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ABSTRACT

Polyploidy is common in plants and it is prevalent among crops. Understanding the advantages
and disadvantages of polyploidy on plant adaptation, speciation and breeding has involved the
scientific community in a long-lasting debate. This study contributes to the ploidy research with
a novel approach: investigating the genetics behind polyploidy using a novel mapping
population of Arabidopsis thaliana named Chromosome Substitution Library. The aim was to
map, even though at the limited resolution of an entire chromosome, the phenotypic changes
that a higher ploidy induces on quantitative traits. A set of eleven chromosome substitution
strains (CSSs) was selected from the library as starting plant material. Of these eleven, five
were successfully turned tetraploid. To infer the effects of polyploidization, rosette diameter,
trichome number and trichome branching were measured in the tetraploid CSSs and their
diploid counterpart lines. While polyploidization did not affect trichome number in any of the
lines, most of the CSSs displayed a switch from three-branched to four-branched trichomes
upon polyploidization. One CSS displayed an unchanged trichome branching pattern, denoting
a genotype-by-ploidy interaction. It was hypothesized that the single chromosome for which
that CSS differs from the others was involved in such phenomenon. Also, genotype and ploidy
established differences among the CSSs in rosette diameter. With this study it was shown that
polyploidy does not necessarily induce phenotypic changes in an additive fashion. Instead,
genotype-by-ploidy interactions can have an effect on multiple phenotypes. The use of CSS
allows then to map those effects to entire chromosomes or to attribute them to interactions
between chromosomes. This study brings valuable insights to ploidy research and paves the
way for futher intriguing investigations.
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1. Introduction

1.1 Polyploidy in plants
A multitude of genetic factors plays a crucial role in determining the phenotypic diversity that
we observe in the plant kingdom. Polyploidy, the condition of possessing multiple complete sets
of chromosomes, is predominant among those factors. While polyploid organisms are rare in
animals, polyploidy in plants is widespread and acknowledged as a major force in plant
adaptation and speciation (Ramney, 2006). Chromosomal origin outlines the difference
between the two main categories of polyploids, autopolyploids and allopolyploids.
Autopolyploids (from “auto” = same) arise from genome doubling within one diploid individual.
Instead, allotetraploids (from “allo” = different), are the product of hybridization between
genetically distantly related individuals (Comai et al., 2005). Estimations on the frequency of
polyploidy in angiosperms range from from 30 % to 80% (Yu et al., 2009) with tetraploidy (2n =
4x) being the most common polyploid condition (Comai et al., 2005). Several most cultivated
crops worldwide have a polyploid genome e.g. alfalfa, coffee, potato (tetraploid), bread wheat,
chrysanthemum (hexaploid, 2n = 6x), strawberry (octoploid, 2n = 8x).
In the past half a century, the understanding on the advantages and the constraints of polyploidy
for plant evolution and crop improvement has been the center of attention of several scientific
reviews (Stebbins, 1956; Harlan, 1975; De Wet, 1980; Soltis et al., 1993; Osborn et al., 2003;
Comai, 2005; Leitch & Leitch, 2008; Madlung, 2013; Sattler et al., 2016). In these studies, three
main advantages are often attributed to polyploidy. First, the presence of redundant allelic
copies of a gene allows to mask and/or buffer potential deleterious functions of recessive
mutations. Also, redundant copies of essential genes can acquire new functions contributing to
the acquisition of new adaptive or evolutionary potential. Second, heterotic performances are
enhanced in allopolyploids and heterozygous autopolyploids (Comai et al., 2005). Finally,
polyploidy allows to overcome self-compatibility barriers. Self-incompatible diploid plants can
self-hfertilize if retaining a higher ploidy level.
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Polyploidy can also be disadvantageous. The presence of extra chromosomic copies can give
rise to meiotic difficulties that can lead to an aneuploidy offspring, in which fertility is often
compromised. The incidence of such issue depends on the type of polyploidy considered
(Comai et al., 2005). The above-mentioned advantages have encouraged plant breeders to
exploit existing or induced polyploid germplasm for their breeding programs, also in view of the
increased organ size polyploid crops usually display (Sattler et al., 2016).
Polyploidy has been extensively studied in the model plant species Arabidopsis thaliana.
Although natural autopolyploid and allopolyploid species are present within the Arabidopsis
genus, polyploid A. thaliana is extremely rare (Bomblies & Madlung, 2014). Only a handful of
the hundreds of accessions of A. thaliana available in stock-centers are polyploid (Bomblies &
Madlung, 2014) (Yu et al., 2009). Therefore, many studies that focus on the effects of
polyploidization in A.thaliana make use of artificial polyploid lines, created through treatments
with colchicine, a toxic alkaloid extracted from the autumn crocus (Colchicum autumnale L.).
Colchicine was described for the first time by Blakeslee and Avery (1937) as a powerful mitotic
antagonist. Nowadays, it is among the most common chemical agents for genome doubling
induction used in polyploidy research. Treating plants with colchicine inhibits the establishment
of the mitotic spindle, preventing the normal migration of the chromosomes during the mitotic
anaphase. Cytokinesis in cells of colchicine-treated plants does not occur, and the result is cells
with a doubled number of chromosomes (Sattler et al., 2016). Recent research in A. thaliana
has compared diploid and newly induced tetraploid lines to infer on the effects of
polyploidization on transcriptome and gene expression patterns (Yu et al., 2010), epigenetics
(Wang et al., 2014), abiotic stresses (Chao et al., 2013) and phenotypic traits (Miller et al.,
2012) (Fort et al., 2015). Many of these studies share some considerations and conclusions.
The genetic and phenotypic alterations found between newly established polyploids and their
diploid progenitors are largely dependent on a wide range of factors e.g. stage of development,
ecotype, tissue type, chromosomal origin (Yu et al., 2010). The actual molecular mechanisms
that drive the above-mentioned alterations remain unclear (Birchler & Veitia, 2012).
The effects of genome dosage to plant heterosis - the superior performance displayed by the
hybrid offspring compared to its parentals - is arising interest among the scientific community.
In a recent study conducted to elucidate and disaggregate the role of ploidy level and hybridity
on heterosis, Fort et al. (2015) compared rosette size among diploid, tetraploid and reciprocal
triploid (2n = 3x) lines of ten accessions of A. thaliana. They concluded that an increase of
2

