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Polyploidization has played a key role in plant breeding and crop improvement. Although its potential to increase biomass yield
is well described, the effect of polyploidization on biomass composition has largely remained unexplored. Here, we generated a
series of Arabidopsis (Arabidopsis thaliana) plants with different somatic ploidy levels (2n, 4n, 6n, and 8n) and performed rigor-
ous phenotypic characterization. Kinematic analysis showed that polyploids developed slower compared to diploids; however,
tetra- and hexaploids, but not octaploids, generated larger rosettes due to delayed flowering. In addition, morphometric analysis
of leaves showed that polyploidy affected epidermal pavement cells, with increased cell size and reduced cell number per leaf
blade with incrementing ploidy. However, the inflorescence stem dry weight was highest in tetraploids. Cell wall characteriza-
tion revealed that the basic somatic ploidy level negatively correlated with lignin and cellulose content, and positively correlated
with matrix polysaccharide content (i.e. hemicellulose and pectin) in the stem tissue. In addition, higher ploidy plants displayed
altered sugar composition. Such effects were linked to the delayed development of polyploids. Moreover, the changes in poly-
ploid cell wall composition promoted saccharification yield. The results of this study indicate that induction of polyploidy is a

promising breeding strategy to further tailor crops for biomass production.
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Polyploid plants possess three or more sets of ho-
mologous chromosomes. The increase in chromosome
number in these plants is the result of a genome dupli-
cation event. Depending on the origin of the genome
duplication event, there is considered to be two differ-
ent polyploid types: autopolyploids, which are derived
from multiplication of a diploid genome (intraspecies),
and allopolyploids, which are the consequence of hy-
bridization followed by doubling of the two haploid
genomes (interspecies; Comai, 2005). Despite this dif-
ference, both types of polyploids profit from a genomic
buffering effect provided by the doubling of their ge-
netic information. Thanks to this buffering, epigenetic
changes as well as gain and loss of DNA sequences
have either no or less dramatic detrimental effects on
the organism’s viability, whereas they provide an in-
crease in genetic variation, thus allowing evolution of
the genome (Ramsey and Schemske, 2002; Chen, 2010).
In addition, the combination of different genomes in
allopolyploids results in stochastic changes in genome
organization and altered gene expression of parental
genomes, putatively causing additive heterosis effects.
Although still not fully understood, the increase in
chromosome number and additional genomic interac-
tions and genetic alterations often results in superior
properties in polyploid plants compared to those in
their diploid counterparts, making polyploidization a
credible approach for crop improvement. For example,
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polyploidization has already been successfully im-
plemented in plant breeding programs to increase
overall yield and biomass of several crop species,
including potato, red clover, sugar beet, watermelon,
etc. (Bamakhramah et al., 1984; Cai et al., 2007; Renny-
Byfield and Wendel, 2014; Sattler et al., 2016).

Besides the importance of plant biomass for feed
and food production, there is increasing interest in the
use of plants as a source of energy and chemical build-
ing blocks. For this purpose, not only the yield but also
the biomass composition is of uttermost importance.
Plant biomass is mainly composed of cell walls, which
contain high amounts of polysaccharides that can be
enzymatically depolymerized into fermentable mono-
saccharides. A significant barrier for the efficient uti-
lization of plant biomass as a source of sugars lies in
the recalcitrance of the cell wall to enzymatic digestion
and processing. In particular lignin, which forms a
structural matrix around the cellulose microfibrils, is
seen as an important, if not the most, limiting factor
in the enzymatic depolymerization of cell wall poly-
saccharides. Hence, altering the amount or structure
of lignin affects saccharification efficiency, i.e. the en-
zymatic conversion of cell wall polysaccharides to fer-
mentable sugars (Chen and Dixon, 2007). A common
strategy to alter lignin is to interfere with the biosyn-
thesis of its building blocks, namely the monolignols.
Mutants defective in the monolignol biosynthesis path-
way contain either less lignin or lignin with an altered
composition, and therefore produce cell walls that are
more easily digested resulting in higher sugar yields
(Vanholme et al., 2012a; Van Acker et al., 2013). Alter-
natively, incorporation of novel building blocks that
differ from the traditional monolignols p-coumaryl,
coniferyl, and sinapyl alcohol may reduce the recalci-
trance of the plant cell wall to enzymatic degradation
and improve downstream processing (Vanholme et al.,
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2012b; Petrik et al., 2014; Wilkerson et al., 2014; Smith
et al., 2015; Mottiar et al., 2016; Sibout et al., 2016).

Several studies suggest that an increased somatic
ploidy level may influence biomass composition in
a way that could be beneficial for the production of
bioenergy and materials. For example, triploid and
tetraploid willow were found to contain a reduced
lignin content compared to the diploid parental lines
(Serapiglia et al., 2015). In addition, Morrison (1980)
showed that lignin content in temperate grasses tends
to be lower in tetraploids compared to that in diploids.
Besides a change in cell wall composition, polyploidy
is also known to increase organ size and improve bio-
mass production in several plant species (Tsukaya,
2008; del Pozo and Ramirez-Parra, 2015; Tavan et al.,
2015; Vergara et al., 2016). The combined effect of an al-
tered cell wall composition with an improved biomass
production makes induction of polyploidy a promis-
ing tool to improve plants for the bio-based economy.
However, the literature on the relationship between
ploidy level and cell wall composition is scarce and
fragmentary, and in some cases contradictory. Up to
now, no general conclusions can be drawn regarding a
possible correlation between higher ploidy levels and
biomass yield and composition, necessitating further
research.

