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ABSTRACT

The main features to distinguish the seven native Utricularia species occurring in central Europe are
found in flower shape, but being rarely flowering identification is often doubtful and uncertain. A
recent morphometric work highlighted that there are no univocal reliable extra-floral morphological
features allowing a safe identification at species level. Therefore, DNA barcoding approach is
attempted here. Molecular analyses were performed to search for DNA barcodes using nuclear ITS
(rDNA), plastid (cpDNA) trnL-trnF IGS and rps16 intron sequences. Generally, the barcoding approach
failed to discriminate Utricularia species, although it could be of some help in the U. minor aggregate.
With few exceptions, U. bremii shows peculiar DNA regions different from U. minor for both plastid
markers investigated. However, interesting hypotheses could be derived from the obtained networks,
including hybridization events to explain the rise of mostly sterile species, such as U. stygia. This spe-
cies clusters with the other species of the U. intermedia aggregate in plastid phylogenetic graphs,
while it is closely related to species of the U. minor aggregate in ITS phylogenetic graphs. Additionally
to U. stygia, U. ochroleuca also shows some incongruences in the different markers, at least for some
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accessions, pointing to the possible occurrence of hybrids.

Introduction

Since its original description (Hebert et al. 2003), the barcod-
ing approach has gained more and more credit among taxo-
nomists, yet only in relatively recent years it has been
applied successfully to plants (Hollingsworth et al. 2009,
2011). Indeed, plants are characterized by massive polyploid-
ization, hybridization, introgression, clonal and/or unusual
sexual reproduction, which provide constant difficulties for
both identification and phylogenetic reconstruction pur-
poses. Generally, being maternally inherited in angiosperms
(Tilney-Bassett 1978; Kuroiwa 1991), plastid markers are
related to seed dispersal, but seeds usually cover much
shorter distances than pollen (Ghazoul 2005). Therefore, plas-
tid genes may provide an underestimation of gene flow
(Naciri et al. 2012), which instead, when conspicuous, repre-
sents a fundamental requirement for discriminating species
(Petit and Excoffier 2009). For these reasons, multilocus and
multigenomic approaches are needed for making barcoding
applicable to plants. The multilocus approach (Fazekas et al.
2008) considers the use of different plastid markers com-
bined, together or in place of the standardized markers, such
as rbcL and matK (Hollingsworth et al. 2009, 2011; Sandionigi
et al. 2012). On the other hand, the multigenomic approach
considers both plastid and nuclear (mostly Internal

Transcribed Spacers, rDNA ITS marker) genomes (China Plant
BOL Group 2011), so as to enable the recognition of hybrid-
ization and other misleading events, such as introgression
and incomplete lineage sorting after recent speciation.
Despite these precautions, molecular results may provide an
overestimation of the differences among taxa (or an under-
estimation of the variability within a single taxon) when only
one or two sequences per taxon are taken into account. To
reduce the risk of such drawbacks, more populations of each
species are needed and, for each one, more individuals as
possible have to be sampled (Zhang et al. 2010; Bergsten
et al. 2012).

Particular attention in applying the barcoding technique
should be paid in the case of plants showing high muta-
tional rates and clonal reproduction, such as species of the
genus Utricularia L. (bladderworts). Bladderworts also epitom-
ize the peculiar so-called “relaxed morphology” (Rutishauser
and Isler 2001): the organ circumscription of their body is
hard to delineate and the phenotypic plasticity is high,
depending on the growth substrate as well as on other
environmental factors (Taylor 1989; Ptachno and Adamec
2007). Despite being the richest and most widespread genus
(at least 250 species occurring in five continents; Taylor 1989;
Fleischmann 2012) of carnivorous plants, Utricularia is instead
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less represented in Europe, where only nine species occur.
Two of them are restricted to south-western Europe (U. subu-
lata L. and U. gibba L) and are easily distinguished by the
other European taxa, so that they do not provide any identi-
fication problem considering both flowers and vegetative
parts. The remaining seven species (U. australis RBr., U. bre-
mii Heer, U. intermedia Dreves & Hayne, U. minor L., U. ochro-
leuca R. Hartm., U. stygia Thor, and U. vulgaris L.), all aquatic
and mostly occurring in Central Europe, are instead much
more taxonomically problematic. As these species are often
found on threatened habitats and their circumscription is not
well known yet, they are all considered of conservation inter-
est by the IUCN (Bilz et al. 2011), though four of them are
listed as Data Deficient (DD) because of the mentioned iden-
tification problems. From the systematic point of view, they
can be subdivided into three aggregates (aggr. hereafter): (1)
U. intermedia aggr., also including U. ochroleuca and U. stygia,
(2) U. minor aggr., also including U. bremii, and (3) U. vulgaris
aggr., also including U. australis (Astuti and Peruzzi 2018a).
These aggregates are easy to circumscribe on morphological
grounds, but species inside each complex are difficult to
identify (Astuti and Peruzzi 2018a, and literature cited
therein), and for U. intermedia and U. bremii only very
recently a lectotypification and a 2" step lectotypification
have been provided, respectively (Astuti and Peruzzi 2018b).
Most of the diagnostic morphological features rely on flow-
ers (Thor 1988; Taylor 1989; Tassara 2002), but these species
are rarely flowering. For this reason, Astuti and Peruzzi
(2018a) tried a traditional and geometric morphometric
approach to test if even vegetative parts may provide diag-
nostic characters for species discrimination, as reported in
various articles (Thor 1988; Taylor 1989; Moeslund et al.
1990; Tassara 2002; Schlosser 2003; Ptachno and Adamec
2007; Gariboldi and Beretta 2008; Fleischmann and Schlauer
2014; Tison and de Foucault 2014). However, they demon-
strated that shoot morphology, including features of quadri-
fid digestive glands, is not reliable and, in U. minor aggr.,
completely useless.