genome dosage can lead to constant heterotic differences between diploid lines and their triand tetra-ploidy counterparts, irrespective of their genetic background (isogenic or hybrid).
Interactions between genome dosage and hybridity were also found when comparing the
rosette size of isogenic lines with diploid, tetraploid and reciprocal triploid hybrids. The effect
that hybridity brings to the phenotype can change according to genome dosage, especially in
triploids where this significantly depends on whether the extra-chromosome is maternal or
paternal. Some of these conclusions confirmed some considerations drawn by other authors
(Miller et al., 2012). These studies proved the relevance of genome dosage and give a better
understanding on the mechanisms that shape important agronomic traits in hybrid and polyploid
crops.
Investigations on polyploidy conducted so far on A. thaliana only concerned comparisons
between isogenic and/or hybrid lines of different accessions. No study further investigated
genome dosage on other type of genetic resources, for instance, on mapping populations.
Indeed, a systematic mapping on polyploid A.thaliana has never been performed. This reflects
the difficulty of developing a polyploid mapping population e.g. polyploid RILs, NILs, F2, BCs.
Their development is time consuming and substantial investments are needed for generating
and validating the high number of lines they are composed of (Wijnen & Keurentjes (2014). In
addition, generating a polyploid version of those mapping resources adds an extra layer of
complexity. However, with the development of the smallest mapping population of A. thaliana,
performing mapping at the polyploid level has become much more feasible. The Chromosome
Substitution Library of A. thaliana represents a novel and valuable mapping resource composed
of thirty-two strains, each of them with a different combination of the five chromosomes of two
A.thaliana parental lines. Their reduced complexity and size makes it feasible to analyze them
at different ploidy levels.
This study shows that turning chromosome substitution strains into higher and/or lower ploidy
levels (e.g. haploid; 2n = x, tetraploid) and compare them for quantitative traits is well possible
and straightforward. This represents the very first approach to map, even though only at the
chromosomic level, the phenotypic variation induced by ploidy level.
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1.2 Chromosome Substitution Strains: a novel genetic resource
The Chromosome Substitution Strains (CSSs) also known as Chromosome Substitution Lines
are characterized by the replacement of one or more chromosomes of a genotype with the
corresponding homolog of another. A Chromosome Substitution Library (CSL) is composed of
all combinations of chromosomes between two parental genotypes. The number of lines that
composes a CSL of two genotypes is dependent on their chromosome number. A. thaliana has
five chromosomes (2n = 2x= 10) thus a full CSL between two parental lines contains 2 5 = 32
CSSs, each containing a different combination of their chromosomes. These lines are
homozygous and thus they are non-segregant.
The creation of chromosome substitution lines is contextualized in the process known as
reverse breeding (Wijnker et al., 2012; 2014): the generation of homozygous parental lines from
heterozygous plants. This approach has as starting point a heterozygous F1. From here,
obtaining homozygous lines involves three main steps: 1) suppression of cross-overs during
meiosis in the F1. Thus, the F2 progeny will be formed by non-recombined chromosomes and
the variation will only be due to their random segregation. 2) The F2 plants are converted into
haploid plants. In A. thaliana this can be obtained thanks to the crossing with a A.thaliana line
that induces genome elimination, yielding haploid offspring when crossed to wild type (Ravi &
Chan, 2010). This function had been discovered in the null mutant cenh3, a line containing a
manipulation at the centromere-specific histone CENH3 (a histone variant that replaces H3 in
centromeric nucleosomes). Ravi and Chan (2010) observed the same phenotypes by replacing
the tail domain of the amino-terminal of CENH3 with the tail of H3. Thus. they created a GFPtailswap haploid inducer line where the N-terminal tail domain of CENH3 is substituted with the
one of the H3 variant H3.3 and tagged with a GFP protein. Therefore, this line is able to
eliminate its own genome upon fertilization, giving rise to a haploid offspring with the genome
of the parental it is crossed with. 3) Eventually, spontaneous genome duplication by meiotic
non-reduction restores fertile and doubled haploid (DHs) homozygous lines. In A.thaliana the
rare doubled haploid (DHs) seeds can be collected on the self-pollinated haploid plants. Thus,
the offspring will be formed of plants with different chromosomic combination of the two
homozygous genotypes crossed for the creation of the initial F1. All strains with different
chromosomic combinations form the above-mentioned Chromosome Substitution Library, the
latest addition to the landscape of genetic resources in A. thaliana.
4

Although previously attempted with backcrossing (Koumproglou et al., 2002), the creation of a
full CSL of A. thaliana has only been possible thanks to the breakthrough discovery of the
haploid inducer mutant. Indeed, Arabidopsis is recalcitrant to other methods of haploid
generation. CSSs of A. thaliana are currently used for a range of genetic studies. Its use as a
mapping population is advantageous for a series of reasons. For instance, their development
is easier and less time consuming than other mapping resources e.g. RILs, NILs, F2, BCs
where reaching homozygosity from a heterozygous background requires from six to eight
rounds of self-pollination. Instead, the reverse breeding approach shortens this process and
allows to obtain homozygous lines in only three generations. Their mapping “resolution”, the
size of the polymorphic genomic regions associated with the phenotypic variation among
members of a population, is limited to entire chromosomes. Thus, for the possibility it gives to
attribute the variation encountered between two parental genotypes to single chromosomes or
to inter-chromosomal interactions, CSSs represent the first step to map quantitative traits
(Wijnen & Keurentjes, 2014).

Figure 1: Schematic representation of a small set of the thirty-two lines that compose the Chromosome Substitution Library
of A. thaliana. The bars represent the five chromosomes of A. thaliana. Each line that compose the library has a unique
genotype: a different combination of chromosomes from two parental lines (isogenic lines at the top of the figure).
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1.3 Research goal
This project aims at exploiting the unique genetic composition of the CSSs to explore the
possibility of mapping the effects that ploidy, in combination with single chromosomal swaps,
brings to the phenotype of A.thaliana.
In order to achieve this, haploid (2n = x = 5) and tetraploid (2n = 4x = 20) CSSs from a diploid
(n= 2x =10) subset of the CSL of A. thaliana were created. The CSSs used were characterized
by single chromosomes substitutions between two accessions, Columbia (Col-0) and
Landsberg erecta (Ler-0). This subset was composed of twelve CSSs, five of which have a
single chromosome substitution of a Ler-0 chromosome in a Col-0 isogenic background, and
the five reciprocal lines. The remaining two lines are CSSs that contain all five of the parental
chromosomes. Subsequently, the lines were phenotyped for three traits: leaf trichomes number,
leaf trichomes branching and rosette diameter. It was analyzed how these phenotypes changed
for each of these single CSSs and across the three
ploidy levels.
In Arabidopsis, trichomes are protrusions of single large
epidermal (also called protodermal cells) present on the
adaxial surface of rosette and cauline leaves, stems and
sepals (Schnittger & Hülskamp, 2002). They are
considered to shield the plants against herbivore
insects,

UV

light

and

excessive

transpiration

(Schellmann & Hülskamp, 2005). Stem and cauline
trichomes are unbranched or show reduced branching,
while trichomes present on the rosette leaves usually
display three branches (Schnittger & Hülskamp, 2002).
The epidermal cells from which trichomes arise undergo
endoreduplication, a switch from the ordinary mitotic
cycle to several rounds (on average four) of replications
without cytokinesis. The result is a endopolyploid cell
having on average a 32C DNA content (Schnittger &
Hülskamp,

2002).

Endopolyploidy

is

considered

fundamental for epidermal cells to differentiate and to

Figure 2: Rosette diameter and trichome number
and branching were phenotyped on single
substitution CSSs of A. thaliana. At the top the
typical rosette of A. thaliana. At the bottom,
trichomes on two developing leaves (Personal
images).
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develop trichomes. For this reason, trichome development and patterning control is considered
a model system for studying cell fate determination and cell cycle regulation (Schellman &
Hülskamp, 2005). Columbia and Landsberg erecta show variation in terms of trichomes number
(Larking et al., 1996) and trichomes branching (Erik Wijnker, personal communication). In
addition, polyploidy affects both traits (Yu et al., 2009). In addition to trichomes, the rosette
diameter of the CSSs were measured to infer on the combined effects of ploidy and genotype
on plant size. Columbia and Landsberg show natural variation in rosette size, and as pinpointed
by Miller et al., (2012) and Fort et al., (2015) a change of ploidy level can also affect this trait.
As influenced by ploidy level and as showing natural variation between the parental genotypes
from which the CSSs were developed, trichomes and rosette diameter were the traits chosen
to answer the research questions this study addresses: Does ploidy lead to different phenotypic
responses according to the CSS considered? Can we map the effects that ploidy triggers in the
phenotype?
This project introduces the unprecedented approach of using a mapping population for studying
the effects of ploidy on quantitative traits of A. thaliana. The benefit of using a mapping
population is that it becomes possible to map the effects that a higher or lower genome dosage
induces on the phenotype.

Figure 3: Representation of chromosome substitution lines of A.thaliana with single chromosomic substitutions of Col-0 chromosomes in a Ler-0
background. Each concentric circle contains single substitution CSSs at a different ploidy level: haploid, diploid and tetraploid.
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2. Materials and methods

2.1 Plant material and growth conditions
A set of Col-0 x Ler-0 single chromosome substitution lines was used in this study as starting
plant material to generate their haploid (2n = x = 5) and tetraploid (2n = 4x = 20) counterpart
lines (Table 1). These lines are grouped in two reciprocal subsets, each of them consisting of
the five chromosome substitution lines and one non-substitution line similar to the original wildtype parent (Line 1 and Line 32, Table 1). This set of CSSs is the smallest reciprocal set that is
still informative on main effects per chromosome and two-way interactions between
chromosomes. The single chromosome substitution of chromosome 3 from Ler-0 in a Col-0
genetic background (Line 5) was not available yet at the start of this project. Therefore, the
number of single substitution lines used were eleven. Seeds were stratified in wet petridishes
at 4°C for 48 hours in darkness and sown on rockwool blocks. All plants were grown in long
day photoperiod (16h light and 20°C, 8h
darkness and 18°C) with 70% relative
humidity and a maximum light irradiance of
200 lmol m-2 s-1. The plants were watered

Table 1: The CSSs used in this research. Only the CSSs characterized by
single chromosome insertions of Col-0 in a Ler-0 background, and
reciprocal lines, were used for the purposes of this research. The left
column shows the numbers with which the lines will be addressed in
this study.

three times per week with Hyponex solution
(Unifarm) using flooding tables.

