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Abstract

Lemnaceae taxonomy is challenged by the particular morphology of these tiny free-floating angiosperms. Although
molecular taxonomy has helped clarify the phylogenetic history of this family, some inconsistency with morphological
data leads to frequent misclassifications in the genus Lemna. Recently, the finding that Lemna japonica is an inter-
specific hybrid between Lemna minor and Lemna turionifera provided a clear explanation for one such taxonomic
question. Here we demonstrated that L. minor is also capable of hybridizing with Lemna gibba, generating a cryptic
but widespread taxon in the Mediterranean area. The nothotaxon Lemna xmediterranea is described and compared
with clones of the putative parental species L. minor and L. gibba. Genetic analysis by nuclear and plastid markers,
as well as genome size measurement, revealed that two different cytotypes, diploid and triploid, originated by at least
two independent hybridization events. Despite high overall similarity, morphometrical, physiological, and biochem-
ical analyses showed an intermediate position of L. xmediterranea between its parental species in most qualitative
and quantitative characters, and also separation of the two hybrid cytotypes by some criteria. These data provide
evidence that hybridization and polyploidization, driving forces of terrestrial plant evolution, contribute to duckweed
genetic diversity and may have shaped the phylogenetic history of these mainly asexual, aquatic plants.

Keywords: Aqguatic plants, cytotype, DNA barcoding, duckweed, interspecific hybrids, Lemna gibba, Lemna mediterranea,
Lemna minor, morphometry.
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Introduction

The Lemnaceae family is exclusively composed of aquatic
plants (commonly named duckweeds) that are the small-
est flowering plants, showing a body plan reduced to a single
leaf-like structure called a frond, without or with one or a
few roots. The main morphological traits are limited to frond
shape, size and colour, root number and length, and position
and number of vegetative pouches (Landolt, 1986). Additional
diagnostic traits are vein number, and the presence of a pro-
phyllum at the base of the root(s) or papules on the dorsal
side of the frond. Flowers, fruits, and seeds provide important
additional taxonomic traits but are rarely or never observed
in some species, as duckweeds mostly propagate asexually
by forming daughter fronds from vegetative pouches on the
mother frond. Key morphological features for each species
were recently updated (Bog ef al., 2020a), but classification
by morphology in some cases remains insufficient as not all
specimens are assignable to one of the 36 recognized species
with confidence. A detailed morphometric analysis has proven
helpful to distinguish the American species Lemna minuta Kunt,
invasive in Europe, from the native Lemna minor L. (Ceschin
et al., 2016). The problem has been partially overcome with
the introduction of molecular taxonomy that provided new
instruments for species delimitation. Barcoding plastid markers
(Les et al., 2002; Wang et al., 2010; Borisjuk et al., 2015) and
nuclear sequences, such as internal transcribed spacers (ITSs),
external transcribed spacers (ETSs) (Tippery et al., 2015), as
well as amplified fragment length polymorphism (AFLP) (Bog
et al., 2015, 2019), mostly contributed to an almost complete
phylogenetic reconstruction of the Lemnaceae family, which
includes five monophyletic genera: Lemna, Spirodela, Landoltia,
Wholffia, and Wholffiella (Les and Crawford, 1999). Nevertheless,
some species remain poorly delimited, particularly in the
genera Wolffia and Wholffiella (Tippery et al., 2015; Bog et al.,
2019). In the genus Lemna, inconsistency between nuclear and
plastid markers impairs taking apart clones of Lemna japonica
Landolt (Landolt, 1980), often mistaken for Lemna minor: their
plastid barcoding sequences are in fact almost identical. This
issue was recently solved by using tubulin-based polymorphism
(TBP), a nuclear molecular marker based on the intron length
polymorphisms of the B-tubulin gene family members, which
provided evidence that this species is an interspecific hybrid
between L. minor and Lemna turionifera (Braglia et al., 2021a).
This was recently confirmed by whole-genome sequencing of
three different Lemna Xjaponica clones flanked by genomic in
situ hybridization (GISH) analysis (Ernst et al., 2023, Preprint)
revealing that hybrids can form as both diploids and reciprocal
triploids.

Lemna minor also shares many morphological traits with the
sister species Lemna gibba L., and distinction of the two may be
challenging in some cases. Usually, L. gibba specimens are easily
identified for the pronounced gibbosity of the ventral side of
its fronds, due to a diffused and inflated aerenchyma, but this

trait is partially influenced by growth conditions that in some
cases do not make it as noticeable (Landolt, 1986). In addition,
intermediate forms that cannot be determined with certainty
have been reported in the Netherlands (De Lange and Pieterse,
1973; Kandeler, 1975; Landolt, 1975; De Lange and Westinga,
1979) so that the two species have been described as forming
a species complex (De Lange ef al., 1981). Interestingly, a new
species similar to L. gibba was described in Italy in 1973 under
the name L. symmeter Giuga (Giuga, 1973). However, the de-
scription of this species was not validly published following
the criteria of the time (no Latin description), and was almost
forgotten. Lemna symmeter had been identified at several sites
along the coast of the Campania region (Southern Italy) and
described as similar to the strongly globose L. gibba, but only
slightly ventricose and with smaller aerenchyma spaces. In par-
ticular, the two species were described as easily distinguished
for the symmetric growth of the two stamens in L. symmeter,
compared with the asynchronous growth in L. gibba. While
L. gibba was reported to produce fruits and seeds, L. symmeter
was described as sterile, producing abortive ovules and indehis-
cent anthers (Giuga, 1973). Kandeler (1975) hypothesized that
L. symmeter could be an interspecific hybrid between L. gibba
and L. minor, as also later reported by Landolt (1986), but this
possibility was never investigated thereafter.

More recently, non-gibbous forms of L. gibba-like specimens
of uncertain taxonomic assignment were described at some
sites in Central Italy (Marconi et al., 2019). However, when
analysed by plastid markers, these specimens were all assigned
to L. minor, supporting the idea of morphological variants of
this species. One of the clones isolated during that study was
sent to the Landolt collection and registered as 9562; it is ana-
lysed here and designated as the hybrid type.

The existence of natural interspecific hybrids between
L. minor and L. gibba was finally hypothesized, upon a large
screening of clones belonging to the Lemna genus present in the
Landolt Duckweed Collection (Braglia et al., 2021b). Similar
to L. Xjaponica, the new hybrid taxon was first identified on a
molecular basis by TBP fingerprinting and reported with the
hybrid formula L. gibba X L. minor. This finding accounts for
the erroneous species assignment using plastid markers of ma-
ternal origin.

The main aims of this study are: (1) to fully demonstrate
on a genetic basis the hybrid nature of the six clones pre-
viously identified, plus an additional one (LMO0027) succes-
sively recovered from the Botanical Garden of Naples (Italy),
and (i1) to characterize this interspecific Lemna hybrid based
on morphological, physiological, and biochemical traits in
comparison with clones of the two parental species. Such
characterization is supported by molecular analysis of plastid
and nuclear markers of the six original clones of the Landolt
Collection plus an additional clone from the Botanical
Garden of Naples (Italy).
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Materials and methods

Plant material

Seven putative hybrid clones, here assigned to the hybrid taxon L. Xmedi-
terranea, were analysed in comparison with several clones of the two pa-
rental species, L. minor and L. gibba, by different approaches. Most analysed
clones originated from the historical living plant collection of Professor
Elias Landolt (Limmler and Bogner, 2014), presently maintained as part
of the IBBA collection (Milano, Italy), while others came from other
collections in Europe or were collected in Italy by the authors and inte-
grated into the IBBA collection. All clones are listed in Table 1 with the
name of the donor, collection site and date, and the experiment in which
they have been used.

