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List of abbreviations

LCPR: Local cell production rate
REGR: Relative elementary growth rate
x: Distance from the quiescent center
dx/dt: Elongation rate

dx/dN: Length of the cortical cells

~ Ri: Inner radius of cortex

Ro: Outer radius of cortex

V: Cumulative cell volume

N: Cell number of cortical cell file
’dV/dt:‘ Volume growth rate

dV/dN: Cell volume

dN/dt: Cell production rate

FISH: Fluorescence in situ hybridization
WM-FISH: Whole-mount FISH

P: Cell proliferation zone

G1: Volume growth zone-1

G2: Volume growth zone-2

M: Mature zone



Preface

Polyploidy, the presence of three or more chromosomal sets in an organism, is
widespread in land plants and is considered a driving force for speciation (Soltis
et al., 2003; Jiao et al., 2011; Sycarpin’o et al., 2014; Van de Peer et al., 2021).
There are two types’of’polyploids: aﬁtopolypleids, whose chromosome sets come
from the same species, and allopolyploids, derived from interspecific
hybridization (Kihara and Ono, 1926). Historically, several researchers have
believed that the majority of polypioid plants in nature are allopolypldids and
that autopolyploids rarely exist in nature and are unlikely to contribute to /
speciation (ex., Stebbins, 1971; Grant, 1981). This historical bias led to the
curfent research on allopolyploids being much broader and deeper than
autopolyploids (Spoelhof et al., 2017). In recent decades, several researchers
have proposed that autopolyploids are abundant in nature and are essential in the
evoluﬁonary context (Levin, 1983; Soltis et al., 2007, 2010; Barker et al., 2016;
Spoelhof et al., 2017; Levin, 2019).

| Here, 1 emphasize that it is important to analyyze the effects of
autopolyploidization on plant growth because it can also provide basis to analyze
the effects of allopolyploidization. Allopolyploids, which have been mainly
focused on the study of polypioids, are established through several pathways
(Mason and Pires, 2015). Any formation pathway can be divided into two
processes: hybfidization and genome duplication (Soltis and Soltis, 2009).
Autopolyploidization involves the latter of these two components alone, that ié,
genome duplication. Therefore, studying the effects of autopolyploidization can

also be the first step in studying the effects of allopolyploidization.



Several previous studies have investigated the artificially generated
autopolyploids  of Arabidopsis  thaliana to  determine the effects of
autopolyploidization on plants. The results of these studies reported that
autopolyploidization of tetraploids promotes plant growth in several organs, such
as flowers (Robinson et al., 2018), rosette leaves (Corneillie et al., 2019), and
roots (Iwamoto et al., 2006). In such studies, tetraploids also exhibited larger and
fewer cells than those of diploids (sepal cells, Robinson et al., 2018; pavement
cells, Corneillie et al., 2019; cortical root cells, Iwamoto et al., 2006).
Contrastingly, high-polyploids (e.g., hexaploids and octoploids) cause growth
suppression called “high-ploidy syndrome” (Tsukaya, 2008). High-polyploids
possess larger and fewer cells in an organ than those of diploids, similar to the
tetraploids (Tsukaya, 2008; Robinson et al., 2018; Corneillie et al., 2019);
however, they cause severe growth delay énd dwarfed plant size compared to
those of diploids ahd tetraploids (Kikuchi and Iwamoto, 2020). Nonetheless, it is
still unclear what high-ploidy syndrome is and how it suppresses piant growth,
although cell cycle delays might be involved (Comai, 2005). It remains
undetermined whether cell proliferation and/or cell volume increase are
repressed and where they are repressed in an organ of high-polyploids. Its
mechanism remains to be elucidated.

In Chapter I of this thesis, I conducted a kinematic analysis ’of root
growth on a cellular basis in the autoploid series of A. thaliana and determined
the spétial profiles of growth parameters, such as cell proliferation rate and
vélume growth rate. This analysis aimed to clarify which gfowth parameters
significantly influence the change in organ growth owing to autopolyploidization.
Next, I conducted whole-mount fluorescence in situ hybridization (WM-FISH)
analysis with a centromeric DNA probe on whole root tips of autopolyploids. The
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analysis aimed to determine the spatial profile of the degree of chromosome
polytenization in the root tips of autopolyploids, which may cause growth
suppression by high-ploidy syndrome. Then, I compared the results of the WM-

FISH analysis with those of the root growth analysis to elucidate the mechanism

of the effects of autopolyploidization on root growth, including the high-ploidy
sjndrome.

In Chapter II, I focused on the effect of gelling agents on growth changes
in roots owing to autopolyploidization in 4. thaliana. Two gelling agents, agar
and gellan gum; are considered to affect the change in root elongation owing to
autopolyploidiza‘cio’n. I aimed to demonstrate the differences and examine the
physicochemical parameters gel hardness, water potential, and trace elements in
each gelling agent to elucidate the key factors that caused these differences. The
results shed light on the influence of environmental factors on growth change

caused by autopolyploidization.
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Quantitative analysis of the effects of the progression of
autopolyploidization on cell proliferation, cell volume
increase, and chromosome behavior in Ambidopsis

thaliana

Abstract

I conducted a kinematic analysis of the root tip cells in Arabidopsis thaliana
autopolyploids (diploid, tetraploid, hexaploid, and octoploid) to characterize the
‘effects of genome duplication on root growth. The results of the root growth
analysis showed that tetrapléidization promotes cell volume increase, but
suppresses cell proliferation. The polyploidization leading to the development of
high-polyploids (hexaploids or octoploids) suppresses cell proliferation, but also
cell volume increase in the volume growth and mature zones of the foot. I
subsequently established a new whole-mount fluorescence in situ hybridization
(WM-FISH) method for analyzing the whole 4. thaliana root in terms of the
spatial profile of the number of centromere signais associated with chromosome
polytenization. The WM-FISH analysis revealed that endoreduplidation was
suppressed in thé high-polyploids and chromosome polytenization was extensive
in the volume growth and mature zones, in which the cell volume increase were
significantly suppressed (relative to the corresponding values in the diploids and
tetraploids). The results of the kinematic analysis and the WM-FISH analysis
suggest the importance of chrofnosomé polytenization for the suppressed growth
in high-polyploids (i.e., high-ploidy syndrome). The study findings provide
crucial insights into the mechanisms underlying the changes in plant organ

growth associated with autopolyploidization, particularly in high-polyploids.



Introduction

The root is a good mddel fdr analyzing plant organ growth because it has
a relatively simple structure (Dolaﬁ et al., 1993) and grows almost one-
dimensionally (Erickson, 1976) with spatially divided growth zones (i.e., cell
proliferation, transition, elongation, and mature zones) (Verbelen et al., 2006).
In previous studies, kinematic analyses of Arabidopsis thaliana root tip cells
were performed to quantitatively elucidate the spatial profile of specific growth
parameters (Beemster and Baskin, 19’98; West et al., 2004; Iwamoto et al., 2006).
For example, Iwamoto et al. (2006) characterized the root growth parameters of
autotetraploid and diploid 4. thaliana, and showed that the autopolyploidiyzaﬁon
resulting in tetraploids leads to an increase in the cell volume and the suppression
of cell prblife’ration. I extended this analysis to thé root growth of high-
polyploids. |
In the study described in this chapter, 1 established a series of 4. thaliana
autopolyploids, including high-polyploids (e.g., hexaploid and octoploid), and
performed a kinematic analysis of cells to’ determiné the effect of the progression
of autopolyploidization on the spatial profile of individual root growth
parameters. The results of the root growth analysis revealéd which changes in
growth parameters positively and negatively affect organ growth in
autopolyploid plants. |
’ Autopolyploids have been studied to precisely characterize the growth
changes due to autopolyploidizatidn as well as the underlying mechanism. The
altered growth of autopolyploids is caused by the changes to transcript levels
associated with genome duplication events. Song et al. (2020) reported that the
total transcript abundance ’increased in autotetraploid 4. thaliana, but it was less
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than double that of its diploid ancestors, suggesting that autopolyploidization
may increase gene expression, but the increase is not proportional to the genome
size. In general, chromosome structural changes are associated with changes in
gene expressioﬁ (Jarillo et al., 2009; Song et al., 2021). Therefore,
autopolyploidization-induced modifications to chromosome structures may
modulate gene expression, which should be éonsidered when examining the
mechanism underlying the growth changes due to autopolyploidization.
Chromosome polytenization in the leaf cells of 4. thaliana autopolyploids
(Breuer et al.,, 2007; Kikuchi and Iwamoto 2020) was confirmed via a
fluorescence in situ hybridization (FISH) analysis involving a centromeric DNA
probe. The chromosome polytenization in.autopolyploids could affect gene
expression as well as ’cell proliferation because it influences chromosome
segregation.

In this study, I used a centromeric DNA probe to perform a whole-mount
- FISH (WM-FISH) analysis of the whole root tips of autopolyploids. The aim of
this study was to clarify the spatiél profile of the degree of chromosome
polytenization in the root tips of A. thaliana autopolyploids. I subsequently
compared the results of the WM-FISH analysis with the resﬁlts of a root growth
analyéis to elucidate the relationship between growth ftraits and chromosome
dynamics. The study results provide insights into the mechanisms mediating the
growth changes due to the progression of autopolyploidizaﬁon (e.g., high-ploidy

- syndrome) (Tsukaya, 2008).
Materials and Methods

Production of synthetic Arabidopsis thaliana autopolyploids
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Synthetic 4. thaliana (L.) Heynh. autopolyploids (tetraploid, hexaploid, and
octoploid) were produced by treating diploid seedlings with colchicine (Kikuchi
and Iwamoto 2021). The ploidy level was determined by a flow cytometry
analysis. The ploidy level of the generated autopolyploid strains was confirmed
for at least three generations after the colchicine treatment before the

autopolyploids were used for the kinematic analysis.
Flow cytometry analysis

Leaf samples for the flow cytometry analysis were ;colle‘cted from seedlings at
30-40 days after sowing (DAS). The ploidy level of each strain was yeriﬁed
using a flow cytometer (CyFlow Ploidy Analyzer PA, Sysmex Partec GmbH,
Minster, Germany) and the previously described chopping method (Johnston et

al. 1999).
Plant materials and growth conditions

The seeds of 4. thaliana (ecotype Columbia) autopolyploids (diploid, tetraploid,
hexaploid, and octoploid) were surface-sterilized in a 20% sodium hypochlorite
solution containing 0.5% Triton X-100. The seeds were sown in each growth
medium in plates, which were then incubated in a vertical position for 10 days
under constant conditions (22 °C and continuous light at 90 umol m™2 s7!). The
growth media used in this study contained the following common components
(per liyter): 10 ¢ éucrose, 0.5 g 2-morpholinoethanesulfonic acid, 10 mL
Murashige and Skoog (MS) vitamins (10.0 mg/L thiamine, 0.5 mg/L pyridoxine,
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0.5 mg/L nicotinic acid, and 100 mg/L inositol), and 2.3 ¢ MS Plant Salt Mixture
(Wako Pure Chemical Industries, Osaka, Japan). The solid media contained 0.8%
(w/v) gellan gum (Lot #SLBV6512, G1910-250G; Sigma Life Science, St. Louis,
MO, USA). | |

Measurement of the root elongation rate

‘Te initial position of the root tip was marked on the plate to determine the root
elongation rate for each seedling. The measurement was conducted from 5 DAS
to 10 DAS and the marked plate was digitally scanned. The distance between
successive marks aléng the roots in the digitized images was measured using
Imagel] (version 1.51m9) (Rasband, W.S., Imagel, U. S.l National Institutes of
Health, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, 1997-2018). The
average root elongation rate (per hour) was calculated for each measurement
date by dividing the measured diStanée of the root tip movement by the

corresponding time interval between markings (approximately 24 h).