2.2 Creation of the haploid CSSs
Three replicates of the two wild type
ecotypes, Col-0 and Ler-0, and the set of
eleven CSSs were grown together with the
GFP-tailswap haploid inducer lines (Ravi &
Chan, 2010). The single substitution CSSs,
wild-type Col-0 and Ler-0 were used as the
pollen donors in crosses with the GFPtailswap. The flowers of the GFP-tailswap
8

plants were not emasculated as these are semistetile and the chance of giving an offspring as
a result of inbreeding is minimum. At maturity, the seeds of each cross were harvested from
the GFP-tailswap plants.

2.3 Establishment of independent tetraploid CSSs
The strategy used for the generation of independent tetraploid A. thaliana CSLs makes use of
analysis of phenotypic traits acknowledged as markers for ploidy level; genomic content and
cytogenetic analysis. The entire procedure can be divided into three major steps:


Polyploidy-induction: For the induction of polyploidy, a single treatment of colchicine
was used. The treatment gave rise to mosaic plants, retaining sectors with different
ploidy levels, diploid or tetraploid.



Selection of polyploid sectors: The tetraploid sectors of the colchicine-treated plants
were selected at flowering through pollen size analysis.



Confirmation of the tetraploid status: Seeds from the selected branches were sown
and their ploidy level established through flow cytometry. Plants identified as tetraploids
underwent a second pollen size observation and chromosome counting for confirming
their ploidy level.

2.1.3 Colchicine-induced genome duplication
Yu et al. (2009) optimized the colchicine concentrations and procedure of application for the
Col-0 and Ler-0 ecotypes. Thus, the application method and concentrations that resulted in the
highest yield regarding survived seedlings with tetraploid sectors were adapted for polyploidy
induction in this research. At least fiftenn replicates plants per genotype were treated by placing
one drop of fifteen microliters of colchicine solution on the apex of seedlings with approximately
five true leaves. All genotypes were treated simultaneoulsly. Four additional replicates per
genotype were sown and kept as controls.
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As Col-0 and Ler-0 are dissimilarly susceptible to colchicine, the genotypes were treated with
different concentrations: 0,5% for Line 1, 2, 3, 9 and 17; and 0,05% for Lines 32, 31, 30, 28, 24
and 16.

2.1.4 Pollen size analysis
At flowering, two flowers were harvested from two or three branches of all colchicine treated
plants. The flowers were then transported to a microscopy lab in petri dishes with a filter paper
imbibed in milli-Q water. Microscopy slides of stained pollen grains were prepared for size
observation. Peterson’s stain was used as staining solution (95% alcohol (10%), 1% solution
of Malachite green in 95% alcohol (1%), distilled water (54,5%), glycerol (25%), 1% solution in
water of acid fuchsin (5%), 1 % solution in water of Orange G (0,5%), glacial acetic acid (4%)).
This staining solution is an adaptation of the Alexander’s solution not containing chloral hydrate,
mercuric chloride and phenol (Peterson et al., 2010). Thus, two separate drops of Peterson’s
solution were placed on 76x26 mm slides (Menzel-Glaser Superfrost©, THERMO SCIENTIFIC)
and two flowers were tapped onto them to release their pollen grains. The two drops containing
pollen grains were covered with 24x24 cover slips and the slides mounted and analyzed at a
light microscope (Axio-Imager A1, ZEISS). Images of pollen grains of each flower were taken
and saved with the ZEN 2012 Blue Edition Imaging Software (ZEISS).
Lastly, siliques were harvested from those branches from which flowers displayed bigger and
homogeneous pollen grains compared to diploid plants.

2.2.5 Propagation of T1, selection and flow cytrometry
Depending on availability, twelve to eighteen seeds harvested from the selected branches of
the colchicine-treated plants were sown.
At bolting, after removal of possible aneuploid plants based on an irregular phenotype, a fresh
leaf was sampled from plant rosettes for flow cytometry analysis. The analysis was performed
by IRIBOV SBW (Heerhugowaard, The Netherlands). IRIBOV isolated nuclei from each leaf
sample and stained the genomic DNA with 4',6-diamidino-2-phenylindole (DAPI), a fluorescent
stain that strongly binds to A-T-rich DNA regions. IRIBOV determined the C-values of each
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DAPI-stained nucleus by comparing their fluorescence with the one emitted from nuclei of the
octoploid Chinese cabbage, used as reference line.
The output provided by IRIBOV consisted of the percentages of isolated nuclei, per each leaf
sample, that flow cytometry located in correspondence of different C-values (C1, C2, C3, C4,
C6, C8, C12, C16…C32). The ploidy level of a plant was established based on the lowest Cvalue that the nuclei from a leaf sample were estimated to belong to. If the lowest C-value of
nuclei isolated from a leaf was C4, then the plant was classified as tetraploid.
The plants that flow cytometry estimated to have a higher level of ploidy then diploidy, were
again analyzed for pollen size (See paragraph Pollen size analysis).

2.2.6 Cytogenetic analysis: chromosome counting
The confirmation of the ploidy level of the T1 plants was based on cytogenetic analysis of mitotic
cells of young flower buds. Chromosome counting established with accuracy the chromosome
number of the plants that flow cytometry indicated as candidate tetraploid lines.

Material preparation
Two to three inflorescences per plant were harvested before 11.00h and stored for 48 hours at
4°C in Carnoy’s fixative solution (1:3 glacial acetic acid:99% EtOH). Subsequently, the
inflorescences were washed twice with 70% EtOH. Each washing step lasted 5 minutes.
Samples were kept at 4°C in 70% EtOH until the slides preparation for the microscopy
observation of the chromosomes.

Slides preparation and chromosome counting
Young flower buds (± 1 mm) were separated from the entire inflorescence under a dissecting
microscope, placed in a 24-wells plate and washed with milli-Q water with three 5 minuteswashing steps. An additional 5 minutes-washing step was performed with 10 mM citric acid
(pH=4.45). After removal of the citric acid, the flower buds were macerated with a 1% enzymatic
solution (cytohelicase, pelctolyase, cellulose) and incubated at 37°C from 2,5 to 3 hours.
Each bud was collected from the well and placed at the center of a microscopy slide (MenzelGlaser Superfrost©, THERMO SCIENTIFIC). Single buds were broken with a needle, and kept
wet with three drops of 45% glacial acetic acid. After the glacial acetic acid dissolved the buds,
11

a final drop of acetic acid was added and swirled with a needle on a platform at 45°C for 10
seconds. The remaining acetic acid was washed away with Carnoy’s fixative solution. Lastly,
the slide was dried for a few seconds on the 45°C platform and mounted on a light microscope
(Axio-Imager A1, ZEISS).
The microscope observations served as a screening to select the slides where chromosomes
were well visible and countable. The selected slides were then stained with DAPI, covered with
a 24 x 32 mm cover slip and mounted on a fluorescent microscope (Axiophot Microscope,
ZEISS). Thus, chromosomes were counted in mitotic metaphase, anaphase and telophase
nuclei. For each sample, chromosomes were counted in at least ten nuclei. Seeds were
harvested from the plants from which a substantial number of nuclei displayed twenty countable
chromosomes. Those seeds were then sown for two phenotyping experiments.

2.4 Phenotyping experiments
Two separate phenotyping experiments were conducted on the tetraploid CSSs obtained. In
one experiment tetraploid and diploid CSSs were phenotyped for rosette diameter. In a second
experiment tetraploid, diploid and haploid CSSs were phenotyped for trichomes number and
trichomes number of branches.

