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Abstract

The ecology and evolution of polyploid niches: investigating the interaction of ploidy,
microbiomes, and pathogens

by

Michael J. Song

Doctor of Philosophy in Integrative Biology

University of California, Berkeley

Assistant Professor Carl J. Rothfels, Chair

Polyploidy or whole-genome duplication (WGD) is a ubiquitous phenomenon in the evo-
lutionary history of land-plants. As WGD often induces many new novel, adaptive, or
transgressive phenotypes, it can have cascading ecological e↵ects on biotic interactions and
potentially the microbiome. There is a growing body of research on the impact that the
microbiome plays in plant ecology, but few studies have looked at the potential interactions
between ploidy, microbiomes, and pathogens in shaping the ecology of newly established
polyploids. This study uses synthetic auto-tetraploid Arabidopsis accessions and a synthetic
microbiome representative of natural commensal bacteria in order to assay how these inter-
actions impact host phenotype with respect to pathogen response. In Chapter 1, I describe
how the induction of polyploidy does not change the beta diversity of the phyllosphere but
does alter the selection of various taxa of the synthetic community. In Chapter 2, I describe
a phenomenon whereby polyploids fare better than diploids when treated with a pathogen
regardless of inoculation with a protective microbiome, but where diploids treated with a
microbiome better arrest the growth of pathogens than the non-treated diploids. In Chapter
3, I perform an RNA-Seq experiment and find a pattern where defense-associated genes are
expressed less in diploid accessions than in polyploids when treated with a microbiome. To-
gether, these chapters for the first time demonstrate that a potential consequence of whole
genome duplication may be a loss of control over the composition of the microbiome. Finally
in chapter 4, I review and synthesize the literature on somatic polyploidy to assess whether
endopolyploidy and whole-genome duplication have shared underlying evolutionary rules.



i

To my parents Joon and Veronica and to my grandparents



ii

Contents

Contents ii

List of Figures iv

List of Tables vii

1 Neo-autopolyploidy induces changes to microbial community recruitment 1

1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2 Responses to pathogen infection di↵er between microbiome treated diploids

and polyploids 17

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3 Plant ploidy level impacts transcriptional response to microbiome colo-

nization 33

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4 Understanding endopolyploidy: realistic next steps 57

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.2 What are the methods used to study endopolyploidy? . . . . . . . . . . . . . 58
4.3 Mechanisms of genome doubling . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.4 Is endopolyploidy specific to plants? . . . . . . . . . . . . . . . . . . . . . . . 61
4.5 Are there tissue-specific patterns? . . . . . . . . . . . . . . . . . . . . . . . . 64
4.6 Is endopolyploidy beneficial or deleterious? . . . . . . . . . . . . . . . . . . . 65



iii

4.7 Is there a correlation between endopolyploidy and germline polyploidy? . . . 66
4.8 What are the long-term macroevolutionary consequences of endopolyploidy? 67
4.9 What remains unknown and next steps? . . . . . . . . . . . . . . . . . . . . 68
4.10 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

Bibliography 71

A Supplemental Data and Code 87

A.1 Links to Raw Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
A.2 16S Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
A.3 Pathogen assay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
A.4 RNA Seq analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94



iv

List of Figures

1.1 Box plot of the weights of the plants at collection . . . . . . . . . . . . . . . . . 7
1.2 Fisher alpha, Pielou evenness, species richness, Simpson, and Shannon indices of

alpha diversity grouped by ploidy for experimental samples. Pairwise analysis of
variance in diversity was performed between groups and significance below the p
value threshold of 0.05 is indicated by asterisks . . . . . . . . . . . . . . . . . . 8

1.3 Non-metric multidimensional scaling (NMDS) plots based on a Bray-Curtis dis-
similarity and weighted UniFrac distance. Experimental samples are colored by
genotype . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.4 Non-metric multidimensional scaling (NMDS) plots based on a Bray-Curtis dis-
similarity and weighted UniFrac distance. Experimental samples are colored by
ploidy and fitted with normal confidence ellipses . . . . . . . . . . . . . . . . . . 9

1.5 Relative abundance of taxa grouped on the level of order shared across rarified
experimental samples across all genotypes and ploidy levels . . . . . . . . . . . . 10

1.6 Log2-fold change in abundance based on ploidy level for genera based on pairwise
comparisons between taxa observed in diploid and polyploid samples . . . . . . 11

1.7 Average absolute bacterial load across ploidy levels (left). Total abundance of
bacteria across samples (right) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.8 Log2-fold change in abundance based on ploidy level for synthetic community
members based on pairwise comparisons between taxa observed in diploid and
polyploid samples. N/A are taxa that are not in the synthetic community . . . 12

2.1 Box plots of weight-normalized total counts of bacteria per sample for each ploidy
and each time point between the treated and control groups in the pathogen assay.
T-tests between treated and control groups at each time point were performed
and diploids at time 1 have significantly di↵erent means. . . . . . . . . . . . . . 23

2.2 Box plots of weight-normalized total counts of bacteria per sample for each ploidy
at each time point in the pathogen assay. Samples treated with the synthetic
community are represented by the letter B and control samples that were treated
with only a bu↵er are represented by the letter C. . . . . . . . . . . . . . . . . . 24

2.3 Bar chart of DC3000 absolute abundance for accession at each time point of the
pathogen assay across ploidy levels (“diploid” vs “tetraploid”) and treatment
groups (“B” vs “C”) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26



v

2.4 Fisher’s alpha, species richness, and Simpson indices of alpha diversity grouped
by time, genotype, and ploidy for experimental samples. Pairwise analysis of
variance in diversity was performed between groups and significance below the p
value threshold of 0.05 is indicated by asterisks . . . . . . . . . . . . . . . . . . 27

2.5 Non-metric multidimensional scaling plots based on a Bray-Curtis dissimilarity.
Experimental samples are colored by time point and shapes correspond to ploidy
levels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.6 Plots of the Bray distances of time points (left) and ploidy (right) to centroids
on the first two PCoA axes to assess the homogeneity of variance . . . . . . . . 28

2.7 Relative abundance of taxa grouped on the level of species shared across experi-
mental samples across all time points and ploidy levels . . . . . . . . . . . . . . 29

3.1 Assessment of polyploid lines for aneuploidy. Left: Transcripts per million (TPM)
per gene among the biological replicates of an accession (Col-0 (top), Ws-2 (mid-
dle), or Sorbo (bottom)) and plotted along the length of all five chromosomes.
If any one showed a stretch (or whole chromosome) of elevated or lowered TPM
relative to any of the others it would suggest aneuploidy (chromosomal or seg-
mental). Right: Blue, green, and red dots represent the mean fold change per
gene per chromosome for Col-0, Sorbo, and Ws-2, respectively. Cyan dots rep-
resent the expected pattern for an euploid (all 1.0) and black dots represent the
expected pattern for an aneuploid where there is a coordinated transcriptional
increase due to a segmental or chromosome duplication. . . . . . . . . . . . . . . 41

3.2 Principal component plot spanned by their first two principal components for
samples grouped by (a) condition and (b) ploidy . . . . . . . . . . . . . . . . . . 42

3.3 Summary of main RNA-seq findings between samples . . . . . . . . . . . . . . . 42
3.4 Enriched KEGG pathways of di↵erentially expressed genes between polyploid and

diploid untreated samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.5 Heatmap of the sample-to-sample distances based on hierarchical clustering of

the variance-stabilized distance matrices for samples (A). Enriched KEGG path-
ways of di↵erentially expressed genes between (B) microbiome-treated polyploids
and treated diploids, (C) treated diploids and untreated diploids, (D) treated
poylploids and untreated polyploids. (E) GOrilla-generated visualisation of en-
riched GO terms in biological processes for target genes significantly up or down
regulated between microbiome treatments within diploid samples. . . . . . . . . 48

3.6 Comparisons of microbiome-treated plants with non-treated plants. (Right) Sum-
mary statistics of up and down regulated pathways. Enriched KEGG pathways
of di↵erentially expressed genes maped by similarity (A) and network analysis
(B). (C) GOrilla analysis of enriched genes from the set of significantly up- or
down-expressed genes discovered using DEseq2. . . . . . . . . . . . . . . . . . . 49

3.7 Enriched pathways in di↵erentially expressed genes in the KEGG pathway database
for microbiome-treated versus control diploid samples. . . . . . . . . . . . . . . 50



vi

3.8 Plots of counts for each sample in microbiome-treated or non-treated groups.
Ploidy is colored: diploids in red, tetraploids in blue. . . . . . . . . . . . . . . . 51

3.9 Plots of counts of genes associated with response to bacteria for each sample in
microbiome-treated or non-treated diploids. . . . . . . . . . . . . . . . . . . . . 52

3.10 Plots of counts for each sample in microbiome-treated or non-treated groups for
the genes in Chen et al. (2020). Ploidy is colored: diploids in red, tetraploids in
blue. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.11 Plots of transposon counts for each sample in microbiome-treated or non-treated
groups. Ploidy is colored: diploids in red, tetraploids in blue. . . . . . . . . . . . 54

4.1 Di↵erent mechanisms of somatic and germline polyploidy. For endopolyploidy
(orange), either endocycling occurs whereby the S and G phases of the cell cycle
are alternated without mitosis or endomitosis occurs whereby mitosis occurs in
a cell but cytokynesis is not carried out. WGD (blue) can occur either via al-
lopolyploidy or autopolyploidy. Multiple sources of allopolyploid formation are
presented. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.2 Cladograms of major lineages of plants (left) and animals (right) with putative
stem whole-genome duplications (WGD) marked by green ovals and lineages with
evidence of endopolyploidy indicated by blue bars and italicized taxa names.
Cladograms modified from Barow (2006) and Maeso et al. (2012). WGD data
mapped from CoGepedia Wiki and Maeso et al. (2012) and endopolyploidy data
mapped from Barow (2006) and Neiman et al. (2017). However, endopolyploid
has not been widely investigated and it remains to be known whethere these are
false or true negatives. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63



vii

List of Tables

1.1 16S V4 region of synthetic community members . . . . . . . . . . . . . . . . . . 5
1.2 Sample metadata and counts of reads through each processing step. The in-

put reads were the number of initial paired fastq reads. These reads were then
trimmed and filtered by quality score. Forward and Reverse reads were denoised
using DADA2, then merged to their respective pair. Finally chimeras were removed 6

1.3 Significantly more or less abundant taxa between diploids and polyploids at the
0.1 p-value cut-o↵ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.4 Significantly more or less abundant taxa between diploids and polyploids at the
0.1 p-value cut-o↵ after excluding samples where the syn com did not establish . 13

1.5 Raw abundance and normalized abundance by sample weight for all samples in
study. Values were calculated by qPCR. . . . . . . . . . . . . . . . . . . . . . . 13

2.1 Pseudomonas syringae pv. tomato DC3000 specific primer used for ddPCR am-
plification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.2 Sample metadata and counts of reads through each processing step . . . . . . . 22
2.3 General linear model of weight-normalized total counts of bacteria per sample as

a function of the explanatory variables of ploidy, treatment, and time, as well as
their interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.4 Kruskal-Wallis rank sum tests for four comparisons between microbiome treated
samples and controls at di↵erent ploidy levels and time points. . . . . . . . . . . 24

2.5 Permutational multivariate analyses of variance using Bray (top) and weighted
unifrac (bottom) distance matrices . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.6 DEseq comparisons of changes in taxa abundance across timepoints for diploid
samples and polyploid samples . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.1 Statistics and metadata for RNA-seq analysis . . . . . . . . . . . . . . . . . . . 43
3.2 enriched GO terms and associated genes in cellular components between microbiome-

treated and untreated samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.3 enriched GO terms and associated genes in biological processes between diploids

and polyploids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.4 enriched GO terms and associated genes in biological processes between microbiome-

treated and untreated samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.5 Di↵erentially expressed biological pathways between treated vs. untreated diploids 45



viii

3.6 Di↵erentially expressed biological pathways between treated vs. untreated diploids 46
3.7 Di↵erentially expressed biological pathways between treated polyploids vs. treated

diploids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.1 Recent studies of endopolyploidy in animals . . . . . . . . . . . . . . . . . . . . 60
4.2 Recent studies of endopolyploidy in plants . . . . . . . . . . . . . . . . . . . . . 60

A.1 Links to the raw and processed data used in the dissertation . . . . . . . . . . . 87
A.2 Supplemental data for data normalization for ddPCR . . . . . . . . . . . . . . . 95



ix

Acknowledgments

I would like to acknowledge all the people who made this possible. Mi gata gemela, Dr.
Marianne Kaletzky, my life partner and brilliant interlocutor. My incredible P.I. Dr. Carl
Rothfels who inspired me to become a botanist and introduced me to a life of ferns, one day I
will name a fern after him. Dr. Sarah Schaack and Dr. Jeremy Coate who set me down this
path of science and opened up all the doors. My colleagues Eli Mehlferber, Johan Jaenisch,
and Julianne Pelaez who provided invaluable expertise and support on this project, truly
I could not have done this without them. My wonderful committee members, Dr. Britt
Koskella and Dr. Ben Blackman, who contributed so much time, thought, and resources
and who believed in me. The Rothfels and Koskella labs for their invaluable feedback and
contributions. Also colleagues Jesus and Carrie, one day we’ll have our project done too...
The union UAW 2865, except for the reactionary caucus that took over, settled a conces-
sionary contract and sold us out. I would also like to anti-acknowledge the administration
that continues to pay poverty-wages to the workers that make the university run. Back
to acknowledgements: Comrades Maggie, Shannon, and Marianne (again) for signing me
up to the union at the new ASE orientation and instilling in me good radical leftist poli-
tics. Union comrades Beezer, Julia, Juliette, Connor, Emily, Alborz, Paul, Blanca, Ronan,
Spencer, Thornton, Fiona, Abby, and Audrey. My colleagues in Comparative Literature
including but not limited to: my first friend in graduate school Mary Mussman, namesake
of the famous Mussman appeal, and comrade Tara Phillips. My colleagues in Slavic, Dom
and Kit, and Caroline for forcing me to give a conference paper about a language I hardly
know. My colleagues in Classics Emily and Esther, I had a good time in the Medea reading
group! My brother Joey who reminded me that “the canon is hegemonic.” Jacob and Jules
for helping me pass my classes in college. And all the people who have been playing chess
with me on chess.com including Jimmy, Galen, Isaac, Ixchel, Keir, and Helen. I finished this
dissertation not in spite of but because of all these distractions that kept me in graduate
school...

...and, of course, Lyra cat.



1

Chapter 1

Neo-autopolyploidy induces changes

to microbial community recruitment

Abstract

Polyploidy often induces novel, adaptive, or transgressive phenotypes and can have cascading
ecological e↵ects on biotic interactions such as the microbiome. I assayed diploid and syn-
thetic autotetraploid accessions of Arabidopsis that were inoculated with a synthetic microbial
community comprising commensal bacteria representative of a broad swath of common plant
microbial taxa to discover associations between genotype, ploidy, and the composition of the
microbiome and to test whether induced autotetraploidy has an impact on microbiome com-
munity structure. I find that while polyploids do not significantly di↵er from diploids in the
overall composition of their microbiome, they do select for di↵erent taxa. I also found that
while biomass increases with ploidy which could potentially increase the carrying capacity
for bacteria, the absolute abundance of bacteria is not statistically di↵erent. These findings
together are consistent with the theory that the same mechanisms that increase defense in
polyploids may alter the recruitment of bacteria associated with diploids.

1.1 Introduction

Whole-genome duplication (WGD, polyploidy) is a dramatic mutation that can lead to the
production of new species in sympatry and the extension or divergence of ecological niches
from the parent range (Hijmans et al., 2007; Theodoridis et al., 2013; Molina-Henao and
Hopkins, 2019) and it is often considered to be a major driver of evolution (reviewed in
Van de Peer et al., 2017). However, whatever the evolutionary consequences of polyploidy
are, they are first mediated by the proximate changes to the plant’s ecology and the di↵er-
ences between diploids and polyploids with respect to the interactions of these plants and
their environment. Polyploidy is associated with many novel and potentially adaptive phe-
notypes including changes to biomass, photosynthesis, water and nitrogen use e�ciency, and
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secondary metabolism (Ni et al., 2009; Coate et al., 2012; Huang et al., 2007; Levin, 1983).
Polyploidy is known to both be associated with larger cell and organ size (Coate et al., 2012)
and with having less endopolyploidy than diploids (Pacey et al., 2020), although with little
di↵erence in biomass due to a trade-o↵ between defense and growth (Chen, 2010; Ng et al.,
2012), and therefore I hypothesized that there would be di↵erences in the bacterial carrying
capacity of diploids and polyploids, even across genotypic di↵erences of the accessions. Al-
though polyploidy is often considered to be a short-term adaptive mechanism used to deal
with changes to the environment or stress (reviewed in Van de Peer et al., 2017), we do not
know whether whole-genome duplications change the microbiome in a way that influences
host traits.

However, plants do not grow in axenic environments nor have they evolved to promote
sterility in the root or the shoot system, but rather, plants are colonized by microorganisms
that play essential roles in both form and function—notable examples being the mycor-
rhizal symbiosis, nitrogen fixation in root nodules, and the induction of plant immunity
responses triggered by microbe-associated molecular patterns (MAMPs, reviewed in Turner
et al. (2013); including both PTI (pathogen-triggered immunity) and ETI (e↵ector-triggered
immunity), which not only share many of the same genes and signaling networks while using
distinct receptors (Ngou et al., 2021), but also exhibit many positive interactions between
the two systems (Zhang et al., 2010)). The microbiome is the microbial community asso-
ciated with an organism and is composed of bacteria, fungi, protozoa, and viruses–some of
whom are facultative or obligate symbionts–that perform various functions for the host. The
role of the microbiome in the evolution of the host has been widely theorized about over the
last decade, and it is thought to have played a significant role in the evolution of humans
(reviewed in Schnorr et al., 2016) and has led to the development of the idea of the holobiont
as a unit of selection above the level of the organism sensu stricto (reviewed in Rosenberg
and Zilber-Rosenberg, 2018). In as far as the function of the microbiome evolves, it can
be considered through the interplay between competition between symbionts within the mi-
crobiome and control of the microbes themselves by the host (Foster et al., 2017). As the
microbiome plays essential roles in immunity, development, nutritional uptake, and drought
tolerance in plants (Fitzpatrick et al., 2018), it is apparent that exploring the factors that
mediate the interaction between the microbiome and the host plant will be important to
understand how these complex systems evolve. In particular, this study examines whether
polyploidy influences the microbiome in a way that consistently changes community structure
with potential implications for pathogen response, a topic treated in Chapter 2.

Our study focuses on the phyllosphere, which is the above-ground habitat for microor-
ganisms. Across all living plants, the phyllosphere collectively harbors enough bacteria to
influence carbon and nitrogen cycles, and many metabolic functions and commensal bacteria
have been found to be both shared and abundant across plant taxa (Delmotte et al., 2009).
Nonetheless, the same metabolic function and ecological niche can be filled by several di↵er-
ent taxa, and the complex interplay between host and microbiome is mediated by and can
be modulated significantly by even small changes to the host genome (Turner et al., 2013).

Previous studies have looked at the potential role that commensal bacteria found in
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the phyllosphere could play in host pathogen response. In particular, a controlled study
assessing two common genera, Methylobacterium (Rhizobiales) and Sphingomonas (Sphin-
gomonadales), found that Sphingomonas both suppressed disease symptoms and diminished
the growth of the plant pathogen Pseudomonas syringae pv. tomato DC3000 (Innerebner
et al., 2011). However, this study was limited in the scope of taxa examined, and therefore
I utilized a synthetic community comprised of taxa that are common commensals in tomato
(courtesy of the Koskella Lab) to examine the interplay of these commensals as potentially
influenced by ploidy level.

