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Abstract: The extensive genetic cryptic diversity revealed by molecular studies in many green microalgae has
caused great uncertainties in the circumscription of some species described on strictly morphological grounds.
These uncertainties should be resolved by obtaining molecular data from type materials, but this procedure is
not feasible in many species because the type specimens are illustrations, or too small or poorly preserved to
obtain DNA sequence data. In these situations, the selection of an epitype is often a mandatory requirement to
define the identity of a species and establish unambiguously its position in molecular phylogenies. In this study
we investigated the identity of two widespread species of Klebsormidium (Streptophyta), K. flaccidum and K.
nitens, which were recently epitypified by Mikhailyuk and colleagues. We collected several specimens of these
algae from the type localities and the original habitats of these two species, for which we examined morphology
in the field material and in culture, and obtained sequences of the rbcL gene. On the basis of the original
descriptions, we conclude that the designation of the epitype of K. flaccidum was correct, whereas the epitype
of K. nitens (which consists of material collected tens of thousands of km from the type locality) was most
probably incorrect. We discuss the implications of these decisions for the classification of Klebsormidium and,
more generally, the importance of the correct choice of epitype material for the taxonomy of green microalgae.
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INTRODUCTION

In recent decades, the introduction of DNA sequence
data in studies of systematics and taxonomy has revo-
lutionized the classification of all groups of algae. The
impact of these methods has been particularly strong
on algal groups with simple morphologies, resulting
from an evolutionary history characterized by high lev-
els of morphological homoplasy. The use of molecular
data has greatly advanced our understanding of the ge-
netic diversity of these organisms and has been of sub-
stantial help for species circumscription, particularly
in taxa where morphology is strongly affected by phe-
notypic plasticity related to environmental conditions.
In numerous cases, however, the contrasting scenarios
drawn by morphological and molecular data have been
source of major nomenclatural problems that for some
taxa have not yet been resolved.

Green microalgae living in freshwater and ter-
restrial habitats (belonging to the Chlorophyta and

Streptophyta lineages; LELIAERT et al. 2012) are perhaps
the most apposite group to exemplify these difficulties.
These organisms have a simple morphology that is
preferable to three main different habits: single cells;
uniseriate filaments, either branched or not; few—celled
colonies, of various shape (Rmp1 2011). Based on mo-
lecular data produced in the last 20 years, it is now clear
that rampant morphological convergence has frequent-
ly occurred during the evolution of these algae, produc-
ing almost identical morphologies in unrelated species
(Huss et al. 1999; Krienitz & Bock 2012; Fucikova
et al. 2014; Krienitz et al. 2015). Several genera, ap-
parently well-defined from a morphological point of
view, were recovered as polyphyletic or paraphyletic in
molecular phylogenies (e.g., Chlorella BEu. — Huss et
al. 1999; Dictyosphaerium NAGELI — Bock et al. 2011;
Pediastrum MEYEN — BucHHEIM et al. 2005; Printzina
R.H.Tnompson et D.E.Wuiek and Trentepohlia MART.
— RiNDI et al. 2009; Trebouxia Puym. — SkaLouD &
Peksa 2010). In the recent past this called for major
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taxonomic reassessments that resulted in the descrip-
tion of numerous new taxa; in particular, the splitting
of a genus into multiple genera, or a species into multi-
ple species, frequently occurred (e.g., Huss et al. 1999;
Bock et al. 2011; ALLEWAERT et al. 2015; SkaLoup et al.
2015). A common problem arising in these cases is to
link correctly Linnaean names with clades recovered in
molecular phylogenies (VERBRUGGEN 2014), which is
a fundamental requirement in order to apply correctly
names of species and genera. The only definitive way
to establish such a link is to obtain sequences from the
type specimen or strain (the only one to which a name
is unambiguously associated), and establish its place-
ment in molecular phylogenies. In general, this is not a
problem for green microalgae described in the last 10—
15 years, for which the description is usually based on
both morphological and molecular data, and sequences
from type strains are frequently available. However,
many common green microalgae were described by
early botanists (e.g., LinNatEus 1753, 1759; AGARDH
1824; KuTzInGg 1843, 1849; NAGELI 1849) based only
on morphological characters. For these, apart for a few
fortuitous exceptions in which the original culture is
still available (e.g., Chlorella vulgaris Beu., the type
species of the genus Chlorella; KrientTZ et al. 2015) or
the type is a relatively large and well conserved speci-
men (e.g., Prasiola crispa (LiguTFOOT) KUTZING, MONIZ
et al. 2012), the type specimen/strain cannot be used
for DNA extraction and sequencing, usually because
the material is either too scanty or is an illustration.
Problems of this type have the potential to lead to a
situation of taxonomic paralysis and can be resolved
only with the designation of a carefully selected epi-
type, the morphology of which agrees in full with the
original protologue and the type specimen.