Tetraploid-diploid phenotyping experiment.
Fifteen replicates of each tetraploid line and of their diploid counterpart were sown on
25x25x40mm rock wool square blocks (GRODAN). Rosette diameter was measured with a ruler
three times per week over a period of twenty-five days. T-tests were used to compare the
means of rosette diameter between diploid and tetraploid plants for each genotype for which
tetraploid plants were obtained, at each of the time points. One-way ANOVA was instead used
to compare the means among diploid and tetraploid lines at each of the time points.

Haploid-diploid-tetraploid phenotyping experiment
A second phenotyping experiment included diploid, tetraploid and haploid CSSs. In this
experiment, ten replicates per line were sown on circular rockwool blocks (GRODAN) inserted
12

in a polystyrol rectangular block. Once the plants reached approximately five primary leaves,
trichomes number was established on the adaxial surface of the first two primary leaves. The
trichomes were then divided in three classes depending on the number of their branches: two, three- or four-branched trichomes. The means of number of trichomes and trichomes
branches classes were compared trough a non-parametric statistical test (Kruskall-Wallis).
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3. Results
A straightforward procedure for developing tetraploid CSSs of A.thaliana was set-up. The
procedure consists of: a) polyploidy induction via colchicine treatment, b) selection of polyploid
sectors on treated plants based on pollen size analysis; c) confirmation of the tetraploid level
with flow cytometry and cytogenetic analysis. First, results of this procedure (Figure 4) will be
shown in detail. Thereafter, the results of the two phenotyping experiments will follow. These
have generated an insightful characterization of the tetraploid CSSs for three phenotypic traits:
number of trichomes, trichomes branching and rosette diameter.

Figure 4: Flow chart of the procedure used for obtaining tetraploid CSSs. The activities performed are indicated by rectangles and their outputs by
circles. The dotted lines indicate outputs for which the procedure was not continued. The activities and the outputs that led from the colchicine
treatment to the phenotyping experiments are connected through full lines and are framed in bold. Tetraploid plants were phenotyped together with
their haploid and/or diploid counterparts at the T2 generation (2 generations after polyploidy induction with colchicine).
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3.1 Generation and confirmation of tetraploid Chromosome Substitution
Lines
3.1.1 Polyploidization induction with colchicine treatment
Different sets of CSSs were treated over a period of six weeks to enhance the possibility of
rescuing tetraploid plants. The first set was treated with colchicine from 2008 and the following
sets with colchicine of only a few weeks old. Plants responded differently to the treatments of
colchicine of different age. Figure 5 shows plants treated with new colchicine and control plants
(non-treated). The colchicine treatment stressed the plants. This was clearly seen as they were
characterized by a stunted growth in the first days following the treatment. Moreover, their
leaves assumed a roundish shape. This response was consistent across all genotypes but it
was not observed for plants treated with the colchicine from 2008. As the selection and ploidy
confirmation procedure was only completed for the lines treated with colchicine from 2008, this
report will only address the analysis and the selections of polyploid plants performed from those
plants.
At flowering, an approximate comparison of flower size between treated and control plants
allowed a selection of those for which pollen size was analyzed. Indeed, flower size can be
used as a reliable marker of pollen size and therefore of ploidy level (Erik Winker, personal
communication).

Figure 5: Col-0 (a), Line 28 (b) and Ler-0 (c) plants treated with fresh colchicine (left) and controls (right). The colchicine treatment induced
a rounding shape of the leaves and a stunted in growth in all genotypes.
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3.1.2 Pollen size analysis of T0 plants: selection of newly induced polyploid
branches
Two flowers were harvested from a couple of branches per plant and their pollen grains size
was compared to control plants. As the colchicine treatment generated mosaic plants retaining
diploid and polyploid sectors, an accurate selection of the branches where a polyploidization
event had happened was needed for successfully rescue tetraploid plants. As a proof of the
presence of sectors with different ploidy levels, three main circumstances were encountered
during pollen size observations:

1) Variation within plant (between branches): Within the same plant, branches differed for
the sizes of the pollen grains of their flowers:
a) Haploid pollen (n = x), visible at the microscope as homogeneous and small-sized
pollen, comparable to the pollen of the control plants.
b) Mixed ploidy levels of pollen (n = x, n = 2x, n = 4x) visible as pollen which size was
variable and heterogeneous.
c) Diploid or higher ploidy levels pollen (n = 2x ; n = 4x) visible at the microscope as
homogeneous and big-sized pollen, comparatively bigger to the pollen of control plants.

2) Variation within branches: Within the same branch, flowers differed for pollen grains size
displaying separately the circumstances described in 2 a), b) and c).

3) Variation within flowers: A single flower displaying mixed ploidy levels of pollen visible as
pollen grains which size was variable.

As a general rule of thumb, only the seeds from the branches where the flowers yielded pollen
grains as described in point 1c were harvested and sowed separately (T1 generation).
However, where homogeneous big-sized pollen was not found, seeds were also harvested for
those lines displaying situation 2, 1 b or 3 if it was considered they could have potentially yielded
tetraploid offspring. Seeds of those lines where no visible difference in pollen size was found
if compared to control plants (situation 1 and 2 b) were not re-sown for the T1 generation.
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Figure 6: Pollen grains of the T0 Line 3 plants. A) Control pollen: small and homogenous size. B) Homogeneous
pollen grains, bigger than control pollen. C) Heterogeneous size. Pollen grains of different size and presumably of
different ploidy levels are indicated by arrows of different colors. D) Pollen of even bigger sizes. (Scale bar: 100
micrometers)

Based on pollen observations, the lines selected for being sowed for the T1 generation were:
Col-0 wild type, Line 1, 3, 9, 17, 32, 31, 28 and 16. Instead, the lines for which the analysis did
not continue were Ler-0, Line 2, 30 and 24.

3.1.3 Flow cytometry: establishment of the ploidy level
Twelve to eighteen seeds of Line 1, 3, 9, 17, 32, 31 and 28 were grown and one leaf sample
was harvested four weeks after sowing. The flow cytometric analysis established their ploidy
level, estimating it through the comparison of a reference sample of known ploidy. Flow
cytometry yielded histograms displaying different peaks, each in correspondence of different
ploidy levels or C-values, whose amplitude was dependent on the number of nuclei belonging
to a certain level. The ploidy level of a sample was established based on the position of the first
peak. Figure 7 displays the histograms that flow cytometry yielded for the three ploidy levels
registered in the T1 plants: diploidy, tetraploidy and octoploidy.
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The yields of diploid, tetraploid and octoploid plants for each line are shown in Table 2. The
table also shows the number of plants for which flow cytometry yielded unclear results or for
which the leaf samples were not analyzable. Flow cytometry identified polyploid plants in the
following lines: Col-0 Wt, 1, 3, 9, 17, 32. For these, 69,04% of the polyploids was represented
by the tetraploids (2n = 4x), ranging from 60 to 86% per genotype. Instead, flow cytometry did
not identify polyploid plants for lines 31, 28 and 16.
Apart for Col-0, all other lines also showed octoploids (2n = 8x) among their T1 plants. Line 17,
was the genotype for which flow cytometry yielded the highest percentage of octoploids (4
plants, equal to the 14,81 % of the total). Line 1, 9 and 32 also displayed diploid plants, even
though at low frequencies (2,77% for Line 1, 8,33% for Line 9 and 5,55% for Line 32).

Figure 7: Histograms of a) diploid, b) tetraploid and c) octoploid A.thaliana. Flow cytometry estimates the genomic content of single nuclei isolated
by plant samples based on the difference from a sample of known ploidy in the fluorescence that they emit after staining with DNA-specific dye.
The number of nuclei (y-axis) is plotted against their estimated genomic content (x-axis) forming peaks (dark green). The ploidy is established
based on the position of the first peak. Therefore, going from a diploid to a tetraploid to an octoploid plants, the position of the first green dark
peak shifts along the x-axis.
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Table 2: Number of plants for which flow cytometry was performed and the number of plants identified as being diploid, tetraploid or
octoploid for the CSSs analyzed. The genotype of the 5 chromosomes of the lines is indicated between brackets (C=Columbia,
L=Landsberg erecta).

