
Page 1/17

Accession-speci�c Parent-of-origin Dependent and
Independent Genome Dosage Effects on Salt
Tolerance in Arabidopsis Thaliana
Brendan F. Hallahan 

National University of Ireland Galway
Galina Brychkova 

National University of Ireland Galway
Peter McKeown 

National University of Ireland Galway
Charles Spillane  (  charles.spillane@nuigalway.ie )

National University of Ireland Galway https://orcid.org/0000-0003-3318-323X

Research Article

Keywords: Genome dosage, epigenetic, polyploidy, parent-of-origin, salt stress, biomass, abiotic stress,
Arabidopsis

Posted Date: January 6th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1223102/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1223102/v1
mailto:charles.spillane@nuigalway.ie
https://orcid.org/0000-0003-3318-323X
https://doi.org/10.21203/rs.3.rs-1223102/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/17

Abstract
Improving the salt stress tolerance of crops is an important goal in plant breeding. Changes in the
number of chromosome pairs (i.e. ploidy level) cause genome dosage effects which can result in
improved traits or emergence of novel traits. The genetic and epigenetic contribution of maternal or
paternal chromosomes can differentially affect physiological and metabolic characteristics of F1
offspring. Hence genome dosage effects can be parent-of-origin independent or dependent. The model
plant Arabidopsis thaliana displays both genome dosage and parent-of-origin effects on plant growth
under normal, non-stress conditions. Using an insogenic ploidy series of diploid, triploid and tetraploid
lines we investigate the extent of genome dosage effects and their parent-of-origin dependency on in vitro
salt stress tolerance of seedlings across ten different A. thaliana accessions (genetic backgrounds). We
demonstrate genome dosage effects on salt stress tolerance in �ve accessions, and using reciprocal
triploid lines demonstrate parent-of-origin dependent genome dosage effects on salt stress tolerance in
three accessions. Our results indicate that epigenetic genome dosage and genome dosage balance
effects can have signi�cant impacts on abiotic stress tolerance in plants. 

Introduction
Polyploidy is the phenomenon where an organism possesses more than two sets of chromosomes per
cellular nucleus. Polyploidy can result from whole genome duplication events, which are a major
mechanism of plant evolution and speciation (Blanc and Wolfe 2004; Jiao, et al. 2011; Li, et al. 2015).
Genome dosage increases in newly formed polyploids can give rise to new or accentuated phenotypes,
while genetic redundancy within polyploid genomes can allow duplicated genes to take on a new
function (neofunctionalization) or retain different components of an original function
(subfunctionalization) (Blanc and Wolfe 2004; Comai 2005; Jiao, et al. 2011; Roulin, et al. 2013).

Gene and genome dosage effects on plant growth have been reported in allopolyploids (polyploids with
divergent genomes) (Chen 2010; Wang, et al. 2006). However, allopolyploids are by de�nition genetic
hybrids, wherein determining the contribution of genome dosage versus genetic hybridity is di�cult to
disentangle. In contrast, by using autopolyploids (polyploids with genomes of the same type) it is
possible to create an isogenic ploidy series which differ only in the number of chromosome copies in the
nucleus. Autopolyploid research in Arabidopsis thaliana (Donoghue, et al. 2014; Duszynska, et al. 2013;
Fort, et al. 2017; Miller, et al. 2012) and maize (Zea mays) (Guo, et al. 1996; Yao, et al. 2013) has shown
genome dosage effects on plant growth and development that can be either parent-of-origin independent
or dependent.

The induction of autopolyploidy in commercial crops for improvement in yield and quality is used in
potato (S. tuberosum) (Jansky 2009), sugarcane (Saccharum o�cinarum) Ming et al. 2001 (Ming, et al.
2001), perennial ryegrass (Lolium perenne) (Wilkins and Humphreys 2003), blueberry (Vaccinium
corymbosum) (McCallum, et al. 2016), and alfalfa (Medicago sativa) (Brouwer and Osborn 1999)
amongst other crops. In addition to increasing yield and quality, improving the salt stress tolerance of
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crops is an important objective in plant breeding, particularly for soils subject to salinization and saline
agricultural systems (Pitman and Läuchli 2002). There has been limited research investigating genome
dosage effects on salt stress tolerance, with no reports that differentiate between parent-of-origin
dependent vs independent genome dosage effects.