Likewise, if microbiomes evolve with their hosts, we may expect the compositional simi-
larity of microbiomes to parallel the phylogenetic relationships of the host–a pattern called
phylosymbiosis (Brooks et al., 2016). Although phylosymbiosis has been found to be a
common phenomenon, it is not ubiquitous and therefore provides a framework for testable
hypotheses about host-microbial associated ecology and evolution (Lim and Bordenstein,
2020). One common pattern that has emerged is that there is less intraspecific variation of
the microbiome than interspecific variation (Brooks et al., 2016). However, one major form
of speciation in plants is WGD, whereby a new species could be formed, and it is unknown
how this process impacts the microbiome.

It has already been shown that modest levels of host-genotype-dependent interactions
characterize the metagenome of Arabidopsis thaliana (Lundberg et al., 2012) and that poly-
ploidy is easy to induce using colchicine (reviewed in Dermen, 1940). By using synthetic
tetra-autoploid accessions of Arabidopsis in conjunction with a synthetic microbial com-
munity comprising commensal bacteria representative of a broad swath of common plant
microbial taxa, we are able to have an a priori experimental design to assay whether there
are associations between genotype, ploidy, microbiome, and phenotype. I test the hypothesis
that the induction of polyploidy will consistently change the recruitment of host-associated
microbiota.

1.2 Methods

Arabidopsis accessions

I received from Luca Comai’s lab seeds for 14 total lines from seven Arabidopsis diploid
accessions from natural populations and their colchicine-induced autotetraploids: Columbia
(Col-0), Warschau (Wa-1), Wassilewskija (Ws-2), Gudow (Gd-1), HR (HR-5), Sorbo (Sorbo),
St. Maria d. Feiria (Fei-0). Euploidy was confirmed using RNA-seq (Chapter 3).

Plant Growth Conditions

Seeds were surface sterilized by treatment with 70% ethanol for 2 min and then sodium
hypochlorite solution (7% available chlorine) containing 0.2% Triton X-100 for 8 min. Sam-
ples were then washed seven times with sterile double-distilled H2O (Bhardwaj et al., 2011).
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Seeds were then placed on MS media with .8% agar and cold stratified for two to three days
at 4�C in the dark (Bhardwaj et al., 2011). After germination, seedlings were transferred
to a controlled environment with a long-day photoperiod (16-h photoperiod) at 22�C and
55% relative humidity with cool white fluorescent light (Bhardwaj et al., 2011). After seven
days the seedlings were transferred to sterile peat and the lighting was changed to short-day
conditions (9-h photoperiod) (Innerebner et al., 2011).

Innoculation with synthetic community

The synthetic community is composed of 25 taxa that span the diversity of microbial variation
in tomato (Elijah Mehlferber, personal correspondence, Table 1.1).

In particular, our synthetic community includes Pantoea agglomerans (synonym Erwinia
herbicola), which is known to be an antogonist to pathogens such as other Pantoea and
Pseudomonas syringae pv. syringae (Beer et al., 1983; Braun-Kiewnick et al., 2000), as well
as commensal members of Pseudomonas, which is a genus that includes beneficial species
that suppress pathogens and promote growth (Mercado-Blanco and Bakker, 2007; Yao et al.,
2010).

Two weeks after germination, each plant was inoculated with either the synthetic com-
munity suspended in 10Mm MgCl bu↵er or just the 10Mm MgCl bu↵er as a control. The
plants were inoculated by spraying the plant until saturation.

Amplification and Sequencing of Microbial 16S rDNA

The synthetic community was then assayed three weeks following germination where the
plants were all approximately at the same stage of development (Johan Jaenisch, personal
correspondence): Stage 1.10, ten rosette leaves >1 mm in length (Boyes et al., 2001). Leaf
samples were frozen and kept at -4�C and sent out to Microbiome Insights for 16S V4
sequencing and qPCR analysis within one month of freezing (quality statistics and metadata
summarized in Supplemental Table 1).

Data Analysis

Forward and reverse reads were filtered and trimmed to 230 and 160 base pairs (bp), respec-
tively using the DADA2 pipeline with default parameters (Callahan et al., 2016). Following
denoising and merging reads and removing chimeras (Table 2), I used DADA2 to infer ampli-
con sequence variants (ASVs), which are analogous to operational taxonomic units (OTUs)
and assigned taxonomy to these ASVs using the DADA2-trained SILVA database (Version 132,
https://benjjneb.github.io/dada2/training.html). A GTR+G+Imaximum likelihood (ML) tree
was then inferred using the phangorn package in R (Schliep, 2011) using a neighbor joining
tree as the starting point. The ML tree, assigned ASVs, read count data, and sample meta-
data were combined in a phyloseq object (McMurdie and Holmes, 2013) for downstream
analyses. Di↵erential microbial changes were calculated using DESeq2 (Love et al., 2014),
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Table 1.2: Sample metadata and counts of reads through each processing step. The input
reads were the number of initial paired fastq reads. These reads were then trimmed and
filtered by quality score. Forward and Reverse reads were denoised using DADA2, then
merged to their respective pair. Finally chimeras were removed

sample accession input filtered denoisedF denoisedR merged nonchim
A2 Wa-1 2x 30042 23799 23669 23679 23027 22900
A4 Wa-1 4x 67447 58565 58294 58400 57655 54656
B2 Col-0 2x 94338 75710 75489 75538 74094 70134
B2C Col-0 2x control 43145 35701 35404 35474 34432 33301
B4 Col-0 4x 68575 59688 59258 59439 58128 55061
B4C Col-0 4x control 63554 54541 54032 54227 52776 50394
C2 HR5 2x 32021 24622 24418 24455 23791 23763
C4 HR5 4x 68157 57353 56976 57088 56018 54602
D2 Sorbo 2x 48354 41491 41182 41323 40470 39027
D4 Sorbo 4x 84466 73463 72996 73197 71900 69894
E2 Ws-2 2x 74075 64843 64353 64537 63297 60643
E4 Ws-2 4x 62265 53236 52928 53050 52109 50580
F2 Fei-0 2x 12918 9642 9468 9475 9109 9101
F4 Fei-0 4x 37023 31316 31031 31099 30587 30394
G2 Gd-l 2x 56929 49983 49814 49829 49566 49497
G4 Gd-l 4x 52392 45311 44927 45050 43936 42832

and the phyloseq and microbiomeseq (Ssekagiri et al., 2018) packages were implemented in
R to calculate changes in alpha and beta diversity. For a permutational analysis of variance
(PERMANOVA), data was rarified to 90% of the reads of the least abundant sample and the
test was performed using the adonis function in the vegan package (v2.5-2, Oksanen et al.
(2007)) in R with 999 permutations to test whether ploidy or genotype had an e↵ect on beta
diversity measures. The betadisper function was also used as implemented in the vegan
package in R for the analysis of multivariate homogeneity of group dispersions (variances).

Accession number

Links to DNA sequencing data are available in Supplemental Table A.1.

1.3 Results

qPCR was performed and the V4 16S region was sequenced for 16 total samples: seven diploid
accessions of Arabidopsis thaliana and their colchicine-induced autotetraploids, and two con-
trols. The sequencing generated an average of 56,000 reads per sample and 45,000 reads per
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Figure 1.1: Box plot of the weights of the plants at collection

sample following the combined filtering, denoising, merging, and removal of chimeras steps
(see Table 1.2 for metadata). Across all 16 samples 400 amplicon sequence variants across
seven Linnean taxonomic ranks were identified.

Alpha diversity

Each treated plant was inoculated with a known synthetic microbial community of commen-
sal bacteria known to associate with tomato and to be broadly representative of bacteria
naturally associated with the phylosphere. Therefore, we expect there not to be any signifi-
cant di↵erence in alpha diversity between diploids and polyploids, especially species richness
which is simply counts of species, but also Shannon and Simpson indices, which takes into ac-
count relative species abundance. A pair-wise ANOVA of diversity measures between groups
for Fisher’s Alpha, Pielou’s evenness, species richness, Shannon, and Simpson indices was
performed and we cannot reject the null hypotheses that there isn’t a significant di↵erences
between diversity measure for diploids and polyploids (Figure 1.2).
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Figure 1.2: Fisher alpha, Pielou evenness, species richness, Simpson, and Shannon indices
of alpha diversity grouped by ploidy for experimental samples. Pairwise analysis of variance
in diversity was performed between groups and significance below the p value threshold of
0.05 is indicated by asterisks

Beta diversity

I used the PERMDISP2 procedure to analyze multivariate homogeneity of group dispersions
(variances) implemented in the betadispr function in the vegan package in R. For both bray
and weighted and unweighted unifrac distances, I did not find any statistically significant
di↵erences in beta dispersion after computing Tukey’s Honest Significant Di↵erences test.
This is further supported when I performed a PERMANOVA on a rarified dataset in order
to test whether genotype or ploidy has a significant e↵ect on beta diversity using weighted
UniFrac distance, which accounts for di↵erences in relative abundances. For both genotype
and ploidy we fail to reject the null hypothesis that these treatments influence microbiome
composition and structure (Figures 1.3,1.4).

Ordination plots were then used to arrange samples in two dimensions based on similar-
ity calculated via various indices. The non-metric multidimensional scaling (NMDS) plots
of both Bray and weighted UniFrac distances show that diploid and polyploid treatments
overlap. However, polyploids have narrowed variation across both axes (Figure 1.4). These
results correspond to the plots of relative abundance within the rarified dataset with chloro-
plast and mitochondrial DNA removed across genotypes and ploidies where there are few
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Figure 1.3: Non-metric multidimensional scaling (NMDS) plots based on a Bray-Curtis
dissimilarity and weighted UniFrac distance. Experimental samples are colored by genotype

Figure 1.4: Non-metric multidimensional scaling (NMDS) plots based on a Bray-Curtis
dissimilarity and weighted UniFrac distance. Experimental samples are colored by ploidy
and fitted with normal confidence ellipses

discernible trends on the taxonomic level of Order (Figure 1.5).

E↵ect on the synthetic community

The potential e↵ect that ploidy level had on the most abundant taxa (expected to contain the
members of the synthetic community) was then examined. Using DESeq2, the log twofold
change was calculated for the most relatively abundant taxa across samples, and three taxa
were identified that significantly increased in abundance consistently in polyploids, however
none of them were member of the synthetic community (Table 1.4. When I used the absolute
abundances from qPCR and calculated the total bacterial load of each taxa from the relative
abundances (Figure 1.7), I found that the synthetic community did not fully establish on
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Figure 1.5: Relative abundance of taxa grouped on the level of order shared across rarified
experimental samples across all genotypes and ploidy levels
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Figure 1.6: Log2-fold change in abundance based on ploidy level for genera based on pairwise
comparisons between taxa observed in diploid and polyploid samples

three of the diploid samples. Therefore, I reran the analysis excluding C2, F2, and G2.
When I did, I found similar results as without exclusion: ASV 46 (Massilia sp.) and ASV 59
(Burkholdaria-Caballeronia-Paraburkholdaria sp.) were significantly more abundant in the
polyploid taxa, but I also found that ASV69 (Novosphingobium sp.) was significantly more
abundant and ASV26, which is a member of the synthetic community Exiguobacterium
sibiricum (Genome 13) was significantly less abundant in the polyploids than the diploids. I
also reran the analysis excluding all C, F, and G samples and found that ASV68, a member of
Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, was also found to be less abundant
in the polyploids, but not E. sibiricum.

Absolute Abundance

Interestingly, we found that for our plants, the polyploids had a higher biomass with a mean
of 0.44 g for diploids and 0.57 for polyploids (t = -3.4006, df = 60.157, p-value = 0.0012).
Using qPCR, the absolute abundance of bacteria on the leaves of the plants was calculated
one week following inoculation of the synthetic community. It was found that on average
diploids had a higher total bacterial abundance than polyploids after controlling for sample
weight, but that di↵erence in means was not significant under a Welch Two-Sample t-test
(Table 1.5, Figure 1.7). It was also found that there was no statistical di↵erence when I
performed a Welch Two-Sample t-test on the total bacterial abundance not controlling for
sample weight.
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Figure 1.7: Average absolute bacterial load across ploidy levels (left). Total abundance of
bacteria across samples (right)

Figure 1.8: Log2-fold change in abundance based on ploidy level for synthetic community
members based on pairwise comparisons between taxa observed in diploid and polyploid
samples. N/A are taxa that are not in the synthetic community
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1.4 Discussion

E↵ect of Polyploidy on microbiome diversity

I assessed whether there is a shared generalizable response of polyploidy on microbiome
composition by assessing beta diversity across samples, which in this case I define as com-
positional dissimilarity between ploidy and between genotypes. By assaying seven di↵erent
accessions of Arabidopsis, I attempt to distinguish general responses due to polyploidy from
unique genotypic e↵ects. Using both Bray-Curtis dissimilarity and weghted UnifFrac dis-
tance, I found there was no significant e↵ect of ploidy on the community composition and
structure. However, NMDS plots based on weighted UniFrac distance revealed that poly-
ploid samples separated less across on NMDS axis 2 (Figure 1.4). This result leaves open the
possibility that polyploidy may decrease variation within the microbiome if we were to look
at di↵erences within an accession, but that these di↵erences are not generalizable across
the accessions and more work would need to be done to test whether polyploidy reduces
variation for a given genotype.

While polyploid plants tend to have larger biomass (Pacey et al., 2020), some autote-
traploid Arabidopsis do not (Chen, 2010; Ng et al., 2012). Interestingly, I found that across
all accessions polyploid plants weighed significantly more and yet there was no statistical dif-
ference between the means of absolute abundance of bacteria (Figures 1.1, 1.7), which could
thus possibly be attributed to an increase in defense response of polyploids rather than a
physiological limit of the amount of space bacteria could grow. These di↵erences could also
be explained by other phenotypes, however, such as stomata size and number (polyploids
have larger guard cells than diploids, but fewer stomata per leaf area Robinson et al., 2018).
This could potentially play a role in limiting gas exchange that would change the environ-
ment of the microbiome. Similarly, in Arabidopsis it has been shown that stomata play an
active role in responding to bacterial invasion by closing up (Underwood et al., 2007), poten-
tially further altering gas exchange processes. Likewise, the increase surface-area-to-volume
ratio both has transcriptional and homeostatic consequences for the host plant, which could
potentially e↵ect microbial environment and recruitment. Some of these e↵ects could be
potentially compensated by the negative relationship between endopolyploidy and WGD,
where polyploids have less endopolyploid cells than diploids (Pacey et al., 2020). Pacey
et al. (2020) calculated the endopolyploidy index (EI, a measurement of mean number of
endoreduplication cycles per nucleus) for the accessions Fei-0, Gd-1, HR-5, Sorbo, and Ws-2
used in this study, and on average, diploids had a leaf EI of 1.858 and tetraploids had a leaf
EI of 1.128. This compensation could provide a partial physiological explanation for the lack
of statistically significant di↵erences between diploids and polyploids with respect to beta
diversity metrics.

Phylosymbiosis, a pattern where the phylogeny of a host organism is recapitulated by
similarities in microbial communities associated with the host, is a common pattern across
many plants and animals, and can be caused by di↵erent evolutionary processes including
natural selection for various microbiome functions for the host (reviewed in Kohl, 2020).
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Although it is common in nature, phylosymbiosis can be disrupted by hybridization (Lim
and Bordenstein, 2020), but it has not been demonstrated whether autopolyploidization,
whereby an organism has the exact same genome as the diploid parent, exhibits patterns
of phylosymbiosis–being genetically identical to the diploid–or diverges due to ecological or
physiological changes. A necessary but not su�cient test in support of this phenomenon
would be to show that closely related taxa have more similar microbiome compositions
despite ploidy change. With a limited dataset, I found no statistically significant grouping
by genotype between all samples regardless of ploidy level in both Bray-Curtis dissimilarity
and weighted UniFrac distance metrics (Figures 1.3, 1.4 with a large divergence of many
samples within genotypes.

Synthetic community changes in polyploid plants

Notably however, some di↵erences between diploids and polyploids are revealed in the di↵er-
ential log2-fold increases and decreases of members of the synthetic community. Interestingly,
the synthetic community more consistently established itself on polyploid plants than diploid
plants. Across all 7 accessions, I found that Exiguobacterium sibiricum, a member of the
synthetic community, was underabundant in the polyploids (Figure 1.8).

Members of Exiguobacterium are known to be extremely disparate and versatile, living
across a large range of environments, and many members of this genus have been shown
to have plant-growth promoting properties and/or stress-response genes which helps the
bacteria adapt to di�cult and changing environments (Kasana and Pandey, 2018). In par-
ticular, Exiguobacterium sibiricum was first isolated from permafrost in Siberia and its psy-
chrotrophic properties are associate with the alleviation of cold stress in plants (Kasana and
Pandey, 2018; Yadav et al., 2019). The significant decrease of this resilient member of the
synthetic community on polyploid plants may indicate changing conditions of the leaf that
hinders the establishment of certain beneficial members of the synthetic community poten-
tially due to an increase in the production of defense genes as a function of a doubling of gene
dosage. However, when all of the samples from C, F, and G were removed this di↵erence
goes away which could potentially be due to genotype-induced di↵erences.

Polyploids recruit more bacteria from the environment

Our experiment also allows us to describe di↵erences in how diploids and polyploids recruit
bacteria from the environment. Across all samples, I found that polyploid plants had a con-
sistent significant increase of three taxa that were not members of the synthetic community:
Burkholderia sp., Novosphingobium sp., Massilia sp. Members of Burkholderia are known to
be important facilitators of plant growth but others are plant and human pathogens (Eberl
and Vandamme, 2016). Novosphingobium species have been likewise shown to promote plant
growth through salt-stress alleviation (Vives-Peris et al., 2018) and Massilia also have been
known to promote growth by indole acetic acid and siderophore production (Ofek et al., 2012;
Poupin et al., 2013). However, since we do not have the resolution to discover the strains
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of these taxa it is hard to generalize any patterns. Nonetheless, that these taxa, which were
not members of the synthetic community (introduced at a much higher concentrations) were
able to establish and grow much more on polyploids than diploids may likewise point towards
di↵erences between the leaf environments with the polyploids disrupting conditions for some
commensal or beneficial bacteria and opening up niche space for other bacteria–some of which
could be beneficial or potentially non-beneficial. This could be a major source of variation
for polyploid plants, which are known to have expanded ranges and to thrive in disrupted
or changing environments (Decanter et al., 2020; Karunarathne et al., 2018; Ficetola and
Stöck, 2016). In conjunction with the measurements of higher biomass but similar bacterial
load, these findings are consistent with the idea that the same mechanisms that increase
defense in polyploids may alter the recruitment of phylosphere bacteria. Polyploidy is a
mutation that changes both the output of gene products (e.g. several autopolyploids exhibit
pronounced increases in alkaloids per unit dry weight, and synthetic Phlox autopolyploids
synthesize flavanoids–compounds also critical in root nodule formation–that are not made
by their diploid progenitors; (reviewed in Levin, 1983)), but also their basic physiology and
is associated with larger cell and organ sizes (Coate et al., 2012). These findings imply that
it is the changes in gene products that are driving the changes in recruitment, not changes
on/to total area on which bacteria could establish.

E�cacy of the synthetic community approach

I assessed alpha diversity in order to validate whether our inoculation with a synthetic com-
munity was successful in establishing a population of bacteria that is more or less known
with relatively little outside bacteria from the external environment. I found that the alpha
diversity was consistent across ploidies and di↵ered from the controls, which took up bacteria
from the environment, probably from air contamination in a random manner (Figure 1.2).
However, I identified around 400 ASVs across all the samples, many at very low abundances,
which implies that the growing conditions did not entirely prevent external bacterial contam-
ination. Similarly, I found that the synthetic community did not establish in three diploid
samples after initial inoculation. Nonetheless, the inoculation was broadly successful, and by
inoculating the synthetic community at a high abundance, I highlight the flexibility of this
approach to accommodate modest levels of contamination. Not only is contamination and
laboratory e↵ects a huge problem for microbiome studies (Salter et al., 2014; Frankel-Bricker
and Frankel, 2021), but previous studies that attempted to test whether polyploidy impacted
microbiome composition in the wild (Wipf and Coleman-Derr, 2021) were unable to identify
any trends which our experimental design where we can trace taxa and test explicit hypothe-
ses allows us to discover. I encourage future studies to use synthetic communities to have
hypothesis-driven microbiome studies in conjunction with the more common descriptive and
observation driven approaches.
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Chapter 2

Responses to pathogen infection di↵er

between microbiome treated diploids

and polyploids

Abstract

Polyploids have been theorized to be more resistant to pathogens, but empirical studies have
generally been inconclusive. Using di↵erent accessions of Arabidopsis as biological repli-
cates and a synthetic microbial community, I show that polyploids are more resistant to the
the plant pathogen Pseudomonas syringae pv. tomato DC3000 than diploids. I also show
that there is a general pattern to the di↵erences between diploids and polyploids and their
response to pathogens in that the microbiome plays a protective role di↵erentially between dif-
ferent ploidy levels. I found that there is a weak ploidy e↵ect on pathogen growth over time
and that there was no significant e↵ect of the microbiome on polyploid pathogen response.
However, I found that inoculation with a synthetic microbiome community can significantly
arrest pathogen growth in diploids. I also found that the synthetic-community-derived micro-
biome changed over the course of pathogen infection di↵erently between diploid and polyploid
samples with evidence that it provides limited protection against DC3000 in diploids but none
in polyploids.