The genus Klebsormidium P.C. Siva, MAT-
Tox et W.H. BLAcKWELL includes 21 species of green
algae distributed in a wide range of terrestrial and
freshwater habitats (ETTL & GARTNER 1995; LOKHORST
1996; SkaLoup 2006), classified in the family Kleb-
sormidiaceae, order Klebsormidiales (Streptophyta).
Morphologically, Klebsormidium is characterized by
uniseriate unbranched filaments formed by cells con-
taining a single parietal chloroplast with a pyrenoid,
reproducing only by biflagellate zoospores produced in
undifferentiated cells and released through an ostiole in
the cell wall (ETTL & GARTNER 1995; LOKHORST 1996;
GuRY & GuIry 2015). These features make members
of this genus readily recognizable. However, it has
long been acknowledged that identification at species
level is complicated by the scarcity of useful morpho-
logical characters and the phenotypic plasticity that
affects some of them. In the last 10 years, molecular
data on Klebsormidium have been produced in plen-
tiful amounts (Novis 2006; MikHAILYUK et al. 2008;
Rinpr et al. 2008, 2011; KarraN et al. 2012; KARSTEN et
al. 2013; SkaLoup & Rinpi 2013; SkaLoup et al. 2014;
MikHAILYUK et al. 2015; RySANEK et al. 2015, 2016a,
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2016b), revealing a great deal of genetic diversity and
the paraphyly of the genus as defined on morpholog-
ical basis, due to the inclusion in it of Inferfilum R.
CHopaT, a genus that shares with Klebsormidium many
ultrastructural and developmental features (MiKHAI-
Lyuk et al. 2014) but consists of packet-like mucilagi-
nous colonies (MIkHAILYUK et al. 2008, 2014). This has
greatly confused the circumscription of some species,
including the type species Klebsormidium flaccidum
(Kutz.) P.C. Siva, Mattox et W.H. BLackweLL. The
original description of this alga (as Ulothrix flaccida
KuTz.; KutzINg 1849) is brief and does not provide im-
portant morphological details. So, the morphological
circumscription of the species has been largely shaped
by descriptions provided by subsequent authors (Ra-
BENHORST 1868; HANSGIRG 1886; DE Tont 1889; HAZEN
1902; Martox & BorLp 1962; PriNTZ 1964; RAMANA-
THAN 1964; ETTL & GARTNER 1995; LOKHORST 1996).
Sometimes, descriptions provided by different authors
disagree with regard to some morphological charac-
ters, and only very few authors (e.g., LoKHORST 1996)
appear to have examined the type material; seeming-
ly, none of them tried to re—collect this alga from the
original type locality and habitat (cobbled streets in
Strasbourg, France). In molecular phylogenies, strains
identified as K. flaccidum are scattered in many dif-
ferent clades, making this species polyphyletic (RiNDI
et al. 2008, 2011; Skaroup & Rinoi 2013; SkALouD et
al. 2014; Ry3Anexk et al. 2015). The same situation ap-
plies to another common species of Klebsormidium,
K. nitens (MENEGH. IN KUTz.) LokHORST. An additional
complication in this case is that the type locality was
not designated. The original description (MENEGHINI IN
Kutzing 1849: 349) does not make any mention of the
original collection site and the specimen designated by
LokHoRsT (1996) as type does not provide any infor-
mation that may be of help in this regard.

These uncertainties required a reassessment of
the identity of both K. flaccidum and K. nitens based
on the designation of epitypes for which molecular
data are available. In a recent study, MIKHAILYUK et
al. (2015) resolved this problem proposing epitypes
for several Klebsormidium species, including K. flac-
cidum and K. nitens. To epitypify the two species,
these authors selected strains isolated and investigated
by LoknorsT (1996), who provided the most recent
monographic treatment of the genus. However, the
work of LokHORST (1996) was published at a time when
molecular data for Klebsormidium were not available
and none of the strains selected were isolated from type
localities or presumptive collection areas (i.e., France
and Italy). In fact, the strains SAG 2307 (epitype of
K. flaccidum) and SAG 13.91 (epitype of K. nitens)
were obtained from samples collected respectively in
Niederkruechten, Germany, and Tekoa, New Zealand.