Here, we focused on the model plant Arabidopsis
(Arabidopsis thaliana) to investigate the effects of tet-
raploidy on cell wall composition, and to assess whether
these findings can be extrapolated to higher ploidy lev-
els. For this, a series of different autopolyploids was
generated (i.e. tetra-, hexa-, and octaploids) and sub-
jected to growth analyses and cell wall characterization.
Our data show that polyploidy has profound effects on
plant growth and cell wall composition, and that the
polyploid biomass is significantly easier to saccharify
as compared to that of their diploid counterparts.
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Figure 2. Growth parameters of polyploid Arabidopsis. A, Rosette growth rate over time of polyploid Arabidopsis (2n, diploid;
4n, tetraploid; 6n, hexaploid; 8n, octaploid). Blue diamonds indicate the measured values and a curve was fitted using LEAF-E.
Leaf elongation rate (LER), Maximal LER (LERmax), the time at which LER reaches a maximum (tm), the end-point of growth (te).
B, The values for all parameters determined using the LEAF-E tool. C, The average growth rate of the main inflorescence stem
of polyploid Arabidopsis. Error bars represent SD. Different lowercase letters indicate statistically significant difference; n = 20
plants. Statistical analysis was done with univariate analysis and Scheffe posthoc testing in SPSS; a = 0.05.

RESULTS

Phenotypic Analysis of Polyploid Arabidopsis

A set of Arabidopsis autopolyploids (4n, 6n, and 8n)
was obtained through colchicine treatment of diploid
seedlings (CO population) and flow cytometry-based
somatic ploidy analysis of their progeny obtained by
self-fertilization (C1 population; Supplemental Fig. S1).
The tetraploid and octaploid C1 plants were directly
obtained from colchicine-treated diploids, whereas
the hexaploids were obtained by crossing the resulting
tetraploids with octaploids. When the set of polyploids
was grown under long-day light conditions (LD; 16-h
light/8-h dark), a severe delay in development was
observed for the plants with higher ploidy level com-
pared to that in diploid plants, resulting in a bolting
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delay of 22, 30, and 37 d for tetraploids, hexaploids,
and octaploids, respectively (Fig. 1A). To quantify the
plants” growth parameters, we measured projected
rosette area of individual plants throughout their de-
velopment and analyzed leaf growth data using the
nonlinear regression-based tool LEAF-E (Voorend
et al., 2014). The rosettes of the tetraploids, compared
to those of diploids, expanded over a longer period
of time. The maximal Leaf Elongation Rate (LER__ )
was higher and was reached at a later point in time
(tm). Additionally, the end point of tetraploid rosette
growth was reached significantly later as compared to
that of diploids (te; Figure 2 A and B). Consequently,
the rosette area of tetraploids at bolting time showed
an increase of 250% compared to that of diploids (Fig.
1, B and C). Although the hexaploids and octaploids
also showed a significant shift in tm to a later time
point, a significant reduction in LER __was observed
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Figure 3. Cellular analysis of polyploid Arabidopsis. A, Leaf area of the
first two leaves (L1/2) over time in polyploid Arabidopsis (2n, diploid;
4n, tetraploid; 6n, hexaploid; 8n, octaploid). The arrow indicates the
time point where L1/2 were harvested for further analysis. B, Leaf area
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compared to that in diploids (Fig. 2, A and B). In hexa-
ploids, the extension of the growth phase compensated
for the slower growth rate, resulting in a 40% increase
in projected rosette area at bolting time as compared
to that in diploids (Fig. 1, B and C). However, in octa-
ploids, the extension of the growth phase did not lead
to a significant difference in rosette area compared to
that in diploids (Fig. 1, B and C). In line with the ob-
served reduction in rosette growth rate in hexa- and
octaploids, the stem growth rate was significantly
reduced (46% and 60%, respectively) in these plants
compared to that of diploids (Fig. 2C).

To further unravel the cellular basis of the observed
morphological changes in our polyploid plants, we
compared the cell size, number, and morphology of
plants with different ploidy levels. Analyses were
performed on abaxial cells of fully-grown leaves of
the first real leaf pair (L1/2) using an automated im-
age-analysis algorithm designed to quantify and visu-
alize the morphological information of each individual
cell (Andriankaja et al., 2012). First, the time point at
which both leaves were fully expanded in the differ-
ent polyploid lines was determined by following the
growth of L1/2 over time and calculating the end-
point of growth using LEAF-E (Fig. 3A). Here, in line
with previous observations on bolting time and rosette
growth, a remarkable developmental delay was ob-
served in the plants with a higher ploidy level, and the
specific time point whereupon L1/2 was fully expand-
ed was 21, 22, 23, and 26 d after stratification (DAS)
for di-, tetra-, hexa-, and octaploids, respectively. To as-
sure full expansion of L1/2 of all examined plants, the
leaves were harvested 31 DAS for subsequent experi-
ments. At this point, the area of L1/2 was 27% larger in
tetraploids and 20% larger in hexaploids compared to
that in diploids, whereas there was no significant dif-
ference in L1/2 leaf area between octa- and diploids
(Fig. 3B). To link the increase in leaf area to changes
in cell division and/or cell expansion, fully-expanded
L1/2 leaves of the different polyploid lines were used
to perform cell number analysis by means of cellular
drawings of the basal abaxial epidermal cells (Fig. 3C).
These drawings were then submitted to the algorithm’s
analysis to determine the cell area and density of pave-
ment cells and guard cells. In addition, pavement cell
shape was described using a circularity score, where a
score of 1 indicates a perfect circle and a lower score is
indicative of lobed cells. This analysis revealed that the

