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Historical museum specimens reveal the loss of genetic
and morphological diversity due to local extinctions

in the endangered water chestnut Trapa natans

L. (Lythraceae) from the southern Alpine lake area
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Freshwater aquatic plants have increased extinction risks due to strong human pressure and the patchy nature of their
habitats. However, their unclear population structure frequently hinders conservation planning. To investigate popula-
tion subdivision and risks to long-term survival of such species, we combined genetic, morphometric and biogeographi-
cal approaches to the example of the endangered water chestnut Trapa natans (Lythraceae) from the southern Alpine
lake area (Insubria). Amplified fragment length polymorphism (AFLP) of seven extant local stands revealed similar and
intermediate levels of genetic diversity, of which c¢. 97% was partitioned within lakes. Thus, no signs of strong genetic
drift and associated loss of genetic diversity were found, despite a reduction of c¢. 52% of local populations since the
early 19th century. Nuclear ribosomal sequences (ITS1-5.8S rRNA-ITS2) combined with a morphometric study of nuts
(based on fresh and historical museum material) revealed the presence of two genetically and morphologically slightly
distinct lineages, one of which went extinct during the 20th century after a prolonged period of hyper-eutrophication.
Taken together, our results indicate the current presence of one large Insubric Trapa population. To prevent genetic
risks to survival associated with small population size and increasing fragmentation due to past extinctions, freshwater
managers should preserve the large census sizes still present in many Insubric lakes and reduce eutrophication.

ADDITIONAL KEYWORDS: AFLP — conservation — genetic structure — Insubric region — internal transcribed
spacer — multivariate morphometrics — phylogeny — Trapa muzzanensis — Trapa verbanensis.

INTRODUCTION habitat (e.g. Strayer & Dudgeon, 2010). However, dif-
ficulties in delimiting populations and taxonomic
uncertainties frequently hinder the quantification of
population trends and assessment of risks to survival
(Barrett, Eckert & Husband, 1993; Kozlowski, 2008).
Investigating their genetic diversity and population
*Corresponding author. E-mail: david.frey@wsl.ch structure can contribute to defining conservation

Aquatic vascular plants have a high conservation pri-
ority due to their important functions in freshwater
ecosystems and the strong human pressure on their

© 2017 The Linnean Society of London, Botanical Journal of the Linnean Society, 2017, 185, 343—-358 343

1202 4940120 LZ U0 Jasn younz H13 Aq 8LGE8GH/EYE/E/G8L/OIOILE/UEBUUINOG/WOD dNO DILSPEDE//:SANY WOI) PAPEOJUMOQ


mailto:david.frey@wsl.ch?subject=

344 D.FREY ETAL.

units, resolving taxonomic problems and elucidating
demographic processes and genetic risks to long-term
survival. Hence, such investigations are important
for conservation planning (Ellstrand & Elam, 1993;
Frankham, Bradshaw & Brook, 2014).

Population genetic studies of aquatic plants have
recently experienced increased research interest in
the context of biological invasions (Roman & Darling,
2007), the conservation of rare and threatened species
(e.g. Elansary, Adame & Storchova, 2010; Arrigo et al.,
2011) and the investigation of genetic consequences of
life-history traits (Eckert et al., 2003). However, they
still receive less research attention than terrestrial
plants (e.g. Reisch & Bernhardt-Romermann, 2014).

Although aquatic plants vary in terms of their ecolog-
ical niche, life-history traits and breeding system, most
studies report low levels of genetic diversity within
populations (e.g. Barrett et al., 1993; Santamaria,
2002). This finding is commonly attributed to clonal
growth and low levels of sexual reproduction (Barrett
et al., 1993; Santamaria, 2002). However, low genetic
diversity within populations can also be due to a small
effective population size, that is high levels of genetic
drift (Barrett et al., 1993). High levels of genetic drift,
with associated loss of genetic diversity, are expected
especially in annual aquatic plants living in ephem-
eral habitats, where extinction and colonization
events frequently occur (Barrett et al., 1993; Pannell &
Charlesworth, 2000).

In contrast to the consistently low genetic diver-
sity in aquatic plant populations, genetic differentia-
tion between populations is more variable: moderate
to high genetic structure and genetic uniformity over
large geographical distances have been found (e.g.
Barrett et al., 1993; Santamaria, 2002; Elansary et al.,
2010). Isolation-by-distance patterns, which are the
correlations between genetic and geographic distance,
vary, suggesting different levels of gene flow and
genetic drift within and between populations (Barrett
et al.,1993).

Human activities can shape the genetic diversity
and structure of aquatic plant populations (Roman
& Darling, 2007). On the one hand, anthropogenic
destruction and degradation of aquatic habitats can
reduce the size of local populations (i.e. demes) and
may increase their extinction rates, leading to popu-
lation fragmentation (e.g. Dudgeon et al., 2006). Such
fragmentation adds to the already natural isolation of
many local aquatic plant populations, caused by the
discrete nature of their habitats. Population size reduc-
tion and isolation can lead not only to a loss of genetic
diversity within demes but also to a higher genetic
differentiation because effective population sizes and
migration rates are lowered in small and isolated
populations (e.g. Young, Boyle & Brown, 1996; Mona

et al., 2014). In contrast, human-mediated dispersal
has enlarged the distribution range and population
sizes of numerous aquatic plant species, with many of
them classified as invasive organisms (e.g. Hussner,
2012). Human dispersal often leads to repeated intro-
ductions, which can increase gene flow between popu-
lations and thus decrease population differentiation
(Roman & Darling, 2007).