Propagation of duckweed clones

Axenic stock cultures were maintained in Petri dishes on agarized Schenk
and Hildebrandt (SH) medium, pH 5.1 (plus 8 g I'! Plant Agar, Duchefa)
supplemented with 0.1% sucrose, under the following growth conditions:
temperature, 18 °C; photoperiod, 16 h day, 8 h night; light intensity, 80 £ 10
pmol m 2 5. For each set of analysis/measurements, plants were transferred
into liquid medium or water, as described in the specific experimental section.

DNA extraction and quantification

DNA extraction was performed from ~100 mg FW, using the DNeasy
Plant Mini Kit (QIAGEN) as reported previously (Braglia et al., 2021a)
and eluted in 150 pl of 50 mM Tris, pH 9. When necessary, DNA was

Table 1. List of analysed accessions

more precisely quantified through the dsDNA HS Assay Kit for the
Qubit fluorometer (Thermo Fisher Scientific).

Relative genome size measurement

To investigate hybrid ploidy, relative genome size measurements were per-
formed using a CyFlow Space flow cytometer (Sysmex Partec GmbH,
Gorlitz, Germany). To extract nuclei from fresh plant tissue, ~3—4 fully
grown fronds of the internal standard Lemna aequinoctialis Welw. (6746) and
2-3 fully grown fronds of the sample were chopped carefully in 500 pl of
Otto I bufter [0.1 M citric acid, 0.5% (v/v) Tiween-20; Ulrich and Ulrich,
1991] with a sharp razor blade. The extract was incubated for 5 min on ice
and then filtered (~30 um filter size). Subsequently, 500 pl of the staining
Otto II buffer (0.4 M Na,HPO,, 4 mg ml! DAPIL; Ulrich and Ulrich,
1991) were added and the sample was measured after incubation for 5 min
in darkness in the flow cytometer equipped with a 375 nm UV laser. Data
collection was stopped atter a minimum of 10 000 events, and the relative
genome sizes were calculated as the proportion of fluorescent intensities of
the sample relative to the internal standard. Seven samples were measured
in replicates, but did not show differences in their sample:standard ratios.

TBP ampilification

TBP amplification, amplicon separation by capillary electrophoresis (CE),
and fragment analysis were performed as reported in Braglia ef al. (2023)
with minor variations. Amplification of specific f-tubulin loci (TUBB1
and TUBB2) was performed according to Braglia et al. (2021a).

Clone ID Taxon Country State/city/re- Collection site Donor Year Mor- cp AFLP qPCR RGS
gion phology markers

6861 L. xmediterranea  Iltaly Tuscany Massaciuccoli Lake WL 1964 X X X X X

7320 L. xmediterranea  Egypt Cairo Garden Dokki WL 1970 X X X X X

7641 L. xmediterranea  lsrael Haifa Hadera, Kirket Batih WL 1972 X X X X X

9562 L. xmediterranea  Italy Umbria, Perugia  Trasimeno Lake, Pas- KJA 2011 X X X X X

signano

9248 L. xmediterranea Italy Trentino Trento, Loc. Alvi WL 1999 X X X X X

9425a L. xmediterranea  Germany  Hamburg Near Elbe WL 2006 X X X X X

LM0027 L. xmediterranea ltaly Campania, Botanical Garden CF nd X X X X X
Neaples

9598 L. gibba Italy Sicily nd WL 2011 X X X

7742a L. gibba Italy Sicily, Catania Botanical Garden KJA 1973 X X X

0190 L. gibba USA North Carolina nd WL 2021 X

7705 L. gibba India Gujarat nd WL 1972 X

7796 L. gibba Italy Sicily Catania province KJA nd X X

7922 L. gibba Argentina  Buenos Aires nd WL 1973 X X

9482 L. minor Italy Apulia, Bari nd WL 2006 X X X

5500 L. minor Ireland County Cork, 5 miles East of Blarney ~ KJA nd X X X X
Blarney

9424 L. minor Germany  Lower Saxony Niedersachsen WL 2006 X

7194 L. minor Uganda Masaka nd KJA 1968 X X

7753 L. minor Ethiopia Hara, Semien, nd KJA 1973 X X
Djinbar-Wans

8292 L. minor Iran Mazandaran, Ghassem Abbath KJA 1974 X
Ramsar

9495 L. minor Norway Stavanger nd KJA 2009 X X

WL, Walter Lammler; KJA, Klaus J. Appenroth; CF, Cinzia Forni; nd, not determined.
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DNA barcoding analysis

The atpF—atpH and psbK—psbl plastid intergenic spacers were investigated
as DNA barcoding regions by PCR amplification followed by Sanger
sequencing as reported in Braglia et al. (2021b). Species identity was
inferred from BLAST analysis against the corresponding sequences of L.
minor (5500) and L. gibba (7742a) reference clones. For identification of
single nucleotide polymorphisms (SNPs), sequences were aligned using
the Vector NTT alignment tool, AlignX.

AFLP and data analysis

To investigate hybrid genome diversity and their relationship with pa-
rental genomes, a widely employed and cheap marker was chosen, followed
by population structure analysis. The AFLP analysis was performed on all
21 duckweed clones listed in Table 1 and referring to three plant groups:
L. gibba, L. minor, and putative hybrids L. Xmediterranea. A 50 ng aliquot of
genomic DNA (gDNA) was analysed following the protocol of Vos et al.
(1995) with moditications as described in Braglia ef al. (2021b) considering
a double DNA digestion (EcoRT and Msel) and performing pre-selective and
selective PCR. amplification steps using the primers listed in Supplementary
Table S1.The CE loading mixture and running protocol were prepared and
adopted according to Braglia et al. (2023). The AFLP pherogram elaboration
and processing was performed by Gene Mapper Software v. 5.0 (Thermo
Fisher Scientific, Germany), allowing amplicon sizing and allele detection.
For scoring all the nine primer combinations, the peak detection threshold
of relative fluorescence units (RFUs) was fixed above 250 and a size range
was considered between 70 bp and 450 bp. The peak size (base pairs) and
height (RFUs) of each electropherogram were collected through a Microsoft
Office Excel file and all the AFLP profiles were aligned according to the
peak size. A binary matrix was then generated for each primer combination
by scoring for presence/absence of homologous bands (0/1 respectively).
FAMD (Fingerprint Analysis with Missing Data) program, v.1.31 (Schliiter
and Harris, 2006) was used to estimate genetic parameters: percentage of
polymorphic markers, number of fixed markers, number of species-specific
alleles found in each group, within-groups mean gene diversity (HS), and
between-groups gene diversity (Ggr; Nei, 1973). Pearson’s correlation was
calculated by Past 4 software v. 4.13 for Windows (Hammer et al., 2001) in
order to estimate the linear association between the analysed clones. A prin-
cipal component analysis (PCA) was also performed using the same software.
A neighbour-net diagram was constructed using SplitsTree v. 4.19.0 (Huson
and Bryant, 2006) applying the Nei—Li coeflicients (Nei and Li, 1979). Two
thousand replicates were considered when performing the bootstrap analysis.
The presence/absence matrix was also analysed by a more general Bayesian
clustering approach using Structure v.2.3.4 (Pritchard et al.,2000) and a more
specific approach for hybrid detection using NewHybrids v. 1.1 (Anderson
and Thompson, 2002). As a first step, the initial matrix, which consisted of
1671 loci, was reduced to 694 loci by applying a minimum allele frequency
of 25%, since the high proportion of loci with a low allele frequency ham-
pered the Structure analysis from converging. The final dataset was run as
diploid data with recessive alleles for the number of K clusters ranging from
1 to 5, with 50 000 burn-in steps and 50 000 additional steps. In total, 10 rep-
etitions for each K were run.The results from Structure were analysed by the
Delta K method (Evanno et al., 2005) as implemented in StructureHarvester
(Earl and von Holdt,2012). Clumpp v1.1.2 (Jakobsson and R osenberg, 2007)
was used to average the 10 repetitions for each K for visualization. For the
NewHybrids analysis, five datasets were created, each with 200 randomly
selected loci from the Structure dataset, as NewHybrids only runs stably for a
limited number of loci. After a burn-in of 10 000 steps, an additional 20 000
steps were collected. Finally, the results of the five runs were averaged.