Line (genotype)

N°

plants

analyzed

N°

diploid

N°

tetraploid

N°

octoploid

N°

not

plants (% on

plants (% on

plants (% on

analyzable

total)

total)

total)

plants (% on
total)

Columbia (Wt)

15

5 (33,3)

9 (60)

0 (0)

1 (6,66)

Line 1 (CCCCC)

36

1 (2,77)

31 (86,11)

1 (2,77)

3 (8,33)

Line 3 (CCCLC)

7

0 (0)

5 (71,42)

1 (14,28)

1 (14,28)

Line 9 (CLCCC)

24

2 (8,33)

20 (83,33)

1 (4,16)

1 (4,166)

Line 17 (LCCCC)

27

0 (0)

18 (66,66)

4 (14,81)

5 (18,51)

Line 32 (LLLLL)

18

1 (5,55)

13 (72,22)

1 (5,55)

3 (16,66)

Line 31 (LLLLC)

4

4 (100)

0 (0)

0 (0)

0 (0)

Line 28 (LLCLL)

4

4 (100)

0 (0)

0 (0)

0 (0)

Line 16 (CLLLL)

4

2 (50)

0 (0)

0 (0)

2 (50)

Total (%)

139

19 (13,6)

96 (69,04)

8 (5,75)

16 (11,51)

3.1.4 Pollen size observations of T1 plant
A second round of pollen size observations was conducted on those T1 plants whose ploidy
level was established with flow cytometry. Such observation was performed to confirm the
increase in pollen size accompanied by an increase in ploidy level. Moreover, this analysis
supported the selection of candidate plants, indicated as tetraploid by flow cytometry, for which
performing chromosome counting. Only those plants identified as tetraploid by the flow
cytometry and whose pollen grains were big-sized and homogenous would have been selected
for chromosome counting.
Pollen size observations of T1 plants confirmed the consistent trend of observing pollen of
increasing size if the ploidy level increases (Figure 9). Figure 8 shows pollen grains of the T1
plants selected for the chromosome counting and of wild type Columbia.
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Figure 8: Pollen of diploid and tetraploid plants of Wt Col-0 (a-a’), Line 1 (b-b’), Line 3 (c-c’), Line 9 (d-d’), Line 17 (e-e’), Line 32 (f-f’). (Scale bar:
100 micrometers). Ploidy level of these plants was established through flow cytometry.
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Figure 9: Pollen of diploid (a), tetraploid (b) and octoploid (c) plants of Line 3. The pollen size increases at the increase of the ploidy level.
(Scale bar: 100 micrometers).

3.1.5 Chromosome counting: confirmation and selection of the tetraploid lines
Based on flow cytometry analysis and on a second round of pollen size observations, candidate
plants of the T1 generation were selected for chromosome counting. Flower buds cell spreads
were prepared and their chromosomes counted under a fluorescence microscope upon DNA
staining with DAPI. The goal of this cytogenetic analysis was to check whether a balanced
doubling of all 10 A. thaliana chromosomes had occurred and therefore to select tetraploid
plants to be used for the phenotyping experiments.
In diploid control plant cell spreads, 10 chromosomes were observed and for all genotypes for
which flow cytometry had identified tetraploidy, it was possible to identify at least one plant with
20 chromosomes. These plants were therefore selected for the phenotyping experiments.
Figure 10 shows microscope images of their nuclei at a pre – and post – mitotic division stage.
In a plant identified as octoploid by flow cytometry, 40 chromosomes were counted (Figure 11).
Finally, the CSSs for which the tetraploidy level was established and confirmed for at least one
single plant were Line 1, Line 3, Line 9, Line 17 and Line 32. Seeds from one single plant for
each of these lines were sown, together with their diploid and haploid counterparts for
phenotyping experiments.
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Figure 10: Genotype, flow cytometric profile and microscope images of DAPI-stained chromosomes at metaphase and telophase stages of tetraploid
plants selected for the phenotyping experiments of Line 1 (a), Line 3 (b), Line 9 (c), Line 17 (d), Line 32 (e). Each of the nuclei displayed contains 20
chromosomes. Red bars indicate Col-0 chromosomes, green bars Ler-0 chromosomes.
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Figure 11: Microscope images of DAPI-stained chromosomes at metaphase (top row) and telophase (bottom
row) stages of diploid (a), tetraploid (b) and octoploid (c) plants. In the diploid plants 10 chromosomes are
observed, in the tetraploids 20, and in the octoploids 40.
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3.2 Phenotyping experiments
Trichome numbers and branching and rosette diameter were identified as candidate traits for
which the different CSSs could have shown a differential response to a change in ploidy level,
denoting a genotype-by-ploidy interaction. Unfortunately, it was not possible to ascertain if the
crosses of the CSSs with the haploid inducer line yielded true haploids. For this reason, this
study does not include the data from the haploid CSSs to avoid the drawing of erroneous
conclusions. Thus, it was not possible to infer on a decrease of ploidy level, but only on an
increase.

3.2.1 Genotype affects trichomes number regardless of the ploidy level
The number of trichomes were counted on the first two primary leaves of ten replicates for each
genotype and ploidy level. Figure 12 shows a graph displaying the number of trichomes counted
for the diploid and the tetraploid lines of the five genotypes for which the phenotyping was
performed.
The effect of ploidy could not be shown to cause significant differences for all genotypes in the
number of trichomes (Kruskall-Wallis, p>0,05). However, a trend could be recognized: apart
from line 9, where tetraploid plants displayed a slight decrease (- 1,06%) in the number of
trichomes, tetraploid plants for all other genotypes showed, in comparison to their diploid
counterparts, an increase dependent on the genotype considered: + 1,5% for Line 1, + 17,78%
for Line 32, + 12,69% for Line 17, + 3,92% for Line 3.
Ploidy level did not significantly influence trichomes number, however, this trait differed among
the genotypes (Kruskall-Wallis, p<0,05). Line 1 and 32, the two isogenic lines whose genotypes
are of the parental lines that compose the CSL of A.thaliana, showed a remarkable variation.
Line 1 displayed a twofold increase in trichomes than Line 32 at the diploid and tetraploid level.
The three CSSs having single insertions of Ler-0 chromosomes on a Col-0 background (Line
3, Line 9, Line 17) also showed segregation for the trait, with Line 17 retaining the highest
number of trichomes among all genotypes, at both ploidy levels. Line 9 was the only genotype
showing a comparable number of trichomes to Line 32.
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Figure 12: Polyploidization did not determine a significant difference in the number of trichomes for all genotypes considered.
The variation found at the diploid level was maintained at the tetraploid level.

3.2.2 Genotype and ploidy level interact in determining trichome branching
Table 1 (supplementary data) summarizes the frequencies of two-, three-, and four-branched
trichomes for all genotypes considered and at both diploid and tetraploid levels.
Striking results were obtained regarding the frequencies of three-branched and four-branched
trichomes. Diploid plants displayed on average 81,75% of three-branched trichomes. Such a
percentage dropped to an overall 37,99% in tetraploid plants in favor of an overall 59,1% of
four-branched trichomes, that in diploids settled at 14,5%. The two parental lines showed
significant difference in the percentage of three-branched trichomes at the diploid ploidy level
(Kruskall-Wallis, p<0,05). Variation was also found in the rest of the lines, with Line 9 displaying
a significantly lower percentage of three-branched trichomes (61,6%) from all other lines
(Kruskall-Wallis, p<0,05). Polyploidization then resulted, in Line 1, 32, 3 and 9 accordingly with
the above-mentioned trend, in a drastic drop in the percentage of three-branched trichomes
and in a significant increase of four-branched trichomes. The amplitude of such a reduction was
dependent of the genotype (Figure 13). However, Line 17 was the only CSS for which there
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was no significant decrease in the number of three-branched trichomes (from 93,1 % in diploids
to 88,1 in tetraploids) (Kruskall-Wallis, p>0,05).
For both ploidy levels, the two-branched trichomes class was the least represented in all
genotypes. For this class of trichomes, genotype displayed an effect on determining the
variation found among the lines (Kruskal-Wallis test, p<0,05). Line 17 displayed a significantly
higher number of two-branched trichomes than all other lines. Polyploidization did not yield a
significant change in the number of two-branched trichomes in any of the CSSs indicating that
the genotype showed an effect regardless of the ploidy level.