Here we study the genetic diversity and popula-
tion structure of the water chestnut Trapa natans
L. (Lythraceae) as an example of an annual aquatic
plant of conservation concern. This species has been
declining in Europe since at least the early 19th cen-
tury (Jaggi, 1883; Hegi, 1926) and is now rare and
regionally extinct (Lansdown, 2013). The causes of
its decline are obscure, although they have been
attributed to anthropogenic freshwater eutrophica-
tion and destruction (Lansdown, 2013). Moreover,
the analysis of numerous sub-fossil fruits of Trapa
L. showed that climatic oscillations in combination
with natural habitat loss due to vegetation succes-
sion had already reduced its distribution range since
the end of the Holocene thermal maximum (e.g.
Gams, 1927; Apinis, 1967).

Assessing the conservation status and popula-
tion trends in T. natans is complicated by the unre-
solved taxonomy: in Europe, up to 12 taxa have been
described (Flerov, 1925; Vasilev, 1974). However,
only T. natans is currently recognized as a species
(Tutin, 1968; Lansdown, 2013; but see Tzvelev, 1993).
The resulting uncertainty about species identities
and numbers is an example of the Linnean short-
fall and can lead to biased Red List classifications
(Kozlowski, 2008).

The reason for the taxonomic uncertainty is the high
level of morphological variability of fruits, on which
species descriptions have been traditionally based,
and the heterogeneous treatments of nut characters
by different authors (e.g. Schinz, 1907; Flerov, 1926;
Tzvelev, 1993; Takano & Kadono, 2005). It is, however,
unclear to what degree the variations in nut morphol-
ogy reflect adaptive divergence between populations
and/or species or whether they are only an expres-
sion of phenotypic plasticity (Tutin, 1968; Takano &
Kadono, 2005).

So far, the few existing genetic studies on Trapa
have investigated phylogenetic relationships within
Lythraceae and Myrtales (e.g. Conti et al., 1997).
Hoque, Anai & Arima (2005) and Kim, Na & Choi
(2010) established protocols for investigating molecu-
lar diversity but did not attempt to conduct population
genetic investigations or resolve taxonomic problems.
At the population level, an investigation in Japan of
isozyme variability in T. natans revealed reduced
genetic variation within and between populations
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(Takano & Kadono, 2005), whereas Li et al. (2017)
found low genetic diversity and high genetic structure
in three Asian Trapa spp. based on amplified fragment
length polymorphisms (AFLP).

This lack of genetic investigations is surprising
because T. natans is of economic and ethnobotanical
interest: water chestnuts have been used since the
Neolithic age as a food, medicinal and ornamental
plant across Eurasia (e.g. Renfrew, 1973). Although
considered a minor or a wild crop, the species is still
cultivated today in parts of Asia, where it can locally
assume a role for human nutrition (Hoque et al., 2009).
Hence, it has long been recognized that many water
chestnut stands originate from deliberate introduc-
tions: especially since the species is frequently found
in artificial ponds (Hegi, 1926; Gams, 1927).

Here we focus on the water chestnuts of the south-
ern Alpine lake area (Insubric region), which is located
in southern Switzerland and northern Italy (Fig. 1).
Insubric T. natans has long been recognized for its rich
morphological variability (Schinz, 1907). Three major

fruit types, which were formerly attributed to three
different taxa, can be distinguished: the widespread
T. natans, and the rare Trapa muzzanensis Jaggi and
Trapa verbanensis De Not., which are restricted to
the lakes Muzzano and Verbano, respectively (Schinz,
1907). First hypothesized to be local endemics, they
were later also found in eastern Europe and north-
ern Italy, respectively, in extant populations and in
sub-fossil remains (e.g. Gams, 1927; Tzvelev, 1993;
Ciocarlan, 2011). Such a high level of morphological
variability of T! natans s.l. in a single region is unique
in Europe (Gams, 1927), but it is not known whether
these taxa should be recognized as different conserva-
tion units. The extant Insubric water chestnut stands
are presumably the remains of a formerly vast system
of local populations of which many disappeared during
the 20th century. However, the extent to which local
extinctions took place and how this affected their mor-
phological and genetic diversity is not known.