Homoeologue-specific quantitative PCR

The following procedure was adopted in order to establish the subge-
nome composition of hybrids without the need for time-consuming

karyotype analysis. It is an adaptation of the technique described as
double-mismatch allele-specific (DMAS) qPCR for SNP genotyping
(Lefever et al., 2019). Instead of discriminating homo/heterozygous loci
differing by one SNP, the technique is here applied to assign triploid
hybrid clones to any of the two possible subgenome compositions, ei-
ther two chromosome sets from L. gibba and one from L. minor (GGM)
or vice versa (MMG). The assay, selectively targeting a short fragment of
the TUBB2 locus in either the L. gibba or L. minor genome, includes two
slightly different primer pairs, one for each species-specific target, with
similar annealing temperatures (60 °C). Primer sequences are reported
in Supplementary Table S1. In the genome of hybrids, the two primer
pairs are therefore homoeologue specific. The quantitative determination
of each target subgenome by the specific primer pairs is proportional to
the quantification cycle (Cq), the PCR cycle at which the fluorescent
signal can be detected over a threshold. Amplification of the non-target
homoeologue subgenome may occur only at very high Cq.The principle
is that, in parallel PCR amplifications, absolute ACq between the two
primer pairs (Cquinor—Cdgibba) 15 maximal for both target species L. minor
and L. gibba, homozygous at this locus, and close to zero for homoploid
hybrids, where both subgenomes are equally present, behaving as hetero-
zygous. Intermediate subgenome compositions in triploid hybrids should
produce higher or lower ACqinor-gibba Values with respect to the diploid
hybrids, respectively, depending on the prevalent subgenome.

PCR amplification was performed in a CFX-connect qPCR system
(BIORAD) with hard-shell 96-well plates (BIORAD). Each reaction
was carried out with 4 pl of master mix (Titan HotTaq EvaGreen, BIO-
ATLAS), 0.5 pl of each primer (from a 100 uM stock), and 3 pl of DNA
(2 mg mI™"), in a final volume of 50 pl. The two-step amplification profile
used was the following: initial denaturation, 15 min at 95 °C, followed
by 39 cycles of 15 s at 95 °C/60 s at 60°C, and final denaturation by a
0.5 °C step increase up to 95 °C for melting curve analysis. Primers are
listed in Supplementary Table S1.

The threshold for Cq determination was set by the regression method.
Primer specificity and amplification efficiency were first tested on serial
dilutions (2, 0.2, and 0.02 mg ml™") of gDNA purified from each pa-
rental species, L. gibba (clones 7742a and 9598) and L. minor (clones 5500
and 9482), accurately quantified fluorometrically in duplicate, diluted to
2 mg ml™', and measured again. Artificial hybrid genomes were then
obtained by independently mixing gDNA from L. minor 5500 (M) with L.
gibba (G) 7742a and L. minor 9482 (M) with L. gibba (G) 9598. Equimolar
(1:1) DNA ratios (MG mix 1-2) mimicked homoploid hybrid genomes,
while two unbalanced mixtures in 1:2 molar ratios (GGM mix 1-2 and
MMG mix 1-2) simulated triploid hybrid genomes.The method was first
validated by parallel PCR amplifications with the two primer pairs on the
six artificial hybrid genomes. For statistical significance, ACq values of each
group (MG, MMG, and GGM) were averaged and analysed by one-tailed
ANOVA.The DNA of the two target species and the seven hybrid clones
was then tested in triplicate in at least two independent experiments, by
the same parallel PCR amplification. For each sample, ACq values of all
nine replicates, excluding outliers (+2Cq from the mean), were mediated
and plotted. The difference of the Cq means between triploid and diploid
Lemna clones was tested by Student’s t~test and ANOVA.

Morphological analyses

Morphological analyses were carried out on fronds of each of the seven
putative hybrid Lemna clones assigned to the hybrid taxon L. Xmediter-
ranea, that were grown for 3 weeks, in 600 ml glass beakers filled with
mineral water of known composition (Supplementary Table S2), close to
that found in many natural water bodies. Plants were grown in the lab-
oratory, under the same temperature and light conditions, although not
strictly controlled. For comparison, two diploid clones of each parental
species L. gibba (clones 7742a and 9598) and L. minor (clones 5500 and
9482), of European origin, were similarly grown and analysed. The entire
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set of beakers was placed near the window to be exposed directly to nat-
ural light respecting the summer seasonal photoperiod.

To morphologically describe the putative hybrid clones, 10 specimens
of each clone were randomly collected in parallel with those of the pa-
rental species, for a total of 110 fronds. Each of these specimens was
observed and photographed in dorsal, ventral, and lateral position under
a stereomicroscope (Olympus SZX2-ILLT) equipped with an Olympus
OM-D EM-5 camera. Morphological traits of each specimen were ana-
lysed and measured using the image-processing program Image] soft-
ware v. 1.53t (Schneider ef al., 2012). The analysed traits were selected
after consulting reference literature related to Lemna species (e.g. Landolt,
1980, 1986; Ceschin et al., 2016; Bog et al., 2020b). They included both
quantitative and qualitative morphological characters, as listed in Supple-
mentary Table S3 (Fig. 1). If the specimen consisted of contiguous fronds
(colony), the traits were analysed only on the mother frond; it was com-
plete with root, and was the largest and placed above all the other fronds.

Scanning electron microscopy observations

To better observe other potential morphological traits useful to fur-
ther differentiate the Lemna groups, some fronds were observed by
SEM. Specifically, from each of the four Lemna groups identified by ge-
nome size measurement, 10 specimens were randomly taken and fixed
overnight at 4 °C in a mixture of 2% paraformaldehyde and 3% glu-
taraldehyde in 0.1 M cacodylate buffer. The next day, specimens were
thoroughly washed in the same buffer and post-fixed in 1% buftered
osmium tetroxide for 90 min at 4 °C. After thorough washing, first in
0.1 M cacodylate buffer and then in double-distilled water, the speci-
mens were dehydrated through a graded ethanol series (15, 30, 50, 75,
85, 95, and 100%) and dried in a critical point dryer (CPD 030 unit,
BalTec, Balzers, Liechtenstein). Specimens were mounted on aluminium
stubs using double-sided carbon discs, and gold sputtered using a K550
sputter coater (Emithech, Kent, UK).The specimens were then observed
and microphotographed by a scanning electron microscope (Gemini 300,
Carl Zeiss AG, Jena, Germany).

Analysis of plant growth and biochemical parameters

Plant growth and biochemical analyses were performed on cultures
grown under controlled and axenic conditions in 150 X 75 mm (dXh)
Petri dishes (Corning Inc., Corning, NY, USA) that contained 150 ml of
freshly prepared, liquid SH medium (pH adjusted to 5.5) and 0.5% su-
crose. Plants were cultivated at a 16 h day photoperiod under 100 pmol

\H
\\\

BIldding
frond length \I

\

Fig. 1. lllustration of the morphological traits analysed.

|
Root ‘\ ‘\
“

!

|

photons m™ s at 25 £ 2 °C. Experimental cultures were started by

inoculating 30 colonies with 2-3 fronds each. Growth measurements and
biochemical analyses were carried out after 7 d. All cultures were set up
in quintuplets.

Frond vascular organization

To determine frond vein numbers, 10 duckweed colonies, with two/
three fronds each, were washed with deionized water and cleared with
70% ethanol for 3 weeks prior to observations using a Nikon stereo-
microscope (Nikon SMZ1000) equipped with a Nikon digital camera
(DS-5M). Duckweed colonies were observed under bright and dark field
conditions at X20 and X10 magnification.

