopolitan 
and adapted to almost all aquatic and some terrestrial 
habitats. Consequently, they are of great significance not 
only to fundamental research in the fields of biodiversity, 
evolutionary biology, ecology, and paleolimnology (e.g., 
Lewis et al. 2008), but also for applied disciplines such 
as biomonitoring (e.g., Smol & Stoermer 2010), bio-
technology (e.g., Hu et al. 2008), and nanotechnology 
(e.g., Drum & Gordon 2003). However, the fact that 
many groups remain understudied and that taxonomy 
remains largely based on morphology, complicates 

progress in the systematics of this group. One of the 
major issues is the widespread occurrence of cryptic 
and pseudocryptic species diversity (e.g., Mann et al. 
2004; Vanormelingen et al. 2008; Trobajo et al. 2009; 
Poulíčková et al. 2010; Amato et al. 2019; Pinseel et 
al. 2019) meaning that species are often morphologically 
indistinguishable or distinguishable only after employ-
ment of methods with higher resolution than LM (e.g., 
statistical analysis of morphological data, thorough 
examination in the electron microscope), respectively 
(Mann & Evans 2008). Therefore, molecular methods 
may be cost–efficient for (1) disentangling diatom spe-
cies complexes and primary species delimitation, and 
(2) species identifications (e.g., DNA barcoding; Hebert 
et al. 2003) for both fundamental and applied purposes. 
In this context, studying the phylogenetic relationships 
between the delimited species provides a framework for 
taxonomic revisions (Cox 2009) as well as for testing 
the resolution of the genetic markers proposed for spe-
cies identifications (i.e., barcode markers; e.g., Mann 
et al. 2010).

One of the taxa with a particularly complex 
taxonomy (reviewed in detail in, e.g., Krammer 1992, 
2000) is Pinnularia gibba described by C.G. Ehrenberg 
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(1843a). In the last three decades, detailed morphological 
studies have led to the description of several P. gibba–like 
taxa: e.g., P. subgibba (Krammer 1992), P. gibbiformis 
(Krammer 1992), P. acidicola (Van de Vijver et al. 
2002), P. australogibba (Van de Vijver et al. 2012), 
P. amsterdamensis (Van de Vijver et al. 2012), and P. 
vixconspicua (Van de Vijver et al. 2012). In addition, 
several species have been described that resemble P. 
gibba more distantly: e.g., P. macilenta (Ehrenberg 
1843b), P. pseudogibba (Krammer 1992) and P. lo-
kana (Krammer 2000). Recently, Kollár et al. (2019) 
studied the phenotypic (morphology) and genotypic 
(nuclear LSU rDNA and mitochondrial cox1) diversity 
and biogeographical distribution patterns within the 
P. gibba group (also called the P. subgibba group; see 
the nomenclatural note in the Discussion). As a result, 
fifteen putative species were uncovered, the majority 
of which were members of the (pseudo)cryptic species 
complex gibba–subgibba–parvulissima. Furthermore, 
Poulíčková et al. (2007) investigated sexual compat-
ibility of one of these cryptic species (species K sensu 
Kollár et al. 2019). Following from the new insights 
obtained by molecular data, this species was recently de-
scribed as Pinnularia lacustrigibba sp. nov. (Poulíčková 
et al. 2018), representing the latest contribution to the 
taxonomy of the group.

While the study design in Kollár et al. (2019) 
was optimized for species delimitation, namely that the 
dataset was built in a way to maximize the probability 
of covering all the available intraspecific variability, 
the present study focuses on phylogeny inference. To 
this end, we added the more conserved plastid marker 
rbcL and information from the fossil record to infer a 
time–calibrated multi–gene phylogeny of the group. We 
used the phylogenetic results to test (1) whether there 
are significant differences in cell morphology in dif-
ferent parts of the P. gibba group tree, and (2) whether 
the proposed diatom barcode markers rbcL and SSU 
rDNA have sufficient resolution to distinguish between 
closely related species in the P. gibba group. Finally, the 
taxonomy of the P. gibba group is discussed.