of L1/2 on day 31, which was chosen as the time point to make cellular
drawings of abaxial epidermal cells. C, Representative cellular draw-
ings of abaxial epidermal cells of polyploid plants. D, Average size of
abaxial epidermis cells of L1/2 leaves of polyploid plants. E, Average
size of stomatal guard cells of polyploid plants. F, Average circularity
of abaxial epidermis cells of L1/2 leaves of polyloid plants. G, Average
number of cells per L1/2 of polyploid plants. Error bars represent SD;
Different lowercase letters indicate statistically significant difference;
n = 8 plants per time point; Statistical analysis was done with univari-
ate analysis and Scheffe posthoc testing in SPSS; a = 0.05.
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Figure 4. Polyploid Arabidopsis stem
biomass. A, Fully-grown representative
polyploid Arabidopsis plants (2n, dip-
loid; 4n, tetraploid; 6n, hexaploid; 8n,
octaploid). Scale bars represent 5 cm. B,
The average length of the primary inflo-
rescence stem of polyploid Arabidopsis
plants. C, The average dry weight of the
primary inflorescence stem of polyploid
Arabidopsis plants. Error bars represent
SD; Different lowercase letters indicate
statistically significant differences; n = 3
biological replicates of 20 plants; Statis-
tical analysis was done with univariate
analysis and Scheffe posthoc testing in
SPSS; a=0.05.
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basic somatic ploidy level is positively correlated with
cell area of both pavement and guard cells (R* = 0.9920
and 0.9632, respectively), but negatively correlated
with cell circularity (R* = 0.9599) and the number of
cells per leaf (R* = 0.9917; Figure 3, D to G). Taken to-
gether, these data demonstrate that the polyploid lines
have a reduced cell division rate in the leaves, which
seems to be compensated for by an increase in cell size.

Next, we investigated the effect of somatic ploi-
dy level on cell wall composition. For this purpose,
plants were grown under conditions optimized to ob-
tain robust inflorescence stems with thick secondary
cell walls (i.e. 8 weeks short-day conditions (SD; 8-h
light/16-h dark) before transfer to LD; Vanholme et al.,
2014). Once the plants were fully senescent, stem ma-
terial was harvested, side branches were removed, and
both height and dry weight of the main inflorescence
stem were determined. Compared to that in diploids,
only tetraploids showed a significant increase in stem
height (20%) and dry weight (82%; Fig. 4). Although
these parameters were not significantly different be-
tween di-, hexa-, and octaploids, the plants with higher
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ploidy levels clearly differed from diploids based on
other phenotypic characteristics. First, the diameter of
the main stem as measured between 1 and 2 cm above
the rosette was positively correlated with basic somatic
ploidy level (R* = 0.9608; Fig. 5). Second, polyploidy
was accompanied by an increase in apical dominance,
which was reflected in an increase in the fraction of dry
weight of the main stem to the dry weight of the total
inflorescence together with a reduced number of stems
emerging from the rosette (Fig. 6).

In line with the positive effects of the basic somat-
ic ploidy level on organ size, an increase in petal and
sepal size was observed in all polyploids compared to
diploids. In addition, the individual seed weight ap-
peared positively correlated with the somatic ploidy
level of the donor plant (R? = 0.9622) and was accom-
panied by an increase in silique width (R* = 0.9677).
Furthermore, silique length was higher in tetraploids
and lower in hexa- and octaploids, whereas the num-
ber of seeds per silique was lower in hexa- and octa-
ploids compared to that in their diploid counterparts
(Supplemental Table S1).
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Figure 5. Morphological analysis of polyploid Arabidopsis stems. A and B, Transverse sections stained with toluidine blue of
representative polyploid Arabidopsis stems (2n, diploid; 4n, tetraploid; 6n, hexaploid; 8n, octaploid). A, Detail of the vascular
bundle. The arrow indicates the interfascicular fibers. Scale bars represent 100 um. B, Detail of pith region. Scale bars represent
200 pm. C to F, Transmission Electron Microscopy (TEM) of different tissues including (C) cortex, (D) phloem, (E) xylem, and
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Stem cross sections revealed that the shape of the
cortex cells in the hexa- and octaploids was severely
distorted (Fig. 5A). The pith cells of hexa- and octa-
ploids also showed signs of disruption and disinte-
gration (Fig. 5B). To analyze this in more detail, we
performed transmission electron microscopy (TEM)
and carefully examined the different tissues of the in-
florescence stem (Fig. 5, C to F). This revealed that the
cells and cell walls in the cortex, phloem, cambium,
and pith were highly distorted in the polyploids. More
specifically, stems of hexa- and octaploids contain cells
that were completely crushed in all tissues of the stem.
In tetraploids, these crushed cells were restricted to the
phloem and pith. The xylem of hexa- and octaploids
contained some vessels that were collapsed. When
quantifying the number of collapsed vessels, we found
that 6% and 7.5% of the total number of vessels were
collapsed in hexaploids and octaploids, respectively
(Fig. 5H). Finally, the thickness of the cell wall in the
interfascicular fibers negatively correlated with ploidy
level (Fig. 5I; R? = 0.9595). This reduction in thickness
is the consequence of a reduction in secondary cell wall
deposition, as the thickness of the primary cell wall did
not differ from diploids. Taken together, these obser-
vations indicated that the integrity of the cells and the
strength of the cell wall are affected in the polyploid
lines.

Cell Wall Composition of Polyploids

To study the effect of ploidy level on the cell wall
content and its composition, fully senesced stems
grown under SD/LD conditions were analyzed. The
cell wall residue (CWR) was prepared using a sequen-
tial extraction method and gravimetrically determined
as percentage of dry biomass (Fig. 7A). Compared to
that in diploids, both the hexa- and octaploids showed
a significant reduction in CWR (18% and 32%, respec-
tively). No difference was observed between the di-
and tetraploids regarding CWR. The purified CWR
was subsequently used to determine the relative abun-
dances and composition of the main cell wall polymers
(i.e. lignin, cellulose, and hemicellulose; Figure 7B).
To allow comprehensive quantitative comparison be-
tween samples, cell wall polymers were expressed on
a CWR basis, unless noted otherwise.