To date, research on the abiotic stress response of polyploid plants has revealed both positive, negative,
and neutral genome dosage effects. In chrysanthemum (Chrysanthemum indicum), for a single genotype,
it was demonstrated that cold, salt and drought tolerance were improved upon induction of tetraploidy,
but heat tolerance was greater at the diploid level (Liu, et al. 2011). Using �eld transplant experiments of
wild yarrow (Achillea borealis), hexaploid plants are more likely to survive sand dune environments than
tetraploid plants, although population effects are also signi�cant (Ramsey 2011). Enhanced drought
tolerance of wild willowherb (Chamerion angustifolium) at the tetraploid level over the diploid level has
been demonstrated (Maherali, et al. 2009). In A. thaliana it has been reported, for a small number of
accessions, that plants are more salt tolerant at the tetraploid level than at the diploid level, as measured
by days-to-death, seed yield, and levels of anthocyanin (Chao, et al. 2013; Del Pozo and Ramirez-Parra
2014). Taken together, data from diverse plant species of across different growing habits suggests that
genome dosage effects on abiotic stress response can occur. However, there has been no signi�cant
investigation of parent-of-origin dependent genome dosage effects on abiotic stress responses.

In this study, we utilized NaCl as the ionic stress, where we de�ned the stress as a major imbalance
between the environment and physiology (Jansen 2017), but which did not allow the stress to lead to
plant death. We sought to determine if tolerance to salt stress in Arabidopsis thaliana (across a range of
genetic backgrounds) was subject to genome dosage effects, and whether any such effects were parent-
of-origin dependent or independent.

Methods
Plant material and crossing design: Ten A. thaliana accessions were kindly provided both at the diploid
and tetraploid level. C24, Col-0, Ler-0, Zu-0 were the kind gift of Luca Comai (UC Davis, CA, USA) and Bur-
0, Cvi, Sorbo, T910, TAL07, Wilna were the kind gift of Ortrun Mittelsten Scheid (Gregor Mendel Institute,
Vienna, Austria). These accessions have their ecological origin assigned to eight different countries
(Supplementary File 1). Plants were grown in 7 X 7 X 6.5 cm pots (Modiform, Leusden, Netherlands) in
soil (5:1:1 mix of peat:vermiculite:perlite). Growth room (Cambridge HOK, East Yorkshire, UK) conditions
were 16/8 hr light/dark @22/20°C. Plants were maintained for at least six generations before crossing.
Reciprocal triploids were generated by manually emasculating �owers on lateral stems with a Dumont
no. 5 tweezers (Electron Microscopy Sciences, PA, USA) and reciprocally crossing the diploid and
tetraploid lines in both directions: 2x  X 4x  crosses produced paternal-excess triploids – labelled 3x(P),
while 4x  X 2x  crosses produced maternal-excess triploids – labelled 3x(M). A single maternal and
single paternal plant were used for all crosses, except for Col-0 and Zu-0, where three maternal plants
were used to generate su�cient 3x(P) F1 seed due to the strong triploid block. Self-pollinated diploid and
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tetraploid siliques were harvested from the maternal parent on the same lateral stem used for generating
triploids.

Growth media: All chemicals were obtained from Sigma Aldrich, Ireland. Growth media was prepared by
adding ½ strength Murashige and Skoog Basal Medium and sucrose at 0.5% w/v to distilled water. The
required amount of NaCl was added. The solution was brought to pH 5.7 using 1 M KOH dropwise. Lastly,
agar at 0.8% w/v was added before sterilization.

Plant stress experiments: To quantify different levels of salt stress tolerance, we take as a proxy the plant
biomass produced in saline conditions versus non-saline conditions (Munns 2010). Plants were grown in
arti�cial growth media in vitro supplemented with NaCl as follows. Seeds were �rst surface sterilized with
70% methanol, then a seed sterilization solution consisting of 5% sodium hypochlorite solution (NaClO)
with 0.01% v/v Triton X-100, followed by �ve washes in sterile, distilled water. Seeds were strati�ed for
three days in the dark at 4°C. Seeds were sown to fresh, stress-free media in 100 X 100 X 20 mm petri-
dishes (Sarstedt, Nümbrecht, Germany) sealed with Micropore™ tape (3M, MN, USA). Plates were
horizontally positioned in a growth chamber (CLF Plant Climatics, Emersacker, Germany) with 16/8 hr
light/dark @22/20°C. After 2 days, plates were positioned vertically. 9-day old plants (growth stage 1.02
(Boyes, et al. 2001)) were transferred to fresh media with or without NaCl.

To determine the relative salt stress tolerance of all ten accession at their basal ploidy level and identify
the optimal salt concentration that did not induce bleaching, 9-day old diploid plants were grown in media
supplemented with either 0, 50, 75, 100, 125 or 150 mM NaCl. Subsequently, to determine genome dosage
and parent-of-origin effects on salt stress tolerance, all ten accessions were investigated at the diploid,
tetraploid, and reciprocal triploid level (i.e. an isogenic ploidy series). Diploid and tetraploid plants of the
same accession were grown together in the same vertical plates to minimize any plate effect, as were
reciprocal triploid plants. Stress plates contained a maximum of �ve biological replicates per ploidy level
while stress-free plates contained a maximum of three biological replicates. After seven days, plants were
destructively harvested for fresh weight measurements: plants were dried on a paper towel and weighed
on a NewClassic MF weighing scale (METTLER TOLEDO, Greifensee, Switzerland) to the ten-thousandth
decimal value. The term shoot is used in this study to mean all plant biomass from the hypocotyl
upwards, while the term root means all biomass everything below the hypocotyl. Plants were snipped in
two parts (above and below ground) using a Dumont no. 5 tweezers. The percentage plant biomass
produced in saline conditions versus non-saline conditions was calculated. Statistical differences were
determined with either a two-tailed independent samples t-test or one-way Analysis of Variance followed
by Tukey’s HSD test.