As regards the phylogenetic relationships of bladderworts,
several papers have focused on Lentibulariaceae, and some
sequences of Utricularia were also included (Jobson and
Albert 2002; Jobson et al. 2003; Muller et al. 2004, 2006),
whereas a few studies were properly targeted to phylogen-
etic reconstructions within the genus Utricularia (Muller and
Borsch 2005; Silva et al. 2018). However, only Silva et al.
(2018) performed their investigation on all central European
species and using both plastid and nuclear markers, although
each species was represented only by a single sequence.
Within the concatenated tree built by merging nuclear and
plastid sequences presented by Silva et al. (2018), central
European species are subdivided into two clades, consist-
ently with shoot morphology, including U. australis and U.
vulgaris on one side, sister to all other species. The latter
clade is in turn subdivided into two subclades: (1) one join-
ing U. bremii, U. minor, and U. ochroleuca, with U. bremii and
U. ochroleuca sister to each other and, together, sister to U.
minor, and (2) the other one including U. intermedia and U.
stygia. The closer relationship of U. ochroleuca with U. minor

aggr., as compared with species of U. intermedia aggr., can
be surprising based on morphological aspects, but a hybrid
origin of U. ochroleuca and U. stygia, through a cross
between U. minor and U. intermedia, was previously postu-
lated, as well as several hybrids have been suggested to
occur among European species (Neuman 1900; Lindberg
1921; Schlosser 2003; Ptachno and Adamec 2007). Taylor
(1989) assessed that putative hybrids are instead dysploid
vegetative apomicts. However, at least for U. australis, a
hybrid origin is plausible and supported by means of
molecular analyses (Kameyama et al. 2005). Taken alone,
plastid trees were generally not concordant concerning rela-
tionships between central European species and resolution
was low for most of the markers used, with the exception of
rps16 intron and trnL-trnF intergenic spacer (Silva et al. 2018,
Supporting Information). Nevertheless, for both rpsi6 and
trnL-trnF, no sequences of U. bremii, U. ochroleuca and U. sty-
gia were obtained (for rps16, no sequence of U. minor either).
According to Muller and Borsch (2005), plastid haplotypes of
U. australis are closer to U. vulgaris than to the putative paren-
tal species U. macrorhiza Leconte, partially consistent with the
involvement of the latter species as male parental in the ori-
gin of U. australis, as hypothesised by Kameyama et al. (2005).

A fingerprinting approach for analysing phylogenetic rela-
tionships among aquatic species of Utricularia was provided
by Rahman (2006, 2007), who found a close relationship
between U. australis and U. macrorhiza, and between these
latter species and U. vulgaris. Interestingly, U. bremii and U.
minor did not cluster together, as expected by considering
their extreme morphological affinity, but the latter was close
to U. gibba, while the former to U. intermedia. However, the
few sampled species, the high molecular rates of evolution
within Utricularia and the putative massive presence of indels
may considerably affect the clustering obtained with this
DNA fingerprinting approach (Weising et al. 2005), also con-
sidering that the fingerprinting analysis does not necessarily
reflect phylogenetic relationships, since it is impossible to
establish the primary homology of the bands.

The aim of our study was to check whether reliable
molecular tools for species identification exist, in order to
provide a framework for the delimitation of the distribution
range of each species, which is a necessary step for their
conservation assessment. In connection with molecular anal-
yses, we aimed also at reconstructing the phylogenetic rela-
tionships occurring among taxa, in order to infer their origin
and circumscription.