Recently, we had an opportunity to make col-
lections of terrestrial algae in the type localities of K.
flaccidum and K. nitens. We collected there samples
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of Klebsormidium from habitats corresponding to the
original descriptions and we selected among them
strains in morphological agreement with the original
protologues. In this study we characterize morpho-
logically and genetically these strains, comparing them
with the to the epitypes proposed by MIKHAILYUK et al.
(2015). Based on this comparison, we discuss some
general implications for epitypification of morphologi-
cally simple green microalgae.

MATERIAL AND METHODS

Collections and cultivation. A population of K. flaccidum
was collected by PS on 28 May 2014 in Strasbourg, France,
the type locality of Ulothrix flaccida. A mixed sample was
collected by scraping several green crusts from an old stone
block pavement, in la Place du Marché Gayot (48.5828 N,
7.7531 E). The samples were placed in plastic sampling vials,
and transferred to the laboratory. Search for authentic Kleb-
sormidium nitens was made by FR on 15 November 2014 in
the botanical garden of Padua, Italy (45.399 N, 11.880 E), a
site that can be considered presumptive type locality of Ulo-
thrix nitens MENEGH. IN KUTz. (see Discussion). Samples were
collected by scraping green crusts from flowerpots (the type
of habitat mentioned in the original description), margins of
pools and old walls. The samples were placed in plastic Zip-

Table 1. Cell dimensions of investigated Klebsormidium strains.
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loc bags and mailed to PS in sealed envelopes. In the labora-
tory, the samples were spread on Petri dishes with agarized
BBM medium (Bischorr & Borp 1963), and cultivated at
25°C under a constant photon irradiance of 34 pmol.m=2.s™!
provided by cool fluorescent tubes (Philips Master TL5 HE
21W/840, Royal Philips Electronics, Amsterdam, the Neth-
erlands). Algal microcolonies grown up after 5-10 weeks
were transferred repeatedly to fresh Petri dishes. After three
changes of each isolate to fresh Petri dishes, the obtained cul-
tures were observed to be unialgal by examination under a
light microscope. Unialgal stock cultures of Klebsormidium
were maintained in liquid BBM, under the conditions de-
scribed above.

DNA extraction, sequencing, and phylogenetic analyses.
DNA was isolated according to the protocol published by
Ry8Anek et al. (2015), and stored at —20 °C. Sequences of the
rbcL gene, which encodes the large subunit of ribulose—1,5—
bisphosphate carboxylase/oxygenase, were obtained by poly-
merase chain reaction (PCR) amplification with a Touchgene
Gradient cycler (Techne, United Kingdom). The rbcL gene
was amplified by using the newly designed primer KF590
(5'-GAT GAA AAC GTA AAC TCT CAG C-3') and the
primer rbcL-KR2 (5'-GGT TGC CTT CGC GAG CTA-3’,
SkaLoup & Rinpi 2013). Each 20-ml reaction for PCR was
conducted as described by Ry$ANEk et al. (2015). The PCR
protocol followed SkaLoup & Rmpr (2013). Sequencing
reads were assembled and edited using the SeqAssem soft-
ware (HEPPERLE 2004).

