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Multiple convergences in the evolutionary history 
of the testate amoeba family Arcellidae (Amoebozoa: 
Arcellinida: Sphaerothecina): when the ecology rules the 
morphology
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Protists are probably the most species-rich eukaryotes, yet their systematics are inaccurate, leading to an underestimation 
of their actual diversity. Arcellinida (= lobose testate amoebae) are amoebozoans that build a test (a hard shell) whose 
shape and composition are taxonomically informative. One of the most successful groups is Arcellidae, a family found 
worldwide in many freshwater and terrestrial environments where they are indicators of environmental quality. However, 
the systematics of the family is based on works published nearly a century ago. We re-evaluated the systematics based on 
single-cell barcoding, morphological and ecological data. Overall, test shape appears to be more related to environmental 
characteristics than to the species’ phylogenetic position. We show several convergences in organisms with similar ecology, 
some traditionally described species being paraphyletic. Based on conservative traits, we review the synapomorphies of the 
infraorder Sphaerothecina, compile a list of synonyms and describe a new genus Galeripora, with five new combinations. 
Seven new species: Arcella guadarramensis sp. nov., Galeripora balari sp. nov., Galeripora bufonipellita sp. 
nov., Galeripora galeriformis sp. nov., Galeripora naiadis sp. nov., Galeripora sitiens sp. nov. and Galeripora 
succelli sp. nov. are also described here.

ADDITIONAL KEYWORDS:   adaptive convergence – convergence – COI mtDNA – cryptic species – diversity 
– phylogeny.

INTRODUCTION

The characterization, classification and delimitation 
of organisms into basic diversity units like species, is 
essential in all fields in biology (Mayr, 1944; Wiley, 1978; 
de Queiroz & Donoghue, 1988; Coyne & Orr, 1989; Wilson, 
2017). Indeed, an accurate taxonomy is indispensable 
for the reproducibility of observations and experiments 
(Mori et al., 2019). Species delimitation relies on a solid 
theoretical background, which gave birth to dozens 
of species concepts (Mayden, 1997; Wheeler & Meier, 
2000). The phylogenetic concept of species is probably 

one of the most widely accepted and defines species as 
‘the smallest aggregation of populations diagnosable 
by a unique combination of character states’ (Nixon & 
Wheeler, 1990). While the application of this concept may 
be challenging in many plants or animals, it becomes 
even more difficult when it is applied to protists that 
usually possess fewer diagnostic characters (Schlegel & 
Meisterfeld, 2003; Boenigk et al., 2012).

Far from being a marginal group in the history of 
life on Earth, protists occupy all the largest and most 
ancient clades in the eukaryotic tree, while plants, 
animals and fungi occupy only lateral branches (Adl 
et al., 2019). Furthermore, recent work based on 
environmental DNA sequencing indicates that their 
diversity may surpass plants and animals (De Vargas 
et al., 2015; Mahé et al., 2017). Hence, biodiversity 
studies need to be expanded to protists in order to 
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obtain a coherent picture of life on Earth. Molecular 
characterization has been proposed as a way to 
circumvent issues with identification (Larson, 1998; 
Zrzavý et al., 1998; Giribet et al., 2002; Casabella-
Herrero et al., 2021). However, the lack of a consensus 
on reference species in many groups renders the use 
of DNA sequences meaningless as a stand-alone tool 
for species delimitation. To solve this, an integrative 
approach grouping ecological, morphological or genetic 
data appears as the most reasonable strategy (Dayrat, 
2005; Padial et al., 2010; Lara et al., 2020).

One of the most charismatic and well-known protists 
are Arcellinida, a group of Amoebozoa that construct a 
characteristic shell, or test, which concentrates most 
features used for their classification (Nikolaev et al., 
2005; Gomaa et al., 2017). These organisms are commonly 
used as bioindicators for ecosystem health (Nguyen-
Viet et al., 2007; Patterson et al., 2013; Cockburn et al., 
2020; Nasser et al., 2020), and also in palaeoecology 
to reconstruct ancient climates (Dalby et al., 2000; 
Mitchell et al., 2008; Qin et al., 2013; Marcisz et al., 
2020). Currently, many new taxa are being discovered 
and described based on the general morphology of their 
tests (Reczuga et al., 2015; Féres et al., 2016). While this 
exploration of diversity is essential, molecular studies 
have revealed that all well-sampled taxa were actually 
species complexes (Kosakyan et al., 2012), where 
individual species differed in slight variations of the 
test shape and size (‘pseudocryptic diversity’; Kosakyan 
et al., 2013; Singer et al., 2015). These ‘hidden’ species 
may have different geographical distributions (Heger 
et al., 2013; Singer et al., 2019) and also occupy different 
microhabitats (Singer et al., 2018). Pooling these species 
has, therefore, consequences not only for biodiversity 
estimates, but also on blurring the bioindication signal 
(Kosakyan & Lara, 2019).

The new Arcellinida systematics is currently being 
established through an integrative approach, which 
combines molecular and morphological data, including 
scanning electron microscopy observations. It results 
in the recognition of numerous species characterized 
by narrower ecological tolerance and more restricted 
geographical distributions, as compared with the 
classical systematics built on overall test shape (Lara 
et al., 2020). Delimiting Arcellinida species can be 
only achieved using variable molecular markers. In 
line with this, several authors (Kosakyan et al., 2013, 
2016a) have suggested the use of cytochrome c oxidase 
subunit I (COI), a mitochondrial marker widely used 
in zoology (Hebert et al., 2003; Xia et al., 2012; Mas-
Peinado et al., 2018), but also in other protists, such as 
Cyphoderia Schlumberger, 1845 (Heger et al., 2011) or 
the Amoebozoa Copromyxa Zopf, 1885 (Kostka et al., 
2017) and Vannella Bovee, 1965 (Nassonova et al., 
2010). Yet, the database on Arcellinida COI sequences 

still remains poor. Indeed, almost all COI data in public 
databases are from the infraorder Hyalospheniformes 
(Kosakyan et al., 2012, 2016b), with the exception of 
two identical sequences from an unidentified species 
in the genus Arcella Ehrenberg, 1830 from Sphagnum 
L. bogs (Fiz-Palacios et al., 2014).

Together with Antarcella (Deflandre, 1928), Arcella 
belongs to the family Arcellidae, classified in the 
infraorder Sphaerothecina. First erected by early 
protistologist Ehrenberg (1830), the genus Arcella 
initially included three species, with Arcella vulgaris 
Ehrenberg, 1830 as the type species. Later authors, 
like Cash et al. (1919), Greef (1866), Leidy (1876, 1879), 
Penard (1890, 1902), Playfair (1918) and Wailes (1913), 
described most species known to date. This information 
was eventually compiled and reviewed by Deflandre 
(1928) – this latter work being currently the only most 
complete reference for the group and is still used today 
as its most important reference. Deflandre’s (1928) 
study includes a species classification that distributed 
the species into subgenus Antarcella, characterized by 
a single nucleus and Euracella (Deflandre, 1928) with 
two or more nuclei, respectively. These subgenera were 
later elevated to genus level and named Antarcella 
and Arcella, respectively. The latter was subdivided 
into four sections based on test outline: ‘Vulgares’, 
‘Carinatae’, ‘Aplanatae’ and ‘Altae’ (Deflandre, 1928).

Arcella is probably the most ecologically successful 
Arcellinid taxon, found worldwide in environments that 
range from oligotrophic peatlands to eutrophic and even 
salt-impacted water bodies (Escobar et al., 2008; Roe & 
Patterson, 2014; Reczuga et al., 2015; Cockburn et al., 
2020). Several species are considered to be cosmopolitan 
and appear to have extremely broad ecological 
tolerances, such as, for instance, Arcella hemisphaerica 
Perty, 1852, found from acidic peatlands to coastal salt 
marshes (Tsyganov & Mazei, 2006; Todorov & Bankov, 
2019). These large disparities in species ecologies 
and geographical distributions suggest, like in other 
Arcellinida, the existence of a previously overlooked 
diversity of species to be revealed through integrative 
taxonomy. It still remains to be evaluated how far the 
described morphological diversity and systematics is 
consistent with the species phylogenetic trees.

The aim of this study is to evaluate the current 
systematics of Arcellidae. We tested the validity of 
Deflandre’s systematic hypotheses (i.e. the validity of 
the genera Antarcella and Arcella and the monophyly 
of the three Western Palaearctic sections in genus 
Arcella). Furthermore, we reveal test morphological 
diversification patterns in Arcellidae, based on isolates 
from the Western Palaearctic. For that purpose, we 
reviewed the bibliography of the original species 
descriptions within the infraorder Sphaerothecina to 
re-evaluate putative synapomorphies and to gather 

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/advance-article/doi/10.1093/zoolinnean/zlab074/6410131 by C

onsejo Superior de Investigaciones C
ientificas (C

SIC
) user on 26 O

ctober 2021



EVOLUTIONARY HISTORY OF ARCELLIDAE  3

© 2021 The Linnean Society of London, Zoological Journal of the Linnean Society, 2021, XX, 1–28

all the information that facilitates further work on the 
group. Then, we collected individual organisms from 
a panel of species representing all sections found in 
the Palaearctic region (i.e. all sections except ‘Altae’; 
Deflandre, 1928). We redefined their taxonomic status 
based on an integrative taxonomic approach by 
analysing morphometric, genetic (COI) and ecological 
data inferred from the original habitat.