Material and methods
Sampling

For all species, we sampled fresh shoots for at least two pop-
ulations each, with the exception of U. ochroleuca. For this
latter species, only cultivated plants (Collection of aquatic
and wetland plants, Institute of Botany, Trebon, Czech
Republic), all originally collected from Trebon area, were
available, as this species is subject to strict conservation pro-
grammes in all countries of occurrence (e.g., Germany,
France, Poland, Czech Republic, Finland, and Sweden).
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Table 1. Populations sampled for molecular analysis and GenBank accessions.

ITS

trnL-trnF 1GS

rps16 intron

Species Population Acronym
U. australis Czech Republic, Trebon Basin AD
Germany, Saxony-Anhalt, Oranienbaum Heide* GEO
Italy, Tuscany, Viareggio* ITv
U. bremii Czech Republic, Trebon Basin AD
Italy, Trentino-Alto Adige, Lake Monticolo* IT
Switzerland, Zurich, Katzensee* SWK
U. intermedia Czech Republic, Trebon Basin AD
Russia, Leningrad Oblast, Lake Bezymannoyoe* RUB
Russia, Leningrad Oblast, Lake Michurinskoye RUM
U. minor Czech Republic, Trebon Basin AD
Italy, Trentino-Alto Adige, Italy ITT
Russia, Leningrad Oblast, Lake Bezymannoye* RUB
U. ochroleuca Czech Republic, Trebon Basin* (4
U. stygia Czech Republic, Trebon Basin AD
Italy, Trentino-Alto Adige, Lake Monticolo* IT
Switzerland, Zurich, Ambitzgi* SWA
U. vulgaris Czech Republic, South Moravia AD
Russia, Leningrad Oblast, Lake Bezymannoye* RUB
Russia, Leningrad Oblast, Lake Michurinskoye* RUM

/

/
MHO051675-MH051677
MH051678
MH051679-MH051684
MH051685-MH051686
/

MH051687

MH051690- MH051692
MH051693

MH051694- MH051697
MH051698- MH051700
MH051701- MH051702
/

MH051703- MH051706
MH051707- MH051709
MH051710

MHO051711

MHO051712- MH051714

MHO051617
MHO051618- MH051620
MH051621- MH051625
/

MHO051626- MH051632
MHO051633- MH051635
MHO051636
MHO051637- MH051640
MHO051641- MH051643
MHO051644
MHO051645- MH051649
MHO051650- MH051652
MHO051654- MH051656
MHO051657
MHO051658- MH051664
MHO051665- MH051667
MHO051668
MHO051669- MH051671
MH051672- MH051674

MH051561

MH051562- MH051564
MHO051565- MH051567
/

MH051568- MH051573
MHO051574- MH051576
MHO051577

MH051578- MH051580
MH051581- MH051583
MH051584
MH051585- MH051590
MH051591- MH051593
MH051595- MH051598
MH051599

MH051600- MH051606
MH051607- MH051609
MH051610

MHO051611- MH051613
MHO051614- MH051616

Populations already investigated morphologically by Astuti & Peruzzi (2018a) are marked by asterisks (*).

Most of the populations included in this study were
already investigated morphologically by Astuti and Peruzzi
(2018a). Only individuals safely identified, based on flower
morphology, were used. See Table 1 for further details
on sampling.

DNA extraction, amplification and sequencing

Genomic DNA was obtained from stolons, previously washed
with distilled water in order to remove epiphytes and other
particles, and stored in dry state in silica gel. In some cases,
DNA extraction was performed following the protocol pub-
lished by Lodhi et al. (1994, modified), but in most cases
using Plant Il DNA extraction kit (Machery-Nagel). In both
cases, plant tissues were first macerated in a mortar with
liquid nitrogen. Genomic DNA of samples labelled as AD
(Table 1) were provided by LA.

Three markers, the plastid trnL-trnF intergenic spacer and
rps16 intron and the nuclear ITS (Internal Transcribed Spacer)
region (ITS1+5.85+1TS2) were used for the analyses.
Amplification of the three markers was performed using Taq
DNA polymerase (Thermo Scientific Fermentas®, Pittsburgh,
PA) and the primers and conditions listed in Table 2. Direct
sequencing of PCR templates was carried out at GATC
Biotech AG (Cologne, Germany), using an Applied Biosystems
3730xI Sanger sequencer. Obtained sequences of both
strands (forward and reverse) were first assembled with the
help of Chromas Lite v. 2.1.1 software (Australia
Technelysium Pty Ltd.), to obtain a single sequence for each
accession. Single sequences were aligned with Clustal X 2.1
(Larkin et al. 2007) and manually edited. Unfortunately, for U.
australis, good quality ITS sequences were obtained for only
one out of the two populations sampled.