Kinematic analysis of cells

Measurement of the elongation rate
The 3 mm apical portion of the 4. thaliana primary roots was photographed using
a video microscope (VHX6000, Keyence, Osaka, Japan) at § DAS (Fig. [-1). The
same roots were photographed 30 min later under the same conditions. The Neo
Measure (Iwamoto et al., in prep; LPixel, Tokyo, Japan) was used to examine the

two images and measure the displacement rate of each point of the root tip. By
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determining the same point in the two images and measuring the distance between
these points, the elongation rate (dx/df) at various points of the root tip was

calculated (Fig. I-2).

Measurement of the cell length

After the elongation rate was determined, the’ roots were cut at
approximately 3 mm from the tip and fixed in 90% acetone for 1 h. The fixed
rooi tips were Washed with 0.1 mM phosphate buffer (pH 7.0) and mounted on
glass slides with 50% glycerol. The samples were examined using the Nomarski
differential interference contrast microscope (BX50, Olympus, Tokyo, Japan)
and the cortical cell files in the region approximately 400-3,000 pm from the
quiescent center (QC) were photographed. The same root tips were immersed in
transparency solution (4 g chloral hydrate, 1 mL glycerin, and 2 mL deionized
water) for at least 24 h, after which the region approximately 400 um from the
QC was photographed. Using the captured images, thke length of the cortical cells
(dx/dN) and the inner and outer radii (Ri and Ro) of the cortical celyl files at each
point of the root tip were measured using the Root Cell Size Measurer (in Ij Tool,
LPixel, Tokyo, Japan). Root Cell Size Measurer is a plugin of Imagel that semi-
automatically measures the dx/dN, Ri, and’RO of the cortical cell files using a
manually traced image of the cortical cells. This program enabled thé semi-
automatic measurement of each cortical’ cell growth parameter in the region 3

mm from the QC (Fig. I-3).

Conversion of the elongation rate and cell length to cell volume:

calculation of the cell ‘Voylume and growth rate
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In 4. thaliana, root thickness varies among ploidy levels (Fig. I-5a—c). Therefore,
a volume-based analysis is required to obtain an accurate spatial growth pattern.
Because the 4. thaliana root cortical layer comprises eight rows of cells and the
entire root tip can be considered as a rotating body, the distance-based data were
converted to volume-based data (Iwamoto et al., 2006). The cross-sectional area
(S) of one cbrtical cell file at a distance x from the QC was calculated 'using the

following equation:

569 =2 [iRolw)? - (riGe)? | | o)

By integrating S from 0 (the QC) to distance x, the volume (V) of the cortical cell

file at a distance x from the QC was determined using the following equation:

V()= [ Seods @

~ Using the above method, dx/dr and dx/dN were converted to volume-based data

and the rate of the volume increase (dV/dr) and cell volume (dV/dN) in the cortical
cell file for various cumulative volumes (V) from the QC were calculated.

Because the data for each root tip were discrete, they were smoothed twice using
the super smoother method (Friedman 1984). Additionally, the data points were
connected using a spline function to form a function for the cell volume (V). This -

function was used in the subsequent analyses.
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The number of cells (N) was obtained by integrating dN/dV and V.
V. dN
N=| —dV 4
! @)

The relative elementary growth rate (REGR) is derived from the volume growth
rate (dV/dr) divided by the volume (V) and was determined using the following

equation:
W ,
REGR= %—;—’) (5)

The REGR represents the relative rate of the cell volume increase at a given
position in the root. The volume growth zone corresponds to the region from the

QC to the position where REGR decreases to 0.

The local cell production rate (LCPR) is derived from the cell proliferation rate
(dN/dt) divided by the volume (V) and was calculated using the following

equation:
LCPR= %~ V (6)
av. .
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The LCPR represents the local (not cumulative) number of cells produced per
unit time at any given location in the root. The cell proliferation zone refers to

the region from the QC to the position where LCPR decreases to 0.

Numerical calculations

The R program (R for Mac OS 4.0.3, R Development Core Team, 2020) was used

for calculating each parameter.
Whole-mount fluorescence in situ hybridization analysis

Probe preparation
A PCR system was used to amplify probe fragments. The reactions were
completed in a final volume of 50 pL containing 5 puL each primer (ATHlSOF:
5’—GATCAAGTCATATTCGACTC-S s ATHI180R: 5'-
: GTTGTCATGTGTATGATTGA-3', 10 uM each), 5 pL 10x Ex Taq buffer (Takara,
Shiga, Japan), 5 uL 0.3 mM d(A, G, T)TP, 1 uL 0.1 mM dCTP, 1 uL 50 ng/pL 4.
thaliana genomic DNA, 25 uL Milli-Q water, 2.5 uL Cy3-dCTP (Cytiva, Tokyo,
Japan), and 0.5 pL Tag DNA polymerase (5 U/puL; Takara). The PCR
amplification was performed using a thermal cycler (Thermal Cycler Dice Touch;
Takara) and the following program: 96 °C fbr 1 min; 30 cycles of 96 °C for 45 s,
50 °C for 45 s, and 45 °C for 1V min; and 72 °C for 10 min. Prior to the WM-FISH
analysis, labeled probes were precipitated and resuspended in SF50 (2x SSC and :

50% formamide, pH 7; SSC: 0.3 M sodium citrate and 3M NaCl, pH 7.0).
Preservation of the whole root shape
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I used silicon wells that were developed for culturing cells on glass slides to
perform the WM-FISH analysis, during which the shape of the’ whole root tip was
preserved. First, fixed root samples were adhered to MAS-coated glass slides.
Next, silicon wells were attached to the glass slides to surround the root samples.
The silicon wells functioned as walls surrounding the root samples on the glass
slides during the immersion of the roots in each reagent. Because the initial
processing steps were perfdrmed on glass slides instead of in tubes or bottles, the
root samples were prevented from floating. Floating roots during the FISH
procedure (e.g., enzyme treatment) tend to becorhe twisted or tangled,r which can
severely damage the root tissues, and the roots may break when the samples are
transferred to glass slides after the hybridization. I carefully removed the silicon
wells, placed vinyl tape around the root tips, and mounted the samples in
Vectashield (Vector Laboratories, Peterboroﬁgh, UK) containing 1.5 mg/mL 4’,‘6-
diamidino~2~phenylindole (DAPI). This technique is more efficient than
conventional FISH techniques using tubes or bottles because it requires less

reagent (150-300 pL) to immerse each root sample.

Hybridization

The hybridization was completed according to a modified version of the method
developed by Befr and Schubert (2007). Root tips (approximately 1 cm) excised
from seedlings at 8 DAS were fixed in 4%'formaldehyde in phosphate-bufferéd
saline (PBS; 50 mM NaH>PO4 and 150 mM NaCl, pH 7.4) for 20 min and then
washed with PBS (twice for 5 min each). The ioots were carefully placed on
MAS-coated glass slides (MAS-GP type A, Matsunami Glass, Osaka, Japan) and
silicon wells (3-well chamber, removable, Ibidi, Gréfeling, Germany) were
attached to the slides.
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In the following procedure, unless otherwise stated, 300 puL reagent was
carefully added to each well, followed by an incubation in methanol (twice for 5
min each) and 99.5% ethanol (twice for 5 min each) and a rehydration in PBS
(twice for 10 min each). The roots were rinsed in distilled water (twice for 5 min
each) and citrate buffer (10 mM sodium citrate, pH 4.8; twice for 5 min each)
and digested with 2% (w/v) Cellulase (R-10, Yakult Pharmaceutical, Tokyo,
Japan) and 0.5% (w/v) Pectolyase (Y-23, Kyowa Chemical Products, Osaka,
Japan) in citrate buffer at 37 °C for 45 s.

The duration of the enzyme treatment depends on the sample. If the
duration of the enzyme treatment is too short, the probe will not be able to enter
the cells, resulting in a lack of hybridization. Conversely, if the duration of the
enzyme treatment is too long, the cell wall will be over-digested and brittle,
thereby increasing the possibility that the root will be misshapen. Roots often
break in the region slightly above the edge of the lateralk root cap, which is
assumed to be the elongation zone. The reorganization of cell‘wall components -
and cell wall loosening in the elongation zone have been reported (Wolf et al.,

2011; Somssich et al., 2016). Previous studies revealed that the root mechanical
strengthy is lower in the volume growth region than in the meristematic region
(Kozlovaetal., 2019; Samalova et al., 2020), suggesting that the cell walls in the
volume growth zone are fragile. Thus, it is important to minimize the duration of
the’enzyme treatment for the WM-FISH analysis t;o preserve the root shape. The
results of my preliminary experiments indicated that a 45 s enzyme treatment was
optimal for WM-FISH because the shape of thek whole root tip of 4. thaliana was
unaffected.

After the énzyme treatment, the roots were immediately washed in PBS
(twice for 10 min each), postfixed in 4% formaldehyde in PBS (20 min), and
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prehybridized in SF50 for 1 h at 50 °C. Probes were denatured together with the
root samples in 150 pL (per well) hybridization solut'ion for 4 min at 96 °C.
Samples were placed on an ice Elock for 5 min prior to the hybridization at 37 °C
for more than 40 h. To prevent Samples from drying or being exposed to light,
the silicon wells were covered with plastic wrap and aluminum foil. Following
the hybridization, the roots were washed with 2x SSC, 1x SSC, and distilled
~ water at 37 °C for 15 min each. They were then mounted in Vectashield (Vector
Laboratories, Burlingame, CA, USA) containin’g 15 'mg/mL DAPI and covered
with a cover glass. Vinyl tape was applied to distribute the weight of the cover

glass to avoid crushing the roots.

Microscopy, image processing, and data analysis

Images of the Z-serial optical sections (Fig. I-4a, b) were captured using a
confocal laser scanning microscope (FV1000-D, Olympus, Tokyo, Japan). The
obtained confocal images were converted to 3D images (Fig. I-4c, d) using the
Amira software (version 2019.4, Mercury Computer Systems, Berlin, Germany).
Cortical cell files in the 3D images were identified using diffefential interference
contrast images. The nuclear volume and the number of centromere signals at
each rdot position were calculated using the Lab’el Analysis module in Amira.
Fused nuclei due to aggregation were not used for calculating the nuclear volume
and the number of centromere signals because the nuclear volume could not be

calculated accurately.

Results

Analysis of autotetraploid Arabidopsis thaliana root growth
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I examined root growth by performing a kinematic analysis of cells to elucidate
the effects of autotetraploidization on A. thaliana root growth (Fig. I-5a. d, g, j,
m; Fig. I-6a, d; Fig. I-7a, d). The calculated parameters were plotted versus the
distance (um) from the QC or the number of cells in the cortical cell files from
the QC. The following sections describe the differences in the spatial patterns of

each growth parameter between the tetraploids and the diploids.

Cumulative cell volume (V)

The cumulative cell volume is a growth parameter that reflects the root thickness
(i.e., an increase in the cumulative cell volume indicates an increase in root
thickness). The cumulative cell volume in the whole root region was greater for
the tetraploids than for the diploids. I compared the growth parameter of the
tetraploids with that of the diploids at every 25 pm from the QC to 2,800 pm;
minimum 1.15-times and maximum 1.27-times larger for tetraploid-1 and

minimum 1.22- times and maximum 1.35-times larger for tetraploid-2 (Fig. I-5a).