Strain cell width (um) cell length (um)
average min max average min max

overall dimensions 7.4+0.7 6.4 8.8 9.6+3.6 43 15.7
S201 fresh cultures 6.83+0.2 6.4 7.1 11.8+3.5 5.4 15.7
nutrient—depleted cultures 8.0+£0.6 6.6 8.8 74+2.0 43 10.0
overall dimensions 6.3+0.7 5.4 7.9 126+3.5 53 20.8
S202 fresh cultures 59+03 5.4 6.5 13.7+3.5 7.7 20.8
nutrient—depleted cultures 6.9+0.6 6.0 7.9 10.9+2.9 53 15.7
overall dimensions 7.0£0.5 5.8 8.0 12.0+3.3 6.1 18.1
S203 fresh cultures 6.7+0.4 5.8 7.4 11.3+£3.2 6.1 18.0
nutrient—depleted cultures 74+£04 6.9 8.0 13.7+2.9 7.5 18.1
overall dimensions 6.8+0.4 6.1 7.7 9.4+24 53 132
FIB fresh cultures 7.0+£0.3 6.4 7.7 87+24 53 12.6
nutrient—depleted cultures 64+0.2 6.1 6.8 10.7+ 1.8 6.4 13.2
overall dimensions 69+0.5 6.0 7.7 10.6 £4.1 5.4 22.7
F3C fresh cultures 7.1+0.3 6.6 7.7 9.0£2.5 5.4 14.6
nutrient—depleted cultures 6.5+04 6.0 7.3 13.0+ 4.8 8.0 22.7
overall dimensions 74+0.5 6.4 8.4 93+24 5.5 14.1
F8B fresh cultures 7.7+0.3 7.1 8.4 8.6+22 5.7 13.1
nutrient—depleted cultures 6.8+0.2 6.4 7.2 10.5+2.3 5.5 14.1
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Fig. 1. Phylogenetic tree obtained from Bayesian analysis based on rbcL dataset, showing the position of investigated Klebsormidium strains
and their relatives. Values at the nodes indicate statistical support estimated by MrBayes posterior node probability (left), maximum likelihood
bootstrap (middle) and maximum parsimony bootstrap (right). The clade numbering (A—G, 1-13) follows Ripr et al. (2011) and Skaroup &
Rmnpr (2013), respectively. The strains selected by previous authors as epitypes of different species are indicated by empty arrowheads. The
strain F8B we propose as a new epitype for K. nitens is marked by the solid arrowhead.
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For phylogenetic analyses, the newly obtained rbcL se-
quences were incorporated into previously aligned matri-
ces (SkaLoup et al. 2014), and aligned by using ClustalW
(THowmpsoN et al. 1994) with MEGA version 6.0 (TAMURA et
al. 2011). The rbcL alignment had 596 bp and is available
on http://botany.natur.cuni.cz/algo/align/04 Klebsormidium.
fas. The aligned data set was analyzed by using Maximum
Parsimony (MP) analysis with PAUP 4.0b10 (SworrorD
2002), Maximum Likelihood analysis (ML) with GARLI
(Zwickr 2006), and Bayesian analysis (BI) with MrBayes
version 3.2.2 (RonquisT et al. 2012). The evolutionary mod-
el applied in ML and BI analyses was determined by using
PAUP/MrModeltest 2.3 (NYLANDER 2004). The model se-
lected under the Akaike Information Criterion was GTR + I
+ G. The BI analysis was performed by using the priors set
as default in MrBayes. The robustness of the tree topologies
was assessed by bootstrapping the data set as described by
SkaLoup & Rinpr (2013).

Morphological observations. To obtain a detailed mor-
phological characterization of Klebsormidium isolates, the
strains were regularly observed during the 3—month period
of culturing, using an Olympus BX51 microscope (Olympus
Corp., Tokyo, Japan) equipped with a differential interfer-
ence contrast. In addition to observing the general growth
habit, formation of H-shaped pieces at cross walls, and
reproductive features (shape of release aperture in lateral
wall of zoosporangial cell and germination pattern of zoo-
spores), cell dimensions were measured in detail in ImageJ
software. For each strain, cell dimensions were measured on
fresh, 4-week—old, exponentially growing cultures, as well
as on nutrient—depleted, 3—month—old cultures. The average,
minimal and maximal values were calculated from at least 30
replicates. Zoospore formation was induced by transferring
the cultures to a 1% glucose solution, and keeping them in
darkness at a temperature of about 10 °C.

RESuULTS

In total, we isolated 5 and 18 unialgal Klebsormidi-
um strains from the material collected in Strasbourg,
France and Padua, Italy, respectively. The five Stras-
bourg strains were labelled as S201, S202, S203, S204,
and S205. The Padua strains were isolated from mate-
rial collected in six sampling sites: side of Basilica di
Sant’ Antonio (strains F1A, F1B, and F1C), and five
sites in the Botanical Garden: crust on stony manu-
facture (strains F2A and F2B), concrete manufacture
(strains F3A, F3B, F3C, F3D, and F3E), concrete mar-
gin of a pond (F7A), concrete side of a pond (FSA,
F8B, and F8C), and base of a statue (F11A, FI11B,
F11C, and F11D). All isolated strains were subjected
to subsequent molecular analyses.

Molecular data

Bayesian analysis of the rbcL dataset (Fig. 1) resulted
in the topology largely corresponding to the analyses
published in several previous works (RmNpr et al. 2011;
SkaLoup & Rinor 2013; Skaroup et al. 2014). Our
analysis resolved all superclades (A—G) and lineages
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(1-13) identified by Rmnpr et al. (2011) and SkaLoup &
Rimnp1 (2013), respectively. All strains isolated from the
sample collected in Strasbourg, France (S201, S202,
S203, S204, and S205) were inferred within a single
lineage, the superclade C sensu Rinp1 et al. (2011). The
strains from Padua, Italy were inferred within three
different clades. The vast majority of them (15 strains
labelled F1A-C, F2A-B, F3A-E, F8B, F11A-D) were
inferred as members of the clade E4 sensu RinpI et al.
(2011), i.e. clade 12 sensu SxaLoup & Rmpr (2013).
Strains F7A and F8A were inferred to belong to clade
E2 sensu RiN1 et al. (2011), i.e. clade 3 sensu SkaLouD
& Rmpr (2013). Finally, the strain F8C was resolved
as a member of clade E3 sensu Rinp1 et al. (2011), i.e.
clade 7 sensu Skaloud & Rindi (2013).