Flow cytometry: Plants were grown in a growth room as before. All chemicals were obtained from
Sysmex, Kobe, Japan. Approximately 3 cm2 of leaf material from 1-month old plants was removed and
chopped with a razor blade in the presence of 400 µl nuclei extraction buffer. After 5 minutes the mixture
was strained into a 3.5 ml Röhren tube through a 30 µm CellTrics® �lter. 1 ml of UV-stain was added
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before the sample was analyzed on a Partec Ploidy Analyzer (Sysmex, Kobe, Japan). Ploidy levels of
diploid, tetraploid and reciprocal triploid plants were con�rmed (Supplementary File 1).

Results
A concentration of 125 mM NaCl is optimal to induce salt stress in the majority of A. thaliana accessions
at the diploid level in vitro: All ten accessions, at their basal ploidy level (diploid, apart from Wilna which
also has naturally occurring tetraploid populations), were grown in media supplemented with a range of
NaCl concentrations. The objective was to determine the highest salt stress concentration that did not
stop seedling growth nor induce bleaching. Using these criteria, it was determined that 125 mM NaCl is
optimal to induce salt stress in most accessions. The accession Cvi-0 was identi�ed as particularly salt-
sensitive, as reported by others (Borsani, et al. 2001), and thus we determined should be tested at 100
mM NaCl (Figure 1).

Genome dosage effect on salt stress tolerance between 2x and 4x isogenic lines: Comparisons between
genetically isogenic autopolyploid diploid and tetraploid plants allows to identify genome dosage effects
in relation to any differential phenotypes. Both in NaCl stress and NaCl stress-free media tetraploid plants
are larger than diploid plants, as measured for both above (shoot)- and below (root)-ground biomass
(Figure 2). There is a consistent trend across all accessions at the diploid and tetraploid level that root
growth is affected more than shoot growth under salt stress (Figure 3). Of the 10 accession genetic
backgrounds analysed, one accession displays a genome dosage effect difference in salt stress
tolerance of shoot biomass between diploid and tetraploid plants. In the accession Bur-0, diploid plants
accumulate signi�cantly (P < 0.05) more above-ground biomass than tetraploid plants i.e. are more salt
stress tolerant (Figure 3). For all other accessions, diploid and tetraploid plants accumulate similar above-
and below-ground biomass under salt stress. On average diploid and tetraploid plants accumulate equal
biomass under salt stress: above-ground biomass is reduced by ~50% and below ground biomass is
reduced by ~70% by salt stress, independent of genome dosage under these conditions (Supplementary
File 1).

Parent-of-origin independent genome dosage effect on salt stress tolerance: Comparison of the salt
tolerance of diploid lines with isogenic triploid counterparts allows for a test of genome dosage effects
on salt tolerance. Where such genome dosage effects occur, if both the maternal-excess and paternal-
excess triploid lines display an equivalent genome dosage effect this can be considered as a parent-of-
origin independent genome dosage effect. There are �ve cases where both maternal- and paternal-excess
triploid plants accumulate less biomass under salt stress than their diploid equivalent indicating a parent-
of-origin independent genome dosage effect on salt stress tolerance (Figure 3). In the cases of Col-0 and
TAL07, diploid plants accumulate signi�cantly (P < 0.05) more above-ground shoot biomass than both
maternal- and paternal-excess triploid plants. In the cases of Wilna and Zurich, diploid plants accumulate
signi�cantly (P < 0.05) more below-ground biomass than both maternal- and paternal-excess triploid
plants. In the case of the accession Ler-0 both above- and below-ground biomass is signi�cantly greater
in diploid plants than in maternal- and paternal-excess triploid plants (Figure 3). A pooled analysis
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suggests that diploid A. thaliana plants accumulate signi�cantly (P < 0.05) more root biomass under salt
stress than triploids (Supplementary File 1).

Similarly, the comparison of tetraploid lines with their isogenic triploid counterparts also allows for an
additional test of genome dosage effects on salt tolerance. We identify three cases where both maternal-
and paternal-excess triploid plants accumulate less biomass under salt stress than their tetraploid
equivalent, indicative of a parent-of-origin independent genome dosage effect on salt stress tolerance
(Figure 3). In the cases of Col-0, Ler-0 and TAL07 tetraploid plants accumulate signi�cantly (P < 0.05)
more above-ground biomass than both of the maternal- and paternal-excess triploid plants.