Methods

Data sampling. For the sake of DNA–based phylogenetic 
analyses, one representative strain was selected for each of 
the fifteen species delimited by Kollár et al. (2019; Table 
1). Sampling, culturing and DNA extraction protocols are 
described in Kollár et al. (2019). In addition to the already 
available nuclear–encoded D1–D3 LSU rDNA (28S rDNA) 
and the mitochondrial cox1–5P, the plastid marker rbcL was 
sequenced to extend the data set for the species–level phylo-
genetic analyses. As Kollár et al. (2019) repeatedly failed 
to amplify cox1 sequences of all strains of species H, we 
used the cox1 primers PBORcox2F and PBORcox2R (Table 
S1), designed by Pinseel et al. (2020) to amplify the cox1 
sequence of the selected representative of species H (i.e., 
strain W095b). Furthermore, in order to test the resolution 

of the different diatom barcode markers, the missing SSU 
rDNA sequences of species K, G, H, and I were amplified. 
For cox1, the PCR mixtures contained: 2.5μl of 10× PCR 
buffer (Tris–HCl, (NH4)2SO4, KCl, 15 mM MgCl2, pH 8.7 at 
20 °C; “Buffer I”, Applied Biosystems, Foster City, USA), 
200 μM of deoxynucleoside triphosphates at a concentration 
of 2 mM each, 0.5 μM of each primer (Table S1 – primers), 
0.4 μg.ml–1 of bovine serum albumin (BSA), 1.25U of Taq 
polymerase (AmpliTaq, Perkin–Elmer, Wellesley, USA) and 
1 μl of template DNA. The total reaction volume was adjusted 
to 25 μl by adding high performance liquid chromatography 
water (Sigma, St. Louis, Missouri, USA). For rbcL, 0.4 μM of 
each primer was used. For amplification of cox1, the following 
protocol was applied: 35 cycles (0.5 min at 95 °C, 1 min at 55 
°C and 1.5 min at 72 °C), with an initial denaturation step of 
3 min at 95 °C, and a final elongation step of 5 min at 72 °C. 
For amplification of rbcL, 40 cycles (1 min at 94 °C, 1 min 
at 55 °C and 1.5 min at 72 °C), with an initial denaturation 
step of 3 min at 94 °C, and a final elongation step of 5 min 
at 72 °C. PCR success was checked using gel electrophoresis 
on a 1.5% (w/v) agarose gel. PCR products were purified and 
sequenced by MACROGEN, Inc. (https://www.dna.macrogen.
com). Sequences were assembled using BioNumerics v.3.5 
(Applied Maths, Kortrijk, Belgium). 

Sequence alignment. Sequences of each marker were automati-
cally aligned using the MUSCLE algorithm (Edgar 2004) as 
implemented in MEGAX (Kumar et al. 2018), and checked 
visually. Alignments of protein–coding genes (cox1 and rbcL) 
were trimmed according to their open reading frames (Table 
2). The most divergent regions in the alignments of LSU rDNA 
were automatically eliminated using the Gblocks Server 0.91b 
(Castresana 2000) to avoid possible non–homologous positions 
of hypervariable loop regions. Gap positions were allowed in 
the final blocks along with the less strict flanking positions.

Sub1stitution saturation. If sites are saturated by substitu-
tions, the phylogenetic signal is lost. As a consequence, such 
sites are no longer informative about underlying evolutionary 
processes (e.g., Verbruggen & Theriot 2008; Lemey et al. 
2009). In protein–coding genes, the 3rd codon position usually 
saturates first, because its mutations are often synonymous 
(e.g., Bofkin & Goldman 2007) and hence beyond the reach 
of purifying selection. Therefore, the substitution saturation 
of all genetic markers used in this study was examined and, 
for the protein–coding genes, the 1st/2nd codon positions were 
analysed separately from the 3rd. Substitution saturation was 
analysed by two methods implemented in DAMBE 6.4.29 (Xia 
2013).  Firstly, proportions of invariant sites were computed 
from a neighbour–joining tree and specified for each alignment, 
following Xia et al. (2003). Only fully resolved sites were 
analysed. Secondly, the number of transitions and transver-
sions were plotted against genetic distance (GTR–distance), 
and visually examined.