2.1 Introduction

Both the rhizosphere and the phyllosphere (reviewed in Berendsen et al. (2012) and Stone
et al. (2018), respectively) microbiomes play important roles in plant health. In particular,
beneficial microbes can trigger induced systemic resistance (ISR)–a mechanism that prepares
a plant for accelerated plant defense, through ethylene and jasmonic acid signaling (Yan et al.,
2002). At the same time, both beneficial and pathogenic bacteria often suppress the local
plant defense responses to promote their own colonization, and it is not well characterized
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how plants distinguish these good and bad bacteria (Berendsen et al., 2012; Zamioudis and
Pieterse, 2012). As opposed to the bacteria and fungi in the rhizosphere, which are often
thought to play a bigger role in nutrient uptake, bacteria that dominate the phyllosphere are
thought to have important functions with regard to host stress tolerance and in mediating
host-pathogen responses and the fungi are often pathogenic (Stone et al., 2018). The defense
properties of specific common bacteria such as Sphingomonas have been demonstrated to
act through the direct competition for resources (Innerebner et al., 2011). However, the
phyllosphere also could have emergent defense properties whereby a plant may evolve to
increase microbiome diversity on the leaf in order to increase the probability of associating
with a bacteria that competes with a pathogen (Fargione and Tilman, 2005).

Likewise, both hybrid (reviewed in Fritz et al., 1999) and polyploid organisms (reviewed in
Oswald and Nuismer (2007) and King et al. (2012)) have been theorized to be have a better
response to pathogens. Oswald and Nuismer (2007) demonstrated, using both analytical
and simulation methods, that well supported genetic models of pathogen resistance (such as
the gene-for-gene model where host resistance alleles are generally dominant and pathogen
virulence alleles are generally recessive or the inverse matching alleles model where the
host can only fight pathogens that have alleles that are recognized by certain alleles of the
host) can be mathematically extended to infer that neoautopolyploid populations should
always be more resistant than diploid populations. Experimental evidence also points to
increased resistance of polyploids in kiwifruit where the hexaploids are the most resistant
to Pseudomonas syringae followed by tetraploids and then diploids (Saei et al., 2017). It
has also been shown that inducing polyploidy in cultivated impatiens (Impatiens walleriana)
also confers increased resistance to mildew due to changes to morphology such as thicker
leaves and stems and fewer stomata (Wang et al., 2018). However, it has not yet been shown
whether changes in ploidy are associated with microbiome changes that could improve their
response to pathogens. I have shown in the previous chapter that there are ploidy-associated
changes in microbiome which could potentially have an impact on pathogen resistance.

Importantly, WGD doubles the number to genes, i.e. doubles the gene dosage, which
could potentially alter defense response either physiologically or due to transcriptional changes
e↵ected by dosage. Polyploidy is not only a macromutation that is associated with increased
biomass and larger cell and organ sizes (Coate et al., 2012), but also fundamentally changes
the output of gene products such as increased alkaloids and flavanoids (reviewed in Levin,
1983). These phenomena are related as WGD is characterized by larger cell size, which is
intimately tied to cell-cycle timing and these associated changes have downstream physio-
logical e↵ects on the expression of defense genes or in the transit time of signaling molecules
(reviewed in Doyle and Coate, 2019). Although there is not a large body of work on absolute
dosage e↵ects (per-genome, as opposed to relative dosage e↵ects, where gene expression is
measure on a relative per-transcriptome basis), there is evidence that there is variation across
genes and across dosages, and that variation in absolute gene product abundance has fitness
implications for the organism (reviewed in Doyle and Coate, 2019). The variable changes
WGD has on the production of gene products whereby we may not expect a simple 1:1
doubling has potential implications on the trade-o↵ between growth and defence in plants
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since the same hormones are often involved in both pathways and these pathways are often
tightly regulated (Karasov et al., 2017). For example, salicylic acid (SA) and jasmonic acid
(JA) are both produced to defend against natural enemies, but they also antagonize both
growth-related phytohormones and each other (Karasov et al., 2017). Likewise, the variation
in gene products caused by WGD could lead to the recruitment of di↵erent bacteria via the
production of di↵erent signaling compounds or secondary metabolites (reviewed in Powell
and Doyle, 2015), which in turn could a↵ect defense responses and could have lead to the
evolution of complex symbiotic systems such as root nodule formation in legumes (Li et al.,
2013).

Polyploidy may confer protection against fungal diseases due to the upregulation of defe-
nese genes (Chen et al., 2017). However, in soybean it has been shown in natural populations
that polyploids were more or less similar to diploids in their resistance to soybean leaf rust
(Schoen et al., 1992). Likewise, allopolyploidy has been shown to lead to near-immediate
changes in anti-herbivore defense systems (Pearse et al., 2006) although other studies have
shown that polyploidy induces non-uniform e↵ects on insect-herbivore interactions (Nuismer
and Thompson, 2001). Nonetheless, there are very few studies that assess the phenotypic
e↵ects that WGD has on bacterial disease response and also few studies looking at autopoly-
ploidy as a phenomenon in particular (Parisod et al., 2010; Soltis et al., 2007).

My study first examines whether there is a significant di↵erence in defense response to the
plant pathogen Pseudomonas syringae pv. tomato DC3000 across accession due to ploidy
level in Arabidopsis and then examines whether these di↵erences are attributable to changes
in the interaction between the plants and a synthetic microbiome comprised of commensal
bacteria. We further assess whether the microbiomes themselves change in response to
pathogen exposure in any consistent way between ploidies or across genotypes using 16S
sequencing of the known synthetic community.

2.2 Methods

Plant Material and Growth Conditions

Plant material and growth conditions are as described in Chapter 1.

Inoculation and Infection

Two weeks after germination, each plant was inoculated with either the synthetic community
suspended in 10MmMgCl bu↵er or just the 10MmMgCl bu↵er as a control (Chapter 1). The
plants were inoculated by spraying the plant until saturation. Three weeks after germination
(one week post synthetic community inoculation), the plants were spray-inoculated with
either the pathogen (Pseudomonas syringae pv. tomato DC3000) or a 10Mm MgCl bu↵er.
The pathogen inoculation was at a density of .0001 at OD600 (Innerebner et al., 2011).
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Table 2.1: Pseudomonas syringae pv. tomato DC3000 specific primer used for ddPCR
amplification

Name Sequence (5’->3’) Tm (C) GC% Length (bp)
Forward primer GACCAAGGATGCAGCAGAAA 61 50 187
Reverse primer GCCGTTACGGATATCAACGA 60 50 187

Sample Collection

Plants were collected at three time points: time-zero (immediately after being innoculated
with the pathogen), 24 hours post pathogen inoculation, and 48 hours post pathogen inoc-
ulation. I removed the aerial portion of the plant by cutting it just above the roots and
weighed the plant tissue and then transferred the samples into a tube containing 1.3 ml of
100 mM phosphate bu↵er (pH 7) with 0.2% Silwet L-77. Samples were bead homogenized
using the FastPrep-24 Classic bead beating grinder and lysis system (MP Biomedicals, Inc.,
CA, USA).

ddPCR pathogen assay

Absolute bacterial abundance was estimated from 40 microliter samples using droplet digital
PCR (ddPCR) with the BIO-RAD QX 200 Droplet Reader (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) and custom primers to specifically target and amplify a region in the
rpoB gene (which encodes the � subunit of bacterial RNA polymerase) in Pseudomonas
syringae pv. tomato DC3000 (Table 2.1), in runs randomized by position. The PCR protocol
is as follows: 95� for 5 min., 95� for 30 sec., 60� for 1 min., return to step two 40 times.,
4� for 5 min., 90� for 5 min., keep at 4� overnight. I compared the absolute abundance of
DC3000 of polyploids and diploid accession pairs across each time point in order to assay
how the pathogen interacted with ploidy and microbiome treatment.

16S sequencing

The synthetic community was then assayed at the final time of 48 hrs post pathogen inocu-
lation. Samples were frozen and kept at -80�C and sent to Microbiome Insights for 16S V4
sequencing and qPCR analysis within one month.

Data Analysis

Forward and reverse paired-end reads were filtered and trimmed to 240 and 220 base pairs
(bps), respectively, using the DADA2 pipeline with default parameters (Callahan et al., 2016).
Following denoising and merging reads and removing chimeras (Table 2), I used DADA2 to
infer amplicon sequence variants (ASVs), which are analogous to operational taxonomic
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units (OTUs), and taxonomy was assigned to these ASVs using the DADA2-trained SILVA
database (Version 132, https://benjjneb.github. io/dada2/training.html). A GTR+I+G max-
imum likelihood (ML) tree was then inferred using the phangorn package in R (Schliep,
2011) using a neighbor joining tree as the starting point. The ML tree, assigned ASVs,
read count data, and sample metadata were combined in a phyloseq object (McMurdie and
Holmes, 2013) for downstream analyses. Di↵erential microbial changes (i.e. di↵erences in
the composition of taxa and abundances between samples) were calculated using DESeq2
(Love et al., 2014) and the phyloseq (Ssekagiri et al., 2018) package, implemented in R, was
used to calculate changes in alpha and beta diversity. For a permutational analysis of vari-
ance (PERMANOVA), the data were rarified to 90% of the read number of the sample with
fewest reads and the test was performed using the adonis function in the vegan package
(v2.5-2, Oksanen et al. (2007)) in R with 999 permutations to test whether ploidy or time
point had an e↵ect on beta diversity measures. The betadisper function was also used as
implemented in the vegan package in R for the analysis of multivariate homogeneity of group
dispersions (variances).

Accession number

Links to DNA sequencing data are available in Supplemental Table A.1.

2.3 Results

Pathogen assay

I first measured the abundance in DC3000 using ddPCR across all the samples and analyzed
them using a general linear model of weight-normalized total counts of bacteria per sample
as a function of the explanatory variables of ploidy, treatment, and time, as well as their
interaction. I did not find a significant e↵ect of time by treatment (Figure 2.1; Table 2.3),
meaning that we cannot reject the hypothesis that the di↵erences between microbiome-
treated and untreated plants was due to chance. I found that there was a significant e↵ect
of ploidy by time (p-value = 0.045; Figure 2.1; Table 2.3). I also found that diploid samples
are significantly di↵erent between treated and control groups having a notable decrease in
pathogen growth at the 0.05 p-value threshold (Figure 2.2; Table 2.4). Polyploids did not
exhibit this pattern.

I also found that at every single time point for both treated and control groups, the
polyploids have a lower mean pathogen count than the diploids. However, these di↵erences
are not statistically significant at 24 hours and are only weakly significant at 48 hours for
both treated and control groups (t = 2.1324, df = 7.151, p-value = 0.06959; t = 2.026, df =
7.2191, p-value = 0.08117).
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Table 2.2: Sample metadata and counts of reads through each processing step

File input filtered denoisedF denoisedR merged nonchim genotype ploidy timepoint
S00EJ-0111 28133 22100 21883 21929 21566 20822 WA tetraploid T0
S00EJ-0112 42658 33975 33197 33335 32127 30202 COL diploid T0
S00EJ-0113 38626 30660 30560 30568 30231 29060 COL tetraploid T0
S00EJ-0114 29911 23090 22348 22589 21383 20273 HR diploid T0
S00EJ-0115 52515 40996 40885 40875 40544 38759 HR tetraploid T0
S00EJ-0116 57844 45503 45319 45329 44730 43275 SOR diploid T0
S00EJ-0117 36605 28573 28490 28496 28261 26623 SOR tetraploid T0
S00EJ-0118 36152 28503 28413 28397 28131 26529 WS diploid T0
S00EJ-0119 27256 21501 21308 21382 21069 20449 WS tetraploid T0
S00EJ-0120 40514 32112 31972 32001 31766 30411 GD diploid T0
S00EJ-0121 48560 38414 38207 38331 37847 36347 GD tetraploid T0
S00EJ-0122 24731 19497 19356 19397 19150 18523 FEI diploid T0
S00EJ-0123 23859 18177 18076 18075 17858 17377 FEI tetraploid T0
S00EJ-0124 50262 39862 39689 39753 39111 35925 WA diploid T2
S00EJ-0125 46316 36078 35958 35969 35413 32124 COL diploid T2
S00EJ-0126 40685 31747 31629 31683 31229 29051 HR diploid T2
S00EJ-0127 34864 27062 26938 26963 26570 25827 SOR diploid T2
S00EJ-0128 30044 23726 23638 23662 23212 20809 WS diploid T2
S00EJ-0129 44721 35673 35590 35617 35116 33430 GD diploid T2
S00EJ-0130 24704 19460 19387 19423 19094 17857 FEI diploid T2
S00EJ-0131 26398 21165 21091 21119 20855 20006 WA tetraploid T2
S00EJ-0132 38987 30716 30642 30654 30370 28400 COL tetraploid T2
S00EJ-0133 30075 23968 23895 23905 23683 22430 HR tetraploid T2
S00EJ-0134 20747 16205 16151 16171 15996 15444 SOR tetraploid T2
S00EJ-0135 30328 24009 23919 23948 23604 22497 WS tetraploid T2
S00EJ-0136 28687 22784 22749 22753 22440 21120 GD tetraploid T2
S00EJ-0137 23585 18784 18742 18735 18464 18146 FEI tetraploid T2
S00EJ-0138 24499 19562 19512 19516 19292 17568 WA diploid T1
S00EJ-0139 30699 24692 24604 24643 24338 22611 COL diploid T1
S00EJ-0140 29987 23950 23858 23848 23484 21909 HR diploid T1
S00EJ-0141 42634 34160 34072 34094 33970 33485 SOR diploid T1
S00EJ-0142 14448 11457 11402 11421 11249 10519 WS diploid T1
S00EJ-0143 25020 20052 19988 19987 19741 18550 GD diploid T1
S00EJ-0144 16497 12943 12882 12922 12776 12363 FEI diploid T1
S00EJ-0145 15846 12551 12467 12475 12133 11349 WA tetraploid T1
S00EJ-0146 27702 22015 21950 21968 21760 20874 COL tetraploid T1
S00EJ-0147 37667 29660 29586 29617 29355 27112 HR tetraploid T1
S00EJ-0148 35594 27998 27938 27932 27539 25189 SOR tetraploid T1
S00EJ-0149 45917 36471 36351 36384 36022 34220 WS tetraploid T1
S00EJ-0150 36558 28828 28760 28782 28519 27822 GD tetraploid T1
S00EJ-0151 40541 31488 31446 31433 31214 30811 FEI tetraploid T1
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Figure 2.1: Box plots of weight-normalized total counts of bacteria per sample for each ploidy
and each time point between the treated and control groups in the pathogen assay. T-tests
between treated and control groups at each time point were performed and diploids at time
1 have significantly di↵erent means.

Table 2.3: General linear model of weight-normalized total counts of bacteria per sample
as a function of the explanatory variables of ploidy, treatment, and time, as well as their
interaction

glm(formula=log(norm)⇠ploidy*time+ploidy*treatment, family=gaussian
estimate std.error t-value p-value

(Intercept) 5.92268 1.05598 5.609 5.47e-07

ploidy 0.05522 0.34026 0.162 0.8716
time 1.84635 0.77920 2.370 0.0210

treatment 1.45326 1.20617 1.205 0.2330
ploidy:time -0.51064 0.24951 -2.047 0.0451

ploidy:treatment -0.25717 0.38160 -0.674 0.5029
Null deviance: 180.66 on 65 degrees of freedom
Residual deviance: 123.42 on 60 degrees of freedom
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Table 2.4: Kruskal-Wallis rank sum tests for four comparisons between microbiome treated
samples and controls at di↵erent ploidy levels and time points.

comparison Kruskal-Wallis �2 df p-value
Diploid t1: pathogen counts by treatment 5.898 1 0.01516

Diploid t2: pathogen counts by treatment 0.2 1 0.6547
Polyploid t1: pathogen counts by treatment 2.551 1 0.1102
Polyploid t2: pathogen counts by treatment 0.42346 1 0.5152

Figure 2.2: Box plots of weight-normalized total counts of bacteria per sample for each ploidy
at each time point in the pathogen assay. Samples treated with the synthetic community
are represented by the letter B and control samples that were treated with only a bu↵er are
represented by the letter C.
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Table 2.5: Permutational multivariate analyses of variance using Bray (top) and weighted
unifrac (bottom) distance matrices

formula = dist ⇠ploidy*timepoint+genotype; permutations = 9999;method=bray
Term Df SumsOfSqs MeanSqs F.Model R2 Pr(>F)
ploidy 1 0.3964 0.39643 3.2650 0.04607 0.0405 *
timepoint 2 3.1963 1.59816 13.1625 0.37142 0.0001 ***
genotype 6 1.0597 0.17662 1.4547 0.12314 0.1551
ploidy:timepoint 2 0.4321 0.21606 1.7795 0.05021 0.1308
Residuals 29 3.5211 0.12142 0.40916
Total 40 8.6057 1
formula = dist⇠ploidy*timepoint+genotype; permutations=9999; method=wunifrac
Term Df SumsOfSqs MeanSqs F.Model R2 Pr(>F)
ploidy 1 0.0001741 0.00017415 1.3003 0.02910 0.2684
timepoint 2 0.0006162 0.00030810 2.3006 0.10298 0.0017 **
genotype 6 0.0008395 0.00013992 1.0448 0.14031 0.3168
ploidy:timepoint 2 0.0004698 0.00023492 1.7541 0.07852 0.0443 *
Residuals 29 0.0038837 0.00013392 0.64908
Total 40 0.0059834 1.00000

Table 2.6: DEseq comparisons of changes in taxa abundance across timepoints for diploid
samples and polyploid samples

Comparison Direction baseMean log2Fold� lfcSE padj taxa
Dip t0 vs t1 # in t0 5407.3 -3.4 0.57 7.00E-07 P. moraviensis
Dip t0 vs t1 # in t0 914 -3.8 0.74 2.60E-05 P. tasmaniensis
Dip t1 vs t2 " in t1 5407.3 1.8 0.55 0.0729 P. moraviensis
Dip t1 vs t2 # in t1 6064 -2.8 0.77 0.057 P. rhodesiae
Poly t0 vs t1 " in t0 7632.3 3.4 0.99 0.03 P. rhodesiae
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Figure 2.3: Bar chart of DC3000 absolute abundance for accession at each time point of the
pathogen assay across ploidy levels (“diploid” vs “tetraploid”) and treatment groups (“B”
vs “C”)

Changes in microbiome composition

The V4 16S region was sequenced for 41 total samples: seven accessions of Arabidopsis
thaliana and their colchicine-induced autotetraploids at three time points. One sample was
discarded due to human error. The sequencing generated an average of 34,000 reads per sam-
ple and 25,000 reads per sample following the combined filtering, denoising, merging, and
removal of chimera steps (see Table 2.2 for metadata) and across all 40 samples 224 amplicon
sequence variants were identified. Each plant was inoculated with a known synthetic micro-
bial community of commensal bacteria known to associate with Tomato and to be broadly
representative of bacteria naturally associated with the phylosphere. A pair-wise ANOVA
of diversity measures between groups for Fisher Alpha, species richness, and Shannon in-
dices was performed and we cannot reject the null hypotheses that there is not a significant
di↵erences between diversity measure for diploids and polyploids, between genotypes, or at
di↵erent time points (Figure 2.4).