Parent-of-origin dependent genome dosage effects on salt stress tolerance: F1 triploid plants generated
via reciprocal crosses between genetically isogenic diploid and tetraploid parents can be used to identify
parent-of-origin dependent genome dosage effects. Paternal excess F1 triploid plants have nuclei
containing two paternally inherited genome copies and one maternally inherited genome copy, while
maternal excess F1 triploid plants have one paternally inherited genome copy and two maternally
inherited genome copies. Notably, the chromosome sets in both reciprocal F1 triploids are genetically
identical but epigenetically differ according to the parental genome dosage ratio.

In both stress and stress-free media, paternal-excess F1 triploid plants are larger than maternal-excess F1
triploid plants, as measured for both above- and below-ground biomass (Figure 4). For three accessions
there is a difference in salt stress response between reciprocal F1 triploid plants, indicating that there is a
parent-of-origin dependent genome dosage effects on salt stress tolerance in these accessions (Figure 3).
In the case of Ler-0, maternal-excess triploid plants accumulate signi�cantly (P < 0.05) more above-
ground (shoot) biomass than paternal-excess triploid plants. In the case of Col-0, paternal-excess triploid
plants accumulate signi�cantly (P < 0.05) more below-ground (root) biomass than maternal-excess
triploid plants. The accession Wilna is the only case where maternal-excess triploid plants accumulate
signi�cantly (P < 0.05) more above- and below-ground biomass than the genetically isogenic paternal-
excess triploid plants. For all other accessions, the reciprocal F1 triploid pairs accumulate similar above-
and below-ground biomass under salt stress. On average reciprocal F1 triploid plants accumulate equal
biomass under salt stress: above-ground biomass is reduced by ~50% and below ground biomass is
reduced by ~75% (Supplementary File 1).

Discussion
Saline conditions impose physiological constraints on plants through, �rstly, oxidative stress, and
secondly, ionic stress (Shabala 2017). Salt accumulating in the substrate surrounding the roots inhibits
the capacity of roots to take up water (an osmotic effect). Lower water availability at this stage will lead
to reduced plant growth, as has been shown for A. thaliana (Luo, et al. 2017), rice (Yeo, et al. 1991), maize
(Frensch and Hsiao 1994; Rodriguez, et al. 1997), and barley (Munns, et al. 2000). Plant roots use the
ionic composition of the substrate in which they are grown for turgor recovery, and thus can soon begin
to take in water after the initial osmotic stress (Shabala and Lew 2002). However, this water contains very
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high Na+ and Cl− concentrations leading to the second major physiological constraint on growth: ionic
stress. Na+ and K+ ions possess similar physio-chemical properties: Na+ can compete with K+ for
important binding sites within the cell, impairing enzyme activity (Flowers and Colmer 2008; Shabala and
Lew 2002). In addition, Na+ and Cl− ions can accumulate in the cell wall causing cell dehydration (Munns
and Passioura 1984). The inability to compartmentalize/exclude harmful ions inside the cell (e.g. in the
vacuole) inhibits regular cell function and leads to cell death from either toxicity or dehydration (Munns
2002). This internal injury inhibits new leaf growth, reduces overall plant photosynthesis and thus
reduces supply of carbohydrates to new cells (Shabala 2017). Plants have evolved different ionic stress
tolerance mechanisms, which can vary across species, and may depend on local environmental
conditions as well as the length of salinity exposure. These are (i) the ability of roots to recognize Na+

ions and exclude them from accumulating within the plant (Alberico and Cramer 1993; Byrt, et al. 2007;
Fortmeir and Schubert 1995; Matsushita and Matoh 1991), and (ii) tissue tolerance of Na+ and Cl− ions
through compartmentalization (Apse, et al. 1999; Flowers and Colmer 2008; Flowers, et al. 2010; Mühling
and Läuchli 2002; Munns and Tester 2008).

Arabidopsis thaliana accessions display variation in tolerance to low concentrations of NaCl, but not high
NaCl

The A. thaliana accessions used in this experiment originate from across the northern hemisphere
(Supplementary File 1). While many A. thaliana accessions show only small differences in nucleotide
sequence they can display large genetic variation for phenotypic characteristics, e.g. �owering time
(Kowalski, et al. 1994). At low concentrations of NaCl there were notable variations between genetically
different accessions in this study. Four accessions (Bur-0, Col-0, T910, Wilna) display normal or above-
normal above-ground biomass accumulation at 50mM NaCl, while others (Ler-0, Sorbo, TAL07) display
~50% reduction in above-ground biomass accumulation at this concentration (Figure 1).