Phylogenetic analyses. A Maximum Likelihood (ML) phylogeny 
was computed in IQ–TREE v1.6.3 (Trifinopoulos et al. 2016). 
The best–fit substitution models TIM3+F+I+G4 (Posada 2003), 
K3Pu+F+I+G4 (Kimura 1981) and GTR+F+I+G4 (Tavaré 
1986) were automatically detected by IQ–TREE according 
to the Bayesian Information Criterion (BIC) for LSU rDNA, 
rbcL and cox1, respectively. Branch support was computed 
using the UltraFast bootstrap approximation (UBS; Minh et 
al. 2013) with 1,000 replicates. Bayesian inference (BI) was 
conducted in MrBayes v3.2.6 (Ronquist et al. 2012). Best–fit 



was discussed in detail by Souffreau et al. (2011) and Pinseel 
et al. (2020; see the source data file of their Suppl. Fig. 6c for 
full details). It is important to notice that, in general, the fossil 
record in microbes is scarce which may negatively affect the 
accuracy of the time–calibration. Five independent markov 
chains were run for 500 million generations and sampled every 
50,000 generations. The results of the five runs were combined 
using LogCombiner v2.6.1 (Bouckaert et al. 2019) and the 
convergence of Markov chains was checked in Tracer v1.6. 
Ten per cent of the samples were discarded as burn–in.

Statistical testing of cell size. Visual comparison of our phy-
logenetic results (Fig. 1) with the valve morphology of the 
different species (see Fig. 4 in Kollár et al. 2019), suggested 
that the mean cell–sizes of P. gibba strains of the basal lineages 
(i.e., C, A–B, J–K, and D–E–S1) are larger than those of the 
strains of the lineages in the terminal clade (i.e., F–S2–S3–
S4–G–H–I). To statistically test this hypothesis, we used the 
full data set of Kollár et al. (2019) (i.e., 50 strains of the P. 
gibba group for which morphometric data were available; see 
Table S4 in Kollár et al. 2019). The cell–size was expressed 
using four variables: valve length, valve width, length:width 
ratio and length*width. We calculated the mean values of 
these variables for each strain using ten valves per strain. The 
standard deviations reached maxima of ± 2.5 µm and ± 0.7 µm 
for length and width, respectively. The null hypothesis (H0: 
there is no difference in the mean cell–size of the strains of 
the basal lineages and the mean cell–size of the strains of the 
lineages in the terminal clade) was statistically tested for each 
of the four variables separately in R v3.5.1. (R Core Team 
2016) by randomization test with 10,000 replications (using 
only core R functions without any packages). In other words, 
the values of the given variable were 10,000 times randomly 

substitution models GTR+I+G, HKY+I+G (Hasegawa et al. 
1985) and GTR+I+G were selected according to BIC computed 
in MEGAX for LSU rDNA, rbcL and cox1, respectively. Two 
independent runs of Markov chain Monte Carlo (MCMC) 
analysis were performed for 1,000,000 generations. One cold 
and three heated chains were run for each MCMC analysis. 
The diagnostic frequency was defined to 1,000 generations 
and the Markov chain was sampled every 100th generation. 
The convergence of independent runs was checked in Tracer 
v1.7.1 (Rambaut et al. 2018). Twenty–five per cent of the 
samples were discarded as burn–in. To root the trees, two 
outgroup strains were included in the analyses, PIN885TM 
and PIN889MG representing the P. nodosa and P. grunowii 
groups sensu Souffreau et al. (2011), respectively.

