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1. Introduction

1. INTRODUCTION
1.1.Plant genomes, genome size variation and karyotype evolution

1.1.1. Plant genome structure and organization

The heritable information of living beings is stored in the base sequence of
deoxyribonucleic acid (DNA). Most of the DNA of eukaryotes is located within the cell
nucleus and is called the genome. The genomic DNA together with histones and
other nuclear proteins forms the chromatin which is organized in a species—specific
number of linear chromosomes. The chromosomes of the genome are maintained
and segregated to the next cellular and organismic generation via nuclear division
cycles. For correct segregation, the chromosomes are replicated into identical sister
chromatids. To ensure cellular functions such as metabolism, growth and
differentiation, certain parts of DNA (genes) are transcribed into RNA during

interphase between nuclear divisions.

Two categories of DNA sequences are contained in the genomes of all eukaryotes
are (1) single- or low-copy sequences comprising genes (exons, introns), promoter
and regulatory elements, and (2) high-copy or repetitive sequences. Annotation of
complete plant genomes has revealed that plants have ten thousands of genes. For
instance, 31 407 genes are documented in The Arabidopsis Information Resource6
(with 26 751 protein-coding genes, 3 818 pseudogenes, and 838 non-coding RNA

genes) or more than 41 000 genes in the rice genome (Sterck et al., 2007).

Major contributors to plant genome size are tandem and dispersed repetitive DNA
with hundreds or even thousands of copies, which may be located at a few defined

chromosomal sites or widely dispersed.

Tandemly repeated or satellite DNA consists of a motif that is repeated in many
copies at one or more genomic locations. Microsatellite, minisatellite and satellite
DNA are the three major types of tandem repetitive DNA sequences, distinguished by
the length of basic repeat unit: (1) Microsatellite units (less than 9bp) present in both
non-coding and coding regions with up to 1 kbp; (2) Minisatellite units (from 9 to 100
bp) may extend up to several kbp and cluster in subtelomeric, pericentromeric or
interstitial regions of chromosomes; (3) Satellite DNAs with a monomer length
ranging from 100 to >1 000 bp may constitute Mbp-long arrays. Whether tandem
repetitive sequences have a function in the genome is in most cases unknown
(Lopez-Flores and Garrido-Ramos, 2012; Robledillo et al., 2018). Well-defined are

1



1. Introduction

the functions of specific repetitive sequences such as telomeric and ribosomal RNA
encoding sequences. Telomeres are specific structures that protect the ends of linear
eukaryotic chromosomes against enzymatic degradation, fusion with neighboring
chromosomes and chromosome shortening during replication caused by the inability
of DNA-polymerases to fully synthesize 5’ ends of DNA (for review see (O'Sullivan
and Karlseder, 2010)). Telomeres are composed of rather conserved short G-rich
repeats with slightly different motifs: Arabidopsis-type (TTTAGGG) (Richards and
Ausubel, 1988), vertebrate-type (TTAGGG) (Moyzis et al., 1988), Tetrahymena-type
(TTGGGG) (Sheng et al., 1995), Bombyx-type (TTAGG) (Okazaki et al., 1993),
Chlamydomonas-type (TTTTAGGG) (Petracek and Berman, 1992) or Oxytricha-type
(TTTTGGGG) (Melek et al., 1994). A few plant species show C in the G-rich strand
such as Genlisea hispidula with TTCAGG/TTTCAGG (Tran et al., 2015) and/or are
unusually long (12 bp) as in the genus Allium (CTCGGTTATGGG, see (Fajkus et al.,
2016). Ribosomal RNA genes encode the RNA components of ribosomes, the
‘protein factories’ of every cell. 5S rDNA genes encoding small ribosomal RNA and
its intergenic spacer are transcribed by RNA polymerase Ill, and 45S rDNA genes
encoding the large ribosomal RNA components 18S, 5.8S, 26S as well as internal
transcribed spacer and external transcribed spacer regions are transcribed by RNA
polymerase | (Paule and White, 2000). 45S rDNA may be arrayed in hundreds to
ten thousands of copies at the so-called nucleolus organizing regions (NORS). For
instance 45S rDNA comprises 150 copies in Saccharomyces cerevisiae (~12.2
Mbp/1C) (Kobayashi, 2014); or 570 copies in A. thaliana (157 Mbp/1C) (Pruitt and
Meyerowitz, 1986); or up to 12 000 copies in Zea mays with 2 500 Mbp/1C
(Buescher et al., 1984). Similar to telomeric repeats, rDNA sequences are highly
conserved. Thus 45S and 5S rDNA which usually display a species-specific,

clustered distribution are frequently used as markers for karyotyping by FISH.

Centromeres are chromosome regions where spindle microtubules attach to the
sister chromatids to enable their movement to the daughter nuclei during cell
divisions in eukaryotes. During the evolution of plants, different centromere types
appeared which differ by the distribution of nucleosomes having the centromeric
histone variant CenH3 instead of histone H3. Cereals (Ishii et al., 2015) and many
other taxa have monocentric chromosome, Pisum sativum and Lathyrus (Neumann
et al., 2016) have several clusters of CenH3 nucleosomes within a distinct region,
while in Rhynchospora pubera (Marques et al., 2016) such clusters are found along
2



1. Introduction

their (polycentromeric) chromosomes and in Luzula (Wanner et al., 2015; Heckmann
et al., 2014) CenH3 nucleosomes seem to be evenly distributed along the
(holocentric) chromosomes. In holocentrics the spindle fibers attach along the entire
chromosome. Monocentric chromosomes can be classified as metacentric, sub-
metacentric, acrocentric or telocentric chromosomes according to the position of their
centromere (Schubert, 2007). Centromeres are also often composed of satellite
sequences and retroelements. However because during evolution centromeres are
dynamic and can originate de novo at positions without repetitive sequences (for
review see (Schubert, 2018)), it is not yet clear whether centromeres are just a place
where repeats can accumulate without becoming deleterious, or whether they are

indeed supportive for centromere function.

Dispersed repetitive DNA represents the highest proportion of repetitive DNA and
consists of transposable elements (TEs), which often include sequences that encode
enzymes for their own replication and integration into the nuclear DNA (Heslop-
Harrison and Schwarzacher, 2011). Two classes of TEs where classified based on
their structural features and mechanisms of transposition: retrotransposons (class |,
transposing via ‘copy and paste’ mechanism) and DNA transposons (class I,
transposing via ‘cut and paste’ mechanism) (Schmidt, 1999; Wicker et al., 2007). The
abundance and diversity of TEs within the genome are variable among eukaryotes. In
some species such as maize and barley, LTR elements may occupy up to 75% of the
genome and scatter throughout most of chromosomes (Mayer et al., 2012; Baucom
et al., 2009). Tyl/copia and Ty3/gypsy are the most ubiquitous families of dispersed

DNA elements in investigated plant species (Wicker et al., 2007).

In addition to the various blocks of repetitive DNA, many plant genomes may contain
different numbers of accessory chromosomes, so-called B-chromosomes. These are
highly condensed chromosomes harboring few and often truncated genes but many
repetitive sequences. B-chromosomes show non-Mendelian modes of inheritance
called ‘drive’. This drive (preferential transmission of B-chromosomes into gametes)
ensures their maintenance as ‘parasites’ within the host genome (for review see
(Houben, 2017)).
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1.1.2. Genome size and genome size variation

The genome size (or “C-value”) of an organism is defined as the amount of nuclear
DNA in the unreplicated, reduced gametic nucleus, irrespective of the ploidy level of
the species (Fleury et al., 2012). Genome size typically is measured in terms of either
mass (pg) or the number of nucleotide base pairs (bp), 1 pg of double strand DNA
equals 978 Mbp (Dolezel et al., 2003). In general, nuclear genome size is constant
within a given species, e.g Arabidopsis thaliana has 2C = 0.321 pg DNA, but it can
strongly vary between species. For instance there is a 2 440-fold genome size
difference between the so far smallest plant genome of Genlisea tuberosa with ~61
Mbp/1C (Fleischmann et al., 2014) and the largest known plant genome of Paris
japonica with 150 Gbp/1C (Pellicer et al., 2010). Even within a species genome size
can vary, e.g among different accessions of A. thaliana (Schmuths et al., 2004).
Importantly, genome size is not associated with the complexity and evolutionary
advancement or ecological competitiveness of an organism (Mirsky and Ris, 1951,
Thomas, 1971). For instance plants with large genomes appear to have reduced
photosynthetic efficiency and are underrepresented in extreme environments (Ross-
Ibarra and Gaut, 2008).

Several hypothesis were suggested to explain this phenomenon called ‘C-value
paradox’ (Thomas 1971), its causes, mechanism(s) and the biological significance of
genome size variation. Recently three strategies were postulated for genome size
evolution which might explain the C-value paradox: (1) Genome size reduction is
assumed to result from more and larger deletions than insertions via deletion-biased
DNA double-strand break (DSB) repair; (2) Genome size expansion may occur not
only by WGD, but particularly by more and larger insertion than deletions via
insertion-biased DSB repair, which includes spreading of retroelements; and (3)
Genome size remains stable (stasis) when deletions and insertions during DSB
repair are balanced. Based on selective forces and due to mutations in components
of DSB repair, switches between these strategies may occur (Schubert and Vu,
2016).

There are some interesting correlations between genome size and cellular features of
plants. For example, guard cell length appears to positively correlate with genome
size across a wide range of major taxa with the exception of the Poeae (Hodgson et

al., 2010). DNA content and nuclear volume as well as nuclear and cell volume

4
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showed positive correlation at different endopolyploidy levels in epidermis cells of A.
thaliana (from 2C to 32C), Barbarea stricta (from 2C to 16C) as well as between
species that differ in genome size up to ~500 fold (from 0.32 pg in A. thaliana to
154.99 pg in Fritillaria ulva-vulpis) (Jovtchev et al., 2006) or between 14 herbaceous
angiosperm species (Price et al., 1973). A correlation of cell parameters (DNA
content, cell volume, nuclear volume, cell surface, nuclei surface) was also reported
for Sorghum bicolor endosperm cells from 3C to 96C (Kladnik, 2015). Other
phenotypical characteristics of large genomes, besides an increased cell size are
slow mitotic activity, relative to small genome species. A positive correlation between
genome size and cell cycle time was observed with maximum cell cycle length of 18
h in 52 eudicots and variation from 8 up to 120 h in 58 monocots (Francis et al.,
2008). Recently, Simonin and Roddy (2018) hypothesized a connection between
genome size and cell size to interpret evolutionary angiosperm radiation. During the
early Cretaceous period, genome downsizing occurred only in the angiosperm clade
paralleled by smaller cell and stomata size as well as higher stomata and vein
density. These factors allowed for greater CO, uptake and photosynthesis carbon
gain, and presumably promoted angiosperms becoming the dominant plants in most

terrestrial ecosystems (Simonin and Roddy, 2018).
1.1.3. Karyotypes and karyotype evolution

The karyotype is the chromosome complement of an organism. Karyotypes may
differ regarding number, size and shape of their chromosomes. In diploid sexual
organisms karyotypes consist of one paternal and one maternal chromosome set.
Chromosome sets can be multiplied by whole genome duplication (WGD) resulting in
polyploid karyotypes. WGD can vyield auto- or allopolyploid organisms.
Autopolyploidy results from a fusion of two unreduced gametes of the same species
as in potato, watermelon, banana, and alfalfa. Allopolyploidy combines two or more
genomes from different species as in wheat, cotton, tobacco, coffee, sugarcane,
peanut, oat, and canola (Chen et al.,, 2007). There are also examples, such as
soybean, indicating that the genome has allo- and autopolyploid origins (Udall and
Wendel, 2006). Natural polyploid crops provided an important tool for plant breeders
since it allows exploitation of diversity from both diploid progenitors as sources of
novel genes or alleles for crop improvement. For example, the diploid and tetraploid
progenitors of hexaploid bread wheat have provided a critical source for resistance

genes against diseases and abiotic stress, and even for quality genes (Feuillet and
5
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Eversole, 2008). When multiples of genome size and chromosome number
compared to the presumed ancestors are still recognizable, the organisms are
considered as ‘neopolyploids’ (Wood et al.,, 2009). In cases where chromosome
numbers (and/or genome size) are no longer a multiple of the ancestral diploid state,
but genome duplication is still cytologically detectable by in situ hybridization, we call
the organisms ‘mesopolyploid’. When multiples of genome size and of chromosome
number are unrecognizable and genome duplication only is discovered by
bioinformatics and sequence analysis we speak about ‘paleopolyploids’, which lost
their polyploid status by accumulating mutations resulting in diploidization and are
currently considered as diploids. For instance, S. polyrhiza (2n = 40) underwent two
whole genome duplications of seven ancestral chromosome blocks (Cao et al.,
2016). Several studies have proven the widespread occurrence of paleopolyploidy in
the angiosperms (Blanc and Wolfe, 2004), indicating that polyploidy plays an

important role in plant evolution.

Besides polyploids, aneuploid karyotypes, in which the number of individual
chromosomes is increased or decreased, may occur rarely. Particularly in diploid
organisms the lack of one or both chromosomes of one or more pairs is usually
lethal. In addition, structural chromosomal rearrangements (and extensive gene l0ss)
may happen after WGD events leading to changes in size and structure of
chromosomes. However, primary chromosome rearrangements including insertion,
deletion, duplication, peri- or paracentric inversion and intra- or interchromosomal
reciprocal translocation may also occur in diploid organisms. They are all the
outcome of DSB mis-repair by joining of ends between different DSBs via non-
homologous end-joining (NHEJ) or via homologous recombination (HR) using ectopic
homologous sequences as repair template (Schubert, 2007). The chromosome
structure can also be altered by secondary rearrangements, e.g. in organisms
heterozygous for two translocations between three chromosomes (i.e., one
chromosome is involved in both translocations). Crossing over in a meiotic
hexavalent of such a double heterozygote between chromatids, which differ from
each other in both ends flanking the exchange, results in gametes with a new
secondarily rearranged karyotype and in re-established wild type gametes (Fig. 1A)
(Schubert, 2007; Schubert and Lysak, 2011). Furthermore, dysploid chromosome
rearrangements lead to chromosome number variation on different routes via
reciprocal translocations (Fig. 1B) (Schubert and Lysak, 2011).
6
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Figure 1. Secondary (A) and dysploid (B) chromosome rearrangements.

(A) Two translocations between three chromosomes followed by a meiotic cross over between two
chromosomes, which are morphologically different on either side of the cross over, yield a gamete with
a re-established wild-type karyotype and another one with a new karyotype; (B) Different routes of
dysploid alteration of chromosome number via reciprocal translocations. (re-drawn from Schubert and
Lysak, 2011)

Studies on evolution of plant genome architecture revealed that (1) in all plant
genomes fractionation processes occurred after WGD events; (2) dynamic
proliferation and loss of lineage-specific transposable elements constitutes the vast

majority of the variation in genome size (Wendel et al., 2016).
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1.2.Duckweeds are interesting subjects for genome and karyotype evolution
research and are potential aquatic crops
1.2.1. Why are duckweeds of interest for genome and karyotype evolution

studies?

Duckweeds are small-sized, free-floating, aquatic plants with the fastest growth rate
among flowering plants and with highly reduced and miniaturized organs. The two
monographs on Lemnaceae of Elias Landolt provided fundamental insights regarding
biodiversity, genetics, ecology, physiology and development of duckweeds (Landolt,
1987; 1986). More than 3 500 publications have cited these monographs (Tippery et
al., 2015).

Phylogenetically, duckweeds were considered by some authors as a subfamily
(Lemnoideae) of the family Araceae (Cabrera et al., 2008; Cusimano et al., 2011;
Nauheimer et al., 2012). More recently duckweeds were proposed to be a separate
family (Lemnaceae) with the subfamilies of Lemnoideae and Wolffioideae (Appenroth
et al., 2015; Les et al., 2002; Sree et al., 2016). Duckweeds comprise 37 species
within 5 genera: Spirodela (2 species), Landoltia (1), Lemmna (13), Wolffiella (10)
and Wolffia (11) with Spirodela as the most ancenstral and Wolffia as the most
derived genus (Tippery et al., 2015). Duckweed organisms have a minute, leaf-like
neotenous structure called “frond”. All duckweeds are lacking a stem and the more
derived genera Wolffiella and Wolffia possess even no true roots anymore. Although
flowers are observed in several species (Wolffia microscopica (Khurana et al., 1986),
Wolffia australiana (Krajnci¢ et al., 1998), Wolffia arrhiza (Bernard et al., 1990), ect.),
duckweeds usually propagate via asexual reproduction by forming daughter fronds
from meristematic pockets (primordia) at the proximal end of the mother frond (Cao
et al., 2015; Wang et al., 2014; Bog et al., 2013). In addition, the formation of turions
(bud-like vegetative organs for perennation) - an alternative developmental path from
primordia - is known to occur in 15 out of the 37 species. Turions allow duckweeds
hibernation by sinking to the bottom of lakes or ponds due to high content of storage
starch, thicker cell wall than that of frond and a lack of parenchyma. In spring, when
the starch is consumed and the ice on the lakes is molten, turions emerge again on
the water surface and new fronds germinate from the meristematic pocket of turions
(Landolt, 1986; Appenroth and Nickel, 2010; Wang and Messing, 2015). Interestingly,
duckweed fronds may vary from 1.5 cm to less than one millimeter in diameter and

nearly 12-fold in genome size (from 160 Mbp to 1 881 Mbp). A successive reduction
8
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of morphological structures from the ancestral genus Spirodela to the more derived
genera Lemna, Wolffiella and Wolffia is accompanied by a stepwise reduction in
frond size and a parallel increase in biodiversity (number of species), in genome size
and genome size variability (Landolt, 1986; Wang et al., 2011; Bog et al., 2015) (Fig.
2 and 3). Chromosome number variation from 20 — 126 is reported (Urbanska, 1980;
Geber, 1989). Epigenetic marks were studied by immunostaining in species of the
five duckweed genera (Cao et al. 2015). Surprisingly, no distinct clusters of
heterochromatin marks such as DNA and histone H3 methylation (5meC, H3K9me2,
H3K27mel) were found in interphase nuclei, independent of the genome size of the
tested species. The authors speculated that this observation could be linked with
neoteny and fast growth, because cell nuclei of tissue culture or within A. thaliana
seedlings younger than 4 days showed the same phenomenon, while nuclei of elder
plants displayed pronounced regions with accumulation of these heterochromatic
marks. Because the reasons for genome size differences and chromosome number
variations among duckweeds are unknown and we do not know whether or not a
correlation between genome size, progressive morphological reduction and frond
diminution as well as cell and nucleus size exists in this family, duckweeds, are an

interesting subject for genome and karyotype evolution studies.