Stomatal traits

To characterize stomatal traits, for each Lemna clone, three colonies with
two or three fronds were washed in demineralized water and immersed in
70% ethanol solution for 3 weeks to remove any pigmentation. Stomata
features were examined and photographed using a Nikon microscope
(ECLIPSE 801) equipped with a digital camera (Nikon DS-5M; Nikon
Instruments Inc.). Stomatal density and stomata size were determined
by analysing images of four different microscopic fields (0.95 um?) for
each mother frond of three colonies/clone at a magnification of X20.
Fields were selected in the regions located between the main vein and
the closest secondary vein (two sectors to each side of the main vein)
(Supplementary Fig. S1). Stomatal density was expressed as stomata
number/area of one microscopic field (area). The number and the size
of stomata were measured using the LeafNet software (Li et al., 2022).
Parameters were adjusted by setting ‘Stained Denoiser’ for the Image
denoizer function and ‘StomaNet Universal’ for the Stoma detector func-
tion. Stoma minimum size was set to 300 pm?.

Analyses of growth parameters

For fresh and dry weight measurements, all plants from each tested clone
were sieved out of the medium, dry blotted, and either weighed imme-
diately (FW) or dehydrated at 60 °C for 72 h and then weighed (DW).

The mean single frond FW of each clone was estimated by measuring
the total biomass of each experimental culture and dividing by the cor-
responding total number of fronds (including daughter fronds when still
attached to the mother) previously counted using the Image] image pro-
cessing program (Schneider ef al., 2012).

; Hyaline layer
Aerenchyma
cell length

Aerenchyma
coverage
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Relative growth rate

The relative growth rate (RGR) of each Lemna clone was measured after
7 d and calculated using the following formula: RGR=In(DW~DW,)/
TT)), where: DW=final DW (g), DW,=initial DW (g), T/=total incu-
bation period (d), and T;=initial time (d). The results were expressed as

gg'd

Determination of chlorophyll and carotenoid contents

Fresh fronds (0.1 g) were ground into powder with liquid nitrogen, and
then homogenized with 80% (w/v) cold acetone, and centrifuged at
5000 ¢ for 10 min. The absorbance of the supernatant was measured at
663, 646, and 470 nm. Chl a, Chl b, and carotenoid contents were deter-
mined using the equations described in Lichtenthaler (1987). The results
were expressed in milligrams of chlorophyll or carotenoids per gram of
plant tissue FW (mg g™ FW).

Measurement of protein content

Lemna fronds (0.1 g FW) were ground in liquid nitrogen with a mortar
and pestle. The proteins were then extracted at 4 °C with a cold 0.5 M
potassium phosphate (pH 7.0) buffer containing 0.1% ascorbic acid,
0.1% Triton X-100, 1 mM EDTA, and 7.5% polyvinylpyrrolidone. The
homogenate was centrifuged at 4 °C for 20 min at 12 000 g. The total
soluble proteins were quantified according to Bradford (1976) using BSA
as standard. The results were expressed in milligrams of proteins per gram
of plant tissue FW (mg ¢! FW/).

Statistical analyses (for morphological data)

All statistical analyses were performed using R software, version 4.2.1.
(R Core Team, 2022). All selected morphological traits and datasets
comprising growth analysis and biochemical parameters were analysed
using PCA, and biplots were made considering PC1 and PC2 using ei-
ther ggfortify or the factoextra packages of the R software (Tang ef al.,
2016; Kassambara and Mundt, 2020). For plant growth and biochemical
data analyses, the cos2 values were considered. A high cos2 value indi-
cates that a higher impact of the Wtraits was compared between clones
using ANOVA. Where assumptions of normality and homoscedasticity
were not met, a non-parametric test was conducted (Kruskal-Wallis).
Qualitative traits were analysed by calculating contingency tables and
performing Pearson’s % tests. Boxplots and mosaicplots were made using
ggplot2 package v. 3.4.2 (Kassambara, 2023). Specifically, for multivariate
analyses ‘ade4’ and ‘vegan’ R packages were used (Dray and Dufour, 2007;
Oksanen et al., 2020) and the significance level was set to P<0.05.The
post-hoc Tukey’s honest significant difference test (Tukey HSD) was run
to adjust P-values for multiple comparisons to determine which samples
have significantly different means in paired sample comparison.

Results

Molecular characterization of the additional, putative
hybrid, Lemna clone LM0027

The hybrid origin of six of the seven clones analysed in this
study from an interspecific cross between L. minor and L. gibba
was previously suggested, relying on TBP profiling and plastid
marker sequences. Their amplicon profiles for both introns
were in fact additive with respect to the parental species, while
no contribution from any other Lemna species was evident
(Braglia et al., 2021b). The six specimens were all identified

as L. gibba by their collector E. Landolt, by morphological
analysis. An additional clone included in this study, LM0027,
classified as L. minor by its collector (C. Forni), was then anal-
ysed by the same markers. However, the same TBP pattern as
that observed for the other six hybrid clones, which merges
profiles of the two putative parents L. minor and L. gibba, was
observed for LMO0027. Every putative hybrid clone is then
heterozygous at all six B-tubulin loci (Braglia et al., 2021b).
LMO0027 groups together with the other six putative hybrid
clones by cluster analysis of TBP markers, well separated from
the clusters of each parental species (seven clones each, from
different geographic areas were chosen as representative of
the intraspecific genetic diversity, Supplementary Fig. S2).
Sequences of both intronic regions of the P-tubulin locus
TUBB1 (Supplementary Fig. S3), amplified by specific prim-
ers, confirmed also for clone LMO0027 the identity of each
homoeologous allele with the corresponding parental species,
upon BLAST DNA analysis against the genome sequence of
L. gibba 7742a and L. minor 9252, respectively (www.lemna.
org/blast;accessed on 27 April 2023). BLAST DINA analysis of
the nucleotide sequences obtained for the two plastid markers
psbK—psbl (512 bp) and atpF—atpH (529 bp) (Supplementary
Fig. 1) permitted the establishment of the parentage of the
newly investigated clone LM0027, which turned out to have
plastid marker sequences matching those of L. minor, and are
almost identical to the four previously analysed hybrid clones
7641, 6861, 9562, and 7320 (one SNP), thus having L. minor
as the maternal parent. For the two remaining clones, 9248
and 9245a, their origin from the reciprocal cross was previ-
ously assumed from their plastid marker identity to L. gibba
sequences (Braglia et al., 2021b).

Genome size estimation and subgenome composition
of hybrid clones

Plant interspecific hybrids are in most cases polyploid but can
be also diploid (homoploid) when the two different subge-
nomes are shared within the same nucleus without an increase
in chromosome number (Abbott et al., 2010). The relative
genome size (RGS) of each L. Xmediterranea clone was then
assessed by flow cytometry in comparison with that of the pa-
rental species and used as a proxy of ploidy (Table 2; raw data
for flow cytometry are reported in Supplementary Table S4).
The five clones with L. minor as the maternal parent showed an
average RGS of 0.54, exactly intermediate between the values
of the two diploid parental species (0.46 L. minor,0.64 L. gibba),
perfectly fitting what was expected for a homoploid hybrid.
Conversely, the RGS of the two clones having L. gibba as the
maternal parent, 0.84, was ~1.5X larger, suggesting a triploid
state. This led us to conclude that the analysed clones belong
to two different cytotypes, most probably a homoploid and a
triploid, respectively. Both kinds of hybrids, although rarer than
tetraploids or hexaploids, may occur in plants and are generally
considered as bridges toward higher ploidy levels, eventually
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Table 2. Genetic structure of seven L. xmediterranea clones (hybrids) and parental species

ID Taxon by TBP Plastid donor RGS Ploidy Subgenome composition
7796 L. gibba L. gibba 0.65 2n GG
7922 L. gibba L. gibba 0.62 2n GG
5500 L. minor L. minor 0.46 2n MM
7194 L. minor L. minor 0.45 2n MM
9495 L. minor L. minor 0.46 2n MM
7753 L. minor L. minor 0.46 2n MM
6861 L. xmediterranea L. minor 0.54 2n? MG
9562 L. xmediterranea L. minor 0.54 2n? MG
LM0027 L. xmediterranea L. minor 0.54 2n? MG
7320 L. xmediterranea L. minor 0.54 2n? MG
7641 L. xmediterranea L. minor 0.54 2n? MG
9248 L. xmediiterranea L. gibba 0.84 3n? GGM
9425a L. xmediterranea L. gibba 0.84 3n? GGM

@ Deduced from genome size; G and M refer to L. gibba and L. minor subgenomes, respectively; RGS, relative genome size.

leading to hybrid speciation (Bretagnolle and Thompson, 1995;
Tayale and Parisod, 2013; Mason and Pires, 2015).