Molecular clock analysis. A time–calibrated phylogeny was 
computed in BEAST v2.6.1 (Bouckaert et al. 2019), using a 
relaxed lognormal clock model and a Yule tree prior. The same 
substitution models as in the bayesian analysis outlined above 
were selected for each partition. To obtain four fossil–based 
calibration points, we added 36 outgroup strains to the data 
set (Table S2). The calibration points were (1) the emergence 
of the Pinnularia–Caloneis complex (based on Souffreau 
et al. 2011, Nakov et al. 2018), (2) the emergence of P. 
borealis (based on Pinseel et al. 2020), (3) the split between 
P. acrosphaeria and P. nodosa (based on Souffreau et al. 
2011), and (4) the radiation of P. viridiformis subclade sensu 
Souffreau et al. (2011; based on Saint Martin & Saint 
Martin 2005). All calibration points are indicated in Figure 2. 
A uniform probability distribution was used for all calibration 
points, constrained the ages to to 64.9–76.8 Ma, 14.07–60 Ma, 
14.5–44 Ma and 11.7–44 Ma, respectively. The fossil record 
of Pinnularia and the rationale behind the calibration strategy 

Table 1. List of strains selected as representatives of the fifteen species of the Pinnularia gibba group delimited by Kollár et al. (2019).

Species Strain code Taxon BoLD identifier

A CZECH_SW2_7a P. cf. microstauron PINN213–14

B NUUK_13KAP17_3 P. cf. lokana PINN146–14

C STAP3 P. macilenta PINN219–15

D W045b P. cf. australogibba/amsterdamensis PINN172–14

E REU12_5_1 P. cf. vixconspicua PINN103–14

F Tor8b P. sp. PINN171–14

G MIC5_16 P. acidicola var. acidicola PINN003–14

H W095b P. acidicola var. elongata PINN209–14

I REU12_9_14 P. cf. acidicola PINN105–14

J PIN877TM P. cf. parvulissima PINN162–14

K PIN19Cra P. lacustrigibba PINN192–14

S1 Tor7f P. sp. PINN170–14

S2 Wiec P. subcapitata var. elongata PINN176–14

S3 CZECH_NOS2_7 P. sp. PINN039–14

S4 Tor4r P. sp. PINN164–14
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divided into two groups (of the same sizes as the original basal 
and terminal groups) and a P–value was calculated.

Resolution of DNA barcode markers. To assess the resolution 
of standard DNA barcode markers applied in environmental 
metabarcoding of diatom diversity, we compared their sequence 
divergence between the most closely related species in our 
study. The evaluated DNA barcode markers were V4 SSU 
rDNA (i.e., ca 400 bp of SSU rDNA including its V4 subregion; 
Zimmermann et al. 2011), rbcL–3P (i.e., 748 bp at the 3’ end 
of rbcL; Hamsher et al. 2011), 312 bp fragment of rbcL used 
in France (Vasselon et al. 2017), and 331 bp fragment of rbcL 
used in the UK (Kelly et al. 2018). In addition, complete 
SSU rDNA and rbcL were evaluated. Since SSU rDNA (18S 
rDNA) sequences were not available for several of these spe-
cies, they were obtained when necessary using standard PCR 
protocols. The PCR mixtures contained the same mixture as 
described above, with exception of the primer concentration 
which equalled 1 μM for each primer (Table S1 – primers). For 
PCR amplification, the same protocol as rbcL was used, but 
with an initial denaturation step of 7 min at 94 °C and a final 
elongation step of 10 min at 72 °C. SSU rDNA was amplified 
in two separate PCRs, using primer sets P2/P12 and P4/P14 
(Elwood et al. 1985, Gunderson et al. 1986, Guillou et al. 
1999, Van Hannen et al. 1999). Numbers of bp differences 
in both complete and partial rbcL and SSU rDNA between 
closely related species were computed in MEGAX.