Morphological data

For the purpose of detailed morphological character-
ization of the dominant lineages found in Strasbourg
and Padua, three Klebsormidium cultures were select-
ed from a set of cultured strains belonging to clades C
and E4, respectively. Strasbourg Klebsormidium was
represented by strains S201, S202, and S203. Fila-
ments were very long, with more than 1,000 cells per
filament, without any tendency to fragmentation in
older cultures. Cells were cylindrical, not constricted,
0.7-2.6 times as long as wide (Figs 2A—C). Cell di-
mensions differed among the strains (Table 1): cells of
the strain S201 were generally wider (7.4 = 0.7 mm)
and shorter (9.6 £ 3.6 mm), whereas the strain S202
produced generally thinner (6.3 £ 0.7 mm) and longer
(12.6 £ 3.5 mm) cells. In all strains, cell width gradu-
ally increased with the age of the cultures. The most
distinctive difference was observed in the strain S201:
the average cell width increased from 6.8 £ 0.2 mm
to 8.0 £ 0.6 mm after two months in culture. In ma-
ture cultures, formation of H—shaped pieces at cross
walls was commonly observed in all strains (Fig. 2D).
The release of zoospores was successfully induced in
all observed strains. Whereas the release apertures in
empty zoosporangial cell walls were distinct in the
strain S202 (Fig. 2E), the remaining ones exhibited
an indistinct margin of the apertures (Fig. 2F). In all
strains, the zoospores generally germinated with a bi-
polar pattern (Fig. 2G).

For morphological characterization of Padua
strains, we selected the isolates FI1B, F3C and F8B,
inferred within the predominant clade E4. The strains
generally shared a common general morphology. Fila-
ments were very long, with more than 1,000 cells per
filament, without any tendency to fragmentation in old-
er cultures (Figs 2H-J). Individual filaments were oc-
casionally coiled together to form rope—like structures
(Fig. 2J). Cells were cylindrical, not constricted, 0.8—
1.9 times as long as wide (Figs 2H-I). Cell dimensions
were comparable among the strains, with the exception
of slightly wider cells in strain F8B (Table 1). In con-
trast to the Strasbourg isolates, the cell width gradually
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.
Fig. 2. Morphology of investigated Klebsormidium flaccidum and K. nitens strain: (A-G) K. flaccidum, (A) young filament (S202), (B) mature
filament with conspicuous starch grains covering the pyrenoid (S201), (C) production of a mucilaginous attaching disc (S203), (D) few—celled
filament with a distinct H-shaped wall piece (S202), (E) empty zoosporangium with a distinct discharge pore (S202), (F) empty zoosporangium
with an indistinct pore (S201), (G) young filaments grown after a bipolar germination of settled zoospores (S202); (H-J) K. nitens, (H) young

filament with indistinct pyrenoids (F1B), (I) mature filament with conspicuous starch grains covering the pyrenoid (F3C), (J) rope-like strands
of twisted filaments (F3C). Scale bar 10 mm.

decreased in aging cultures. In all strains, the cell width
decreased by 0.6-0.9 mm after two months of culti-
vation. Similarly, the average cell length increased by
2-3 mm. The formation of H-shaped cell wall pieces

DiscussION

In the present study, we made collections of Klebsor-
midium from the type locality of Klebsormidium flac-

was never observed. In all cultures, we observed the
occasional formation of spirally twisted filaments re-
sulting in the production of rope-like strands of fila-
ments (Fig. 2J). Despite several attempts, production
of zoospores could not be induced.