Triploid hybrids may have two different subgenome com-
positions—MMG or GGM-—depending on the donor of
the diploid gametes. Further analysis was then conducted in
order to determine the subgenome composition of each hy-
brid clone, by a modification of the DMAS qPCR technique
(Lefever et al., 2019). Genomic DNA of two clones for each
parental species, the seven hybrid clones, and six artificial hy-
brid genomes (MG1 and 2, GGM1 and 2, and MMGT1 and 2)
obtained by mixing gDNA of L. gibba and L. minor in different
proportions was amplified in parallel with two homeologue-
specific primer pairs and the ACqpinorgibhay Values were re-
corded.The specificity of the two primer pairs is shown in Fig.
2A where representative amplification plots are shown. Mean
ACq(minorgibbay Values for L. gibba 7742a and L. minor 5500
were equal to 10.84 and —12.83, respectively (mean of trip-
licate technical repetitions, three independent experiments).
Small but significant differences in ACq values were observed
between artificial hybrid genomes made up of three different
gDNA ratios, for test validation. As expected, DNA mix MG1
and MG2, with a 1:1 composition of L. minor and L. gibba
DNA, showed very low ACq values (mean= —0.47 + 0.05).
Both unbalanced 1:2 DNA mixtures, GGM and MMG, gave
mean ACq values significantly (P<0.01 by ANOVA calculation
and Tukey HSD) higher (0.42 £ 0.04) or lower (—1.25 £ 0.11)
than MG, respectively, with a AACq between the triploid-like
DNA mix and the diploid-like mix of +0.89 and —0.78, re-
spectively, a difference sufficient to discriminate between the
two genotypes. Mean ACq values obtained for each natural
hybrid DNA were then plotted (Fig. 2B). Mean ACq values
obtained for the triploid group (0.75 + 0.21 and 0.52 * 0.32)
were significantly higher (ANOVA, P<0.05) than the mean
ACq of the diploid group, close to 0 (=0.080 £ 0.14), giving
AACq values of 0.83 and 0.59, respectively, which indicates
that triploids have a GGM genotype. This conclusion is also

supported by the observation that the measured R GS for these
two triploid clones, 0.84 (Table 2), is closer to the theoret-
ical genome size calculation for GGM hybrids (0.86) than for
MMG (0.77), based on RGS of the parental species. The small
discordance between ACq values of hybrid clones and the cor-
responding artificial genome mixtures is likely to be due to
inaccuracy of quantification of the DNA preparation used to
make admixtures.

Genome diversity by AFLP analysis

AFLP analysis of seven clones for each group (parents and pu-
tative hybrids) already analysed by TBP provided confirmation
of hybridization at the whole-genome scale. In this regard, the
AFLP analysis yielded 1671 markers, 98% of which were poly-
morphic considering 21 duckweed clones. The number of pol-
ymorphic markers within the groups of clones of L. minor and
L. gibba was 896 (54%) and 856 (51%), respectively, significantly
higher than those estimated within the third group of clones
(L. Xmediterranea) that revealed only 21% polymorphism.
Accordingly, the lowest number of species-specific alleles, 37,
was found in this latter group, compared with 456 and 354
species-specific alleles detected for L. minor and L. gibba groups,
respectively, reflecting the conspicuous number of loci shared
between the putative hybrid group and both parents. In addi-
tion, mean genetic diversity estimated within taxa (HS) was
0.1059 in L. gibba, 0.0750 in L. minor,and 0.0221 in L. Xmedi-
terranea. Conversely, the between-population gene diversity
(Ggt, Neti, 1973) value was significantly higher (P<0.05) when
comparing each of the L. minor and L. gibba groups (0.2638),
than when comparing L. Xmediterranea with either of the two
parents (0.1224 and 0.1160 with L. minor and L. gibba, respec-
tively). In this context, the diagram of the Pearson’s linear cor-
relation (Fig. 3) estimated among all analysed clones returned
the highest significantly (P<0.05) recorded values among
the accessions of L. Xmediterranea, forming a group of clones
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Fig. 3. Pairwise Pearson’s correlation matrix, comparing parental and putative hybrid genotypes. Clone numbers refer to those reported in Table 1.

strongly related to each other, while the lowest correlation was  reticulation, three diverging groups were formed by a strongly
assessed among L. gibba clones. supported split (bootstrap values: 87, 90, and 100%): two of

The total variance accounted for by each component of these correspond to the L. minor and L. gibba groups of clones,
the PCA (PC1 37% and PC2 21%) in Supplementary Fig. considered as the parental species involved in the cross, whereas
S4 grouped the analysed clones into three distinct, non- a third group, located between the other two, represents an
overlapping, and well-defined clusters, further highlighting isolated entity formed by the seven clones of L. Xmediterranea
that a representative estimate of the total genetic variability considered as the derived hybrid. A substantial amount of re-
(52%) can be attributed to variability detected among groups.  ticulation occurred in particular within parental groups, re-

Neighbour-net analysis (Fig. 4) also supported the existence flecting the geographic partition (America, Europe, India, and
of differentiated groups of individuals. Despite the evident Africa) (Table 1) characterizing the selected clones considered
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Fig. 4. Phylogenetic network (NeighborNet) constructed on the AFLP patterns. Bootstrap values are given for the main clusters. Grouping by colours is

made according to the maternal parentage determined by plastid markers.

as representative of the two species. Moreover, within the
L. Xmediterranea group, two sub-branches were observed, in
accordance with the already documented different chloroplast
origin (coloured lines in Fig. 4) and subgenome composition
(GGM, triploid) of two of the seven hybrid clones (9248 and
9425a).

The Structure analysis with the reduced dataset (694 loci)
strengthens the origin of the putative hybrid individuals.
According to the delta K method, the highest probability of
dividing the dataset into two clusters correlates with the two
parent species. The putative hybrid individuals show an ~50%
affiliation for each of the two clusters of the parent species
(Fig. 5) and they would even be assigned to their own cluster
it three clusters were assumed. Strikingly, the two individuals
with the GGM genome composition show a further deviation
from the hybrid cluster when assuming four clusters.

These results are further supported by the analysis with
NewHybrids (Supplementary Table S5). All putative hybrid

individuals were categorized as F; hybrid crosses between L.

gibba and L. minor. There was no assignment to the F, or either
backcross category.

Morphological diversity

To compare morphological diversity between L. Xmediterranea
and the parental species, two diploid clones of Mediterranean
origin, more closely related to the hybrids, were chosen as rep-
resentative of each parental species L. gibba (GG) and L. minor
(MM). Morphological analysis of 10 fronds of each clone of
the two parents, as well as the two hybrid cytotypes, showed
that the two hybrid classes, triploid (GGM) and homoploid
(MG), are distinct not only genetically but also morpholog-
ically, despite large trait overlaps with one another and with
parental species (Fig. 6A).