Data availability. Extracted DNA, voucher slides and oxidised 
frustules are stored at PAE (Laboratory of Protistology and 
Aquatic Ecology, Ghent University, Belgium), and are available 
upon request. All newly obtained sequences were uploaded to 
the Barcode of Life Database (BoLD; DOI: dx.doi.org/10.5883/
DS–PIN3) and GenBank (GenBank accession numbers can be 
found in BoLD). Alignments and R scripts used in this study 
are available in JK’s repository (https://www.researchgate.net/
profile/Jan_Kollar5).

Results

Data set properties 
A full set of LSU rDNA, rbcL and cox1 sequences was 
sampled for the fifteen species of the P. gibba group 
(Table 1). LSU rDNA and cox1 were the most variable 
markers in the data set, whereas the number of parsi-
mony informative positions was distinctly lower for rbcL 
(Table 2). The concatenated alignment contained 2,883 
characters, 9% of which were parsimony informative.
 
Substitution saturation 
In the protein–coding genes (rbcL and cox1), the 1st/2nd 
codon sites, and the most variable 3rd codon sites were 
examined separately. The index of substitution satura-
tion (Iss) was significantly lower (at a significance level 
α=0.05) than the critical Iss value (Iss.c) for all genes 
and codon positions. The Iss values equalled 0.113 for 
LSU rDNA, 0.027 for the 1st/2nd codon sites of rbcL, 
0.072 for the 3rd codon sites of rbcL, 0.061 for the 1st/2nd 

codon sites of cox1, and 0.349 for the 3rd codon sites of 
cox1. The Iss.c values (for symmetrical and asymmetrical 
trees) equalled 0.753 and 0.559 for LSU rDNA, 0.756 
and 0.565 for the 1st/2nd codon sites of rbcL, 0.704 and 
0.506 for the 3rd codon sites of rbcL, 0.665 and 0.474 for 
the 1st/2nd codon sites of cox1, and 0.629 and 0.480 for 
the 3rd codon sites of cox1. According to these results, 
none of these genes were saturated. Similarly, following 
a visual examination of the number of transitions and 
transversions plotted against GTR–distance (Fig. S1), 
none of the genes or their codon sites experienced criti-
cal saturation. Together, this indicates the presence of 
a phylogenetic signal in the data. Therefore, all genetic 
markers and all codon sites were used for the downstream 
phylogenetic analyses.  

Phylogenetic analyses
Fig. 1 shows the ML phylogeny based on the concatenated 
alignment of LSU rDNA, rbcL and cox1. Single–locus 
phylogenies can be found in the supplementary material 
(Figs S2–S4). Even though the tree–topologies based on 
the different genetic markers/alignment strategies/methods 
of phylogenetic inference were not identical, there were 
common patterns. First, the ingroup always remained 
monophyletic. Second, species J (P. cf. parvulissima) 
and K (P. lacustrigibba) were always sister species and, 
similarly, species G (P. acidicola var. acidicola), H (P. 
acidicola var. elongata) and I (P. cf. acidicola) always 
formed a well–supported clade, although its internal 
topology varied. Both the ML and BI topologies based 
on the concatenated alignment recovered the topology 
(G,(H,I)), whereas the topology based on LSU rDNA 
(Figure S2) equalled (H,(G,I)) and the topologies based 
on rbcL (Figure S3) and cox1 (Figure S4) were (I,(G,H)). 
Third, in both the ML and BI phylogenies based on the 
concatenated alignment (Figure 1) and in the ML and 
BI phylogenies based on LSU rDNA (Figure S2), the 
lineages from the Northern Hemisphere (C, A–B and J–K) 
appeared on the basis of the tree while the remaining clade 
consisted of the lineages from the Southern Hemisphere 
(D–E–S1, F, S4, G–H–I) except for one species from the 
Netherlands (S2) and one from the Czech Republic (S3). 
Finally, in the same set of phylogenies as in the third 
point, there was a terminal clade consisting of species 
F, G, H, I, S2, S3 and S4 while remaining species (i.e., 
A, B, C, J–K and D–E–S1) formed a basal grade.