Volume growth rate (dV/df)

The tetraploids (tetraploid-1 and tetraploid-2) and diploids had similar spatial‘
patterhs in the volume growth rate (FigA. 1-5d). Although fetraploid-l had almost
the same yolume growth rate as the diploid, tetraploid-2 had a slightly higher
volume growth rate than the diploid. As with the results of Cumulative cell
volume, I compared the growth parameter of the tetraploids With that of the -
diploids at every 25 pm from the QC to 2,800 pm; minimum 1.00-times and
maximum 1.04-times larger for tetraploid-1 and minimum 1.11- timeskand
- maximum 1.16-times larger for tetraploid-2 (Fig. I-5d). The Volume growth rates
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at 2,800 pm from the QC (i.e., steady-state root growth) were 5.29 x 103 um? h™!
(diploid), 5.43 x 10° pm?® h™! (tetraploid-1), and 6.08 x 10° um?> h™! (tetraploid-
2).

Cell volume (dV/dN)

Although the spatial patterns in the cell volume were similar between the
tetraploids and diploids, the cell volume increased significantly more for the
tetraploids than for the diploids. Comparing the growth parameters of the
tetraploids with those of the diploids at every 25 pum from the QC to 2,800 pm,
the cell volume were 1.18-to 1.26- times larger for tetraploid-1 and 1.27- to 1.39-

times larger for tetraploid-2 than for diploid (Figure I-5g).

Cell production rate (dN/df)

The cell production rate was slightly lower for the tetraploids than for the
diploids (Fig. I-5j). The cell production rates at 2,800 pm from the QC’ (i.e.,
steady-state root growth) were 2.46 cell h™! (diploid), 2.08 cell h™! (tetraploid-1),
~and 2.10 cell h™! (tetraploid-2).

Cell number (V)
Tetraploid-1 and tetraploid-2 had a similar number of cells (Fig. I-5m), but the
cell number in the region from 25 pm to 2,800 pm from the QC was 0.84- t0 0.92-

times lower in tetraploids than in diploids (F igure‘I-Sm).

Relative elementary growth rate (REGR)
The spatial pattern of the REGR was calculated using the volume growth rate
(Fig. I-6a; see Materials and Methods). The REGR represents the relative rate of
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the cell volume increase at any given point along the root. The volume growth
zone corresponds to the region from the QC to where REGR decreases to 0.

In tetraploid-1, REGR peaked at 725 pm from the QC, whereas in
tetraploid-2 and the diploids, it peaked at 825 um from the QC. The peak REGR
was slightly lower for the tetraploids (tetraploid-1, 4.19 x 107! h™!; tetraploid-2,
4.00 x107! h™!) than for the diploids (4.29 x 107! h™1).

The REGR decreased to 0 at 2,650-2,675 pm (diploid), 2,600-2,625 um
(tetraploid-1), and >3,000 pm (tetraploid-2) from the QC. These results indicate
that the polyploidization resulting in tetraploids did not lead to the expansion of

the volume growth zone.

Local cell production rate (LCPR)

The spatial pattern of the LCPR wés calculated using the cell Iﬁroducktion rate (Fig.
[-6d; see Materials and Methods). The LCPR represents the number of cells
produced locally at a giifen point in the root. The cell proliferation zone
corresponded to the region from the QC to where LCPR decreased to 0.

In the region near the QC (<200 pm from the QC), the LCPR was lower
for the tetraploids than for the diploids, indicative of suppressed cell proliferation
(Fig. ’I-6d inset). However, the distance between the QC and the point at which
LCPR decreased to 0 was almost the same for the tetraploids (325-350 pm) and
the diploid (350-375 pm), implying there was no significant difference in the
size of the cell proliferation zone between the tetraploids and diploids.

I also plotted the cell production rate versus the nﬁmber of cortical cells
from the QC (Fig. I-7a) and calculated the LCPR (Fig. I-7d). The number of

cortical cells in the cell proliferation zone decreased following tetraploidization
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(Fig. I-7d). Specifically, the cell number in the cell proliferation zone was 57 for

the diploid and 49 for tetraploid-1 and 46 for tetraploid-2.

Analysis of 4. thaliana autohexaploids and autooctoploids in terms

of their root growth

I perférmed a kinematic-based analysis of the root growth of the 4. thaliana
hexaploids and octoploids (Fig. I-5b, c, e, f, h, 1, k, 1, n, o; Fig. I-6b, c, e, f; Fig.
I-7b, ¢, e, f). Similar to the data for the diploids and tetraploids, the calculated
parameters were plotted versus the distance from the QC (um) or the number of

cells in the cortical cell files from the QC.

Cumulative cell volume (1)

The cumulative cell volumes in the whole root region were greater for the
hexaploids and octoploids than for the diploids. I compared the growth parameter
of the hexaploids and’ octoploids with that of the diploids at every 25 pm from
the QC to 2,800 um; minimum 1.26-times and maximum 1.37-times larger for
hexaploid-1, minimum 1.18-times and maximum 1.28-times larger for tetraploid-
2, minimum 1.21-times and maximum [.53-times larger for octoploid-1,
minimum 1.15-times and maximum 1.37-times larger for octoploid-2 (Fig. I-5a).
Cumulative cell volume of high-polyploids was kalmost the same or smaller than
that of tetraploids, indicating kthat the increase in root thickness was not

proportional to the ploidy level (Fig. I-5a—c).
Volume growth rate (dV/dr)
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The volume growth rate in the apical region from the QC to approximately 900
um was greater for the hexaploids than for the diploids; there was no significant
increase in fhe subsequent region (Fig. I-5¢). The volume growth rates at 2,800
um from the QC (steady-state root growth) were lower in the hexaploids than in
the diploids (0.50-times lower for hexaploid-1 and 0.52-times lower for
hexaploid-2).

The volume growth rate in the region from the QC to approximately 800
pum was greater for the octoploids than for the diplbids and hexaploids; there was
almost no increase in the subsequent region (Fig. 1-5f). The volume growth rates
at 2,800 um from the QC (steady-state root growth) were lower in the octoploids
than in the diploids and hexaploids (0.30-times lower for octoploid-1 and 0.41-
times lower for octoploid-2). | |

The volume growth rates at the point where the root growth reached a
steady state k(2,800 pum from the QC) were 5.24 x 105 um? h™! (diploid), 2.65 x
105 pm3 h! (hexaploid-1), 2.76 x 10° um3 h~! (hexaploid-2), 1.60 x 10° um? h™!

(octoploid-1), and 2.17 x 10° um?3 h™! (octoploid-2).

Cell volume (dV/dN)

The cell volumes in the region near the QC were greater for the hexaploids and
octoploids than for the diploids (Fig. I-5h, i). The hexaploids and the diploid had
a similar spatial pattern, with the cell volume continuing to increase slightly in
the region >2,000 pm from the QC (Fig. I-5h). In contrast, for the octoploids, the
cell volume kalmost stopped increasing in the region >1,500 um from the QC (Fig.
I-5i). The cell volumes at 2,800‘ um from the QC (steady-state root growth) were
1.85 x 10° um® (hexaploid-1), 1.87 x 10° pm® (hexaploid-2), 1.39 x 10° um?
(octoploid-1), and 1.67 x 10° um? (6ct0ploid-2).
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Cell production rate (dN/df)

The cell production rates were lower fér the hexaploids and octoploids than for
the diploids (Fig. I-5k, 1). Notably, the cell production rate was significantly
suppressed in the octoploids. The cell production rates at 2,800 pm from the QC
(steady-state root growth) were 2.46 cell h™! (diploid), 1.72 cell h™! (hexaploid-
1), 1.53 cell h! (hexaploid-2), 1.23 cell h™! (octoploid-1), and 1.35 cell h!

(octoploid-2).

Cell number (V)

Compared with the cell number of the diploids and tetraploids, the’ cell number
decreased significantly in the hexaploids (Fig. I-5m, n) and decreased even more
in the octoploids (Fig. I-5m, o), indicating that the cell number decreases as
polyploidization progresses. The cell numbers in the region frdm 25 pum to 2,800
pm from the QC were almost the same in strains having the same ploidy levels
and 0.75- to 0.85-times lower for hexaploids and 0.62- to 0.81-times lower fof

octoploids than for diploids.

Relative elementary growth rate (REGR)

The spatial pattern of the REGR was calculated using the volume growth rate
(Fig. 1-6b, c). The REGR peaked closer to the QC in the hexaploids and
octoploids than in the diploids. The REGR peaked at 700 um (from the QC) in
hexaploid-1, 625 pm in hexaploid-2, and 575 pm in octoploid-1 and octoploid-2.
The REGR peak of the high-polyploids was significantly lower than that of the’
diploids and tetraploids (hexaploid-1, 3.33 x 10-! h-'; hexaploid-2, 3.46 x 10-!
h!; octopioid—l, 2.86 x 107! h7!; octoploid-2, 3.01 x 107! h™!). The distances
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from the QC to the point at which the REGR was 0 for the high-polyploids were
1,850-1,875 um (hexaploid-1), 2,400-2,425 um (hexaploid-2), 2,000-2,025 pm
(octoploid-l)’, and 1,450-—1,475 pm (o’ctoploid-z). Thus, the volume growth zone
was smaller for the hexaploids and octoploids than for the diploids and

tetraploids.

Local cell production rate (LCPR)

The spatial pattern of the LCPR was then calculated using the cell production
rate (Fig. I-6e, f; see Materials and Methods). The LCPR in the region near the
QC (<200 pm from the QC) was significantly lower for the hexaploids and
octoploids than for the diploids, suggesting that cell proliferation was
significantly suppressed in the high-polyploids. The distances from the QC to the
point at which the LCPR decréésed to 0 (i.e., the end of the cell proliferation
zone) were 350-375 pm (diploid), 275-300 pm (hexaploid-1), 300-325 pm
(hexaploid-2), 275»300’ um (octoploid-1), ’and 250-275 um (oétoploid-Z).
Accordingly, the size of the cell proliferation zone decreased slightly in the high-
polyploids.

Next, I plotted the cell producfion rate versus the number of cortical cells
from the QC (Fig. I-7b, ¢) and calculated the LCPR (Fig. I-7e, f). There were
fewer cbrtical cells in the cell proliferation zone in the high-polyploids
(especially the octoploids) than in the diploids and tetraploids, reflecting the
decrease in cell proliferation as polyploidization progressed (Fig. I-7e, f). The
cell number in the cell proliferation zone was 38 ’for hexaploid-1, 41 for

hexaploid-2, 31 for octoploid-l, and 33 for octoploid-2.
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Whole-mount fluorescence in sifu hybridization (WM-FISH)
analysis of A. thaliana autopolyploids

I established a novel technique for the WM-FISH analysis of the whole roots of
A. thaliana to reveal the changes in chromosome behavior due to polyploidization;
The novel WM-FISH analysis clearly detected fluorescent signals at the ’
centromeres and nuclei in the cortical cell files of 4. thaliana (Fig. 1-4) and was
applicable to the aﬁtopolyploid series (Fig. I-8).

On the basis df the results of the root growth’ analysis, WM-FISH data
were obtained for the following four growth regions: the region between the QC
and the point where the LCPR decreases to 0 was defined as the céll proliferation
zone (P); the region between the point where the LCPR decreases to 0 and the’
point at which REGR peaked, indicative of the highest relative cell gfowth rate,
was defined as growth zone-1 (G1); the region between the point at which REGR
'peaked and the point where the REGR decreased to 0 was defined’ as growth zone-
2 (G2); and the region beyond the point at which REGR decreased to 0 was

defined as the mature zone (M) (Table 1).