Figure 13: Percentage for two-, three-, and four-branched trichomes for diploid and tetraplod Line 1, Line 32, Line 3, Line 9 and Line 17
Plants. Two-branched trichomes was the least represented class of trichomes in all genotypes. Polyploidization did not yield a
significant difference in two-branched trichomes but resulted in a decrease of three-branched trichomes in favour of an increase of
four-branched trichomes, that became the most represented class for tetraploid Line 1, Line 32, Line 3 and Line 9. Such a change was
not observed in Line 17 where a constant percentage of three-branched and four-branched trichomes was observed.
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3.2.3 Differences in plant size between tetraploid and diploid A.thaliana CSSs
depend on stage of development and genotype.
To investigate the effect of polyploidiy on plant size, the rosette diameter of the tetraploid lines
was compared to diploid lines over a period of twenty-five days. Measurements were taken
three times per week (thirteen measurements in total).
As displayed in Figure 14, a trend could be observed: at early stages all tetraploid lines showed
bigger rosette diameters than their diploid counterparts. However, at later stages of growth, the
early difference in size decreased gradually until all diploid lines reached a bigger diameter then
their respective tetraploids. It is noteworthy that the time point at which tetraploid lines started
to display a shorter rosette diameter than the diploids depended on the genotype (Figure 14)
(Table 2, supplementary data).
Regarding the parental lines, tetraploid Line 1 never showed a significantly bigger rosette than
diploid Line 1 plants. In opposition to that, tetraploid Line 32 displayed significantly bigger
rosettes than diploid Line 32 at 12 and 14 das (+ 15,7% and + 12,3% respectively, t-test,
p<0,05). Tetraploid Line 17 maintained a significantly bigger rosette diameter compared to its
diploid equivalent until 26 das, (+ 11,4%, t-test, p<0,05). This was longer than any other line.
However, the trend in the difference in diameter between tetraploid and diploid lines also
affected Line 17. Tetraploid Line 17 only showed significantly smaller rosette than the diploids
at the last measurement time point (- 8,6%, t-test, p<0,05).
Polyploidization rearranged the differences in rosette diameter over time among the CSSs.
Indeed, there were differences among the tetraploid CSSs not present among their diploid
equivalents. Polyploidization retarded the stage at which Line 1 significantly diverged from Line
32 (+ 11,64% at 27 das at the diploid level, and + 13,93% at 33 das at the tetraploid level, oneway ANOVA p<0,05) (Figure 15). Line 17 reached and maintained a statistically significant
bigger rosette diameter than all tetraploid lines from 33 das onwards (one-way ANOVA, p<0,05)
(Figure 15). This was not the case for diploid Line 17, whose rosette diameter never statistically
differed from diploid Line 1 and Line 3 (one-way ANOVA, p>0,05). The trend of the lines showed
in Figure 15 suggests that Line 9 displayed the smallest rosette diameter at both diploid and
tetraploid level for most of the time points measured. However, while at the tetraploid level Line
9 never statistically diverged from Line 32 (one-way ANOVA, p>0,05) at the diploid level, it
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showed a smaller rosette diameter than any other diploid line from 29 das onwards (one-way
ANOVA, p<0,05).

Figure 14: Rosette diameter of tetraploid CSSs compared with diploid counterpart lines. Each line represents the average rosette
diameter of a tetraploid CSS relative to the diploid counterpart line (grey dotted line, set as 1) at all time points measured. Each
point represents the ratio between the average rosette diameter of the tetraploid plants and the average rosette diameter of the
diploids plants.

Figure 15: Rosette diameters of the diploid (a) and tetraploid (b) CSSs used in this study. Diploid Line 9 displays a significantly smaller rosette than all
other diploid lines at 29 das (a, asterisks). Line 17 shows a significantly bigger rosette than all other tetraploid lines starting from 33 das (b, asterisks).
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4. Discussion
This project has generated and analyzed a partial set of tetraploid CSSs with single
chromosomic substitution between Col-0 and Ler-0. Additionally, a protocol was devised that
allows to expand such a set. This current mapping population allows to map to a single
chromosomes or to attribute to interactions between chromosomes the variation encountered
at the tetraploid level and not present at the diploid level. Hereafter follows the insights and
considerations from the procedure developed for creating tetraploid CSSs and on their
phenotypes.

4.1 The effect of colchicine on polyploidy-induction
Colchicine treatments gave rise to mosaic plants, retaining sectors of different ploidy levels as
ascertained through pollen size observations. Indeed, colchicine can cause an uncomplete
polyploidization of the sub-epidermal inner layers (L2 and L3) of the apical meristem from which
generative cells are produced (Dermen et al., 1943). This explains how diploid and
polyploidized cells developed into branches of different ploidy levels, from which progenies of
different ploidies were produced. In addition, diploid and polyploid cells of inner layers might
have taken part to the development of the same branches, explaining the variation observed
among branches and flowers. Colchicine treatment also gave rise to completely unpolyploidized
plants. This can be explained because diploid cells might have overgrown those where
polyploidization occurred, giving rise to a completely diploid plant (Yu et al., 2009). Another
possible explanation is that colchicine only affected the epidermal layer (L1) generating an
epidermal polyploidy (Dermen et al., 1943). Epidermal layers do not take part in the production
of generative cells, making the detection of polyploidy through pollen analysis unachievable.
Treating the plants with colchicine of different ages seemed to have different effects on the
plants. Newly synthetized colchicine led to a higher mortality of the treated seedlings. In
addition, the survived seedlings also appeared more stressed than seedlings treated with the
colchicine from 2008. The age of colchicine also seemed to affect the efficiency of the colchicine
when used at low concentration. Among the lines treated with a 0,05% solution, tetraploid plants
could be rescued only for Line 32. Instead, four out of five CSSs treated with 0,5% colchicine,
yielded tetraploid offspring. From flow cytometry analysis performed on the first plants treated
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with newly synthetized colchicine (data not shown), Lines 31, 30, 28, 24 and 16 yielded
tetraploid offspring.
However, the T0 plants treated with “new” colchicine were not analyzed for pollen size, making
a direct comparison between “old” and “new” colchicine challenging. Even though it was not
possible to assess whether “new” colchicine gave rise to a more efficient polyploidization, it is
advised, in experiments with similar setups, to make sure that the colchicine used is not older
than a few months.
Whether the use of colchicine produces collateral effects e.g. mutations, chromosomal
rearrangements in A.thaliana and other plant species is not known. Therefore, it is not expected
that any of those effects undermined the reliability of the phenotyping experiments.