cidum (Strasbourg) and a locality that is the best can-
didate as putative type locality for K. nitens (Padua).
Based on our observations and the original descriptions
of the two species, we isolated some strains that we be-
lieve to correspond to the protologues of Ulothrix flac-
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cida and Ulothrix nitens of Kiitzing (Kutzing 1849).
It is worth stressing that K. flaccidum and K. nitens
are species of particular significance, and their correct
taxonomic circumscription is critically important from
several points of view. The phylogenetic position of
these algae affects the classification of the entire order
Klebsormidiales, a group that occupies a basal posi-
tion in the streptophycean lineage (LEwis & McCourt
2004; LeLiAERT et al. 2012) and is considered of great
evolutionary and genomic interest (CIvAN et al. 2014;
Hori et al. 2014). Especially important in this regard is
the identity of K. flaccidum, the type species of Kleb-
sormidium. In molecular phylogenies, several strains
corresponding morphologically to K. flaccidum occur
in the clade that is sister to Interfilum (MIKHAILYUK et
al. 2008; RinpI et al. 2008, 2011; SkaLoup et al. 2014;
RYS$ANEK et al. 2015), whereas many other strains occur
in separate clades. Since Klebsormidium is rendered
paraphyletic by Interfilum, and K. flaccidum is the type
species of the genus, the classification of Klebsormi-
dium is dependent on which clade includes correctly
typified K. flaccidum, and, ultimately, whether one or
more segregate genera should be formed from other
species of the genus. More generally, the identity of K.
flaccidum and K. nitens is important in terms of biodi-
versity and biogeography of the microbial communi-
ties of terrestrial habitats. These species are reported
among the most common green microalgae in these
assemblages (ETTL & GARTNER 1995; LokHORST 1996;
Lukgesova 2001; Joun 2002; Rinpt & Guiry 2004; UHER
et al. 2005; SkaLoup 2006; MIKHAILYUK 2008) and have
been recorded virtually in every region in the world
where terrestrial algae have been studied.

For these reasons, the unambiguous placement
of K. flaccidum and K. nitens in molecular phyloge-
nies is a problem of critical importance, as has been
remarked in several recent studies (RiNpr et al. 2011;
SkaLoup & Rinoi 2013; SkaLoup et al. 2014). In his
monograph, LokHORST (1996) designated lectotype
specimens for Ulothrix flaccida (L 939.67-905) and U.
nitens (L 939.67-828). Unfortunately, both materials
consist of small tufts formed by a few filaments, for
which detailed morphological observations and DNA
extraction are impossible (Willem Prud’homme van
Reine, personal communication). The only possible ap-
proach was therefore to select for both species epitype
strains, using living material that can be sequenced and
linked to molecular phylogenetic clades. The study of
MIKHAILYUK et al. (2015) had the great merit of desig-
nating such epitypes and fixing the position of these
species in the phylogeny of the Klebsormidiales. How-
ever, the epitypification of MikHAILYUK et al. (2015)
was based on the characterizations of Klebsormidium
flaccidum and K. nitens given by LokHorsT (1996), and
neither of the epitype strains selected by these authors
came from the type localities (the strain SAG 2307,
epitype of K. flaccidum, was isolated from clay soil in
a field of beets near Niederkruechten, Germany; the
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strain SAG 13.91, epitype of K. nitens, was isolated
from soil at Tekoa, New Zealand). The choice of mate-
rial obtained from the original type localities and habi-
tats is a procedure strongly recommended for epitypi-
fication (HYpE & ZHANG 2008; HUGHEY & GABRIELSON
2012), as it maximizes the chances to obtain authen-
tic material. In the case of the genus Klebsormidium
we consider this aspect even more important, because
several recent studies suggested that ecological pref-
erences play a major role in the distribution and spe-
ciation patterns of this genus (SkaLoup & Rinpr 2013;
SkaLoUD et al. 2014; RYSANEK et al. 2015). So, in this
study we carefully looked for material corresponding
to the original descriptions of Ulothrix flaccida and
U. nitens in their type localities. We acknowledge that
there cannot be the absolute certainty that the strains
that we obtained are exactly the same algae used by
Kutzing (1849) for the original descriptions; however,
due to the impossibility of sequencing the lectotype
specimens, this would be inevitably the case with
any specimen selected as epitype. We believe that our
strains, obtained from the original type localities and
habitats, have the highest chances to represent the au-
thentic Ulothrix flaccida and U. nitens.