Previous work has demonstrated large differences between A. thaliana accessions for NaCl tolerance, as
measured using days-to-death (Katori, et al. 2010) and leaf rosette area coupled with electrolyte leakage
(Julkowska, et al. 2016). Our experiments did not identify a large variation in NaCl tolerance between
accessions at stressful NaCl concentrations (Figure 1), even though there is some overlap with the
accessions used in our study and the previously studies. It is noteworthy that previous experiments used
much higher concentrations of NaCl than our study, both in soil and in arti�cial growth media in vitro
experiments.

Different accessions of Arabidopsis thaliana display parent-of-origin independent and dependent genome
dosage effects on salt stress tolerance

We have previously demonstrated that A. thaliana tetraploid plants accumulate more above-ground
biomass than their diploid equivalents (Fort, et al. 2016), indicating a genome dosage effect. Likewise,
paternal-excess F1 triploid plants can also accumulate more above-ground biomass than their diploid
equivalent, as well as maternal-excess F1 triploid plants. In this study, we identify genome dosage effects
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(and also parent-of-origin dependent genome dosage effects) on salt stress tolerance (Figure 3). We
reveal that in some genetic backgrounds (accessions) there are parent-of-origin independent genome
dosage effects on salt stress tolerance, that are not evident in other genetic backgrounds (Figure 3).
Indeed, �ve of the ten accessions tested (i.e. Col-0, TAL07, Wilna, Zurich and Ler-0) displayed signi�cant
parent-of-origin independent genome dosage effects on salt stress tolerance where diploids were more
stress-tolerant than both of the reciprocal triploids (Figure 3). In addition, in three out of ten accessions
(i.e. Col-0, Ler-0 and TAL07) the tetraploid plants were were more stress-tolerant than both of the
reciprocal triploids (Figure 3). If the genome dosage effects on salt tolerance we have identi�ed were
linear, we should expect that the salt tolerance value will either be 2x > 3x > 4x or 2x < 3x < 4x. However,
there are no cases where such trends are evident. Instead, our results indicate that in �ve genetic
backgrounds, the salt tolerance of both isogenic reciprocal triploid lines is lower than both the diploid and
tetraploid parental lines. For Col-0, TAL07 and Ler-0, the �nding that diploid and tetraploid plants perform
better under salt stress tolerance than triploid plants is strongly suggestive of a parental-genome dosage
balance effect on salt stress tolerance, where plants with an equal parental contribution of chromosome
sets (i.e. 2x and 4x) perform better than those with unequal parental genome dosage.

In addition, we demonstrate that there are also parent-of-origin dependent genome dosage effects on salt
stress that are accession-speci�c. The reciprocal triploid lines are genetically identical at the nuclear level
differing only in whether the two genome copies of the genome in the triploid plant have been inherited
paternally (via pollen) or maternally (via ovule). Any differences in salt stress tolerance between the
maternal-excess triploid and the paternal-excess triploid are likely to have an epigenetic basis, either due
to parent-of-origin speci�c epigenetic marks and/or parent-of-origin speci�c dosage dependent factors.
We have identi�ed such parent-of-origin dependent genome dosage effects on salt tolerance in three
genetic backgrounds (Figure 3). Such parent-of-origin dependent genome dosage effects on salt
tolerance between the reciprocal triploid plants could be due to epigenetic marks at the nuclear genome
level (in the embryo or endosperm), cytoplasmic differences between diploid and tetraploid maternal
parents, or dosage dependent factors in the maternal seed coat that differ between diploid and tetraploid
maternal parents.

Overall, the genome dosage effects between diploids and tetraploids, and the reciprocal F1 triploid pairs,
are occurring in plants that are genetically identical (isogenic) apart from their differential genome
dosage or whether their genome copies are maternally derived (madumnal) or paternally derived
(padumnal). Hence, such accession-speci�c genome dosage effects are likely epigenetic in nature as they
do not involve any changes in DNA sequence.

Conclusion
The effects of soil salinisation are greatest in arid and semi-arid agricultural settings. Response to soil
salinisation can be physical (e.g. drainage management) or biological (breeding crops for enhanced salt
tolerance) (Acosta-Motos, et al. 2017). The induction of polyploidy is widely used in crop improvement,
where some studies suggest abiotic stress tolerance may be in�uenced by genome dosage. Using the
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model plant species Arabidopsis thaliana, we demonstrate accession-speci�c parent-of-origin dependent
and independent genome dosage effects on salt tolerance. The parental genome dosage balance effects
on salt stress tolerance we have identi�ed in this study likely have an underlying epigenetic basis, which
may open up new avenues for harnessing epigenetic genome dosage balance effects to improve plant
abiotic stress tolerance.

Declarations
Availability of data and material

The ploidy level of diploid, tetraploid and reciprocal triploid plants is shown in Supplementary File 1.

All fresh weight measurements recorded in this experiment are available in Supplementary File 2.

Con�icts of interests

Not applicable

Funding

BH & CS acknowledge funding support from the Irish Research Council (Grant GOIPG/2014/1021). This
work was supported by a Science Foundation Ireland Principal Investigator Grant (13/IA/1820) to CS.