Lignin content was determined using the acetyl
bromide (AcBr) method. Interestingly, an increase in
somatic ploidy level was correlated with a gradual de-
crease in AcBr-lignin content (R? = 0.9179). Compared
to that in diploids, a decrease of 20%, 50%, and 55% in

AcBr-lignin was found for tetraploids, hexaploids, and
octaploids, respectively (Fig. 7B). Next, thioacidolysis
was used to determine the composition of the lignin
polymer, more specifically the abundance of the ma-
jor lignin units (i.e. the hydroxyphenyl [H], guaiacyl
[G], and syringyl [S] units, that are linked via f-ether
bonds; Table 1). A significant shift in lignin composi-
tion was only observed in the octaploids, for which a
drop in the abundance of S units and an increase in
the abundance of H units was observed. The reduced
level of S units also led to a significant decrease in S/G
ratio in octaploids. In addition, the overall thioacidoly-
sis yield, which is represented as the sum of the three
units and which is a measure for the degree of lignin
condensation, was also significantly decreased in the
octaploids. The fact that lignin of octaploids releases
less S units and more H units by thioacidolysis is also
indicative of a higher degree of lignin condensation in
octaploids. A Méule staining showed that there was no
difference between lignification patterns in stem sec-
tions of polyploids (Supplemental Fig. S2). A reduced
staining intensity was observed in hexa- and octaploids,
as can be expected with the observed reduction in lignin
content.

The reduction in lignin content in the cell wall should
be compensated for by another cell wall polymer. Cel-
lulose amounts were measured in TFA-extracted CWR
(Fig. 7B). Compared to that in diploids, a gradual re-
duction in cellulose content was found in the hexa- and
octaploids (15% and 25%, respectively; R* = 0.9708).
These lines also contained less lignin, indicating that
cellulose did not compensate for the decrease in lignin.
Hence, a compensation effect was expected at the level
of matrix polysaccharides (MPS; i.e. hemicellulose and
pectin). The weight difference of the CWR before and
after TFA extraction can be used as a measure for the
amount of MPS in the cell wall. As anticipated, a pos-
itive correlation was found between the ploidy level
and MPS content in the stem (R? = 0.9879; Figure 7B).
In hexa- and octaploids, the MPS fraction was 22% and
37% higher, respectively, compared to that in diploids.

During TFA extraction, MPS are hydrolyzed into
their composing monosaccharides, which can be sub-
sequently identified and quantified using GC/MS
(Table 2). This assay revealed a gradual increase in
the concentration of Fuc (R? = 0.7785), arabinose (R?
= 0.9853), and Gal (R? = 0.9835) levels with increasing
ploidy level. In contrast, Xyl levels in the stem gradually
decreased with increasing ploidy levels (R* = 0.9819).
We used carbohydrate microarray analysis to further
explore the effect of ploidy level on stem MPS in the

Figure 5. (Continued.)

(F) pith. The arrowheads indicate collapsed cells or the remainder of crushed cells. Scale bars represent either 10 or 2 pm,
as indicated. G, The average diameter of the primary inflorescence stem taken 1 to 2 cm above the rosette. H, The average
amount of collapsed vessels per total amount of vessels. |, The average thickness of the cell wall of the interfascicular fibers. The
thickness of primary cell wall is depicted in gray; the amount of secondary cell wall is shown in white. Error bars represent SD;
Different lowercase letters indicate statistically significant difference; n = 4 biological replicates; statistical analysis was done
with univariate analysis and Scheffe posthoc testing in SPSS; a = 0.05.
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Figure 6. Apical dominance of polyploid Arabidopsis. A, The ratio of
the main inflorescence stem dry weight (without side branches and
secondary inflorescences) to the total dry weight (with side branches)
in polyploid Arabidopsis (2n, diploid; 4n, tetraploid; 6n, hexaploid;
8n, octaploid). B, The average number of additional stems emerging
from the rosette, besides the main stem. Error bars represent SD; dif-
ferent lowercase letters indicate statistically significant difference; n =
3 replicates of 20 plants; statistical analysis was done with univariate
analysis and Scheffe posthoc testing in SPSS; a = 0.05.

polyploid lines (Moller et al., 2007). The alcohol insol-
uble residue was extracted using 1,2-cyclohexylene-
dinitrilotetraacetic acid (CDTA) followed by sodium
hydroxide. The two extracts were printed separately
as microarrays, which were probed with monoclonal
antibodies directed against cell wall polysaccharide
epitopes. This analysis provided semiquantitative in-
formation about the relative abundance of extractable
cell wall polysaccharides. The data are presented as
a heatmap in which mean spot signal intensities are
proportional to color intensity (Fig. 8). Higher relative
signals for many cell wall polysaccharide epitopes
were obtained from the tetra-, hexa-, and octaploids
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compared to diploid plants. This effect was particular-
ly pronounced for pectic domains including homoga-
lacturonan (HG), arabinan, and galactan side chains
and rhamnogalacturonan backbone structures (as
recognized by mAbs JIM5, JIM7, LM18, LM19, LM6,
LMS5, and RU1 and RU2 respectively). Notable increas-
es correlated with ploidy level were also apparent in
galactoglucomannan (as recognized by mAb LM21),
arabinogalactan proteins (as recognized by mAbs Jim13
and LM14), extensins (as recognized by mAbs JIM11,
JIM20, and LM1), and xyloglucan (as recognized by
mAb LM25). Interestingly, in some cases the increase
in signal intensities compared to that in the diploid
plants was greater in tetraploids and hexaploids than
that in the octaploids (Fig. 8). The accumulation of
xyloglucans, extensins, and arabinogalactan-proteins
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Figure 7. Cell wall composition of polyploid Arabidopsis stems. A, The
cell wall residue (CWR) of Arabidopsis polyploids (2n, diploid; 4n,
tetraploid; 6n, hexaploid; 8n, octaploid) is given as percentage of dry
weight. B, The amount of CW polymers is given as percentage of CWR.
Error bars represent SD; different lowercase letters indicate statistically
significant difference; n = 8 pools of 2 or more biological replicates;
statistical analysis was done with univariate analysis and Scheffe post-
hoc testing in SPSS; a = 0.05.
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Table 1. Thioacidolysis of polyploid Arabidopsis

All values given are in pmol per mg of AcBr-lignin. Data are means + sp. Different lowercase letters following values indicate statistically signifi-
cant difference; H, G, and S; p-hydroxyphenyl, guaiacyl, and syringy! lignin units; n = 8 pools of two or more biological replicates; statistical analysis
was done with univariate analysis and Scheffe posthoc testing in SPSS; a = 0.05.