( A) S. intermediamp. La. punctata . di Wa. hyalina Wa. rotunda Wo. microscopica JWo. australiana
P _ .

Figure 2. Duckweed morphology.

(A): Dorsal surface with flower (inserted); (B): ventral surface, (C): meristem pockets (yellow
arrowheads) in fixed fronds. To avoid the confusing between Landoltia and Lemna as well as Wolffiella
and Wolffia genera, we used a two letter code to abbreviate the names for these genera Scale bars:
Imm
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1.2.2. What makes duckweeds becoming potential aquatic crops?

Duckweeds are worldwide distributed (except in the Arctic and Antarctica) and are
the fastest growing angiosperms that yield up to 100 tons dry mass/hectare/year
(Lam et al., 2014; Ziegler et al., 2015) with a high quality and quantity of protein.
Their floating on the water surface makes harvesting easy. Therefore duckweed
biomass was used as an important source for livestock feeding and even for human
consumption (Rusoff et al., 1980; Cheng and Stomp, 2009; Boonsaner and Hawker,
2015; Flores-Miranda et al., 2015; Sharma et al., 2016; Appenroth et al., 2017). High
starch content in some strains under particular growth conditions (McLaren and
Smith, 1976; Sree et al., 2015; Cui and Cheng, 2015; Fujita et al., 2016) could be
used to produce biofuels (Yadav et al., 2017; Tao et al.,, 2017). In addition,
duckweeds are preferred aquatic plants for wastewater remediation due to their
ability to absorb phosphate and nitrate and to accumulate heavy metals such as Cd,
Cr, Zn, Sr, Co, Fe, Mn, Cu, Pb, Al and even Au (FAO, 1999; Teixeira et al., 2014;
Goswami et al., 2014; Chaudhuri et al., 2014; Tatar and Obek, 2014; Rofkar et al.,
2014; Panfili et al., 2017; Gatidou et al., 2017; Basilico et al., 2016). Moreover, some
duckweed species (Lemna gibba, Lemna minor) can be transformed and used for
production of recombinant proteins for pharmaceutical applications reviewed by
(Stomp, 2005). Thus, duckweeds have the potential to become a new generation of
sustainable crops which not compete with traditional crops for arable land. Therefore,
duckweeds increasingly attract the attention of scientists of different fields. Their
studies focus on genome sequencing and address many other issues such as turion
formation, the ability to respond to adverse environmental conditions, the
prerequisites for wastewater treatment, and for economic production of biofuel, feed
for livestock, and human food. According to statistic data from PubMed: 92 studies on
duckweeds were published between 1959 and 1999, while the number increased to
115 between 2000 and 2005, to 131 (2006 — 2010), to 200 (2011 — 2015) and to 117
(only from Jan, 2016 to March, 2018). This dramatic increase of publications on
duckweeds from 2000 up to now proves the growing interest in these plants, and
Sree called this period “blooming era of resurgence of duckweed research and

applications” (Sree et al., 2016).
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1.2.3. Some landmarks of (mainly) genome research on duckweeds:

1986/87: Lemnaceae monographs (Landolt, 1986; 1987)

2001: Genetic transformation of Lemna gibba and Lemna minor
(Yamamoto et al., 2001)

2008: Phylogenetic relationships of aroids and duckweeds (Araceae)
inferred from coding and noncoding plastid DNA (Cabrera et al., 2008)
2011: Evolution of genome size in duckweeds (Lemnaceae) (Wang et al.,
2011)

2013: Genetic characterization and barcoding of taxa in the genus Wolffia
Horkel ex Schleid. (Lemnaceae) as revealed by two plastidic markers and
amplified fragment length polymorphism (AFLP) (Bog et al., 2013)

2014: Insights into neotenous reduction, fast growth and aquatic lifestyle of
Spirodela polyrhiza via genome sequence analysis (Wang et al., 2014)
2015: Genetic characterization and barcoding of taxa in the genera
Landoltia and Spirodela (Lemnaceae) by three plastidic markers and
amplified fragment length polymorphism (AFLP) (Bog et al., 2015)

2015: Chromatin organization in duckweed interphase nuclei in relation to
the nuclear DNA content (Cao et al., 2015)

2016: The map-based genome sequence of Spirodela polyrhiza aligned
with its chromosomes as a reference for karyotype evolution (Cao et al.,
2016)

2017: Comprehensive definition of genome features in Spirodela polyrhiza
by high-depth physical mapping and short-read DNA sequencing strategies
(Michael et al., 2017)

1.3.Whole genome sequencing, genome maps and chromosome numbers
of duckweeds

1.3.1. Whole genome sequencing

A rather complete, high-quality genome sequence assembly is one pre-requisite for
further research into molecular biology, particularly for non-model organisms of which
genetic maps are not available and difficult to gain. DNA sequencing began in the
1970s with the Maxam-Gillbert chemical method, followed by the Sanger enzyme
method. Next Generation Sequencing (NGS) systems introduced over the past

decade allowed for the simultaneous analysis of thousands of gene sequences
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rapidly with low cost and applicable to a wide variety of subjects. The analysis and
assembly of genome sequences provides important genetic information for the
subject under study, such as number of protein-coding genes, location of genes on
chromosomes (linkage groups) and the evolutionary history of the genome (e.g.
WGD events). However, validation of assembled sequences and generation of a
complete genome sequence for large, complex and potentially polyploid genomes is
still a challenge.

S. polyrhiza (clone 7498), was the first duckweed species chosen for whole genome
sequencing due to its ancestral phylogenetic position, its economic potential as well
as its small genome size (160 Mbp) indicating a low content of repetitive DNA (Wang
et al., 2014). After integration of sequences from Roche/454 and Sanger ABI-3730XI
platforms, BAC and fosmid paired ends as well as 24 entire fosmids and DNA
fingerprinting of the BAC library, the S. polyrhiza genome assembly yielded 32
pseudomolecules with at least 1 Mbp in length, comprising 90% of the estimated
genome size. Several important information regarding neoteny and genome evolution

in duckweeds could be extracted from these data:

- Two ancient whole-genome duplication, indicated by seven ancestral blocks of
mostly quadruplicated homeologous genes, occurred approximately 95 million
years ago (mya), i.e. earlier than the latest WGDs in Arabidopsis and rice;

- The predicted 19 623 protein-coding genes represent a significant reduction in
comparison to gene numbers of A. thaliana (27 416), tomato (34 727), banana
(36 542) and rice (39 049) with which S. polyrhiza shares 8 255 similar gene
families. As reason for gene number reduction (for instance the loss of gene
families for water transport and lignin biosynthesis) the authors considered
neotenic organismic reduction and aquatic life style;

- A similar amount of full-length long terminal repeat (LTR)-retrotransposons as in
Arabidopsis, but with distinctly older insertions in S. polyrhiza (4.6 versus 2.0
mya), indicating a reduced retrotransposition rate during recent evolution;

- Up to 32 loci of mIRNA156 (including similar isoforms) that repress the
transition to the adult phase in S. polyrhiza, while only 19 such loci were found

in rice and 10 in Arabidopsis;

12
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This first genome map of S. polyrhiza, provided useful information for future studies
in evolution, development and economic applications of duckweeds and stimulated
already further research. Together with the genomic map for another S. polyrhiza
clone (9509) (Michael et al., 2017) it led to an updated and significantly improved
physical map for this species (see below and Hoang et al., 2018).

Further whole genome sequencing projects for other duckweed species are on-going
including Lemna minor (clone 5500) (Van Hoeck et al., 2015); Lemna minor (clone
8627) and Lemna gibba (clone 7742a) (Cold Spring Harbor Laboratory); Wolffia
australiana (clones 7733 and 8730) (J. Craig Venter Institute, USA) and Landoltia
punctata (clone 7260) (Institute of Plant Molecular Biology, C. Budejovice, Czech

Republic).
1.3.2. Genome maps

Besides genome maps that are based on assembly of overlapping sequence reads

there are two other types of genome maps:

Genetic linkage maps: This type of maps is based on the frequency of linkage
versus linkage disruption of markers in the progeny of parents heterozygous for these
markers. They illustrate the arrangement of genes or other markers on a
chromosome (=linkage group) and the relative distances in centiMorgan (cM)
between them. Because linkage disruption via meiotic cross over is not equally
distributed along chromosomes, the genetic distances between markers do not
reflect their actual physical distance. The first genetic-linkage map was established
by A. H. Sturtevant in 1913 by crossing experiments for the fruit fly Drosophila
melanogaster- decades before scientists even knew that genes are made of DNA.
The relative location of a series of genes were mapped on fly chromosomes, for

review see (Lobo and Shaw, 2008).

Due to their mainly or exclusively vegetative propagation, genetic linkage maps are
missing and difficult to obtain for duckweeds, as is the case for the two species of the

genus Spirodela.

Physical maps: Such maps represent the true physical DNA-base-pair
distances from one landmark to another. Since late 1980s, STSs (sequence-tagged
sites) - unique DNA sequences of a few hundred base pairs, were used as landmarks

to construct at least partial physical maps (Moore et al., 2001; Greenberg and Istrail,
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1995). Recently, different methods to establish physical maps were established. One
option is cytogenetic mapping based on fluorescence in situ hybridization (FISH).
FISH enables DNA sequence localization on chromosomes (and, on larger
chromosomes even within distinct chromosomal regions) and provides reliable
linkage information for contigs and scaffolds resulting from assembly of sequence
reads. Consecutive rounds of multicolor FISH turned out to be a valuable
independent tool for evaluating, extending and correcting sequence assemblies from
NGS (Cao et al., 2016). A special advantage of mapping by mcFISH is its ability to
prove chromosomal linkage groups by overcoming large distance between
chromosomal markers and its robustness against the presence of repetitive
sequences (Chamala et al., 2013; Lichter et al., 1990; Cao et al., 2016; Karafiatova
et al.,, 2013; Poursarebani et al.,, 2014; Cheng et al., 2002). Integration of the
cytogenetic maps and sequence assemblies assists to resolve the chromosome-level
genome assembly and to reveal new insights into genome architecture and genome
evolution. In addition, DNA probes for specific classes of repetitive DNA elements
and/or basic chromosome structures (e.g. centromere or telomere DNA repeats,
ribosomal DNA) can be used to study the genome organization and karyotype
differentiation by FISH. Genes located near the centromeres are often a challenge for
mapping efforts because these areas usually contain a lot of repetitive sequences
and lack detailed information from genetic mapping (due to very low crossing
frequencies). Such genes can be mapped by FISH, as shown for chromosome 3H of
barley (Aliyeva-Schnorr et al., 2015). Comparative chromosome painting with pooled
contiguous DNA probes from one reference species can be used to investigate
chromosome homeology and rearrangements in related (not-yet-sequenced) species
(Koumbaris and Bass, 2003; Lysak et al., 2006; Mandakova and Lysak, 2008; Peters
et al., 2012; Mandakova et al., 2015; Lusinska et al., 2018) Comparative FISH with
suitable unique probes can also resolve WGD in neo- and mesopolyploid species (Vu
et al., 2015; Geiser et al.,, 2016) and synteny between related species (Ma et al.,
2010; Lee et al., 2010; Lusinska et al., 2018). FISH-based cytogenetic maps are very

robust, but cannot resolve physical distance on the base pair level.

Another option are optical maps which order DNA fragments after digestion of
genomic DNA with moderately cutting restriction enzymes according to their length

and align them to the sequence information of restrictions sites within the genome.

14



1. Introduction

Optical maps rely on the stretching of DNA fragments stained with a fluorescent dye

and still bear the risk of errors via mis-assembly.

Other types of physical mapping, based on chromosomal deletions (Serizawa et al.,
2001) or chromosome translocations (Macas et al.,, 1993; Kuenzel et al., 2000),

require specific cytogenetic stocks, which are only seldom available.

1.3.2.1. The cytogenetic map of the Greater duckweed — S. polyrhiza

Applying consecutive mcFISH experiments, the genome assembly for the Greater
duckweed S. polyrhiza (clone 7498) from Wang et al, (2014) was validated and
resulted in a cytogenetic map. In detail: (1) Three of the originally 32
pseudomolecules turned out to be chimeric ones; (2) 96 anchored BACs
representative for the now 35 pseudomolecules were integrated into the 20
chromosome pairs of S. polyrhiza; (3) All chromosome pairs could be identified by a
cocktail of 41 BACs in three colors (Cao et al., 2016).

These results proved that mcFISH can be used as independent approach for
validation and chromosomal integration of genome assembly. This first reference
genome map of S. polyrhiza provided an important anchor point for further karyotype

evolution studies in other duckweed species.

1.3.2.2. The optical map of the Greater duckweed — S. polyrhiza

An optical map for S. polyrhiza clone (9509) was established by combination of high-
depth short read sequencing and high-throughput optical genome mapping
technologies (Michael et al.,, 2017). The BioNano Genomics Irys® System was

applied to generate deep coverage physical maps. The most important results are:

- A strikingly low number of 45S rDNA repeats of only 81 copies, while A. thaliana
with similar genome size contains 570 copies, and the budding yeast
Saccharomyces cerevisiae with a genome size of just 12.2 Mbp has still 150
copies. This low copy number was also confirmed in four different clones of S.
polyrhiza by the same authors applying three independent methods.

- The low number of protein-coding genes was further reduced by 1 116 genes
compared to the number reported by Wang et al.. 2014, when Michael et al.

(2017) considered the results of transcriptome sequencing after RT-PCR.
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- 301 out of 24 344 orthologous gene clusters (resulting from comparison of
predicted proteins of Spirodela, Arabidopsis, Brachypodium, oil palm, banana,
sogum and rice) are specific to Spirodela.

- The DNA methylation level at CpG sites of only 9.4% was the lowest among the
plants tested so far. For comparison, A. thaliana displayed 32.8%, Setaria italica
44.4%, Brachypodium distachyon 54.1%.

- Holocentric chromosomes were assumed because of the dispersed distribution
of the 119 bp presumably centromeric repeat across all S. polyrhiza
chromosomes.

- The highest soloLTR:intact retroelement ratio (8.52) and highly methylated
(20%), ~4 million years old intact LTRs were recorded and compared to rice,
banana and tomato. The large proportion of ‘old’ soloLTRs suggests remote
genome shrinking via the deletion biased ‘single strand annealing’ DSB repair
mechanism.

- In contrast to Wang et al., 2014 but similar to the situation in the genomes of A.

thaliana and of soybean, only five loci of mMIRNA156 were identified.

Furthermore, several discrepancies appeared between the S. polyrhiza cytogenetic
map (for clone 7498) by Cao et al. (2016) and the optical map (for clone 9509) by
Michael et al. (2017) regarding the chromosomal assignment of pseudomolecules,
and, as a consequence, the chromosome enumeration. The reasons of these
discrepancies could be (1) Mis-assembly of either of the genomes; (2) Too low DNA
marker coverage in the cytogenetic study or (3) Clone-specific chromosome

rearrangements.

To provide a high-confidence genome map as a reference for this species, these

discrepancies had to be resolved.
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1.3.3. The chromosome numbers of duckweeds

Table 1: Duckweed chromosome numbers from literature

Genus Species 2n Source Genus Species 2n Source
40 1* 44 1*
40 2* Ca. 40 2%
polyrhiza 32, 40 3* trisulca 20, 40, 60, 80 11
Spirodela 30, 40 13 Lemna 40, 60, 80 13
30, 40, 50 11 42, 44, 63-66 12
408 12 valdiviana 40 11
intermedia 20, 30 i1 - 42 12
36 12 denticulata 20, 40 11
40, 43-44, 50 11 42 8*
Landoltia | punctata 40, 50 13 gladiata 40 13
46 12 40 11
20, 40, 50, 60, 80 11 hyalina 40 13
aequinoctialis 42,84 12 40 11
40, 60, 80 13 Wolffiella 42 8*
40, 50, 66, 72, 78, 84, 65-76 4* lingulata 20, 40, 50 13
disperma 40 11 _ 20, 40, 50 11
44 12 neotropica 40 11
64 1* 42 8*
gibba ca. 60 2* oblonga 40, 70 11
40, 50, 70, 80 11 42 12
42, 43, 44, 84-86 12 welwitschii 40 11
40, 50 11 ca. 50 1*
japonica 50 13 44-46 9*
63 12 arrhiza 50 2
minuscula 36, 40 11 62 -
Lemna 42 12 30, 40, 50, 60, 70,80 | 11
40 1+ 42 12
42 5* . 20 13
20 & australiana 20,40 11
minor 40 2* angus;a 40 11, 13
50 ™ Wolffia borealis 20, 30, 40 11
20, 30, 40, 42, 50 11 brasiliensis 42 **
40, 42 13 20, 40, 50, 60, 80 11
42, 63, 126 12 Ca. 42 8*
obscura 40, 50 11 columbiana 40 13
42 12 30, 40, 50, 70 11
perpusilla 40 11 30, 40, 50, 60 11
42 12 globosa 60 13
turionifera 40, 42, 50, 80 11 46 **
42 12 microscopica 70 10%
40, 80 11

(1) Blackburn (1933); (2) Wcislo (1970); (3) Banerjee (1971); (4) Beppu&Takimoto (1981); (5) Brooks
(1940); (6) Delay (1947); (7) Loeve (1978); (8) Daubs (1965); (9) Lawalree (1943); (10) Roy &Dutt
(1967); (11) Urbanska (1980); (12) Geber (1989); (13) Wang et al., (2011) *: mentioned in Geber
(1989); **: Kwanyumen (personal communication) mentioned in Urbanska (1980)

Chromosome numbers of duckweeds were studied since more than 50 years.
Numbers of 2n = 20 to 126 have been reported. Even for the same species different
chromosome numbers were counted (Urbanska, 1980). This could be due to
counting errors, to intraspecific variation between geographically wide-spread clones,
or to ploidy variations between populations. Chromosome numbers for duckweed
species from different studies are summarized in Table 1. To validate the
chromosome numbers for individual duckweed species and to elucidate the reason
for the reported intraspecific variation in chromosome number, further studies are

required.
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1.4. Aims of the dissertation

This dissertation was directed to enlarge the cytological basis for studies of genome
and karyotype structure and evolution of the five duckweed genera and to extend the
scarce present knowledge in this field beyond the results gained so far for S.

polyrhiza. The main tasks to be focused on were:

First, it was aimed to test whether the reported increase in genome size in the
phylogenetic younger genera with smaller organisms and a stronger reduction of
organismic complexity (neoteny) is correlated with the corresponding size of nuclei
and cells, and thus with fewer cells per organism. For this purpose, clones of eleven
species, representative for the five genera, were selected to measure genome size,

cell and nucleus volume.