The main aim of this contribution is to investigate
the population structure and diversity of the Insubric
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Figure 1. Sampling sites for genetic and morphometric analysis of Trapa natans (ALS, ANN, CER, COM, GHI, ORI, PIA,
PUS, VAR), Trapa muzzanensis (MUZ) and Trapa verbanensis (ANG, FON) in the Insubric region (A). Subplot (B) indicates the
sampling sites of T. natans from central Italy (MAN) and Germany (SAC, SCH) and subplot (C) the sampling site of T' natans
from Sri Lanka (SIG). The filled circles indicate sites where Trapa currently occurs, and crosses indicate extinct stands, that
is sites with former records (1824—-1999) but absences verified by us in the field (2000-2013). Note that historical herbarium
specimens and fruit collections were used to analyse the extinct populations both genetically and morphometrically.
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T. natans s.l. by using AFLPs (Vos et al., 1995).
Specifically, we investigated genetic patterns of extinc-
tion—colonization dynamics and other signs of genetic
drift and loss of genetic variation, which may threaten
their long-term survival. In Trapa, AFLPs have been
successfully applied to assess population genetic diver-
sity and structure and to discriminate between closely
related species (Li et al., 2017). Furthermore, by com-
paring current and historical distribution records, we
attempt to retrace the distribution history of the spe-
cies in the Insubric region since the beginning of the
19th century. Finally, to elucidate phylogenetic posi-
tion and define unambiguous conservation units, we
used internal transcribed spacer (ITS1 and ITS2) and
5.8S ribosomal RNA sequences in combination with a
morphometric study of fruits, with special attention
to the doubtful 7" muzzanensis and T. verbanensis. To
achieve this, we used plant material sampled in the
field and specimens from historical collections.

MATERIAL AND METHODS
STUDY SPECIES

Trapa natans is an annual, floating-leaved freshwa-
ter plant that inhabits mesotrophic to eutrophic, low-
energy water bodies (Tutin, 1968). It colonizes ponds,
lakes, shallow bays and flood plains of low-elevation
river systems, for example oxbow lakes. It grows on
substrates rich in organic matter and at water depths
between 1 and 3 m (Apinis, 1940, 1967).

The large native range of water chestnut spans
the temperate and tropic zones of Eurasia and Africa
(Gams, 1927). In contrast to its large range, it has
a patchy distribution and is rare in some regions
(Lansdown, 2013). It was deliberately introduced into
Australia and North America, where it is now consid-
ered to be invasive due to its capacity to form large and
dominant stands (Hummel & Kiviat, 2004).

The life cycle of T. natans begins with a vigorous
vegetative growth phase, during which a plant forms
several rosettes: each bearing insect-pollinated, bisex-
ual flowers (Kadono & Schneider, 1986). The prevail-
ing mating system appears to be self-fertilization
(Kadono & Schneider, 1986; Arima, Daigoho & Hoque,
1999). After pollination, the flower stalk bends below
the water surface. The petals and up to two sepals
are then dropped. The remaining sepals harden dur-
ing the development of the fruit, forming two, three or
four horns (Arima et al., 1999). Each horn has a barbed
hook at one end, which may favour animal dispersal.
However, upon maturity, the fruits sink to the bottom
of the water body and overwinter in the sediment.
The fruit is a drupe with a soft, fleshy, green exocarp
and contains one seed. During winter, the exocarp

decomposes and reveals the hard and persistent endo-
carp (i.e. the nut) (Tutin, 1968).

SAMPLING

For genetic analysis, leaf material was collected from
seven of the eight Insubric lakes that still harbour
Trapa (Fig. 1; Table 1). To gain insight into larger scale
patterns of genetic diversity, one central Italian popula-
tion (Mantova), two German populations (Sachenbach
and Scheyern) and one Sri Lankan population were
also sampled (Table 1). In each sampling site, leaves
from four to ten individuals were collected and dried
in silica gel. Sampling of genetically identical plants
(i.e. ramets) was avoided by maximizing distances
between sampled rosettes. To include the extinct
population that harboured the doubtful 7. muzzan-
ensis from lake Muzzano in the internal transcribed
spacer (ITS) analysis, leaf material was retrieved from
nine herbarium specimens that had been collected
between 1874 and 1961 and deposited in the herbaria
of the Natural History Museum of the Canton Ticino
(LUG) or in the unified herbaria of the Swiss Federal
Institute of Technology and the University of Zurich
(ZT + Z) (Table 1; Supporting Information, Table S1).

The biometrical study of nuts was conducted with a
total of 199 intact and germinated nuts (i.e. without
the exocarp) collected in the field during the sampling
of plant material for genetic analysis. To assess extinct
populations and/or taxa from the Insubric region, spec-
imens stored in ZT, Z and the Botanical Museum of the
University of Zurich (ZM) (Supporting Information,
Table S2) were included in the analysis. This approach
yielded 49 nuts of T. muzzanensis (all from the unique
Insubric population of Lake Muzzano, which is now
extinct), 127 nuts of T! natans and 23 nuts of 7. verban-
ensis (all from Lake Verbano, the only lake harbour-
ing this nut-type; Supporting Information, Table S2).
Note that 11 Insubric lakes (c. 65%) that harboured
Trapa since the beginning of the 18th century could be
assessed. Voucher specimens and own nut collections
were deposited in LUG.