Molecular clock analysis 
The results of the fossil time–calibrated molecular 
clock analysis suggest that the common ancestor of the 
P. gibba group probably diverged from the ancestor of 
the P. grunowii group in the Eocene, i.e., 36±9 Ma ago 
(Figure 2).  The common ancestor of the terminal clade 
(i.e., F–G–H–I–S2–S3–S4) diverged 17±4 Ma ago. The 
Scottish sister species J (P. cf. parvulissima) and K (P. 
lacustrigibba) diverged 7±4 Ma ago, and species G (P. 
acidicola var. acidicola), H (P. acidicola var. elongata) 
and I (P. cf. acidicola), inhabiting volcanic islands of the 
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μm2 in the terminal clade. Therefore, we rejected the 
null hypothesis and concluded that the observed differ-
ence in the cell–size is real. Despite that morphological 
variability in the P. gibba group is generally limited, 
this observation is suggestive of ongoing morphologi-
cal differentiation between different P. gibba lineages.
 
Resolution of DNA barcode markers 
The universal phylogenetic patterns (i.e., the relation-
ship between J–K and G–H–I) were used to investigate 
the resolution of the proposed barcode markers rbcL 
and SSU rDNA. The complete rbcL sequences used 
in this study (1,365 bp long) differed 6 bp between the 
two sister species J and K (five differences were in the 
third codon position and one in the first codon position). 
Differences in G–H–I equalled 5 bp, 9 bp and 10 bp 
between G and H, H and I, and G and I, respectively (all 

Southern Hemisphere, diverged 6±3 Ma ago.
Statistical testing of cell size 
The observed difference between the mean cell–sizes 
of the strains of the basal lineages (i.e., C, A–B, J–K, 
and D–E–S1) and mean cell–sizes of the strains of the 
lineages in the terminal clade (consisting of F, S2, S3, 
S4, G, H, and I) could not be explained by chance using 
none of the four variables chosen as the representation of 
the cell–size (i.e., valve length, P = 0.000; valve width, 
P = 0.000; length:width, P = 0.001; length*width, P = 
0.000). The average valve lengths were 70.2 μm in the 
basal lineages and 30.4 μm in the terminal clade. The 
average valve widths were 10.6 μm in the basal lineages 
and 5.9 μm in the terminal clade. The average length 
to width ratios were 6.5 in the basal lineages and 5.1 in 
the terminal clade. The average products of lengths and 
widths were 791.9 μm2 in the basal lineages and 180.4 

Fig. 1. Rooted phylogeny of the Pinnularia gibba group inferred from a three–locus DNA alignment using ML under a partitioned model. Va-
lues at nodes indicate statistical supports given as percentages, ML ultrafast bootstrap approximation / BI posterior probabilities. Whenever the 
ML and BI topologies disagreed, a ‘–‘ is given for the BI posterior probability support. The tip labels correspond to the delimited species sensu 
Kollár et al. (2019): species code – taxon – strain – known locations. The terminal clade used in statistical hypothesis testing is indicated in 
grey. For the sake of presentation, the two outgroup strains are not shown.  
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differences were in the third codon position except for 
one between G and H, and one between H and I, both in 
the first codon position). The fragment of 748 bp at the 
3’ end of rbcL (rbcL–3P; Hamsher et al. 2011) differed 
between J and K in 3 bp, whereas differences in G–H–I 
were 4 bp, 6 bp, and 8 bp between G and H, H and I, and 
G and I, respectively. Both French (312 bp; Vasellon et 
al. 2017) and British (331 bp; Kelly et al. 2018) barcode 
fragments of rbcL differed between J and K in 2 bp, 
whereas differences in G–H–I were 2 bp, 3 bp, and 5 
bp between G and H, H and I, and G and I, respectively. 
The SSU rDNA sequences used in this study (1,575 bp 
for G–H–I; 1,190 bp for J and K) differed between two 
sister species J and K in 5 bp, whereas differences in 
G–H–I were 7 bp, 7 bp and 6 bp between G and H, H and 
I, and G and I, respectively. The V4 region (397 bp) of 
SSU rDNA (V4 SSU rDNA; Zimmermann et al. 2011) 
differed between J and K in 2 bp, whereas differences 
in G–H–I were 2 bp, 2 bp, and 4 bp between G and H, 
H and I, and G and I, respectively. According to these 
results, both proposed barcode regions rbcL–3P and 
V4 SSU rDNA can unambiguously distinguish closely 
related species of the group.