Second, it was aimed to determine the chromosome number and rDNA loci for these

eleven species.

Third, it was aimed to resolve the discrepancies between the two previous genome
maps of S. polyrhiza (Cao et al., 2016; Michael et al., 2017). Since genetic maps are
hardly to obtain for the vegetative propagating species of the ancient genus
Spirodela, an advanced mcFISH approach is the method of choice to provide a
robust genome map for S. polyrhiza. To test whether the conflicting results of the
previous maps were due to (1) Mis-assembly of either of the genomes, (2) Too low
DNA marker coverage in the cytogenetic study or (3) Clone-specific chromosome
rearrangements, a broader range of BACs from the regions in question should be
applied to the two previously studied and five other clones of different geographic
origin. The results should be counterchecked and confirmed by integration of a new
Oxford Nanopore sequence assembly for the clone 9509 from Todd Michael and Eric
Lam. The new high-confidence map should serve as a reference and a prerequisite
for further studies to elucidate genome and karyotype evolution in duckweeds.

Fourth, it was aimed to elucidate the possible mode(s) of karyotype evolution
between S. polyrhiza with 2n = 40 chromosomes and S. intermedia with 2n = 36 - the
only two species of the most ancient duckweed genus. This should be done by
consecutive rounds of cross-hybridization to S. intermedia chromosomes of BACs
anchored to the 20 S. polyrhiza chromosomes. The expected results, as a first

example to resolve the karyotype relationship between duckweed species, should (1)
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Identify all S. intermedia chromosomes, (2) Determine their homeology to the 20 S.
polyrhiza chromosomes and (3) Provide anchor points for assembling the S.

intermedia genome.

Fifth, it was aimed to integrate a provisional assembly of PacBio reads of the S.
intermedia genome of 37.5-fold coverage into the 18 chromosomes of S. intermedia.
By reiterative comparison of S. intermedia contigs with the reference genome for S.
polyrhiza and mcFISH control experiments, the karyotype as well as the genome

assembly of S. intermedia should be improved.

Sixth and finally, it was aimed to find out to which degree the cross-FISH strategy is
suitable to extend the cytogenetic studies to all duckweed genera to uncover their
karyotype structure and the routes of karyotype and genome evolution within the

entire family.
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2. MATERIALS AND METHODS
2.1. Plant material and cultivation

Fronds of the studied species were collected from different geographic regions of the

world and obtained from Dr. Klaus Appenroth, Friedrich-Schiller-Universitat, Jena

(Table 2). The plants were grown in liquid nutrient medium including KH,PO, (60
uM), Ca(NOs), (1 pM), KNO3 (8 mM), MgSO, (1 mM), H3sBO3 (5 uM), MnCl; (13 pM),
Na;Mo00,4(0.4 uM), FeEDTA (25 uM) (Appenroth et al., 1996) under 16 h white light of

100 pmol m? s, at 24°C.

Table 2: List of duckweed species and their clones used in this study.

Clone ID Genus Species Country of origin Note
7498 Spirodela polyrhiza USA ¥, xH, R
7652 Spirodela polyrhiza Mexico e
7657 Spirodela polyrhiza Mexico i
9500 Spirodela polyrhiza Germany [

9505 Spirodela polyrhiza Cuba [
9507 Spirodela polyrhiza Russia [
9509 Spirodela polyrhiza Germany [
9510 Spirodela polyrhiza Mozambique [
9511 Spirodela polyrhiza Russia [
7747 Spirodela intermedia Peru kel
8410 Spirodela intermedia Panama i
7260 Landoltia punctata Australia e
5562 Landoltia punctata Israel e

5562 A4 |Landoltia punctata Israel il
8623 Lemna minor Denmark e
7269 Lemna disperma Australia e
6746 Lemna aequinoctialis USA ekl
2018 Lemna aequinoctialis Japan el
8640 Wolffiella hyalina Tanzania e
9072 Wolffiella rotunda Zimbabwe e
7540 Wolffia australiana New Zealand e
2005 Wolffia microscopica India e
8872 Wolffia arrhiza Hungary [

(*) used for updating the S. polyrhiza genome map; (**) used in karyotype evolution studies between
S. polyrhiza and S. intermedia; (***) used in cytological studies comparing the five duckweed genera;
(****) used in polyploidy level studies
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2.2. Genomic DNA isolation and metaphase preparation

Genomic DNA of the studied species was isolated using the DNA Miniprep Method.
For each sample, 0.3 g fresh and healthy fronds were harvested and cleaned in
distilled water, put into a 2 ml Eppendorf tube with two metal balls, frozen in liquid
nitrogen and ground by a ball mill mixer (Retsch MM400). Then 900 ul 2xCTAB [2%
CTAB, 200 mM Tris/HCI (pH 8.0), 20 mM EDTA, 1.4 M NaCl, 1% PVP, 0.28 M B-
mecaptoethanol] were added. The solution was vortexed briefly, incubated at least
30 min at 65°C. Then, 800 pl cold phenol/chloroform/isoamylalcohol (15/24/1) were
added and, after shaking by overhead-shaker for 14 min at 4°C, the solution was
centrifuged for 15 min at 14 000 rpm (Centrifuge 5804R, Eppendorf). The
supernatant was filled into a 1.6 ml microfuge tube, 5 pul RNase A solution (1 mg/ml)
were added, and the tubes inverted and incubated for 15 min at 37°C. The DNA was
precipitated at room temperature by adding 560 ul isopropanol and inverting the tube
until the solution was well mixed. After centrifugation for 10 min at 14 000 rpm at 4°C
to pellet DNA, the supernatant was discarded and 1 ml wash solution | [76% ethanol,
200 mM NaAc] was added to the pellet and incubated for 15 min, before replacing by
1ml wash solution Il [76% ethanol, 10 mM NH4Ac] and incubation for only 5 min.
Then wash solution 1l was discarded and the pellet was dried at room temperature or
in a Speed Vac and dissolved in TE-buffer [10 mM Tris/HCI (pH 8.0), 1 mM EDTA].
Concentration and quality of the DNA were measured by a Nanodrop
spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and by 1% (w/v)

agarose-gel electrophoresis.

Duckweed chromosome spreads for FISH were prepared according to (Cao et al.,
2016) with some modifications. In brief, healthy fronds were treated in 2 mM 8-
hydroxylquinoline at 37°C and then fixed in fresh 3:1 absolute ethanol: acetic acid for
at least 24 h. The samples were washed twice in 10 mM Na-citrate buffer, pH 4.6, for
10 min each, before and after softening in 2 mL pectinase/cellulase enzyme mixture,
prior to maceration and squashing in 60% acetic acid. After freezing on dry ice or
liquid nitrogen, slides were treated with pepsin, post-fixed in 4% formaldehyde in 2x
SSC [300 mM Na-citrate, 30 mM NaCl, pH 7.0] for 10 min, rinsed twice in 2x SSC, 5
min each, dehydrated in an ethanol series (70, 90 and 96%, 2 min each) and air-
dried (Table 3).
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2. Materials and methods

Table 3: Procedures for preparation of duckweed chromosomes.

Species (*) Tissue Metaphase | Cell wall digestion (***) Protein Slide
arrest (**) X digestion freezing
Enzyme Time (%)
Concentration
S. polyrhiza Meristem 3.5h 1.0% 60 min 7 min
Dry ice
S. intermedia Meristem 35h 1.0% 60 min 7 min (30 min or
more)
La. punctata Meristem 25h 0.5% 30 min 5 min
Le. minor Meristem 15h 0.5% 15 min 5 min
Le. disperma Meristem 15h 0.4% 10 min 5 min
Le. aequinoctialis Meristem 15h 0.4% 8 min 3 min
Wa. rotunda Meristem 2.0h 0.4 % 10 min 5 min Liquid
nitrogen
Wa. hyalina Meristem 2.0h 0.4 % 8 min 5 min (5 min)
Wo. microscopica Frond 20h 0.4% 8 min 3 min
Wo. australiana Frond 20h 0.4% 10 min 3 min
Wo. arrhiza Frond 20h 0.4% 12 min 3 min

(*)To avoid the confusing between Landoltia and Lemna as well as Wolffiella and Wolffia genera, we
used a two letter code to abbreviate the names for these genera; (**) 2 mM 8-hydroxylquinoline at
37°C; (***) Cellulase and pectinase mixture in Na-citrate buffer, pH 4.6 at 37°C; (****) 50 ug/ml pepsin
in 0.01N HCl at 37°C

2.3. Genome size measurement

Genome size measurements were performed according to Dolezel et al. (2007) using
a CyFlow Space flow cytometer (Sysmex/Partec). For nuclei isolation and staining,
the DNA staining kit ‘CyStain Pl Absolute P’ was used. As internal reference
standards either Raphanus sativus ‘Voran’ (IPK gene bank accession number RA 34;
2C = 1.11 pg - for S. polyrhiza, S. intermedia, tetraploid La. punctata, Le. minor, Wa.
hyalina, Wo. australiana, Wo. microscopica), Glycine max (L.) Merr. convar. max var.
max, Cina 5202 (IPK gene bank accession number SOJA 32; 2C = 2.21 pg - for La.
puctata, Wa. rotunda, Le. aequinoctialis, Le. disperma) or Lycopersicon esculentum
Mill. convar. infiniens Lehm. var. flammatum Lehm., Stupicke Rane (IPK gene bank
accession number LYC 418 ; 2C = 1.96 pg - for Wo. arrhiza) were used. The
absolute DNA contents (pg/2C) were calculated based on the values of the G1 peak
means and the corresponding genome sizes (Mbp/1C) according to (Dolezel et al.,
2003). In total, for each species at least 6 independent measurements on two

different days were performed.
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2.4. Epidermis preparation, microscopic cell and nuclear volume

measurements, and statistics
Due to the small frond size, a single epidermis layer is difficult to obtain especially for
species of the genus Wolffia (frond diameter ~1mm). Therefore, we modified the
epidermis preparation methods described (Weyers and Travis, 1981; Ibata et al.,
2013; Falter et al., 2015), by using domestic adhesive tape. Because stomata are
located on the upper surface in floating plants (Shtein et al., 2017; Landolt, 1986),
duckweed fronds were placed with their upper side on the domestic adhesive tape.
Other parts of the fronds were carefully removed with a razor blade until only the
transparent layer of epidermis stuck on the tape. Ten pl of DAPI (2 pg/ml) in
Vectashield were dropped on slides before the adhesive tape with the epidermis
layer was placed on the slides and covered by a coverslip. Freshly prepared slides
were used immediately to avoid the disintegration of the nuclei before imaging.
Differential interference contrast (DIC) and fluorescence (excitation of DAPI with a
405 nm laser) image stacks were acquired using a Super-resolution Fluorescence
Microscope Elyra PS.1 and the software ZEN (Carl Zeiss GmbH). The DIC image
stacks were used to measure the x-y area and the z dimension of the guard cells via
the ZEN software. Accordingly, the fluorescence stacks were used to measure the
nuclei dimensions (Fig. 6). These dimensions were applied to calculate the guard cell
and nuclear volumes by the following formulae:

Cell Volume = Acer*z

Nuclear volume = 2/3*Anycleus*Z
It means, the guard cells are considered as stacks with the base area A and the
height z, while the nuclei are considered as ellipsoids.
The correlations and regression diagrams were calculated with the program
SigmaPlot 12 (Systat Software, Inc.). At least 20 sister guard cells (10 stomata) with

the corresponding nuclei were chosen for measurements per species.
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2.5. Probe preparation
2.5.1. 5S/18S/ 26S rDNA and telomere probes

Using primer pairs designed for 18S and 26S rDNA (Tippery et al., 2015; Shoup and
Lewis, 2003; Kuzoff et al., 1998) and 5S rDNA (Gottlob-McHugh et al., 1990) the
corresponding probes were amplified from genomic DNA of five duckweed species
(Table 4).

Table 4: List of primers used to amplify rDNA regions.

Primer Primer sequences (5’ - 3’) Product Literature DNA
source template
18S-SSU1(F) | TGGTTGATCCTGCCAGTAG
(Shoup and
18S-rDNA Lewis 2003
18S-1243R AGAGCTCTCAATCTGTCA ews, ) .
S. polyrhiza
26S—-0091F TAGTAACGGCGAGCGAACC (Tippery et al., La. punctata
2015) .
26S-IDNA Le. minor
265-1229rev [ ACTTCCATGACCACCGTCCT (Kuzoffetal, | wa. hyalina
1998) _
Wo. arrhiza
UP46 GTGCGATCATACCAGCACTAATGCACCGG (Gottlob-
5S-rDNA McHugh et al.,
upP47 GAGGTGCAACACGAGGACTTCCCAGGAGG 1990)

Forward primers are indicated by ‘F’ and reverse primers by ‘R’ or ‘rev’.

Telomere-specific probes were generated by PCR using tetramers of the
Arabidopsis-type telomere repeats without template DNA according to (ljdo et al.,
1991).

The probes were labeled with Cy3-dUTP (GE Healthcare Life Science), Alexa Fluor
488-5-dUTP, Texas Red-12-dUTP, biotin-dUTP or digoxigenin-dUTP (Life
Technologies) by nick-translation (with 1 pg telomere, 18S and 26S rDNA PCR
product in 50 puL reaction mixture) or by PCR-labeling (with 100 ng PCR product of
5S rDNA in 25 L reaction mixture), and ethanol precipitated (Mandakova and Lysak,
2008). Probe pellets from 10 pL nick translation or 10 pL PCR-labeling product were
dissolved in 100 pL hybridization buffer [50% (v/v) formamide, 20% (w/v) dextran
sulfate in 2x SSC, pH 7] at 37°C for at least 1 hour. The ready-to-use FISH probes

were stored at -20°C.
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2.5.2. Bacterial artificial chromosome DNA probes

BAC clones from a x10 Hindlll BAC library of S. polyrhiza 7498 were selected based
on BAC end sequences and whole genome sequences of S. polyrhiza (Cao et al.,
2016; Michael et al., 2017). Beside the 96 BACs which were selected and used to
establish the cytogenetic map of S. polyrhiza by Cao et al. (2016), additional BACs
used to generate the updated genome reference map of S. polyrhiza and for studies
of karyotype evolution between S. polyrhiza and S. intermedia were selected from the
BAC library according to their presumed position within the genomic region of

interest.

Bacteria harboring BACs were incubated for 16 h at 37°C under shaking (200 rpm) in
75 ml LB medium with 12.5 pg/ml chloramphenicol. BAC DNA preparation was
performed using the kit NucleoBond® PC100 (Macherey-Nagel GmbH &Co. KG,
Dueren, Germany) with some modifications. After harvesting by centrifugation (4 000
rpm for 30 min), bacteria pellets were resuspensed in 1.5 ml resuspension buffer (S1
+ RNase A), followed by adding 1.5 ml lysis buffer (S2) and 1.5 ml neutralization
buffer (S3). The bacterial lysate was filtered through NucleoBond® folded filters
wetted with 750 pl buffer N2, and the clear lysate was collected. Afterwards, the BAC
DNA of the cleared lysate was precipitated in iso-propanol (600 pl cleared lysate:
1500 pl iso-propanol) and centrifuged at 14 000 rpm, 30 min at 4°C to collect the
DNA pellet. At room-temperature 70% ethanol was added to the pellet and
centrifuged. The supernatant was discarded, the pellet was dried at room
temperature and dissolved in sterile deionized H,O. DNA quantification was done by
absorbance measurements in a NanoDrop 1000 Spectrophotometer (Thermo
Scientific, Wilmington, DE, USA). The total DNA of each BAC was sonicated in a
Bioruptor (Diagenode) at a low level of ultrasound for 15 min before labeling. The
BAC probes were labeled by nick-translation. For 50 pl of nick-translation volume,
about 2 ug of probe DNA and 5 pl of each 10x% nick translation buffer [0.1 M MgSO4,
1 mM dithiothreitol, 500 pg/ml BSA in 0.5 M Tris-Cl (pH 7.2)], 0.1 M mercaptoethanol
and 2 mM d(AGC)TP mixture were added into a 0.5 ml tube. For labeling, 2 pl of 1
mM Cy3, biotin or digoxigenine-dUTP or 0.8 pl of 1 mM TexasRed or Alexa 488-
dUTP was added. The dUTPs were synthesized by custom labeling reaction
according to (Henegariu et al., 2000). After adding 3 pl DNase | [4 ug/ml in 0.15 M
NaCl/50% (w/v) glycerol] and 10 units DNA polymerase | (Fermentas) the tube was
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gently mixed and incubated at 15°C for 120 - 150 min until the size of fragments
reached 200~500 bp, controlled by 1% (w/v) agarose-gel electrophoresis. The DNA
polymerase was inactivated by incubation at 65°C for 10 min. The labeled probe was

then precipitated, as done for telomere probes, and stored at -20°C.

2.6. Fluorescence in situ hybridization

Probes were pre-denatured at 95°C for 5 min and chilled on ice for 10 min before
adding 10 pL probe per slide (up to 3 different labeled probes simultaneously). Mitotic
chromosome preparations were denatured together with the probes on a heating
plate at 80°C for 3 min and then incubated in a moist chamber at 37°C for at least 16
h. Post-hybridization washing and signal detection were carried out according to
Lysak et al. (2006). For subsequent rounds of FISH experiments, the hybridized
probes were stripped (Shibata et al., 2009; Heslop-Harrison et al., 1992). In brief,
slides were placed on a heating plate at 38°C for 10 min, coverslips were then
removed carefully with forceps. Slides were washed in 0.1x SSC at room
temperature 2x 5 min each, before washing under shaking condition at 42°C with the
following solutions: 0.1x SSC, probe stripping solution [0.05% (v/v) Tween-20, 50%
(v/v) formamide in 0.1x SSC] and 4T [0.05% (v/v) Tween-20 in 4x SSC] for 30 min
each. After repeating the fixation in 4% formaldehyde, dehydration in an ethanol

series and air-drying, the slides were ready for the next FISH experiment.