MATERIAL AND METHODS

Bibliographic search

We carried out an exhaustive search into available 
published research by compiling all the original 
species descriptions of the Sphaerothecina infraorder. 
A synonymic list, together with references to all the 
original manuscripts, can be found in the Supporting 
Information (Appendix S1). All corresponding 
references have been indexed in the bibliography. 
Each publication was carefully reviewed obtaining 
the following information, when possible: data on the 
precise geographic location from where species were 
described, description of the original ecosystem, test 
morphology and ornamentation, number of nuclei 
and images/drawings of the type specimens. We 
also compared our specimens with Eugène Penard’s 
collection, accessible online (https://commons.
wikimedia.org/wiki/Commons :P%C3%A9nard_
project/taxon_without_categories, accessed 10 
November 2020), an atlas of testate amoebae in 
Bulgaria (Todorov & Bankov, 2019) and two curated 
websites containing illustrations of testate amoebae 
(Siemensma, 2019; Gomes & Souza, 2021).

Sampling and specimen preparation

We sampled environments typical for members of 
Arcella, such as: (1) aquatic: lake and river sediment, 
among submerged vegetation like Ceratophyllum L.; 
(2) bog: Sphagnum mosses; and (3) terrestrial: dry 
mosses growing on different substrates (Table 1).  
The countries sampled were Spain, Bulgaria and 
France. Samples were filtered from the moss and 
sediment and transferred to a Petri dish to concentrate 
the testate amoeba tests. The organisms were isolated 
individually and washed several times in sterile water 
with a small-diameter pipette, under an inverted 
microscope. A portion of the cells found were isolated 
for molecular analyses and deposited individually in 
Eppendorf tubes containing a guanidine thiocyanate-
based nucleic acids extraction buffer (Chomczynski 
& Sacchi, 1987). Nucleic acids extractions were 
performed on single cells, as described in Duckert 
et al., 2018. The other cells were isolated for scanning 

electron microscopy (SEM), deposited on stubs and 
then placed in a desiccator at least overnight prior to 
metallization and observation.

Microscopical observation

All isolated cells were documented under light 
microscopy, using a Leica DMI8 inverted microscope, 
up to 400 × magnification DIC, and a Leica MC170 
HD camera with the software Leica application suite 
(v.4.12.0). The cells were deposited on stubs and coated 
in 8 nm gold using a Balzers SCD 004 sputter coater 
and a tension of 15 kV. They were observed with a 
Hitachi S-3000N and a JEOL JSM-5510 (operating at 
10 kV) scanning electron microscope (SEM).

We used the software ImageJ (v.1.52) (Schneider 
et al., 2012) to obtain accurate test measurements 
from the images. We measured the aperture length 
and width, and test length and width to be used later 
in morphometric analyses.

DNA extraction and amplification

Total DNA was extracted from 46 organisms from 
the infraorder Sphaerothecina (Kosakyan et  al., 
2016a), 39 from the genus Arcella (family Arcellidae), 
four from Cucurbitella Penard, 1902 and three from 
Netzelia Ogden, 1979 (family Netzeliidae). Members 
of the last two genera were used as outgroups (Table 
1). DNA was extracted from single amoeba cells in 
guanidine thiocyanate buffer and desalted through 
several washes in 96% and 70% ethanol dilutions, 
pelleted and preserved at 4 °C until further processing 
(Duckert et al., 2018), except on two occasions, where 
two amoebae were collected together in the same DNA 
extraction.

The polymerase chain reaction (PCR) consisted 
of, with occasional minor variations, a final reaction 
volume of 20 μL containing 6 μL of distilled water, 
12 μL MyTaq Red DNA polymerase Mix (BioLine), 1 μL 
of each primer (10 μmol) and 2 μL of DNA template. 
We applied a two-step protocol: a first amplification 
was performed using the universal mitochondrial 
cytochrome c oxidase subunit I (COI) primer pair LCO 
1490 (5’ GGTCAACAAATCATAAAGATATTGG 3’) and 
HCO 2198 (5’ TAAACTTCAGGGTGACCAAAAAATCA 
3’) (Folmer et al., 1994), with the following PCR cycling 
profile: initial denaturation at 96 °C for 5 min, followed 
by 40 cycles at 94 °C for 15 s, 40 °C for 15 s and 72 °C 
for 90 s and a final extension step at 72 °C for 10 min. 
We designed also two Arcella-specific primers, namely 
ArCOIF (5’ GGTATTYTAGCWCATTCNRGTGG 3’) 
and the reverse and complementary ArCOIR, which 
were applied to the previously obtained products in a 
semi-nested approach, by combining each of them with 
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the corresponding broad-spectrum primer (respectively, 
ArCOIR-LCO and ArCOIF-HCO). The PCR profile was 
the following: initial denaturation at 96 °C for 5 min, 
followed by 40 cycles at 94 °C for 15 s, 55 °C for 15 s 
and 72 °C for 90 s, and a final extension step at 72 °C 
for 10 min. After the amplification, 3 μL of the reaction 
was analysed by electrophoresis on a 1% agarose gel, 
to verify fragment size and check for contaminations. 
Bands with the expected size were excized from the gel 
and stored at 4 °C. The samples were sequenced using 
Sanger dideoxy-technology in both directions by the 
company Macrogen Inc. (Macrogen Europe, Madrid, 
Spain). The control quality of the raw sequences 
and the assembling of both PCR products were done 
using the software GENEIOUS PRIME (v.2019.0.4). 
Finally, the identity of the sequences was checked by 
performing a blastn analysis (Altschul et al., 1990) 
against the GenBank database to ensure that our 
sequences were the closest related to Arcellinida. 
The final length of the sequences (from HCO to LCO) 
was of 641 bp; primers ArCOIR-LCO yielded a 359 bp 
fragment and ArCOIF-HCO a 259 bp, respectively.

Phylogenetic analyses

We used two COI  sequences from infraorder 
Hyalospheniformes: Hyalosphenia papilio Leidy, 
1874 JN849014 and Nebela flabellulum Leidy, 
1874 JN849026 (Kosakyan et al., 2012) to root all 
Sphaerothecina, and added four Lobosea (non-
Arcellinida) sequences: Copromyxa sp. LC102283, 
Copromyxa  pro tea  Fayod , 1883  LC102284 , 
Hartmannella cantabrigiensis Zopf, 1885 LC102285 
and Saccamoeba sp. LC102286 (Kostka et al., 2017) 
to root all Arcellinida. These sequences were retrieved 
from GenBank. A total of 52 COI sequences were 
aligned using the MAFFT (Katoh et al., 2002) auto 
algorithm as implemented in GENEIOUS PRIME 
(v.2019.0.4), resulting in a total alignment of 618 bp, 
after removing the primers sequences. A distance 
table and a neighbour-joining tree (Supporting 
Information, Fig. S1) were performed with PAUP* 
v.4.0 b10 (Swofford, 2002) under distance optimality 
criterion. Tree topologies and node supports were 
evaluated with Bayesian inferences (BI) and maximum  
likelihood (ML).

Bayesian inference (BI) analyses were conducted 
using MrBayes 3.2.7a (Ronquist et  al. , 2012) 
implemented in the CIPRES Science Gateway v.3 
(Miller et  al., 2010). Markov chain Monte Carlo 
(MCMC) settings consisted of two independent runs, 
with four chains for each run and 20 106 generations. 
Trees were sampled every 1000 generations; the first 
25% was discarded as burn-in. Substitution models 
were selected with the reversible-jump MCMC method 
(Huelsenbeck et al., 2004). Posterior probabilities were S
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calculated with the MCMC method by sampling trees 
(Larget & Simon, 1999; Huelsenbeck & Ronquist, 2001).  
Convergence of the different runs was evaluated with 
TRACER v.1.7.1 (Rambaut et al., 2018), with all the 
effective sample sizes (ESSs) values over 200. The 
resulting trees were summarized in a 50% majority 
rule consensus tree.

Maximum l ikel ihood (ML)  analyses  were 
conducted using IQ-TREE (Nguyen et al., 2015). Best 
substitution models were selected with ModelFinder 
(Kalyaanamoorthy et al., 2017) under the Bayesian 
information criterion (BIC). Node supports were 
assessed with 1000 nonparametric bootstrap 
replicates. The trees obtained were edited in FigTree 
v.1.4.3 (Rambaut, 2012).

Morphological analyses

Because we observed a high degree of molecular 
divergence between sampled populations (Fig. 
1; Supporting Information Fig. S1) and a high 
morphological and molecular homogeneity within 
populations (see Morphometrics and morphology), 
data from barcoded and non-barcoded cells from 
the same population were used for morphological 
analysis, considering them to be members of the same 
mitochondrial clade. We measured six continuous traits, 
test length, test width, aperture length and aperture 
width in 124 cells from the different morphotypes of 
Arcella encountered (Supporting Information, Table 
S1). Because the aperture and the test have a round 
shape, we used mean length and width to avoid 
possible anomalies in test building, obtaining the 
variables mean test and aperture diameter that will 
be used later for morphometric analyses.