Nuclear volume

Diploids and tetraploids had a similar nuclear volume spatial pattern, with a
gradual increase from the apical region to the basal region (Fig. 9a). Overall, the
nuclear volume was greater for the tetraploids than for the diploids; in the M
region, the nuclei of the tetraploids were 1.73- to 1.82-times larger than those of
the diploids. The spatial pattern of the nuclear volume of the high-polyploids
(hexaploids and octoploids) differed from that of the diploids and tetraploids; the
nuélear volume almost reached a plateau in the G2 and M regions (Fig. I-9a;
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Table 1). In terms of the whole root, the hexaploids and octoploids had almost
the same nuclear volume spatial profile, whereas the octoploids had a slightly
larger nuclear volume than the hexaploids in the region approximately 500-1,500
pm from the QC. Interestingly, although the basic genbme content was higher in
the hexaploids and octoploids than in the diploid, the nuclear volumes in the
mature zone were similar (i.e., only 1.04- to 1.15-times greater in the hexaploids

and 0.94- to 1.15-times greater in the octoploids than in the diploid).

Degree‘ of chromosome poly‘tenizatioh
The number of centromere signals may be used to estimate the degree of
chromosome polytenization because the number of centromere signals reportedly
decreases in nuclei with polytenized chromosomes (Breuer et al., 2007; Kikuchi
and Iwamoto, 2020). Diploids and tetraploids had similar spatial patterns in the
number of centromere signals, which was nearly constant in the whole root, but
it was slightly higher in the cell proliferation zone (P) than in the other growth
zones (the volume growth zone-1, volume growth zone-2 and mature zone) (Fig.
1-9b; Fig. I-10a, b; Table 1). This result suggests that chromosome polytenization
occurs in diploids and tetraploids because of the non-separation of duplicated
sister chromatids in endoreduplicated nuclei. The number of centromere signals
in eéch of the four designated regions of the diploids and tetraploids was as
follows (mean =+ stahdard error): 9.02 + 0.09 (diploid, P), 8.09 + 0.09 (diploid,
G1), 8.29 + 0.10 (diploid, G2), and 8.67 + 0.27 (diploid, M) (Fig. I-10a); 17.3
0.2 (tetraploid, P), 14.1 £ 0.2 (tetraploid, G1), 14.3 + 0.2 (tetraploid, G2), and
14.6 + 0.4 (tetraploid, M) (Fig. I-10b).

In the hexaploids and octoploids, the number of centromere signals wasV
significantly lower in the volume growth zone-1, volume growth zone-2, and
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mature zone than in the cell proliferation zone (Fig. I-9b; Fig. I-10c, d; Table 1).
This result indicates that chromosome polytenization occurs in hexaploids and
octoploids because of the non-separation of duplicated sister chromatids and the
additional adhesion of chromosomes in endoreduplicated nuclei. The number of
centromere signals in each of the four designated regions of the hexaploids and
octoploids was as follows (mean + standard error): k26.4 + 0.2 (hexaploid, P),
19.7 £ 0.5 (hexaploid, G1), 18.2 + 0.3 (hexaploid, G2), and 19.8 + 0.4 (hexaploid,
M) (Fig. I-10c); 33.9 + 0.3 (octoploid, P), 24.3 + 0.8 (octoploid, G1), 21.7 £ 0.4
(octoploid, G2), and 25.1 = 0.6 (octoploid, M) (Fig. I-10d). |

Discussion
Progression of polyploidization suppresses cell proliferation

The root growth analysis showed,that local cell production rate (LCPR) decreased
in the cell proliferatioh zone as the polyploidization progressed (Fig. I-6d, e, f).
Because LCPR represents the number of cells produced at a specific location (per
hour), the study data indicate that polyploids, especially high-polyploids, héwe a
longer cell cycle than diploids. These results are consistent with those of previous
studies that revealed the sti'ong positive correlation between the genome size and
the duration of the cell cyclé (Hof and Sparrow, 1963; Bennett et al.,’1972;
Francis et al., 2008). Earlier research confirmed the cell cycle duration is
primarily determined by the S phase (Francis et al., 2008; Simova and Herben,
2012). The duration of the S phase will be constrained by the total amount of

DNA and the transport rate of the components required for DNA replication (e.g.,
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DNA polymerase) (Simova and Herben, 2012). Such constraints may also occur
in polyploids, which have a larger genome than diploids.

. The graph plotting the LCPR against the cell number from the QC showed
that the number of cells in the cell proliferation zone decreased significantly as
the ploidy level increased (Fig. I-7d, e, f). Considering the size of the cell
proliferation zone was almost the same in the diploid and the polyploids; (Fig. I-
6d, e, 1), the results in Fig. I-7 indicate that the cell size in the cell proliferation
zone inéreased as the ploidy level increased. Therefore, there is a trade-off
between cell proliferation and cell volume increase in the cell proliferation zone,
which Iwamoto et al. (2006) proposed following their kinematic analysis of the

root growth of several 4. thaliana ecotypes.

Tetraploidization promotes cell volume increase, whereas further

polyploidizations have the opposite effect

The findings of the root growth analysis showed that the increase in cell volume
in the steady-state growth‘region due to polyploidization occurred in tetraploids,
but not in the high-polyploids (Fig. I-5g—i). However, the spatial pattern of the
relative elongation rate (REGR) was almost the same for the tetraploids and
diploids (Fig. I-6a), suggesting that the cortical cell file of the tetraploids likely
has fewer cells than the correspcnding region of the diploid, but the growth rate
of each cell kis probably higher in the tetraploids than in the diploid. The volume

growth zone and the REGR peak were significantly smaller in the high- ;
polyploids than in the diploid and tetraploids (Fig. I—6a—c),.indicating that the

cell volume increase in the high-polyploids was severely suppressed in the
volume growth zone of the root. Thé decrease in the cell volume and volume
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increése as polyploidizaﬁon progresses may be caused by several physical factors,
 but the most likely factor is the change in the cell wall domposition of high-
polyploids. As polyploidization progresses, the cell wall thickness decreases in
the stem and the vascular bundle tissue becomes abnormal. More specifically,
octoploids have a significantly thinner cell wall than diploids, tetraploids, and
hexaploids and they also have a relatively high percentage of abnormal vessels
in their vasc’ular tissue (Corneillie et al., 2019). The physical changes (e.g.,
decreased thickness) to the cell wall of high-polyploids may be among the main
factors associated with the decrease in the cell volume and volume growth rate
in high—polyploids. Corneillie et al. (2019) also revealed that the cell wall
composition changes in the stem of high-polyploids, which may also influence
the cell volume and volume growth rate. The thickness of the cell wall and the
cell wall composition in the roots of polyploids should be more comprehensively
examined in future studies to confirm this hypothesis.

As discussed in the previous section, the polyploids underwent fewer cell
divisions than the diploids, but their cell volumes increased in the cell
proliferation zone. Additionally, the increased genome content of the tetraploids
resulted in increased cell volumes in the’volume growth zone, which was in
contrast to the suppressed cell volume increase in the hexaploids and octoploids.
These results imply the mechanism that suppresses cell volume increase
counteracts the beneficial effects of the increased genomic content due to
polyploidization in high-polyploids. The whole-mount fluorescence in situ
hybridization (WM-FISH) analysis of the chromosome dynamics in the whole
root elucidated the mechanism underlying the suppressed cell growth in high-

polyploids, which will be discussed in detail in the following sections.
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Relationships among the nuclear volume, endoreduplication, and

cell volume increase

An earlier fluorescence-activated nuclear sorting analysis showed that there are
2C, 4C, 8C, and 16C cells in the root cortical cell files in the diploid Arabidopsis
thaliana (Bhosale et al., 2018). Thus, I speculated that the mature zone of the
diploids contained 16C cells and that the cortical cells of the diploids undergo
three rounds of endoreduplication (i.e., 2C to 4C to 8C to 16C; Figure 1-9a).
Because the DNA content of nuclei is proportional to the nuclear volume
(Jovtchev et al., 2006), I predicted that the mature zone of the tetraploids
comprised 32C cells. In addition, the nuclear volume in the mature zone was
approximately 2-times larger in the tetraploids than in the diploid (Figure 1-9a).
Hence, the cortical cells of the tetraploids also undergo three rounds of
endoreduplicatioh (i.e., 4C to 8C to 16C to 32C). The progression of
endoreduplication is believed to be closely related to an increase in the céll
volume (Sugimoto-shirasu and Robert, 2003). Therefore, the larger cell volume
and higher volume growth rate in the tetraploi’ds than in the diploids may be
attributed to the increased DNA content due to endoreduplication (Fig. I-5g).
Although the nuclear volumes in the cell prkoliferation zoné and the
volume growth zone were larger in the hexaploids and octoploids fhan in the
diploids, the nuclear volumes in the mature zone were almost the same in the
hexaploids, octoploids, and diploids (Fig. I-9a). Accordingly, most of the cortical
cells in the hexaploids and octoploids likely undergo only one round of
endoreduplication (i.e., 6C to 12C in hexaploids and 8C to 16C in octoploids).
Moreover, the progression of endoreduplication is likely suppressed in high-
polyploids (relative to the corresponding progression in diploids and tetraploids).
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If the increase in the cell volume of high-polyploids was proportional to the
increase in the endoploidy level of cells, the cell volume of high-polyploids at
1,000 pm from the QC should be approximately double that of the diploid
because the endoploidy level (nuclear volume) of the high-polyploids at 1,000
pum from the QC was approximately dou’ble that of the diploid (Fig. I-9a).
However, the kinematic analysis showed that the cell volume at 1,000 pm from
the QC was not 2-times higher in the high-polyploids than in the diploids (Fig.
1-5h, 1). Therefore, suppressed endoreduplication cannot fully expléin the
suppression of kceH volume increase in the high-polyploids. The contribution of

chromosome polytenization is discussed in the following section.

Chromosome polytenization suppresses cell volume increase, but

not cell proliferation, in high-polyploids

According to the WM-FISH 'anallysis, chromosome polytenization was relatively
rare in the cell proliferation zone of the diploid and all autopolyploids. More
specifically, the number of centromere signals in the cell proliferation zoné was
almost the same as the number of chromosomes in the diploid and each polyploid
(Fig. 1-9b, I-10). Thus, it is unlikely that chromosome polytenization
significantly affected the suppression of cell proliferation in the polyploids (Fig.
I-6d-1); howe\}er, it is possible that a few cells with polytenized chromoysomes
can influence cell proliferation. Kikuchi and ’Iwamoto (2020) revealed exteﬁsive
chromosome polytenization in polyploid leaf cells with a basic genome (i.e., 4C
in tetraploids, 6C in hexaploids, and 8C in bctoploids), suggesting that the cell
proliferation of pOlyploids may be suppressed by this polytenizaﬁion in leaves.
The results dém@nstrated that this éuppression does not occur, at least not in the
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cortical cell files. Notably, even thougﬁ the cells in the cell proliferation zone
should not undergo endoréduplication, in a few nuclei, the number of centromere
signals was greater than the expected number of chromosomes (diploid, 10;
tetraploid, 20; hexaploid, 30; octoploid, 40). This may have been’caused by the
inappropriate segmentation of centromere fluorescence. In the WM-FISH
analysis performed in tﬁis study, I set a threshold for each confocal image to
segment the centromere fluorescence for the construction of 3D images.
Although the threshold appropriately segmented most of the centromere-
localized fluorescent signals, there were a few indistinct ﬂ‘uorescent signals that
may have been inappropriately segmented into two signals. Even though I could
detect these incorrectly segmented fluorescent signals, arbitrarily re-segmenting
them is likely inappropriate. Because there were rélatively few nuclei in which
the number of centromere signals exceeded the expected number of chromosomes
(Fig. 1-10),' I concluded that the influence of inappropriate segmentation was
negligible. Nevertheless, I will need to improve the quality of the confocal
images and the method used for segmenting fluorescent signals in future studies.