Fluorescence microscopy for signal detection followed Cao et al. (2016). The images
were processed (brightness and contrast adjustment only), pseudo-colored and
merged using Adobe Photoshop software ver.12x32 (Adobe Systems).

To analyze the ultrastructure and spatial arrangement of signals and chromatin at a
lateral resolution of ~120 nm (super-resolution, achieved with a 488 nm laser), 3D
structured illumination microscopy (3D-SIM) was applied using a Plan-Apochromat
63x/1.4 oil objective of an Elyra PS.1 microscope system and the software ZENblack
(Carl Zeiss GmbH). Image stacks were captured separately for each fluorochrome
using the 561, 488, and 405 nm laser lines for excitation and appropriate emission
filters (Weisshart et al., 2016). Maximum intensity projections of whole cells were
calculated via the ZEN software. Zoom in sections were presented as single slices to

indicate the subnuclear chromatin structures at the super-resolution level.
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2.7. S.intermedia whole genome sequencing and assembly

2.7.1. Plant material and DNA extraction

Genomic DNA was extracted from whole fronds of S. intermedia (clone 7747) by
CTAB method before RNAse treatment overnight at 37°C. Concentration and quality
of DNA were measured by a Nanodrop spectrophotometer (Thermo Scientific,
Wilmington, DE, USA) and by 1% (w/v) agarose-gel electrophoresis before sending

the sample to the GATC company for sequencing.
2.7.2. Genome sequencing and assembly

After shearing of genomic DNA, a size-selected 20 kb library was sequenced on the
Pacific Biosciences RS Il platform (GATC Biotech, Konstanz, Germany) combining

the P6-C4 polymerase-chemistry and 240 min of movie duration.

Two rounds of sequencing resulted in 149 Gb of raw read data. After an initial filtering
for potential bacterial contamination and minimum read length (500 nt), a total of
1 305 064 reads were assembled using the Canu pipeline v. 1.5 (Koren et al., 2017)

consisting of the following steps:

(1) Trimming and error correction: Reads were corrected and trimmed by comparing
overlaps. A minimum length of 500 nt and a maximum error rate of 10.5% was
chosen for extending a contig. Only reads consisting of more than 1000 nt in length
were considered in this step. Afterwards, the corrected reads were trimmed to
improve overall read quality by using overlap information to detect high confidence
regions. Contigs of insufficient read coverage and/or containing ‘noisy’ sequence
were categorized as ‘unsupported regions’ and divided at weak sequence positions

into subcontigs with higher support.

(2) Contig construction and building of the sequence assembly: By finding overlaps,
contigs were constructed. Afterwards, a consensus sequence was constructed by

removing the remaining sequencing errors to raise the overall assembly quality.
2.7.3. Scaffolding and gap filling

In a first round of scaffolding, the two genomes of the sister species S. polyrhiza
(from clones 9505 and 7498) (Cao et al., 2016; Michael et al., 2017) were used as
references for Mauve Genome Aligner v20150522 (Darling et al., 2004) to order
contigs. Scaffolding was performed by SSPACE-Longread v.1-1 (Boetzer and

Pirovano, 2014). The resulting scaffold assembly was used for the super-scaffolding
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approach. For this aim, contigs were assigned to 18 putative pseudomolecules
(corresponding to the 18 S. intermedia chromosomes) using the information of cross-
FISH of 93 S. polyrhiza BACs on the chromosomes of S. intermedia strain 8410
(Hoang and Schubert, 2017). New cytogenetic probes using BACs from the genomic
regions of interest were designed for FISH experiments to approve localization of the

contigs within the pseudomolecules and to resolve mis-assemblies.

The quality of the S. intermedia genome assembly was assessed by the BUSCO

program (Simao et al., 2015; Waterhouse et al., 2017) with an Embryophyta dataset.
2.7.4. Gene prediction

Gene finding was carried out using Gene Model Mapper (GeMoMa) - a homology-
based gene prediction program (Keilwagen et al., 2016). Gene models were
predicted by combining the predictions based on the genome data of three different
reference organism (S. polyrhiza 7498 v3.1 (Cao et al., 2016), Lemna minor 5500
(Van Hoeck et al.,, 2015), Oryza sativa IRGSP v1.0.38 (GenBank assembly
accession: GCA_001433935.1).

2.7.5. Repeat identification

Because the program for repeat identification via clustering analysis such as
RepeatExplorer (Novak et al., 2013; Novak et al., 2010), TAREAN- TAndem REpeat
ANalyzer (Novak et al., 2017) cannot use the long PacBio reads, a new run of

llumina sequencing of S. intermedia genomic DNA was prepared and is still ongoing.

DNA isolation was done by Dr. Hieu Cao and genome assembly by Dr. Anne Fiebig.
The reiterative validation of genome assembly by FISH, using BACs selected on the

basis of their end sequences, was done by me.
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3. RESULTS AND DISCUSSION

3.1. Morphology variation and correlation between genome size and cell

parameters in duckweeds

Observations from eleven selected species which represent the five duckweed
genera showed a negative correlation between genome size and size and complexity
of fronds, as well as some variation in cell morphology. As described in Landolt’s
monographs (Landolt, 1986; 1987), the two species of the ancestral genus Spirodela
have the lowest genome size with the largest fronds and a more complex frond
structure with several roots, while the more derived genera display larger genomes
(and genome size variation), smaller and simpler fronds with less roots (genus
Lemna), no roots (Wa. hyalina, Wa. rotunda, Wo. autraliana, Wo. arrhiza) or only a
pseudoroot (Wo. microscopica) (Fig. 2 and 3B). The morphology of fronds varies
from thin, leaf-like with orbicular (Spirodela), obovate (Lemna), tongue-shaped or
sabre-shaped (Wolffiella species), to thick, spheric, cyclindric or boat-shaped ones
(Wolffia species). Frond sizes differ in length, width and depth between duckweed
species. Guard cells are round-shaped in Spirodela and Lemna species, or elliptic as
in Landoltia, Wolffiella and Wolffia species. Epidermis cell walls are rather straight in
Wolffiella and Wolffia species, bent in Spirodela and undulated in Landoltia and
Lemna species (Fig. 3C and 4A).

The present genome size measurements yielded up to 26% larger values than those
of Wang et al., (2011), even for the same clones. The differences might be due to (1)
Different internal reference standards, (2) An unusually low assumption for the
reference genome size of A. thaliana by Wang et al. (2011) (147 Mbp instead of 157
Mbp as measured by Bennett et al. (2003), and (3) Different flow cytometry
equipment used. For instance, the highest difference 26% was observed for Wa.
hyalina (8640), followed by 17% for Wo. arrhiza (8872), and 9% for La. punctata
(7260) and 8% for Le. minor (8623), while for S. polyrhiza with the smallest genome,
the values were similar. Because different clones were measured in Wo. australiana
(7540 in this study and 8730 in Wang et al. (2011)), data are not directly comparable.
For S. intermedia (8410), Le. disperma (7269), Le. aequinoctialis (2018), Wa. rotunda
(9072) and Wo. microscopica (2005) (Fig. 4C) the present measurements are the first
ones. These data showed that the nuclear DNA content varies ~14 fold between
duckweed species (from 160 Mbp in S. polyrhiza to 2203 Mbp in Wo. arrhiza).
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3. Results and discussion

Previously, epidermis cells and endosperm cells were used to investigate possible
correlations between genome size and cell parameters (Jovtchev et al., 2006; Price
et al., 1973; Kladnik, 2015). Because of the highly variable and irregular shape of
pavement cells in duckweeds (Fig. 4A), we selected guard cells with a more
homogenous morphology instead of pavement cells for cell and nuclear volume
measurements and calculation (Fig. 6A). In addition, the permanently open status of
stomata in floating aquatic plants (Shtein et al., 2017; Landolt, 1986) yields a rather
homogenous cell shape, more suitable for precise volume measurement (Meckel et
al., 2007).

The measurements (n = 252) revealed a highly significant (p < 0.001) correlation
between genome size and cell volume (r = 0.748), between genome size and nuclear
volume (r = 0.768), as well as between nuclear volume and cell volume (r = 0.774)
(Fig. 6B). In general, the correlation between genome size and cell and nuclear
volume was positive for the eleven tested duckweed species. The higher the genome
size, the bigger were the cell and nuclear volume. For instance, average cell and
nuclear volume are 541.7 um® and 17.1 pm?® for S. polyrhiza (160 Mbp). These
values increase to 649.6 um® and 50.3 um®in Le. disperma (651 Mbp); and to 1826.8
um® and 111.9 pm® in  Wo. arrhiza (2203 Mbp) (Fig. 3B,C). However, the relative
correlation between genome size (Mbp), cell volume, nuclear volume and percentage
of nuclear to cell volume can also differ within a genus. For instance, Wo. australiana
has a smaller genome size (432 Mbp) but a larger cell volume (1087 pm® and
nuclear volume (56.4 pm?®) than measured for Wo. microscopica (731 Mbp, 774.3
um?® and 44.7 um®) (Fig. 3 and Table 5).
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Figure 4. Variation in cell morphology (A), floating-style (B) and genome size (C) in duckweed.
(A) Epidermis cell walls are bent in S. intermedia. undulated in La. punctata, Le. minor and rather
straight in Wa. hyalina and Wo. arrhiza. Stomata are round-shaped in S. intermedia and Le. minor, or
elliptic as in La. punctata, Wa. hyalina and Wo. arrhiza. Varying epidermis cell sizes (a, b, ¢) within
and between different duckweed species. (B) Wa. hyalina: Free-floating, two ovate fronds cohere
together. The bent vertical appendage (arrow) is formed from the lower wall of a pouch. Wa. lingulata:
Two tongue-shaped fronds cohere together with frond ends curved downward bringing most of the
surface under water. Wo. microscopica: Free-floating, dorsoventral fronds with irregular polygonal flat
dorsal surface and a ventral projection, the pseudo-root (arrow). Wo. columbiana: Nearly spherical
fronds with most of their surface submerged. Stomata are present in the free-floating (Wa. hyalina,
Wo. microscopica) and almost absent in the submerged (Wa. lingulata, Wo. columbiana) species. (C)
Numbers indicate the deviation of genome size in% (this data relative to that of Wang et al. 2011) in
the same duckweed clone. Scale bars = 10 pm (A) , 5mm (B).(Images Dr. Veit Schubert, IPK)
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Table 5: Cytological characterization of eleven duckweeds species.

Genus Spirodela Landoltia Lemna Wolffiella Wolffia

Species polyrhiza intermedia punctata minor disperma | aequinoctialis rotunda hyalina australiana | microscopica arrhiza

Clone ID 7498 8410 7260 8623 7269 2018 9072 8640 7540 2005 8872

Origin USA Panama Australia Denmark Australia Japan Zimbabwe Tanzania New Zealand India Hungary

DNA content (pg/2C) 0.325 + 0.006 | 0.327 + 0.006 | 0.866 + 0.012 [0.836 + 0.003| 1.331 + 0.046(0.925 + 0.003| 3.915+0.012 | 2.523 + 0.012 | 0.884 +0.012 | 1.496+ 0.003 | 4.505 + 0.125

Genome size (Mbp/1C) 160+ 2 160+ 3 424+6 409 £ 2 651+3 4522 1914+ 6 1234+ 6 432+6 7311 2203 + 61
2n= 40 36 46 42 44 42 82 40 40 40 60
No. 5S rDNA loci 2 2 2 1 1 1 3 2 2 1 3
No. 45S rDNA loci 1 1 1 1 1 1 2 1 1 1 2
Cell volume (uma) 541.7+£91.3 | 855.4+79.1 |1204.1 + 141.3(539.4 + 130.3| 649.6 + 178.8 | 812.9 + 275.8 | 2859.4 + 494.5 | 2665.2 + 517.6| 1087.1 + 307.9 | 774.3 + 134.3 | 1826.8 + 216.1

Nuclear volume (“ma) 17.1+4.9 222+45 453+11.8 36.4+12.8 50.3 +£23.3 929+21.9 | 151.9+46.2 | 1153+19.5 56.4+19.5 44.7+188 | 111.9+233

% Nuclear to cell volume 32+1.0 26+05 38+1.2 7.3+36 7621 12.1+£25 55+2.1 45+13 54+14 58+23 62+1.4

Error; Standard deviation

Additionally, we found unexpected features in some duckweed species:

(1) Le. aequinoctialis (2018) revealed a considerable variation in guard cell size and
shape (Fig. 5A ). In the younger part of frond, guard cells are round while in the older
part they are elongated and larger. Besides that, cell and nuclei volume are larger
than that of Le. disperma possessing a larger genome. Therefore, we investigated
another Le. aequinoctialis clone to see whether the variable guard cell volume is
specific for this species. Interestingly, Le. aequinoctialis (clone 6746) showed
variation in guard cell size and a nearly doubled genome size (900 Mbp) and
chromosome number (2n ~ 80 in compared to 2n = 42 of clone 2018) (Fig. 5B) and
correspondingly larger cell and nuclear volumes (1313 pm® and 238 pm?
respectively). Thus, the two tested Le. aequinoctialis clones showed variation not
only in guard cell shape, cell volume and nucleus volume, but surprisingly also
regarding the genome size and chromosome number most likely due to WGD of
clone 6746.

(2) Both tested Wolfiella species, Wa. hyalina (1234 Mbp, 2665.2 um® and 115.3
um?) and Wa. rotunda (1914 Mbp, 2859.4 pm® and 151.9 um?®), showed a larger cell
and nucleus volume of guard cells than Wo. arrihiza with a larger genome (2203
Mbp, 1826.8 pm*®and 112 pm®). Therefore, we wanted to test other Wolffiella species
to see whether very large cell volume is specific for this genus. Interestingly, only one
or two stomata per frond were present in the Wa. lingulata clone 7725. The same

was true for Wo. columbiana clone 9356. Differences in floating style of Wo.
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columbiana with spherical fronds, having most of the surface submerged, and Wa.
lingulata also with a frond shape which keeps most of the frond below the water
surface (Landolt, 1986) (Fig. 4B) could be the reason for the almost complete
absence of stomata in these species. Thus, so far it remains unclear whether or not a
large guard cell size is a typical feature of the genus Wolffiella.

(3) Wa. hyalina and Wo. australiana displayed an unusual distribution of nuclei
between sister guard cells. We found in 26% of Wa. hyalina and in 8 % of Wo.
australiana guard cells two nuclei located in one sister cell and none in the other (Fig.
5C, D, F, C, E). In some cases (6.8% of Wo. australiana guard cells) it was even
possible to find transient stages, suggesting that nuclei may post-mitotically migrate
into the sister cell (Fig. 5G). This observation resembles cytomixis, a so far
unexplained phenomenon which occurs during microsporogenesis in several higher
plants (for review see Mursalimov and Deineko, 2018)).

These findings, in particular the large variation of guard cell and genome size in Le.
aequinoctialis, and the abnormal nuclei distribution between sister guard cells are

biological features of some duckweeds that deserve further studies.
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Le. aequinoctialis 2018 Le. aequinoctialis 6746
(2n = 42) * on

(2n~80)

Figure 5. Variation in guard cell shape and volume of Le. aequinoctialis (clone 2018) (A),
chromosome spreads of Le. aequinoctialis clones 2018 and 6746 (B), equal and abnormal
nuclei distribution in sister guard cells of Wa. hyalina (C1-3) and Wo. australiana (C4-6).

(A) Guard cells with round shape in the younger part (left) and elongated ones in the older part (right)
are of different size (a,b,c) in Le. aequinoctialis (clone 2018), (B) Mitotic spreads of Le. aequinoctialis
2n = 42 (clone 2018 and 2n~80 (clone 6746), (C1,4) Normal situation (one nucleus per cell); (C2,3,5)
both nuclei in one sister guard cell; (C6) the lower nucleus (arrow) is possibly migrating into the sister
cell.
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Figure 6. Guard cell and nuclear volume measurement (A) and linear regressions of duckweed

cell parameters (B).

(A) DIC and fluorescence microscopy image stacks (left) were applied separately (here merged
images) to measure the guard cells and the nuclei inside, respectively. The x-y areas (umz) and the z
dimension (um) were measured based on the black (guard cells) and red (nuclei) regions via the ZEN
software (spatial illustration, right). (B) Correlations between genome size and cell volume (1) and
nucleus volume (2), as well as between nucleus volume and cell volume (3). *** p < 0.001
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3.2. Chromosome numbers and number of 5S and 45S rDNA sites in
duckweeds
3.2.1. Chromosome numbers

Chromosome numbers of duckweed species have been reported in different
references since 1933 (Table 1). However, it is still unclear whether the in part
spectacular variations of chromosome number between asexual clones within the
same species are counting errors or actual deviations. For instance, 40, 50, 66, 72,
78, 84, 65-76 chromosomes (Beppu and Takimoto, 1981) or 40, 50, 60, 80
(Urbanska, 1980) or only 42 and 84 (Geber, 1989) were counted in different Le.
aequinoctialis clones. For Wo. microscopica, 70 chromosomes were counted by (Roy
and Dutt 1967), while (Urbanska, 1980) claimed 40 and 80 chromosomes.
Among 34 S. polyrhiza clones mentioned in Wang et al., 2011, chromosome number
of nine clones were not determined, for three clones (7652, 7657 and 7364) 2n = 30,
and for the other clones 2n = 40 were reported (Table 6)
Here, clones 7652 and 7657 were selected for counting the chromosome number
and yielded 2n = 40, as in clone 7498 (Fig. 7) and in further six S. polyrhiza clones
(Hoang et al., 2018). For S. intermedia, 2n = 36 was reported by Geber (1989) in all
six tested clones, while Urbanska counted 2n = 20 (clone (7747) and 2n = 30 (clone
7201) (Table 6). Here, we selected S. intermedia clones 8410 and 7747 for
chromosome counting and found 2n = 36 for both clones (Fig. 7). Similarity, for La.
punctata, we counted 2n = 46 for clones 7260, 5562 and 7449 (Fig. 7), while 50 and
40 chromosomes were reported for clones 7260 and 7449, respectively (Wang et al.,
2011) (Table 6). Therefore, for all investigated clones of S. polyrhiza (7498, 7652,
7657, 9500, 9505, 9507, 9509, 9510 and 9511), S. intermedia (8410 and 7747) and
La. punctata (5562, 7260 and 7449), no variation of chromosome number was
observed.
Our chromosome counting results are mainly similar to that of Geber (1989) (Table
3). In detail, S. polyrhiza showed 2n = 40, S. intermedia 2n = 36, La. punctata 2n =
46, Le. disperma 2n = 44 and Le. minor 2n = 42 chromosomes. For Wo. australiana
(clone 7540) 2n = 40 were counted, as reported by Urbanska (1980), for Le.
aequinoctialis (clone 2018) 2n =42 and for Wa. hyalina 2n = 40 chromosomes were
counted. For Le. disperma (clone 7269) 2n = 44, for Le. aequinoctialis (clone 2018)
2n = 42, for Wo. microscopica (clone 2005) 2n = 40 and for Wa. rotunda (clone

9072) 82 chromosomes were counted for the first time in this study. Meanwhile Wo.
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microscopica clones used by Urbanska (1980) and by Roy and Dutt (1967) got lost
and therefore cannot be re-investigated. In case of Wo. arrhiza, 42 chromosomes
were counted by Geber (clone 7347), and 30, 40, 50, 60, 70 and 80 chromosomes
for different clones by Urbanska (1980), while we counted 60 chromosomes for
clone 8872 (Table 6).
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Table 6: Chromosome numbers of 11 tested duckweed species from our study
and others.