4.2 Selection and confirmation of the tetraploids
Early studies already suggested pollen size measurements as a way to easily verify the ploidy
level of A. thaliana (Altmann et al., 1994). There is wide literature available on the positive
correlation between nuclear DNA and pollen size in plants. For Arabidopsis in particular, these
show that polyploidization results in an average increase of 70% in pollen size (Knight et al.,
2010).
Accordingly, here pollen size analysis was a reliable physical marker to screen for polyploid
plants in a high-throughput manner. Indeed, T0 plants for which clearly big-sized pollen was
observed, yielded polyploid plants in the T1 generation. Analysis of pollen size allows an easy
and straightforward way to select for those branches where polyploidization has occurred in the
L2 and L3 layers, from which generative cells are created. This can guarantee that the offspring
will also be polyploid. However, using pollen size does not allow an easy selection against
aneuploid branches at the T0 generation. It remains difficult to discriminate, based merely on
size, aneuploid pollen grains with an extra chromosome (or a chromosome less) from euploid
pollen. The selection against aneuploids can be more easily performed in the T1 generation
through phenotypic observation and/or chromosome analysis. Moreover, it was not possible to
assess whether polyploidization gave rise to triploid T0 plants as, given their meiotic instability,
triploidy is a transient condition and hardly heritable (Henry et al., 2005). Triploids show
complications in chromosome pairing and independent assortment during meiosis, as three
homolog chromosomes must be sorted to only two daughter cells (Henry et al., 2005). The
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result of such issues is an offspring mainly formed of a multitude of different aneuploids, each
of them differing for the number of copies of each chromosome.
Flow cytometry estimated the ploidy level of T1 plants. As shown in figure 7 and 10, flow
cytometric analysis yielded more fluorescence peaks in correspondence of different C-values
within a single sample. The main factor contributing to the presence of further peaks than the
one correspondent to the actual ploidy level of a plant is endoreduplication.
Endoreduplication is a common phenomenon for somatic cells of A.thaliana and it consists of
one or more rounds of DNA replication not interrupted by mitotic division. The result is a nucleus
with higher-ploidy, or endopolyploid. This causes, for instance, a diploid plant of A.thaliana to
reveal flow cytometric peaks ranging from 2C up to 32C, depending on how many rounds of
endoreduplication each cell undergoes to (Shirasu & Roberts, 2003). A tetraploid plant would
have a first peak at the 4C value, missing the 2C peak. In addition, the increased genomic
content of nuclei analyzed at the synthesis phase (S phase) of mitosis or duplets of nuclei
mistakenly detected simultaneously might have contributed, even if little, to the presence of
multiple fluorescent peaks within a single sample.
Flow cytometry is not accurate enough to detect 4x +1 or 4x -1 aneuploids (Yu et al., 2009).
For this reason, chromosome counting played an important role in selecting against those
aneuploidies that pollen size analysis and flow cytometry could not unmask. Only plants
displaying twenty countable chromosomes were selected as candidate true tetraploid plants.
Chromosome counting was performed on T1 plants from which seeds were harvested and
sown in the two separate phenotyping experiments. However, with conventional chromosome
counting it is not possible to exclude the possibility that the twenty counted chromosomes are
composed of an unequal number of copies for each of the chromosomes of A. thaliana (e.g.
five copies of chromosome 1, three copies of chromosome 2). Such a situation would yield
aneuploidy in the offspring. This might be visible as unstable and aberrant phenotypes.
Aneuploidy in A.thaliana is usually associated with reduction of fertility and growth, curly leaves,
secondary and tertiary branching, higher density and highly-branched trichomes (Yu et al.,
2009) (Henry et al., 2010). Such abnormalities due to aneuploidy are believed to be less
dramatic in polyploids than in diploids. The unbalanced chromosomic dosage can be partly
masked, or compensated, in aneuploids of higher ploidies due to the presence of a higher
genome dosage (Henry et al., 2010). However, this still makes it possible to identify eventual
aneuploidy in tetraploids with mere phenotypic observations. Plants with phenotypic
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abnormalities that suggested aneuploidy were rare in the confirmed tetraploid CSSs lines.
Those rare plants were discarded from the phenotypic experiments they underwent to.
Three CSSs (Line1, Line 32 and Line 3) for which octoploids were also available were checked
for phenotypic stability in the T2 generation. For one of the octoploid CSSs (Line 3)
chromosome counting had confirmed the presence of exactly 40 chromosomes (Figure 11).
The offspring of this octoploid Line 3 showed phenotypic stability. Instead, the phenotypes of
the other lines, whose octoploidy had been only estimated through flow cytometry (but not
confirmed through chromosome analysis) were highly unstable and aberrant, indicating that
aneuploidy was abundant. Whether eventual aneuploidies in octoploid Line 3 were buffered by
a high general genome dosage was difficult to assess. However, it is always advised to use
cytogenetic analysis to confirm the ploidy level of polyploid plants before setting up phenotyping
experiments.

4.3 The effects of polyploidization can be mapped to chromosomes or
attributed to interactions between chromosomes
In order to examine and give a chromosomal localization of the effects of polyploidization in
A.thaliana, trichomes and rosette diameter were investigated on the tetraploid CSSs developed
with the procedure previously discussed.
Polyploidization did not seem to influence trichomes number. None of the tetraploid CSSs
displayed a significant difference in the number of trichomes with respect to their diploid
counterparts. As trichome patterning is established by a complex protein-protein interaction
network between positive and negative regulators (Pesch & Hülskamp, 2009) trichome initiation
might be regulated regardless of the amount of product of the genes that drive the process. As
long as the balance between positive and negative regulators is not altered, trichome patterning
might not change.
Despite the irrelevance of polyploidy in trichomes number, there was variation among the CSSs
used. Line 32 showed a significantly lower number of trichomes than Line 1 (Figure 12). The
variation encountered between these two genotypes is in accordance with the findings of early
studies on the genetic basis that control trichomes number in A.thaliana. Using recombinant
inbred lines (RILs) from a cross between Col-0 and Ler-0, Larking et al., (1996) identified the
RTN locus (Reduced Trichomes Number) affecting trichome number and explaining 73% of the
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variation found between the two accessions. This major locus was mapped to chromosome 2,
tightly linked to the erecta locus. The RTN locus allele of Landsberg erecta was hypothesized
to play a role in the early termination of trichome initiation, explaining such a substantial
difference between Col-0 and Ler-0 (Larking et al.,1996). This confirms what was found in the
present study. Line 9, a CSSs having a chromosomic substitution of chromosome 2 of Ler-0 in
a Col-0 isogenic background was the only genotype displaying a comparable number of
trichomes to Line 32, which has a complete genotype from Ler-0. While Line 3 and Line 17 did
not show significant difference from Line 1, completely Col-0.
More recent research, has uncovered that the lower trichome number phenotypes caused by
RTN is explained by a K19E amino acid substitution in the ECT2 gene (Hilscher et al., 2009)
(Hauser, 2014). ECT2 is part of a gene-family that encodes for R3 MYB proteins. These
proteins compete with positive regulators of trichome patterning. The single amino acid
substitution has been hypothesized to strengthen the suppression activity of such a gene,
leading to a lower number of trichomes (Hilscher et al., 2009).
The results for trichome branching were more remarkable. Line 17 did not change trichome
branching across the two ploidy levels, although all other CSSs did. Polyploidization in
A.thaliana is generally associated with an overall increase in the number of trichome branches.
Yu et al., (2009) proposed the overall presence of four-branched trichomes as a marker to
select for tetraploid A. thaliana plants. As branching is dependent on the ploidy level of the cells
from which they arise (Hülskamp et al., 2004) they reasoned that the abundance of supernumerary branches in polyploids is explained by a general higher degree of endopolyploidy
than in diploids. However, the trichome phenotyping experiment demonstrates that a selection
of tetraploid Line 17 based on four-branched trichomes would have been erroneous.
Polyploidization did not show any change in the trichome branching of Line 17. Although the
exact mechanism leading to an unchanged trichome branching in Line 17 remains uncovered,
a main hypothesis is proposed. Apart from the unchanged trichome branching between diploid
and tetraploid Line 17, it is also interesting to note that polyploidization did not lead to a similar
phenotype in Line 32, completely Ler-0, which includes the same chromosome 1 as Line 17.
Therefore, Line 32 should have also shown the unchanged branching if it was caused by a
main effect of chromosome 1 of Ler-0. This leads to the hypothesis that a locus on chromosome
1 of Ler-0 could interact with another locus or loci present on any of the other Col-0
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chromosomes.

This

interaction

would

determine

an

impediment in the increase of four-branched trichomes,
despite the increase of ploidy level. The mechanism how two
or more loci are involved in trichome branching interact at the
tetraploid level remains to be discovered and experiments
should follow to validate it. The epistatic interaction might
affect

the

main

mechanism

that

regulates trichome

branching. This process depends on cell size increase,
considered a crucial feature for trichome branching as it is
only triggered once the epidermal cell reaches a minimal size
(Folkers et al., 1997). As mentioned before, endopolyploidy
is considered, even if indirectly, functional to trichome
branching. Indeed, it mediates the increase in cell size of the
epidermal cells from which trichomes arise (Hülskamp,
2004). This is supported by the fact that in epidermal cells
where trichomes are not present, endopolypolyploidy is rare
or

absent

(Barow,

2009).