DNA barcoding approach

The guidelines of Plant Working group of CBOL (http://www.
barcoding.si.edu/plant_working_group.html) suggest the use
of two plastid markers, rbcL and matK genes. Unfortunately,

rbcL has been found to be unhelpful for discriminating close
species (China Plant BOL Group 2011), and when used in a
wide sampling approach on Utricularia species, it was found
highly conservative, and thus not suitable for barcoding
(Silva et al. 2018). Hence, it is likely not effective on closely
related taxa such as European species of Utricularia. On the
other hand, according to Muller et al. (2004), matK is very
variable in Utricularia, showing the highest substitution rates
found so far among angiosperms. Nevertheless, the matK
phylogenetic tree published by Silva et al. (2018, Supporting
Information) showed that three different accessions of U.
minor as well as two different accessions of U. vulgaris,
respectively, do not cluster in the same clade, pointing to a
potential failure in the barcoding approach. Moreover, Silva
et al. (2018) were not able to obtain matK sequences for U.
ochroleuca, pointing to some difficulties in amplification and
sequencing of this marker in this European species. For these
reasons, we discarded these plastid markers, despite recom-
mended as core-barcode for land plants (CBOL Plant
Working Group 2009; Hollingsworth et al. 2011), in place of
trnL-trnF IGS and rps16 intron. Jobson and Albert (2002) suc-
cessfully used these latter markers, even if their study was
exclusively aimed at the phylogenetic reconstruction of a
wide range of Utricularia species, and not on the identifica-
tion of a restricted group of closely related species. In add-
ition, the availability of primers in the literature and the
relative ease to obtain sequences, led us to choose these
plastid markers for our studies.

Authors involved in CBOL Plant Working Group already
proposed the use of ITS as a supplementary marker for bar-
coding (China Plant BOL Group 2011; Hollingsworth et al.
2011; Li et al. 2011). Being biparentally inherited, a nuclear
marker may help to detect hybridogenic taxa when com-
pared to plastid markers (Sang et al. 1995; Nieto Feliner and
Rossellé 2007). For some of our target species, a hybrid ori-
gin has been hypothesized (Neuman 1900; Thor 1988;
Schlosser 2003; Ptachno and Adamec 2007), so that investi-
gations on different genomic compartments (plastid and
nuclear) may reveal conflicting tree or network topologies,
pointing to hybridization events. Until now, ITS sequences
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Table 2. Primers and PCR conditions.

ITS (White et al. 1990)

trnL-trnF 1GS (Taberlet et al. 1991)

rps16 intron (Oxelman et al. 1997)

Conditions Temperature Time Temperature Time Temperature Time
Initialization 95°C 1 94°C 130" 94°C 130"
Denaturation 92°C 30" 94°C 1 x 35 94°C 30"

Annealing 50°C 50" x 34 52°C 1 56°C 30" x 30
Elongation 70°C 1 72°C 2 72°C 1

Final elongation 70°C 10 72°C 15 72°C 15

were available only for four out of seven Central European
species (Silva et al. 2018). For all these reasons, we decided
to include ITS marker in our investigation.

Reconstruction of evolutionary relationships

A single phylogenetic tree may not be an appropriate repre-
sentation of different incompatible phylogenetic signals,
because evolution of organisms is also affected by hybridiza-
tion, introgression and horizontal gene transfer (Linder and
Rieseberg 2004). Moreover, reconstruction of relationships
among taxa using gene (or non-coding DNA regions)
markers, may not correspond to actual species phylogenies,
because of misleading events such as gene loss and duplica-
tion, incomplete lineage sorting or recombination (Naciri and
Linder 2015). A network may be more suitable for recon-
structing evolutionary relationships (Huson et al. 2010) when
reticulate evolution is likely to occur, and one way to repre-
sent conflicting signals in a network is the split graph. In the
present study, networks were built using the Neighbor-Net
function of SplitsTree 4 software (Huson 1998; Bryant and
Moulton 2004). This approach is based on the distance
method Neighbor Joining (NJ) (Saitou & Nei 1987), and splits
are drawn by means of the Equal Angle method.
Uncorrected p-distances were applied to the Neighbor-
Net algorithm.