Author’s contributions

BH and CS conceived the experiment. BH performed the experiments. BH, GB, PMcK and CS wrote the
manuscript.

Acknowledgements

BH & CS acknowledge funding support from the Irish Research Council (Grant GOIPG/2014/1021). This
work was supported by a Science Foundation Ireland Principal Investigator Grant (13/IA/1820) to CS.

References
1. Acosta-Motos J, Ortuño M, Bernal-Vicente A, Diaz-Vivancos P, Sanchez-Blanco M, Hernandez J

(2017) Plant Responses to Salt Stress: Adaptive Mechanisms. Agronomy 7:18

2. Alberico GJ, Cramer GR (1993) Is the salt tolerance of maize related to sodium exclusion? I.
Preliminary screening of seven cultivars. Journal of Plant Nutrition 16:2289-2303

3. Apse MP, Gilad S. Aharon, Wayne A. Snedden, Blumwald E (1999) Salt tolerance conferred by
overexpression of a vacuolar Na^+/H^+ antiport in Arabidopsis. Science (New York, NY) 285:1256-
1258



Page 10/17

4. Blanc G, Wolfe KH (2004) Widespread Paleopolyploidy in Model Plant Species Inferred from Age
Distributions of Duplicate Genes. The Plant Cell 16:1667-1678

5. Borsani O, Valpuesta V, Botella MA (2001) Evidence for a role of salicylic acid in the oxidative
damage generated by NaCl and osmotic stress in Arabidopsis seedlings. Plant physiology 126:1024-
1030

�. Boyes DC, Zayed AM, Ascenzi R, McCaskill AJ, Hoffman NE, Davis KR, Görlach J (2001) Growth
Stage–Based Phenotypic Analysis of Arabidopsis. A Model for High Throughput Functional
Genomics in Plants 13:1499-1510

7. Brouwer DJ, Osborn TC (1999) A molecular marker linkage map of tetraploid alfalfa (Medicago
sativa L.). Theoretical and Applied Genetics 99:1194-1200

�. Byrt CS, Platten JD, Spielmeyer W, James RA, Lagudah ES, Dennis ES, Tester M, Munns R (2007)
HKT1;5-Like Cation Transporters Linked to Na(+) Exclusion Loci in Wheat, Nax2 and Kna1. Plant
Physiology 143:1918-1928

9. Chao DY, Dilkes B, Luo H, Douglas A, Yakubova E, Lahner B, Salt DE (2013) Polyploids exhibit higher
potassium uptake and salinity tolerance in Arabidopsis. Science (New York, NY) 341:658-659

10. Chen ZJ (2010) Molecular mechanisms of polyploidy and hybrid vigor. Trends in plant science 15:57-
71

11. Comai L (2005) The advantages and disadvantages of being polyploid. Nature reviews genetics
6:836-846

12. Del Pozo JC, Ramirez-Parra E (2014) Deciphering the molecular bases for drought tolerance in
Arabidopsis autotetraploids. Plant, Cell & Environment 37:2722-2737

13. Donoghue MT, Fort A, Clifton R, Zhang X, McKeown PC, Voigt-Zielinksi ML, Borevitz JO, Spillane C
(2014) C(m)CGG methylation-independent parent-of-origin effects on genome-wide transcript levels
in isogenic reciprocal F1 triploid plants. DNA research : an international journal for rapid publication
of reports on genes and genomes 21:141-151

14. Duszynska D, McKeown PC, Juenger TE, Pietraszewska-Bogiel A, Geelen D, Spillane C (2013) Gamete
fertility and ovule number variation in selfed reciprocal F1 hybrid triploid plants are heritable and
display epigenetic parent-of-origin effects. The New phytologist 198:71-81

15. Flowers TJ, Colmer TD (2008) Salinity tolerance in halophytes. New Phytologist 179:945-963

1�. Flowers TJ, Galal HK, Bromham L (2010) Evolution of halophytes: multiple origins of salt tolerance in
land plants. Functional Plant Biology 37:604-612

17. Fort A, Ryder P, McKeown PC, Wijnen C, Aarts MG, Sulpice R, Spillane C (2016) Disaggregating
polyploidy, parental genome dosage and hybridity contributions to heterosis in Arabidopsis thaliana.
New Phytologist 209:590-599

1�. Fort A, Tuteja R, Braud M, McKeown PC, Spillane C (2017) Parental-genome dosage effects on the
transcriptome of F1 hybrid triploid embryos of Arabidopsis thaliana. The Plant Journal 92:1044-1058



Page 11/17

19. Fortmeir R, Schubert S (1995) Salt tolerance of maize (Zea mays L.): the role of sodium exclusion.
Plant, Cell & Environment 18:1041-1047

20. Frensch J, Hsiao TC (1994) Transient Responses of Cell Turgor and Growth of Maize Roots as
Affected by Changes in Water Potential. Plant Physiology 104:247-254