Lignin monomeric

composition Zn 4n 6n 8n
H+G+S 6.40 £2.07 a 8.48 +1.84a 6.32+1.20ab 3.74+1.04b
H 0.05+0.02 a 0.11 +£0.03 a,b 0.18 £0.04 b 0.19+£0.07 b
G 3.50+1.68a 479+1.71a 3.53+0.66a 2.56 +0.86 a
S 1.97 +0.96 a 2.62 +1.00 a 2.61+0.53a 0.99 £ 0.25 b
S/G 0.56 +£0.01 a 0.55 +0.07 a 0.74 +0.06 a 0.40 £ 0.09 b

in the cell walls of the polyploids is reminiscent of im-
mature secondary cell walls which are also rich in these
polymers (Mohnen, 2008; Scheller and Ulvskov, 2010).
In addition, the octaploids contain lower levels of S
units in their lignin, which are thought to be deposit-
ed at a later stage during maturation and development
(Buxton and Russell, 1988; Chen et al., 2002). Taken
together, we hypothesized that the cell walls of our
higher polyploids, most notably hexaploids and oct-
aploids, are not yet fully developed when senescence
initiates. To investigate this hypothesis in more detail,
the cell wall composition of our polyploid plants was
compared to that of diploid Arabidopsis stems har-
vested at different developmental stages (Fig. 9). The
five developmental stages chosen were 5, 10, 15, and
27 cm of stem height and fully grown stems that were
still green. The amount of CWR per dry weight in-
creased over the different stages, which is in line with
the known increase in cell wall deposition during stem
growth. Together with the increase in cell wall deposi-
tion, lignin and cellulose contents increased whereas
MPS content decreased. In addition, MPS in younger
Arabidopsis stems had a gradual reduction in Xyl and
a gradual increase in arabinose and Gal content. The
resemblance between the cell wall composition of the
fully senesced higher polyploids and immature stems
of diploids supported the hypothesis that our poly-
ploid Arabidopsis plants start senescence while still
having immature cell walls.

The Effect of Ploidy Level on Saccharification Yield

To study the potential of polyploidy as a means to
improve plant biomass processing, we investigated
the effect of ploidy level on saccharification, i.e. the

enzymatic release of Glc from biomass. Saccharifica-
tion assays were performed with or without an acid
or alkaline pretreatment, after which the biomass was
incubated with an enzyme mixture containing cellu-
lase and cellobiase. The amount of Glc released over
time was measured and expressed on a CWR basis. All
saccharification assays were stopped after 96 h as pla-
teau levels were reached before that time point. The
amount of Glc released on a CWR basis increased with
rising ploidy levels (Fig. 10). When no pretreatment
was applied, a significant increase in saccharification
yield was observed for the hexaploids and octaploids
of 48% and 52%, respectively. In tetraploids, no signifi-
cant difference was found.

After applying either an acid or an alkaline pretreat-
ment, all saccharification values were significantly higher
compared to the respective values without pretreatment.
In addition, the values for all our polyploid lines were
significantly higher compared to those of diploids, with
observed increases of 39% and 35% for tetraploids,
83% and 65% for hexaploids, and 87% and 78% for octa-
ploids, after acid and alkaline pretreatment, respectively.
Hence, both acid and alkaline pretreatments increased
the differences in saccharification yield between the dip-
loids and polyploids on a CWR basis.

In conclusion, our polyploid Arabidopsis lines have
a gradual delay in development, which has profound
effects on both biomass production, cell wall composi-
tion, and saccharification yield.

DISCUSSION

One of the first reports on polyploidization in
plants describes a whole genome duplication event

Table 2. Composition of matrix polysaccharides

All values given are in mol%. Data are means =+ sp. Different lowercase letters following values indicates statistically significant difference; n =

8 pools of two or more biological replicates; statistical analysis was done with univariate analysis and Scheffe post-hoc testing in SPSS; a = 0.05.

Monosaccharide 2n 4n 6n 8n

Rhamnose 2.62+0.18 a 2.56+0.19 a 3.14+0.63 a,b 3.51+0.50b
Fuc 1.17+0.11 a 1.22+0.10 a 2.40+0.82b 2.30+0.52b
Arabinose 6.96 + 1.40 a 1290 +1.34 b 16.58 +£3.19 ¢ 20.33 +3.08 d
Xyl 75.78 +3.19 a 65.45 +1.80 b 54.27 +8.58 ¢ 48.74 +7.97 ¢
Man 1.69 £0.15 a 1.56 £0.10 a 1.64 £0.26 a 1.87 £0.51 a
Glc 0.54 +£0.03 a 0.82 +0.46 a 0.94 +0.48 a 0.95 +£0.54 a
Gal 11.16 £ 1.53 a 1554 +1.23 b 21.04 £4.27 ¢ 23.68 £3.14 ¢
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Figure 8. Carbohydrate microarray on different fractions of cell wall extracts. All spot intensity values are relative to the highest
fluorescence value. Pectins are extracted with 1,2-cyclohexylenedinitrilotetraacetic acid (CDTA), hemicelluloses with NaOH.
2n, diploid; 4n, tetraploid; 6n, hexaploid; 8n, octaploid. HG = homogalacturonan, AGP = arabinogalactan protein; intensity of
green coloration is indicative of higher values. n = 8 pools of 2 or more biological replicates.

that restored fertility in tobacco hybrids (Clausen and
Goodspeed, 1925). This study sparked general inter-
est in the potential value of polyploids to overcome
sterility in hybrids. In addition, the increased vigor
of some polyploids compared to that of their diploid
counterparts triggered the agricultural interest to im-
plement polyploidization in classical breeding pro-
grams (Randolph, 1942; Mendoza and Haynes, 1974;