AMPLIFIED FRAGMENT LENGTH POLYMORPHISM

DNA was extracted following the cetyl trimethylam-
monium bromide (CTAB) protocol (Rogers & Bendich,
1994) with modifications (Reisch, 2007) and diluted in
water to 7.8 ng/pL. AFLPs were produced according to
the protocol described in Reisch (2007) by using the
three selective primer combinations M-CTG/E-AGC,
M-CAA/E-AGG and M-CTG/E-ACT. AFLP fragments
were scored with Bionumerics 6.6 (Applied Maths,
Kortrijk, Belgium). Samples yielding no clear banding
pattern or representing PCR artefacts were repeated,
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and 15 samples were excluded from the analysis due to
weak and ambiguous banding patterns. Reproducibility
of the AFLP profiles was assessed with 10% of the
samples, which revealed an error rate of 2.3% (Bonin
et al., 2004). Only polymorphic markers were used in
the statistical analyses (Nybom, 2004). As a measure
of genetic diversity within sampling sites, the pro-
portion of polymorphic loci and Nei’s gene diversity
(Nei, 1987) were calculated using the ‘AFLPdat’ script
(Ehrich, 2006) in the R environment (R Core Team,
2014). Additionally, the number of private alleles was
counted. Genetic structure was assessed with a neigh-
bor-joining (NJ) cluster algorithm based on Jaccard’s
index of similarity among individuals. To estimate the
genetic relatedness among the sampling locations, an
NJ cluster algorithm was performed with Euclidian
distances computed from allele frequencies of sampling
locations. In both unrooted NJ trees, statistical support
of nodes was assessed by 1000 bootstrap replicates.
Analysis of molecular variance (AMOVA; Excoffier,
Smouse & Quattro, 1992) was performed to partition
the genetic variance within and between (1) Insubric
sites, (2) Insubric and German sites, (3) European sites
and (4) the Sri Lankan sampling location. The signifi-
cance of results was tested with 2000 replications. All
analyses were performed in R using the ‘ade4’ and
‘ape’ packages (Chessel, Dufour & Thioulouse, 2004;
Paradis, Claude & Strimmer, 2004). Finally, the genetic
structure was evaluated with the Bayesian clustering
algorithm implemented in the software STRUCTURE
2.3.3 (Pritchard, Stephens & Donnelly, 2000). We ran
STRUCTURE for 900000 iterations following a burn-
in period of 10000 iterations using the default values.
To identify the most likely number of clusters using the
method of Evanno, Regnaut & Goudet (2005), Markov
chain Monte Carlo estimates of ten replicate chains of
K from one to ten were obtained.

HISTORICAL DISTRIBUTION

Distribution records were collected from herbarium
specimens and fruit collections (herbarium codes: FI,
LUG, MSNM, ZM, ZT, Z), the Swiss National Flora
Databank (Info Flora, 2014) and during a field sur-
vey of all 24 Insubric lakes between 2011 and 2013.
Furthermore, the following literature on the Insubric
flora was screened for distribution records: Comolli
(1824, 1834), De Notaris (1876), Arcangeli (1882),
Jaggi (1883), Franzoni (1888), Schriter (1899), Schinz
(1907), Chenevard (1910), Voigt (1921), Steiner (1912)
and Hegi (1926). Distribution records were considered
only when they provided unambiguous information
about sampling dates and sites. In addition, only one
record per year and site was considered in the analysis.
In lakes with more than one water chestnut stand, two
sites were distinguished when they were > 1 km apart.

Extinction events were defined as sites with former
records (1824-1999), but with absences between 2000
and 2013, as verified in the field. Georeferenced dis-
tribution records and extinction events were mapped
with ArcGIS (version 10.2; ESRI).

INTERNAL TRANSCRIBED SPACER SEQUENCING

DNA was extracted using the DNeasy Plant Mini Kit
(Quiagen) following the manufacturer’s instructions.
The DNA of the herbarium specimens of T. muzzanen-
sis (Supporting Information, Table S1) was extracted
following the CTAB protocol (Rogers & Bendich, 1994).
The ITS1-5.85 rRNA-ITS2 region was amplified
using ITS4 and ITS5 primers (White et al., 1990) in
a 50 uL total volume with 25 pLL master mix, 10 uM
each primer, 5 pL template DNA and water. The PCR
was programmed for an initial denaturation step
at 95 °C for 5 min; 35 amplification cycles (1 min
at 94 °C, 1 min at 50 °C, 2 min at 72 °C) and a final
step at 72 °C for 5 min. As PCR amplification first
failed with the herbarium specimens, internal prim-
ers TralFor (5-AATTGCAGAATCCCGTGAAC-3")
and TralRev (5-GGGATTCTGCAATTCACACC-3")
were designed using Primer3 0.4.0 software (www.
simgene.com; Untergasser et al., 2012). The thermal
profile for internal primers consisted of one cycle at
95 °C for 15 min; 35 cycles at 95 °C for 1 min, 50 °C
for 1 min and 72 °C for 1 min; and a final cycle at
72 °C for 10 min. Fragments were visualized on
0.8% agarose gel stained with GelRed and purified
with Sephadex G100. Sequencing was performed by
Microsynt (Balgach, Switzerland), and sequences
were corrected and aligned using MEGA 6 (Tamura
et al., 2013). Putative pseudogenes were investigated
by screening for the presence of the three conserved
motives M1 (5"-CGATGAAGAACGTAGC-3"), M2
(5-GAATTGCAGAATCC-3") and M3 (in the 5.8s rRNA
sequence (5-TTTGAACGCA-3") (Hfibova et al., 2011).
The best-fit substitution model was selected with the
software jModelTest 2.1.10 (Darriba et al., 2012). We
ran 88 models in jModelTest, including 11 substitution
schemes; equal or unequal base frequencies (+F); a pro-
portion of invariable sites (+]); and rate variation among
sites with several rate categories (+G). The maximum
likelihood (ML) option was used to compute base trees for
each model, and the best model was selected based on the
corrected Akaike information criterion (Akaike, 1973).
An unrooted ML tree was constructed using PhyML
3.0 (Guindon et al., 2010). Analyses were run on the
ATGC bioinformatics server (atgc-montpellier.fr), allow-
ing for the application of different substitution models.
PhyML systematically treats gaps as unknown char-
acters so the likelihood at these sites is summed over
all the possible states that could be observed at each
position (Guindon, 2009). To prevent an interruption
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of the calculation in a local maximum of the likelihood
function, five random trees were employed as starting
trees, which were estimated using the BioNdJ algorithm
(Gascuel, 1997). Support for internal branches was cal-
culated using the nonparametric bootstrap option with
1000 replicates. An ML phylogram was drawn with
TreeGraph 2.11.1-654_beta (Stover & Miiller, 2010).