Morphological analyses were performed using R 
software v.3.6.3 (R Core Team, 2013) implemented 
in RStudio v.1.3.1093 (Rstudio, 2020). We first did 
an exploratory analysis to check the assumptions 
of normality and homoscedasticity of the studied 
variables. The independence of variables was verified 
by doing an autocorrelation analysis using the 
package CORRGRAM (Wright, 2017). The variables 
‘test mean’ and ‘aperture mean’ were used for linear 
discriminant analysis (LDA), which identifies a 
combination of morphological traits that could be 
used for mitochondrial clade delimitation, using 
the package MASS (Venables & Ripley, 2002). The 
package ggplot2 (Wickham, 2016) was used to 
generate a scatterplot. 

Taxonomic decisions

To avoid the biases caused by single-gene phylogenies 
in testing systematic hypotheses (Maddison, 1997), 

we used an integrative approach that includes 
also morphological and ecological information to 
reconstruct the evolutionary history of the different 
lineages (Wiley, 1978). The taxonomic decisions that 
were taken in this study were made once mitochondrial 
clades were recovered, morphological variation was 
characterized and analysed, and ecology information 
was typified. We consider that phylogenetic clades 
represent independent evolutionary units when, 
by coalescence processes, they end up depicting 
concordant clades for mtDNA, morphology and ecology 
(Kosakyan et al., 2016b; Inoue et al., 2020; Lara et al., 
2020; Zhao et al., 2020).

All this information was integrated to re-define 
the synapomorphies of the different groups within 
Sphaerothecina (see Taxonomic actions and species 
accounts). Because type material in Arcellinida usually 
consists of illustrations (drawings or pictures), we used 
this type of data to compare our specimens with the 
described material and to characterize and describe 
the different species in this study. However, here we 
deposited one SEM stub per new species at the Royal 
Botanical Garden of Madrid; these preparations are 
available under the names MA-Algae11251–11256. 
The taxonomic decisions were taken in accordance 
with the rules and recommendations of  the 
International Code of Zoological Nomenclature 
(ICZN, 1999)  which apply to testate amoebae  
(Lahr et al., 2012).

RESULTS

Molecular phylogeny

Organisms used in the phylogenetic analyses are 
shown in Table 1. Our phylogenetic analyses recovered 
the monophyly of Arcellinida with a Bayesian posterior 
probability (PP) of 1 and a maximum likelihood 
bootstrap (ML) of 100 (Fig. 1). The infraorder 
Sphaerothecina was recovered with a PP = 0.99 and 
a ML = 55, with Arcellidae and Netzeliidae as sister-
groups, with a PP = 0.99 and a ML = 37, PP = 0.99 and 
ML = 66, respectively.

Netzeliidae is composed of four mitochondrial clades. 
Netzelia lithophila (Penard, 1902) appears sister to the 
clade formed by Netzelia lobostoma (Leidy, 1874) and 
Cucurbitella mespiliformis (Penard, 1902) (PP = 0.99 
and ML = 92). The latter hosted two mitochondrial 
clades reciprocally monophyletic (PP = 0.99 and 
ML = 72).

In Arcellidae we grouped the sequences into 
mitochondrial clades based on phylogenetic position, 
named A to O (Fig. 1). The mitochondrial clades K–L 
are reciprocally monophyletic (PP = 0.91 and ML = 48) 
and sister to all other mitochondrial clades (PP = 1 
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and ML = 75). The mitochondrial clade K is sister to 
the clade formed by L–O (PP = 0.99 and ML = 40), 
in which M and N–O are reciprocally monophyletic 
(PP = 1 and ML = 99).

The mitochondrial clades A–F and G–J are 
reciprocally monophyletic (PP = 1 and ML = 90 and 
PP = 0.97 and ML = 76, respectively). The reciprocally 
monophyletic clades A and B (PP = 0.99 and ML = 74) 
are sister to the clades C–F (PP = 1 and ML = 86), 
which are composed of two reciprocally monophyletic 
sister-groups C–D (PP = 0.98 and ML = 54) and E–F 
(PP = 0.61 and ML = 36). The mitochondrial clade G 
is sister to the clades H–I (PP = 0.99 and ML = 93), 
in which H is the sister-group to the reciprocally 
monophyletic clades I–J (PP = 0.93 and ML = 62).

Morphometrics and morphology

The different mitochondrial clades obtained were 
morphologically classified, based on the qualitative 
characters of overall test shape, into the different 
sections defined by Deflandre (1928) (Fig. 1):

	•	 Section 1, ‘Vulgares’: Hemispherical shape, whose 
height varies between one-third and four-fifths 
of the maximum diameter and which do not 
possess a circular keel (Deflandre, 1928). This 
includes the mitochondrial clades I, K, M and L 
identified based on their test outline as: I, Arcella 
bathystoma Deflandre, 1928; K and M, Arcella cf. 
vulgaris Erhenberg, 1830; and L, Arcella conica 
(Playfair, 1918).

	•	 Section 2, ‘Carinatae’: Morphotypes that look 
approximately similar to the ‘Vulgares’ as a ratio 
height/diameter, but which have a circular test 
shape that always coincides with the maximum 
diameter of the keel (Deflandre, 1928). This 
includes the mitochondrial clades B, C, D, E, F, N 
and O identified as: B, N and O, Arcella artocrea 
Leidy, 1876; C, D, E and F, Arcella arenaria Greef, 
1866; and G, Arcella catinus Penard, 1890.

	•	 Section 3, ‘Aplanatae’: Flattened test shape, wide 
aperture diameter, the ratio of height to diameter 
generally does not exceed 0.33 and goes down 
to 0.19 (Deflandre, 1928). This includes here the 
mitochondrial clades H and J both identified as 
Arcella polypora (Penard, 1902).

The measurements used for the morphometric 
analysis are shown in the Supporting Information, 
Table S1. Although the variables used for the 
morphological analysis only refer to the oral side of the 
test and, therefore, do not reflect the full morphospace 
of the different clades, analyses separated efficiently all 
mitochondrial clades. We only used for morphological 
analyses those cells for which length and width of the 
aperture could be measured directly on the pictures (in 

total 80 cells); this includes, respectively, ten cells (clade 
B), four (clade C), four (clade D), three (clade E), 12 
(clade F), 21 (clade H), six (clade I), five (clade J), seven 
(clade L), five (clade N) and three (clade O) (Supporting 
Information, Table S1) specimens per mitochondrial 
clade. The oval shape of the clade G, A. catinus, could 
not correctly represent the test diameter, so we exclude 
this clade for the morphometric analyses.

The linear discriminant analysis (LDA) model is 
represented in a scatterplot of the scores of linear 
discriminant functions 1 (LD1) and 2 (LD2) (Fig. 2).  
This analysis correctly identified the different 
clades in Arcellidae. The percentages of different 
linear discriminant axes were 73% for LD1 and 
27% for LD2, respectively (Supporting Information, 
Table S2). Cells were correctly classified within the 
different mitochondrial clades (100% probability of 
discrimination) in all cases, except for an overlap 
between the mitochondrial clades C and F (91%, 11 
of 12), both classified as A. arenaria in the Deflandre 
Section 2, and the clades I (66%, 4 of 6) A. bathystoma 
and L (71%, 5 of 7) A. conica, both in the Section 1. Also, 
these two morphological traits (test and aperture 
diameter), allow a good discrimination of the different 
sections described by Deflandre (1928) and the different 
ecologies (Supporting Information, Fig. S2).

DISCUSSION

Phylogenetic position of Arcellidae and 
Netzeliidae

Reconstructing the patterns of diversification is 
essential to understanding the evolutionary history 
of organisms. In Arcellinida, molecular data allowed 
unveiling of the deep phylogenetic relationships using 
conserved molecular markers, usually the nuclear 
SSU rRNA gene (Lara et al., 2008; Kudryavtsev et al., 
2009; Gomaa et al., 2012, 2015, 2017; Lahr et al., 2013; 
Kosakyan et al., 2016a), NAD9/NAD7 (Blandenier 
et al., 2017) and, recently, multigene data obtained 
from single cells transcriptomes (Lahr et al., 2019). 
Our phylogenetic trees support the monophyly of 
Arcellidae Ehrenberg, 1943 and Netzeliidae Kosakyan, 
Lara et Lahr, 2016a as sister-groups forming the 
infraorder Sphaerothecina Kosakyan et al. (2016a), 
thus confirming previous results with a new molecular 
marker.

Testing Deflandre’s systematics hypotheses of 
Arcellidae

The nuclei problem, invalidation of genus 
Antarcella
Although the systematics of Arcellinida is based 
almost exclusively on morphological characters of 
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Figure 1.  Bayesian phylogenetic tree based on 52 partial sequences COI mtDNA data, 618-nucleotide position alignment. 
The posterior probability values (Bayesian analysis) and bootstrap values (maximum-likelihood) are represented at each 
node, with a letter representing the different mitochondrial clades along the branches. The colours represent the mitochondrial 
clades that compose the different figures. Next to each species name is the original habitat (freshwater/Sphagnum/terrestrial 
mosses) and the section according to Deflandre (1928). The drawings show the tests of illustrative species in lateral and oral 
side views. Drawings by CSZ.
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the test, nuclei have been used occasionally for that 
purpose (Deflandre, 1928; Ogden & Meisterfeld, 1989).  
Most Arcellinida only have a single nucleus, except 
for Arcellidae where higher numbers have been 
reported, thus playing a role in the systematics of 
the family.