Most of the morphological traits considered are useful in
differentiating between the four Lemna groups (Supplementary
Table S6). Such differences are more marked between the
two parental species than between them and the two hybrid
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cytotypes. There are significant differences between the two
hybrid cytotypes, particularly in quantitative traits (Fig. 6B),
while for qualitative traits, there are several overlaps (Fig. 6C;
Supplementary Table S6).

All the quantitative morphological traits considered, except
aerenchymal cell length, showed significant differences be-
tween the two hybrid cytotypes (Fig. 7; Supplementary Table
S7). GGM fronds diftered significantly from MG in larger sur-
face (7.90 mm? versus 6.53 mm?), greater width (2.87 mm
versus 2.54 mm), higher aerenchyma abundance (72.50%
versus 54.60%), longer roots (5.87 mm versus 2.81 mm), and a
larger number of veins (5.00 versus 3.8), on average. Conversely,
GGM and MG did not show any significant difference from the
maternal species L. gibba and L. minor, respectively, in relation to
some quantitative parameters (frond area, frond length/width
ratio, root length); in addition, GGM did not differ significantly
from L. gibba for frond width (Fig. 7; Supplementary Table S7).

Although there were significant differences in qualitative
morphological traits between the four genetically distinct
groups of Lemna clones studied, several overlaps for these traits
were found between the two hybrid cytotypes (Fig. 8). Thus,
this set of traits contributes less to differentiating the two hybrid
cytotypes. With specific reference to the frond shape, the pyri-
form shape occurred in all the groups except for L. minor, which

had a predominantly obovate shape; a stocky rhomboid shape
was absent only in L. gibba. A frond edge completely hyaline
all round was characteristic of L. gibba and GGM, while it was
very sporadic in L. minor and MG. A total absence of the hyaline
edge was mainly found in both L. minor and MG, while it was
sporadic in L. gibba. Elongated stipes, stolon-like appendages
connecting daughter and mother fronds, occurred in all Lemna
groups, except for L. minor. Only in L. gibba was aerenchyma
dispersed throughout most of the frond area where generally it
reached the edge, while in the other groups it was mostly in an
upper-central position. Furthermore, only in a few individuals
of the MG hybrid and L. minor was a centrally located aeren-
chyma found.The papules trait also exclusively differentiated L.
gibba from the other Lemna groups since papules were always
absent in L. gibba and generally most evident in the MG cyto-
type, followed by L. minor, and finally the GGM cytotype.

Frond vascular organization

Differences in the simplified vascular tissues were observed
comparing cleared frond specimens across the 11 Lemna clones
considered. In Fig. 9, representative stereomicroscope images
of fronds show visible interior veins within the body of the
thallus. In particular, in L. minor 5500, a central vein and two

¥20Z Yoel\ ¢ uo 1senb Aq 69/219//6508818/9X[/£601 01 /10p/3]01e-80uBAPE/gX[/W00 dno-olwspeoe//:sdly wolj pepeojumoq


http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae059#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae059#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae059#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae059#supplementary-data

Characterization of the hybrid Lemna xmediterranea | Page 11 of 19

(A)
0.2-
— 0.1
X
o
)
@
T go-%
o~
Q
b
0.1
02

GG
GGM
MG
MM

¥ = > e

PC1 (29.33%)

0.2- LeslgthPdth

A []
o e ® Fx
. 01 A®ca P
?\; AerCellLgth = -
< Aert ) J.
s 0.0- . erdp e L] )’g
T @FrWidth M
S . r e L
R . Y =
a -01- e 5 A ad o= *
* oAl ™ ¥
0.2- xax.
-0.3-1 4 i '
-0.4 -0.2 0.0 0.2

PC1 (55.08%)

©

0.1-

PC2 (15.22%)
=
o

.
=]

0.2 -0.1 0.0 01

PC1 (18.8%)

Fig. 6. Principal component analysis (PCA) of morphological traits. (A) PCA based on all considered morphological traits for the 11 investigated clones
(n=10 specimens for each clone). Quantitative (B) and qualitative (C) morphological traits statistically significant from ANOVA and y? tests, respectively, are
shown. Acronyms for quantitative traits: FrLength, frond length; FrWidth, frond width; Length/Width, frond length/width ratio; FrArea, frond area; Veins,
vein number; RLength, root length; Fr-R, distance frond base-root base; Aer%, aerenchyma percentage coverage in frond; ArCellLength, aerenchymatic
cell length. For qualitative traits: Sbi, bilobate irregular frond shape; Sob, obovate shape; Sps, pear-shaped; Srh, rhomboid shape; Ssr, stocky rhomboid
shape; Hal, all around hyaline frond edge; Hba, basal hyaline edge; Hcb, central-basal hyaline frond edge; Hno, no hyaline hyaline edge; Ace, central
aerenchyma position; Adi, dispersed aerenchyma; Auc, upper—central aesrenchyma; AerMarg, aerenchyma reaching the frond edge; Pno, absent papules;

Pun, unclear papules; Pev, evident papules.

lateral veins arising from the point of root attachment were
present, while in L. gibba 7742a five veins branched off from
the node as reported in the literature (Landolt, 1986; Bog et al.,
2019). MG hybrid cytotypes (e.g. 7641 and LM0027) exhib-
ited from three to four veins per frond while GGM hybrid
cytotypes predominantly revealed five veins like the maternal
parent species.

Stomatal traits

Stomatal density can be an indicator of the level of adapta-
tion to environmental conditions. Stomatal size and density

are dramatically impacted by growth environment factors, in-
cluding light intensity, water stress, and CO, concentration
elevation. Measurement of stomatal size and density is summa-
rized in Fig. 10. In L. minor, stomatal density and size were cor-
related as the observed reduced stomatal density corresponded
to a lower stomatal size. In particular, stomatal density and size
in L. minor were significantly lower when compared with L.
Xmediterranea MG. The highest stomatal density was observed
in the diploid MG. Lemna gibba and the triploid L. Xmediter-
ranea GGM did not significantly differ in stomatal density, nei-
ther did L. minor and MG. Lemna minor presented the smallest
stomatal size, and GGM showed the highest. This is consistent
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Fig. 7. Differences among the four Lemna groups in relation to quantitative traits found to be significant by ANOVA test (h=10). In each graph, boxplots

with different letters represent significant differences at P-value <0.05.

with the fact that GGM clones have a higher DNA content
than diploids, which usually correlates with cell size (McGoey
et al.,2014; Da Silva et al., 2020).

Plant growth and biochemical characterization

The biochemical analysis (pigment and protein content) and
plant growth parameters (RGR and frond FW) showed that
the two L. Xmediterranea cytotypes exhibit their own indepen-
dence and greater association with one of the parental species,
as shown by PCA (Fig. 11). PCA performed on the dataset

captured 89.7% of the cumulative variance using the param-
eters influencing the first two principal components. The
outcomes of PCA clearly discriminated L. minor (MM) and
homoploid hybrid clones MG from L. gibba (GG) and GGM
triploid hybrids. The profile of L. minor and MG clustered in a
PC1-negative direction while L. gibba and GGM clustered in a
PC1-positive direction.

Measured parameters are summarized as boxplots in Fig. 12.
No significant differences were found between L. gibba and
GGM triploid hybrids in photosynthetic pigment content. The
Chl a content differed significantly between L. gibba and GGM
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Fig. 8. Differences among the four Lemna groups in relation to qualitative traits found to be significant by ¥ test (Mosaicplots) (n=10). Acronyms for frond
shape (Sbi, bilobate irregular shape; Sob, obovate; Sps, pear-shaped; Srh, rhomboid; Ssr, stocky rhomboid); hyaline frond edge (Hal, all around hyaline;
Hba, basal; Hcb, central-basal; Hno, no hyaline); stipes present or not (absent); aerenchyma position (Ace, central; Adi, dispersed; Auc, upper—central
aerenchyma); aerenchyma reaching (yes) or not (no) the frond edge; and papules (Pno, absent; Pun, unclear; Pev, evident).