Genus Species Clones 2n Source Genus Species Clones 2n Source
7652 30 7818 40 ]
7621 40 u disperma 7223, 7190 44 w
7110 50 7269 * 44 [¢]
8118, 7205, 7120, 7160, 7382 20
7687, 8483, 8403, 8409, 8038 40
6613, 7003, 7206, 6731, 40
7498, 8442, 8229, 7212,
7551, 7674, 7960, 7222, w 7204 50 u
polyrhiza 7379, 6581
8079 60
Lemna
7652, 7657, 7364 30 6746 80
Spirodela 7110 80 aequinoctialis 6612 40
G w
6613, 7667, 7364, 7551, 40 7126 60
S7,S3
6746 80
7498, 7652, 7657 40 o] 6746 84 G
7747 20 V] 2018 * 42
7201 30 6746 ~80
. . 7426 40 V]
intermedia 8410, 7355, 8258, 7747, 36 G
8818, 7178 hvali 7378, 7376, 40 w
yalina 8640
410 36 o Wolffiella 8640 40 o
8028 40 u rotunda 9072 * 82 o
7479 50 7819 20 V]
7449, 7248 40 W 7540 40
australiana
Landoltia punctata 7260 50 7733 20 W
05, 06, 7461, 7191 540 40 ©
7799, 7420 46 G
7238 40 U
7260, 7449 46 o 8359 80
microscopica
7798 20 V] M8 70 R
7244 30 2005 * 40 (0]
Wolffia
6626 40 7251 30 U
7572 42 272 40
6742 50 7193 50
) 8623, 7018, 7210, 8434, ) 7699 60
Lemna minor 7436, 7136 40 w arrhiza
7158 70
7123, 6591 42 w 7196 80
7189, 8676, 7789,
7244 42 G 7347 42 G
M4, 7114, 7182,
8653 63 G 872 60 (0]
7115 126 G
8623 42 o

(R) Roy & Dutt (1967) mentioned in Geber (1980); (U) Urbanska (1980), (G) Geber (1989), (W) Wang
etal., 2011, (O) our study
Bold and Underlined: clones were used in our study; (*) clones were counted for the first time.

39



3. Results and discussion

. polyrhiza 7498

S. intermedia 8410 . S. intermedia 7747
(2n = 36) - : (2n = 36)

La. punctata 7260 La. punctata 7449
[PLERT)) (2n = 46) “
K3

Le. disperma 7269 Le. minor 8623 i Le. aequinoctialis 2018
(2n = 44) (2n=42) - (2n=42) . »
s v .

Wa. rotunda 9072 -’ Wa. hyalina 8640
2n = 82) ‘o.". : (2n = 40)

Wo. microscopica 2005 Wo. australiana 7540 Wo. arrhiza 8872
(2n = 40) (2n = 40)

“_,'

Figure 7. Chromosome number of distinct clones of eleven duckweed species.
Scale bars=5 pm
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3.2.2. Ribosomal rDNA sites

In eukaryotic genomes, the conserved ribosomal RNA genes (rDNA) are present as
multigene families organized in long tandem repeat units. Variations regarding
number and chromosomal position of 5S and 45S rDNA are often species-specific
and helpful to elucidate karyotype evolution, for instance in Brassicaceae (Ali et al.,
2005; Mandakova and Lysak, 2008) and in Anthemideae (Abd El-Twab and Kondo,
2012). The primers used in this experiment to amplify 5S and 45S rDNA regions from

duckweed genomic DNA for probe generation and labeling are shown in Table 4.

Based on the genome assembly for S. polyrhiza clone 7498, published by Wang et
al. (2014), BLAST results revealed two loci of 5S rDNA (A. thaliana sequence) (on W
06 and W 08 corresponding ChrS 13 and ChrS 06, respectively) and one locus of
45S (18S and 26S sequences from S. polyrhiza, Tippery et al., 2015) on W 23. In the
BioNano map of S. polyrhiza clone 9509, one locus of 18S-5.8S-26S rDNA, with a
strikingly low number repeats, was identified (Michael et al., 2017). Here, 5S and 45S
rDNA probes from S. polyrhiza 7498 genomic DNA were generated for FISH

experiments to determine 5S and 45S rDNA loci in this species.

FISH with 5S rDNA revealed in most metaphases one locus on ChrS 13,
corresponding to ¥ 08. While the locus on ChrS 06, corresponding to ¥ 06 could
only be detected in few metaphases with very weak signals, hardly distinguishable
from occasional background. These signals might represent the low copy locus. To
explain the less reliable signals of 5S rDNA on ChrS 06, two BACs (026N01 and
008B06) harboring 5S rDNA flanked by sequences of W 06 and W 08, respectively,
were selected. While only ChrS 13 was labeled by the BAC 008B06 (from ¥ 08), the
BACO026N01 from W 06 labeled both ChrS 06 and ChrS 13 (Fig. 8A), suggesting that
BAC 026N01 contains the minor 5S rDNA region with a low copy number. In addition,
116 bp 5S rDNA fragments were obtained by PCR reactions when using the two
BACs as templates. Afterwards, the 5S rDNA PCR products from both BACs were
labeled to produce corresponding probes. The FISH results showed that only ChrS
13 was labeled by both 5S rDNA probes generated from BACs, and that ChrS 06
apparently harbors just a minor locus of 5S rDNA yielding weak signals and that
could only rarely be detected by FISH (Fig. 9). Furthermore, the Oxford Nanopore
assembly supported both loci and revealed a 5-fold larger copy number on ChrS 13
than on ChrS 06 (60 versus 12 copies) (Hoang et al., 2018) Therefore, S. polyrhiza

41



3. Results and discussion

possesses two 5S rDNA loci of strikingly different copy number of which one locus
possesses very few copies compared to 2.000 copies within the similar-sized
genome of A. thaliana (Campell et al., 1992).

-

B

5S rDNA from 026N01 ChrS06,

5S rDNA from 008B06 008B06,

45S rDNA

Figure 8. Chromosomal distribution of 5S and 45S rDNA on S. polyrhiza.

(A) BAC 026N01 (W 06) labeled ChrS 06 and ChrS 13 while BAC 008B06 (W 08) labeled only ChrS
13; (B) 5S rDNA probes generated from BAC 026N01 (upper panel) and from BAC 008B06 (lower
panel) labeled only ChrS 13; (C) 45S probe labeled ChrS 01. The chromosomes were counterstained
with DAPI. Scale bars =5 pum.
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Only one region of 18S-5.8S-26S rDNA repeats was identified within the genome of
S. polyrhiza clone 9509 (Michael et al., 2017). This result could be confirmed by only
one FISH signal for 45S rDNA on ChrS 01 (Fig. 8C and 9). Similar to 5S rDNA, a
remarkably low number of 45S rDNA repeats in S. polyrhiza was discovered by
independent approaches. From Southern blot analysis 87 to 94 copies were
estimated, and optical mapping revealed 81 copies (Michael et al., 2017). This is an
extreme reduction compared to the 570 copies estimated in A. thaliana (Rosato et al.,
2016) with a similar genome size as S. polyrhiza, and the up to 12,000 copies in the
more than 10-times larger genome of Zea mays (Liu et al.,, 2017). Even the very
small genome (~12.2 Mbp/1C) of Saccharomyces cerevisiae contains 150 copies
(Kobayashi, 2014). The unusually low copy number of 5S and 45S ribosomal DNA in
S. polyrhiza still awaits a reasonable explanation.

The 45S and 5S rDNA loci within eleven studied duckweed species are shown by
FISH (Table 5, Fig. 9). In detail, one locus of 45S and 5S rDNA each was detected in
Le. minor, Le. disperma, Le. aequinoctialis, Wo. microscopica, while S. polyrhiza, S.
intermedia, La. punctata, Wa. hyalinaand Wo. australiana displayed one locus of 45S
rDNA and two loci of 5S rDNA. In Wa. rotunda and Wo. arrhiza, two of 45S rDNA and
three loci of 5S rDNA were detected. In Wa. rotunda (clone 9072), one pair of NORs
was more extended and showed a distal satellite (Fig. 10). The strength of FISH
signals reflected differences in copy number. For instance, the 5S rDNA probe
yielded in Wo. arrhiza (clone 8872) two strong, two medium and two weak FISH
signals. Noticeably, a very low copy number of 5S rDNA could apparently prevent
detection by FISH, e.g. the 5S rDNA locus with only 12 copies on ChrS 06 of S.
polyrhiza (Hoang et al., 2018). Weak signals of 5S rDNA loci (in S. polyrhiza, S.
intermedia, La. punctata and Wo. arrhiza) could only be detected in a few
metaphases (Fig. 9), and thus are at risk to be overlooked. Therefore, the number of
5S rDNA loci which were detected by FISH in other duckweed species than S.
polyrhiza might underestimate the true number of loci as long as their genomes are

not completely assembled.
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S. polyrhiza ——— | S. intermedia—

Le. disperma

Wa. rotunda

Wo. australiana —— | Wo. microscopica Wo. arrhiza

Figure 9. 5S and 45S rDNA loci on duckweed species.

Two loci of 5S and 1 locus of 45S rDNA were detected on S. polyrhiza, S.intermedia, La. punctata,
Wa. hyalina, Wo. australiana; one locus of 5S and 45S each were detected on Le. minor, Le.
disperma, Le. aequinoctialis and Wo. microscopica; three loci of 5S and two loci of 45S rDNA were
detected on Wa. rotunda and Wo. arrhiza. Framed: minor locus of 5S rDNA. Scale bars =5 pm
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Figure 10. rDNA FISH signals in pachytene (A) and mitotic metaphase (B) of Wa. rotunda
(clone 9072) using super-resolution microscopy (SIM).
(A) Three loci of 5S rDNA were detected on pachytene chromosomes. Scale bar = 5 pum; (B) 45S
rDNA FISH signals with two chromosome pairs harboring 45S rDNA (red dotted circles) and enlarged
frame (bottom right) with extended (red and green) secondary constriction. Without rDNA FISH
signals, the satellite distal the NOR could erroneously be counted as a small pair of chromosomes
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3.3. Arobust genome map for S. polyrhiza
Because of their peculiar biological features and their importance as potential aquatic
crops, duckweeds become an increasingly interesting subject for genome research.
Therefore, a high-quality genome sequence assembly will be a pre-requisite as a
source for further research into molecular biology in duckweeds. In order to meet this
requirement, the Greater duckweed, S. polyrhiza (clone 7498), was chosen for whole
genome sequencing due to its ancestral phylogenetic position, commercial potential
as well as its small genome size (160 Mbp) with a presumably low content of
repetitive DNA (Wang et al., 2014). This genome assembly of S. polyrhiza yielded 32
pseudomolecules, which were validated and thereafter integrated into the 20
chromosome pairs by mcFISH and resulted in a S. polyrhiza cytogenetic map (Cao et
al., 2016). Then, an optical map for S. polyrhiza (clone 9509) was established by
combination of high-depth short read sequencing and high-throughput genome
mapping technologies. The BioNano Genomics Irys® System was applied to
generate deep coverage physical maps, named BioNano map (Michael et al., 2017).
However, several differences in chromosomal assignment of pseudomolecules and in
chromosome enumeration were revealed between the two genome maps. These
discrepancies had to be clarified in order to obtain a robust genome map for S.
polyrhiza as an important reference genome for further genome structure and

karyotype evolution studies in duckweeds.

The discrepancies between the cytogenetic map and the BioNano map are
summarized in Table 7. Regarding the different chromosome enumeration, only
chromosome 19 is the same within the cytogenetic map (ChrS 01 - 20) and the
BioNanomap (Chr 01 - 20). Both maps tried to order the chromosomes according to
their estimated length. In several cases the composition of chromosomes differed
between both maps: (1) ChrS 04 ( including ¥ 04) and ChrS 13 (¥ 08) were
considered as Chr 01; (2) W 11, W 14 and W 16 were considered as chimeric
pseudomolecules in BioNanomap; (3) W 21b combined with Ws 7a and 32 should
form ChrS 17, or combined with Ws 16b and 30 yield Chr 14; and (4) W 21a should
form ChrS 08 together with Ws 19 and 26 or stay separately as Chr 20.
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Table 7:

Differences in chromosome enumeration (A) and chromosomal

assignment of pseudomolecules (B) between S. polyrhiza cytogenetic map (for

clone 7498) and BioNano map (for clone 9509).

(A)
ChrS (Cytogenetic map) 13 and 4 2136|710 ]9|5]|11 8 16 | 12 | 14 | 18 | 17 | 15 | 20 | 19
Chr (BioNano map) 1 3(14]|5]|6 7 8 (9|10 |11 |12 | 183 | 14 | 15 | 16 | 17 | 18 | 19 | 20

(B)

Chromosome

Cytogenetic map

BioNano map

Chromosome

Cytogenetic map

BioNano map

(

)

01 W3,¥23 wa wg wisa 11 w5 W26, W19

02 w1 W3, v23 12 W12, W3l '~P13NIJ14bH

03 w2 w1 13 Lsi“ Y12, ¥ 31

04 wa w2 14 W16, ¥ 30 Wieh  W21b W30
05 W14, W25, ¥ 28 W6, W29 15 w10 W15

06 We, W29 W9, w20 16 W13, W7a, W32

07 W9, ¥20 W7b, ¥ 27a, ¥ 22 17 W 7a, W 32, W 21b W10

08 Wola W10, W26 | Wila W24 18 V15 Y17

09 W11, W24 tu14a“w25, ¥ 28 19 Y18, ¥ 27b Y 18, W 27b

10 W 7b, ¥ 27a, W 22 ws, 116 20 Y17 Lla“”

Bold and underlined Ws indicate different chromosomal assignment between the maps

@'y 08 and 04 were considered to constitute Chr 01 or to be separated as ChrS 04 and ChrS 13;
@ new chimeric pseudomolecules (W 11, W 14 and W 16) according to the BioNano map.

®) @ 21b considered to co-localize with ¥ 16b and 30 as Chr 14 or with ¥ 07a and 32 as ChrS 17;
“ @ 21a was considered to stay separately as Chr 20 or to be linked with ¥ 19 and W 26 as ChrS 08;
Grey filled: the only identical chromosome between both genome maps

In order to address whether the discrepancies between both maps are due to clone-

specific chromosome rearrangements between S. polyrhiza clones 7498 and 9509 or

not, we applied mcFISH with 106 BACs (Table 8) on these two S. polyrhiza clones.

Five clones of different geographic origin (Table 2) were additionally included to

figure out potential clone-specific rearrangements (if any). According to the aim, for

each experiment, suitable BACs were selected from the chromosomal region of

interest and used separately or pooled with other clones of the chromosomes of

interest for mcFISH.
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Table 8:

pseudomolecules (including W0).