For Klebsormidium flaccidum, three strains
(S201, S202, S203) were isolated from a stony street in
Strasbourg, the original habitat of the species (“Ad vias
lapideas Argentorati: cl. A. Braun.”: KUtzING 1849:
349). The description of Ulothrix flaccida is (translated
from Latin with the units of measurements converted
to microns) “Ulothrix green, 6.45-7.52 pm in diameter,
with cells as long as wide or twice as long as wide, hya-
line; nuclei of cells distant from each other”. Though we
observed a slight difference in cell dimensions between
the three isolated strains (Table 1), their morphology
conforms well to Kiitzing’s description (although it is
not certain what precisely Kiitzing meant by «nuclei
cellularum distantibusy, it may be that he was referring
to the pyrenoids of the chloroplasts or to the coloured
contents of the cells) and is also in good agreement
with the concept of Klebsormidium flaccidum as gen-
erally established in the literature. This alga is reported
as a species with filaments mostly long (>150 cells),
thin—walled cylindrical cells, slight constrictions be-
tween adjacent cells, chloroplast with smooth margin
extending for the whole length of the cell and covering
about a half of the lateral wall, and devoid of biseriate
parts and false branches. Some disagreement exists in
the literature about the range of width of the filaments:
6-9.5 um in Hazen (1902); 5-8 um in MatTOoX & BoLp
(1962); 5-9 um in PriNTZ (1964); 5-14 pm in RAMANA-
THAN (1964) and Joun (2002); 5.5-6 pm in FarooqQui
(1968); 5.5-7 um in KomAromyY (1976); 5.6-7.4 pm in
LokHORST (1996); 6-9 pum in SkaLoup (2006). The di-
mensions of our strains (having average cell widths 6.3
+0.7 um, 7.0 £ 0.5 pm, and 7.4 £ 0.7 pm, respectively),
however, are in the range of width given in Kiitzing’s
original description (1/350-1/300", about 6.45-7.52
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pum). All three strains isolated from the original habitat
in Strasbourg were inferred in the superclade C sensu
Rmpr et al. (2011), and are genetically identical to the
strain SAG 2307 proposed be represent the epitype of
K. flaccidum (MikHalLYUK et al. 2015). Although the
strain SAG 2307 was isolated from a sample collected
300 km far from the type locality (Niederkruechten,
Germany), our findings corroborate the correct selec-
tion of this strain as epitype of K. flaccidum.

The unambiguous circumscription of K. nitens
is more complicated than that of K. flaccidum, due to
the fact that in the original description the type local-
ity was not explicitly designated. Kurzin (1849) de-
scribed Ulothrix nitens based on material collected
and sent to him by Meneghini, named Hormidium ni-
tens in the letter that Meneghini attached to the ma-
terial (Kutzing 1849: 349). The original description
mentions that the alga was collected from flowerpots,
mixed with Porphyridium purpureum (Bory) K.M.
Drew et R. Ross (“in ollis cum Palmella cruenta”),
but does not mention the locality. Giuseppe Meneghini
(1811-1889) was an Italian professor of sciences and
politician. In the course of his academic career, he was
active in the universities of Padua (from 1835 to 1848)
and Pisa (from 1849 to 1889); we therefore consider
very likely that the collection that he sent to Kiitzing
(and that was used for the description of Ulothrix ni-
tens) was from either of these localities. Considering
that Species algarum was published by Kiitzing in
1849 and that the original material of Ulothrix nitens
must have been received by him sometime earlier, we
consider more likely that Meneghini made the original
collection in Padua, rather than in Pisa. The botani-
cal garden of Padua is the oldest academic botanical
garden in the world (founded in 1545 by the Venetian
Republic) and still today is located in the original site
of foundation. Meneghini must have made extensive
use of it for his academic activity, so we consider it the
most likely candidate as collection site of U. nitens.
This is partly supported by Kuzing’s remark about the
habitat (on flowerpots, mixed with Porphyridium pur-
pureum).

Consequently, we isolated in culture numerous
strains of Klebsormidium from the botanical garden of
Padua. Their rbcL sequences placed nearly all of them
in the clade 12 of SkaLoup & Rinpi (2013) (=clade E4
of Rmp1 et al. 2011). The morphology of these algae
agrees well with the original description of the species.
The protologue of Ulothrix nitens (translated from
Latin with the units of measurements converted to mi-
crons) reports “Ulothrix green, with filaments exactly
and densely parallel, forming an iridescent membrane
when dry, 6.45 um wide; cells slightly longer than wide
or as long as wide; gonidia (nuclei of cells) cylindrical
appressed — on flowerpots with Palmella cruenta: col-
lected by Meneghini”. The strains of Klebsormidium
that we collected in Padua occurred in small amounts
in the field—collected samples and did not form the
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shiny films mentioned by Kurzing (1849). However,
we collected several specimens from concrete surfaces,
including flowerpots (strains F3A, F3B, F3C, F3D, and
F3E), for which width of filaments and shape of the
cells agree perfectly with the description (concerning
gonidia, it is again difficult to understand what Kiitz-
ing meant; since he mentions the cylindrical shape, we
suppose that he might refer to the chloroplasts).