L. minor 5500 L. mediterranea 7641

L. gibba 7742a

L. mediterranea LM0027

L. mediterranea 9425a

Fig. 9. Representative stereomicroscope images of cleared frond colonies for the determination of vein number per frond in the two parental species, L.
minor 5500 and L. gibba 7742a, and in both L. xmediterranea cytotypes, homoploid (MG-7461 and MG-LM0027) and triploid (GGM-9248 and GGM-
9425a). Frond colonies were observed under bright- and dark-field conditions. Bar=1 mm.

hybrids compared with L. minor and MG hybrids, respectively.
Furthermore, for Chl b and carotenoid content, significant dif-
ferences were found between L. minor and the hybrid cyto-
type homoploid MG and in respect to L. gibba and the hybrid
cytotype triploid GGM. Lemna minor (L. minor 5500 and L.
minor 9482) had the highest pigment content. The estimated
FW of a single frond of L. gibba is significantly different from
that of L. minor and from both L. Xmediterranea cytotypes. No
significant differences were found between L. minor and the
homoploid cytotype MG. Equally high growth rates under the
tested conditions were shown within and between the two
species, L. minor and L. gibba, and the two hybrid cytotypes,

MG and GGM. In particular, RGR in the period under study
ranged from 0.17 g' d”' to 0.25 g”' d”! for L. gibba and from
0.17g" d"' to 0.18 g' d”' for GGM clones, while it ranged
from 0.16 g ' d”' t0 0.18 g ' d”' for L. minor and from 0.16 g
d't00.22 g' d”! for MG.These RGRSs values agree with data
reported in the literature, which range from ~0.1 d™" up to 0.3
d™! (Zhang et al., 2014;Van Echelpoel et al., 2016). In the hy-
brid triploid cytotype, GGM, the protein content was lower
and significantly different compared with the homoploid cyto-
type MG and the two parental species. Among the analysed
accessions, L. gibba 9598 showed the highest values for single
frond FW, RGR, and protein content.
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Fig. 10. Differences in stomatal traits between the two parental species,
L. minor (MM) and L. gibba (GG), and the two L. xmediterranea cytotypes
(MG and GGM): stomatal density (above) and size (below). Box plots
labelled with different letters indicate significant differences between
grouped Lemna species and hybrid cytotypes (ANOVA followed by Tukey
HSD, P<0.05). n=3. Representative examples of stomatal morphology
(bottom) in each of the corresponding groups photographed by optical
microscopy. Bars=30 um.

Taxonomy

The taxonomic treatment, including the key morphological
traits (Fig. 13) and the geographical distribution (Fig. 14), of
the natural interspecific hybrid L. Xmediterranea and parental
species (L. minor and L. gibba) is reported in Supplementary
Fig. S5A.

Discussion

Multiple molecular data provided definite evidence that L.
minor and L. gibba can spontaneously hybridize in nature, con-
firming previous data obtained by TBP analysis (Braglia et al.,
2021b). The new nototaxon, L. Xmediterranea, probably corre-
sponds to the taxon described (not validly) as the new species
‘L. symmeter’, discovered in Italy (Giuga, 1973; Supplementary
Fig. S5B). Its hybrid nature was later hypothesized by Kandeler
while reporting that the proposed taxon L. symmeter stands be-
tween L. gibba and L. minor and might even be a sterile hybrid
between these two Lemna species (Kandeler, 1975). From the
analysed samples, L. Xmediterranea is distributed over a wide
geographic area, centred in the Mediterranean region.

The description of L. Xmediterranea underscores how in this
hybrid there is the appearance of intermediate morphological
traits between the two parental species, a common event in
hybrids that often makes their morphological discrimination
from the parental species challenging. Despite limited mor-
phological differences between hybrids and parental species,
morphometric analysis of several traits is in agreement with
genetic analysis in supporting a clear distinction of L. Xmedi-
terranea and also in separating the two cytotypes, homoploid
(MG) and triploid (GGM), originating from both reciprocal
crosses, as revealed by plastid marker analysis. Paradoxically,
each of the two cytotypes is more similar to one of the pa-
rental species than to the reciprocal hybrid (Figs 7, 8). The first
cytotype is more closely related to L. minor and the second to
L. gibba. Whether this could be actually considered as a ma-
ternal effect or a gene dosage effect remains to be established.

The more distinctive morphological differences between
the two cytotypes are mainly related to quantitative traits
(frond width, frond area, length/width ratio, root length, aer-
enchyma extension, and vein number) and only secondarily to
qualitative traits (hyaline frond edge and aerenchyma position).
Analysis of stomatal morphological parameters (size and den-
sity) highlighted the presence of significant differences in guard
cell size, which are the largest in the GGM cytotype (Fig. 10).
This is likely to be related to its increased genome size, as al-
ready reported for Lemnaceae (Hoang et al.,2019). Also for the
ecophysiological traits observed, such as pigment content and
RGR, hybrids have intermediate values, with triploid hybrids
more closely related to L. gibba and diploid clones more sim-
ilar to L. minor, suggesting that different genome contributions
also affect biochemical traits and, possibly, plant physiological
performance (Fig. 11). In conclusion, no morphological cri-
terion is per se sufficient to provide unequivocal identification
of L. Xmediterranea clones, and the use of molecular analysis is
strongly suggested.

Population structure analysis inferred from AFLP data using
different bioinformatics models supports the occurrence of dif-
ferent lineages, the parental populations, converging in the for-
mation of an interspecific hybrid population. In this respect,
the limited number of species-specific alleles detected in L.
Xmediterranea suggests a fully and bipartisan genomic contribu-
tion of both parents merged in the hybrid. Phylogenetic net-
work reconstruction also identifies the dual contribution of the
parent species, placing the hybrid group closer to L. gibba than
to L. minor, and supports its separation into at least two, pos-
sibly three, diverging clusters (Fig. 4), also in agreement with
the similarity tree generated from TBP profiles (Supplementary
Fig. S2). Greater similarity of hybrids to European clones of the
parent species suggests their origin from a limited number of
European ecotypes, in accordance with their lower intrataxon
genetic diversity with respect to parental species. According to
the NewHybrids results (Fig. 5), all clones have a high prob-
ability to represent F; populations. No evidence for back-
crossing emerged for the seven clones, despite the fact that

202 UdJBIN 2 U0 1sanB Aq 69/21.9./6G50949/GXl/£601 "0 /10p/a[01HE-20UBAPE/qXI/WO00"dNo-ojWapee/:sdny woly papeojumoq


http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae059#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae059#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae059#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae059#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae059#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae059#supplementary-data

Characterization of the hybrid Lemna xmediterranea | Page 15 of 19

Proteins
! RGR Lgi 9598
*
1
MG | eq o562 ! GG
2- ° 1
I
|
i
: cos2
= - '
S 1
g : Single Frond FW 0.8
o™
~  Chia : i
E ChiTot '
(@]
M —— T Y, 04
' Lgi 7742a
I
MM { EmiiSag3 'L med 6861 2
| o Lmed 9425a
- Lmed 7320 !
[ ] I
i Lmed 9248
! * GGM
-2 0 2

Dim1 (65.1%)
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of each Lemna clone under the first two principal components clustering separately MM and MG (blue ovals) and GG and GGM (pink ovals), respectively.

Chlorophyll a 40 Chlorophyll b Carotenoids
1.1 .
b c .