I used the PERMDISP2 procedure to analyze multivariate homogeneity of group dis-
persions (variances) implemented in the betadispr function in the vegan package in R. For
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Figure 2.4: Fisher’s alpha, species richness, and Simpson indices of alpha diversity grouped
by time, genotype, and ploidy for experimental samples. Pairwise analysis of variance in
diversity was performed between groups and significance below the p value threshold of 0.05
is indicated by asterisks

Figure 2.5: Non-metric multidimensional scaling plots based on a Bray-Curtis dissimilarity.
Experimental samples are colored by time point and shapes correspond to ploidy levels
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Figure 2.6: Plots of the Bray distances of time points (left) and ploidy (right) to centroids
on the first two PCoA axes to assess the homogeneity of variance

Both bray and weighted and unweighted unifrac distance, I did not find any statistically sig-
nificant di↵erences in beta dispersion between time points or ploidy levels after computing
Tukey’s Honest Significant Di↵erences test (Figure 2.6). I then performed a PERMANOVA
on a rarified dataset in order to test whether time point or ploidy has a significant e↵ect
on beta diversity using bray distance and also weighted UniFrac distance which accounts
for di↵erences in relative abundances. For Bray distances, ploidy and timepoint were found
to be significant and for weighted unifrac distances timepoint was significant and also the
interaction between ploidy and timepoint (Figure 2.5).

Ordination plots were then used to arrange samples in two dimensions based on similarity
calculated via various indices. The non-metric multidimensional scaling (NMDS) plots of
Bray-Curtis distances show that diploid and polyploid treatments overlap at a given time
point but that the time points shift along both axes (Figure 2.5). These results correspond to
the plots of relative abundance within the rarified dataset with chloroplast and mitochondrial
DNA removed across time points and ploidies where there are notable changes across time
with a growing abundance of DC3000 and a reduction of Genome 25 Pseudomonas rhodesiae
(Figure 2.7).

These patterns were investigated further using DEseq to identify significant changes in
abundance between treatment. When comparing the log two-fold change in relative abun-
dance between time points and ploidy levels accounting for their interaction, we found that
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Figure 2.7: Relative abundance of taxa grouped on the level of species shared across exper-
imental samples across all time points and ploidy levels

there was only a di↵erence in three taxa (Table 2.6). For diploid samples, synthetic com-
munity member Pseudomonas moraviensis was significantly less abundant and synthetic
community member Pseudomonas tasmaniensis was significantly more abundant at t0 than
at t1 (Table 2.6). For polyploids, synthetic community member Pseudomonas rhodesiae was
significantly more abundant t0 than at t1 (Table 2.6). Only diploid samples exhibited di↵er-
ences when comparing t1 with t2. Synthetic community member Pseudomonas moraviensis
was found to be significantly more abundant and synthetic community member Pseudomonas
rhodesiae was found to be significantly less abundant at t1 (Table 2.6).

2.4 Discussion

Until this study, there have been to date very little empirical evidence for a general e↵ect
of polyploidy on pathogen response. Although polyploids have been theorized to be more
resistant to pathogens (Levin, 1983; Oswald and Nuismer, 2007), empirical studies have
generally been inconclusive or non-uniform, i.e. finding evidence for increased resistance and
increased susceptibility (Schoen et al., 1992; Nuismer and Thompson, 2001). My study uses
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di↵erent accessions of Arabidopsis in order to discern any general pattern in the di↵erences
between diploids and polyploids in their response to pathogens and whether the microbiome
plays a protective role di↵erentially between di↵erent ploidy levels.

My experiment tested whether the treatment with a commensal microbiome impacts
pathogen response di↵erently between diploids and polyploids. I first compared whether the
microbiome had a significant e↵ect on the growth of the pathogen when compared with the
control group using a general linear model of weight-normalized total counts of bacteria per
sample as a function of the explanatory variables of ploidy, treatment, and time, as well as
their interaction. I found that whereas there was no significant di↵erence between treated
and untreated samples, there was a significant time e↵ect and a significant interaction e↵ect
between time and ploidy.

This di↵erence highlights the major e↵ect of microbiome treatment on the growth of the
pathogen. While the microbiome does not significantly alter the progression of the pathogen
in the polyploid samples, it does arrest pathogen growth on the diploids. Nonetheless, by t=2
(48 hours post inoculation) the pathogen has grown substantially on the diploids, whereas the
polyploids see no notable growth and even a non-significant decrease in the mean number
of bacteria. I then looked at accession specific trends between diploids and polyploids in
treated and controls in order to assess whether there was any genotypic patterns driving the
observed pathogen responses. Interestingly, the patterns seem to be similar across accessions,
demonstrating a generalizable phenomenon. Nonetheless, there are some odd accessions, such
as Col-0 diploids fairing worse with the microbiome treatment and an explosion of pathogen
growth in Ws at t=1 in both the diploid and polyploid groups (Figure 2.3). However, further
work will need to be done in order to investigate accession-specific patterns in a robust way.

The significant interaction of time and ploidy on pathogen growth was driven by poly-
ploids exhibiting less growth of DC3000 at each time point regardless of treatment with the
synthetic microbiome community or not. Compared with allopolyploids where it has been
demonstrated that the merging of defense systems can lead to increased pathogen resistance
due to an increase in the flexibility and adaptibility of defense systems (Pearse et al., 2006;
Anssour and Baldwin, 2010), autopolyploids may be more resistant than diploids due to
an upregulation of defense genes (King et al., 2012). For example, tetraploid Arabidopsis
accessions acquired increased resistance to copper stress by having increased activation of
antioxidative defense (Li et al., 2017). A buttressing of the antioxidant defense system was
also found in colchicine-induced tetraploid plants of Dioscorea zingiberensis where antioxi-
dant enzymes were over-produced and maintained at high concentration (Zhang et al., 2010).
However, this comes with a fitness trade-o↵, as Chen (2010) found that there was not much
growth vigor in A. thaliana autotetraploids, which have more or less the same leaf size and
biomass than diploids even though they have much larger seed size, flower size, and stomata
size. This phenomenon is elucidated by a study by Ng et al. (2012) which found that proteins
associated with stimuli or stress responses were enriched in A. thaliana autotetraploids, and
that the expression of these genes is associated with a fitness cost and slowed growth. How-
ever, our autotetraploids both exhibit greater biomass (Figure 1.1) and defensive capacity
(Figure 2.3), which contradicts this general pattern. This is not to say that there does not
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exist a growth/defense trade o↵, but does point to a scenario where polyploid plants can be
both more robust and larger even given a growth/defense trade o↵. Importantly, we know
that the growth/defense trade-o↵ is due to antagonistic crosstalk between hormones rather
than due to resource consumption, and plants can mitigate these trade-o↵s by controlling
the expression of defense genes either through priming pathways or temporal and spacial
concentration of defense (Karasov et al., 2017). Therefore, it makes sense that WGD, which
doubles all of the genes, may di↵erentially impact di↵erent pathways that are involved in
growth and defense (e.g. doubling genes that are highly coordinated in gene complexes or
complex pathways versus genes that do not interact with that many other gene products and
whose impact on phenotype might scale directly with increasing absolute dosage), which may
explain how polyploids one the one hand can still be liable to growth/defense constraints,
but on the other hand can still be bigger and more robust.

Contrary to the finding that polyploids had no changes in pathogen response when treated
with the synthetic community, I found that there is a significant e↵ect for diploids treated
with a microbiome compared to diploids that were not treated. The microbiome has been
hypothesized to be implicated in pathogen defense, by allowing the host plant to “outsource”
its defense in order to allocate more resources to growth and circumvent the growth-defence
trade-o↵ (Karasov et al., 2017). This hypothesis is supported by work demonstrating geno-
typic variation has an e↵ect on microbiome composition in Arabidopsis (Lundberg et al.,
2012). Diploids from natural populations may have evolved to recruit a diverse array of bac-
teria in order to get around the growth-defense trade-o↵ which would be more protective, but
polyploids may disrupt the pathways by which this occurs and instead inhibit the growth of
bacteria by overexpressing defense genes and losing the ability to outsource their defense to
the microbiome. When we consider how polyploids are often more fit in disturbed or chang-
ing habitats, we can see how this potentially deleterious loss of control of the microbiome
by the polyploids is analogous to what we know about mutation. These large sources of
variation, e.g. transposons or WGDs, are often deleterious but under certain circumstances
this is the wellspring of variation upon which natural selection acts and therefore a the source
of evolutionary innovation.

This study is consistent with my findings from Chapter 1 where I found a decrease in a
member of the synthetic community and a increase of three non-synthetic community taxa in
the polyploids and may be consistent with the empirical evidence that polyploids generally
out-compete diploids in changing or disrupted habitats (Decanter et al., 2020; Karunarathne
et al., 2018; Ficetola and Stöck, 2016) as potentially a function of their increased defen-
sive output disrupting the growth of some bacteria and promoting the growth of other
bacteria. When I assessed changes in relative abundance of the synthetic community over
time across ploidies, I found that there was substantially more changes in the abundances
of three synthetic community members Pseudomonas moraviensis, Pseudomonas rhodesiae,
and Pseudomonas tasmaniensis across all the time points in the diploids samples, but that
there was hardly any change in the synthetic community over time for the polyploid samples.
However, when we take into account the absolute abundance, the polyploids have limited
the growth of all bacteria relative to the diploids. Therefore, we may conclude that while
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the competition for resources on the leaf between Pseudomonas bacteria may help defend
against pathogens for diploids, it does not for polyploids. Yet, that matters little due to the
polyploids’ ability to limit all bacterial growth. Interestingly, DEseq analysis did not find
that there was a statistically significant di↵erence between the relative abundance of DC3000
between samples which can be possibly be attributed to the very low initial concentration of
inoculate relative to the established synthetic community. In terms of the potential use of
synthetic communities for agricultural purposes in plant defense, this finding suggests that
Pseudomonas rhodesiae is a good competitor against the pathogen DC3000 and points to
the e�cacy of using commensal Pseudomonads against pathogenic Pseudomonads.

More work will need to be done in order to test whether the observed patterns are
attributable to changes in transcriptional responses between diploids and polyploids and if
the microbiome in any way mediates pathogen response di↵erently between ploidy levels,
either by priming defense or outsourcing defense and reallocating resources to growth, which
I will address in the following chapter.
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Chapter 3

Plant ploidy level impacts

transcriptional response to

microbiome colonization

Abstract

The microbiome plays many important roles for plants, including providing a source of protec-
tion against pathogens. In this study, I use RNA-seq to test whether there are transcriptional
di↵erences between diploids and polyploids when inoculated with a synthetic community of
commensal bacteria. I find that treatment with a microbiome generally induces decreases in
the expression of genes associated with defense, but that polyploids maintain more defense-
related gene expression than diploids. Diploids being more responsive to treatment with the
commensal community is consistent with the theory that polyploids are more resistant to
pathogens in general. This study provides empirical evidence that supports the following
potential consequences of whole genome duplication: polyploids are better defended against
bacteria; polyploids potentially lose control of the ability to select their microbiome; polyploids
can avoid a tradeo↵ or constraint that diploids can only deal with by o↵-loading defense onto
the microbiome. While controlling the microbiome may be an adaptation for diploids as it
allows for them to outsource the ability to defend against pathogens, my study demonstrates
how the loss of this control in polyploids could also be a source of variation in the microbiome
upon which natural selection can act.

3.1 Introduction

Both the root and shoot systems of plants are colonized by microbiota, including bacteria,
fungi, and other non-fungi eukaryotes, many of whom play an important function in plant
pathogen protection or nutrient acquisition (reviewed in Bulgarelli et al., 2013). These
microbial associations are not random, rather plants associate with a subset of the possible
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microbes by altering the environment that is encountered by these microbiota. This filtering
of microbiota can be mediated by plants directly (e.g., salicylic acid modulates colonization of
the root by specific bacteria (Lebeis et al., 2015)) or by the coordination of stress and immune
system functions (e.g., phosphate stress responses interact with jasmonic acid signaling to
control the assembly of a normal root microbiome (Castrillo et al., 2017)). However, studies
of the proximate mechanisms by which plants shape their microbial community—the plants’
transcriptional responses—traditionally focused on immune response to pathogens rather
than response to commensal bacteria (Tao et al., 2003) and to identify the genes involved
in defense response, especially in Arabidopsis (Mahalingam et al., 2003; Zhu et al., 2013).
Recently, the impact that commensal and mutualistic bacteria—which constitute the vast
majority of plant microbiota—have on plant transcriptomes have been studied, revealing
both distinct and overlapping responses when compared to responses to pathogens (Vogel
et al., 2016), but these studies have been limited to a small number of commensal microbial
taxa. However, that there are shared and di↵ering responses plants have to commensal and
pathogenic microbiota demonstrates that plants are actively engaging with the microbiome
to mediate pathogen encounter with potentially commensal-mediated prophylactic defense
responses (Vogel et al., 2016). Notably, Vogel et al. (2016) found that plants usually respond
di↵erently to members of its natural phyllosphere microbiota than to pathogens, but some
members of the natural microbiota prime the plant for defense by triggering the expression
of defense-related genes. This study aims to answer: 1) how do plants of di↵erent ploidies
manage their microbiota given that some of the taxa are mutalistic but others are pathogens
by first looking at how they respond to commensal/mutalistic bacteria and 2) what role do
the mutalistic microbes play in defending against the pathogenic ones?

It is well known that polyploidy contributes to the colonization of new niches in plants. In
the Dianthus broteri complex, polyploids niches were able to diverge where some cytotypes
exhibited niche expansion and ecological release, but that other cytotypes expanded into new
niches and then had niche contraction due to specialization (López-Jurado et al., 2019). This
spatial segregation of cytotypes has been also shown in Saxifraga rosacea where an increase
in ploidy is associated with more extreme environmental conditions and an expansion of
ecological niche (Decanter et al., 2020) (Decanter et al., 2020). Among the many changes
to phenotype associated with polyploidy (Ni et al., 2009; Coate et al., 2012; Huang et al.,
2007; Levin, 1983), it has been theorized that neopolyploids are more resistant to pathogens
than their diploid progenitors (Oswald and Nuismer, 2007) although there has been very
little empirical evidence that clearly supports this theory. Interestingly, there has been very
few studies to date that look at biotic niche divergence in autopolyploids and how these
biotic niches are consititued in part by microbial interactions. While it has been shown that
autopolyploidy induces di↵erential herbivory and pollination (Thompson et al., 2004) and
association of specific mycorrhizal symbionts (Těšitelová et al., 2013), it has yet to show how
these biotic niches diverge with respect to microbial interactions.

Nonetheless, even though coordinated transcriptional plant defense responses are well
characterized in Arabidopsis (Schenk et al., 2000), there are few RNA-Seq or proteomics
studies that assay the transcriptional response of new autopolyploids, especially to di↵erent
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environmental factors (Wang et al., 2017). It has been shown, however, that polyploidy has
an important impact in altering the relationship of symbiotic microorganisms to their host,
especially mycorrhizal interactions, and also that this phenomenon could play an important
role in the evolution of microbial symbiosis through the altered biosynthesis of signalling
compounds and secondary metabolites, such as flavonoids (compounds that play a key role
in root nodule formation (reviewed in Powell and Doyle, 2015)).

Additionally, autopolyploidy is thought to be underestimated and understudied in plants
relative to allopolyploidy (Barker et al., 2016), and it remains unclear what the evolutionary
advantages and disadvantages are of these two di↵erent mechanisms of genome doubling.
However, autopolyploidy is an excellent lens to look at the consequences of polyploidy with-
out the confounding e↵ects of hybridization. Unlike allopolyploidy, there appears to be less
genome restructuring and reorganization of gene expression immediately following autopoly-
ploidy, though there is limited empirical support for this conclusion (Parisod et al., 2010),
but also growing evidence that autopolyploidy has been underappreciated and, in fact, a
large source of variation for adaption (Baduel et al., 2019; Monnahan et al., 2019). So, while
many consider autopolyploidy to be an evolutionary dead-end or at least a nearly neutral
process, it is also considered to be a mechanism that allows for enhanced colonization ability
especially in changing habitats (Parisod et al., 2010) since it induces both physiological (e.g.,
altered growth rate or increased flower size) and genetic (e.g., di↵erent gene dosage) changes
that themselves can interact in complex ways (Spoelhof et al., 2017). The short-term e↵ects
of this type of instantaneous, sympatric macromutation often include the colonization of new
niches and the expansion of the range of the neopolyploid (Hijmans et al., 2007; Theodor-
idis et al., 2013; Molina-Henao and Hopkins, 2019). Therefore, we may wonder by which
mechanisms are the biotic and abiotic interactions that constitute the realized niche altered
by WGD, and if increased ability to interact with diverse microbes are an important factor.
In particular, could the use of bacteria by plants be a way to mediate trade-o↵s between
stress-response and growth by outsourcing the defence of the host to the promotion of non
harmful bacteria instead of production of defensive compounds and would this be e↵ected
by a doubling of gene dosage following polyploidy (Karasov et al., 2017). The trade-o↵s be-
tween growth and defense in plants are often metabolic as well as, and more importantly, due
to the negative interactions between hormones involved in both processes (Karasov et al.,
2017). However, it is thought that plants, by shaping their own microbiome, could work
around this trade-o↵, by outsourcing their defenses and thus have developed mechanisms for
selecting their associated-microbiota (Karasov et al., 2017).

Vogel et al. (2016) found that Sphingomonas melonis upregulated several genes related
to defense responses (some of which were shared and some distinct from those upregulated
by the pathogen Pseudomonas syringae DC3000 ) and hypothesized that commensal bacte-
ria have an important and active role in plant defense by triggering pathogen-related gene
responses. However, they did not find a similar response in the other common phyllosphere
bacterium they studied, Methylobacterium extorquens. Chen et al. (2020) used Arabidopsis
quadruple mutants to show that the MIN7 vesicle-tra�cking pathway and the gene constitu-
tively activated cell death1 (CAD1) are essential components of a genetic network that plants
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use to control the bacterial in the phyllosphere and prevent disbiosis. My study attempts to
discover if there is a more generalized response that commensal bacteria in the plant micro-
biome elicit and if there is variation in these responses between diploids and autotetraploids.
I expand the scope of previous studies that looked at just one or two commensal bacteria
or one or two genes to include a large community of known commensal bacteria, utilizing
the same Arabidopsis diploid-polyploid system and synthetic community from Chapter 1
and 2, in order to assay di↵erential transcriptional response between diploid and polyploid
accessions treated with a synthetic community.

3.2 Methods

Plant material, growth conditions, and experimental design

Plant material and growth conditions are as described in Chapter 1. The seeds for the
accessions used in this study—Columbia (Col-0), Wassilewskija (Ws-2), Sorbo (Sorbo)—were
received from Luca Comai’s lab, including both cytotypes for each accession (the tetraploids
were induced using colchicine in Sarah Schaack’s lab).

For each of the three accessions, I grew randomized blocks six plants of each ploidy
level (diploids and induced autotetraploids) with three plants treated with the synthetic
community and three treated with the control bu↵er, for a total of 36 plants.

Plant inoculation

Plant inoculation methods are as referenced in Chapter 1.

Sample collection and sequencing

I collected single leaves from the largest developmental node of plants at Stage 1.10 (ten
rosette leaves >1 mm in length (Boyes et al., 2001)) and directly froze them in liquid nitrogen
before subsequent storage at -80C. Tissue was homogenized using a Mini-BeadBeater 8
(BioSpec Products, Bartlesville, OK, USA) following the manufacturer’s instructions. RNA
was extracted using the Spectrum Plant Total RNA Kit (Merck / MilliporeSigma, MO, USA)
according to the manufacturer’s recommendations1.