The first author who highlighted the importance of 
nuclei number was Collin (1914), who described the 
uninucleate species Arcella atava (Collins, 1914) as 
a potential sister-group to all other binucleated 
species of Arcella. Indeed, he considered it as a 
‘representative stage of an ancestral state in Arcella’ 
(Collin, 1914), considering the binucleated state as a 
derived character with respect to possessing a single 
nucleus. Later, Deflandre (1928) erected the subgenus 
Antarcella, which grouped those species from genus 
Arcella that contain a single nucleus, A. atava and 
Arcella pseudarcella (Penard, 1917) and the subgenus 
Euarcella (= Arcella), which included the rest of 
the species, with two or more nuclei. However, this 
classification has not been followed by subsequent 
authors, not even by Deflandre himself, who later used 
solely the morphology of the test to classify and describe 
new species of Arcella, without considering the number 
of nuclei as a taxonomic character in the systematics 
of this group. For instance, he synonymized the species 
Arcella amphora (Van Oye, 1926), described with only 
one nucleus, and Arcella apicata (Schaudinn, 1898), 
based only on test morphology, without considering the 
number of nuclei (Deflandre, 1928).

Careful observations on nuclei numbers suggest 
that they may vary within populations. Greef (1866) 
reported, when describing Arcella arenaria, ‘In one of 
the individuals examined, there was only one nucleus’. 
Hegner (1920) demonstrated that uninucleate specimens 
appeared in populations of binucleated species. These 
organisms eventually recovered a binucleated state under 
culture conditions. Thus, uninucleate cells may simply 
be a life stage that eventually reverts into a binucleate 
state later in their complex life-cycle, like those described 
in the Arcellinida genus Phryganella Penard, 1902 
(Dumack et al., 2020). Indeed, Mignot & Raǐkov (1992) 
described for Arcella vulgaris a meiotic process where 
two nuclei degenerated after the first meiotic division and 
karyogamy occurred later before excystment by fusion of 
the sister haploid nuclei, thus recovering a uninucleate 
and diploid state. Hence, being uni- or binucleate varies 
along a single individual’s life cycle, which precludes the 
use of this criterion in taxonomy. We, therefore, invalidate 
both subgenera Euarcella and Antarcella.

Adaptive test morphology, invalidation of 
Deflandre’s sections in Arcella
Deflandre built the systematics of Arcella based on 
overall test morphology, creating four sections (see 

Morphometrics and morphology): Section 1 ‘Vulgares’, 
Section 2 ‘Carinatae’, Section 3 ‘Aplanatae’ and Section 
4  ‘Altae’. From these four sections, only the first 
three have been reported in the Western Palaearctic; 
Section 4 ‘Altae’ will not be investigated in this work 
(Deflandre, 1928). We show through our phylogenetic 
analysis that none of the proposed sections are 
monophyletic (Fig. 1). Rather than constituting 
synapomorphies, the traits that define each section 
(overall test shape and aperture and test diameter) 
seem to be related to environmental characteristics 
(Supporting Information, Fig. S2). Indeed, similar test 
outlines can be recovered in different branches of the 
tree but in analogous environments, which represent, 
most probably, adaptive evolutionary convergences 
(Fig. 1). Test compression and aperture relative width 
have been commonly associated to functional traits 
(Fournier et al., 2012, 2015; Lamentowicz et al., 2020), 
which corroborates the idea that some test traits at 
least have an adaptive value. Deflandre (1928) already 
emphasized the importance of the environment type 
(in particular water availability) in the assembling of 
Arcella communities.

In aquatic environments all Arcella morphotypes 
could be classified either within Section 1 ‘Vulgares’ 
(hemispherical test, narrow aperture) or Section 
3 ‘Aplanatae’ (flattened test, wide aperture). These 
findings are in line with earlier works that reported 
these organisms almost exclusively from aquatic 
environments worldwide (Playfair, 1918; Deflandre, 
1928). In our tree, Section 1 corresponds to the 
mitochondrial clades I and L, classified as Arcella 
bathystoma and Arcella conica, respectively; and 
Section 3 corresponds to the clades H and J, both 
classified as Arcella polypora. These sections present 
an independent and unique morphospace (Supporting 
Information, Fig. S2). Interestingly, these organisms 
can also have a planktonic behaviour (Schönborn, 
1962; Meisterfeld, 1991) and coexist in the water 
column through the formation of gas bubbles that 
enable floating (Schönborn, 1962; Cicak et al., 1963; 
Ogden, 1991). It has been proposed that globular 
morphology (Section 1) might be favoured in lentic 
systems, while flattened tests (Section 3) are better 
represented in lotic environments (Velho et  al., 
2003; Lansac-Tôha et al., 2014; Arrieira et al., 2016, 
2017; Schwind et al., 2016; Marcisz et al., 2020). 
Accordingly, we found A. polypora (clades H and J; 
Section 3) in the submerged vegetation of a river and 
in an artificial cascading series of ponds, respectively. 
In turn, both A. bathystoma (clade I) and A. conica 
(clade L), two species with a typical Section 1 
morphology, were isolated from lentic ecosystems 
(ponds). These organisms branched in different parts 
of the phylogenetic tree (Fig. 1) and may, therefore, 
represent the result of an evolutionary convergence. 
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Similar morphological adaptations can be found in 
marine planktonic foraminiferans (Birch et al., 2013; 
Caromel et al., 2014), thus providing more evidence 
for the adaptive value of the shell.

Sphagnum-dominated peatlands are characterized 
by the permanent presence of a water film of varying 
thickness and thus can be considered a subaquatic 
environment. The common Arcella morphologies 
present in Sphagnum are principally recovered in 
Section 2 ‘Carinatae’. Here, they are represented by 
the mitochondrial clades B, N, O (classified as Arcella 
artocrea) and G (Arcella catinus). These mitochondrial 
clades present a unique morphospace in Section 2, with 
tests resembling Section 1, but with a more flattened 

shape and a keel. The mitochondrial clades B and N–O 
were isolated in analogous environments, in Spain 
and France, respectively. These clades present similar 
morphologies and could be classified as A. artocrea, 
but B and N-O occupied a distant position in the 
phylogenetic tree. The hemispherical shape could be 
another example of convergent evolution to analogous 
environments (Figs 1, 3, 8).

Terrestrial environments that are more or less 
prone to temporal desiccation are represented here by 
aerial mosses. In these environments, we isolated only 
members from Section 2 ‘Carinatae’. Aerial mosses 
contained members from the mitochondrial clades 
C–F, resembling Arcella arenaria. All these organisms 

Figure 2.  A, scatterplot of the scores of linear discriminants with x-axis representing discriminant function 1 (LD1) and 
y-axis representing discriminant function 2 (LD2). Colours represent the different mitochondrial clades and symbols refer 
to the different sections after Deflandre (1928): squares are for Section 1 ‘Vulgares’, circles for Section 2 ‘Carinatae’ and 
triangles for Section 3 ‘Aplanatae’. The drawings represent the different morphotypes. B, the table represents the results of 
a linear discriminant analysis which determines the relationship between predicted and observed specimens cells for each 
mitochondrial clade.
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possess a characteristic flattened test with a narrow 
aperture; a thin organic layer recovers the test, sealing 
all pores except those located around the aperture. 
Here again, the morphology of the test seems to have 
an adaptive value; flattened tests may have risen as 
an adaptation to the thin and ephemeral water films 
in these environments, and the narrow aperture could 
prevent water loss (Gilbert et al., 2003; Fournier 
et al., 2015; Koenig et al., 2018). Both traits have been 
characterized as indicators for xerophilic conditions 
(Novenko et al., 2016; Tsyganov et al., 2017; Marcisz 
et al., 2020).

Altogether, overall test outline appears linked to 
habitats and lifestyles. It is not entirely genetically 
determined, as a certain degree of phenotypic 
plasticity has been observed in clonal lineages of 
Arcella concomitantly with environmental changes 
(Porfírio-Sousa et al., 2017). Here, we show that 
lineages that live under similar conditions have 
similar test shapes, independent of their phylogenetic 
position. This suggests frequent evolutionary adaptive 
convergences and shows that overall test outline 
cannot be used as a criterion for genus-level taxonomy 
in Arcella. Therefore, the evolutionary hypothesis 
behind Deflandre’s sections must be rejected, and a 
new systematics framework for genus Arcella must be 
proposed.

New systematics for Arcellidae

The combination of COI data and SEM documentation 
has become the silver bullet in Arcellinida species-level 
systematics, at least in Hyalospheniformes (Kosakyan 
et  al., 2013, 2016b; Singer et  al., 2015; Duckert 
et al., 2018). In Arcella, we recovered well-supported 
mitochondrial clades with members clustering 
perfectly in the morphometric analyses (Fig. 2). These 
clades are thus genetically and morphologically 
coherent. Therefore, we can consider these as genuine 
biological species following our integrative taxonomic 
approach (see Taxonomic decisions in Materials and 
methods).

Subdivisions in Arcella and erection of new 
genus

While overall test shape has been poorly conserved 
within lineages, we identified two synapomorphic 
characters that delimit a robust (PP = 1, ML = 75) 
group within the genus Arcella corresponding to 
mitochondrial clades A to J (Fig. 1):

	•	 Character 1, presence (clades A  to J) (Figs 3–6) 
or absence (clades K to O) (Figs 7, 8) of pores 
surrounding the test aperture.