1.0 b 0.35 0.30
=0, — = b =— z b b
v ©0.30 ©0.25 —
2or 2 a 2

0.7 a ‘ 0.25

a 0.20 .
06 == 020 2 — —_ 2
GG GGM MG MM ’ GG GGM MG MM GG GGM MG MM
Single frond fresh weight Relative Growth Rate 60 Proteins
a : | a
3.0.250 ‘ a
2.0 b F 35-5 | a
©0.225 : Z50 a

215 & a o
g c . 0,200 a ‘i‘ a 245 b ==

1.0 0.175 [ ] ' 40 E i

I;l 0.150 l — l
GG GGM MG MM GG GGM MG MM GG GGM MG MM

Fig. 12. Differences in photosynthetic pigment content, single frond FW, relative growth rate (RGR), and protein content between the two parental
species, Lemna minor (MM) and L. gibba (GG), and the two L. xmediterranea hybrid cytotypes MG and GGM. Box plots labelled with different letters
indicate significant differences between different grouped Lemna species and hybrid cytotypes (ANOVA followed by Tukey HSD, P-value <0.05). n=5.

L. Xmediterranea may occur in association with either of the
parental species, as reported for L. symmeter (Giuga, 1973) and
for clones identified as non-gibbous forms of L. gibba but hav-
ing the plastid haplotypes of L. minor (Marconi et al., 2019).
Such observations suggest sterility or very low fertility and self-
incompatibility of hybrids. Flower induction experiments are
ongoing to address these key points. Even very low rates of
sexual reproduction are in fact considered sufficient to get rid
of negative mutations that accumulate in asexual populations

(Hojsgaard and Horandl, 2015), making the establishment of
self-evolving hybrid lineages possible, slowly leading to specia-
tion. Although aggregates of vegetative reproducing individuals
are unlikely to establish species-like lineages (Horandl, 2022),
in the case of homoploid hybrids, speciation is now accepted
even if the hybrid lineage can be established as viable progenies
through vegetative propagation, not necessarily requiring allo-
polyploidization (Comai, 2005; Sochor et al., 2015; White et al.,
2018). In Lemna, hybrid population stability and diffusion can
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Fig. 13. Representative SEM and stereomicroscopic images. Representative images of the hybrids L. xmediterranea—homoploid cytotype (MG), clone
9562 (A and B) L. xmediterranea—triploid cytotype (GGM), clone 9425a (C and D) and the parental species, L. minor (E and F), L. gibba (G and H) at
SEM (left) and stereoscopy (right). In detail: adaxial frond surface (A, C, E, G) and abaxial frond surface with visible aerenchyma (B, D, F, H). Dark arrows

indicate serial or terminal papules on the adaxial frond surface (A, E).

be clearly provided by fast clonal propagation and long-distance
dispersal of these tiny plants through water flow and zoochory
(Coughlan ef al.,2017), promoting its establishment as a species
if favoured by some competitive advantage with respect to the
parental species. The success of L. Xmediterranea is evidenced
by the large geographic area and collection dates of the hybrid
clones from 1954 to 2011. Recovering living populations will
provide further information on hybrid distribution and origin.

Another peculiarity of L. Xmediterranea is the presence of
two different but unusual cytotypes, homoploids and triploids,
while no tetraploid has been found to date. As both parental
species are known to be mostly diploids (Landolt, 1986), the
simplest explanation is that triploid hybrids originated from
the fertilization of unreduced L. gibba ovules (2n) by normal
haploid pollen cells (n) from L. minor. However, breeding be-
tween a tetraploid L. gibba and a diploid L. minor cannot be
excluded. A somatic mutation leading to tetraploidy has been
recently described for an L. gibba clone after long-term cul-
tivation in vitro (Sarin et al., 2023). Wide variations in both
genome size and chromosome number have often been re-
ported in Lemna and Wholffia, although not all old chromosome
counting data are fully reliable (Hoang et al.,2019,2022). More
recent data showed that triploid cytotypes are present in both
L. minor and the hybrid species L. Xjaponica that also includes
homoploid hybrids (Ernst ef al., 2023), suggesting that hybridi-
zation and polyploidization are more common than previously
thought in the Lemanceae.

Hybridization is extremely common in plants, and most
successtul hybrids are polyploid, a condition which grants full
fertility eventually leading to hybrid speciation. Conversely,
both homoploid and triploid hybrids are quite rare in terres-
trial plants and are considered as bridges to form fully fer-
tile, higher ploidy (tetraploid/hexaploid) species (Ramsey and
Schemske 2002). In a very few cases, homoploid hybrids be-
come stabilized over time, keeping an acceptable degree of
fertility and becoming reproductively isolated from parents
thanks to ecological or biological barriers (Mason and Pires,
2015) then becoming morpho-physiologically different, self-
evolving species. Homoploid hybrid speciation (HHS) has
been well documented in some plant species such as Helianthus
(Schwarzbach and Reiseberg, 2002) or Senecio (Abbott et al.,
2013), but true numbers are likely to be underestimated
(Yakimoski and Rieseberg, 2014). The number of known trip-
loid plant species is even smaller, partially due to the triploid
block effect, impairing endosperm development and inducing
seed abortion (Kohler et al., 2010). In such cases, at least at
early stages, clonal propagation can provide an escape route to
the low degree of fertility (Vallejo-Marin and Hiscok, 2016).
An interesting example of a recently generated triploid spe-
cies, Cardamine Xinsueta Urbanska-Worytkiewicz, has been
documented in the Swiss Alps (Urbanska and Landolt, 1972).
The colonization of a new habitat provided almost completely
reproductive isolation from the parental species while the ac-
quisition of leaf vivipary enabled the hybrid to be a dominant
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Fig. 14. Geographical origin of the seven L. xmediterranea specimens. Circles indicate homoploid MG hybrids, triangles indicate triploid GGM clones.

species at the site despite its ploidy level (Sun et al., 2020).
More detailed analysis of ecological difterences between Lemna
hybrids and parental species is also needed to understand the
advantages of hybrids and the possibility of their adaptation to
different ecological niches even within the same water body.

This study further demonstrates that interspecific hybridi-
zation can be a common mechanism to generate diversity and
variation in Lemna, which might have played an important role
in the evolution and diversification of this genus and, possibly,
in other genera of duckweeds. This is in accordance with find-
ings by Les and Philbric (1993) who, analysing literature data
for 117 genera of aquatic angiosperms, suggested that the high
vagility (displacing ability) and rarity of sexual reproduction
common to most of them have dramatically influenced the ev-
olutionary consequences of two factors that have played major
roles in the evolution of terrestrial angiosperms, namely hy-
bridization and chromosome number change.
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The following supplementary data are available at JXB online.
Fig. S1. Image example used for measuring stomatal traits.
Fig. S2. Dendrogram generated by UPGMA clustering anal-

ysis of the TBP dataset.

Fig. S3. Nucleotide sequences gained by both the 3-tubulin
intronic regions of the locus TUBB1 and plastid markers.

Fig. S4. PCA of the AFLP dataset of Lemna clones analysed.

Fig. S5. (A) The taxonomic treatment of the natural inter-
specific hybrid Lemna Xmediterranea and parental species. (B)
Giuga’s booklet (Giuga, 1950).

Table S1. Oligonuclotide list.

Table S2. Chemico-physical composition of mineral water
used as the aqueous medium for Lemna clone growth.

Table S3. List of the examined quantitative and qualitative
morphological characters.

Table S4. Raw data from flow cytometry.

Table S5. Summary of the NewHybrids analysis for five
random datasets consisting of 200 random AFLP loci each.

Table S6. P-value of ANOVA and y? test for quantitative and
qualitative traits, respectively.

Table S7. P-values of post-hoc analysis for quantitative traits
significant from ANOVA.
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