To illustrate the ribotypes and infer a gene gene-
alogy, we constructed a ribotype network using the
parsimony algorithm applied in TCS v.1.21 (Clement,
Posada & Crandall, 2000) with a 95% connection limit
and treating gaps as missing data. To elucidate the
phylogenetic position of Insubric Trapa samples, ITS
sequences from GenBank of all available water chest-
nuttaxawereincluded in the phylogenetic analysis.The
ITS sequences obtained in this study were deposited in
GenBank (accession numbers KX098565-KX098577).

MORPHOMETRICS

Fourteen traits were chosen based on Kadono (1987),
including characteristics to discriminate between
T. natans and the doubtful taxa T. muzzanensis and
T. verbanensis (Schinz, 1907; Flerov, 1926) (Table 2).
Characteristics that did not vary between individu-
als were excluded from the analysis. We performed a
principal component analysis (PCA) to visualize the
morphological relationships among nuts, sampling
sites and taxa, using the ‘ade4’ package implemented
in R (Chessel et al., 2004). Confidence ellipses delin-
eating the phenotypic spaces of the three taxa were
constructed using the gravity centre with 1.5 SD.

Descriptive statistics of quantitative characters (mean,
SD, minimum, maximum and 5 and 95% percentiles)
were computed for each taxon and each sampling site
separately (Supporting Information, Table S3).

RESULTS

AMPLIFIED FRAGMENT LENGTH POLYMORPHISM

The three primer combinations generated 48 (33.6%)
polymorphic markers from 143 fragments. Variance
in genetic diversity was low among sampling sites
(mean + SD percentage of polymorphic markers:
55.2 £5.7; mean + SD Nei’s gene diversity: 0.238 + 0.026).
Only one private allele was found (at the ALS sampling
location). At the individual level, the NJ tree only showed
significant clustering of the plants from Sri Lanka, but
the genetic differences were small (Fig. 2A). At the level
of sampling locations, the NJ tree revealed three clus-
ters with bootstrap values > 50%. Insubric sites were
present in each cluster (Fig. 2B). According to AMOVA,
most of the genetic variance (31.5%; P < 0.001) was found
between the European samples and the Sri Lankan
samples (Table 3). AMOVA further revealed low genetic
differentiation between Insubric sampling locations and
no genetic differentiation was detected between Insubric
and German sites (Table 3). Bayesian clustering analy-
sis conducted with STRUCTURE indicated that the
most likely number of genetic clusters (K) was four
(Supporting Information, Figs S1, S2). However, except
for one genetic cluster mainly assigned to individuals
from Sri Lanka, the remaining genetic clusters were

Table 2. Variables used for the morphometric analysis of nuts (i.e. endocarp) of Trapa natans, Trapa muzzanensis and

Trapa verbanensis

Abbreviation Variable

Continuous quantitative characters

HN Height of nut (mm): measured between base of nut and highest part of the coronary disc
HNE Height of neck (mm): measured between base of neck and highest part of the coronary disc
WUH Width across upper horns (mm)
WC Width of coronary disc (mm): mean of length and width of coronary disc
WUHB Width of upper horn base (mm): mean of width of the two upper horn bases
WLH Width across lower horns (mm)
WLHB Width of lower horn base (mm): mean of width of the two lower horn bases
TN Thickness of nut (mm): measured without horn base
TNE Thickness of neck (mm): mean of length and width of neck
Discrete quantitative characters
NUH* Number of upper horns
NLH Number of lower horns
Binary characters
T Tubercles between horns present (1) or absent (0)
C* Coronary disc or prominent edge around neck present (1) or absent (0)
F Form of horn: cordate (1) or triangular (0)

*These characters were excluded from the analysis because they did not vary among individuals.
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Figure 2. Unrooted neighbor-joining tree computed from AFLP data of (A) 72 Trapa natans individuals based on Jaccard’s
distances and (B) 10 7' natans populations based on Euclidian distances of allele frequencies. Bootstrap values > 50% com-

puted by 1000 replicates are given.