I pooled RNA from three di↵erent plants for each sample in order to account for variation
across technical replicates and treated di↵erent accessions as biological replicates to account
for accession-specific variation, attaining a conservative estimate for transcriptional changes
given the treatment and ploidy. Increasing biological replicates, i.e., many samples per data
point, has been known to increase power for detecting di↵erentially expressed genes and for
increasing accuracy relative to qRT-PCR (Liu et al. (2014), Dr. David L. Adelson personal
communication) obviating the need for qRT-PCR validation. This is further supported by

1https://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma/Bulletin/strn50bul.pdf
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recent studies that have found very high correlation between RNA-Seq and qRT-PCR as
well as the fact that probe bias or poor sensitivity may lead RT-qPCR to be more imprecise
than RNA-Seq (Camarena et al., 2010; Nagalakshmi et al., 2008).

Samples were sent to Novogene USA Inc. (Sacramento, CA) for library prep (Poly(A)
capture, ligation-based addition of adapters and indexes) and sequencing (Illumina NovaSeq
6000, paired-end reads of length 150 bps, 20M reads per sample). Links to raw RNA se-
quencing data are available in Supplemental Table A.1.

RNA-seq Data Processing and Analysis

Raw FASTQ files were trimmed and filtered to remove low-quality reads and Illumina
adapters and other copyrighted technical sequences using Trimmomatic (Bolger et al., 2014)
with the default settings. Filtered reads were aligned to the Arabidopsis reference sequence
(TAIR10, Lamesch et al. (2012)) with HISAT2 (Pertea et al., 2016). HTSeq (Kim et al., 2015)
was used to determine read counts per gene for the test for euploidy. After removing genes
with fewer than ten reads per gene, DESeq2 was used to compare gene expression levels across
treatments including a principal component analysis of variance stabilizing transformations
and identification of di↵erentially expressed genes (Love et al., 2014). EdgeR was also used
to provide additional support for patterns of di↵erential expression analysis. Enriched gene
ontology (GO) terms were identified using GOrilla (Eden et al., 2009).

Mobile elements (transposable elements, TEs) comprise the majority of many eukaryotic
genomes and a not insignificant amount of transcipts in transcriptomes and although they
are known to play important regulatory functions and express accession-level variation, they
are often ignored in many analyses (Underwood et al., 2017). I therefore also performed
DESeq on the counts of transcripts that mapped to the Arabidopsis TE database from
TAIR10. Transposable element transcription analysis using DESeq2 was performed using
the TAIR TE Database (TAIR10, Lamesch et al. (2012)). Further analyses were performed
using iDEP (Ge et al., 2018) in order to assess patterns of di↵erential gene expression and
enrichment within Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (Kanehisa
et al., 2017).

Test for euploidy

I tested if the tetraploid samples were aneuploid or euploid by calculating fold change in
relative expression (transcripts per million; TPM) per gene for every pairwise comparison
of biological replicates following the methods outlined in Song et al. (2020). If there is
aneuploidy or a large segmental duplication, we would expect to see a coordinated increase.
in TPM for genes on that chromosome, which would be reflected in a shift in fold change of
expression relative to the other biological replicates. I plotted the TPMs per gene along all
five chromosomes. If any one showed a stretch (or whole chromosome) of elevated or lowered
TPM relative to any of the others it would suggest aneuploidy (chromosomal or segmental).
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3.3 Results

Test for euploidy

No stretch was found and this was verified after performing a t-test of the mean log2 fold-
changes between accessions for each chromosome with the mean log2 fold-change by chromo-
some being around one for all samples (Figure 3.1). Therefore, I conclude that all tetraploid
individuals were euploid.

Overarching transcriptional di↵erences

A principal component analysis of variance stabilizing transformations of the raw count data
shows that the samples cluster together based on genotype rather than by treatment of
microbiome or by ploidy level, although there is some separation of treatment along PC2
(Figure 3.2). This pattern can be further demonstrated through hierarchical clustering of
the distance matrices, where samples of the same accession cluster closer together(Figure
3.5, panel A).

There were many significantly up- or down-regulated genes at the 0.05 p-value threshold:
Col-0 vs Sorbo, 1451 up-regulated, 1825 down-regulated; Col-0 vs. Ws-2 1608 up-regulated,
2242 down-regulated; Sorbo vs Ws-2, 2137 up-regulated, 1960 down-regulated. However, our
experimental design does not give us the statistical power to discern the sources (whether
treatment or ploidy) of these di↵erences conclusively. Nonetheless, generalizable patterns do
emerge once a gene enrichment analysis is performed on the di↵erentially expressed genes
using GOrilla.

In pairwise comparisons, Col-0 is significantly enriched in GO terms pertaining to ADP
binding (GO:0043531) compared to the other two accessions.Likewise, in terms of biologi-
cal processes, when Col-0 is compared with Sorbo, there is significant enrichment for GO
terms corresponding to translation (GO:0006412), regulation of cellular ketone metabolic
process (GO:0010565), signal transduction (GO:0007165), and cellular response to oxida-
tive stress (GO:0034599). In terms of cellular component, GO terms corresponding to the
cytosolic ribosome (GO:0022625, GO:0022626) were enriched. When Col-0 was compared
to Ws-2, there was no enrichment in terms of cellular component, but in terms of bio-
logical processes, photoperiodism/flowering (GO:0048573), import into cell (GO:0098657),
signal transduction (GO:0007165), growth (GO:0040007), rhythmic process (GO:0048511),
and circadian rhythm (GO:0007623) were found to be enriched. When Sorbo was com-
pared to Ws-2, there was significant enrichment defense response (GO:0009814, GO:0009627)
and metabolism/catabolism (GO:0044282, GO:0005976) in terms of process, ATP binding
(GO:0043531) and NAD+ nucleosidase activity (GO:0003953, GO:0061809, GO:0050135,
GO:0003824) in terms of function, and extracellular region (GO:0005576), preribosome
(GO:0030684), and nucleolus components (GO:0005730).
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Di↵erential expression between plants treated with the synthetic

community and those untreated

Between the plants treated with the synthetic community and the controls, I found 384 up-
or down-regulated genes at the 0.1 p-value cut-o↵ (a standard p-value in this discipline to
increase the power to detect GO enrichment patterns e.g. the Functional Annotation Tool
in DAVID (Sherman et al., 2007)). An analysis of the enriched GO terms revealed that that
same biological pathway was significantly enriched for both treatments: cellular response
to hypoxia (Figure 3.5, Table 3.4, 3.3). However, there were also significantly enriched GO
terms associated with the secretory vesicle cellular component for the microbiome treatment
experiment (Table 3.2) as well as significantly enriched GO terms with the biological process
of nuclear-transcribed mRNA poly(A) tail shortening for the ploidy-level experiment (Table
3.3). EdgeR analyses detected only 65 up- or down-regulated genes at the 0.1 p-value cut-o↵;
however the exact same GO terms were found to be enriched as in the DESeq2 analyses
(Supplemental Table A.1).

The Gene Set Enrichment Analysis (GSEA) analyses identified several other pathways
that were enriched in the treated samples (Figure 3.6). Genes associated with ethylene
signaling, response to nitrogen compounds, negative regulation of response to alcohol, and
photosythesis were down-regulated Conversely, kinases and genes associated with negative
regulation of growth were up-regulated (Figures 3.3, 3.6).

Comparisons of the e↵ects of ploid (independent of microbiome) revealed 15 up- or down-
regulated genes at the 0.1 p-value cut-o↵, there were no enriched GO terms with respect to
biological process, molecular function, or cellular component (Supplemental Table A.1).

E↵ect of polyploidy on transcriptome changes

For the di↵erences within the group treated with the synthetic community between diploids
and polyploids, I found 16 up or down-regulated genes at the 0.1 p-value cut-o↵ using DEseq
(Table 3.3). When looking at the significant genes from this DEseq analysis, I found the ma-
jor di↵erences were between diploids and polyploid samples within the treated group (Figure
3.8). While most of the genes that were found to be significantly di↵erent between diploids
and polyploids are hypothetical proteins (AT1G19020, AT1G23710) mostly associated with
response to hypoxia, response to stress, and cellular response to chemical stimulus, for all
of them the diploid was down-regulated and the polyploids were up-regulated relative to
the diploids but not significantly di↵erent than the control group of untreated plants (Table
3.3). One gene of the set of down-regulated genes, AT5G22250, is well annotated; it encodes
ccr4-associated factor 1b (ATCAF1B, CAF1B), a protein that plays a role in gene regula-
tion by participating in the degradation of messenger RNA (mRNA) through deadenylation.
Another gene, AT5G20230 (SENESCENCE ASSOCIATED GENE (SAG) 14), is a copper-
binding protein senescence associated gene associated with reponse of oxidative stress and
wounding. When I ran textttEdgeR to crosscheck these genes, only one gene was found to
be up-regulated (SAG14).
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These results were further corroborated when I assessed Generally Applicable Gene-set
Enrichment (GAGE) and Parametric Gene Set Enrichment of KEGG pathways between
tetraploid and diploid treated samples (Figure 3.5). I found that polyploids up-regulated
several pathways related to defense such as ethylene signaling, defense response, response
to nitrogen compounds, and disruption of cells of other organisms, whereas diploids were
up-regulated in beta-glugan metabolism and genes associated with regulation of cell shape.

I compared untreated diploids vs untreated polyploids using a GAGE analysis for enriched
biological processes and found that the same pathways were enriched in the polyploids vs
the diploids as the comparison just looking at the treated samples: down regulation of pho-
tosynthesis in polyploid relative to diploids and up regulation of defense associated pathways
(Figure 3.4, 3.3).

E↵ect within ploidy levels between treated and untreated samples

Comparing treated vs control diploid samples using a GAGE analysis, I found that the signif-
icant cellular components and biological processes were mostly down-regulated in the treated
samples. These cellular components are related to photosynthesis: either Photosystem I and
II or the thylakoid. The biological processes were either photosynthesis related or related
to ethylene-mediated defense response or other defense response such as defense response to
bacteria, response to chitin and drugs, and response to UV-B (Figure 3.5).

DESeq analyses showed that both ccr4-associated factor 1b (CAF1b, AT5G22250) and
putative ccr4-associated factor 1 (CAF1a, AT3G44260) were down-regulated in the treated
samples, as was lipoxygenase 4 (AT1G72520), while a galactose-binding protein (AT1G22882)
was up-regulated (Figure 3.9).

Comparing treated vs control polyploid samples using a GAGE analysis, I found that
polyploids up-regulated genes associated with negative regulation of growth, signal transduc-
tion, DNA replication initiation, negative regulation of dephosphorylation, and disruption
to cells of other organisms; whereas they down-regulated genes associated with the negative
regulation of response to alcohol, regulation of secondary metabolism, trehalose metabolism,
regulation of leaf development and senescence, response to nitrogen compounds and chitin,
and ion transport (Figure 3.5).

Di↵erential transcription of transposable elements

There was no significant di↵erential TE expression between diploids and polyploids, sur-
prisingly, either compared across the microbiome-treated samples or all samples together.
However, I found three significantly under-expressed TEs when comparing the treated to
untreated samples, although only one remained significant following adjustment for multiple
testing using Benjamini-Hochberg method (padj, Love et al. (2014)). The significant TE was
identified as ATMUN1, a nonautonomous DNA MuDR transposon. Between accessions, I
found 90 di↵erentially expressed TEs between Col-0 and Ws-2 and 87 di↵erentially expressed
TEs between Col-0 and Sorbo, which demonstrates that there are many elements that are
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Figure 3.1: Assessment of polyploid lines for aneuploidy. Left: Transcripts per million (TPM)
per gene among the biological replicates of an accession (Col-0 (top), Ws-2 (middle), or Sorbo
(bottom)) and plotted along the length of all five chromosomes. If any one showed a stretch
(or whole chromosome) of elevated or lowered TPM relative to any of the others it would
suggest aneuploidy (chromosomal or segmental). Right: Blue, green, and red dots represent
the mean fold change per gene per chromosome for Col-0, Sorbo, and Ws-2, respectively.
Cyan dots represent the expected pattern for an euploid (all 1.0) and black dots represent
the expected pattern for an aneuploid where there is a coordinated transcriptional increase
due to a segmental or chromosome duplication.

transcriptionally active and that vary across genotypes (especially Copia and VANDAL ele-
ments).

3.4 Discussion

Genotype not microbiome treatment or ploidy drives main

transcriptional di↵erences

I found that the broad-scale transcriptional profiles of the samples grouped strongly together
by accession. Although the di↵erences among genotypes cannot be reliable attributed to one
source of variation (i.e., accession, ploidy, treatment) or their interaction, the large di↵erences
between accessions demonstrates that any pattern observed using accessions as replicates
should be more generalizable than a pattern using individuals within a single accession as
replicates.
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Figure 3.2: Principal component plot spanned by their first two principal components for
samples grouped by (a) condition and (b) ploidy

Figure 3.3: Summary of main RNA-seq findings between samples
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4e-02 Meiotic chromosome separation 

9e-03 Photosynthesis, light harvesting 

2e-02 Photosynthesis, light harvesting in photosystem I 

3e-03 Photosynthesis, light reaction 

4e-03 Photosynthesis 

6e-03 Cellular response to hypoxia 

6e-03 Cellular response to decreased oxygen levels 
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Down Up

Figure 3.4: Enriched KEGG pathways of di↵erentially expressed genes between polyploid
and diploid untreated samples

Both polyploids and diploids down regulate defense pathways

Defense-associated genes

Using the most conservative approach (DESeq) to identify di↵erentially expressed genes, I
found that several defense-associated genes were down-regulated in the microbiome treated
plants compared to the controls (Figure 3.8). In particular, I found that AT1G03220, which
encodes secreted aspartic protease 2 (SAP2), was down-regulated, which is involved in de-
fense against bacterial pathogens by cleaving the conserved bacterial protein MucD in order
to inhibit growth and incurs no penalty to plant growth (Wang et al., 2019). Similarly,
AT2G33580, which encodes LYSM-containing receptor-like kinase 5 (ATLYK5) was found
to be down-regulated, which is associated with protection against fungi, as it forms a chitin
induced complex with the main chitin receptor in Arabidopsis, AtLYK5, in order to induce
immune response (Cao et al., 2014). In a seemingly opposite manner, jasmonate (JA)-
signaling pathway protein VQ12, which is encoded by AT2G22880 was also found to be
down regulated and it plays a role as a negative regulator in plant basal defense to fungi
(Wang et al., 2015). However, other VQ proteins serve as positive regulators of plant basal
defense and it is hypothesized that these proteins act to fine-tune defense signaling path-
ways in order to mediate the trade-o↵ between defense and growth (Wang et al., 2015). I
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Figure 3.5: Heatmap of the sample-to-sample distances based on hierarchical clustering of the
variance-stabilized distance matrices for samples (A). Enriched KEGG pathways of di↵eren-
tially expressed genes between (B) microbiome-treated polyploids and treated diploids, (C)
treated diploids and untreated diploids, (D) treated poylploids and untreated polyploids. (E)
GOrilla-generated visualisation of enriched GO terms in biological processes for target genes
significantly up or down regulated between microbiome treatments within diploid samples.
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Figure 3.6: Comparisons of microbiome-treated plants with non-treated plants. (Right)
Summary statistics of up and down regulated pathways. Enriched KEGG pathways of
di↵erentially expressed genes maped by similarity (A) and network analysis (B). (C) GOrilla
analysis of enriched genes from the set of significantly up- or down-expressed genes discovered
using DEseq2.
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Figure 3.7: Enriched pathways in di↵erentially expressed genes in the KEGG pathway
database for microbiome-treated versus control diploid samples.
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Figure 3.8: Plots of counts for each sample in microbiome-treated or non-treated groups.
Ploidy is colored: diploids in red, tetraploids in blue.
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Figure 3.9: Plots of counts of genes associated with response to bacteria for each sample in
microbiome-treated or non-treated diploids.

also looked at Constructively Activated Cell Death 1 (CAD1, AT1G29690, Figure 3.10), a
negative regulator of SA mediated cell death defense (Morita-Yamamuro et al., 2005), which
was found by Chen et al. (2020) to control phyllosphere microbiota and prevent dysbiosis
in the phylosphere and found that treated groups had significantly less expression (adjusted
p-value = 0.0065, DESeq) than untreated plants–another example of microbiome treated
plants increasing their defenses, but maybe at the cost of controlling other bacteria that
could potentially aid themselves in controlling pathogenic taxa. However, when I investi-
gated if this pattern was driven more by samples of one ploidy versus another, I found that
while this general pattern held true, diploids were down regulating gene networks associated
with defenses while polyploids were maintaining them. This is of interest as plants have
been hypothesized to have evolved to associate with specific bacteria in order to get around
trade-o↵s that stem from growth-defense coregulation by outsourcing their defense to the
beneficial bacteria. The results here point to a scenario where diploids are potentially doing
this outsourcing, but polyploids are not.
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Figure 3.10: Plots of counts for each sample in microbiome-treated or non-treated groups
for the genes in Chen et al. (2020). Ploidy is colored: diploids in red, tetraploids in blue.
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Figure 3.11: Plots of transposon counts for each sample in microbiome-treated or non-treated
groups. Ploidy is colored: diploids in red, tetraploids in blue.

Growth associated genes

Ethylene-signaling genes were found by DESeq to be highly enriched in this comparison as
well. I found that AT1G72430 which encodes Small Auxin Upregulated RNA 78 (SAUR78)
was significantly up-regulated in plants that were inoculated with the synthetic micro-
biome. SAUR78 is one of three SAUR proteins (SAUR 76-78) that are associated with
ethylene receptor signaling and are hypothesized to promote plant growth in Arabidopsis
(Li et al., 2015). Another gene, AT1G22810 (ATERF019), associated with ethylene re-
sponse was found to be significantly down-regulated in treated samples, and is a member
of the APETALA2/ethylene response factor superfamily (Jofuku et al., 1994). The over-
expression of AtERF019 was found to delay both flowering time and senescence time and
to improve drought tolerance (Scarpeci et al., 2017). AT4G24800 which encodes ECIP1 was
also found to be down-regulated, and has been found to increase ethylene response and salt
tolerance in loss-of-function mutants (Lei et al., 2011). However, AT5G01830 which encodes
armadillo/beta-catenin repeat family protein (SAUR21) is down-regulated in the treatment
samples, which is in a group of genes (SAUR19–24) known to be associated with auxin
mediated increases to hypocotyl and leaf size (Spartz et al., 2012). These results together
demonstrate that inoculation with commensal microbiome elicits a strong transcriptional
response of the hormones that regulate both growth and senescence (Figure 3.8). This could
potentially be associated with the down-regulation of defense genes across ploidies when
treated with the synthetic community as there is significant growth-defense coregulation via
similar molecular pathways. Therefore, by lowering defense, these plants are potentially able
to increase the transcription and regulation of growth processes.

Polyploids consistently maintain more defenses than diploids

An interaction between stress response and nutrient response mediated by preferential plant
associations with microbes has been demonstrated in phosphate stress response in Arabidop-
sis (Castrillo et al., 2017). I found two main results: 1) polyploids have more defenses in
general, and 2) polyploids don’t change their defence allocation in response to the micro-
biome.
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However, this does not necessarily point to a scenario where diploids living in a “safe-
space” lower their defenses to bacteria to prioritize nutrient accumulation, as the GAGE
analysis between treated and control diploid samples identified that genes involved in pho-
tosynthesis were significantly down-regulated in the treated samples (Figure 3.5). However,
considering the importance of sugar as energy and structure for plant defense and its role
in signaling and priming of defense pathways (Morkunas and Ratajczak, 2014), this could
be another example of diploids lowering intrinsic defensive capacity at the same time that
polyploids are maintaining it. When comparing between diploid and polyploid treated sam-
ples, the diploids have significantly up-regulated starch and glycogen metabolism pathways,
potentially pointing to di↵erential resource allocation leaning more towards defense in the
polyploids (Figure 3.5) as a consequence of the limitations due to growth-defense coregula-
tion (i.e. less defense means those pathways can be used for growth). Similarly, enriched
pathways in di↵erentially expressed gene sets of the KEGG pathway database for micro-
biome treated versus control diploid samples show us that the mitogen-activated protein
kinase (MAPK) signaling pathway is downregulated in treated samples (Figure 3.7) and
MAPKs are extremely important signaling factors in plant defense signaling playing an role
in both jasmonic acid and salicylic acid signaling (Jagodzik et al., 2018).