We also performed a phylogenetic analysis for both plas-
tid and nuclear markers separately and combined in order to
infer the phylogenetic relationships among target species.
For this analysis, we built a phylogenetic tree under Bayesian
inference using MrBayes software version 3.2.6 (Ronquist
et al. 2012). Because of the presence of indels of different
length and position among sequences, and hence potentially
useful for barcoding, we performed phylogenetic analyses
after gap coding. Gaps were coded using the MCIC setting of
SeqState (Muller 2005) and the alignment was partitioned
according to nucleotide and gap coding, respectively.
GTR+1+ T model of nucleotide substitution was applied to
the nucleotide partition, whereas a simple JC model was
applied to gap coding partition. Analyses with gaps treated
as missing were also performed. Posterior probability values
(PP) were calculated with the Markov chain Monte Carlo
method, using two runs each with four chains (one cold and
three heated) started from a random tree, with parameters
sampled every 500 generations. Once the standard deviation
of split frequencies was below 0.01 (i.e. after 700,000 and
500,000 generations for plastid and ITS trees, respectively),
calculation was stopped. Only trees subsequent to the burn-
in (25%) were used to calculate a majority-rule consensus

cladogram. For these analyses, U. aurea Lour. (GenBank
AF482632 and AF482559 for trnL-F and rps16, respectively) +
U. inflata Walter (GenBank AF488531 and AF488525 for trnlL-
F and rps16, respectively) and U. dimorphantha Makino
(GenBank MG027749) + U. aurea (GenBank MG027742) + U.
inflexa Forssk. (GenBank MG027743) were used as outgroup
for cpDNA and rDNA, respectively. The outgroup choice was
made by selecting those sequences falling just outside the
clades containing our target species in the phylogenetic
trees published in the Supporting Information by Silva et al.
(2018). Accessions of U. macrorhiza (GenBank AF482657 and
AF482581 for trnL-F and rps16, respectively; GenBank
MGO027747 for ITS) were also included in both trees.

Results
DNA barcoding

Sequence length ranged from 817 to 825 bp for rps16 intron
and from 378 to 391bp for trnL-trnF IGS. Generally, species
of Utricularia intermedia aggr. share the same haplotypes for
both plastid markers investigated. Three accessions belong-
ing to this aggregate differ for only one substitution or indel
nucleotide site, that is, U. intermedia RUB4, U. stygia ITM1, U.
stygia ITM2 and U. stygia SWA4. Most of the accessions of U.
bremii share the same haplotypes with one exception: U. bre-
mii ITM5, which is close to most of U. minor accessions, dif-
fering from them only in two or three nucleotide sites. Just
one accession of U. minor, U. minor ITT2, is distant from all
the other ones of the same species and its closest haplo-
types are those of U. bremii, being different in two to five
sites. Concerning U. wvulgaris aggr., all accessions grouped
together, but accessions of U. australis from Viareggio differ
from all the other accessions in five to six sites. With the
exception of the two accessions U. bremii ITM5 and U. minor
ITT2, haplotypes of U. bremii and U. minor are distinct, differ-
ing in more than 20 sites (including indels).

ITS sequences ranged from 560 to 614 bp in length. We
did not observe double peaks in the electropherograms of
ITS sequences of any sample (no polymorphic sites). In the
ITS alignment, no constant differences were found between
U. bremii and U. minor. Within U. intermedia aggr., U. interme-
dia and U. stygia show distinct constant differences in many
nucleotide sites (>30). Of the two accessions of U. ochro-
leuca, one shows an ITS profile identical to that of many
accessions of U. stygia, the other one to that of U. intermedia.
Concerning U. vulgaris aggr., no diagnostic differences were
found between accessions of the two species.
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Figure 1. Neighbor-Net plastid network. Network obtained using a combined dataset of rps16 intron and trnL-trnF IGS. Character transformation based on uncor-
rected p-distances method. Edge length are proportional to uncorrected p-distance and scale bar represents the number of substitutions per site. Dashed lines link
nodes with corresponding multiple sequences otherwise difficult to see graphically. AD = Lubomir Adamec Institute’s collection (Trebon Basin, Czech Republic).

Evolutionary and phylogenetic relationships

In the plastid network, central European species are divided
into four well-separated clusters (Figure 1). In cluster |, corre-
sponding to sequences of Utricularia vulgaris aggr., the two
different species are intermingled, with the exception of U.
australis from Viareggio, which is separated from all the
other sequences. Clusters Il and IV are mainly constituted by
one species, U. bremii and U. minor, respectively, with popu-
lations mixed to each other, while cluster Il includes all spe-
cies of U. intermedia aggr. with most populations sharing the
same haplotype.

In the ITS network (Figure 2), three main clusters were
found among central European species: cluster | is consti-
tuted by species of U. vulgaris aggr., cluster Il by sequences
of U. intermedia and one accession of U. ochroleuca and
finally, cluster Ill includes the rest of the accessions. This lat-
ter cluster is the most diverse, with accessions belonging to
U. intermedia aggr. and U. minor aggr. distributed among
more or less different haplotypes. In some cases, accessions
of different species from different aggregates can be found
within the same haplotype.