Table 3. AMOVA of Trapa natans based on AFLP data considering (A) Insubric populations, (B) German and Insubric
populations and (C) European populations and the Asian population from Sri Lanka

Source of variance d.f. Sums of squares

Mean square

Variance components % total variance

(A) Insubria

Among sites 6 0.947 0.158 0.00142 3.1%
Within sites 41 5.318 0.130 0.12970 96.9
Total 47 6.265 0.133 0.13382

(B) Insubria and Germany
Among sites 1 0.176 0.177 0.00144 1.2%
Within sites 66 8.975 0.136 0.13599 98.8
Total 67 9.152 0.137 0.13743

(C) Europe and Asia
Among sites 1 0.615 0.615 0.06317 31.5%#*
Within sites 70 9.616 0.137 0.13737 68.5
Total 71 10.231 0.144 0.20055

AFLP, amplified fragment length polymorphism; AMOVA, analysis of molecular variance; NS, not significant.

*P < 0.05.
P < 0.001.

present in almost all individuals and sampling sites
from Europe. Other than the population of Sri Lanka,
only the samples from the Insubric lakes Alserio (ALS)
and Pusiano (PUS) showed a slight divergence both in
the NJ of populations (Fig. 2B) and in the STRUCTURE
analysis (Supporting Information, Fig. S2).

DISTRIBUTION

Out of 177 distribution records, 132 were retained for
analysis after the removal of duplicates and ambigu-
ous records. The analysed records had the following

origin: literature (IV = 51), herbaria and fruit collec-
tions (N = 40), the field survey (N = 28) and Info Flora
databank (INV = 13). Data covered a period of 189 years
(1824-2013) and consisted of 98 presence and 34
absence records. During that period, the presence of
T. natans s.l. was reported from 23 sites and from 17
lakes (c. 70% of all Insubric lakes). By the period from
2000 to 2013, c. 52% of the water chestnuts stands that
were documented between 1824 and 2000 had disap-
peared (Fig. 1). Distribution records and habitat char-
acteristics of the extinct and current stands are given
in Supporting Information, Table S4.
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Figure 3. Ribotype network based on 623 bp of ITS1 (partial), 5.8S rRNA (complete) and ITS2 (partial) sequences. Note
that the size of each ribotype is proportional to the number of individuals that share it.

INTERNAL TRANSCRIBED SPACER SEQUENCES
The ITS1 (partial), 5.8S rRNA (complete) and
ITS2 (partial) sequences had a consensus align-
ment of 623 base pairs. The highly conserved
motives M1, M2 and M3 were detected in all
sequences, which indicate that no pseudogenes
were present. Eight polymorphic sites were
found, including four single nucleotide polymor-
phisms and four indels, which allowed for the
identification of two distinct ribotypes (Table 1;
Fig. 3; Supporting Information, Table S5). One

ribotype was found only in a museum specimen
collected in Lake Muzzano classified as T. muz-
zanensis, and in the T. natans sample from Sri
Lanka. All other ribotypes were shared among
the remaining samples. Trapa verbanensis did
not have a distinct sequence. In the phylogenetic
tree including all available ITS sequences of the
genus Trapa, the extant Insubric samples clus-
tered with German and central Italian samples
and with reference sequences from China and
India (Fig. 4).

© 2017 The Linnean Society of London, Botanical Journal of the Linnean Society, 2017, 185, 343-358

1202 4940120 LZ U0 Jasn younz H13 Aq 8LGE8GH/EYE/E/G8L/OIOILE/UEBUUINOG/WOD dNO DILSPEDE//:SANY WOI) PAPEOJUMOQ



352 D.FREY ETAL.

3A Trapa verbanensis (FON) IT

5G T. natans (COM) IT

7C T. natans (VAR) IT

9D T. natans (GHI) IT

13A T. natans (PIA) IT

17A T. natans (ALS) IT

18C T. natans (PUS) IT

20D T. natans (ANN) IT

130A T. natans (MAN) IT

$1-01 T. natans (SAC) DE

$2-01 T. natans (SAC) DE

$2-02 T. natans (SAC) DE

[~ | SCH2-05 T. natans (SCH) DE
SCH2-06 T. natans (SCH) DE
SCH2-07 T. natans (SCH) DE
AY315463 T. bicornis (Nantong) CN
AY315470 T. bicornis (Shanghai) CN
AY035756 T. maximowiczii Wuhan) CN
AY315466 T. quadrispinosa (Nanjing) CN

AY315468 T. bispinosa (Nanjing) CN

FTTTTTT TTTeT o)
0.0 0.001

AY315467 T. bispinosa (Nanjing) CN
AY315465 T. bispinosa (Nantong) CN
AY315461 T. acornis (Jia Xing) CN

AY315464 T. quadrispinosa (Suzhou) CN
AY315469 T. bicornis (Yunnan) CN
FMB887019 T. natans (Lucknow) IN

724 lZH40-8.2 T. muzzanensis (MUZ) CH
875 250B T. natans (SIG) LK

315462 T, incisa (Nanjing) CN

AY035757 T. maximowiczii (Liangzhihu) CN

Figure 4. Unrooted maximum likelihood tree based on 623 bp of ITS1 (partial), 5.8S rRNA (complete) and ITS2 (partial)
sequences. Support for internal branches was calculated by 1000 bootstrap replicates. Given are GenBank accession num-
ber, taxon, sampling site (in brackets) and country of origin (CH = Switzerland, CN = China, DE = Germany, IT = Italy,

LK = Sri Lanka).