Similarly, I found that with respect to bacterial pathogen response, diploids significantly
down regulated ATCAF1B, but polyploids maintained a similar expressional profile to the
untreated samples. ATCAF1B has been found to be involved with multistress resistance (bi-
otic and abiotic) (Walley et al., 2010), in particular resistance to the pathogen Pseudomonas
syringae (Liang et al., 2009). In fact, the GAGE and parametric GAGE enrichment analysis
of KEGG pathways found that the plant-pathogen interaction and defense and signaling
pathway were both significantly up-regulated in polyploids than diploids. One possible ex-
planation for this pattern could be that polyploids are less responsive to the microbiome or
that they are less selective in selecting their microbiome due to a disruption of fine-tuned
pathways as a consequences of a doubling of gene dosage across the genome. Indeed, when
comparing the untreated polyploids with the untreated diploids, I found similar patterns of
increase polyploid defense transcription to diploids as when I compared treated polyploids
with treated diploids. These results for the first time provide empirical transcriptional ev-
idence that polyploids have a more active defense response to bacteria and supports the
theoretical models that hypothesize that they are more resistant to pathogens (Oswald and
Nuismer, 2007).

A similar explanation is that diploids have a more active role in promoting a community
of commensal bacteria. Diploids being more responsive to treatment with the commensal
community is consistent with the theory that polyploids are more resistant to pathogens
and therefore have transcription patterns consistent with bacterial defense even when the
bacteria are potentially beneficial. This could be attributable to an increased insensitivity
to the growth-defense trade-o↵ due to the general robustness of some polyploids even given
increased dosage of defense genes (Ng et al., 2012), whereas diploids may be able to lower
defense expression in order to allocate more resources to growth in the presence of beneficial
bacteria. Therefore, a consequence of whole genome duplication maybe a loss of control over
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the composition of the microbiome. While controling the microbiome may be an adaptation
for diploids, my study demonstrates how the loss of this control in polyploids, which would
be a spandrel of increased resistant to pathogens, could also be a source of variation in the
microbiome upon which natural selection can act.

Transposable elements are active following neopolyploidy

I also demonstrate that the induction of a microbial environment on Arabidopsis plants has
generalizable e↵ects across accessions and ploidies on the transcription of at least one family
of Mutator (Mu) regulatory element (MuDR). MuDR/Mu transposable elements are highly
active in plants, especially in Maize, and plants have developed many developmental or epi-
genetic strategies to control their proliferation (Walbot, 1992). The decreased transcription
of ATMUN1, which is a non-automonous element (i.e. reliant on the transcription mech-
anisms of other TEs to move), could potentially be due to ways by which the broad scale
changes of plants in response to the microbiome have interactions with pathways involved
with the regulation and silencing of TEs.

Conclusion

My study provides transcriptional evidence for a model where neopolyploids have increased
resistance to pathogens by having an increase in the expression of defense genes regardless
of the surrounding bacteria, but that diploids have potentially evolved to down regulate
defense genes in the presence of protective bacteria. Therefore one potential immediate
consequence of whole genome duplication may be a loss of control over the composition
of the defensive microbiome and may explain why diploids may outcompete polyploids in
the parent range but that polyploids often outcompete diploids in disturbed or changing
environments (López-Jurado et al., 2019; Decanter et al., 2020).
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Chapter 4

Understanding endopolyploidy:

realistic next steps

Abstract

Polyploidy is a ubiquitous phenomenon across the tree of life. While the ecological and
evolutionary consequences of this phenomenon as a large-scale, germline mutation have been
well-studied, polyploidy also occurs in somatic cells—such genome duplications are referred
to as endopolyploidy. This review surveys what is known about somatic polyploidy and frames
the open questions in the field to assess whether endopolyploidy and germline whole-genome
duplication have shared underlying evolutionary rules.

4.1 Introduction

There have been recent calls to welcome in a new decade of polyploidy research (“Polyploidy
2030”) by integrating knowledges across di↵erent fields that have hitherto remained separate
and which span di↵erent levels of organization, diversity, and applications in health and agri-
culture (Fox et al., 2020). Importantly, these authors note that polyploidy occurs on both
organismal and sub-organismal levels and argue that genome doubling can be conceptualized
as a unified biological phenomenon with emergent commonalities. However, it is not read-
ily explicable how somatic polypolyploidy (endopolyploidy) relates to germline polyploidy
(whole-genome duplication or WGD1) from an evolutionary perspective since there are many
obvious di↵erences in both the proximate and ultimate consequences of the two processes.
In fact, the nascent field of endopolyploidy studies has not been thoroughly reviewed and
there remains many open questions about its fundamental biology. If we are to seriously
embark on “joint research ventures across diverse disciplines [that] will promote a better
understanding of polyploidy at both the cellular and organismal levels”, it is incumbent on

1in this chapter WGD will refer solely to germline polyploidy
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us to clearly articulate the di↵erences and similarities between these two phenomena. This
review surveys what is known about somatic polyploidy and frames the open questions in
the field around necessary first steps that we are to take to meaningfully address the question
whether endopolyploidy and whole-genome duplication have shared underlying rules.

There has been no broad survey of endopolyploidy research to date. Therefore this review
will do the following: first, provide a background on ways that scientists study endopoly-
ploidy in di↵erent groups; second, compare the major findings and interpretations between
animals, plants, and cancer research, which has hiterto remained separate fields; third sum-
marize the evolutionary implications of a potential synthesis of these researches and the open
questions that remain if we are to unite the germline and somatic polyploidy research and
uncover “rules of life.” I argue that it will be important to clarify the traits we are talking
about when talking about polyploidy and that a helpful trait to consider may not just be
polyploidy of a cell or of all the cells in an organism, but rather the ability to transition
between diploid and polyploid states. I also argue that the possible overlap in the ways that
lineages have evolved to make use of polyploidy through both endopolyploidy and WGD can-
not yet be inferred until more basic research is done into understanding how common these
phenomena are across the tree of life and encourage more work in the descriptive sciences.

4.2 What are the methods used to study

endopolyploidy?

Unlike germline polyploidy that has an clearly observed and historical suite of traits (e.g.
chromosome counts, synteny) that have been used to map the extant and historical distri-
bution of this trait across various branches on the tree of life, not much is known about
endopolyploidy and it has only recently become an object of inquiry.

There are several ways to assess the amount of endopolyploidy in a tissue by identifying
the number of endopolyploid cells. DNA content of individual fluorescently labelled cells can
be measured using flow cytometry and used to identify di↵erent ploidy levels by the nuclei
peaks on a histogram (e.g., 2C, 4C, 8C, etc.). The most basic description of endopolyploidy
is simply the nuclei number for each ploidy level and individuals can be compared using the
mean C-value (picogram amount of DNA contained within a haploid nucleus). However,
these methods pose statistical problems in measuring variance and accounting for the out-
sized weighting of higher ploidy levels (Gegas et al., 2014; Barow and Meister, 2003). To
account for these issues, the cycle value or Endopolyploidy Index (EI) has been proposed by
Barow and Meister (2003) as a standard measurement and has been adopted by many recent
studies (Pacey et al., 2020; Zedek et al., 2020; Bainard et al., 2020). EI can be calculated
using the following equation:

EI =
0 ⇤ n2C + 1 ⇤ n4C + 2 ⇤ n8C + 3 ⇤ n8C + ...

n2C + n4C + n8C + n16C + ...
(4.1)
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DNA densitometry (Feulgen densitometry) is another method that is used to measure
the amount of endopolyploidy in a cell (how many copies of its genome) or tissue and has
been used to discover endopolyploid cells that are uncommon or uncommonly high in DNA
content (Neiman et al., 2017). These methods are much more labor intensive than flow
cytometry and have been more commonly used to asses endopolyploidy levels in animals
than in plants (Rasch and Wyngaard, 2008; Carella et al., 2017).

In the last couple of years, we have begun to see endopolyploidy being studied using
phylogenetic comparative methods, a historical framework that allows scientists to study
the evolution of characters across a phylogeny and/or the process of branching itself to
infer diversification rates. Bainard et al. (2020) tested whether there was phylogenetic sig-
nal (related species having similar traits) for genome size or EI across the moss phylogeny
and if genome size and EI were correlated. These scientists found that in mosses there is
phylogenetic signal for genome size but not for EI and that EI and genomic size are not cor-
related when accounting for the phylogeny. This pivotal study demonstrates the potential
for endopolyploidy to be studied in a phylogenetic framework and the production of more
datasets with better sampling and trait information will allow for questions pertaining to
joint estimation of trait evolution and diversification rates to be addressed in the future.
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4.3 Mechanisms of genome doubling

While much of the current research into endopolyploidy has been studying plant taxa (Table
4.1, 4.2), endopolyploidy has evolved several times across the tree of life (Figure 4.2) through
roughly the same mechanisms: endocycling, whereby the S and G phases of the cell cycle are
alternated without mitosis, or endomitosis, whereby mitosis occurs in a cell but cytokynesis
is not carried out (Figure 4.1, Lee et al. (2009); Donné et al. (2018)). These processes are
a form of somatic mutation but have also evolved to be programmed developmentally and
to exhibit heritable variation across tissues and taxa (Galbraith et al., 1991; Barkla et al.,
2018; Jalal et al., 2015; Barow, 2006).

The cellular e↵ects of whole genome duplication especially on cell and nuclear volume
and other organismal processes are driven in the same way as endopolyploid cells through
the increase of copies of the nuclear genome (Scholes and Paige, 2015). WGD is formed,
nonetheless, as a germ line mutation that is heritable and expressed somatically throughout
the entirety of an organisms, whereas endopolyploidy happens on a cell-by-cell basis. The
two broad categories of WGD formation are autopolyploidy and allopolyploidy and these
have important cellular and organismal di↵erences. First, the problem of improper segre-
gation of sister chromosomes in meiosis can lead to reduced fertility. Since the homologous
chromosomes of allotetraploids (which arise from hybridization of di↵erent species) often
segregate by subgenome, multivalents are more of a problem for autotetraploids and are
resolved evolutionarily by reducing cross-over rates (Lloyd and Bomblies, 2016).

4.4 Is endopolyploidy specific to plants?

In animals (for a review see Neiman et al. (2017)), endopolyploidy is hypothesized to play
two main functional roles: increasing cell size and/or altering gene expression, both of which
have phenotypic consequences that are visible to selection such as growth rate, organ/body
size, or organ/body modifications. There is limited evidence in animals that endopolyploidy
has evolved to increase protein production in certain organs (e.g., in silk-producing animals;
Neiman et al. (2017); Xia et al. (2009)). There is also evidence that increases in RNA
polymerase II are associated with cell ploidy level in both Arabidopsis and tomato and
have evolved to increase the transcriptional activity of cells (Schubert, 2014; Bourdon et al.,
2012). Similarly, endopolyploidy modifies the accessibility of chomatin within a cell that
could lead to increases in gene expression (Barow, 2006). However, while the increased
transcriptional and metabolic output caused by endopolyploidy could have an important
role in stress response by producing more chemicals that can defend against herbiovry or
UV stress (Leitch and Dodsworth, 2007), the main role that endopolyploidy is thought to
have in plants is by the positive correlation between DNA content and cell size and the
associated changes in growth and cell function with cell size (Barow, 2006).

Endopolyploidy is very common in insects where most of the observational work has
been performed. Endopolyploidy has been found to be common in ants especially in the
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Figure 4.1: Di↵erent mechanisms of somatic and germline polyploidy. For endopolyploidy
(orange), either endocycling occurs whereby the S and G phases of the cell cycle are alter-
nated without mitosis or endomitosis occurs whereby mitosis occurs in a cell but cytokynesis
is not carried out. WGD (blue) can occur either via allopolyploidy or autopolyploidy. Mul-
tiple sources of allopolyploid formation are presented.
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Figure 4.2: Cladograms of major lineages of plants (left) and animals (right) with putative
stem whole-genome duplications (WGD) marked by green ovals and lineages with evidence
of endopolyploidy indicated by blue bars and italicized taxa names. Cladograms modified
from Barow (2006) and Maeso et al. (2012). WGD data mapped from CoGepedia Wiki
and Maeso et al. (2012) and endopolyploidy data mapped from Barow (2006) and Neiman
et al. (2017). However, endopolyploid has not been widely investigated and it remains to be
known whethere these are false or true negatives.
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abdomen and among males (Scholes et al., 2013). In honeybees, where females exhibit
polyethism, levels of endopolyploidy was found to decrease in most tissues over time and
with more complex and age-associated social roles such as foraging (Rangel et al., 2015). In
termites, the fat bodies of forager species were found to have more endopolyploidy than wood-
dwelling species and queens were found to have more endopolyploidy in their fat bodies than
non-queens (Nozaki and Matsuura, 2019). Endopolyploidy has been found to be common
in Drosophila (Losick et al., 2013) and ribbon worms (Mulligan et al., 2014), and also in
mammals, where endoreplication is widespread in developing tissues and found to be essential
to the development of the rodent placenta (Gandarillas et al., 2018; Hu and Cross, 2009).

Nonetheless, there is a substantially more research into endopolyploidy in plants including
a large body of experimental work in addition to natural history. The phenomenon is common
in many plant taxa such as Opuntia, Maize, Arabidopsis and Conophytum where it is found
in many di↵erent tissues and organs (Palomino et al., 2016; Li et al., 2019; Powell et al., 2020;
Pacey et al., 2020; Zedek et al., 2020) and endopolyploidy has been found to be induced in
response to UV stress (Zedek et al., 2020), herbivory (Mesa et al., 2019), salt stress (Barkla
et al., 2018), light stess (Kwon et al., 2018), and phosphorous stress (Zeng et al., 2017).
Just as ancient WGD is now considered to be ubiquitous across the evolution of plants (Cui
et al., 2006), it is now accepted that endopolyploidy is also a ubiquitous and widespread
phenomenon (Figure 4.2).

4.5 Are there tissue-specific patterns?

Endopolyploidy allows both for cells to have an alternative strategy for growth and to support
specialized function for di↵erentiated cells (reviewed in Lee et al., 2009). For example, the
growth of the young hypocotyl in plants is driven by endoreplication (Lee et al., 2009) as well
as the growth of larvae in Caenorhabditis elegans and Drosophila (Edgar and Orr-Weaver,
2001; Lozano et al., 2006) and both plants and animals use endopolyploidy for nutrient
uptake and storage (Lee et al., 2009). Specialized structures such as the trichomes in plants
or nurse and follicle cells in Drosophila are also endopolyploid and have evolved specialized
and essential functions within lineages (Lee et al., 2009). Likewise, endopolyploidy plays an
important role in arbuscular mycorrhizas where endopolyploidy is induced in anticipation of
fungal colonization (Carotenuto et al., 2019). Endopolyploidy has been found to be common
especially in geophytes and fruit production and negatively correlated with genome size
Kolarčik et al. (2020); Musseau et al. (2020).

Importantly, endopolyploidy allows both plants and animals to respond to stress by in-
creasing growth when growth is prevented via mitosis (Weigmann et al., 1997; Cookson et al.,
2006). Changing cell size can lead to di↵erent structural and physiological properties such
as storing more salt, having more copies of DNA to bu↵er the e↵ects of UV-B damage, or
increasing surface area for photosynthesis (reviewed in Leitch and Dodsworth, 2007). How-
ever, Neiman et al. (2017) points out that while plants almost always see a direct correlation
between increased cell size due to polyploidy and increased body size, animals often do not
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and may maintain the same body size leading to a trade-o↵ in organ complexity, e.g., in
salamander brains (Vernon and Butsch, 1957).

Endopolyploidy has also been studied extensively in the context of cancer, but these
contributions have been rarely examined in the context of ecology and evolution. In organs
that have evolved to have a large amount of endopolyploid cells, such as the human liver
(where around 30% of cells are polyploid (Donne et al., 2020)), it has been found that
there is a positive correlation between the proportion of polyploid cells in the organ and
the suppression of tumorigenesis, i.e., the diploid state was more susceptible to genomic
aberrations in the form of tumor-suppression loss or oncogene activation (Zhang et al., 2018).
This putative protective role of endopolyploidy is further supported by the observation that
a reduction of ploidy is characteristic of liver cancer (Delgado et al., 2020) although this
association is correlative and not causal. Although the polyploid state of the liver may act
as a gatekeeper of tumeriogenesis by increasing the dosage of tumour suppressor genes and
wild type copies of Tumor protein p53, it may also be a tumor-promoting mechanism since
interfering with the p53 pathway is one way for polyploid cells to resume the cell-cycle and
increase genomic instability often leading to a worse prognosis (Donne et al., 2020).

Moreover, there is also evidence that tetraploidy and associated aneuploidy play an im-
portant role in the development of cancer as the increased number of chromosomes bu↵ers
the negative consequences of evolving a mutator phenotype and that the increases in the rate
of chromosomal missegregation will also increase the probability of evolving these mutator
phenotypes (reviewed in Davoli and de Lange, 2011). Polyploid cancer cells have been found
in the most common cancers (e.g., pancreatic, lung, colon, etc.) and many of the most dif-
ficult to treat cancers are characterized by polyploid cells (reviewed in Donne et al., 2020).
Cancer stem-like cells are often derived from Polyploid Giant Cancer Cells (PGCCs) have
been shown to occur due to a conserved evolutionary response to hypoxia stress that leads to
endopolyploidy and also to play an integral role in regulating and growth and heterogeneity
in other cancer cells (Zhang et al., 2014). This co-opting of a stress response pathway to
induce polyploidy is thought to be an exaptation leading to the evolution of PGCCs as an
adaptive response of cancers to chemotherapy (Lin et al., 2018).

4.6 Is endopolyploidy beneficial or deleterious?

Endopolyploidy is considered a potentially adaptive mechanism by which an organism can
respond to environmental stress. In plants, which have been known to induce increased
endopolyploidy in cells following myriad stress treatments including UV-B, temperature
changes, drought, pH, and herbivory (for a more comprehensive list of demonstrated re-
sponses to environmental stress and hypothesized adaptive explanations see Leitch and
Dodsworth (2007)), it has been hypothesized that endoreduplication has evolved as an in-
tegrated part of the general plant stress response pathway (Scholes and Paige, 2015). Mesa
et al. (2019) found that both mammalian herbivory, which often removes the apical meristem,
and insect herbivory, which does not, trigger endoreduplication. In animals, endopolyploid
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cells in the epidermal cells of Daphnia helmets, a defense structure on the head which is
mostly diploid, is thought to act as storage sites of dopamine to modulate the formation of
bigger helmets in the presence of predators (Neiman et al., 2017). Likewise, damaged liver
cells in animals are able to regain functional activity through growth via endoreplication
instead of cell replication (Denchi et al., 2006; Lee et al., 2009). Due to increases in cellular
imaging, it is now thought that more than fifty per cent of mammalian cells are developmen-
tally programmed polyploid cells which have essential roles in tissue repair, but may come
with a latent cost of being a driver of disease in old age (reviewed in Gjelsvik et al., 2019).