A

Crow, 1994; Katepa-Mupondwa et al., 2002; Sattler et al.,
2016). Over the past decades, research on polyploids
has enjoyed a renaissance, mainly from an evolution-
ary point of view, where genome duplication is consid-
ered a playground for evolution. It is widely accepted
that polyploidy provides genomic plasticity for func-
tional divergence of duplicated genes, genome and/
or chromosome restructuring, transcriptome changes,
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Figure 10. Saccharification yield of polyploid Arabidopsis. The
amount of Glc released per Arabidopsis polyploid (2n, diploid; 4n, tet-
raploid; 6n, hexaploid; 8n, octaploid) cell wall residue (CWR) is given
for saccharification without pretreatment (None), after acid pretreat-
ment (Acid), and after alkaline pretreatment (Alkaline). Error bars rep-
resent SD; different lowercase letters indicate statistically significant
difference; n = 8 pools of 2 or more biological replicates; statistical
analysis was done with univariate analysis and Scheffe posthoc testing
in SPSS; a = 0.05.

and gene dosage effects, hence contributing to evolu-
tion (Soltis and Soltis, 1999; Comai, 2005). Despite this
regained focus, the question of how whole genome
duplication affects plant growth and development
remains unanswered. Early attempts to unravel the
mechanistic connection between genotype and pheno-
type of polyploids focused on allopolyploids which
originate from interspecific hybridization followed by
genome duplication (Comai, 2005). However, these
polyploids have distinct subgenomes, which may re-
sult in confounding effects due to differential contribu-
tion of the parental genomes. To avoid this drawback,
interest shifted toward autopolyploids, which originate
from an intraspecific hybridization or self-fertilization
involving unreduced gametes. Over the years auto-
polyploids have been generated for numerous plant
species including Arabidopsis, Malus spp., Solanum
tuberosum, Salix spp., and Thymus spp. (Stupar et al.,
2007; Tavan et al., 2015; Dudits et al., 2016; Ma et al.,
2016; Vergara et al., 2016). Although these studies pro-
vided some interesting insight into the effect of genome
duplication on plant growth, they rarely went beyond
the tetraploid level, and thus missed the opportunity
to study trends between ploidy level and phenotype.
Hence, to gain more insight into the direct effects of
increasing ploidy levels on plant growth and develop-
ment, both at the organ as well as at the cellular and
macromolecular level, we created a series of Arabidop-
sis plants with increasing ploidy level.

An increase in DNA content, as is the case in poly-
ploids, generally leads to an increased cell and organ
size (Miintzing, 1936). However, the effects on biomass
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as a whole are more contradictory: although increased
biomass observed in autotetraploid Arabidopsis, Mis-
canthus spp., and Salix spp. have contributed to the
general belief that polyploidy increases biomass pro-
duction (Glowacka et al., 2010; Li et al., 2012; del Pozo
and Ramirez-Parra, 2014; Dudits et al., 2016), it has
been shown that inbred autotetraploid Triticum mono-
coccum and autotetraploid Malus x domestica plants are
smaller than their diploid counterparts (Kuspira et al.,
1985; Singh, 2003; Ma et al., 2016). Our data support
that polyploid Arabidopsis Col-0 plants have larger
cells, seeds, and flowers as compared to that in dip-
loids. In addition, our tetraploid and hexaploid Ara-
bidopsis plants have significantly larger rosettes at the
time of bolting, with the tetraploids also having a sig-
nificant increase in stem dry weight compared to that
in diploids. This trend of increased biomass produc-
tion in Arabidopsis polyploids does not extend, how-
ever, to the octaploids. Due to their slower growth, the
increase in cell size observed in octaploids was not
reflected by an increase in rosette area and stem dry
weight, most likely due to a strongly reduced cell divi-
sion rate. In support of this, a negative correlation was
found between the number of cells per leaf and ploi-
dy level, hinting toward a difficulty for the polyploids
to maintain the same cell number as that in diploids.
This phenomenon has been postulated before as the
“high-ploidy syndrome,” where higher ploidy levels
exhibit enhanced cell expansion but a reduced cell di-
vision (Tsukaya, 2008). A possible explanation for this
phenomenon is an increase in energy demand to sup-
port cell division in higher polyploids (Comai, 2005;
Tsukaya, 2008). Duplication of the genome requires
double the amount of nucleotides to replicate the ge-
nome before cell division. It is conceivable that a trade-
off exists between DNA content and the number of cell
divisions, as this will become more resource demand-
ing in polyploid plants. Alternatively, the number of
chromosomes in polyploid nuclei might pass a thresh-
old for error-free segregation in mitotic cell division
(Comai, 2005), hence increasing chances of aneuploidy
induction that may delay overall cell proliferation. In
support of this, it has been shown that autotetraploid
Saccharomyces cerevisiae have a higher rate of aneuploid
offspring compared to their diploid counterparts re-
sulting from mitotic loss of chromosomes (Mayer and
Aguilera, 1990). A third possible explanation for the
reduction in mitotic cell division is spatial constraints.
It has been hypothesized that the spatial organization
of chromosomes during metaphase alignment and
spindle attachment is perturbed or delayed as a conse-
quence of the increased number of chromosomes in the
polyploid nucleus (Comai, 2005). Our data on rosette
size, cell number, and stem biomass support the high
ploidy syndrome hypothesis. The peak in biomass
production in the tetraploids is (partially) reverted in
hexa- and octaploids. Taken together, our observations
underline the importance of using a range of ploidy
levels to study the effects of polyploidy on plant bio-
mass production. By doing so, we were able to find
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both correlations (ploidy level vs. cell size and num-
ber) and thresholds (ploidy level vs. biomass yield) re-
garding the effects of polyploidy that would not have
become evident if only tetraploids were compared to
diploids.