106 BACs of the 20 S. polyrhiza chromosomes integrating 39

Y17 (3541257)

ChrS| BACs (start - end position) and pseudomolecules (length)
1 030D21 (2606260 - 2685831) 014L22 (1717219 - 1827551) 019A13 (unknown - 311931) | 012014 (4737987 - 4860473) 019L04 (6303899 - 6438502) 023E03 (7836208 - 7949728) 003D17 (8650584 - unknown)
W23 (2725124) W3 (8736411)
2 004D21 (1117391 - 1226295) 005NO05 (2775089 - 2903059) 037B02 (6237992 - 6338310) 003P15 ( 7623129 - 7741301) 003H12 ( 8927523 - unknown)
W1 (8941172)
3 021D24 ( 3036781 - 3146218) 002E10 ( 3243741 - 3360983) 002K06 (6082625 - 6201482) 011P20 (6431461 - 6537909) 010J02 (8574996 - 8668853)
W2 (8796147)
4 004A24 (*) 006F09 (1336569 - 1445949) 013D18 (3418863 - 3507724) 035L13 (5720468 - 5826867) 017E03 (8352328 - 8444691) | 024J03 (18141- unknown 025H07 (18442 - unknown
W4 (8491500) W16 (3759109) - a
5 030K22 (2749101 - 2824616) 027D17 (626874 - 673272) 009A15 (116434 - 224310) 005B18 (%) 009020 (1018564 - 1140429)
W14 (4409270) - a W25 (2126887) W28 (1843447)
6 023101 (72545 - unknown)  034P03 (2339883 - 2365418) 002104 (2423356 - 2556370) 026N01 ( 3493229 - 3579170) 035L19 (5679141 - 5816708) | 033A10 (14644 - 124630)
W6 (6333238) W29 (1792637)
7 014F03 (134000 - 235973) 035P21 (1769022 - 1875238) 004A04 (4122930 - 4235007) | 013C18 (465110 - 570238)  030B11(3046632 - 3154571)
Y9 (4924802) Y20 (3177748)
8 013104 (unknown - 209512) 006P24 (2016823 - 2084639) | 006L17 (1803530 - unknown) | 032L08 (unknown - 512544) 034K03 (1604431 - 1734467) 004E01 (2431463 - 2507949)(004G18 (1333667 - 1444699)
W21 (2998408) - a W26 (1959162) W19 (3286220) - a Yo
9 037H06 (4487847 - 4623724) 025016 (3521620 - 3639111) 019G12 (2291940 - 2392994) 024C02 (211879 - 335777) | 036C07 (unknown - 107534) 001D13 (1567225 - 1675474) 010MO07 (2389434 - 2412255)
W11 (4687547) - a W24 (2515492)
10 035P14 (6156209 - 6227891) 002B12 (4639357 - 4760314) 037K21 (3369801 - 3491621) 008G11 (3260495 - 3369796) | 020G09 (947293 - 1069203) 028B20 (13186 - 121259)  026G16 (2195544 - 2288704)
Y7 (6239254) - b Y27 (1858560) - a Y22 (2983352)
11 019103 (98023 - 208537)  010P10 (3025329 - 3127384) 004G03 (4185984 - 4277305) 011L15 (5606973 - 5711303) 001C15 (6887 - 120542)
W5 (6552830) W11 (4687547) - b
12 02812 (unkown - 1096345) 035F17 (4411629 - 4530198) 018A14(*) 030D24 (751534 - 851534)  017A15 (863291 - 971787)
W12 (4671450) W31 (1269729)
13 031L10 (unknown - 200940) 008B06 (1598133 - 1646677) 031B15 (2302375 - 2436388) 010L16 (3749165 - 3856320) 020L20 (5315551 - 5439967)
W8 (5476630)
14 003B08 (271353 -411550)  036F14 (2051159 - 2151426) 040G15(3425541 - 3540680) | 037118 (2379739 - 2455354) 006D12 (2804349 - 2916783) | 006A07 (119532 - 234004)
Y16 (3759109) - b W21 (2998408) - b Y30 (1339597)
15 011C23 (149483 - 260499)  021P03 (971326 - 1080357) 020E12 (2320463 - 2431482) 035L20 (3076199 - 3163936) 013G21 (4150978 - 4235244)
W10 (4726429)
16 009J15 (232869 - 319888) 011H02 (*) 002L10 (3574027 - 3664195) | 024110 (1545287 - 1665194) 040C11 (1635096 - 1746050)
W13 (4623610) W14 (4409270) - b Yo
17 006B02 ((unknown - 31094) 009007 (unknown - 805068) 004N06 (2942393 - unknown) | 009L02 (816544 - 956328)
W7 (6239254) - a W32 (993548)
18 026D06 (5837 - unknown)  037B13 (2072992 - 2189428) 029K19 (3411813 - 3519955)
W15 (4370269)
19 015L03 (186904 - 383018) 029E13 (1772604 - 1877776) 015J20 (3182285 - 3297665) | 037H19 (1609342 - 1699356) 008A12 (1576879 - 1685451)
Y18 (3441128) Y27 (1858560) - b
20 006C19 (2155226 - 2262972) 007A03 (3275732 - 3383604)

BACs were not used in Cao et al. (2016); BACs in italics and underlined were not included in the
probe set for karyotyping clone 9509 shown on Fig. 19; (*) BACs were selected based on their
position in fingerprinted contigs (FPC) in the 7498 assembly (Cao et al. 2016).

To test the difference in chromosomal assignment of W 08 and W 04, FISH with the
pooled BAC probes belonging to ¥ 08 (031L10, 031B15, 010L16 and 020L20) and ¥
04 (004A24, 006F09, 013D18, 035L13 and 017E03) was performed. Our results
showed for all investigated S. polyrhiza clones that W 04 and W 08 labeled two

different chromosome pairs (Fig. 11), as described in Cao et al. (2016) instead of
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forming the largest S. polyrhiza chromosome. This result showed that the
enumeration in BioNano map is not suitable. In order to avoid confusion for further
genome studies, we used chromosome enumeration system as reported in
cytogenetic map (Cao et al., 2016) for our updated map instead of generating a new
one, although the chromosomes are now not in all cases strictly ordered according to
their size in Mbp (Hoang et al., 2018)

Figure 11. Chromosomal distribution of pseudomolecules 08 and 04 on S. polyrhiza.

Pooled BACs probes of W 04 (red) and W 08 (yellow) labeled two different chromosome pairs as
reported in Cao et al. (2016) for seven investigated S. polyrhiza clones (white number on the left
corner of each panel indicates clone ID). Probes were labeled by Cy3 (yellow) and Texas-Red (red),
the chromosomes were counterstained with DAPI. Scale bars = 5 pm.

In addition to the three chimeric pseudomolecules (W 07, 21 and 27) identified in
cytogenetic map by Cao et al. (2016), further three Ws (11, 14 and 16) were
suggested in the model of Michael et al. (2017) to be chimeric ones. Our FISH results

from different series of experiments confirmed that these Ws are indeed chimeric.

To test whether W 16 is a chimeric one as suggested in the BioNano map, the
following experiment was performed. BACs selected previously for generation of the
cytogenetic map flanking the region from 271 353 to 3 540 680 of the 3 759 109 bp of
W16 and were located on ChrS 14. Now, two partially overlapping BACs were
selected as probes: 024J03 ending at position 18 141 and 025H07 ending at position
18 442 of W 16, while the starting positions of both BACs are unknown. Both newly
tested BAC probes co-localized with W 04 on ChrS 04 confirming that this
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pseudomolecule is chimeric (Fig. 12). Hence, ChrS 04 including ¥ 04 and a part of W
16 confirmed linkage between W 04 and W 16 as described by Michael et al. 2017.

Figure 12. Location of chimeric pseudomolecule W16.
Newly tested BACs 024J03 and 025HO07 (red) (W 16a) co-localized with ChrS 04 (green), while the
remaining BACs (W 16b) co-localized with W 21b and W 30 on ChrS 14 (yellow). Scale bar =5 pum.

In order to test chimerism of W11, signals of two previously un-tested BACs from W11
revealed that BAC 024C02 co-localized with W 24 on ChrS 09 (pink), while BAC
001C15 (blue) labeled the same chromosome pair (ChrS 11) as W 05 (cyan),
confirming that W11 is a chimeric pseudomolecule as suggested by BioNano map
(Fig. 13).

Figure 13. Location of chimeric pseudomolecule W11.

BAC 001C15 (blue) of W 11b co-localized with W 5 (cyan) on ChrS 11, while BAC 024C02 of W 11a
co-localized with W 24 on ChrS 09 (pink). The chromosomes were counterstained with DAPI. Scale
bars =5 um
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Pseudomolecule 14 with 4,409,270 bp in length was integrated into S. polyrhiza
cytogenetic map by FISH with two BACs (027D17 with the start and end positions:
626 874 — 673 272 and 030K22 with start and end positions 2 749 101- 2 824 616)
which co-localized with W25 and W28 on ChrS 05 (Cao et al., 2016). To test the
possible chimeric nature of W14, BAC 002L10 from the other end of W14 at position
3 574 027 — 3 664 195 was selected. FISH results showed for all investigated S.
polyrhiza clones that BAC 002L10 co-localized with ¥ 13 in one chromosome pair
(ChrS 16), while BACs 027D17 and 030K22 labeled another chromosome pair (ChrS
05) (Fig. 14).

W 14b (002L10), ¥

Figure 14. Location of chimeric pseudomolecule W14.

BAC 002L10 (yellow) belonging to ¥ 14b co-localized with BACs 009J15 and 011HO02 of W 13 (green)
on ChrS 16, while W 14a including BACs 030K22 and 027D17 (red) labeled another chromosome pair
(ChrS 05); The chromosomes were counterstained with DAPI. Scale bars =5 um.

Another experiment was performed to test whether W 21b belongs together with
Ws(16 + 30) to ChrS 14 or with Ws (07a + 32) to ChrS 17. Two BAC probes of W 21b
(006D12 = yellow and 037118 = green) were used as probes. A first FISH experiment
confirmed that these two BACs co-localized on the same chromosome. Re-
hybridization with pooled BAC probes corresponding to Ws (16b + 30) and Ws (07a +
32), confirmed the combination of ¥ 16b, 21b and 30, as reported by Michael et al.
(2017) (Fig. 15).

51



3. Results and discussion

Figure 15. Location of W 21b on S. polyrhiza chromosome ChrS 14.

Two BACs 006D12 (yellow), 037118 (green) of W 21b labeled together with W (16b+30) (red) one
chromosome pair, while W (07a+ 32) (pink) labeled another chromosome pair of seven S. polyrhiza
clones, indicating linkage of W 21b — 16b — 30 in ChrS 14 as reported in Michael et al. (2017). The
chromosomes were counterstained with DAPI. Scale bars =5 um.

In order to determine the location of W 21a, which was considered either to stay
separately as Chr 20, or to be linked with W 19 and W 26 as ChrS 08. The pooled
BACs of W 21a (013104 and 006P24) were hybridized together with BAC pools
representing ¥ 19 and W 26.The results for all seven S. polyrhiza accessions
supported linkage of W 21a, W 19 and WY 26 (Fig. 16), confirming the conclusion of
Cao et al. (2016).

Figure 16. Location of W 21a on S. polyrhiza chromosome ChrS 08.

BACs 013104 and 006P24 of W 21a (red) labeled in seven S. polyrhiza clones the same chromosome
pair as pooled BACs of W 19a and W 26 (green), indicating linkage of W 21a, 19a and 26 on ChrS 08
(as reported by Cao et al. (2016)). Probes were labeled by Alexa 488 (green) and Texas-Red (red),
the chromosomes were counterstained with DAPI. Scale bars =5 pm.
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Hence, the present FISH experiment series to validate and integrate the S. polyrhiza

genome assembly increased the number of chimeric pseudomolecules up to six

(W11, 14 and 16 together with W07, 21 and 27 which were previous detected). All

discrepancies between two previous genome maps were solved and no clone-

specific rearrangements were detected for seven investigated S. polyrhiza clones by

FISH with 106 anchored BACs (Fig. 17).
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Figure 17. Solving discrepancies between the cytogenetic map (blue) and the BioNano map
(red) resulted in an updated map (orange) of S. polyrhiza.

(1) W 08 and 04 located in two different chromosome pairs (ChrS 13 and ChrS 04) and W 16 is split
between ChrS 04 and ChrS14; (2) W 21b co-localized with WY 16b and 30 on ChrS 14; (3) W 21a co-
localized with W 26 and 19 on ChrS 08; (4) W 14 is split between ChrS 05 and ChrS 16; and (5) W 11
is split between ChrS 09 and ChrS 11. The indicated segments are only for diagrammatic illustration
and are not drawn to scale.

In parallel, Todd Michael’'s group obtained data for the S. polyrhiza genome by
Oxford Nanopore sequencing — a recent low cost, long-read sequencing technology.
Genome assembly from Oxford Nanopore sequences confirmed our FISH results
regarding the discrepancies between the previous maps as mentioned above and
detected another mis-assembly in the BioNano map. In detail, contig 06 of Oxford
Nanopore assembly showed a 834 kb fragment (parts of W 19 and the previously
unassembled W0) to be located on Chr 12 (ChrS16) instead of belonging to Chr 11
(ChrS 08) as reported in the BioNano map. In order to determine this mis-assembly,
S. polyrhiza BAC end sequences were BLASTed against Sp7498v2 (Wang et al.,
2014) and Sp9509v3 (Michael et al., 2017) databases. Based on the BLAST result,
we selected two BACs, 024L10 and 040C11, both belonging to W 0 (Sp7498v2) and
to Chr 11 (Sp9509v3), to produce corresponding probes. The FISH result showed
that both BACs co-localized to ChrS 16, confirming the mis-assembly in BioNano
map (Fig. 18).
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Figure 18. 834 kb mis-assembly in BioNano map was detected by Oxford Nanopore and

confirmed by FISH.
A) Sp9509 oxford Contig06 links Chr 12 (ChrS 16) and one end of Chr 11 (ChrS 08) by good

coverage of Oxford reads (purple). BAC 024L10 and 040C11 showed hits on Chr 11 and W 0 (ChrS
08); (B) BAC 024L10 (red) and 040C11 (yellow) labeled ChrS 16 instead of ChrS 08, indicating a mis-
assembly in the BioNano map

Finally, we pooled 101 anchored BACs corresponding to the 38 pseudomolecules or
pseudomolecule fragments, to generate 20 S. polyrhiza chromosome-specific probes
(Table 8). After several rounds of mcFISH on the same metaphase plates of S.
polyrhiza clone 9509, all 20 probes were integrated and confirmed their unique

chromosomal location (Fig. 19).
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4, ChrS05, : : ChrS01 5S rDNA

ChrS20 5 1 ChrS16,

Figure 19. The complete karyotype of S. polyrhiza clone 9509.

Multicolor FISH with 20 chromosome-specific probes (Table 7) shows the predicted pseudomolecule
linkage for each chromosome on the same metaphase plate. The upper panel indicates the probes
used; the lower panel enumerates the chromosome pairs. The right upper image shows signals for
(18S+26S) rDNA (red) on ChrS 01 and for 5S rDNA (yellow) on ChrS 13. The chromosomes were
counterstained with DAPI. Scale bar =5 pm.

Overall, the discrepancies between two genome maps were solved, a further mis-
assembly was confirmed and a validated chromosome map for S. polyrhiza has been
provided by combination of FISH results including 106 fingerprinted BACs with
Oxford Nanopore-derived sequence data. Therefore, although FISH is a laborious
and time consuming technique, which requires specific expertise, its important role in
genome assembly validation is unreplaceable, particularly when a genetic map is
unavailable or difficult to obtain. In any case, more than two independent approaches

are required to produce a robust genome map for a higher plant species.
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3.4. Karyotype evolution between the two species of the ancient duckweed
genus Spirodela

3.4.1. Chromosome homeology between S. polyrhiza and S. intermedia

The genus Spirodela comprises only two species, S. polyrhiza and S. intermedia.
Both have a genome size of 160 Mbp. The karyotype of S. intermedia (2n = 36)
comprises two chromosome pairs less than that of S. polyrhiza (2n = 40). Because of
their different chromosome number, at least two chromosome rearrangements had to
be assumed after separation of the two Spirodela species. In the simplest case
these were either two translocations each combining two chromosomes of S.
polyrhiza into one of S. intermedia, or vice versa, two chromosome pairs of S.
intermedia experienced splitting; each split yielding two independent chromosomes of

S. polyrhiza.

In order to define chromosome homeology and chromosome rearrangements
between the two Spirodela species, 96 BACs were pooled as S. polyrhiza
chromosome-specific probes based on the cytogenetic map of S. polyrhiza (Cao et
al., 2016) and labeled in different color. The 20 S. polyrhiza chromosome specific
probes (ChrSO01 — ChrS20) were used for cross-hybridization to S. intermedia
chromosomes. All probes gave clear signals on S. intermedia chromosomes.
Multicolor FISH revealed 15 probes that labeled one chromosome pair as in S.
polyrhiza, while four probes (ChrS03, ChrS07, ChrS10 and ChrS14) labeled two, and
one probe (ChrS06) labeled three chromosome pairs of S. intermedia (Fig. 20).
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(A)
S. polyrhiza | No. of labeled
chromosome | chromosome
probe (number pairs in

of BACs) S. intermedia

1(7) 1

2(5) il

3(5) 2

4 (5) 1

5 (5) 1

6 (4) 3

7 (4) 2

8 (6) 1

ChrS14

9 (6) 1

10 (7) 2

11 (4) il

12 (5) 1

13 (4) 1

14 (6) 2

15 (5) 1

16 (1) 1

17 (4) il

18 (3) 1

19 (5) 1

20 (2) 1

Figure 20. Multi-color FISH of 20 S. polyrhiza chromosome-specific probes to somatic
metaphase chromosomes of S. intermedia (8410).

(A) Number of BACs in each S. polyrhiza chromosome-specific probe and number of labeled
chromosome pairs in S. intermedia, (B) Different S. intermedia somatic metaphases with 2n = 36
chromosomes and FISH signals of the 20 probes on S. intermedia chromosomes. Probes were
labelled by Cy3 (yellow), Alexa-488 (green) and Texas-Red (red), the chromosomes were
counterstained with DAPI. Scale bars =5 pm
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Thus, although having two chromosome pairs less, S. intermedia showed 12 FISH
signal pairs more than S. polyrhiza. In case of a chromosome number reduction
towards S. intermedia, this reduction should be based on complex rearrangements,
and/or be accompanied by additional translocations or by sequence duplications. In
order to get detailed information about these rearrangements, a three-step approach
was applied. In the first step, a 3-color labeling scheme was used in order to discover
in S. intermedia possible linkages between some of the 20 S. polyrhiza
chromosomes. In the second step, single BACs of chromosome-specific probes,
which labeled more than one chromosome pair in S. intermedia, were used
separately to address whether the increased number of FISH signals is due to
sequence duplication or to a split of S. polyrhiza linkage groups, and where are the
break points related to the S. polyrhiza linkage groups. In the third step, the individual
BACs from different pools of split S. polyrhiza linkage groups were combined to find
out which BACs from which S. polyrhiza chromosome-specific probes are combined

in S. intermedia chromosomes.

3.4.2. Six new linkage groups in S. intermedia were revealed by FISH

Subsequent series of mcFISH experiments with the 20 S. polyrhiza chromosome-
specific BAC pools (step 1) uncovered ten chromosome pairs which are apparently
identical between both species (ChrS01, 02, 04, 09, 11, 12, 13, 15, 19 and 20) and
six new linkages in S. intermedia that differed from the S. polyrhiza karyotype:
[ChrSO03 — ChrS06 — ChrS14]; [ChrS05 — ChrS06]; [ChrS06 — ChrS07 — ChrS14];
[ChrSO03 — ChrS17], [ChrS10 — ChrS16] and [ChrS08 — ChrS18] (Fig. 21).
Additionally, two other chromosome pairs were labeled by (parts of) probes ChrS07
and ChrS10, respectively. The six linkages suggested six potentially rearranged
chromosome pairs. The open questions from this result are: (1) Are the multiple FISH
signals due to duplications, or are they caused by different BACs of a pool, and, if the
latter is the case, (2) Which BACs belong to which signal pair. These two questions

were solved in step 2 and 3.
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ChrS06

ChrS06,

Figure 21. Six new linkage groups in S. intermedia are uncovered by subsequent mc-FISH.