Like whole-genome duplication, endopolyploidy is also considered to be a mechanism that
has evolved for plants to accelerate growth in environments that benefit from faster develop-
ment times (Barow and Meister, 2003). However, although endopolyploidy is known to have
a heritable basis (Neiman et al., 2017), that traits correlated with endopolyploidy are poten-
tially visible to natural selection, that there is variation in levels of endopolyploidy across
closely related taxa, and that endopolyploidy as a trait has high phylogenetic signal, little
experimental work has been done to assess the evolutionary or ecological consequences of en-
dopolyploidy. Some work on cellular polyploidy and niche di↵erentiation has been studied in
cancer, however. In a way analogous to the on-o↵ switch metaphor of polyploidy-diploidy or
asex-sex transitions within a lineage in response to stressful vs optimal environments, Pienta
et al. (2020) also propose that polyploid cancer cells, in particular poly-aneuploid cancer
cells (PACCs), can be used in a conditional evolutionary strategy of facultative evolvability.
During times of stress, PACCs can cause cancer cells to accelerate evolution by proliferating
and thereby causing more heritable variation, but, as they are induced by stress, they are
less common during optimal conditions of cancer growth leading to a decrease in heritable
variation and increased stability which avoids the disadvantageous consequences of high mu-
tation rates (Pienta et al., 2020). Therefore, the trait that is important to evolution may
not be polyploidy of a cell or of all the cells in an organism, but rather the ability to transi-
tion between diploid and polyploid states or a propensity to become polyploid. In fact, this
directly is analogous to one way that scientists frame polyploidy as a propensity for plants
to transition between diploid and polyploid states throughout a lineage (Freeling, 2017) and
could be a potential way to incorporate insights between somatic and germline polyploid
studies.

4.7 Is there a correlation between endopolyploidy

and germline polyploidy?

WGD has many of the same e↵ects on the cell that endopolyploid does. Namely, increas-
ing the number of copy of genomes in a cell increases the volume of the cell and decreases
the surface-to-volume ratio (Figure 4.1). This ratio holds despite the di↵erences in WGD
cells and those endopolyploid cells produced by endocycling which produces polytene chro-
mosomes (very long chromosomes formed by the successive duplication of each chromatid
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without segregation (Zykova et al., 2018)). Like endopolyploid cells, polyploid cells derived
from WGD have more chromatin resulting in larger nuclei and longer cell cycles, leading to
larger cells with larger or more organelles—these modifications to the organization of chro-
matin may change gene expression in both plants and animals resulting in di↵erences in the
movement of and timing of translation of mRNA (reviewed in Doyle and Coate, 2019).

There is an inverse relationship between endopolyploidy and WGD in plants. Pacey et al.
(2020) have shown that there is a trade o↵ between endopolyploidy and WGD in autote-
traploid accessions of Arabidopsis with a negative correlation between endopolyploidy index
and ploidy level in conjunction with strong cytotype associations of these traits. Similarly,
research done on members of the Chenopodioideae has shown that endopolyploidy is more
common in diploid species than polyploids (Skaptsov et al., 2017). However, many lineages
that are known to have endopolyploidy are also lineages that are derived from ancient WGD
and the occurrence of neo-WGD may also be a common trait to these clades (Figure 4.2,
Barow (2006)).

Both germline and endopolyploidy are mutations that have been co-opted to perform
similar roles in plants. Endopolyploidy is thought to be an important mechanism in plant
hedging strategies to mediate the trade-o↵ between fitness when damaged and tolerance
following damage (Scholes et al., 2017). WGD is also known to a↵ect the evolution of trade-
o↵s as studies into groups in Asteraceae have shown that the transition between diploidy
and polyploidy is associated with both competition-colonization and competition-defence
trade-o↵s and are attributed to the success of polyploids in being able to colonize new
niches (Thébault et al., 2011). The flexibility of growth and defense strategies as well as
the developmental flexibility of the plant lineage points to possible overlap in the ways that
lineages have evolved to make use of polyploidy through both endopolyploidy and WGD.

4.8 What are the long-term macroevolutionary

consequences of endopolyploidy?

The flexibility that polyploidy a↵ords plant lineages has raised the hypothesis that gen-
era that have high levels of endopolyploidy and WGD incidence would have higher spe-
ciation rates. However, a recent study looking at di↵erent genera of orchids found that
endopolyploidy was negatively associated with polyploid speciation (Bateman et al., 2018).
Nonetheless, there are very few researches into the long-term consequences of endopolyploidy,
although some patterns have emerged. The most important factor in predicting endopoly-
ploidy in a lineage is phylogeny (Barow and Meister, 2003). Endopolyploidy is very common
in flowering plants and mosses but not in ferns, gymnosperms, liverworts, or lycophytes
(Barlow (1978); Barow and Jovtchev (2007); Bainard and Newmaster (2010), Figure 4.2).
Recent phylogenetic studies have shown that there is phylogenetic signal for both endoredu-
plication index and genome size (higher endoreduplication is associated with smaller genome
size to accommodate the reduction in genetic content through specialization) in plants and
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that these traits are correlated with many important phenotypes including life history and
flowing time and even mycorrhizal association (Bainard et al., 2012). However, this correla-
tion was not found in moss, where it was hypothesized that the strong phylogenetic signal
in the clade is due to evolutionary pressure to maintain small genomes by also maintaining
high levels of endopolyploidy (Bainard et al., 2020). There is some evidence that endopoly-
ploidy allows for genome reduction, however. For example, the relatively small genome size
conserved in the Aizoaceae is also associated with large amounts of endoreduplication found
across the clade and is thought to be an important feature in the diversification of this highly
diverse succulent clade (Powell et al., 2020). However, the importance of endopolyploidy as
a trait (or suite of traits e.g. degree od endopolyploidy, propensity of endopolyploidy, or
presence/absence of endopolyploidy) that influences diversification rates across a phylogeny
has not yet been studied in a robust statistical phylogenetic framework.

Nagl (1976) understands endopolyploidy as one of many evolutionary strategies to in-
crease nuclear DNA content and can make up for a lack of increase of DNA content across
a given lineage through tissue specific gene expression. While we are arriving at an un-
derstanding of the evolution of regulatory mechanisms and of ways that complexity and
phenotypic diversity are driven by other means than a simple increase in number of genes,
it is clear that these processes evolve in a manner governed by developmental constraints
of a given lineage, such as sex chromosomes. Spoelhof et al. (2020) point out that there
besides the plant clade, essentially nothing is known about chromosome counts, genome size
estimates, or amount of endopolyploidy in the Vertebrata, Cnidaria, Arthropoda, Fungi, or
Spiralia clades. Notably, animals possess the same or analogous diversity in reproductive
strategies as plants from sexual to asexual to vegetative and it remains unknown how these
macroevolutionary dynamics play out in groups that resemble plant life-styles, e.g., sponges
or Cnidaria.

4.9 What remains unknown and next steps?

Several of the same questions that phylogeneticts have been studying with respect to WGD
have also been asked about “endopolyploid species” (i.e., species that may have developmen-
tally programmed and abundant endoreduplication often measured using the endoreduplica-
tion index (EI)), such as: is endopolyploidy an adaptive trait that allows for fast development
in plant lineages and contributes to the maintenance of small genomes and large cells or is
endopolyploidy an adaptation to high altitude or cold environment that arrest mitosis but
not cell expansion (Barow and Meister, 2003). The observation that EI is relatively con-
served within a species and similar across a genus and yet is vastly di↵erent within families,
demonstrates its potential to be studied as a species level trait and it would be interesting
to perform phylogenetic tests to see whether there is an association of EI with increased
diversification rates, environmental traits, or other natural history traits. In this way, we
can imagine expanding the phylogenetic apparatus developed for investigating the impor-
tance of WGD in the diversification of lineages across a phylogeny in plants to investigating
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endopolyploidy as a driver of diversity as well. More measurements of EI across families
would be required but there is no reason that it could not be treated as a quantitative trait
and modeled in a Bayesian framework.

Likewise, there is also a considerable amount of work to be done from an experimental
standpoint as well. The classic experiment to test the ecological importance of WGD was
done by Ramsey (2011) using transplant experiments of natural and synthetic polyploids of
di↵erent ploidy levels to demonstrate how WGD confers a fitness advantage to polyploids
in novel environments. In Arabidopsis it is been recently shown that there is an association
between endopolyploidy (which varies significantly between accessions) and leaf functional
traits and climate variation (Pacey et al., 2020) and therefore it is a candidate for future
studies looking at local adaptation in a similar way that WGD has been in the past. If en-
dopolyploidy is an adaptive trait then these experiments would be a fruitful and inexpensive
avenue to test these hypotheses.

I propose that the decade of “Polyploidy 2030” must attempt to answer basic questions
of endopolyploidy biology before we can realistically uncover potential shared “rules of life”
between germline and somatic polyploidy. These open questions include:

• How common is endopolyploidy across the tree of life?

• How does endopolyploidy as a somatic mutation arise and become integrated into the
developmental programme of plants and animals?

• Is endopolyploidy more common than WGD across the tree of life? Or do lineages that
that more endopolyploidy have less WGD, as is hypothesized in animals?

• To what extent is there an inverse relationship between endopolyploidy and WGD and
does this pattern also extend to animals and plants other than Arabidopsis? Does
endopolyploidy and WGD have similar e↵ects on the expression of gene networks and
are there shared transcriptional patterns for a given phenomenon (e.g. stress response)?

• Is there an association between endopolyploidy and diversification rates across the
tree of life and are these patterns the same as those assessing the role WGDs have on
diversification?

4.10 Concluding Remarks

Many of the possibilities to arrive at a synthesis about the “rules of life” when it comes to
understanding polyploidy have been made possible by the “old school” work of scientists past,
namely observational science. Chromosome counts and genome size estimates, as well as the
broad early sequencing of whole genomes of diverse clades of plants have opened a window
into how polyploidy shapes evolution, but mainly only for plants— a small clade in the tree
of life. In order to expand our knowledge of polyploidy as an extremely important source of
genetic variation in evolution we need to encourage observational sciences in other realms of
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biology other than plants, while still promoting it in plants. This project will include getting
a better understanding of chromosome number evolution, genome size evolution, and EI,
and increasing taxonomic sampling in not only animals but also fungi and other clades as
well, However, the next decade of polyploid research is looking to be promising as many
unanswerable questions are now becoming in reach and with it an truly integrative approach
to understanding evolution.
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Appendix A

Supplemental Data and Code

A.1 Links to Raw Data

See Table A.1.

A.2 16S Analysis

‘‘‘{r setup, include=FALSE}
knitr::opts_chunk$set(echo = TRUE)

Table A.1: Links to the raw and processed data used in the dissertation

Description Link

Chapter 1: 16S Raw Reads

https://drive.google.com/drive/folders/
1L9qWDJrltgPLD0hkfiC
3L4-XHXHdvduL?
usp=sharing

Chapter 2: 16S Raw Reads
https://drive.google.com/drive/u/1/folders/
1qmi5AxOTOQqjTk5fG2L9NtuKxxh4XDlN

Chapter 3: RNASeq Raw Reads

https://drive.google.com/drive/folders/
1Cxwr8XiJKIKrOx
IeYWIrTFVtqJc-zt7a?
usp=sharing

Chapter 3: DESeq2/EdgeR comparisons

https://drive.google.com/drive/folders/
1SN FHNEv3N
JBc50203C2n4g6E3xcb9X ?
usp=sharing
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library(dada2)
library(ape)
library(phyloseq)
library(Biostrings)
library(ggplot2)
library(tidyverse)
library(DESeq2)
library(DECIPHER)
library(phyloseq)
library(ade4)
library(adespatial)
library(microbiomeSeq)
library(vegan)
library(phangorn)
library(reshape2)
theme_set(theme_bw())
‘‘‘

Set path to fies
‘‘‘{r}
# path <- "~/Downloads/raw"
# list.files(path)
#
# fnFs <- sort(list.files(path, pattern="_R1_001.fastq.gz"
, full.names = TRUE))
# fnRs <- sort(list.files(path, pattern="_R2_001.fastq.gz"
, full.names = TRUE))
# # Extract sample names, assuming filenames have format
: SAMPLENAME_XXX.fastq
# sample.names <- sapply(strsplit(basename(fnFs), "_"), ‘[‘, 1)
‘‘‘

Inspect Read Quality Profiles
‘‘‘{r}
# plotQualityProfile(fnFs[1:2])
# plotQualityProfile(fnRs[1:2])
‘‘‘

# Filter and trim
‘‘‘{r}
# # Place filtered files in filtered/ subdirectory
# filtFs <- file.path(path, "filtered",
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paste0(sample.names, "_F_filt.fastq.gz"))
# filtRs <- file.path(path,
"filtered", paste0(sample.names, "_R_filt.fastq.gz"))
# names(filtFs) <- sample.names
# names(filtRs) <- sample.names
#
#
# out <- filterAndTrim(fnFs, filtFs, fnRs, filtRs, truncLen=c(230,160),
# maxN=0, maxEE=c(2,2), truncQ=2, rm.phix=TRUE,
# compress=TRUE, multithread=TRUE)
# On Windows set multithread=FALSE
# head(out)
‘‘‘

# Learn the Error Rates
‘‘‘{r}
# errF <- learnErrors(filtFs, multithread=TRUE)
# errR <- learnErrors(filtRs, multithread=TRUE)
# plotErrors(errF, nominalQ=TRUE)
‘‘‘

# Sample Inference
‘‘‘{r}
# dadaFs <- dada(filtFs, err=errF, multithread=TRUE)
# dadaRs <- dada(filtRs, err=errR, multithread=TRUE)
# dadaFs[[1]]

‘‘‘

# Merge paired reads
‘‘‘{r}
# mergers <- mergePairs(dadaFs, filtFs, dadaRs, filtRs, verbose=TRUE)
# # Inspect the merger data.frame from the first sample
# head(mergers[[1]])

‘‘‘

# Construct sequence table
‘‘‘{r}
# seqtab <- makeSequenceTable(mergers)
# dim(seqtab)
# table(nchar(getSequences(seqtab)))
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‘‘‘

# Remove chimeras
‘‘‘{r}
# seqtab.nochim <- removeBimeraDenovo(seqtab,
method="consensus", multithread=TRUE, verbose=TRUE)
# dim(seqtab.nochim)
# sum(seqtab.nochim)/sum(seqtab)
‘‘‘

# Track reads through the pipeline
‘‘‘{r}
# getN <- function(x) sum(getUniques(x))
# track <- cbind(out, sapply(dadaFs, getN), sapply(dadaRs,
getN), sapply(mergers, getN), rowSums(seqtab.nochim))
# # If processing a single sample, remove the
sapply calls: e.g. replace sapply(dadaFs, getN) with getN(dadaFs)
# colnames(track) <- c("input", "filtered", "denoisedF",
"denoisedR", "merged", "nonchim")
# rownames(track) <- sample.names
# head(track)

‘‘‘

# Assign taxonomy
‘‘‘{r}
# taxa <- assignTaxonomy(seqtab.nochim,
"~/Downloads/raw/silva_nr_v138_train_set.fa",
multithread=TRUE)
#
# taxa <- addSpecies(taxa,
"~/Downloads/raw/silva_species_assignment_v138.fa.gz")
#
# taxa.print <- taxa # Removing sequence rownames for display only
# rownames(taxa.print) <- NULL
# head(taxa.print)
‘‘‘

# Build Tree
‘‘‘{r}
# seqs <- getSequences(taxa)
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# names(seqs) <- seqs
# alignment <- AlignSeqs(DNAStringSet(seqs), anchor=NA)
# phang.align <- phyDat(as(alignment, "matrix"), type="DNA")
# dm <- dist.ml(phang.align)
# treeNJ <- NJ(dm)
#
# fit = pml(treeNJ, data=phang.align)
# fitGTR <- update(fit, k=4, inv=0.2)
# fitGTR <- optim.pml(fitGTR, model="GTR", optInv=TRUE, optGamma=TRUE,
# rearrangement = "stochastic", control =
# pml.control(trace = 0))
#
#
# detach("package:phangorn", unload=TRUE)
‘‘‘

# Handoff to phyloseq
‘‘‘{r}
# samdf <- read.csv("~/Downloads/raw/samdf.csv", row.names = 1)
#
# ps <- phyloseq(otu_table(seqtab.nochim, taxa_are_rows=FALSE),
# sample_data(samdf),
# tax_table(taxa),
# phy_tree(fitGTR$tree))
#
# #save file
# saveRDS(ps, "~/Downloads/raw/ps.rds")

# #remove chloroplast
# ps <- subset_taxa(ps, (Class!="Chloroplast") | is.na(Class))

ps <- readRDS("~/Downloads/raw/ps.rds")
ps <- subset_taxa(ps, (Class!="mitochondria") | is.na(Class))
ps <- subset_taxa(ps, (Class!="Chloroplast") | is.na(Class))
‘‘‘

# Visualize alpha-diversity
‘‘‘{r}
plot_richness(ps, x="ploidy", measures=c("Shannon", "Simpson"),
color="samples")
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ps.a.plot <- plot_anova_diversity(ps, method = c("richness",
"fisher", "simpson", "shannon", "evenness"),

grouping_column = "ploidy", pValueCutoff = 0.05)
ps.a.plot
‘‘‘

# Ordinate
‘‘‘{r}
ps.prop <- transform_sample_counts(ps, function(otu) otu/sum(otu))
ord.nmds.bray <- ordinate(ps.prop, method="NMDS", distance="bray")
plot_ordination(ps.prop, ord.nmds.bray, color="ploidy", title="Bray NMDS")

pORD <- plot_ordination(ps.prop, ord.nmds.bray, color="ploidy",
title="Bray NMDS")
plot420 <- pORD + geom_point(size=7, alpha=0.75)
plot420 + stat_ellipse(type = "norm", linetype = 2)

ord.nmds.uni <- ordinate(ps.prop, method="NMDS",
distance="unifrac", weighted=TRUE)
pORD.uni <- plot_ordination(ps.prop, ord.nmds.uni,
color="ploidy", title="Unifrac weighted NMDS")
plot420 <- pORD.uni + geom_point(size=7, alpha=0.75)
plot420 + stat_ellipse(type = "norm", linetype = 2)

ord.nmds.uni <- ordinate(ps.prop, method="NMDS",
distance="unifrac", weighted=TRUE)
pORD.uni.g <- plot_ordination(ps.prop, ord.nmds.uni,
color="genotype", title="Unifrac weighted NMDS")
plot420.g <- pORD.uni.g + geom_point(size=7, alpha=0.75)
plot420.g + stat_ellipse(type = "norm", linetype = 2)

‘‘‘

‘‘‘{r}
ps <- subset_taxa(ps, (Order!="Chloroplast") | is.na(Order))
ps.rarefied = rarefy_even_depth(ps, rngseed=1,
sample.size=0.9*min(sample_sums(ps)), replace=F)

wunifrac_dist = phyloseq::distance(ps.rarefied,



APPENDIX A. SUPPLEMENTAL DATA AND CODE 93

method="unifrac", weighted=F)
plot_bar(ps.rarefied, fill="Order") + facet_wrap(~genotype,
scales="free_x", nrow=1)

adonis(wunifrac_dist ~ sample_data(ps.rarefied)$ploidy)
adonis(wunifrac_dist ~ sample_data(ps.rarefied)$genotype)
‘‘‘

# Bar plot
‘‘‘{r}
top20 <- names(sort(taxa_sums(ps), decreasing=TRUE))[1:20]
ps.top20 <- transform_sample_counts(ps, function(OTU) OTU/sum(OTU))
ps.top20 <- prune_taxa(top20, ps.top20)
plot_bar(ps.top20, x="ploidy", fill="Order")
‘‘‘

# DeSeq
‘‘‘{r}
psr <- subset_samples(ps, ploidy != "C2")
psr <- subset_samples(ps, ploidy != "C4")
diagdds = phyloseq_to_deseq2(psr, ~ ploidy)
gm_mean = function(x, na.rm=TRUE){

exp(sum(log(x[x > 0]), na.rm=na.rm) / length(x))
}
geoMeans = apply(counts(diagdds), 1, gm_mean)
diagdds = estimateSizeFactors(diagdds, geoMeans = geoMeans)
diagdds = DESeq(diagdds, fitType="local")

res = results(diagdds)
res = res[order(res$padj, na.last=NA), ]
alpha = 0.10
sigtab = res[(res$padj < alpha), ]
sigtab = cbind(as(sigtab, "data.frame"),
as(tax_table(psr)[rownames(sigtab), ], "matrix"))

posigtab = sigtab[sigtab[, "log2FoldChange"] > 0, ]
posigtab = posigtab[, c("baseMean", "log2FoldChange", "lfcSE",
"padj", "Phylum", "Class", "Family", "Genus", "Species")]
posigtab

negitab = sigtab[sigtab[, "log2FoldChange"] < 0, ]
negitab = tab[, c("baseMean", "log2FoldChange", "lfcSE", "padj",
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"Phylum", "Class", "Family", "Genus", "Species")]
negitab
‘‘‘