21. Guo M, Davis D, Birchler JA (1996) Dosage effects on gene expression in a maize ploidy series.
Genetics 142:1349-1355

22. Jansen MAK, Potters, G. (2017) Stress: The Way of Life. In: Shabala S (ed) Plant Stress Physiology,
2nd Edition. CABI, Croydon, UK, pp ix - xiv

23. Jansky S (2009) Breeding, genetics, and cultivar development. In: Advances in potato chemistry and
technology. Elsevier, pp 27-62

24. Jiao Y, Wickett NJ, Ayyampalayam S, Chanderbali AS, Landherr L, Ralph PE, Tomsho LP, Hu Y, Liang
H, Soltis PS, Soltis DE, Clifton SW, Schlarbaum SE, Schuster SC, Ma H, Leebens-Mack J, dePamphilis
CW (2011) Ancestral polyploidy in seed plants and angiosperms. Nature 473:97-100

25. Julkowska MM, Klei K, Fokkens L, Haring MA, Schranz ME, Testerink C (2016) Natural variation in
rosette size under salt stress conditions corresponds to developmental differences between
Arabidopsis accessions and allelic variation in the LRR-KISS gene. J Exp Bot 67:2127-2138

2�. Katori T, Ikeda A, Iuchi S, Kobayashi M, Shinozaki K, Maehashi K, Sakata Y, Tanaka S, Taji T (2010)
Dissecting the genetic control of natural variation in salt tolerance of Arabidopsis thaliana
accessions. Journal of Experimental Botany 61:1125-1138

27. Kowalski SP, Lan T-H, Feldmann KA, Paterson AH (1994) QTL mapping of naturally-occurring
variation in �owering time of Arabidopsis thaliana. Molecular and General Genetics MGG 245:548-
555

2�. Li Z, Baniaga AE, Sessa EB, Scascitelli M, Graham SW, Rieseberg LH, Barker MS (2015) Early genome
duplications in conifers and other seed plants. Science Advances 1:e1501084

29. Liu S, Chen S, Chen Y, Guan Z, Yin D, Chen F (2011) In vitro induced tetraploid of Dendranthema
nankingense (Nakai) Tzvel. shows an improved level of abiotic stress tolerance. Scientia
Horticulturae 127:411-419

30. Luo L, Zhang P, Zhu R, Fu J, Su J, Zheng J, Wang Z, Wang D, Gong Q (2017) Autophagy Is Rapidly
Induced by Salt Stress and Is Required for Salt Tolerance in Arabidopsis. Frontiers in Plant Science
8:1459

31. Maherali H, Walden AE, Husband BC (2009) Genome duplication and the evolution of physiological
responses to water stress. New Phytologist 184:721-731

32. Matsushita N, Matoh T (1991) Characterization of Na+ exclusion mechanisms of salt-tolerant reed
plants in comparison with salt-sensitive rice plants. Physiologia Plantarum 83:170-176

33. McCallum S, Graham J, Jorgensen L, Rowland LJ, Bassil NV, Hancock JF, Wheeler EJ, Vining K,
Poland JA, Olmstead JW, Buck E, Wiedow C, Jackson E, Brown A, Hackett CA (2016) Construction of
a SNP and SSR linkage map in autotetraploid blueberry using genotyping by sequencing. Molecular
Breeding 36:41



Page 12/17

34. Miller M, Zhang C, Chen ZJ (2012) Ploidy and hybridity effects on growth vigor and gene expression
in Arabidopsis thaliana hybrids and their parents. G3: Genes, Genomes, Genetics 2:505-513

35. Ming R, Liu SC, Moore PH, Irvine JE, Paterson AH (2001) QTL analysis in a complex autopolyploid:
genetic control of sugar content in sugarcane. Genome Research 11:2075-2084

3�. Mühling KH, Läuchli A (2002) Effect of salt stress on growth and cation compartmentation in leaves
of two plant species differing in salt tolerance. Journal of Plant Physiology 159:137-146

37. Munns R (2002) Comparative physiology of salt and water stress. Plant, cell & environment 25:239-
250

3�. Munns R (2010) Approaches to identifying genes for salinity tolerance and the importance of
timescale. In: Sunkar R (ed) Plant stress tolerance. Springer, pp 25-38

39. Munns R, Passioura J (1984) Effect of Prolonged Exposure to Nacl on the Osmotic Pressure of Leaf
Xylem Sap From Intact, Transpiring Barley Plants. Functional Plant Biology 11:497-507

40. Munns R, Passioura JB, Guo J, Chazen O, Cramer GR (2000) Water relations and leaf expansion:
importance of time scale. Journal of Experimental Botany 51:1495-1504