The degree of chromosome polytenization in the volume growth zone and
mature zone differed among the diploids and polyploids (Fig. I-9b; Fig. 1-10).
Althbugh there was a significant difference between the cell proliferatibn zone
and volume growth zone-1 in the diploid and all polyploids (Fig. I-10), thé degree
of the decrease in the centromere signals w>as proportional to the ploidy level.
The number of centromere signals in the Volume growth zone-1 of the high-
polyploids decreased significantly by approximately 40% (compared with the
num‘ber of centromere signals in the cell proliferation zone). In the high-
polyploids, the number of centromere signals decreased further in the volume
growth zone-2. In contrast, there was no significant difference in the number of
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centromere signals between the volume growth zone-1 and volume growth zone-
2 in the diploid and tetraploids (Fig. I-10). These results reflected the extensive
chromosome polytenization in the high-polyploids, which helps explain the
_decreased cell volume and volume grow,th’ rate observed in the high-polyploids
(Fig. I-5g, h, i).’ Changes in the chromatin structure lead to altered gene
expression (Ojolo et al., 2018). The chromosome polytenization may be related
to modified chromatin structures, resulting in gene expression changes in the
volume growth zone and mature zone of the high-pOIyploids. Indeed, the
diversity in chromosome structures reportedly kexplains the differehces in gene
expression between autotetraploid 4. thaliana and its diploid counterpart (Zhang
etal 2019).

Future studies should focus on the chromosome dynamics associated with
the progression of polyploidization. In particular, a ’single-nucleus ATAC-
sequenéing analysis may provide insights into the effects of chromatin
accessibility on gene expressibn (Farmer et al. 2021), while also elucidating the
relationship between chromosome polytenization and repressed gehe expressi‘on
in high-polyploids. A Hi-C sequencing analysis should also be conducted to
generate a map of the three-dimensional genome organization in the 4. thaliana
root (Wang et al. 2015) and reveal how chromosome polytenization"in high-
polyploids modulates the genome organization and affects gene expression.
Before completing the ATAC-sequencing and Hi-C sequencing analyses, I plan
on analyzing the transcriptome of each root region in diploids ahd polyploids to
verify that chromosome polytenization influences gene expres’sion.ylf changes in
gene expression among diploids, tetraploids, and high-polyploids are detected, it

may be possible to identify the genes responsible for the growth changes due to
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chromosome polyténization by comparing the transcriptome sequencing data

with the results of the kinematic analysis of A. thaliana root growth.

Concluding remarks

In this study, I analyzed the spatial patterﬁ of each growth parameter by
performing a kinematic analysis of cells. A comparison with diploids indicated
that tetraploidization promotes cell volume increase and suppresses ceH
proliferation. The kinematic analysis also showed that the suppression of cell
proliferation and cell volume increase significantly inhibits the growth of high-
polyploids. I also established a novel method for performing WM-FISH analyses
and examined the spatial patterns of the degree of chromosome polytenization.
The endoploidy level estimated on the basis of the nuclear volume indicated that
high-polyploids undergo fewer endoreduplication cycles than diploids and
tetraploids. The nuclear volume plateaus closer to the QC in high-polyploids than
in diploids and tetraploids, which may be related to the smaller volume growth
zone of high-polyploids. I also determined the number of centromere signals via
a WM-FISH analysis and confirmed that chromosome polytenization did not
occur in most of the cells in the volume growth zone of the diploids and
polyploids. However, chromosome polytenization in the volume growth zone was
more extensive in the high-polyploids than in the diploids and’ tetraploids. These
findings suggest that chromosome polytenization is unrelated to the suppressibn
of cell proliferation, but it does contribute to the suppression of the cell volume

increase in high-polyploids (Fig. I-11).
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Table I-1. Growth zone regions in Arabidopsis thaliana autopolyploid roots

Table 1. Range of each growth zone in autopolyploid series of A. thaliana

Cell proliferation zone (P) Growth zone-1 (G1) Growth zone-2 (G2) Mature zone (M)
Diploid QC <P =350 um 350 <Gl =825 um §25< G2 £ 2650 pm 2650 yum<M
Tetraploid QC<P=325um 325<G1 £725 um 725 < G2 £2600 um 2600 pm <M
Hexaploid QC<P.£275um 275 < G1:£ 700 um 700 < G2 = 1850 pm 1850 um<M
Octoploid QC<P =275 um 275<G1 =575 um 575 < G2 £2000 pum 2000 pm <M
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Figure I-1. Arabidopsis thaliana autopolyploids (diploid, tetraploid, hexaploid,

and octoploid)

Eight-day-old seedlings were grown vertically on solid media containing MS
salts. The length of the primary root was inversely proportional to the ploidy
level. The kinematic analysis of cells was performed using the eight-day-old

seedlings, which exhibited steady primary root growth. Scale bar =2 cm
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Figure I-2. Root elongation rate determined using the Neo Measure image

analysis program

Two time-lapse images of the analyzed root (30 min interval) were used as the
input for Neo Measure (ImageJ plugin; Iwamoto et al., in preparation). The
spatial profile of the elongation rate (dx/dt) was determined by matching points
in the two images. x represents the distance from the quiescent center (QC). Scale
bar = 100 pm
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Figure I-3. Measurement of the cell length using the Root Cell Size Measurer

image analysis program

Cleared root for measuring the cell length (dx/dN) in the cortical cell file (C). x
represents the distance from the QC. The inner radius (R7) and outer radius (Ro)
of the cortical cell file were also measured for the same root for the length-to-

volume conversion. Scale bar = 100 pm
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Figure I-4. Whole-mount FISH (WM-FISH) analysis of the 4. thaliana root tip

(a) WM-FISH image of the intact root tip (magnification x40). Red signals,
centromeres labeled with Cy3; blue signals, nucleus stained with DAPI. (b)
Magnified view of the apical region close to the QC of the analyzed root in (a)
(magnification x100). (¢) 3D image of the nuclei in the apical region of the root.
(d) 3D image of the nuclei in the basal region of the root. Confocal images from
the WM-FISH analysis (a, b) were converted to 3D images using Amira software
(Mercury Computer Systems, Berlin, Germany) (c, d). Cortical cell files in the
3D image were identified using differential interference contrast images. Inserts
in (c) and (d) present an enlarged image of the nucleus surrounded by a white
square. These images are superimposed images of nuclei and centromere signals.
Arrowheads indicate the centromere signals. Scale bars =300 um (a), 100 pm (b,

d), 50 pm (c), 3 pm (insert in ¢), and 10 um (insert in d)
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Figure I-5. Spatial profiles of the root growth parameters of A. thaliana
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Figure I-6. Spatial profiles of REGR and LCPR for the A. thaliana
autopolyploids

Data were plotted versus the distance from the QC. (a—c) Relative elongation
growth rate (REGR). (d—f) Local cell production rate (LCPR). Insets present the
spatial profiles of LCPR in the region close to the QC. Data for the diploids were
identical for (a—c) and (d—f). Bars indicate standard errors. n = 40 (diploid); n =

30 (other strains)
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Figure I-7. Spatial profiles of the cell production rate and LCPR for the A.
thaliana autopolyploids

Data were plotted versus the cell number from the QC. (a—c) Cell production rate.
(d—f) Local cell production rate (LCPR). Data for the diploids were identical for
(a—c) and (d-f). Bars indicate standard errors. n = 40 (diploid); n = 30 (other

strains)
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Figure I-8. Confocal images of the whole-mount FISH (WM-FISH) analysis

The novel WM-FISH technique successfully detected fluorescent DAPI (nuclei)

and Cy3 (centromere) signals in each region of the intact root of A. thaliana

autopolyploids. Scale bars = 100 um
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Figure I-9. Whole-mount FISH (WM-FISH) analysis of the root tip of A. thaliana
autopolyploids

Data were plotted versus the distance from the QC. (a) Nuclear volume. (b)
Number of centromere signals. Bars indicate standard errors. n = 10 (each strain).
For (a) and (b), graphs present the fitted curves obtained by smoothing (Friedman
super smoother) and interpolating (spline interpolation) the raw data of the

number of centromere signals and nuclear volume, respectively
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Figure I-10. One-dimensional scatter plot of the number of centromere signals
in the nucleus of each strain

(a) Diploid: n = 245 (P, cell proliferation zone), 248 (G1, volume growth zone-
1), 238 (G2, volume growth zone-2), and 33 (M, mature zone). (b) Tetraploid: n
=261 (P), 178 (G1), 234 (G2), and 50 (M). (c) Hexaploid: n =304 (P), 144 (G1),
164 (G2), and 119 (M). (d) Octoploid: n = 237 (P), 73 (G1), 194 (G2), and 118
(M). Red lines represent the mean. The number of centromere signals in each
region of each strain was as follows (mean =+ standard error): 9.02 + 0.09 (diploid,
P), 8.09 £ 0.09 (diploid, G1), 8.29 + 0.10 (diploid, G2), and 8.67 £+ 0.27 (diploid,
M) (Fig. I-10a); 17.3 £ 0.2 (tetraploid, P), 14.1 £ 0.2 (tetraploid, G1), 14.3 £ 0.2
(tetraploid, G2), and 14.6 + 0.4 (tetraploid, M) (Fig. I-10b); 26.4 &= 0.2 (hexaploid,
P), 19.7 £ 0.5 (hexaploid, G1), 18.2 £ 0.3 (hexaploid, G2), and 19.8 = 0.4
(hexaploid, M) (Fig. I-10c); 33.9 + 0.3 (octoploid, P), 24.3 + 0.8 (octoploid, G1),
21.7 £ 0.4 (octoploid, G2), and 25.1 £ 0.6 (octoploid, M) (Fig. I-10d). Different
letters indicate significant differences in the mean values (p < 0.05) (a, b: Tukey

HSD post hoc test; ¢, d: Steel-Dwass test)
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Chapter II. Different effects of gellan gum and agar on
change in root elongation in Arabidopsis thaliana by

polyploidization: the key role of aluminum

Abstract

I have found that agar and gellan gum have different effects on polyploidy-
dependent growth alteration in Arabz’dopysis thaliana. 1 aimed to characterize this
differential effects of agar and gellan gum and examine the physico-chemical
pproperties in each gelling agent to elucidate key factors that caused the
differences. Plants of each polyploid strain were cultured Verticaily on agar and
gellan gum solidified medium’. Root elongation rate was measured from 4 tol0
days after sowing. The result showed that agar is favorable for root elongation of
polyploids than gellan gum. Then water potential, gel hardness, and trace
elements of each medium were quantified. Water potential and gel hardness of
agar medium were significantly higher than those of gellan gum medium. The
debrease in water potential and gel hardness ih agar medium, however, did not
affect the polyploidy-dependent growth alterlation. Elemental analysis showed
that gellan gum contained more aluminum than agar. Subsequently, the
polyploids were grown on agar media with additional aluminum, on which the
root elongation in tetraploids and octoploids was significantly suppressed. These

results revealed that agar and gellan gum affect the change in growth of root

elongation in 4. thaliana by polyploidization in different ways and the different

effects are partially caused by aluminum in the gellan gum.
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Introduction

Gelling agents are among the key ingredients that determine the characteristics
of plant growth media (Debergh 1983; Kumar and Reddy 2011; Gruber et al.
2013). Agar and gellan gum are the most popular gelling agents used in plant
growth media, and several studies have shown that their effects on plant grthh
are different.