Discussion

This study represents the first attempt to infer the phy-
logenetic relationships within the P. gibba group. When 
only considering shared strains, the tree topologies of the 
P. gibba clade in this study (Figure 1) and those recovered 
by Souffreau et al. (2011), who covered the entire genus 
Pinnularia, are identical. In addition, the overall results 
of our fossil–guided molecular time–calibration of the 
genus Pinnularia were directly in line with earlier studies 
(Souffreau et al. 2011; Nakov et al. 2018). Nevertheless, 
some topological differences were observed between the 
single–gene trees and the concatenated analysis in our 
study. None of these topological differences represented 
hard conflicts. Differences in tree topologies retrieved 
by analyzing different genes are generally thought to be 
the result of incomplete lineage sorting, and are a com-
mon phenomenon across the tree of life (e.g., Leliaert 
et al. 2014). The three (pseudo)cryptic species–level 
lineages G (P. acidicola var. acidicola), H (P. acidicola 
var. elongata) and I (P. cf. acidicola), inhabiting volcanic 

islands of the Southern Hemisphere, diverged 6±3 Ma 
ago. However, those volcanic islands are far younger 
(e.g, Hall et al. 2011) suggesting that the species must 
have evolved elsewhere and colonized respective islands 
somewhen after their emergence.

We found that two groups in the P. gibba group 
(the terminal clade, and the basal grade) showed sig-
nificant differences in cell–size. This suggests that the 
diminutive appearance of species in the terminal clade, 
relative to the basal grade, was inherited from the com-
mon ancestor of the species in this clade. In microbes, 
cell–size plays a crucial role in their physiology (e.g., 
influencing flux across cytoplasmatic membranes) and 
ecology (e.g., influencing ability to attach effectively 
to external surfaces; Marshall et al. 2012). Moreover, 
in diatoms, patterns of cell–size evolution were ob-
served through geological time (Finkel et al. 2005), 
and across different environments (Nakov et al. 2014).  
Furthermore, cell–size is often positively correlated with 
genome–size  (e.g., Connolly et al. 2008; Koester et 
al. 2010; Mueller 2015) and evolutionary patterns of 
genome duplications were found in diatoms (Parks et 
al. 2018). On the other hand, diatom cell–size can vary 
without genome duplication (Mann & Poulíčková 2010). 
Nevertheless, the reduction of cell–size observed here 
may be correlated with the reduction of genome size. 
This remains to be tested in future research.

We compared our phylogenies to biogeographical 
data available for the delimited species (see Figure 5 in 
Kollár et al. 2019). Two species from the Northern 
Hemisphere (S2 from the Netherlands and S3 from the 
Czech Republic) appeared within the terminal clade, 
which is predominantly represented by species from 
the Southern Hemisphere. According to our chronogram 
(Figure 2), these two species diverged from the ancestors 
of other terminal clade representatives (namely S4, G, 
H and I) in the Miocene and had ca 14 Ma to disperse 
into the Northern Hemisphere. Nevertheless, a similar 
pattern was observed in several other diatom complexes, 
such as the P. borealis complex (Pinseel et al. 2019), the 
Hantzschia amphioxys complex (Souffreau et al. 2013b), 
and the Gomphonema parvulum complex (Abarca et 
al. 2014). These results suggest that diatoms, similarly 
to some other protists (e.g., chrysophytes; Bock et al. 
2017), are capable of effective long–distance dispersal 
between hemispheres. On the other hand, many diatom 
species seem to be geographically restricted or even en-
demic (e.g., Van de Vijver et al. 2005; Vyverman et al. 