‘‘‘{r}

# Phylum order
x = tapply(sigtab$log2FoldChange, sigtab$Phylum, function(x) max(x))
x = sort(x, TRUE)
sigtab$Phylum = factor(as.character(sigtab$Phylum), levels=names(x))
# Genus order
x = tapply(sigtab$log2FoldChange, sigtab$Genus, function(x) max(x))
x = sort(x, TRUE)
sigtab$Genus = factor(as.character(sigtab$Genus), levels=names(x))
ggplot(sigtab, aes(x=Genus, y=log2FoldChange, color=Phylum)) +
geom_point(size=6) +

theme(axis.text.x = element_text(angle = -90, hjust = 0, vjust=0.5))

‘‘‘

A.3 Pathogen assay

A.4 RNA Seq analysis

Outline of RNA-seq pipeline

java -jar Trimmomatic-0.39/trimmomatic-0.39.jar PE
RNAseqData/raw_data/B2B/B2B_CRRA200014390-1a_H3LCGDSXY_L2_1.fq.
gz RNAseqData/raw_data/B2B/B2B_CRRA200014390-1a_H3LCGDSXY_L2_
2.fq.gz TrimOut/B2B_output_forward_paired.fq.gz
TrimOut/B2B_output_forward_unpaired.fq.gz
TrimOut/B2B_output_reverse_paired.fq.gz
TrimOut/B2B_output_reverse_unpaired.fq.gz
ILLUMINACLIP:TruSeq3-PE.fa:2:30:10:2:keepBothReads LEADING:3
TRAILING:3 MINLEN:36

hisat2 --phred33 -x TAIR10_TE -1
1TrimOut/B2B_output_forward_paired.fq -2
1TrimOut/B2B_output_reverse_paired.fq -S 2SamOutTE/
B2B_trim.sam
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Table A.2: Supplemental data for data normalization for ddPCR

plate code code2 eco ploidy treatment time CopiesPer20uLWell weight (g) norm (counts per gram)
C8 6* F2.B.T2 GD 2 B 1 932 0.45 2071.11111
D7 4* D2.B.T2 SOR 2 B 1 160 0.64 250
F2 2* B2.B.T2 COL 2 B 1 1240 0.46 2695.65217
D5 3* C2.B.T2 HR 2 B 1 44 0.53 83.0188679
C7 13 G2.B.T0 FEI 2 B 0 110 0.48 229.166667
F6 6x F2.B.T3 GD 2 B 2 102 0.42 242.857143
G5 7* G2.B.T2 FEI 2 B 1 104 0.42 247.619048
G3 7 D2.B.T0 SOR 2 B 0 156 0.42 371.428571
E8 1x A2.B.T3 WA 2 B 2 156 0.36 433.333333
C6 1 A2.B.T0 WA 2 B 0 136 0.28 485.714286
E9 5* E2.B.T2 WS 2 B 1 240 0.43 558.139535
A2 5 C2.B.T0 HR 2 B 0 152 0.26 584.615385
D10 9 E2.B.T0 WS 2 B 0 200 0.27 740.740741
G6 11 F2.B.T0 GD 2 B 0 320 0.42 761.904762
A4 1* A2.B.T2 WA 2 B 1 130 0.17 764.705882
E7 3 B2.B.T0 COL 2 B 0 298 0.35 851.428571
F8 5x E2.B.T3 WS 2 B 2 792 0.5 1584
C5 3x C2.B.T3 HR 2 B 2 3380 0.44 7681.81818
A9 7x G2.B.T3 FEI 2 B 2 3740 0.4 9350
G9 2x B2.B.T3 COL 2 B 2 6600 0.58 11379.3103
B2 4x D2.B.T3 SOR 2 B 2 11480 0.63 18222.2222
B1 19x E2.C.T2 WS 2 C 2 168 0.77 218.181818
E1 17* C2.C.T1 HR 2 C 1 214 0.34 629.411765
C2 16* B2.C.T1 COL 2 C 1 512 0.54 948.148148
F4 18x D2.C.T2 SOR 2 C 2 812 0.59 1376.27119
A1 18* D2.C.T1 SOR 2 C 1 870 0.5 1740
E3 15* A2.C.T1 WA 2 C 1 756 0.27 2800
F9 21* G2.C.T1 FEI 2 C 1 1154 0.39 2958.97436
B3 17x C2.C.T2 HR 2 C 2 2080 0.55 3781.81818
D2 20* F2.C.T1 GD 2 C 1 1940 0.5 3880
F7 19* E2.C.T1 WS 2 C 1 2740 0.34 8058.82353
A10 20x F2.C.T2 GD 2 C 2 5180 0.58 8931.03448
B6 15x A2.C.T2 WA 2 C 2 4260 0.33 12909.0909
B4 16x B2.C.T2 COL 2 C 2 6840 0.39 17538.4615
F10 21x G2.C.T2 FEI 2 C 2 18620 0.54 34481.4815
B8 8 D4.B.T0 SOR 4 B 0 378 0.49 771.428571
E2 9* B4.B.T2 COL 4 B 1 660 0.58 1137.93103
G2 10 E4.B.T0 WS 4 B 0 372 0.58 641.37931
C3 11x D4.B.T3 SOR 4 B 2 34 0.68 50
C4 14* G4.B.T2 FEI 4 B 1 40 0.73 54.7945206
B7 11* D4.B.T2 SOR 4 B 1 36 0.48 75
A5 13* F4.B.T2 GD 4 B 1 62 0.75 82.6666667
D4 10x C4.B.T3 COL 4 B 2 112 0.73 153.424658
B10 8x A4.B.T3 WA 4 B 2 84 0.46 182.608696
D1 12* E4.B.T2 WS 4 B 1 136 0.61 222.95082
E5 14 G4.B.T0 FEI 4 B 0 114 0.48 237.5
G4 2 A4.B.T0 WA 4 B 0 224 0.62 361.290323
C10 14x G4.B.T3 FEI 4 B 2 208 0.57 364.912281
F5 6 C4.B.T0 HR 4 B 0 158 0.39 405.128205
C1 12x E4.B.T3 WS 4 B 2 288 0.51 564.705882
D9 4 B4.B.T0 COL 4 B 0 322 0.57 564.912281
D8 12 F4.B.T0 GD 4 B 0 312 0.49 636.734694
F1 8* A4.B.T2 WA 4 B 1 146 0.2 730
G8 10* C4.B.T2 HR 4 B 1 1000 0.61 1639.34426
E10 13x F4.B.T3 GD 4 B 2 1410 0.62 2274.19355
B5 9x B4.B.T3 COL 4 B 2 4580 0.8 5725
F3 27x F4.C.T2 GD 4 C 2 6 0.12 50
A6 26x E4.C.T2 WS 4 C 2 40 0.84 47.6190476
G1 25* D4.C.T1 SOR 4 C 1 52 0.6 86.6666667
E4 27* F4.C.T1 GD 4 C 1 106 0.72 147.222222
A7 23* B4.C.T1 COL 4 C 1 94 0.4 235
A3 24x C4.C.T2 HR 4 C 2 276 0.84 328.571429
G7 22x A4.C.T2 WA 4 C 2 190 0.57 333.333333
D3 28* G4.C.T1 FEI 4 C 1 600 0.42 1428.57143
E6 24* C4.C.T1 HR 4 C 1 1310 0.74 1770.27027
G10 22* A4.C.T1 WA 4 C 1 1186 0.51 2325.4902
B9 28x G4.C.T2 FEI 4 C 2 4160 0.55 7563.63636
D6 26* E4.C.T1 WS 4 C 1 6780 0.39 17384.6154
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samtools view -bS 2SamOut/B2B_trim.sam | samtools sort - -o
3BamOut/B2B_trim_sort.bam

htseq-count -f bam -r pos -m intersection-nonempty -t gene -i
Name 3BamOut/B2B_trim_sort.bam
Araport11_GFF3_genes_transposons.201606.gff >
4CountOut/B2B_Araport11_HTseq.txt

We are comparing the gene expression of one species (Arabidopsis
thaliana) of 2 ploidies (2x vs 4x) under 2 conditions
(treated with microbiome vs nontreated. We have the count tables
for 3 technical replicates for each ploidy by each treatment.

First we are going to import the library DESeq2.
‘‘‘{r}
library("DESeq2")
library("pheatmap")
library("vsn")
library("RColorBrewer")
library("ggplot2")
‘‘‘

Now we are going to make a table that describes the file names
by their treatment and ploidy. We are going to be doing
pair-wise comparisons between Treated with a microbiome vs
treated with a control and also Treated diploid vs Treated
polyploid to test whether there is any reponse to treatment with
a microbiome and if so, if there are differences in that
response between diploid and polyploids. To that end we are
going to have three different sampleTables we can make either
using all of the data, or separating them out by ploidy
‘‘‘{r}
directory <- "../data/rnaseqCountData"
sampleFiles <- c("B2B.txt", "B2C.txt", "B4B.txt", "B4C.txt",
"D2B.txt", "D2C.txt", "D4B.txt", "D4C.txt", "E2B.txt",
"E2C.txt", "E4B.txt", "E4C.txt")
condition <- c("treated", "control", "treated", "control",
"treated", "control", "treated", "control", "treated",
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"control", "treated", "control")
ploidy <- c("diploid", "diploid", "tetraploid", "tetraploid",
"diploid", "diploid", "tetraploid", "tetraploid", "diploid",
"diploid", "tetraploid", "tetraploid" )

#here we are separating them out just to compare the files
ending with B (bacteria) and their assosiate ploid (the
ploidy.B)
sampleFiles.B <- c("B2B.txt", "B4B.txt", "D2B.txt", "D4B.txt",
"E2B.txt", "E4B.txt")
sampleFiles.C <- c("B2C.txt", "B4C.txt", "D2C.txt", "D4C.txt",
"E2C.txt", "E4C.txt")
ploidy.B <- c("diploid", "tetraploid", "diploid",
"tetraploid", "diploid", "tetraploid")
ploidy.C <- c("diploid", "tetraploid", "diploid",
"tetraploid", "diploid", "tetraploid")

sampleTable <- data.frame(sampleName = sampleFiles,
fileName = sampleFiles,
condition = condition,
ploidy = ploidy)

sampleTable.treatment <- data.frame(sampleName = sampleFiles,
fileName = sampleFiles,
condition = condition)

sampleTable.ploidy <- data.frame(sampleName = sampleFiles.B,
fileName = sampleFiles.B,
ploidy = ploidy.B)

ddsHTSeq.treatment <- DESeqDataSetFromHTSeqCount(sampleTable =
sampleTable.treatment,

directory = directory,
design= ~ condition)

ddsHTSeq.ploidy <- DESeqDataSetFromHTSeqCount(sampleTable =
sampleTable.ploidy,

directory = directory,
design= ~ ploidy)
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ddsHTSeq.interact <- DESeqDataSetFromHTSeqCount(sampleTable = sampleTable,
directory = directory,
design= ~ condition +
ploidy + condition*ploidy)

‘‘‘

Pre-filtering out genes that have less than 10 reads. The
running DESeq on the filtering the data and summarizing the
results. Here let’s do it for treatment.
‘‘‘{r}
keep.b <- rowSums(counts(ddsHTSeq.treatment)) >= 10
dds.b <- ddsHTSeq.treatment[keep.b, ]

dds.b <- DESeq(dds.b)
res.b <- results(dds.b, alpha=0.1)
res.b

resOrdered.b <- res.b[order(res.b$pvalue),]
summary(res.b)
sum(res.b$padj < 0.1, na.rm=TRUE)

ntd.b <- normTransform(dds.b)
vsd.b <- vst(dds.b, blind=FALSE)

# write.csv(resOrdered.b, "~/Desktop/resOrdered.b.csv")
‘‘‘
We found 384 up or down-reuglated genes at the 0.05 p-value
cut-off. We can export the DESeq analysis using write.csv and
paste the genes into a GO term enrichment analysis program like
[GOrilla](http://cbl-gorilla.cs.technion.ac.il).

Now we can do it for ploidy.
‘‘‘{r}
keep.p <- rowSums(counts(ddsHTSeq.ploidy)) >= 10
dds.p <- ddsHTSeq.ploidy[keep.p, ]

dds.p <- DESeq(dds.p)
res.p <- results(dds.p, alpha=0.1)
res.p

resOrdered.p <- res.p[order(res.p$pvalue),]
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summary(res.p)
sum(res.p$padj < 0.1, na.rm=TRUE)

ntd.p <- normTransform(dds.p)
vsd.p <- vst(dds.p, blind=FALSE)

write.csv(resOrdered.p, "~/Desktop/resOrdered.p.csv")
‘‘‘
And now for interaction
‘‘‘{r}
keep.i <- rowSums(counts(ddsHTSeq.interact)) >= 10
dds.i <- ddsHTSeq.interact[keep.i, ]

dds.i <- DESeq(dds.i)
res.i <- results(dds.i, alpha=0.1)
res.i

resOrdered.i <- res.i[order(res.i$pvalue),]
summary(res.i)
sum(res.i$padj < 0.1, na.rm=TRUE)

ntd.i <- normTransform(dds.i)
vsd.i <- vst(dds.i, blind=FALSE)

resultsNames(dds.i)
#Shows you the differnt comparisons you can look at

DiffAbundByInteract <- results(dds.i,
name= "ploidy_tetraploid_vs_diploid")

#Pulls out the specified comparison

‘‘‘

I’ve download the GOrilla results in this directory. We can see
that not only are there several enriched GO terms between the
treated and non treated plants but that there are also enriched
GO terms between the treated ploidies. We can use these gene
lists to look at gene annotations of these genes too.
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Now we can try our hand and visualizing the DESeq analysis in
other ways. Here by condition (treated vs non treated)
‘‘‘{r}
sampleDists <- dist(t(assay(vsd.b)))
sampleDistMatrix <- as.matrix(sampleDists)
rownames(sampleDistMatrix) <- paste(vsd.b$condition, vsd.b$type, sep="-")
colnames(sampleDistMatrix) <- NULL
colors <- colorRampPalette( rev(brewer.pal(9, "Blues")) )(255)
pheatmap(sampleDistMatrix,

clustering_distance_rows=sampleDists,
clustering_distance_cols=sampleDists,
col=colors)

plotCounts(dds.b, gene=c("AT1G72416"), intgroup="condition")
plotCounts(dds.b, gene=c("AT3G05660"), intgroup="condition")
plotCounts(dds.b, gene=c("AT5G63790"), intgroup="condition")
plotCounts(dds.b, gene=c("AT1G53170"), intgroup="condition")
plotCounts(dds.b, gene=c("AT1G04833"), intgroup="condition")
plotCounts(dds.b, gene=c("AT2G17230"), intgroup="condition")
plotCounts(dds.b, gene=c("AT3G11410"), intgroup="condition")
plotCounts(dds.b, gene=c("AT4G31550"), intgroup="condition")
plotCounts(dds.b, gene=c("AT2G28500"), intgroup="condition")
plotCounts(dds.b, gene=c("AT4G01870"), intgroup="condition")

plotPCA(vsd, intgroup=c("condition"))
‘‘‘
These heatmaps and PCAs tell us that the transcriptome profile
actual clusers around genotype since we used three different
accessions of Arabidopsis as our biological replicates. However,
there is separation between control and treated within the
genotype. Nonetheless, we can see which genes across all
genotypes are being upregulated by treatment with the microbiome
such as AT1G72416, a Chaperone DnaJ-domain superfamily protein.

Here by ploidy within treated condition
‘‘‘{r}
sampleDists <- dist(t(assay(vsd.p)))
sampleDistMatrix <- as.matrix(sampleDists)
rownames(sampleDistMatrix) <- paste(vsd.p$ploidy, vsd.p$type, sep="-")
colnames(sampleDistMatrix) <- NULL
colors <- colorRampPalette( rev(brewer.pal(9, "Blues")) )(255)
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pheatmap(sampleDistMatrix,
clustering_distance_rows=sampleDists,
clustering_distance_cols=sampleDists,
col=colors)

plotCounts(dds.p, gene="AT5G04340", intgroup="ploidy")
plotPCA(vsd.p, intgroup=c("ploidy")) + stat_ellipse(type = "norm", linetype = 2)
‘‘‘
Looking at ploidy, we find that the transcriptome as a whole
also separates our mostly by genotype. Nonetheless, we can find
different genes that are differentially expressed between the
two ploidies such as AT5G20230, which is a copper-binding
protein senescence associated gene associated with reponse of
oxidative stress and wounding. ’

‘‘‘{r}
plotCounts(dds.b, gene=c("AT1G72430"), intgroup="condition",
main="AT1G72430 (SAUR78)", col=c("2","2", "4", "4","2","2", "4",
"4","2","2", "4", "4"))
plotCounts(dds.b, gene=c("AT1G22810"), intgroup="condition",
main ="AT1G22810 (ATERF019)", col=c("2","2", "4", "4","2","2",
"4", "4","2","2", "4", "4"))
plotCounts(dds.b, gene=c("AT5G44680"), intgroup="condition",
main ="AT5G44680 (DNA glycosylase superfamily protein)",
col=c("2","2", "4", "4","2","2", "4", "4","2","2", "4", "4"))
plotCounts(dds.b, gene=c("AT1G03220"), intgroup="condition",
main ="AT1G03220 (SAP2)", col=c("2","2", "4", "4","2","2", "4",
"4","2","2", "4", "4"))
plotCounts(dds.b, gene=c("AT2G22880"), intgroup="condition",
main ="AT2G22880 (VQ12)", col=c("2","2", "4", "4","2","2", "4",
"4","2","2", "4", "4"))
plotCounts(dds.b, gene=c("AT2G33580"), intgroup="condition",
main ="AT2G33580 (ATLYK5)",col=c("2","2", "4", "4","2","2", "4",
"4","2","2", "4", "4"))
plotCounts(dds.b, gene=c("AT1G78830"), intgroup="condition",
main ="AT1G78830 (EP1-like glycoprotein 2)", col=c("2","2", "4",
"4","2","2", "4", "4","2","2", "4", "4"))
plotCounts(dds.b, gene=c("AT2G43620"), intgroup="condition",
main ="AT2G43620 (endochitinase)", col=c("2","2", "4",
"4","2","2", "4", "4","2","2", "4", "4"))

plotCounts(dds.b, gene=c("AT5G01830"), intgroup="condition",
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main ="AT5G01830 (SAUR21)", col=c("2","2", "4", "4","2","2",
"4", "4","2","2", "4", "4"))

plotCounts(dds.b, gene=c("AT4G24800"), intgroup="condition",
main ="AT4G24800 (ECIP1)", col=c("2","2", "4", "4","2","2", "4",
"4","2","2", "4", "4"))

plotCounts(dds.b, gene=c("AT5G22250"), intgroup="condition",
main = "AT5G22250 (ATCAF1B)", col=c("2","2", "4", "4","2","2",
"4", "4","2","2", "4", "4"))
plotCounts(dds.b, gene=c("AT1G19020"), intgroup="condition",
col=c("2","2", "4", "4","2","2", "4", "4","2","2", "4", "4"))

plotCounts(dds.b, gene=c("AT1G23710"), intgroup="condition",
col=c("2","2", "4", "4","2","2", "4", "4","2","2", "4", "4"))

plotCounts(dds.b, gene=c("AT1G23710"), intgroup="condition",
col=c("2","2", "4", "4","2","2", "4", "4","2","2", "4", "4"))

plotCounts(dds.b, gene=c("AT3G60520"), intgroup="condition",
col=c("2","2", "4", "4","2","2", "4", "4","2","2", "4", "4"))

plotCounts(dds.p, gene=c("AT5G22250"), intgroup="ploidy", main =
"AT5G22250 (ATCAF1B)")

plotCounts(dds.p, gene=c("AT1G19020"), intgroup="ploidy", main =
"AT1G19020")
plotCounts(dds.p, gene=c("AT1G23710"), intgroup="ploidy", main =
"AT1G23710")

‘‘‘
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