Assuming

that

higher

endopolyploidy of epidermal cells in polyploid plants results in

Figure 16: Three-branched (top figure) and
four-branched trichomes of A.thaliana.
(Personal images)

trichomes with more branches (Yu et al., 2009) an epistatic interaction leading to a lower rate
of endoredupication in epidermal cells of tetraploid Line 17 might have been involved in the
unchanged average trichome branching. Fewer cycles of endoreduplication can be indeed
among the causes of premature cessation of branching (Hülskamp et al., 1998). This theory
could be confirmed looking at the endoreduplication rate of epidermal cells of Line 17.
Alternatively, the epistatic interaction could affect another important feature for trichome
branching: microtubule formation. De-novo synthesis of microtubules, together with
reorientation of pre-existing microtubules is required for a branching event (Hülskamp, 2004).
Thus, a defect in this mechanism might have influenced also the formation of the additional
branching event that reshapes the trichomes from three to four branches.
These hypothesis are speculated only on the basis of the results here presented. Therefore, a
further experiment should be to finemap the locus on chromosome 1 of Landsberg erecta. This
should be possible via a cross between tetraploid Line 17 and tetraploid Line 1, and a
subsequent backcross of the F1 with Line 17. Fine-mapping will provide a more precise location
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of the locus, ultimately allowing a more accurate speculation on its actual function. However, in
case of an epistatic interaction, finding the other epistatic locus or loci and validating the
interaction could be the aim of a perspective experimental setup. This implies that the tetraploid
CSSs needs to be expanded. A tetraploid CSSs with chromosome 1 of Ler-0 and with other
chromosomic combination for the other four chromosomes should be created and characterized
for trichome branching. Such experiment might also unravel the actual nature of the interaction,
as two-, three-way or higher order of epistatic interactions might be involved.
This study partly confirms what found by Fort et al., (2015) regarding the general growth trend
of tetraploid A. thaliana. CSSs tetraploid lines showed bigger rosettes in the early stages of
development. Later on, tetraploid CSSs were outgrown by their diploid counterparts. Fort et al.,
(2015) demonstrated how plant size of A. thaliana correlates with seed size. However, this
correlation is not maintained in later stages of development for tetraploid plants. Therefore, the
seed size might play a role in guaranteeing a bigger rosette size in early stages of development.
It is hypothesized that a bigger embryo and/or an increased availability of nutrients present in
a bigger endosperm of the tetraploid seeds, might favor the plants in the first phases of
development. Later on, smaller size of the tetraploids compared to the diploids, can be due to
a decreasing growth rate (Fort et al., 2015). Tetraploids might slow down their growth while the
diploids decrease their growth at a lower rate or do not decrease at all. Despite the general
trend, tetraploid lines showed differences in the comparison with their diploid counterparts. As
shown in Figure 14, Line 17 is the line that got outgrown by its diploid counterpart later than
any other line. This could be explained by a dissimilar difference in growth rate between tetraand diploid Line 17 relatively to any other diploid/tetraploid pair. In addition, in a comparison of
rosette diameters among all tetraploid CSSs, Line 17 displays a significantly bigger rosette
diameter than any other line in late stages of development. This was not observed at the diploid
level. Indeed, it is possible that tetraploid Line 17 had an increasingly faster growth rate at the
tetraploid level than any other line. Instead, polyploidization seemed to result in a slower growth
for Line 9 relatively to other lines. The exact mechanisms underlying what observed remains to
be investigated, many factors (physiological, cellular, metabolic etc.) can be involved in growth
and rosette size.
However, the rosette experiment represents another example of how the effects of
polyploidization can depend on the genotype considered. Each CSS used had a different
combination of Col-0 and Ler-0 chromosomes. Therefore, as for trichome branching, the
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differences in rosette size encountered among the CSSs might have been caused by main
effects due to single chromosomes or inter-chromosomal interactions.
These phenotyping experiments can serve as a proof-of-concept. Based on the results of this
study, it can be argued that polyploidy is not necessarily an additive phenomenon. Instead, it
can somehow interact with the genotype leading to a differential phenotypic response.
Tetraploid CSSs then allow to infer on the chromosomic localization of the components
underlying this phenomenon. Further experiments should exploit the tetraploid CSSs to
systematically map the genetic components that underlie the phenotypic variation that
polyploidy triggers.
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5. Conclusions
Polyploidy can trigger phenotypic variation that is not observed at the diploid level. This study
supports that the phenotypic effects that polyploidy induces in A.thaliana depend on the genetic
background, confirming what observed in previous reports (Miller et al., 2012) (Fort et al., 2015).
However, a systematic mapping on tetraploid A.thaliana plants has never been performed. This
study bridges this gap, proposing the use of a tetraploid mapping population. Thus, a tetraploid
set of Chromosome Substitution Strains of A.thaliana was developed to map the phenotypic
effects that polyploidization brings to two traits: leaf trichomes and rosette diameter.
The results obtained in this study are encouraging. It is demonstrated that the effects of
polyploidy on trichomes and rosette diameter can indeed be mapped to single chromosomes
or attributed to inter-chromosomal interactions. The expansion of the tetraploid CSSs set has
already started. CSSs with different chromosomic combinations between Col-0 and Ler-0 from
the ones used in this study are now under development. They will be examined for the
phenotypic effect that polyploidization plays on a multitude of different traits. Moreover, the
crosses for the fine-mapping of the chromosomic regions associated with the unchanged
trichome branching of Line 17 upon polyploidization have been started.
To conclude, this project has approached the investigation on polyploidy from a different angle
and with a novel objective: mapping the components that underlie the phenotypic changes that
polyploidization triggers. Hopefully, it will spark off prominent advancements in the study of
polyploidy in A.thaliana, getting closer to disentangle one of the most complex and studied plant
features.
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Supplementary data

Table 1: Percentage for 2-,3-, and 4-branched for each of the diploid and tetraploid CSSs considered.

% 2Line (genotype)

Ploidy

branched
(St.dev)

Line 1 (CCCCC)

Line 32 (LLLLL)

Line 3 (CCCLC)

Line 9 (CLCCC)
Line 17 (LCCCC)

% 3-branched

% 4-branched

(St.dev)

(St.dev)

Diploid

1,4 (2,3)

83,7 (11,6)

14,4 (10,9)

Tetraploid

0,5 (1,1)

19 (12,2)

80 (12,1)

Diploid

5,5 (8,1)

91,1 (14,4)

3,4 (7,2)

Tetraploid

1,4 (3,1)

35,3 (28,8)

63,3 (28,3)

Diploid

2,8 (4,1)

79,2 (11,6)

17,9 (9,4)

Tetraploid

0,8 (1,7)

18,9 (14,8)

80,3 (14,3)

Diploid

1,5 (3,4)

61,6 (16,0)

36,9 (14,8)

Tetraploid

0,3 (0,9)

28,6 (31,2)

71,1 (31,9)

Diploid

6,9 (5,2)

93,1 (5,2)

0 (0)

Tetraploid

11,3 (11,7)

88,1 (11,9)

0,6 (1,3)
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Table 2: Difference in rosette diameter between tetraploid CSSs and diploid counterpart lines. Red numbers indicate that a statistically
significant difference( t-test, p<0,05) between the tetraploid line and the diploid at a specific time point was reached.

% Difference in rosette diameter with diploid lines (das)
Line

12

14

16

19

21

23

26

27

29

30

33

35

37

1

+13,0

+7,08

+3,01

-9,3

-9.9

-13,7

-18,5

-18,1

-21,4

-21,1

-22,1

-18

-19,4

32

+15,7

+12,3

+ 10,1

- 4,4

-6,55

- 8,4

-15,4

-12,1

- 18

-18,2

-22,2

-23,5

-22,6

3

+22,7

+18,8

+12,3

+2,78

-0,32

-4

-7,2

-7,7

-10,9

-12,2

-13,3

-14,2

-15,6

9

+25

+17,6

+12,5

+4,8

-0.28

- 4,5

- 7,94

- 8,7

- 12

-15,3

-19,4

-17,3

-19,1

17

+34,1

+35,2

+26,2

+23,9

+21,1

+16,4

+11,4

+4,3

+1,3

-0,14

-3,00

- 4,3

-8,6
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