	•	 Character 2, presence (clades A to J) (Figs 3–6) or 
absence (clades K to O) (Figs 7, 8) of an organic layer 

covering the test. To date, this character has not been 
used in taxonomy or systematics of Arcella, but it is 
consistent with the molecular phylogeny of the group, 
and its persistence within clades A to J suggests that 
it can be considered as a synapomorphy for that group. 
The organic layer refers to a protein or organic matrix 
that covers parts of the test, masking the hexagonal 
building units that compose it.

Based on the good support at the node gathering the last 
common ancestor of clades A to J in the phylogenetic 
tree (Fig. 1), and on the systematic retrieval of these 
test morphological characters in all members of this 
group, we erect the new genus  Galeripora, which 
contains the mitochondrial clades A to J (K to O stay 
in the genus Arcella). 

Pseudocryptic diversity and species-level 
taxonomy
Below we justify the taxonomic treatment of all 
mitochondrial clades found in this study. The following 
characters have been considered for species-level 
taxonomy:

	•	 Character I, overall test morphology: although 
we have shown that this trait cannot be used for 
deep phylogeny, this trait remains conserved within 
populations, thus allowing the use of this qualitative 
character for taxonomic discrimination.

	•	 Character II, ornamentation of the test: tests are 
built of hexagonal units that can vary in size or 
shape. Tests can also present granulations on the 
aboral oral side, and the size and number of pores 
surrounding the aperture aso have a taxonomic 
value. The use of these qualitative traits allows the 
discrimination between the closest related species.

	•	 Character III, test and aperture diameter: these 
quantitative characters are constant within the 
populations, allowing the differentiation of almost 
all mitochondrial clades (Fig. 2).

Genus galeripora

Mitochondrial clade A is composed of a sequence 
from an unidentified organism found associated with 
Sphagnum both in Dartmoor Forest (England, UK) 
and Le Chenit (Jura Mountains, Switzerland) (Fiz-
Palacios et al., 2014); the lack of morphological data 
makes impossible a taxonomic characterization of this 
mitochondrial clade.

Mitochondrial clade B (Fig. 3) has been found in the 
French Jura Mountains close to Switzerland (Frasne) 
in a dry Sphagnum-dominated boreal peatbog. It 
resembles Arcella artocrea as described by Leidy (1876) 
from New Jersey (USA) and all its infraspecific forms 
and variants: Arcella artocrea aplanata described by 
Grospietsch (1954) from Swedish Lapland, A. artocrea 
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catinus Van Oye, 1941 from Krisuvik (Iceland) and 
A. artocrea pseudocatinus Deflandre, 1928 from New 
Jersey (USA) (Supporting Information, Appendix S1). 
However, the size of our isolates 173.68–196.57 µm 
(Supporting Information, Table S1; and see section 
Taxonomic actions and species accounts) fits better with 
the description Penard (1902) made for a population 
from the Swiss Jura Mountains (190–200 µm) than 
to the organisms described by Leidy (160–176 µm). 
Penard (1902) already suggested that both populations 
should be considered as different species, but took 
no taxonomic action. Based on the proximity of its 
terra typica from Penard’s recollection site, we assign 
a new name to this population: Galeripora succelli, 
as a separate taxon from the American population 
described by Leidy (1879), which remains Galeripora 
artocrea (Leidy, 1876).

Mitochondrial clades C, D, E and F (Fig. 4) 
together form a clade and share similar morphology 
and ecology. These clades resemble the species Arcella 
arenaria Greef, 1866, described from Bonn, Germany. 
However, A. arenaria has a test diameter of 100 µm, a 
size not reached by any of our isolates. For this reason, 
we consider that they must represent still unnamed 
independent species. Test ultrastructure alone can be 
used to discriminate between clades C and F versus 
D and E (Fig. 4). Furthermore, each individual clade 

can be differentiated based on morphometry of the 
test and aperture diameter (Fig. 2). These clades 
present a relatively high molecular divergence between 
them (Supporting Information, Fig. S1), although 
the organisms were collected within a geographically 
limited area in the centre of the Iberian Peninsula 
(Clade C–D 60 km, C–E 70 km, C–F 120 km, D–E 100 
km, D–F 180 km, E–F 150 km). We retrieved clade D in 
three different years (2018, 2019 and 2021) at the same 
locality, suggesting the existence of a stable population. 
Habitats differ also drastically, as clades C and F were 
found on mosses growing on gypsum (i.e. typically 
pH > 8.5), while clades D and E were found in granite 
and quartzite zones, respectively (i.e. typically pH < 6.5). 
It has been shown that selection or adaptation to 
microhabitats can structure the communities and drive 
the evolution of closely related species (Ehleringer & 
Cooper, 1988; Martin, 1998; Marshall et al., 2016; Mas-
Peinado et al., 2018). In Arcellinida, it has been shown 
that microhabitats harbour different communities of 
pseudocryptic species (Singer et al., 2018). Therefore, 
Galeripora arenaria, as the species has been delimited 
until now, has to be considered as a complex of species. 
For all these reasons, we describe each of these clades as 
new species: clade C as Galeripora galeriformis, clade 
D as Galeripora bufonipellita, clade E as Galeripora 
sitiens and clade F as Galeripora balari.

Figure 3.  Galeripora succelli: scanning electron micrographs of the aboral and oral sides of the test. The images on the 
right represent a detail of the test and the structure of the aperture. Below left, a photograph of a typical habitat for the 
species, a peat bog. Above left, original drawing of the closest known resembling species, Galeripora artocrea (Leidy, 1879).
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Figure 4.  Galeripora galeriformis, Galeripora bufonipellita, Galeripora sitiens and Galeripora balari: scanning electron 
micrographs of the aboral and oral sides of the test. The images on the right represent detail of the test and the structure 
of the aperture. On the left, a photograph of a typical habitat for each species, original drawing of the closest resembling 
species Galeripora arenaria (Greef, 1866), and original drawings of the synonymized species Arcella microstoma Penard, 
1890 and Arcella aureola Maggi, 1888.
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Figure 5.  Galeripora naiadis, Galeripora bathystoma and Galeripora polypora: scanning electron micrographs of the 
aboral and oral sides of the test, for G. naiadis the images correspond with pictures of Arcella discoides in Todorov & Bankov 
(2019). The images on the right represent a detail of the test and the structure of the aperture. On the left, a photograph of 
a typical habitat for each species, original drawing of the closest resembling species Galeripora discoides (Ehrenberg, 1843), 
and original drawing of Galeripora bathystoma (Deflandre, 1928) and Galeripora polypora (Penard, 1890).
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Mitochondrial clade G  has been isolated 
from Frasne (France), from Sphagnum moss. The 
cells recorded in this clade can be morphologically 
assignable to Arcella catinus Penard, 1890, based on 
the test shape in the original drawings and on test 
diameter (original description 122 µm; clade G 74.4–
79.6 µm). The terra typica given by Penard (1890) when 
describing A. catinus is Wiesbaden (Germany) located 
c. 400 km from Frasne, a reasonable range for testate 
amoeba species (Singer et al., 2019). The habitat 
(Sphagnum hummock in a peat bog) also corresponds. 
Nonetheless, the large size given by Penard in his 
original description suggests the existence of a species 
complex behind Galeripora catinus.

Mitochondrial clades H and J have a typical 
morphology for Deflandre Section 3 (‘Aplanatae’). 
Clade H has been recovered in Bulgaria (Sofia), and 
its test dimensions do not correspond with any known 
members of Section 3; we named clade H as Galeripora 
naiadis. On the other hand, clade J from the river 
Alberche near Madrid (Spain) was morphologically 
assignable to Arcella polypora (original description 
80–120 µm; clade J 99.6–114.5 µm), notably larger 
than the typical Galeripora discoides (original 
description 81 µm) and we, therefore, kept the name 
Galeripora polypora. We retrieved this species in 
two consecutive years (2019–20) suggesting that 
the species forms stable populations in its original 
sampling site.

Mitochondrial clade I forms a robust clade in our 
tree with G. naiadis and G. polypora. Its morphology 
fits perfectly with Arcella bathystoma Deflandre, 
1928, as both test shape and dimensions fit with the 
original description (original description 55–62 µm; 
clade I, 68.6–79.2). This aquatic species was collected 
in granitic permanent ponds in Spain, near Hoyo de 
Manzanares (Community of Madrid). We refer to this 
mitochondrial clade as Galeripora bathystoma.

Genus Arcella

Mitochondrial clades N and O share an almost 
identical test outline with Galeripora succelli, but are 
both notably smaller. Both clades can be differentiated 
molecularly (Fig. 1) and morphologically (Fig. 2). However, 
we decided here to follow a conservative approach, 
because we consider that further sampling is required 
to demonstrate a discontinuity before separating both 
clades into different taxonomic units. Therefore, we pool 
both N and O clades into a single taxonomic unit. They 
have been found together in the same location, small 
Sphagnum hummocks in a fen located on the Canencia 
Pass (Community of Madrid, Spain). We named this 
new species Arcella guadarramensis.