Besides a shift in the amount of biomass produced,
polyploidy can also have an impact on biomass com-
position. This was shown before in tetraploid willow
trees, which, when compared to their diploid counter-
parts, were taller and contained less lignin (Serapiglia
et al., 2015). Here, we studied the effects of polyploidy
on cell wall composition in more detail by characteriz-
ing the cell wall in a series of Arabidopsis polyploids
(2n, 4n, 6n, and 8n). Profound differences in CWR,
lignin, cellulose, and MPS content were found in the
polyploids compared to that in the diploid, and these
differences were strongly correlated with the ploidy
level, indicating a link between the basic somatic ploidy
level and general biomass composition. Interestingly,
the cell wall structure and composition of polyploids,
most notably hexa- and octaploids, showed character-
istics of immature secondary cell walls, with increased
amounts of extensin, arabinogalactan proteins, and
MPS, lower levels of cellulose and lignin, and a re-
duced thickness of the secondary cell wall. Despite the
claimed correlation between ploidy level and biomass
composition, we cannot exclude that the observed
phenotypes are the consequence of genomic rearrange-
ments induced by polyploidization (Liu et al., 2017).
However, since the phenotype of the tetraploids cor-
responds to that of earlier publications, including the
larger cells, flowers, seeds, and stems and a delayed
bolting (Li et al., 2012; del Pozo and Ramirez-Parra,
2014; Vergara et al., 2016), it is highly unlikely that ge-
nomic changes other than whole genome duplications
are at the origin of the described phenotypes.

One of the most striking shifts in the cell wall of our
polyploid lines is the gradual drop in lignin content.
Similar reductions in lignin amount have been ob-
served in several of the lignin biosynthesis mutants
(Jones et al., 2001; Franke et al., 2002; Hoffmann et al.,
2004; Chen and Dixon, 2007). In contrast to the poly-
ploids studied here, the lignin mutants with a lignin
content below a certain threshold show a dwarfed
and bushy phenotype. For example, the Arabidop-
sis caffeoyl shikimate esterase (cse) mutant with a 36%
reduction in lignin content has a stunted phenotype,
which is reflected by a 42% reduction in stem biomass
(Vanholme et al., 2013). It has been proposed that this
growth phenotype is a direct consequence of collapsed
vessels in the stem due to a reduced cell wall strength,
since restoring normal vessel cell wall composition in
a tissue-specific way restores the yield penalty (Var-
gas et al., 2016). Although we did find a few collapsed
vessels in the hexaploids and octaploids, they were by
far not as numerous as in the cse mutant for example,
where 45 to 60% of all vessels are collapsed (Vargas et
al., 2016). This is in line with the absence of a dwarf
growth phenotype in the polyploids. Apparently, the
polyploids reallocate their resources toward the vessels
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to enhance their stability, avoid vessel collapse, and en-
sure erect growth.

As lignin is considered the most important factor
limiting saccharification efficiency, the significant re-
duction in lignin content following polyploidization
may have a positive effect on saccharification yield. In
addition, the increase in arabinose and Gal content, and
reduction in Xyl content, as exhibited by polyploids, is
also thought to be linked to an improved saccharifica-
tion potential (Van Acker et al., 2013). The combination
of an enhanced saccharification potential together with
an increase in biomass makes polyploidy a promising
approach to further improve feedstock quality for the
production of energy and materials. In tetraploid Ara-
bidopsis plants, the dry weight of the stem was dou-
bled and saccharification yield significantly increased
when using an acid or alkaline pretreatment. Sacchari-
fication yield was even higher in hexa- and octaploids.
However, these higher polyploids showed reduced
biomass production compared to that in tetraploids.
Thus, assuming that the data from Arabidopsis can be
extrapolated to crops, higher level polyploids would
be less interesting from an industrial perspective.

MATERIALS AND METHODS

Plant Material and Growth Conditions

All Arabidopsis (Arabidopsis thaliana) plants were of the Col-0 ecotype.
Polyploids were generated using colchicine treatment as previously described
(De Storme and Geelen, 2011). The somatic ploidy level of all plants included
in the experiments was confirmed using DNA flow cytometry. To quantify ro-
sette area, plants were sown on soil and stratified for 3 d at 4°C before being
transferred to 21°C in long-day light conditions (LD; 16-h light/8-h dark).

To maximize the inflorescence stem biomass and cell wall formation for
microscopy and cell wall characterization, plants were grown on soil at 21°C
under short-day light conditions (SD; 8-h light/16-h dark) for 8 weeks before
being transferred to LD (Vanholme et al., 2014). Plants for microscopy were
harvested when the main inflorescence stem reached 30 cm in length. Poly-
ploid plants for cell wall characterization were harvested when they were fully
senesced and dry. The plants for the developmental series were harvested
when they reached their corresponding height (i.e. 5, 10, 15, 27 cm or when
stems stopped growing but were still green).

Flow Cytometry

To determine the basic somatic ploidy level, a small leaf fragment (~ 5mm?)
of each individual plant was harvested and chopped using a sharp razor
blade. The nuclei were isolated by adding 200 pl of Cystain UV Precise P nuclei
extraction buffer, and subsequently stained using 800 ul of Cystain UV Pre-
cise P staining buffer (Partec, http:/ /www.partec.com) before filtering using a
30-um mesh. Flow cytometry was performed using a Cyflow flow cytometer
(Partec) and the results were analyzed using Cyflogic software v1.2.1 (http://
www.cyflogic.com/).

Leaf Growth Parameters

To measure the rosette area, pictures were taken over time and the pro-
jected area was determined using Image] software (http://rsb.info.nih.gov/
ij/). These data were then subjected to LEAF-E analysis to determine several
growth parameters (Voorend et al., 2014).