Agar is a complex polysaccharide derived from red algae (Usov 2011)
and has traditionally been used in plant growth media. Gellan gum is a bacterial
polysaccharide produced using Sphingomonds spp. (Jansson et al. 1983), which
forms transparent gels in thé presence of multivalent cations (Morris et al. 2012;
Kirchmajer et al. 2014). Agar media are more suitable than gellan gum media for
plant growth; agar improved the growth characteristics of Swarizia
madagascariensis (Berger and Schaffner 1995), lettuce (Ichimura and Oda
1998), and Stevia (Fatima and Khan 2011), and promoted the induction of shoots
in certain apple varieties (Miti¢ 2012). However, there have also been reports of
gellan gum being a more suitable ingredient for plant growth than agar, as in the
case of seedling growth in cucumber (Cucumis sativus) (Ichi et al. 1986), shoot
regeneration in Eucomis auiumnalis (Masondo et al. 2015), shoot growth in
several Australian tree species (Williams and Taji 1987), and miéropropagaﬁon
in Scrophularia yoshifnurae (Tsay et al. 2006). The above reports show that the
choice of a gelling agent depends upon the effect it has on growth of plant species
and/or the tissue used for analysis. Both gelling agents have been widely used
for growth analy’sis of the model plant Arabidopsis thaliana.

Chromosome polyploidization is very common in plants ‘(angiosperms)
and plays a significant role in their speciation (Leitch and Bennett 1997; Soltis
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et al. 2003). Polyploidization affects various aspects of plant growth. In general,
the cell volume of plants increases with polyploidy, resulting in an increase in
organ size (Levin, 1983; Robinson et al., 2018; Corneillie et ai., 2019). However,
Tsukaya (2008) reported that the hexaploids and octoploids of A. thaliana
showed suppressed growth when compared to the diploid strain. Growth

suppression due to high-ploidy (i.e., hexaploidy and octoploidy) is termed “high-

ploidy sydrome” (Tsukaya, 2008). Previous studies examined the effectsk of

polyploidization on plant growth using a synthetic autopolyploid‘ series of 4.
thaliana (Iwamoto et al., 2006 and 2013; Kikuchi and Iwamoto, 2020). They

performed a kinematic analysis of the cellular basis of root growth in diploid and

autotetr’aploid A. thaliana and showed that polyploidization accelerated root |
grthh in tetraploids due to increase in volume growth rate (Iwamoto et al., 2006

and 2013). I also performed fluorescence in situ hybridization (FISH) analysis

with a centromeric DNA probe on the leaf cells of diploid and synthetic

autopolyploid series of 4. thaliana to observe and quantify chromosome

polytenization in polyploid plants (Kikuchi and Iwamoto, 2020). I observed that

the degree of chromosome polytenization increased with an increase in the degree

of ploidy, suggesting that the suppression of cell proliferation in the root of
polyploid plants may be related to chromosome polytenization.

My preliminary observations in these previous studies showed that while
the root length’ in’ 10-day-old tetraploid seedlings was loﬁger than that of diploids
on agar medium, the root length of tetraploids is shorter than that of diploids on
gellan gum medium, and they also showed that hexaploids and octoploids were
more severely suppressed in root growth on gellan gum medium than on agar
medium (Fig. I1-1). These results clearly indicate that the gelling agent influences
the change in growth caused by polyploidization.
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The effects of agar and gellan gum on the root growth of polyploids has
been attributed to two possible factors: differences with respect to physical
properties, and differences in trace elements. The physical attributes of gelling
agents that affect plant growth are gel hardness (Jacques et al., 2020), water

| potential, and water availability of media (Buah et al. 1999; Klimaszewska et al.
2000). Further, trace elements present in gelling agents also affect plant growth
(Ichimura and Oda 1998; Ichi et al. 2014; Al-Mayahi and Ali 2021).

The objective of the present study was to determine the mechanisms by
which the difference in the gelling agent affected change in growth caused by
polyploidization. I analyzed the effects of the two gelling agents, agar and gellan
gum, on root elongation in the polyploid series of 4. thaliana. Identifying the
differences between fhe two gelling agents in terms of their physical properties
as well as trace element content further helped us understand the effects of
gelling agents on plant growth under various physical conditions. In particular, I
aimed to study the effects of Al as an important trace elemeﬁt in agar media to

elucidate its effect on root growth of polyploids.

Materials and Methods

Production of synthetic autopolyploid series of Arabidopsis ”

thaliana
Synthetic autopolyploids of A. thaliana (tetraploid, hexaploid, and octoploid)
were produced using colchicine treatment of diploid seedlings (Kikuchi and

Iwamoto 2021). The ploidy level was determined by flow cytometry analysis.
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Polyploid strains for which the ploidy level was confirmed for at least three

generations after colchicine treatment were used in the experiment.

Flow cytometry analysis

Leaf samples for flow cytometry analysis were collected from seedlings 30-40
days after sowing (DAS) to produce polyploids and 10-15 DAS for the
measurement of root elongation rate. Ploidy of each strain was confirmed with a
flow cytometer (CyFlow Ploidy Ahalyzer PA, Miinster, Germany) using the

chopping method (Johnston et al. 1999).

Plant material and growth conditions

Seeds of the autopolyploid series (diploid, tetraploid, hexaploid, and octoploid)
of 4. thaliana ecotype Columbia were surface sterilized with 20 % (v/v) sodium
hypochlorite and 0.5 % (v/v) Triton X-100. The seeds were sown in each growth
medium and placed vertically for 10 days under constant conditions (22 °C,
continuous light 90 pmol m-% s'!). All the growth media used in thisk study
contained the following common components: 10 g sucrose, 0.5 g 2-
Morpholinoethanesulfonic acid, 10 mL Murashige and Skoog (MS) vitamin (10.0
mg/L of thiamine, 0.5 mg/L pyridoxine, 0.5 mg/L nicotinic acid, and 100 mg/L
inositol), and 2.3 g MS Plant Salt Mixture (Wako Pure Chemical Industries,
Osaka, Japan) in 1 L. The gellan gum solidified media contained 0.8 % (w/v)’
gellan gum (Lot #SLBV6512, G1910-250G, Sigma life science, St. Louis, MO,
USA) and agar solidified media contained 1.5 % (w/v) agar (Lot #BCBV 9964,
G1296-1KG, Sigma life science).
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The agar media used to assess the effect of Al on root growth was
prepared by adjusting the pH to 5.5 with succinic acid, which was equal to the
pH of the 0.8 % (w/v) gellan gum media (the pH of 1.5 % (w/v) agar media use’kd

for all other analyses was adjusted to 6.0).
Measurement of root elongation rate

Starting from 4 DAS, the level reached by the growing root tips was marked on
the plate every day to record the position of the root tip of each seedling. This
procédure was repeated until 10 DAS, at which point the plate was scanned and
its digital image was saved. The distance between successive marks along the
roots were determined from digitized images using ImagelJ ver. 1.51m9 (NIH
' Image, Bethesda, MD, USA). Average root elongation rate was calculated each
day as the measured distance of root tip movement divided by the corresponding

time interval between markings (approximately 24 h).
Measurement of physico-chemical properties of the media

Water potential

The water potentialy of each medium was measured using a dewpoint
potentiometer WP4C, Decagon Devices, Inc., Pullman, WA, USA). After
sterilization of the media, 6 mL of each medium was dispensed into steel WP4C
cups and allowed to solidify into agar and gellan gum at room temperature. These
cups were used as the samples for water potential measurement. Each sample had

six replicates.
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Gel hardness

The hardness of each media was measured by rupture strength analysis using a
creep meter (RE2-33005B, YAMADEN, Tokyo, Japan). After sterilization of the
media, 6 mL of each medium was dispensed into petri dishes and allowed to
solidify at room temperature to be used as samples for gel hardness measurements.

Each sample had six replicates.

Elemental analysis

Agar (approximately 60 mg) and gellan gum samples (approximately 300 mg)
Wefe dried at 70 °C and digested using concentrated HNOs. Elemental analysis
was performed using inductively coupled plasma atomic emission spectroscopy
(ICP-AES) (SPS 3500, SII NanoTechnology, Tokyo, Japan). Sample
measurements were taken using five replicates for each of agar and gellan gum.
The agar samples were diluted 10-fold for measurement of Na, and the gellan

gum samples were diluted 40-fold for measurement of Ca, Mg, and Na.
Statistical analysis

The Bartlett test was conducted with the measurement datasets of roét elongation
rate in polyploid series on each date (Fig. I1-2; Fig. 11-4b; Fig. I1-5). The analysis
did not indicate homogeneity of variance in some measurement datasets,
therefore I decided to conduct the Kruskal-Wal]is test with all measurement
datasets. The analysis showed significance in all measufement datasets (p <0.01)
and then the Steel-Dwass test Was conducted.

| The Bartlett test was also conducted with the measurement dataset of gel
hardness in 0.8 % gellan gum, 1.0 % agar and 1.5 % agar (Table II-1). The
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analysis did not indicate homogeneity of variance in this dataset, therefore we
decided to conduct the Kruskal-Wallis test with this datasets. The analysis
 showed significance in this dataset (p < 0.01) and then the Steel-Dwass test was
conducted.

The Welch’s r-test wﬁs conducted with the measurement data of root
elongation rate in 1.5 % agar medium with 0 uM and 30 gellan gum of polyploid
series on each date (Fig. I1-6), the measurement data of water potential in the
0.8 % gellan gum and 1.5 % agar media, the measurement data of water potential
in the 1.5 % agar with 0 mM mannitol and 1.5 % agar with 20 mM mannitol
(Table I1-2), and the concentration of each element in agar and gellan gum media
(Table 11-3).

| The Bartlett test and the Steel-Dwass test were conducted using the
software R version 3.4.0 (R Development Core Team). The Kruskal-Wallis test
and the Welch’s r-test were conducted using the software KaleidaGraph version

5.0 (Synergy Software).'

Results

Root elongation of seedlings of polyploid series grown on gellan

gum and agar media

I observed the seedlings of polyploid series of 4. thaliana and measured their
root elongation rates on both gellan gum and agar media, which aims to
characterize the effect of difference in gelling agent on polyploidy-dependent

growth.
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A comparison of the polyploid series of 4. thaliana grown vertically on
0.8 % gellan gum and 1.5 % agar media at 10 DAS showed that gellan gum
promoted the root growth of diploids whereas agar promoted the growth of
polyploids (tetraploid, hexaploid, and octoploid) (Fig. II-1).

I measured the root elongation rates of polyploid series grown on 0.8 %
gellan gum and 1.5 % agar media from 4 to 10 DAS (Fig. 11-2a, b). When grown
oh 0.8 % gellan gum media, I observed a gradual reduction in root length of
seedlings with increasing ploidy levels; root elongation rate of diploids was the
highest (Fig. II-2a).

Contrasting results were obtained in the case of agar (Fig. II-2b). The
root elongation rates of polyploids (tetraploid, hexaploid, and octoploid) grown
on 1.5 % agar media were higher than those fo’r polyploids grown on 0.8 % gellan
gum media, while the root elongation rate of diploids was suppressed.
ConSequenﬂy, the root elongation rate of dipldids was lowér than that of

tetraploids when grown on 1.5 % agar media.
The assessment of gel hardness of agar and gellan gum

I measured the gel hardness of several media changing the type and concentration
of gelling agents. Then, [ measured the root elongation rate of polyploid series
grown on the agar medium with gel hardness adjusted to be softer than that of
the 0.8 % gellan gum medium, which aims to determine the effects of gel
hardness on the root elongation of polyploid series.

I measured the gel hardness of both gellan gum and agar media at several
concentrations (Fig. II-3a). The gel hardness of both media increased
proportionally with the concentration of the gelling agent. When compared at the
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same concentration of the gelling agent, the gellan gum media was always harder
than the agar media. ’
The gel hardness of 0.8 % gellan gum, 1.0 % agar, and 1.5 % agar media
(Fig. I1-3a) are listed in Table II-1. The gel hardness of 1.5 % agar medium was
significantly higher than that of 0.8 % gellan gum medium, while that of 1.0 %
agar medium was significantly lower than that of 0.8 % gellan gum medium
(Table T1-1).
| Subsequently, I measured the root elongation rate of polyploids grdwn
on 1.0 % (w/v) agar medium (Fig. 1I-2¢). The root elongation rates of diploid,
tetraplkoid, and hexaploid grown on the softer (1.0 %) agar medium at all
measurement dates were more than those grown on the harder (1.5 %) agar media,
while the root elongation rate of octoploid was almost the same on both media

(Fig. 11-2b, ¢).
The assessment of water potential of agar and gellan gum

I measured the water potentials of several media changing the type and
concentration of gelling agents. Then, I measured the root elongation rate of the
polyploid series grown on the agar medium with water potential adjusted to the
almost same water potential in the 0.8 % gellan gum medium, which aims to
determine the effects of water potential on the root elongation of polyploid series.