Mitochondrial clade L is composed of only one 
sequence, morphologically assignable to Arcella conica 
(Playfair, 1918), based on the original drawings and also 
on the measurements (original description 50–80 µm; 

Figure 6.  Galeripora catinus: scanning electron micrographs of the aboral and oral sides of the test. The images on the 
right represent a detail of the test and the structure of the aperture. On the left, a photograph of a typical habitat for the 
species, a peat bog and original drawing of Galeripora catinus (Penard, 1890).
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clade L 73.1–79.3 µm). Arcella conica was described 
from Auburn, Lismore and Woodlawn (Australia); given 
the tendency for restricted geographical distributions 
observed in testate amoeba species, and especially 
the importance of the Tropic of Cancer desert belt as 
a separation between austral and boreal faunas in 
testate amoebae (Smith & Wilkinson, 2007), it seems 
unlikely that our European isolates from Bulgaria 
(Sofia) might belong to the same species that Playfair 
observed. Sampling and isolating Australian cells, and 
a detailed study of the ultrastructure of all isolates, 
may clarify the true identity of the isolated organisms. 
Before more information is made available, we keep 
this lineage as Arcella conica.

Mitochondrial clades K and M are composed 
of sequences recovered in lentic and lotic freshwater 
ecosystems, respectively, in Spain. These mitochondrial 
clades were classified as Arcella vulgaris based on the 

overall test morphology, but we did not obtain enough 
individuals to proceed to morphometric analyses 
and, therefore, we have refrained from making any 
taxonomic decision on these organisms.

Our investigation on the diversity of the genus 
Arcella has revealed a high degree of pseudocryptic 
diversity, comparable to what has been observed in 
the other Arcellinida genera Nebela and Hyalosphenia 
(Hyalospheniformes) (Heger et al., 2013; Kosakyan 
et al., 2013). Also, in line with the latter, pseudocryptic 
species have been found in habitats that differ 
fundamentally in parameters important for protists 
such as relative humidity and pH (Bates et al., 2013), 
which suggests different ecological ranges. Further 
investigation, including other habitats and regions 
in the world, will probably reveal a wealth of new 
diversity in Arcella, shedding light on the phylogenetic 
relationships between phylogroups.

Figure 7.  Arcella conica: scanning electron micrographs of the aboral, oral and lateral sides of the test. The images on the 
right represent a detail of the test and the structure of the aperture. On the left, photographs of a typical habitat for the 
species, and original drawing of Arcella conica (Playfair, 1918).
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Taxonomic actions and species accounts

Order Arcellinida Kent, 1880

Suborder Glutinoconcha Lahr et al., 2019

Infraorder Sphaerothecina Kosakyan et al., 
2016

Updated diagnosis:  Tests have a central aperture, 
are rounded and have a radial symmetry in cross-
section. Most have the capacity to build their own test 
without foreign material, possibly with self-secreted 
components.

Type family:  Netzeliidae.

Included taxa:  (Supporting Information, Appendix 
S1).

Family Netzeliidae Kosakyan et al., 2016

Type species:  Netzelia oviformis (Cash, 1909).

Updated diagnosis:  Globular or oviform tests, with 
radial symmetry. Aperture is central, regular or lobed 
and forms a collar towards the outside of the test. 
Presence of irregular, ‘nail’-shaped idiosomes or/and 
exogenous materials, when these are available.

Included taxa:  (Supporting Information, Appendix S1).

Difflugia lobostoma Leidy, 1874 and Difflugia 
lithophila Penard, 1902 share many traits with 
members of the genus Netzelia, such as Netzelia 
achlora (Penard, 1902), Netzelia gramen (Penard, 
1902) and Netzelia oviformis (Cash, 1909), placed in 
the genus Netzelia by Gomaa et al. (2017). The main 
reason for the similarity between these species was the 
capacity to build a test with idiosomes independently 
from the presence of building material (Ogden, 1979). 
Later works showed that Difflugia lobostoma also 
had this ability, justifying its inclusion within the 
genus Netzelia (Medioli et al., 1987). Furthermore, 
both D. lobostoma and D. lithophila have planktonic 
life-stages, like many Sphaerothecina. Cucurbitella 
in turn, has been included into Sphaerothecina (Lahr 
et al., 2019) based on its round/oval-shaped test and the 
presence of a collar around the aperture, but classified 
as incertae sedis. Nevertheless, this genus shares with 
the genus Netzelia the ability of building a test without 
incorporating foreign particles (Medioli et al., 1987). 
Our phylogenetic tree shows (Fig. 1) that D. lithophila, 
D. lobostoma and Cucurbitella mespiliformis form a 
clade sister to the family Arcellidae, therefore we include 
the genus Cucurbitella with the family Netzeliidae and 
transfer D. lithophila and D. lobostoma to the genus 
Netzelia (see Supporting Information, Appendix S1).

Differential diagnosis between genera:  Cucurbitella 
differs from Netzelia as the development of its collar 

Figure 8.  Arcella guadarramensis: scanning electron micrographs of the aboral and oral sides of the test. The images on 
the right represent a detail of the test and the structure of the aperture. On the left, a photograph of a typical habitat for 
this species, and original drawing of the closest resembling species, Galeripora artocrea (Leidy, 1879).
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creates an internal diaphragm, forming a second 
chamber with a central aperture (Fig. 9).

Netzelia lithophila (Penard, 1902) comb. nov.

Difflugia hydrostatica var. lithophila Penard, 1902.
Z o o b a n k  r e g i s t r a t i o n :   u r n : l s i d : z o o b a n k .
org:act:4968EA2D-6C2B-417B-AD2B-762E2723018A.

Netzelia lobostoma (Leidy, 1874) comb. nov.
Difflugia proteiformis Lamarck, 1816: 95.
Cucurbitella tricuspis–Carter, 1856: 221; Medioli 

et al., 1987.

Difflugia tricuspis Carter, 1856: 221.
Difflugia lobostoma Leidy, 1874: 79.

Z o o b a n k  r e g i s t r a t i o n :   u r n : l s i d : z o o b a n k .
org:act:0AD69577-89AD-42E8-9C40-03A68C73EFD4.

Family Arcellidae Ehrenberg, 1843

Type species:  Arcella vulgaris Ehrenberg, 1830.

Included taxa:  (Supporting Information, Appendix S1).

Differential diagnosis between genera: (see Discussion).

Figure 9.  Netzelia lobostoma and Cucurbitella mespiliformis: scanning electron micrographs of oral and lateral view of the 
test. The images on the right represent details of the collar. On the left, a photograph of a typical habitat for these species, 
and original drawings of Netzelia lobostoma (Leidy, 1874) and of Cucurbitella mespiliformis (Penard, 1902).
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Genus Galeripora González-Miguéns,  
Soler-Zamora, Villar-dePablo, Todorov & Lara 

gen. nov.

Zoobank registration:  urn:lsid:zoobank.org:act: 
73C0B8C8-FFA4-48CC-8AE5-B0266D983995.

Type species:  Galeripora sitiens González-Miguéns, 
Soler-Zamora, Villar-dePablo, Todorov & Lara

Description:  Tests built exclusively with proteinaceous 
organic material. Shape more or less campanulate, 
with a central and circular aperture and radial 
symmetry. The aperture is surrounded by pores. The 
ultrastructure of the test is composed of hexagonal 
units that are at least partially covered with an organic 
matrix layer. Commonly, two or more nuclei, situated 
at opposite sides of the cytoplasm.

Derivatio nominis:  The name is derived from the Latin 
galerus, helmet and ‘-porī’, translated as ‘helmet-pores’. 
This name suggests the general shape of the theca 
that forms the members of this group, and the pores 
surrounding the opening, one of the synapomorphies 
of this genus.

Included taxa:  Galeripora arenaria, G. balari, G. 
bathystoma, G. bufonipellita, G. catinus, G. discoides, 
G. galeriformis, G. naiadis, G. polypora, G. sitiens and 
G. succelli.

Galeripora succelli González-Miguéns & 
Lara, sp. nov. 

(Fig. 3)

Zoobank registration:  urn:lsid:zoobank.org:act: 
097341BF-C706-47DD-AB62-0467FC280DCB.

Holotype:  MA-Algae11252.

Specific diagnosis:  Test diameter 180.06–200.14 µm, 
average of 187.77  µm (N = 19); aperture 24.37–
33.35 µm, average 29.56 µm (N = 10). Colour ranges 
from transparent to yellow-orange. Subhemispherical 
test shape, with flattened edges and dimples in the 
surface that gives the test a golf-ball shape.

The aboral side presents no ribs or keels. Building 
units are covered with an organic matrix that prevents 
observation of the building units, giving a smooth 
outlook to the test. The oral side is also flat and 
smooth, covered with an organic matrix that prevents 
observation of the test building units, with a central 
aperture. The only pores at the base of the test are 
localized around the aperture, following a circular 

pattern and curling slightly outwards to form a small 
ring or lip.

Intraspecific variability:  The number of pores 
surrounding the aperture can be variable. There may 
be certain deformations in the test that prevent it from 
having a perfectly circular morphology.

Diagnosis with closely related species:  Galeripora 
succelli can be diagnosed by its specific sequences 
of the mtDNA markers and by its phylogenetic 
placement. Galeripora succelli differs from Arcella 
guadarramensis by (1) its morphometric differences  
(see Morphometrics and morphology; Fig. 2) and it 
is larger than A. guadarramensis (see above); (2) 
a regular and marked granulation on the top of the 
test; and (3) the absence of pores along the edge of the 
arboral side of the test.

Habitat:  Wet Sphagnum moss, in a bog.

Type locality:  France, Frasne, La Tourbière (46°49’N 
6°9’E).