MORPHOMETRICS

The PCA did not separate 7. muzzanensis and T. verban-
ensis from T natans along the first axis, which explained
35.4% of the variability (Fig. 5A). Only the second PCA
axis, which explained 21.9% of the variability, separated
T. verbanensis nuts (Fig. 5A). Nuts of T muzzanensis from
Lake Muzzano clustered along the third axis, explaining
13.2% of the variation (Fig. 5B). The presence of ‘tuber-
cules’ (Fig. 6A-E) between the horns in all but one sam-
ple from Lake Muzzano explained most of the variance
(Supporting Information, Table S6). The traits contrib-
uting most to the separation of the T. verbanensis were
associated with the two lower horns, which were consist-
ently absent in samples from Lake Verbano (Fig. 6F-H).

DISCUSSION

POPULATION GENETIC STRUCTURE AND DIVERSITY

The AFLP analysis revealed similar and intermedi-
ate levels of genetic diversity within Insubric lakes,
whereas the genetic differentiation between the
lakes was low (Nybom, 2004; Reisch & Bernhardt-
Romermann, 2014; Tables 1 and 3; Fig. 5; Supporting
Information, Figs S1, S2). Thus, no signs of strong
genetic drift and associated loss of genetic diversity
and increased genetic differentiation were found as in
other annual aquatic plants or plants with a similar
breeding system (e.g. Barrettet al.,1993; Nybom, 2004;
Reisch & Bernhardt-Rémermann, 2014). This finding
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Figure 5. Principal component analysis plot of 12 morphological traits measured or scored in 199 Trapa nuts (i.e. the endo-
carp of the fruit). Symbols represent the three taxa distinguished in this study: triangles = Trapa natans, circles = Trapa
muzzanensis and diamonds = Trapa verbanensis. Shown are (A) the first two principal components and (B) the principal
components three and four and the proportion of variation explained by each. Ellipses indicate 1.5 SD around the gravity

centre of each taxon.

agrees with the results of Takano & Kadono (2005),
who found reduced genetic differentiation between
T. natans stands in Japan. This may be explained by
three factors: (1) most extant Insubric Trapa stands
have large census populations consisting of hundreds
to thousands of individuals and dispose of seed banks
(Hegi, 1926), which reduce the contemporary levels of
genetic drift (e.g. Walser & Haag, 2012); (2) Insubric
water chestnuts are not subject to extinction—coloni-
zation dynamics as many other annual aquatic plants
because they live in permanent water bodies. Hence,
they do not show signs of reduced genetic diversity
and increased genetic differentiation due to strong
genetic drift caused by recurrent genetic bottlenecks
(Barrett et al., 1993; McCauley, Raveill & Antonovics,
1995; Nybom, 2004; Walser & Haag, 2012); and (3)
the Insubric Trapa stands are old as many of them
were known already at the beginning of 19th century
(Supporting Information, Table S4). Old demes of
pond-dwelling organisms can be genetically less dif-
ferentiated than younger demes because they experi-
ence more immigration over time (Haag et al., 2005).

In summary, the finding that the Insubric Trapa
stands do not show the strongly reduced genetic diver-
sity and increased genetic differentiation found in
some other annual aquatic plants may be explained by
their large census populations, their old age and the
permanence of their habitat (Pannell & Charlesworth,
2000; Haag et al., 2005).

DISTRIBUTION HISTORY

Our analysis of the distribution history of Insubric
Trapa revealed that c. 52% of the reported water chest-
nut stands have gone extinct since the beginning of
the 19th century (Fig. 1). The species completely dis-
appeared from the Swiss part of the Insubric region,
where six localities were documented between 1824
and c. 1970. Seventeen stands were known from
the Italian part, of which 11 still exist today (Fig. 1;
Supporting Information, Table S4). During the 19th
century, Insubric water chestnuts inhabited diverse
freshwater habitats: besides shallow lakes, they colo-
nized deep lake bays and small water bodies such as
ponds and ditches of the wetlands adjacent to the large
lakes (e.g. Comolli, 1834; Franzoni, 1888; Supporting
Information, Table S4).