I measured the water potentials of gellan gum and agar media at several
| concentrations (Fig. 11-3b). The lower the water potential, the lesser the water
transferred from a medium to the roots. The water potential of the agar was

almost constant at all concentrations, while that of the gellan gum decreased at
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high concentrations. The water potential of the agar was higher than that of the
gellan gum at all concentrations.

I added mannitol to the 1.5 % agar medium in several concentrations
to reduce the water potential (Fig. II-4a). The water potential of the medium was
almost constant at lower concentrations of mannitol (0, 5, 10 mM), but it
decreased proportionally with the concentration of mannitol at higher
con¢entrations (20, 50, 100 mM).

The water potentials of 0.8 % gellan gum and 1.5 % agar media (Fig.
I1-3b), and those of 1.5 % agar medium With 0 mM and 20 mM mannitol (Fig. I1-
4a) are listed in Table II-2. Thé addition of 20 mM mannitol to 1.5 % agar
| medium significantly decreased water potential. Water potential of agar medium
with 20 mM mannitol was almost the same as that of 0.8 % gellan gum.
Subsequently, I measured the root elongation rate of the poiyploid series grown
on agar media with 0 mM and 20 mM mannitol from 4 to 10 DAS (Fig. 11-4b).
The temporal profilé of élongation rate on the agar medium with 0 mM mannitol

was similar to that on the agar medium with 20 mM mannitol.

The assessment of trace‘elements of agar and gellan gum

I determined the amount of trace elements in each gelling agent to analyze their
effects on the root elongation of polyploid series of A. thaliana. Then 1
determined a candidate element responsible for the change in polyploidy-
dependent gréwth and examined its effects on the root elongation of polyploid
series. |

I quantified the concentrations of trace elements in 0.8 % gellan gum
media and 1.5 % agar media using ICP-AES (Table II-3). Elemental analysis
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showed that gellan gum contained significantly more magnesium (Mg),
aluminum (Al), and calcium (Ca) than agar, whereas agar contained significantly
more sodium (Na), iron (Fe), and cadmium (Cd) than gellan gum (Welch's r-test,
p < 0.05). No significant differences were found in boron (B), ﬁtani’um (T1), and
manganese (Mn) contents between the gelliﬁg agents. Chromium (Cr) and copper
(Cu) were not detected in either gelling agent.

As Al has been widely considered to suppress the root elongation’ in 4.
thaliana (Koyama et al. 1994; Rounds and Larsen 2008; Skun et al. 2010; Yang et
al. 2014; Sjogren et al. 2015), I focused on Al among all trace elements énd added
it to the agar medium and examined whether Al inhibits root elongation in
polyploids. I measured the root elongation rate of the polypldid series grown on
1.5 % agar media supplemented with the same concentratioﬁ of Al (30 uM) in
the 0.8 % gellan gum media (Fig. II-5). The root elongation rate of diploids did
not change significantly between the 1.5 % agar medium without additional Al
and that with 30 uM Al (Fig. I1-6a), while the root elongation rate of tetraploids
significanﬂy decreased from 4-5 DAS to 7-8 DAS (Fig. II-6b). The root
elongation rate of octoploid significantly decreased from 6—7 DAS to 8-9 DAS
(Fig. II-6d), whereas the root elongation rate of hexaploids did not decrease but

significantly increased at 6—7 DAS (Fig. 11-6¢).
Discussion
Gellan gum and agar differently affect the change in root

elongation by polyploidization
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The measurement of root‘elongation rate in polyploid series grown on gellan
gum and agar media (Fig. II-2) confirmed my preliminary observation that thé
change in growth due to polyploidization differs between the two gelling agents,
as the components of each medium were identical except for the gelling agent.
This is the first study to demonstrate that the type of gelling agent influences the

polyploidization effect on plant growth.

Physical properties of gelling agents are not key factors affecting

the difference in change in growth due to polyploidization

Nakagawa et al. (2007) revealed that the primary root of thé wild type of 4.
thaliana could penetrate the harder layer of double-layer agar medium, whereas
mcal-null mutant could not. As MCA1 is considered to be a Ca2+-permeable
stretch-activated (SA) channel (Yoshimura et al, 2021), the result of the
experiment using doﬁble-layer agar medium suggests that the Ca?"-permeable SA
channel could detect the gel hardness and affect the root elongation of 4. thaliana.
Therefore, I expected that each polyploid might detect the gel hardness of the
gellan gum and agar media differently, leading to differences in change in growth
due to polyploidization befween the two gelling agents (Fig. II-1, II-2).
However, the results suggest that the gel hardness was not a critical
factof in determining the difference of change in growth by polyploidization (Fig.
11-2). The root elohgation rate in diploids, tetraploids, and hexaploids was
- promoted when they were grown on the softer agar medium (1.0 % agar) with a
gel hardness similar to that of the 0.8 % gellan gum medium; however, the
relationship among the temporal profiles of root elongation rate in polyploids
was mostly unchanged compared with those grown on the normal agar medium
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(1.5 % agar) (Fig. II-2b, ¢). Schultz et al. (2016) analyzed the root growth grown
on three kinds of gelling agents and revealed that differences in media type had
more of an impact on root growth than hardness itself, which is consistent with
the results’ of this study.

The control of water potential in media is related to the control of water
availability, and the water availability is directly related to the plant growth. In
the roots of 4. thaliana, the lower the water potential of medium was, the lower
was the elongétion rate (van der Weele et al. 2000). The results suggest that the
water potential affects the root elongation rate and each polyploid may detect the
water availability differently, leading to differences in change in growth due to
polyploidization between gellan gum and agar.

- However, the results of this study suggest that the water potential ié not
a critical factor in determining the difference in change in growth due to
polyploidization (Fig. II-2, I1-4). The temporal profiles of root elongation rate in
polyploids in the normal 1.5 % agar medium (0 mM mannitol) and in the 1.5 %
agar medium with the lower water potential (20 mM mannitol) are similar, which
did not correspond to that of the 0.8 % gellan gum medium. In a previous study,
a difference of water potential between each pair of growth conditions was at
least more than 0.1 MPa (van der Weele et al. 2000); however, the difference of
water potential between the 1.5 % agar medium + 0 mM mannitol and the 1.5 %
agar medium + 20 mM mannitol was 0.05 MPa in this study (Table 11-2), which

may be too low to affect the change in growth due to polyployidization.

Aluminum in the gellan gum could partially explain the effects of

agar and gellan gum on the root growth of polyploids
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Quantitative analysié of trace elements in gellan gum and agar showed that the
contents of some element differed significantly (Table II-3). Agar contained
significantly higher Na, Fe, and Cd than gellan gum. In contrast, gellan gum
contains significantly higher Mg, Al, and Ca. The root elongatidn of A. thaliana
was usually suppressed by more than 10 mM NaCl in previous studies (West et
al. 2004; Jiang et al. 2016; Zhao et al. 2017; Fu et al. 2019), and the contents of
Na in gellan gum and agar were significantly lower than 10 mM in this study (ca
7.8 mM in gellan gum and 1.8 mM, Table II-3), which could not affect the root
elongation because they are too low. The deficiency of Fe, Mg, and Ca in media
severely suppressed the root elongation of A. thaliana (Gruber et al. 2013), but
the 1/2 MS medium, which is the base medium used in this study, contains a large
amount of Fe, Mg, and Ca (1500 uM Ca, 750 uM Mg and 45 uM Fe, Murashige
and Skoog 1962). Therefore, the contents of Fe, Mg, and Ca in gellan gum and
‘agar could not affect the root elongation (Table II-3). Cd is well known to
suppress root elongation in plants (Godbold and Hiittermann 1985; Munzuroglu
and Geckil 2004). However, less than 5 pM Cd did not severely suppressed the
root elongation of 4. thaliana (Wéjcik and Tukiendorf 2004; Van Belleghem et
al. 2007), which suggests that the contents of Cd in gellan gum and agar were too
low to affect the root elongation (0.320 pM in agar’ and 0.028 uM in gellan gum,
Table 11-3). |
On the other hand, Al significantly suppressed the root elongation of 4.
thaliana at 20 pM (Sun et al. 2010), 50 uM (Zhu et al. 2012), 6 uM (Yang e{ al.
2014). The content of Al in gellan gum was 33.401 pM (Table I1-3), which is
’ within the range of content that could suppress the root elongation of 4. thaliana.
Therefore, I focused on the effect of Al in gellan gum and conducted Al addition
experiment in agar media for polyploids. k
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- The results of Al addition experiment showed that the root elongation
rate of tetraploids and octoploids grown on the 1.5 % agar medium with 30 uM
Al was significantly suppressed, while that of diploids remained unchanged (Fig.
II-6a, b, d). The root elongations of diploids and tetraploids were almost the same
at 5-6, 67, and 7-8 DAS and the differences between the root elongations of
diploids and tetraploids were relatively small at other measurement dates when
~grown on the 1.5 % agar medium with 30 uM Al, whereas the root elongation
rate of tetraploids was significantly higher than that of diploids at all
measurement dates when grown on the 1.5 % agar medium with no additional Al
(0 uM Al) (Fig. I1-5a, b). In addition, the root elongation of octoploid grown on
the 1.5 % agar medium with 30 uM Al significantly decreased. These results
suggest that the Vhigher Al concentration in gellan gum could partially explain the
differences in change in growth due to polyploidization between 0.8 % gellan
gum and 1.5 % agar medium. As the root elongation rate of diploids was
significantly higher than that of tetraploids grown on the 0.8 % gellan gum
medium, the addition of Al to the agar medium did not completely reproduce the
relationship of temporal profiles in root elongation between diploids and
tetraploids grown on the 0.8 % gellan gum medium. The relationship between
diploids and tetraploids grown on the agar medium with 30 uM Al, however, is
closer to that of those grown on the 0.8 % gellan gum medium than that of those
grown on the agar medium with 0 uM Al, which suggests that the decrease in
root elongation of tetraploid in the 0.8 % gellan gum medium should be partially
attributed to the Al in gellaﬁ gum (Fig. I1-2, II-5).

Al binds to cell wall components, especially hemicellulose, thereby’
reducing cell wall exteﬁsibility and inhibiting root elongation (Yaﬁg etal.2011).
Polyploids of 4. thaliana have been shown to have an increased amount of
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hemicellulose compared With diploid plants (Corneillie et al., 2019), which may
have contributed to the tetraploids and octoploids being more sensitive to Al ’than
diploid in root elongation rate.

The root elongation rate of hexaploids grown on the 1.5 % agar medium
with 30 uM Al was similar to that of those grown on the 1.5 % agar medium with
0 uM Al However, further studies are needed to understand as to why the
addition of Al did not have any effect on the root elongation of hexaploids, ’While
it suppressed those of tetraploids and octoploids. k

This study is the first report of the different effects of two major gelling
agents, gellan gum and agar, on change in growth due to polyploidization. My
findings indicate that Al, which is more abundant in gellan gum, suppresses root
elongation in tetraploids and octoploids, which could be partly attributed to the
different effects of gellan gum and agar on the change in growth due to
polyploidization. However, thek physical properties of gellan gum and agar media,

gel hardness, and water potential, may not be responsible for these effects.