Etymology:  The name is derived from the Gaulish god 
Succellos (-or Succellus, in its latinized form). ‘Cellos’ 
meaning striker and the prefix ‘su’ good, the god’s name 
could, therefore, be translated as ‘the Good Striker’. As 
god of agriculture, forests and traditional medicine, 
he was believed to be in charge of keeping the soil 
fertile. We propose this name in referring to the type 
locality being a fertile place with a great abundance of 
vegetation and surrounded by many crops.

Galeripora galeriformis González-Miguéns, 
Soler-Zamora, Villar-dePablo, Todorov & Lara, 

sp. nov. 

(Fig. 4)

Z o o b a n k  r e g i s t r a t i o n :   u r n : l s i d : z o o b a n k .
org:act:09628A92-07D4-4DA7-BF68-A803B3A9D5D5.

Holotype:  MA-Algae11253.

Specific diagnosis:  Test diameter: 71.65–74.95 µm, 
average 73.20 µm (N = 4); aperture 11.15 to 12.10 µm 
average 11.50  µm (N = 4). Colour ranges from 
transparent to yellow-orange. General test shape is 
rounded and flattened.

The aboral side of the test has a small elevation at 
the top that gives the test a helmet shape; the surface 
does not have pores and presents a granular pattern 
of irregular shape. Large ridges cross the aboral side 
of the test. The oral side of the test is smooth, covered 
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with an organic matrix that prevents the observation 
of test building units, with a central aperture. Pores are 
localized on the brim of the oral side and around the 
aperture, following a circular pattern. The aperture is 
invaginated outwards forming a short ring or lip.

Intraspecific variability:  The shape and number of 
ridges on the aboral side of the test can be variable. 
The number of pores around the aperture is variable. 
There may be certain deformations in the test that 
prevent it from having a perfectly circular morphology.

Diagnosis with closely related species:  Galeripora 
galeriformis can be diagnosed by its specific sequences 
of the mtDNA markers and by its phylogenetic 
placement (see Molecular phylogeny; Fig. 1). Differs 
morphologically from other species closely related to 
Galeripora arenaria by presenting (1) morphometric 
differences (see Morphometrics and morphology; Fig. 
2), with a smaller test and aperture diameters than 
all species presented here; (2) pores along the edge of 
the base test; (3) presence of a dome in the top part 
of the test; and (4) irregular granulations of the top 
surface of the test.

Habitat:  Moss on dry gypsum; terrestrial.

Type locality:  Spain, Madrid, Rivas-Vaciamadrid, near 
Laguna del Campillo (40°19’N 3°30’W).

Etymology:  The name is derived from the Latin 
galerus, helmet, and forma, shape. We propose this 
name because a Roman helmet is round and wide with 
a flat brim, similar to the test of this species.

Galeripora bufonipellita González-Miguéns 
& Lara, sp. nov. 

(Fig. 4)

Z o o b a n k  r e g i s t r a t i o n :   u r n : l s i d : z o o b a n k .
org:act:8262B0F0-8E1B-48E4-902D-DB867DC0D5BE.

Holotype:  MA-Algae11254.

Specific diagnosis:  Test diameter: 89.05–92.95 µm, 
average 90.35 µm (N = 8); aperture 13.45–17.85 µm, 
average 14 µm (N = 4). Colour ranges from transparent 
to yellow-orange. General test shape is rounded and 
flattened.

The aboral side of the test has several ridges that 
elevate the test forming a dome and flap borders; the 
surface does not have pores and presents a granular 
pattern of regular shape. The oral side of the test is 
smooth, covered with an organic matrix that prevents 

the observation of test building units, with a central 
aperture. Pores are localized only around the aperture, 
following a circular pattern and curling slightly 
outwards to form a small ring or lip. The aperture is 
invaginated outwards forming a short ring or lip.

Intraspecific variability:   The shape and number of 
ridges on the aboral side of the test can be variable. 
The number of pores around the aperture is variable. 
There may be certain deformations in the test that 
prevent it from having a perfectly circular morphology.

Diagnosis with closely related species:  Galeripora 
bufonipellita can be diagnosed by its specific sequences 
of the mtDNA markers and by its phylogenetic 
placement. Differs morphologically from Galeripora 
arenaria closely related species by (1) morphometric 
differences (see Morphometrics and morphology; 
Fig. 2); (2) the absence of pores along the edge of the 
aboral side of the test; and (3) a regular and marked 
granulation in the top surface of the test.

Habitat:  Mosses on the edge of a lake, partially (and 
temporally) submerged, growing on granitic rocks.

Type locality:  Spain, Madrid, Rascafría (40°51’N 
3°56’W) and (40º52’N 3º52’W) and San Lorenzo de El 
Escorial (40°34’N 4°09’W).

Etymology:  The name is derived from the Latin bufo, 
toad and pellis, animal skin. We propose this name 
because of the ornamentation of the aboral side of the 
test, which is reminiscent of the warty skin of a toad.

Galeripora sitiens González-Miguéns, Soler-
Zamora, Villar-dePablo, Todorov & Lara,  

sp. nov. 

(Fig. 4)

Z o o b a n k  r e g i s t r a t i o n :   u r n : l s i d : z o o b a n k .
org:act:02BD3509-F96A-4EA0-8131-03DC5DD5BA6B.

Holotype:  MA-Algae11255.

Specific diagnosis:  Test diameter: 86.50–92.65 µm, 
average 88.89 µm (N = 8); aperture 16.20–16.85 µm, 
average 16.60  µm (N = 3). Colour ranges from 
transparent to yellow-orange. General test shape is 
rounded and flattened.

The aboral side of the test has several ridges that 
elevate the test forming a dome and flap borders; the 
surface does not have pores and presents a granular 
pattern of regular shape. The oral side of the test 
is smooth, covered with an organic matrix that 
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prevents observation of the test building units, with a 
central aperture. Pores are localized only around the 
aperture, following a circular pattern. The aperture is 
invaginated outwards forming a short ring or lip.

Intraspecific variability:   The shape and number of 
ridges on the aboral side of the test can be variable. 
The number of pores around the aperture is variable. 
There may be certain deformations in the test that 
prevent it from having a perfectly circular morphology.

Diagnosis with closely related species:  Galeripora sitiens 
can be diagnosed by its specific sequences of the mtDNA 
markers and by its phylogenetic placement. Differs 
morphologically from Galeripora arenaria and closely 
related species by (1) morphometric differences (see 
Morphometrics and morphology; (Fig. 2); (2) the absence 
of pores along the edge of the aboral side of the test; and 
(3) a regular granulation of the top surface of the test.

Habitat:  Moss on dry slate and quartzite terrestrial.
Type locality: Spain, Castilla La Mancha, Almonacid 
de Toledo (39°44’N 3°51’W).

Etymology:  The name is derived from the Latin sitiens, 
dry or thirsty. We propose this name because the 
habitat of this species is characterized by prolonged 
drought with episodic rainfall.

Galeripora balari González-Miguéns & Lara, 
sp. nov. 

(Fig. 4)

Z o o b a n k  r e g i s t r a t i o n :   u r n : l s i d : z o o b a n k .
org:act:8000271F-3AAD-4EBE-898B-29AB8908D5E2.

Holotype:  MA-Algae11256.

Specific diagnosis:  Test diameter: 72.95–84.20 µm, 
average 79.69 µm (N = 22); aperture 11.50–14.15 µm 
average 12.92  µm (N = 12). Colour ranges from 
transparent to yellow-orange. General test shape is 
rounded and flattened.

The aboral side of the test has a small elevation at 
the top that gives the test a hat shape; presence of 
several ridges elevate the test forming a dome and flap 
borders; the surface does not have pores and presents 
a granular pattern of irregular shape. The oral side of 
the test is smooth, covered with an organic matrix that 
prevents observation of the test building units, with a 
central aperture. Pores are localized on the brim of the 
oral side and around the aperture, following a circular 
pattern and curling slightly outwards to form a small 
ring or lip. The aperture is evaginated outwards 
forming a short ring or lip.

Intraspecific variability:   The shape and number of 
ridges on the aboral side of the test can be variable. 
The number of pores around the aperture is variable. 
There may be certain deformations in the test that 
prevent it from having a perfectly circular morphology.

Diagnosis with closely related species:  Galeripora 
balari can be diagnosed by its specific sequences of the 
mtDNA markers and by its phylogenetic placement (see 
Molecular phylogeny; Fig. 1). Differs morphologically 
from other Galeripora arenaria closely related species 
by presenting (1) morphometric differences (see 
Morphometrics and morphology; Fig. 2); (2) small pores 
along the edge of the base test; and (3) irregular and 
marked granulations of the top surface of the test.

Habitat:  Mosses overhanging from a rock, in dry 
gypsum terrestrial.

Type locality:  Spain, Castilla La Mancha, Cuenca 
(40°05’N 2°07’W).

Etymology:  The name is derived from the Irish Celtic 
mythology ‘Balar’, which means ‘the flashing one’. 
Balar, a Fomorian leader, was described as a giant with 
a large eye that causes destruction when opened. He 
has been inferred as an incarnation of drought, plague 
and burning sun. We propose this name because the 
morphology of this species is similar to that of an eye, 
and because the type locality is a dry area.