The phylogenetic tree (Figure 3) built using cpDNA
markers was not able to resolve relationships among the
three aggregates. However, it is apparent from cpDNA tree
that all clades corresponding to clusters found in the cpDNA
network form well-supported clades (PP = 100%), whereas

nodes connecting these clades collapsed to a polytomy.
Within the clade constituted by U. australis + U. vulgaris +
U. macrorhiza, the population from Viareggio, Italy is sister to
all other accessions. The latter are further subdivided in two
clades: one constituted by U. macrorhiza, which is sister to
the remaining sequences of U. australis and U. vulgaris.

In the ITS tree (Figure 4), U. minor and U. intermedia
aggregates form a well-supported clade (PP =99%) sister to
the U. vulgaris aggr. clade. Utricularia minor aggr. + U. inter-
media aggr. clade is subdivided in two well-supported clades
(100% and 97%, respectively): a clade constituted by U. inter-
media and one accession of U. ochroleuca (U. ochroleuca
CZ2) sister to U. bremii + U. minor + U. stygia + one acces-
sion of U. ochroleuca (U. ochroleuca CZ1). In the former sub-
clade, U. intermedia clusters alone (PP = 96%) and is sister to
U. ochroleuca (U. ochroleuca CZ2); in the latter subclade, rela-
tionships among species are mostly unresolved, although a
clade constituted by most of the accessions of U. bremii and
one accession of U. minor is found, but with a weak support
(PP = 73%). The sisterhood of U. australis from Viareggio,
Italy to the other accessions within the clade U. australis +
U. vulgaris + U. macrorhiza is also confirmed by ITS, despite
with a low statistical support (PP = 65%).

Phylogenetic trees built with gaps treated as missing data
(not shown) do not provide significant differences as com-
pared to analyses with coded gaps, with two exceptions: a)
in the ITS phylogenetic tree, the clade corresponding to U.
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vulgaris aggr. is weakly supported (PP = 53%) and b) the
weakly supported clade (PP = 73%) containing most of the
accessions of U. bremii disappears.

Discussion

Concerning barcoding, different haplotypes (for both cpDNA
and nuclear rDNA) were found within the same species; con-
versely, putatively different species shared the same haplo-
type. For this reason, it was not possible to use such an
approach to discriminate all species.

However, by means of the ITS marker, a discrimination
between U. intermedia and U. stygia is possible, although
these species are easily recognizable on vegetative morpho-
logical grounds as well (Astuti and Peruzzi 2018a). On the
contrary, the morphologically overlapping U. ochroleuca and
U. stygia are not distinguished by their ITS sequences. The
same sequences of plastid markers are found within U. inter-
media aggr., making these markers unusable for barcoding.

Within U. minor aggr. different cpDNA haplotypes were
found, almost perfectly corresponding to the two different
species. Indeed, just one out of the nine accessions of U. bre-
mii (U. bremii ITM5) clustered with U. minor, and one out of
the nine accessions of U. minor (U. minor 1TT2) clustered with
U. bremii (Figure 1). The identification of these troubling
accessions as well as all other accessions was made based
on reliable morphological features, such as the shape of
lower flower lip in U. minor aggr. Moreover, U. bremii ITM5
was collected in Lago Monticolo (Italy), where, after thorough
surveys of the site, only U. bremii has been reported (Beretta
et al. 2011). On the other hand, U. minor ITT2 was collected
in Passo del Tonale (Italy), where the co-occurrence of U. bre-
mii cannot be excluded. Despite this, during our surveys in
2013 and 2014 we only found and sampled specimens show-
ing the flower morphology typical of U. minor. Thus, a bar-
coding approach can be applied for distinguishing U. bremii
and U. minor, considering both rps16 and trnL-trnF markers

alignment, but with a little chance of misidentification.
Conversely, ITS marker failed to discriminate these two mor-
phologically almost identical (Astuti and Peruzzi 2018a) spe-
cies. The same occurred in U. vulgaris aggr., where neither
ITS nor plastid markers were able to provide barcoding
regions able to discriminate U. australis from U. vulgaris,
which are morphologically very similar when flowers are
missing (Astuti and Peruzzi 2018a). Curiously, both ITS and
plastid markers are able to identify the population of U. aus-
tralis sampled in Viareggio (Italy) from other populations.