41. Munns R, Tester M (2008) Mechanisms of salinity tolerance. Annu Rev Plant Biol 59:651-681

42. Pitman MG, Läuchli A (2002) Global Impact of Salinity and Agricultural Ecosystems. In: Läuchli A,
Lüttge U (eds) Salinity: Environment - Plants - Molecules. Springer Netherlands, Dordrecht, pp 3-20

43. Ramsey J (2011) Polyploidy and ecological adaptation in wild yarrow. Proceedings of the National
Academy of Sciences 108:7096-7101

44. Rodriguez HG, Roberts J, Jordan WR, Drew MC (1997) Growth, Water Relations, and Accumulation of
Organic and Inorganic Solutes in Roots of Maize Seedlings during Salt Stress. Plant Physiology
113:881-893

45. Roulin A, Auer PL, Libault M, Schlueter J, Farmer A, May G, Stacey G, Doerge RW, Jackson SA (2013)
The fate of duplicated genes in a polyploid plant genome. The Plant journal : for cell and molecular
biology 73:143-153

4�. Shabala S, Munns, R. (2017) Salinity Stress: Physiological Constraints and Adaptive Mechanisms.
In: Shabala S (ed) Plant Stress Physiology, 2nd Edition. CABI, pp 24 - 63

47. Shabala SN, Lew RR (2002) Turgor Regulation in Osmotically Stressed Arabidopsis Epidermal Root
Cells. Direct Support for the Role of Inorganic Ion Uptake as Revealed by Concurrent Flux and Cell
Turgor Measurements. Plant Physiology 129:290-299

4�. Verslues PE, Agarwal M, Katiyar-Agarwal S, Zhu J, Zhu J-K (2006) Methods and concepts in
quantifying resistance to drought, salt and freezing, abiotic stresses that affect plant water status.
The Plant Journal 45:523-539

49. Wang J, Tian L, Lee H-S, Wei NE, Jiang H, Watson B, Madlung A, Osborn TC, Doerge R, Comai L
(2006) Genomewide nonadditive gene regulation in Arabidopsis allotetraploids. Genetics 172:507-
517



Page 13/17

50. Wilkins PW, Humphreys MO (2003) Progress in breeding perennial forage grasses for temperate
agriculture. The Journal of Agricultural Science 140:129-150

51. Yao H, Dogra Gray A, Auger DL, Birchler JA (2013) Genomic dosage effects on heterosis in triploid
maize. Proceedings of the National Academy of Sciences 110:2665-2669

52. Yeo AR, Lee λS, Izard P, Boursier PJ, Flowers TJ (1991) Short- and Long-Term Effects of Salinity on
Leaf Growth in Rice (Oryza sativa L.). Journal of Experimental Botany 42:881-889

Figures



Page 14/17

Figure 1

Above-ground biomass accumulation of ten Arabidopsis thaliana accessions at the diploid level under a
range of salt concentrations. Plants at their basal ploidy level (diploid) were germinated in stress-free
arti�cial growth media and after 9 days transferred to fresh media with or without NaCl. Plants were
destructively harvested after 7 days. Each accession was analyzed with a one-way ANOVA and means
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assigned different letters are statistically different (P < 0.05) according to Tukey’s HSD test; NS not
statistically different (P > 0.05). Error bars represent Standard Deviation.

Figure 2

Tetraploid plants are larger than diploid plants in both NaCl stress and NaCl stress-free media. On
average, there is a consistent genome dosage effect across accessions that tetraploid plants accumulate
more above- and below-ground biomass than diploid plants. Plants were germinated in stress-free
arti�cial growth media and after 9 days transferred to fresh media with or without NaCl. Plants were
destructively harvested after 7 days. * statistically different (P < 0.05) according to a two-tailed
independent samples t-test.
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Figure 3

Parent-of-origin dependent and independent genome dosage effects on salt tolerance in Arabidopsis
thaliana

There is a parent-of-origin independent genome dosage effect on salt stress tolerance in Bur-0, Col-0,
TAL07, Wilna, Zurich and Ler-0. There is a parent-of-origin dependent genome dosage effect on salt stress
tolerance in Col-0, Ler-0 and Wilna. Plants were germinated in stress-free arti�cial growth media and after
9 days transferred to fresh media with or without NaCl. Plants were destructively harvested after 7 days.
Each accession was analyzed with a one-way ANOVA and means assigned different letters are
statistically different (P < 0.05) according to Tukey’s HSD test; NS not statistically different (P > 0.05).
Error bars represent Standard Deviation.
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Figure 4

Paternal-excess triploid plants are larger than maternal-excess triploid plants in both stress and stress-
free media. On average, there is a consistent genome dosage effect across accessions that paternal-
excess triploid plants accumulate more above- and below-ground biomass than maternal-excess triploid
plants. Plants were germinated in stress-free arti�cial growth media and after 9 days transferred to fresh
media with or without NaCl. Plants were destructively harvested after 7 days. * statistically different (P <
0.05); NS not statistically different (P > 0.05) according to a two-tailed independent samples t-test.
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