To determine cell area and number, first the end-point of growth was deter-
mined for the first real leaf pair (L1/2). For this, the leaves of seven plants were
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harvested at several time-points and the areas were determined using Image]
software (http://rsb.info.nih.gov/ij/). These data were then analyzed using
the LEAF-E tool to determine the end-point of growth for all ploidy levels, and
a safety margin of 5 d was used. The first two leaves of the rosette were har-
vested and put overnight in 70% (v/v) ethanol, mounted in lactic acid onto a
microscopy slide and photographed. For four leaves, the epidermal cells at the
basal abaxial side were drawn using a DMLB microscope (Leica) fitted with a
drawing tube and differential interference contrast objective. Leaf area of the
photographed leaves was determined using Image] software (http://rsb.info.
nih.gov/ij/). The average cell area was calculated as described in Andriankaja
et al. (2012). Leaf and cell areas were used to calculate cell numbers.

Stem Growth Parameters

To quantify stem growth rate, we measured the time it took between induc-
tion of bolting and the main stem to reach 30 cm. When the plants were fully
senesced and dry, the seeds and cauline leaves were removed and the main in-
florescence stem was harvested, measured, and weighed. The side branches of
the main stem along with the other inflorescences that emerged from the rosette
were harvested separately and weighed as well. The bottom 1 cm of the main
stem was removed and the lowest 10 cm of the remaining stem was weighed
again, and chopped into 2-mm pieces. The chopped stem pieces of two or three
stems were pooled to obtain eight biological replicates. These pooled replicates
were used for further cell wall analyses and saccharification assays.

Microscopy of the Stem

The primary inflorescence stem was harvested when it reached a length
of 30 cm. The bottom 1 cm was removed, and the subsequent bottom 1 cm
was used for making sections. The stem parts were cut into small pieces and
immersed in a fixative solution of 2.5% (v/v) glutaraldehyde, 4% (w/v) form-
aldehyde in 0.1 M Na-cacodylate buffer, placed in a vacuum oven for 30 min
and then left rotating for 3 h at room temperature. This solution was later
replaced with fresh fixative and samples were left rotating overnight at 4°C.
After washing, samples were postfixed in 1% (v/v) OsO, with K,;Fe(CN), in 0.1
M Na-cacodylate buffer, pH 7.2. Samples were dehydrated through a graded
ethanol series, including a bulk staining with 2% (w/v) uranyl acetate at the
50% (v/v) ethanol step followed by embedding in Spurr’s resin. In order to
have a larger overview of the phenotype, semithin sections were first cut at
0.5 pm and stained with toluidine blue. Images were acquired using a Zeiss
Axioskop 2 microscope. Ultrathin sections of a gold interference color were cut
using an ultra-microtome (Leica EM UC?), followed by poststaining with ura-
nyl acetate and lead citrate in a Leica EM AC20 and collected on formvar-coat-
ed copper slot grids. They were viewed with a JEM 1400plus transmission
electron microscope (JEOL, Tokyo, Japan) operating at 60 kV.

To quantify the thickness of the primary and secondary cell wall, the
high-magnification TEM micrographs were used. The cell wall of ten cells
from five independent plants was analyzed for each ploidy level and the thick-
ness was calculated using Image]J software.

For the Médule staining, the bottom 1 cm of the stem was harvested and
stored in 70% (v/v) ethanol. Sections of 100 pm were made using a vibratome
(Campden Instruments, Loughborough, 785 United Kingdom). The Méaule
staining was performed as described earlier (Sundin et al., 2014). Images were
acquired using a Zeiss Axioskop 2 microscope.

Cell Wall Preparation

A purified cell wall extract was prepared using sequential washing steps
of dry plant material, as described in Robinson and Mansfield (Robinson and
Mansfield, 2009). The washing steps were done for 30 min at near boiling
temperatures in water (98°C), ethanol (76°C), chloroform (59°C), and acetone
(54°C). The remaining CWR was dried under vacuum and weighed.

Cell Wall Analysis

Lignin content, thioacidolysis, and MPS composition were determined as
previously reported (Van Acker et al., 2013). Cellulose content was determined
as reported in Sundin et al. (2014).

Carbohydrate microarrays were generated and analyzed according to
Moller et al. (2007). In brief, dry stem material was frozen in liquid N, and
ground using a Retsch mill. Alcohol insoluble residue (AIR) was prepared as
follows: the ground material was washed sequentially using 70% (v/v) eth-
anol, 1:1 methanol/chloroform, and acetone and dried under vacuum. The
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AIR was then subjected to sequential extraction with with 50 mm 1,2-cyclo-
hexylenedinitrilotetraacetic acid (CDTA), pH 7.5, and 4 m NaOH with 0.1%
(v/v) NaBH, and spotted onto a nitrocellulose membrane with a pore size of
0.45 pm (Whatman, Maidstone, UK) using an Arrayjet Sprint (Arrayjey, Roslin,
UK). The arrays were probed and analyzed as described earlier (Pedersen et
al., 2012). Each value in the resulting heat map is the average of ten biological
replicates represented by four technical replicates with four dilutions each.
The highest value is indexed to 100 and a cut-off of five has been introduced.

Saccharification Assays

Saccharification was performed according to Van Acker et al. (2016). For
alkaline pretreatment, 0.25% (w/v) NaOH was used. For acid pretreatment, 1
N HCI was used. The enzyme mix contained cellulase from Trichoderma reesei
ATCC 26921 and cellobiase (Novozyme, Bagsvaerd, Denmark). Both enzymes
were desalted over an Econo-Pac 10 DG column (Bio-Rad, Hercules, CA,
USA), stacked with Bio-gel P-6 DG gel (Bio-Rad) according to the manufactur-
er’s guidelines. The activity of the enzyme mix was determined with a filter
paper assay (Xiao et al., 2004) and an activity of 0.06 filter paper units was
added to each sample.

Supplemental Data
The following supplemental materials are available.

Supplemental Figure S1. Flow cytometric analysis of ploidy in Arabidop-
sis leaves.

Supplemental Figure S2. Maule staining of transverse stem sections of
polyploid Arabidopsis.

Supplemental Table S1. Organ size of polyploid Arabidopsis.
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