The taxonomic status of K. nifens has been
questioned by many authors in the past. Indeed, the dif-
ferences between K. nitens and K. flaccidum are rather
tenuous and in some treatments the two species were
not recognized as separate taxa (e.g., CHODAT 1902;
Farooqui 1968; ETTL & GARTNER 1995). Most authors,
however, distinguished them based mainly on the diam-
eter of filaments (generally thinner in K. nitens) and the
form of growth in liquid culture mainly as a superficial
film (in K. nitens) or as a mass of submerged filaments
(in K. flaccidum) (KLEBs 1896; PRINTZ 1964; LOKHORST
1996). LokHORST (1996) reported also that the two spe-
cies can be distinguished based on some features in
culture (ease with which zoosporangia can be induced,
shape of the release aperture of the zoosporangium,
pattern of germination of zoospores). SkaLoup (2006),
however, after an extensive culture investigation per-
formed on 40 strains belonging to the K. flaccidum/
nitens complex, concluded that these characters in
general were not tenable to separate species. Although
some characters could be used to define strain clusters
(cell width, aperture type of zoosporangia and micro-
biotope of habitat), clusters of strains created on the ba-
sis of one delimiting character did not correspond with
clusters based on other characters (SkaLoup 2006). In-
terestingly, the morphological circumscription of K. ni-
tens has apparently changed over time, and significant-
ly deviated from its original description. The taxon was
originally described to have filaments 6.45 pm wide (in
the protologue, the dimensions were given in pre—met-
ric French length units called lignes, as 1/350”; KuT1z-
ING 1849). Later on, KLEBs (1896) defined K. nitens by
having filaments 5.5—7.0 um wide and his circumscrip-
tion was then followed by numerous authors (HEERING
1914; PrinTz 1964; STARMACH 1972). However, in the
two most recent taxonomic treatments of the genus
Klebsormidium, K. nitens was defined by having much
thinner filaments. FArRooQui (1968) characterized this
alga as having filaments 5.0-5.6 um wide (although
she hypothesized it to represent an ecophysiological
morph of K. flaccidum). LokHORST (1996) defined K.
nitens with cell width 4.7-5.6(—6.5) pm. MIKHAILYUK
et al. (2015) followed Lokhorst’s circumscription and
designated the strain SAG 13.91 as epitype of this tax-
on. However, this strain has filaments 5.1 + 0.30 pm
wide (SkaLoup & Rinpi 2013), which clearly does not
correspond to the original species description by KoT-
7zING (1849). Additionally, the strain SAG 13.91 was
isolated from New Zealand, therefore extremely far
from the original sampling site, which (although with
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the uncertainties mentioned above) almost certainly is
in Italy. We therefore conclude that the epitype of K.
nitens selected by MIKHAILYUK et al. (2015) most prob-
ably does not represent the authentic Ulothrix nitens
described by KuTtzInG (1849). For this reason, in our
opinion Klebsormidium nitens is a suitable candidate
taxon for conservation based on a new epitypification.
The new epitype would supersede the epitype selected
by MIKHAILYUK et al. (2015) and should be a strain iso-
lated from Italy, with morphology corresponding to the
original protologue. We suggest our sample F1B (=cul-
ture CAUP J 306) would be an appropriate candidate as
new epitype for this species.

As general conclusion, we would like to stress
strongly the importance of an accurate, well-thought
selection of epitype specimens/strains. Although this is
true for all algae, it applies in particular to morpho-
logically simple green microalgae, whose huge genetic
and ecological diversity is being more and more unrav-
elled. In the future, epitypes will become the essential
reference for the definition of many species of morpho-
logically simple algae; their selection should be taken
very seriously and handled with great attention, always
verifying that the morphology of the material selected
agrees with the original protologue. All possible pre-
cautions should be taken to ensure that the epitype re-
ally corresponds to the alga of the original description;
using material collected in the type locality and isolated
from the original habitat will maximize the chance that
this is accomplished. The careless and unwarranted se-
lection of an epitype has the potential to create major
nomenclatural problems and great confusion about the
circumscription of a species; such confusion could be
spread easily, especially in the case of species of great
biotechnological interest, as it the case for some com-
mon microchlorophytes (Hannon et al. 2010; Wu et al.
2014). So far, epitypes have been designated only for a
limited number of green microalgae (e.g., KRIENITZ et
al. 2010; Fucikova et al. 2013; ALLEWAERT et al. 2015)
and many other species that have been described only
on morphological basis are still waiting for the fulfil-
ment of this procedure. We hope that epitypes selected
by rigorous and accurate procedures that accord with
the protologues will be soon available for many more
species.
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