Table 2. Characteristics of alignments including total number of characters, number of variable characters (V), number of parsimony–informa-
tive characters (PI), and mean genetic distances between the sequences of molecular markers ± standard deviation.

Genetic marker Total V PI p–distance number of differences

D1–D3 LSU rDNA 858 178 108 0.063 ± 0.015 53.4 ± 13.2

rbcL 1365 104 48 0.019 ± 0.010 25.5 ± 8.0

cox1–5P 660 200 115 0.093 ± 0.010 55.5 ± 11.0
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Pinseel et al. 2020). In addition, a recent study by Mora 
et al. (2019) suggested that SSU rDNA metabarcod-
ing consistently underestimates diversity in the genus 
Pinnularia, relatively to morphology–based diversity 
assessments. Finally, it has to be noted that for both 
rbcL and SSU rDNA the sequence divergences between 
closely related species are generally low, and likely to 
be overlooked when using the standard 97% similarity 
cut–off OTU–based pipelines in metabarcoding studies. 
In order to distinguish closely–related diatom species 
using metabarcoding, more sensitive protocols that can 
uncover haplotype diversity by means of Amplicon 
Sequence Variants should be adopted (e.g., DADA2 or 
UNOISE; Callahan et al. 2016, Edgar 2016).

To prevent possible future disputes regarding 
the taxonomy of the P. gibba group, we consider the 
following nomenclatural note important. From a mor-
phological point of view, those Pinnularia species that 
bear ‘ghost striae’ in the central area (slight thinnings 
of the valve that correspond in size and spacing to the 
normal striae; see also Cox 1999) have sometimes been 
called the “gibba group” (e.g., Krammer 2000). On the 
other hand, in the molecular phylogeny by Souffreau 
et al. (2011), the clade containing gibba–like taxa was 
called “the subgibba subclade“ and, for sake of continuity, 
Kollár et al. (2019) followed this term, altering it to 
“the Pinnularia subgibba group“ or „subgibba group“ in 
short. However, Souffreau (2011b) also observed ghost 
striae in one member of the “grunowii“ subclade (strain 
PIN650K identified as P. subanglica) and one member 
of the “nodosa“ subclade (PIN885TM identified as P. 
nodosa) and they may be observed also on LM photo-
graphs of P. nodosa (p. 308, figs 10–12) by Krammer 
(2000). Given that the character is probably homologous 
in all three subclades (together they form clade B sensu 
Souffreau et al. 2011), it cannot be considered apo-
morphic for the P. gibba group as implicitly suggested 
by Krammer’s use of the term (e.g., Krammer 2000, p. 
96). Nevertheless, while ghost striae cannot serve as an 
unambiguous diagnostic character of the P. gibba group on 
their own, for sake of identification, overall morphology 
is usually considered. Therefore, terms subgibba group 
sensu Souffreau and gibba group sensu Krammer may 
be considered synonymous. Further taxonomy–related 
considerations may be found in Kollár (2020).

Among other things, our study showed that deeper 
in evolutionary history patterns of morphological evolu-
tion may be detected even in taxonomically complicated 
groups of diatoms with the widespread occurrence of 
(pseudo)cryptic species diversity. Although causes and 
circumstances of such patterns remain open for future 
research, they may proof helpful in reviewing the higher 
classification of such groups while species delimitations 
and identifications may be achieved efficiently using 
mere units of genetic markers. 
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