Galeripora naiadis González-Miguéns,  
Soler-Zamora, Villar-dePablo, Todorov & Lara, 

sp. nov. 

(Fig. 5)

Z o o b a n k  r e g i s t r a t i o n :   u r n : l s i d : z o o b a n k .
org:act:A6005873-8045-40E2-B0E1-DE073A2EC66B.

Specific diagnosis:  Test diameter 139.20–153.80 µm, 
average of 146.78  µm (N = 21); aperture 48.70–
59.10 µm, average 53.76 µm (N = 21). Colour ranges 
from transparent to yellow-orange. The test has a 
discoid, flattened shape. The edges of the test are 
somehow curved, giving the whole test a concave 
outlook, like a bowl.

The aboral side of the test is flat. Building units 
can be partially covered with a proteinaceous matrix 
preventing the observation of these units. When this 
proteinaceous matrix is absent, small pores can be 
observed at the vertices of the building units, which 
are then located on both the aboral and oral sides. The 
oral side presents an aperture invaginated outwards 
forming a short ring or lip surrounded by many small 
pores.
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Intraspecific variability:  The number of pores at the 
base of the test and the degree of  coverage by the 
organic matrix can be variable. There may be certain 
deformations in the test that prevent it from having a 
perfectly circular morphology.

Differences:  Galeripora naiadis can be diagnosed by 
its specific sequences of the mtDNA markers and by 
its phylogenetic placement. Differs morphologically 
from other species closely related to Galeripora 
polypora by presenting (1) morphometric differences 
(see Morphometrics and morphology; Fig. 2) and (2) by 
its concave outlook.

Habitat:  Submerged vegetation, Ceratophyllum 
submersum, in an artificial lake.

Type locality:  Bulgaria: Sofia, Sofia Southern Park 
(42°39’N 23°18’E).

Etymology:  The name is derived from the Greek 
Ναϊάδες, the Naiads, who were female spirits or 
nymphs who ruled the rivers in Ancient Greek 
mythology. We propose this name to refer to the ecology 
of this species – pristine freshwater environments.

Galeripora arenaria (Greef, 1866) comb. nov. 
(Fig. 4)

Arcella aureola Maggi, 1888.
Arcella microstoma Penard, 1890.
Z o o b a n k  r e g i s t r a t i o n :   u r n : l s i d : z o o b a n k .
org:act:C1404AAE-CD5B-4825-9B47-F746BBF4E007.

Galeripora artocrea (Leidy, 1876) comb. nov. 

(Figs 3, 8)

Zoobank registration:  urn:lsid:zoobank.org:act: 
19035B9C-B9FA-481E-AE0A-532695FEEDD3.

Galeripora bathystoma (Deflandre, 
1928) comb. nov. 

(Fig. 5)

Z o o b a n k  r e g i s t r a t i o n :   u r n : l s i d : z o o b a n k .
org:act:71B87508-D89E-4DD6-88DD-BA74DBDB3303.

Galeripora catinus (Penard, 1890) comb. nov. 

(Fig. 6)

Arcella catinus var. australis Playfair, 1918.
Arcella vulgaris var. compressa Cash, 1905.
Z o o b a n k  r e g i s t r a t i o n :   u r n : l s i d : z o o b a n k .
org:act:4E606BBB-DB09-4125-8FE8-579064E97E08.

Galeripora discoides (Ehrenberg, 1843) comb. 
nov. 

(Fig. 5)

Arcella homeochlamys discoides Ehrenberg, 1871.
Z o o b a n k  r e g i s t r a t i o n :   u r n : l s i d : z o o b a n k .
org:act:A9EB4B63-6D14-451F-89BA-A37A5C146883.

Galeripora polypora (Penard, 1890) comb. nov. 

(Fig. 5)

Z o o b a n k  r e g i s t r a t i o n :   u r n : l s i d : z o o b a n k .
org:act:77A12E43-4702-4BBD-B26A-F1E2A093955F.

Genus Arcella Ehrenberg, 1830

Type species:  Arcella vulgaris Ehrenberg, 1830.

Included taxa:  (Supporting Information, Appendix S1).

Arcella Guadarramensis González-Miguéns & 
Lara, sp. nov. 

(Fig. 8)

Z o o b a n k  r e g i s t r a t i o n :   u r n : l s i d : z o o b a n k .
org:act:57A3452C-3C46-44F2-A5C9-48496E34BB57.

Holotype:  MA-Algae11251.

Specific diagnosis:  Test diameter: clade L: 114.60–
125.90 µm, average 120.30 µm (N = 6); aperture 19.60–
30.00 µm, average 23.63 µm. clade M 141.50–149.95 µm, 
average 146.06 µm (N = 4); aperture 31.25–34.50 µm, 
average 33.08 µm. Besides a difference in size, both 
clades have an identical morphology. Colour ranges 
from transparent to yellow-orange. Subhemispherical 
test shape, with flattened edges and dimples in the 
surface that gives the test a golf ball shape. No ribs 
or keels on the aboral side. Hexagonal building units 
are visible, which gives the test a rough appearance; 
little pores can be seen at the vertices. Building units 
can also be appreciated at the oral side of the test, 
with pores at the vertices and a central aperture. The 
aperture is invaginated outwards forming a short ring 
or lip.

Intraspecific variability:  The building units may 
vary slightly in shape. Some building units may be 
collapsed, giving a rough surface. There may be certain 
deformations in the test that prevent it from having a 
perfectly circular morphology.

Diagnosis with closely related species:  Arcella 
guadarramensis can be diagnosed by its specific sequences 
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of the mtDNA markers and by its phylogenetic placement. 
Arcella guadarramensis differs morphologically from 
similar-looking G. succelli by (1) its morphometric 
differences with G. succelli (see Morphometrics and 
morphology; Fig. 2), both, clade N and O, are notably 
smaller than G. succelli and (2) the rough outlook of the 
test.

Habitat:  Wet Sphagnum moss, in a fen.

Type locality:  Spain, Madrid, Puerto de Canencia 
(40°52’N 3°45’W).

Etymology:   The name is derived from River 
Guadarrama, a river with a name of Arabic roots: wadi, 
river, and ar-rama, sandy. We propose this name as a 
reference to the type locality in ‘Sierra de Guadarrama’, 
a mountain range named after this river.

We provide a key (Supporting Information, Table S3) 
and a new figure (Supporting Information, Fig. S3) to 
facilitate the identification of the new species.

CONCLUSION

Our analyses showed that overall the test outline is not a 
good criterion for deep phylogeny in Arcellidae, because 
test compression appears more closely linked to the 
type of environments that the organisms live in, than to 
phylogenetic relationships. The adaptive value of test 
morphology is supported by the fact that species living 
in similar environments may have the same overall 
shape, but be distantly related, like Galeripora succelli 
and Arcella guadarramensis. Given that Deflandre’s 
(1928) classification was based on overall test shape, 
it must be updated. Our phylogenetic analyses suggest 
that the presence of pores surrounding the aperture 
and of an organic layer on the test are traits that are 
conserved enough to be used for the delimitation of 
major groups in Arcellinida. Based on this conclusion, 
we erect the new genus Galeripora to accommodate all 
species that possess these characters. In addition, we 
reveal another instance of pseudocryptic diversity in 
Arcellinida, i.e. species with a similar appearance that 
can be differentiated based on morphometrics and/
or test ornamentation patterns. These closely related 
species may differ in their ecological requirements, 
as suggested by their different original habitats. 
Based on these conclusions, we proposed five new 
combinations: Galeripora arenaria, G. bathystoma, 
G. catinus, G. discoides and G. polypora, and seven new 

species: Arcella guadarramensis, Galeripora balari, 
G. bufonipellita, G. galeriformis, G. naiadis, G. sitiens 
and G. succelli.
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Additional Supporting Information may be found in the online version of this article at the publisher’s web-site.

Table S1. Measurements of the cells used for the morphometric analyses. Variables: test length, test width, 
aperture length, aperture width, mean diameter (test mean) and mean aperture.
Table S2. Coefficients of linear discriminants functions 1 (LD1) and 2 (LD2).
Table S3. Key to the new species.
Figure S1. Distance table and a neighbour-joining tree (minimum evolution criterion) of 52 COI sequences.
Figure S2. A, a frequency boxplot representing the original habitat on the x-axis and the different sections 
after Deflandre (1928) on the y-axis. B, scatterplot of the scores of linear discriminants with x-axis representing 
discriminant function 1 (LD1) and y-axis representing discriminant function 2 (LD2). Colours and symbols 
represent the original habitats where the organisms were collected: freshwater (blue), Sphagnum (red) and 
terrestrial mosses (green); the table represents the prediction accuracy. C, scatterplot of the scores of linear 
discriminants, the colours and symbol represent the different sections after Deflandre (1928) Section 1 ‘Vulgares’ 
(orange squares), Section 2 ‘Carinatae’ (red circles) and Section 3 ‘Aplanatae’ (pink triangles); the table represents 
the prediction accuracy.
Figure S3. Image comparing the new species described: Arcella guadarramensis, Galeripora balari, Galeripora 
bufonipellita, Galeripora galeriformis, Galeripora naiadis, Galeripora sitiens and Galeripora succelli. Representing 
scanning electron micrographs of the oral (A), aboral (B), detail of the test (C) and light microscopic images (D), 
with a scale.
Appendix S1. Synonymic list of infraorders Sphaerothecina.
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