Concluding remarks

In Chapter II, I analyzed the effect of gelling agents (agar and gellan gum) as
environmental factors on growth changes caused by polyploidizaﬁon. The
physical properties (gel hardness and water potential) and chemical properties
(trace element contents) of agar and gellan gum media were examined. Further,
I investigated the relationship between these media properties and the root
elongation rate of the polyploid series of 4. thaliana. For the gel hardness of the
medium, the harder the medium, the more suppressed is the root elongation in all
polyploid strains. For the water potential of the medium, the gellan gum medium
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had a lower water potential than that of the agar medium. Mannitol was then
added to the agar inedium to reduce the water potential to the same level as that
of the gellan gum medium. However, there was no significant change in each
polyploid strain’s root elongation rate grown on agar medium containing
mannitol. Based on these results, the media’s gel hardness and water potential
were not related to the promotion of root elongation in polyploids grown on the
agar medium. I subsequently measured the trace elements in the gelling agents
and observed that gellan gum contained more aluminum than agar. Because
aluminum suppresses root tip elongation, I grew the polyploid series on agar
medium with the same amount of aluminum as the gellan gum ’medium énd
measured the root elongation rate. The results revealed that the root elongation
rate of tetraploids and octoploids was suppressed when grown on the medium
with added aluminum compared to the medium without aluminum. Based on these
résults, aluminum, which is abundant in gellan gum, partially contributes to
suppressing the root elongation of polyploids when grown on a gellan gum

medium.
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Table II-1. Gel hardness of medium

medium ’ gel hardness (N)

0.8% gellan gum 1.23 + 0.03
1.0% agar 1.03 + 0.03 b
1.5% agar 1.86 + 0.08 c

Data shows mean + standard errors (n = 6). All data were taken from Fig. II-3a.
Different alphabets indicate significant difference between media at p < 0.05
| (Steel-Dwass test)'
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Table II-2. Water potential of medium

medium ' . water potential (MPa)

0.8% gellan gum -0.25 +  0.01 .
1.5% agar -0.21 +  0.01

1.5% agar + 0 mM mannitol -0.22 + 0.01 .
1.5% agar + 20 mM mannitol -0.27 + 0.01

Data shows mean + standard errors (n = 6). Data of 0.8% gellan gum and 1.5%

agar media were taken from Fig. II-3b, and data of 1.5% agar medium + 0 mM

and 20 mM mannitol were taken from Fig. I[-4a. * indicates statistical difference

(Welch’ s t test. *0.01<p<0.05, **p<0.01)
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Table II-3. Elemental analysis of gelling agents

Element Agar Gellan gum p-value

B 154  + 66 988 £ 9.80 0.094

Na 7802  + 184 1830  + 244 <0.0001 *
Mg 139+ 2 260 + 33 0.021  *
Al 2523+ 1.690 334 o 42 © 0.0009 ¥
Ca 166 = 3 439 + 55 0.0076  *
Ti 197 = 076 0.0552 + 0.0195  0.065

Cr n. d. n. d.

Mn 0.689 £ 0.0357 0.776  + 0.099 0.44

Fe 18.07 1.74 7.40 0.92 0.0016  *
Cu n. d. n. d.

cd 0319 < 0.017 0.0281 + 0.00151 <0.0001 *

Data shows mean (uM) + standard deviation (n =

5). *Indicates significant

difference between agar and gellan gum at p < 0.05 (Welch's t test). n.d. indicates

not detected
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0.8% Gellan gum 1.5% Agar

Diploid  Tetraploid Hexaploid Octoploid Diploid  Tetraploid

Figure I1-1. Different effects of gellan gum and agar on root growth of polyploid
series in Arabidopsis thaliana

Hexaploid  Octoploid

10-day-old seedlings grown vertically on MS medium solidified by gellan gum
or agar. Scale bar =2 cm
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Figure II-2. Root elongation rate of polyploid series grown on gellan gum or

agar medium

(2) Cultured on 0.8 % (w/v) gellan gum medium. n = 38 (diploid), 40 (tetraploid), |
23 (hexaploid), 39 (octoploid). A significant difference in the root elongation
rate was observed between every pair grown on gellan gum media for all days
from 4-5 DAS to 9—10 DAS (Steel-Dwass test, p < 0.01). (b) Cultured on 1.5 %
(w/v) agar medium. n = 33 (diploid), 33 (tetraploid), 22 (hexaploid), 26
(octoploid). There was a significant difference in the root elongation rate between
every pair grown on agar media for all days from 4-5 DAS to 9—-10 DAS (Steel-
Dwass test, p < 0.01), except between diploid and tetraploid pairs for 67 DAS
(*, Steel-Dwass test, 0.01 < p <0.05), 89 DAS and 9-10 DAS (N.S., Steel-
‘Dwass test, 0.05< p), and tetraploid and hexaploid pairs for 4-5 DAS (*, Steel-
Dwass test, 0.01 < p < 0.05). (c¢) Cultured on 1.0 % (w/v) agar (softer) ’medium.
n = 42 (diploid), 35 (tetraploid), 20 (hexaploid), 23 (octoploid). There was a
significant difference in the root elongation rate between every pair grown on
agar media for all days from 4-5 DAS to 9-10 DAS (Steel-Dwass test, p < 0.01),
except between diploid and tetraploid pairs for 7-8 DAS to 9-10 DAS (N.S.,
Steel-Dwass test, 0.05 < p), and tetraploid and hexaploi’d pairs for 4-5 DAS (*,

Steel-Dwass test, 0.01 < p < 0.05). Bars indicate standard errors
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Figure II-4. Relationship between water potential and root elongation rate on

agar media

(a) Water potential of 1.5 % agar medium with mannitol at several concentrations
(0,5,10,20,50,100 mM). n= 6 for each data point. Bars indicate standard errors.
(b) Root elongation rate. Cultured on 1.5 % agar medium with 0 or 20 mM
mannitol. n = 32 (0 mM, diploid), 26 (0 mM, tetraploid), 18, (0 mM, hexaploid),
16 (0 mM, octoploid), 26 (20 mM, diploid), 20 (20 mM, tetraploid), 25, (20 mM,
hexaploid), 40 (20 mM, octoploid). There was a significant difference in the root
elongation rate between every pair grown on agar media for all days from 4-5
DAS to 9-10 DAS (Steel-Dwass test, p < 0.01), except between diploid and
tetraploid pairs for 5-6 DAS, 7-8 DAS, and 9-10 DAS in 0 mM mannitol medium
and 8-9 DAS and 9-10 DAS in 20 mM mannitol medium (N.S., Steel-Dwass test,
0.05< p), diploid and tetraploid pairs for 6-7 DAS in 0 mM mannitol medium and
5-6 DAS to 7-8 DAS in 20 mM mannitol medium (*, Steel-Dwass test, 0.01 <p
< 0.05), and hexaploid and octoploid pairs for 67 DAS and 8-9 DAS in 0 mM
mannitol mekdium and 5-6 DAS in 20 mM mannitol medium (*, Steel-Dwass test,

0.01 <p <0.05). Bars indicate standard errors
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Figure II-5. Effect of aluminum on root elongation rate of polyploid series on

agar media

(a) Cultured on 1.5 % agar medium with 0 uM Al. n = 74 (diploid), 70 (tetraploid),
23 (hexaploid), 20 (octoploid). (b) Cultured on 1.5 % agar medium with 30 pM
Al medium. n = 74 (diploid), 54 (tetraploid),, 27 (hexaploid), 16 (octoploid).
There was a significant difference in the root elongation rate between every pair
grown 6n agar media for all days from 4-5 DAS to 9—-10 DAS (Steel-Dwass test,
p <0.01), except between diploid and tetraploid pairs for 5-6 DAS to 7-8 DAS
(N.S., Steel-Dwass test, 0.05< p) and 8-9 DAS (*, Steel-Dwass test, 0.01 <p <
0.05) in (b), and tetraploid and hexaploid pairs for 4-5 DAS (N.S., Steel-Dwass

test, 0.05< p) in (a) and (b). Bars indicate standard errors
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Figure I1-6. The effect of aluminum on the root elongation rate of the polyploids’

Raw data shown in Fig. II-5 were used.

(a) Diploid. n = 74 (0 uM), 74 (30 uM), (b) Tetraploid. n = 70 (0 uM), 54 (30
uM), (¢) Hexaploid. n = 23 (0 uM), 27 (30 uM), (d) Octoploid. n = 20 (0 uM),
16 (30 uM). * Indicates statistical difference (Welch’ s t-test. *0.01<p<0.05,

*%p<0.01). Bars indicate standard errors
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General discussion

Polyploidization is a major driving force for angiosperms speciation (Soltis et al.
2003; Leitch and Leitch 2008; Jiao et al. 2011; Scarpino et al. 2014; Van de Peer
et al. 2021). Polyploids are believed to be more adaptive than their diploid
progenitors because polypléidization often increases resistance to pathogens and
environmental stress (Grant 1981; Levin 1983; te Beest et al. 2012; Islam et al.
2022). On the other hand, it has been reported that high-polyploids suppress plant
growth, called as “high-ploidy syndrome” (Tsukaya, 2008; Kikuchi and Iwamoto,
2020). i

I demonstrated that the high-ploidy syndrome exists in the high-
autopolyploids (hexaploids and octoploids) of 4. thaliana where cell volume
increase was significantly suppressed, and the suppression of endoreduplication?
chromosome polytenization, ’and the difference in response to aluminum stress
caused the syndrome. In addition, I revealed that cell proliferation was
suppressed in high-polyploids and tetraploids. This is the first report on the
maladaptive effects of autopolyploidization and its mechanism. Changes in the
chromosome structure and environmental factors can suppress organ growth in
autopolyploids.

These findings suggest that plant speciation involves polyploidy. Some
studies estimate that the abundance of autopolyploids in angiosperms should be
the same as that of allopolyploids (Ramsey and Schemske 1998; Barker et al.
2016); however, others estimate that allopolyploids are more abundant than
autopolyploid (Doyle and Sherman- Broyles 2017). It is still controversial which
type of polyploid has promoted speciation and prevailed in angiosperms. This
study may settle a long-term debate. Autopolyploids are more disadvantageous
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than allopolyploids because of their maladaptive effeéts on organ growth, and the

hybridization effects of allopolyploidization may counteract the growth

suppression effects of autopolyploidization. In future studies, I will conduct a

root growth analysis on 4. suecica, which originated from hybridization between

the majorly diploid 4. thaliana and the majorly

autotetraploid 4. arenosa (Jakobsson et al., 2006; O’Kane et al., 1996) and

compare its spatial profile of growth parameters with those of the autopolyploid

series of 4. thaliana to confirm whether the high-polyploid syndrome exists even

in allopolyploid. In addition, I’Wﬂl observe the degree of endoreduplication,

chromosome polytenization, and response to aluminum stress in the root growth \
of A. arenosa and examine the hypothesis that the hybridization effects of
allopolyploidization ~ counteract the = growth suppression effects of
autopolyploidization.

In contrast, several studies have reported that natural high-
autopolyploids are more adaptive than diploids (Moreyra et al., 2021; Ferndndez
et al. 2022). In these naturally high-autopolyploids, it is possible that the high-
ploidy syndrome is overcome in some way, such as through suppression of
chromosome pblytenization. It is also important to observe the degree of
endoreduplication, chromosome polytenization, and response to aluminum stress
in the root growyth of these species and to elucidate how fhey overcome the high-
ploidy Syndrome.

In this study, I elucidated the effects of autopolyploidization on the root growth
of 4. thaliana and its mechanisms. The results of this study provided new insights

into the speciation of angiosperms driven by polyploidization.
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