(A) Two out of six signals of ChrS06 co-localized with ChrS05, (B) ChrS08 and ChrS18 formed one
chromosome pair in S. intermedia, (C) linkage between ChrS16 and ChrS10, (D) linkage between
ChrS03 and ChrS17, (E) linkage between ChrS06, ChrS07 and ChrS14, (F) linkage between ChrS03,
ChrS06 and ChrS14. Probes were labelled by Cy3 (yellow), Alexa-488 (green) and Texas-Red (red),
the chromosomes were counterstained with DAPI. Scale bars =5 um

In the second step, five S. polyrhiza chromosome-specific probes which labeled more
than one chromosome pair of S. intermedia (ChrS 03, 06, 07, 10 and 14) were
investigated. To address whether more than two FISH signals per probe was due to a
split of the corresponding chromosome or a duplication of the chromosome or a part
of it, separate BAC probes of each chromosome, according to their position within the
cytogenetic map of S. polyrhiza (Cao et al., 2016), were used for sequential mcFISH
experiments. Except for three BACs which gave no signals, all individual BACs
yielded only one pair of signals. These results suggested chromosome breakage and
translocations rather than duplications, which should have yielded more than two
signals per BAC. The chromosomal position of the distinct BAC signals in S.
intermedia indicated the split position within the original sequence order of the

corresponding S. polyrhiza chromosome.
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For instance, the probe ChrS03 (comprising 5 BACs) labeled two chromosome pairs
in S. intermedia. In the first round of mcFISH, BAC 021D24 labeled one chromosome
pair, while BACs 002K06 and 010J02 co-localized on another chromosome pair. The
result from the second round showed that BAC 002E10 co-localized with 021D24,
while BAC 011P20 appeared on the same chromosome pair as BACs 002K06 and
010J02. Thus, the break-point occurred between BACs 002E10 and 002KO06, dividing
chromosome Sp10 into two parts [021D24, 002E10] and [002K06, 011P20, 010J02]
in S. intermedia (Fig. 22A).

The same approach was applied for the other four S. polyrhiza chromosome-specific
probes that labeled more than two chromosome pairs in S. intermedia and led to the
following conclusions: (1) In case of ChrS06, BAC 034P03 has to be excluded
because it yielded no FISH signals on S. intermedia chromosomes. Furthermore, an
inversion of a fragment comprising BACs 002104, 035L19, 033A10 occurred within
ChrS06 before it was split into 3 parts: [023101, 033A10], [035L19] and [002104] (Fig.
22B); (2) BAC 013C18 has to be excluded from ChrS07 because of no FISH signals.
Furthermore, a break divided this chromosome into two parts [014F03, 035P21] and
[004A04, 030B11] (Fig. 22C); (3) A break-point occurred between BACs 008G11 and
020G09, dividing ChrS10 into two parts ([035P14, 002B12, 037K21, 008G11] and
[020G09, 028B20, 026G16]) (Fig. 22D); (4) In case of ChrS14, two breaks between
040G15 and 037118, and between 006D12 and 006A07 split ChrS14 into three parts
[003B08, 036F14, 040G15], [037118, 006D12] and [006A07], followed by fusion of
[006A07] with [003B08, 036F14, 040G15]. Alternatively, an inversion of a fragment
comprising BACs 037118, 006D12 and O06A07 occurred before a break between
006A07 and 006D12 split ChrS14 into two parts [003B08, 036F14, 040G15, 006A07]
and [006D12, 037118] (Fig. 22E); (5) BAC 011H02 had to be excluded from ChrS16

because it yielded only weak dispersed FISH signals.
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In the third step we combined in serial mcFISH experiments individual BACs from the
20 S. polyrhiza chromosome-specific probes that co-localized on distinct
chromosome pairs of S. intermedia to determine which parts of S. polyrhiza linkage
groups are combined in individual S. intermedia chromosomes. For instance, in the
[ChrS03 — ChrS06 — ChrS14] linkage, we combined on different slides differently
labeled individual BACs belonging to two of the split S. polyrhiza linkage groups. The
result from one slide after two rounds of mcFISH showed that BAC 035L19 of
ChrS06 co-localized to BAC 002K06 of ChrS03. In another slide, two BACs
representative for two parts of ChrS14 were used, then this slide was re-hybridized
by BACs 035L19 and 002KO06 to identify which BAC of ChrS14 was included in the
linkage. It turned out that six BACs of three S. polyrhiza chromosomes: 002KO06,
011P20, 010J02 (Chrs03), 035L19 (ChrS06) and 037118, 006D12 (ChrS14)
contributed to one rearranged S. intermedia chromosome (Fig. 23A). The same
procedure was applied for the other five linkages. By this approach all BACs
contributing to each of the rearranged linkage groups of S. intermedia could be
identified, however in some cases the orientation of BACs within the S. intermedia
chromosomes remained unclear. In detail, the ChrS06 — ChrS07 — ChrS14 linkage
included BACs 002104 (ChrS06), 014F03 (ChrS07) and 003B08, 036F14 (ChrS14)
(Fig. 23B); the ChrS03 — ChrS17 linkage included BAC 002E10 (ChrS03) and entire
ChrS17 (Fig. 23C); the ChrS10 — ChrS16 linkage included BACs 008G11, 035P14,
002B12, 037K21 (ChrS10) and 009J15 (ChrS16) (Fig. 23D); the ChrS05 — ChrS06
linkage included entire ChrS05 and BACs 033A10, 023101 (ChrS06) (Fig. 23E); and
ChrS08 and ChrS18 formed one pair in S. intermedia (Fig. 23F)
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Serial cross-hybridization using an optimized BAC pooling strategy, based on a BAC
tiling path of S. polyrhiza, and applying suitable hybridization stringency, enabled
detecting chromosome homeology and rearrangements in S. intermedia, for which no
genomic and cytogenetic data were at hand. So far this approach was successful in
Brassicaceae (Lysak et al., 2006; Mandakova et al., 2010; Mandakova and Lysak,
2008) and to a limited degree in Triticeae (Ma et al., 2010).

3.4.3. Supposed karyotype evolution scenarios between two Spirodela species

Comparative serial multicolor cross-hybridization of the 20 S. polyrhiza
chromosome-specific BAC pools and of individual BACs can uncover chromosome
homeology in S. intermedia and suggest scenarios of karyotype evolution between
them. Because the genus Spirodela comprises only two species at the phylogenetic
basis of the Lemnaceae, it remains unknown which of the two has the more ancestral
karyotype, or whether both extant karyotypes are equidistant to the ancestral one.
Therefore different scenarios of karyotype evolution within the genus Spirodela are

possible.

3.4.3.1. Karyotype evolution towards S. intermedia (n = 18)

If the ancestral karyotype was similar to that of S. polyrhiza (n = 20; ChrSp01-20), the
evolution towards S. intermedia (n = 18; ChrSi01-18) requires as a minimum of
rearrangements one inversion (ChrSp06) and six translocations (involving
chromosomes Sp08 and 18, 10 and 16; 06, 03, 14, 05, 07 and 17). The results can
be summarized as follows: (1) The karyotypes of both species share ten apparently
identical chromosome pairs; (2) Chromosomes Sp08 and Spl18 form ChrSi09 of S.
intermedia; (3) One part of ChrSpl0 (035P14, 002B12, 037K21, 008G11) is
translocated to ChrSp16 (009J15) forming ChrSill while the other part (020G09,
028B20, 026G16) stays separately as ChrSil2; (4) ChrSp06 experienced an
inversion and then became split into three parts, one part (035L19) is combined with
parts of ChrSp03 (002K06, 011P20, 010J02) and ChrSpl14 (037118, 006D12),as
ChrSi03, the second part (023101, 033A10) is translocated into ChrSp05, forming
ChrSi06, the third part (002104) is combined with the remaining ChrSp14 and a part
of ChrSp07 (014F03, 035P21) forming ChrSi07; (5) The second part ChrSp07
(004A04, 030B11) remains separately as ChrSi08; (6) The second part of ChrSp03
(021D24, 002E10) is translocated to ChrSp17 forming ChrSiO4 (Fig. 24).
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3.4.3.2. Karyotype evolution towards S. polyrhiza (n = 20)

If the ancestral karyotype was similar to that of S. intermedia, at least 6 translocations
(involving ChrSi03, 04, 06, 08, 11 and 12), and one fission (ChrSi09) were required
during evolution towards the S. polyrhiza karyotype (Fig. 25). The scenario can be
summarized as follows: (1) Ten chromosomes are conserved between both species;
(2) Si03 is split into three parts, one part (002K06, 011P20,010J02) is combined with
a part of Si04 (002E10, 021D24) forming Sp03, the second part (035L19) is
combined with a part of Si07 (002104) and Si06 (023101, 033A10) as Sp06, the third
part (037118, 006D12) is translocated to the second part of Si0O7 (003B08,
036F14,040G15,006A07) as Spl4; (3) The second part Si04 (006B02, 009007,
004N06, 009L02) remains separately as Spl7; (4) The remaining part of Si0O6
(030K22,027D17,009A15,005B18, 009020) forms Sp05; (5) The remaining part of
Si07 (014F03, 035P21) is translocated to Si08 (004A04, 030B11) forming Sp07; (6)
Fission of Si09 formed Sp08 (013104, 006P24, 032L08, 034K03, 004E01, 006L17)
and Sp18 (026D06, 037B13, 029K19); and (7) One part of Sill (035P14, 002B12,
037K21, 008G11) is translocated to Sil2 (020G09, 028B20, 026G16) forming Sp10
while the other part (009J15) stays separately as Sp16.
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In case of an unknown ancestral karyotype of an intermediate structure, the number

and type of rearrangements which led to the two extant karyotypes cannot precisely
be determined.
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3.4.4. Cytogenetic map of S. intermedia

Besides elucidating the evolutionary alterations between the karyotypes of the two

investigated species, data from this study allow to distinguish each of the 18 S.

intermedia chromosomes on the basis of their genetic content (Fig. 26). The

components of the 18 S. intermedia chromosomes based on 93 anchored BACs of S.

polyrhiza are shown in Table 9

Table 9:
anchored S. polyrhiza BACs.

Components of the 18 S. intermedia chromosomes based on 93

ChrSi | BACs (Number of BACs) ChrSi | BACs (Number of BACSs)
01 030D21; 014L22; 019A13; 012014 10 037H06; 025016; 019G12; 036C07;
019L04; 023E03; 033D17 (7) 001D13; 010MO07 (6)
02 004D21; O005NO5; 037B02; 033P15; 11 035P14; 002B12; 037K21; 008G11;
003H12 (5) 009J15 (5)
03 037118; 006D12; 035L19; 002KO06; 12 020G09; 028B20; 026G16 (3)
011P20; 010J02 (6)
04 021D24; 002E10; 006B02; 009007; 13 019103; 010P10; 004G03; 011L15
004NO06; 009L02 (6) 4)
05 004A24; 006F09; 013D18; 035L13; 14 028L12; 035F17; 018A14; 030D24;
017E03 (5) 017A15 (5)
06 023101; 033A10; 030K22; 027D17; 15 031L10; 031B15; 010L16; 020L20
009A15; 005B18; 009020 (7) 4)
07 003B08; 036F14; 040G15; 006A0; 16 011C23; 021P03; 020E12; 035L20;
013G21 (5)
014F03; 035P21; 002104 (7)
08 004A04; 030B11 (2) 17 015L03; 029E13; 015J20; 037H19;
008A12 (5)
09 013104; 006P24; 032L08; 034K03; 004E01; 18 006C19; 007A03 (2)

006L17; 026D06; 037B13; 029K19 (9)
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3. Results and discussion

3.5. Whole genome sequencing and genome assembly in S. intermedia
The cytogenetic map of S. intermedia with 93 anchored S. polyrhiza BACs (see
3.4.4) provides a useful framework for a whole genome sequence assembly in a next
generation sequencing project. Sequence assignment to distinct chromosomes
based on cross-hybridization of genomic sequences between related species
represents a novel cytogenomic approach. Such an approach is particularly important
for S. intermedia, which, as S. polyrhiza, is mainly vegetatively propagating and
therefore it is difficult to obtain a genetic map. However, at least one reference data
set for validating bioinformatic assembly efforts is absolutely required, and a
considerable number of cytogenetic anchor points provide a reliable support for
sequence data integration as previously exemplified for Amborella trichopoda
(Chamala et al., 2013) and for S. polyrhiza (Cao et al., 2016). Moreover, a validated
reference genome map of the sister species S. polyrhiza is available to support
assembly of genomic sequence data from Pacbio sequence reads of the S.
intermedia genome.
Two rounds of PacBio-sequencing of a 20 kb library of genomic S. intermedia DNA
yielded 149 Gb raw reads. Initially, 1 305 064 reads of at least 500 nucleotides were
assembled into 1172 sequence contigs of in total 147 613 042 nucleotides. All
contigs of this draft assembly are covered in median 37.5-fold by raw reads.
These contigs were ordered into scaffolds using the genomes of clones 9509 and
7498 of the sister species S. polyrhiza as references (Cao et al., 2016; Michael et al.,
2017). The resulting scaffolds (N50=11,362,824 bp) were super-scaffolded and
assigned to the 18 chromosomes of S. intermedia, using 93 S. polyrhiza BACs as
landmarks which where cross-hybridized to the S. intermedia chromosomes of strain
8410. Additional BAC probes covering the regions of interest in the S. polyrhiza
genome were designed for FISH experiments to resolve mis-assemblies and to
approve localization of the contigs within the pseudomolecules of S. intermedia.
By manual curation, the number of scaffolds could be reduced to 691, consisting of
881 contigs. After reiterative rounds of manual curation and validation by FISH, in the
final genome assembly, 104 scaffolds comprising 188 contigs (N50 = 2.8 Mbp) of
134.1 Mbp in length could be assigned to distinct chromosomes. Most of the shorter
and/or repetitive sequences (N50 = 27.1 Kbp) could not yet be assigned and were

considered as additional pseudomolecule “0” (see Table 10).
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Table 10: S. intermedia sequence assembly statistics.

INPUT DATA

PacBio read coverage 37.5x
Chromosome number? 18
Genome physical size” ~160 Mbp

ASSEMBLY STATISTICS
Assembly length 152.4 Mbp
Number of pseudomolecules 19 (including “w0”)
Number of contigs 881
Number of scaffolds 691

Number of chromosomally assigned scaffolds

104 scaffolds
(featuring 188 contigs)
~134.1 Mbp total length

Largest contig 8.89 Mbp
N50 contig length 2.80 Mbp
G+C content 41.4%
Preliminary number of predicted gene models 19 190

COMPLETENESS OF GENE PREDICTION (BUSCO)

Complete genes (C)

959 (66.6%)

Complete and single-copy (S)

926 (64.3%)

Complete and duplicated (D)

33 (2.3%)

Fragmented genes (F)

145 (10.1%)

Missing genes (M)

336 (23.3%)

No. of genes used (n)

1440

Adetermined by cytogenetic approaches ” measured by FCM

Gene prediction: Gene model prediction via Gene Model Mapper - GeMoMa
(Keilwagen et al, 2016) revealed in total of 17 470 putative high-quality as well as 1
770 low quality protein-coding genes, based on homology to S. polyrhiza 7498 v3.1
(Cao et al., 2016), Lemna minor 5500 (Van Hoeck et al., 2015), and Oryza sativa
IRGSP v1.0.38 as reference genomes. CDS (coding sequence) models, which are

either 3’ or 5’ truncated are considered as ‘low-quality’.
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The quality of the S. intermedia genome assembly was assessed by the BUSCO
program (Simao et al.,, 2015; Waterhouse et al.,, 2017) with an Embryophyta
reference dataset (Table 10). Fig. 27 showed BUSCO results of S. intermedia (clone
7747) assembly, S. polyrhiza (clone 9509) Oxford Nanopore sequences assembly
(Hoang et al., 2018) and La. punctata (clone 7260) assembly (kindly provided by
Prof. Jiri Marcas’ group, Institute of Plant Molecular Biology, C. Budejovice, Czech
Republic). BUSCO assessment results showed that many genes were absent in S.
intermedia (336 genes), S. polyrhiza (202 genes) and La. punctata (244 genes). Our
hypotheses to explain for missing genes are (1) The collection of candidate genes in
BUSCO (mostly from land plants) might not be optimal for aquatic plants and (2)
During evolution towards neoteny duckweeds lost unnecessary genes (Wang et al.,
2014).

BUSCO Assessment Results

= Complete (C) and single-copy (S) = Complete (C) and duplicated (D)

Fragmented (F) = Missing (M)

0%  10%  20%  30%  40%  50%  60%  70%  80%  90%  100%
% BUSCO

Figure 27. BUSCO assessment results.
Genome assemblies of S. polyrhiza (clone 9509), S. intermedia (clone 7747) and La. punctata (clone
7260) were assessed by the BUSCO Embryophyta reference dataset comprising 1440 genes

Further analyses of the S. intermedia genome regarding finalized gene prediction,
functional gene annotation, identification and quantification of transposable elements
and tandem repeats are still in progress.
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3.6. Polyploidy in duckweeds

Between duckweed genera, but also between species of the genera Lemna,
Wolffiella and Wolffia, and even between clones of individual species considerable
genome size difference have been reported. This raises the question which

mechanisms are responsible for the observed genome size variation.

According to Geber (1989) e.g. Le. aequinoctialis displays different ploidy levels, for
instance 42 chromosomes were counted for clones 7021 and 7737, while 84
chromosomes were counted for clone 6746. In order to test the ploidy level, genome
size, cell and nuclear volume, chromosome as well as 5S and 45S rDNA loci
numbers were investigated for clones 6746 and 2018, of in Le. aequinoctialis (Table
11). Although chromosome preparation turned out to be difficult for this species, the
result revealed not only a doubled genome size (900 Mbp/1C) but most likely also a
doubled chromosome number (2n = ~80) for clone 6746 with larger cell and nuclear
volume compared to clone 2018, suggesting that clone 6746 is tetraploid (Table 11)
(Hoang et al., submitted). One locus of 5S and 45S each were detected on Le.
aequinoctialis (clone 2018) while three loci of 45S and two loci of 5S were detected
on Le. aequinoctialis (clone 6746) (Fig. 28). More than doubling the 45S rDNA loci
(three instead of the expected two loci) does not contradict WGD, but requires an
additional duplication or amplification event for the original 45S rDNA locus in clone
6746.