The causes for local extinctions are only rarely
reported. One wetland stand disappeared due to
a heavy flood in the mid-1800s (Schroter, 1899).
The unique population of 7. muzzanensis of Lake
Muzzano went extinct towards the end of the
1960s after c. 40 years of anthropogenic hyper-
eutrophication (Larocque-Tobler & Pla-Rabes,
2015). According to Schinz (1907), the population
of T. muzzanensis was already declining before
this, apparently due to overharvesting of fresh
plants by botanists, as the small Lake Muzzano
harboured the only stand of this taxon in Central
Europe.
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Figure 6. Scientific drawings of nuts of Trapa muzzanensis from lake Muzzano (A-E) (Accession No. ZM-00009090; Leg.
A. Bettelini; around 1900) and Trapa verbanensis from lake Verbano (Angera) (F—H) [ZM (no accession number); Leg. J. Bar;
18 May 1908]. Discriminating characteristics between 7. natans and T. muzzanensis are the four ‘tubercules’ between the
horns (E) and the absence of the two lower horns in 7. verbanensis, respectively.

PHYLOGENETIC POSITION OF INSUBRIC T'RAPA

Our ITS analyses revealed that two ribotypes of
T. natans s.l. occurred in the Insubric region, one of
which went extinct during the 20th century (Table 1).
The extinct ribotype was found only in a museum
specimen determined as T. muzzanensis, which was
sampled at its locus classicus (Lake Muzzano), in
1961 (Table 1). In line with the original description of
that taxon, the morphometric analysis revealed sub-
tle but consistent differences between nuts from Lake
Muzzano (taken from herbaria and fruit collections)
and T. natans nuts from other lakes (Fig. 5). Thus,
assigning the genetically and morphologically distinct

Muzzano population to a separate taxon may seem jus-
tified. However, to thoroughly evaluate its taxonomic
status, an assessment of the genetic and morphologi-
cal variability of 7' natans across its entire distribu-
tion range is needed. Clearly, T. muzzanensis cannot
be regarded as a locally endemic lineage since the
ribotype was also found in the sample from Sri Lanka
(Figs 3, 4). Moreover, T. muzzanensis nut types were
also found in Eastern Europe, in the floodplains of
Drava river and the Danube delta, in the floodplains of
the Berezina and Dnepr rivers and in the floodplains
of Oka river and the Volga delta (Gams, 1927; Tzvelev,
1993; Ciocérlan, 2011).
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Samples from Lake Verbano, the only lake harbour-
ing T. verbanensis in the Insubric region, did not have
a distinct ribotype (Table 1; Figs 3, 4). This finding
contrasts with the constant and uniform nut morphol-
ogy found in that lake (Fig. 5). Although the nut char-
acteristics fall within the morphological variability of
T. natans and may therefore be an expression of phe-
notypic plasticity within a single species rather than a
sign of reproductive isolation, the low genetic resolu-
tion found in the ITS sequences does not allow for an
evaluation of this taxon.

Although the genetic resolution of ITS sequences
was low, our findings suggest that the currently sim-
plified taxonomy of Trapa in Europe may not capture
the actual genetic diversification, which could lead to
Linnean shortfalls and biased Red List classifications
in this genus (Kozlowski, 2008).

CONSERVATION IMPLICATIONS

Preserving large census populations is important
because mean fitness of local Insubric water chestnut
stands may be lowered due to inbreeding since self-
pollination appears to occur frequently in this species
(Kadono & Schneider, 1986; Arima et al., 1999). Should
these large stands become small, levels of genetic drift
will increase. This would not only result in the loss
of neutral genetic diversity, but could also lead to the
fixation of deleterious mutations, which would reduce
fitness and could ultimately increase extinction risk
(e.g. Ellstrand & Elam, 1993; Frankham et al., 2014;
Lohr & Haag, 2015).

Maintaining large local T. natans populations is
even more important because c. 52% of the reported
Insubric water chestnut stands have disappeared since
the 19th century, which suggests an increasing frag-
mentation of the Insubric 7. natans population and an
increasing isolation of local stands. This process is par-
alleled by the abandonment of the use by humans of
Trapa fruits as a wild crop, pig fodder and rosaries in
the southern Alps, which may have assisted in the dis-
persal of the species in the past (Comolli, 1834; Jéggi,
1883). Hence, part of the low genetic structuring found
in Insubria may be explained not only by the low lev-
els of genetic drift but also by higher levels of gene
flow due to occasional human-mediated dispersal (e.g.
Roman & Darling, 2007).

Large and dominant T. natans stands have been
associated with anthropogenic eutrophication espe-
cially outside the native range of the species, where
it is considered invasive (Hummel & Kiviat, 2004).
Similarly, in the Insubric region, all large water
chestnut stands are currently growing in shallow
and eutrophic lakes (LIMNO, 2017). Such stands can
obstruct the use of water surfaces in some lakes and

are therefore mowed by freshwater managers (M.
Alessi, pers. observ.). Although the species appears
resistant or even profits from certain levels of eutroph-
ication (Apinis, 1940; Hummel & Kiviat, 2004), pro-
longed hyper-eutrophication can lead to its extinction
(Larocque-Tobler & Pla-Rabes, 2015). Improving the
water quality by reducing anthropogenic eutrophica-
tion should therefore favour the survival of the spe-
cies, at the same time reducing excessive growth and
the necessity to mow Trapa stands.
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