From an evolutionary point of view, the putative sexual
species U. intermedia, U. minor, and U. vulgaris (Taylor 1989)
are well separated from each other in both plastid and
nuclear networks (Figures 1 and 2), a result that is in accord-
ance with the concatenated tree published by Silva et al.
(2018). Regarding the phylogenetic relationships among
these species, the ITS tree (Figure 4) shows that species in U.
intermedia aggr. and U. minor aggr. are closer to each other
than to species in U. vulgaris aggr., again in accordance with
the concatenated tree published by Silva et al. (2018). On
the other hand, incongruences between plastid and nuclear
networks were mostly found (Figures 1 and 2) for the sterile
species U. ochroleuca and U. stygia, supporting the hypoth-
esis of their hybrid origin (Neuman 1900; Thor 1988;
Schlosser 2003; Ptachno and Adamec 2007). In the studies
published by Rahman (2006, 2007), U. intermedia and U.
minor were very closely related, while in our study the
former species shows no clear relationship with neither U.
minor nor U. bremii, which are closely related to each other,
at least in the ITS phylogenetic graphs.

Although most of the accessions of U. minor cluster
together, some genetic variation does exist within this spe-
cies (accession U. minor ITT2, see above), as well as in U. bre-
mii (accession U. bremii ITM5). Most of U. bremii sequences
cluster separately from all the other sequences in the com-
bined plastid network, while they constitute a separate
weakly supported clade (PP = 73%), close to both U. minor
and U. stygia, in the ITS network (Figure 2). The U. bremii
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clade in the phylogenetic tree is mixed with one accession
of U. minor (U. minor RUB3), while a single accession of U.
bremii (U. bremii ITM5) falls outside the U. bremii clade, clus-
tering with one accession of U. minor with a low support (PP
= 60%) (Figure 4). Thus, only the ITS marker is consistent
with the high morphological similarity between U. bremii and
U. minor. Possibly, if a hybridization event was involved in
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the origin of U. bremii, seeing U. minor as one of the parents,
the latter species may have been the male parental species,
assuming plastid DNA as maternally inherited in
Lentibulariaceae. Nevertheless, also considering morpho-
logical results on quadrifid digestive glands reported recently
by Astuti and Peruzzi (2018a), U. bremii does not show char-
acters intermediate between different species, but rather
shows morphological features matching those of U. minor. In
addition, U. bremii and U. minor also share the same ITS hap-
lotypes and, sometimes, the same plastid haplotypes, attest-
ing for some gene flow still occurring between these two
species (Figure 5). For these reasons, the dysploid apomict
hypothesis raised by Taylor (1989) may be reliable in the
case of the species pair U. minor/U. bremii, albeit the circum-
scription of U. bremii as a species different from U. minor
remains disputable (Astuti and Peruzzi 2018a). Indeed, these
species are also generally very similar concerning shoot
morphology (Taylor 1989) and share the same flower palate
structure (Ptachno et al. 2017). Beretta et al. (2014) have
recently presented an identification key to central European
Utricularia using morphology of pollen, which usually bears
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asymmetric and malformed grains in U. bremii, whereas
prominently normal and spheroidal grains can be observed
in U. minor. However, also in this case, flowers are needed
for species identification.

Sequences of U. stygia cluster with the other species of U.
intermedia aggr. considering the plastid network (Figure 1)
while, in the ITS network, these sequences cluster close to
sequences of U. minor and U. bremii (Figure 2), supporting a
putative hybridization U. intermedia x U. minor, though in U.
intermedia fruits have been found rarely. An even more puz-
zling situation was found for U. ochroleuca, which is close to
species of the U. intermedia aggr. in the plastid network
(Figure 1), while the only two available sequences cluster dis-
tant from each other in the ITS network, where one acces-
sion (U. ochroleuca CZ1 from Nadéjsky fishpond, Trebon
Basin, Czech Republic) is close to U. minor, the other one (U.
ochroleuca CZ2 from Ptaci Blato fishpond, Trebon Basin) to U.
intermedia (Figure 2). In this case, the incongruences