Interestingly, Le. aequinoctialis clone 9433 displayed a genome size of 366 Mbp and
clone 9526 nearly the double (711 Mbp) (Fig. 28B). Ongoing genotyping-by-
sequencing should elucidate whether these two clones actually belong to Le.

aequinoctialis or represent another species.

Vunsh et al. (2015) studied differences on frond size, weight, rhizoid number and
length and growth rate between La. punctata wild type and its auto-tetraploid mutant
(Vunsh et al., 2015). In the present study chromosome number, 5S and 45S rDNA
loci and genome size were tested for La. punctata wild type (clone 5562) and its
colchicine-induced tetraploid mutant line (A4) (Table 11). The results (4n = 2x = 92
and 922 Mbp/1C) (Hoang et al., submitted) as well as 4 loci of 5S rDNA and 2 loci of
45S rDNA confirmed the tetraploid character of clone 5562_A4 (Fig. 29).
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(A) Le. aequinoctialis 2018
. (2n=42)

Le. aequinoctialis 2018

Le. aequinoctialis 6746

Cell volume
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g ¢

Cell volume [um3]
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Figure 28. Chromosome, 5S and 45S loci number (A) and correlation of guard cell parameters

(B) in diploid and tetraploid clones of Le. aequinoctialis.

(A) Mitotic spreads (above) and 5S and 45S rDNA loci (below) of Le. aequinoctialis clones 2018 and
6746. Scale bars: 5 um; (B) Correlation of guard cell parameters between diploid and tetraploid
clones. **p<0.01, *** p < 0.001; regression line (black); 95% confidence interval (red) and 95%
prediction interval (green). Bar charts: Error bars: 95% confidence interval, double arrows: result of
mean value comparison by t-test. Variation of genome size of four Le. aequinoctialis clones as

revealed by flow cytometry (bottom right)
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La. punctata 7260 La. punctata 5562_A4
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Figure 29. Chromosome, 5S and 45S loci number (A) and correlation of guard cell parameters
(B) in diploid and tetraploid clones of La. punctata.

(A) Mitotic spreads (above) and 5S/45S rDNA loci (below) of La. punctata clone 7260 and the
tetraploid mutant clone 5562_A4. Scale bars: 5 um; (B) Correlation of guard cell parameters between
diploid and tetraploid clones. *** p < 0.001; regression line (black); 95% confidence interval (red) and
95% prediction interval (green). Bar charts: Error bars: 95% confidence interval; double arrows: result
of mean value comparison by t-test.
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Table 11: Cytological characterization of La. punctata clones 7260 and 5562_A4
and Le. aequinoctialis clones 2018 and 6746.

Genus Landoltia Lemna
Species punctata aequinoctialis
Clone ID 7260 5562_A4 2018 6746

Origin Australia Israel Japan USA

DNA content (pg/2C) 0.866+ 0.012 | 1.885+ 0.007 |0.925 + 0.003| 1.841 +0.008

Genome size (Mbp/1C) 424 + 6 922+4 452 + 2 900+ 4
2n 46 92 42 ~80
No. 5S rDNA loci 2 4 1 2
No. 45S rDNA loci 1 2 1 3

Cell volume (um") 1204.1 + 141.3|1905.1 + 290.3|812.9 + 275.8|1313.3 + 588.3

Nuclear volume (um’) | 453+118 | 802+159 | 929+219 | 238.2+56.4

% Nuclear to cell volume 3.8+12 43+0.9 12.1+25 21.3+95

Error: Standard deviation

The question to what degree the large genome size differences between duckweed
genera and between species within the genera Lemna, Wolffiella and Wolffia are
based on polyploidy cannot unambiguously be solved by chromosome counting and
genome size measuring alone. More remote WGD could be blurred by dysploid
chromosome number alteration and sequence deletion, diploidizing the originally
polyploid genomes into meso- or even paleoplyploid ones. Detection of
mesopolyploidy at interspecific level would require cross-FISH with BACs of a related
species as done for mesoploid Australian Camelineae species by Mandakova et al.
(2010), or comparative counting of FISH signals for several large (>10 kb) single
copy sequences, as done for proving neopolyploidy in Genlisea species (Vu et al.,
2015). For this purpose cross-FISH with single copy BACs of S. polyrhiza was
applied on La. punctata (clone 7260). Unexpectedly, some BACs yielded several
dots which did not allow distinguishing between real signals and background noise
(Fig. 30), while no signal were detected from other BACs, even under low stringency
conditions (Table 12).
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Merge

Figure 30. Cross-FISH with single copy BACs of S. polyrhiza on mitotic spreads of La. punctata
(clone 7260).

FISH signals of three single copy S. polyrhiza BACs yielded many dots which could not be
distinguished from background.



3. Results and discussion

Table 12: Results of cross-FISH on La. punctata (clone 7260).

S. polyrhiza BACs

Results

003H12; 021D24; 037K21; 011P20; 008G11.

Signals not distinguishable from

background

030D21; 014L22; 019A13; 023101,

033P15; 023101; 031L10; 009007,
030K22; 009A15; 006L17; 034KO03;

019L04; 032E03; 033D17; 006C19;

OO5NO0S5;
004NO06;
012014,
007AO03;

No clear signals at all

Because of the unexpected poor cross-FISH results, it remains unclear whether the

evolutionary genome size increase in the phylogenetically younger duckweeds goes

back to WGDs or rather to a burst of repetitive elements, until more genomic data for

the species in question are available.
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4. SUMMARY

Duckweeds are considered as potential future aquatic crops, due to a unique
combination of features such as: worldwide distribution, floating life-style, fast growth,
high starch and protein content, and the ability to efficiently absorb nitrate, phosphate
and other contaminating components of water bodies. In addition, a successive
reduction of morphological structures from the ancestral genus Spirodela towards the
more derived genera Lemna, Wolffiella and Wolffia is accompanied by a stepwise
reduction in frond size and a parallel increase in biodiversity (number of species), in
genome size and genome size variability. These features make duckweeds
becoming an interesting subject for genome and karyotype evolution studies.

Genome size, nuclear and cell volume are correlated in duckweeds

Genome size measurements data from eleven tested species of the five duckweed
genera revealed a ~14 fold range between duckweed species (from 160 Mbp in S.
polyrhiza to 2203 Mbp in Wo. arrhiza). In spite of few deviations between individual
species, in general a positive correlation between genome size and cell and nuclear
volume was found for the eleven tested duckweed species: The higher the genome
size, the bigger were the cell and nuclear volume. In addition, cytomixis was

observed between sister guard cells in Wa. hyalina and Wo. australiana.

Chromosome counts and rDNA loci did not provide a cue regarding the reasons of
genome size variability between duckweed species

The number of chromosomes and of 5S and 45S rDNA loci varied independent of
genome size for the eleven tested species. Previously reported chromosome number
variation between natural clones of the genera Spirodela and Landoltia could not be
confirmed. Each species displayed its own (basic) chromosome and 5S/45S rDNA
loci numbers. However the variable intensity of FISH signals suggested variation in
copy numbers, as reflected by the unusually low rDNA copy numbers reported for S.
polyrhiza. The unexpected poor cross-hybridization of S. polyrhiza BACs on
chromosomes of other duckweed genera did so far not allow distinguishing between
polyploidisation and burst of mobile elements as reason for the evolutionary genome

expansion in the phylogenetically younger duckweed genera.
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A robust genome map reference is made available for S. polyrhiza

Five major differences between the two genome maps for S. polyrhiza presented by
Cao et al . (2016) and Michael et al . (2017) were cleared by using subsequent
mcFISH with 106 S. polyrhiza BACs. The results revealed no clone specific
chromosome rearrangement and resolved the discrepancies which were due to on
errors or incompleteness in former studies. Cytogenomic studies along with
integration of Oxford Nanopore-derived sequence data, enabled full resolution of
previous discrepancies between two genome maps for S. polyrhiza, provided a
validated chromosome map for comparative genome studies in other duckweed
species and demonstrated that more than two independent approaches are required
to generate high-quality genome maps from organisms without available genetic

maps.

In particular, the labor and cost intensive FISH technique turned out to be important
for validation and chromosomal integration of results from NGS datasets because of
its ability to uncover linkage between sequence contigs independent of the physical
distance and of the presence of repetitive sequences. Especially if comprehensive
genetic maps are not available because of asexual propagation, as in S. polyrhiza

and other Lemnaceae species. FISH is the method of choice for this purpose.

Chromosome homeology elucidates evolutionary chromosome rearrangements

between S. polyrhiza and S. intermedia

Sequential comparative mcFISH with 20 S. polyrhiza chromosome-specific probes
(including 93 BACSs) revealed chromosomes homeology between S. intermedia (2n =
36) and S. polyrhiza (2n = 40). Ten S. polyrhiza chromosome pairs proved to be
conserved between the two species; the other ten chromosomes were involved in six
chromosome rearrangements. Because the genus Spirodela comprises only two
species at the phylogenetic basis of the Lemnaceae, it remains unknown which of the
two has the more ancestral karyotype, or whether both extant karyotypes are
equidistant to the ancestral one. Therefore different scenarios of karyotype evolution
within the genus Spirodela are possible. If the ancestral karyotype was similar to that
of S. polyrhiza, the evolution towards S. intermedia (n=18) requires at least one

inversion (ChrSp06) and six translocations (involving chromosomes Sp08 and 18, 10
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and 16; 06, 03, 14, 05, 07 and 17). If the ancestral karyotype was similar to that of S.
intermedia, at least 6 translocations (involving ChrSi03, 04, 06, 08, 11 and 12), and
one fission (ChrSi09) were required during evolution towards the S. polyrhiza

karyotype.
The cytogenetic map informed S. intermedia genome assembly

The cytogenetic map of S. intermedia with 93 anchored S. polyrhiza BACs served as
framework for chromosomal integration of 1 305 064 trimmed PacBio sequence
reads (each >500 nucleotides). These reads were primarily assembled into 1172
sequence contigs of in total 147 613 042 nucleotides with a 37.5-fold coverage. In a
novel approach of iterative manual curation reducing the number of contigs and
validating of their assembly by FISH with homeologous BACs of the regions of
interest, 104 scaffolds (corresponding 134.1 Mbp) could so far be assigned to distinct
S. intermedia chromosomes. Via the ‘gene model mapper program GeMoMa
(Keilwagen et al .,, 2016) ~19 000 putative protein-coding genes were predicted at
present, based on homology to S. polyrhiza 7498 v3.1, Lemna minor 5500, and Oriza
sativa IRGSP v1.0.38 as reference genomes. The quality of the S. intermedia
genome assembly was assessed by the BUSCO Embryophyta reference dataset
comprising 1440 genes. The 23.3% missing genes are most likely owing to the
aquatic life style and the neotenic organismic reduction of duckweeds. The final gene
prediction, gene annotation as well as identification and quantification of dispersed
and tandem repeats are still ongoing.
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5. ZUSAMMENFASSUNG

Eine unikale Kombination von Merkmalen wie weltweite Verbreitung, Schwimmen an
der Wasseroberflache, schnelles Wachstum, hoher Starke- und Proteingehalt und die
Fahigkeit Nitrat, Phosphat und andere Wasserverunreinigungen effizient zu
absorbieren machen Wasserlinsen zu potenziellen aquatischen Kulturpflanzen. Die
von der anzestralen Gattung Spirodela hin zu den mehr abgeleiteten Gattungen
Lemna, Wolffiella und Wolffia fortschreitende Neotanie (organismische Reduktion)
und der parallele Anstieg der Biodiversitat (Anzahl der Arten pro Gattung), der
GenomgréRe und der Genomgrol3envariabilitat machen Wasserlinsen zu
interessanten Objekten der Erforschung von Genom- und Karyotypevolution.

GenomgroRe, Kern- und Zellvolumen von Wasserlinsen sind positiv korreliert

GenomgroéRenmessungen fur elf Arten der funf Wasserlinsengattungen ergaben
einen ~14-fachen Unterschied — von 160 Mbp/1C in S. polyrhiza zu 2203 Mbp/1C fur
Wo. arrhiza. Trotz weniger Ausnahmen zwischen einzelnen Arten gilt fur die elf
Arten: je gréRer das Genom, desto groRer sind Kern- und Zellvolumen von
Schlie3zellen. Dariiber hinaus wurde fur Wa. hyalina und Wo. australiana Zytomixis

(Kernwanderung) zwischen geschwisterlichen Schliel3zellen beobachtet.

Chromosomenzahlen und rDNA Loci ergaben keinen Hinweis auf die Ursachen der

GenomgroRenvariabilitdt zwischen Wasserlinsenarten

Die Anzahl der Chromosomen und der 5S und 45S rDNA Loci variiert fur die elf
getesteten Arten unabhangig von der GenomgroRe. Frihere Berichte Uber
Chromosomenzahlvariationen zwischen naturlichen Klonen der Gattungen Spirodela
und Landoltia konnten nicht bestatigt werden. Jede Art wies eine spezifische
Grundzahl von Chromosomen, 5S und 45S rDNA Loci auf. Die variable Intensitat der
FISH-Signale deutet jedoch auf eine Variabilitat der Kopienzahl hin wie sie fur S.
polyrhiza beschrieben wurde. Die unerwartet schwache Kreuzhybridisierung von S.
polyrhiza BACs gegen Chromosomen anderer Wasserlinsengattungen erlaubt
bislang nicht zwischen Polyploidisierung oder Ausbreitung mobiler Elemente als
Ursache fur die hohere Genomgrolle der phylogenetisch  jingeren

Wasserlinsengattungen zu unterscheiden.
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5. Zusammenfassung

Eine robuste Genomkarte von S. polyrhiza zum Vergleich mit anderen

Wasserlinsengenomen ist erstellt

Funf schwerwiegende Unterschiede zwischen den bisher verfigbaren Genomkarten
fur S. polyrhiza von Cao et al. (2016) und Michael et al. (2017) wurden mittels
serieller Vielfarb-FISH-Experimente mit 106 S. polyrhiza BACs aufgeklart. Es wurden
keine Chromosomen-Rearrangements zwischen den Klonen gefunden. Die
Diskrepanzen konnten auf Irrtimer und Unvollstandigkeit in den friheren Karten
zuruckgefuhrt werden. Der cytogenomische Ansatz unter Integration von Oxford-
Nanopore Sequenzdaten ermdglichte die vollstandige Auflosung der bestehenden
Unstimmigkeiten zwischen den Karten, ergab eine verlassliche Chromosomenkarte
fur vergleichende Genomstudien an Wasserlinsenarten, und demonstiert erneut die
Erforderlichkeit von mehr als zwei unabhangigen Ansatzen fur die Erstellung von
Genomkarten hoher Qualitéat, insbesondere bei Organismen fur die  keine

genetischen Karten verfugbar sind.

Vor allem die arbeits- und kostenintensive FISH-Technik erwies sich als wesentlich
fur die Bewertung und chromosomale Integration von NSG-Datensatzen, da weder
physikalische Distanzen noch die Gegenwart repetitiver Elemente dabei hinderlich
sind. Deshalb ist FISH die bevorzugte Methode der chromosomalen
Sequenzintegration fur die Gattung Spirodela und anderer Wasserlinsenarten mit

vorwiegend oder ausschliel3lich asexueller Vermehrung.

Chromosomenhomoologie deckt evolutionare Chromosomenumbauten zwischen S.

polyrhiza und S. intermedia auf

Serielle vergleichende Vielfarb-FISH Experimente mit 20 S. polyrhiza-spezifischen
Proben, die 93 BACs einschlieBen, Kklarten die Homobologie zwischen den
Chromosomen von S- polyrhiza (2n = 40) und S. intermedia (2n = 36) auf. Zehn
Chromsomenpaare erwiesen sich als konserviert zwischen beiden Arten; die anderen
zehn waren in sechs Umbauten involviert. Da die Gattung Spirodela nur zwei Arten
aufweist, ist schwer zu entscheiden, welche den &alteren Karyotyp aufweist (oder ob
beide Karyotypen den gleichen Abstand zum gemeinsamen Vorfahren haben). Daher
sind unterschiedlich Szenarien der Karyotypevolution innerhalb der Gattung

vorstellbar. Wenn der urspriingliche Karyotyp dem von S. polyrhiza &hnlich war,
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5. Zusammenfassung

erforderte die Evolution in Richtung S. intermedia (n = 18) mindestens eine Inversion
(ChrSp06) und sechs Translokationen unter Einbeziehung der Chromosomen ChrSp
08 und 18; 10 und 16; 06, 03, 14, 05, 07 und 17. War der Ursprungskaryotyp dem
von S. intermedia &hnlich, waren mindestens sechs Translokationen (unter
Einbeziehung von ChrSi03, 04, 06, 08, 11 und 12) und eine Zentromerspaltung
(ChrSi09) wahrend der Evolution in Richtung S. polyrhiza erforderlich.

Die cytogenetische Karte von S. intermedia ermdglicht eine verlassliche

Genomassemblierung

Die zytogenetische Karte von S. intermedia mit 93 verankerten S. polyrhiza BACs
(s.3.4.4.) diente als Rahmen fiur die chromosomale Integration von 1.305.064
gefilterten PacBio Sequenz-Reads (jedes >500 Nukleotide). Diese Reads waren
primar in 1172 Contigs assembliert. Sie umfassen 147.613.042 Nukleotide mit einer
37,5-fachen Abdeckung. In einem neuen Ansatz aus sich wiederholender manueller
Kuration zur Reduktion der Contig—Anzahl und Uberprifung der Contig-Einordnung
durch FISH mit homdologen BACs aus der interessierenden Region, konnten bislang
104 Scaffolds mit einer Gesamtlange von 134,1 Mbp sicher chromosomal zugeordnet
werden. Mittels des ,Gen Model Mapper‘ Programms wurden vorlaufig etwa 19.000
Protein-kodierende Gene vorhergesagt. Die Qualitdt der Genomassemblierung fur S.
intermedia wurde mittles des BUSCO Referenz-Datensatzes bewertet, der 1440
Gene von Embryophyten umfasst. Die 23,3% fehlenden Gene sind wahrscheinlich
dem aquatischen Lebensstil und der Neoténie der Wasserlinsen geschuldet. Die
endgultige Gen-Vorhersage, die Annotation der Gene, sowie die Identifikation und

Quantifizierung von dispers- und tandem-repetitiven Sequenzen sind noch im Gange.
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