between different networks may be explained by incomplete
lineage sorting (Doyle 1992; Maddison 1997; Posada and
Crandall 2001; Naciri and Linder 2015). Indeed, ITS may be
present in different alleles in U. ochroleuca populations and
different isolated populations may have divergent copies,
paralogues or orthologues, retaining some ancestral copy.
For instance, the individual from Ptaci Blato fishpond could
have retained a copy of the ITS similar to that of U. minor
and U. stygia, possibly being not much divergent from the
ancestral copy present before the separation of U. intermedia
aggr. from U. minor aggr. Conversely, the individual from
Nadéjsky fishpond could have a derivative copy similar to
that of U. intermedia, originated after the separation of U.
intermedia aggr. from U. minor aggr. Similarly, U. stygia could
be actually related to U. intermedia, despite its sequences are
closer to U. minor in nuclear network. This could be due to
the retention of an ITS copy not much differentiated
from the ancestral one present before the separation of
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U. intermedia aggr. from U. minor aggr. However, in all these
cases we should assume that concerted evolution may have
been silent, or that it led to the retention of only one copy,
but different, according to populations. This latter explan-
ation may be consistent with the massive clonal propagation
characterising all these species. However, a possible hybrid-
ization origin U. intermedia x U. minor for plants from
Nadéjsky fishpond ascribed to U. ochroleuca cannot be ruled
out (Figure 5). Alternatively, both accessions of U. ochroleuca
may be of hybrid origin U. intermedia x U. minor, but they
are distant in the network because one retained an ITS copy
inherited by the male parental species (putatively U. minor),
while the other retained an ITS copy inherited by the female
parental species (putatively U. intermedia). Genome size esti-
mations (Veleba et al. 2014) do not support the hybrid
hypothesis, since no one of the putatively hybridogenic
species (U. bremii, U. ochroleuca, and U. stygia) shows inter-
mediate values between those of the putative parental
species (U. intermedia and U. minor). However, since high
mutation rates were found in the genus Utricularia (Jobson
and Albert 2002; Muller et al. 2004), this kind of data must
be taken cautiously.

Sequences of U. australis and U. vulgaris cluster together
(Figures 3 and 4), as expected considering their high mor-
phological similarity (Astuti and Peruzzi 2018a). They also
form a well-supported clade together with U. macrorhiza in
cpDNA tree. However, in this tree, U. australis from Viareggio
(Italy), is deviating from all other sequences, including the
co-specific accessions from Oranienbaum Heide (Germany)
and from Trebon (Czech Republic), which are closer to U. vul-
garis accessions (Figures 1 and 3). Then, for U. australis as
well, some intraspecific genetic variation exists, and it is con-
sistent with the hypothesis that each population may repre-
sent an apomict unit, not only differing in chromosome
number (Taylor 1989), but also in genomic profile. Although
not present in Europe, we included U. macrorhiza in our ana-
lysis because it has been found to be the putative male par-
ental species of U. australis (Kameyama et al. 2005). Our
analysis confirms the close relationship between U. australis
and U. macrorhiza, but U. macrorhiza is closer to U. vulgaris
in both cpDNA and rDNA trees. As already commented
above, this could be explained by the “apomictic hypoth-
esis”, or alternatively by incomplete lineage sorting.
However, no clear relationships among U. australis, U. macro-
rhiza, and U. vulgaris can be inferred from our results, as well
as from those obtained by Silva et al. (2018). Unfortunately,
as there are no sequences of U. tenuicaulis Miki in GenBank,
we could not include this species in our dataset. Hence we
did not have the opportunity to test its role as putative
female parental species originating U. australis, as suggested
by Kameyama et al. (2005).

The contribution of Silva et al. (2018) was fundamental for
exploring the potential use of barcoding in such a taxonom-
ically complicated genus. However, barcoding should have a
practical and immediate application on environmental
administrative problems, for instance for discriminating taxa
under protection policies, and it should provide reliable and
safe results. Therefore, our case testifies for the need to

adopt the barcoding approach with several populations and
individuals in highly polymorphic and fast evolving species.

Conclusions

Barcoding has been promoted as a powerful tool for species
identification, and its application has been targeted to many
fields, including conservation biology. The central European
species of Utricularia are a striking example of polymorphic
taxa affected by identification troubles hampering proper
conservation actions. Barcoding with trnL-trnF and rps16
cpDNA appears inapplicable for most of the critical target
species, but may be useful for the distinction of U. bremii
and U. minor, even if a small proportion of the haplotypes
(barcodes) found in U. bremii can match the haplotypes
(barcodes) found in U. minor and viceversa.

The large intraspecific variability found here for almost all
species may be due to a possible hybrid origin of some taxa,
or alternatively the mostly sterile European species may be
constituted by several morphologically different vegetative
apomicts. The hybrid hypothesis is supported by molecular
analyses in this study at least for U. stygia, and the occur-
rence of extant hybrids seems to be supported in U. ochro-
leuca as well. Conversely, the apomict hypothesis could
explain the differences found between U. bremii and U.
minor. However, some caution is needed when handling
molecular results, because of the possible influence of
incomplete lineage sorting and other biases affecting the
computation of trees and networks. An enlargement of the
dataset in terms of both populations and markers (e.g.,
plastid matK and rpl20-rps12 1GS) could help to shed light
on the hybrid hypothesis and provide more discrimin-
ation power.
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