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Abstract

It has become increasingly clear that the microbiome plays a critical role in shaping the host
organism’s response to disease. There also exists mounting evidence that an organism’s ploidy level is
important in their response to pathogens and parasites. However, no study has determined if or how these
two factors influence one another. We investigate the effect of whole-genome duplication in Arabidopsis
thaliana on their above-ground (phyllosphere) microbiome, and determine the interacting impacts of
ploidy and the microbiome on disease outcome. Using seven independently derived synthetic auto-
tetraploid Arabidopsis accessions, a synthetic leaf-associated bacterial community, and the model
pathogen Pseudomonas syringae pv. Tomato DC3000, we confirm that polyploids are generally more
resistant to pathogens, but illustrate that this resistance may be in part due to a decrease in the reliance on
beneficial bacteria. Polyploids fare better against the pathogen than diploids regardless of microbial
inoculation, while we observed that diploids harboring an intact microbiome have lower pathogen
densities than those without. We then use RNA sequencing to show that diploids have many more
differentially expressed defense-related genes in the presence of their phyllosphere microbiota, while
polyploids exhibit constitutively activated defenses regardless of exposure to the synthetic community.
These results imply that whole-genome duplication can disrupt historical host-microbiome associations,
and suggest that a potential cause or consequence of disruption is a heightened capacity for pathogen
defense that is less impacted by the microbiome.
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Introduction

Whole-genome duplications (WGDs), or “polyploidizations”, are dramatic evolutionary events where the
entire genome is doubled, followed by a period of gene silencing and neo-funcionalizion that can lead to
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 are often considered to be drivers of evolution
(reviewed in Van de Peer et al., 2017). Polyploidy is associated with many novel and potentially adaptive
phenotypes including changes to biomass, photosynthesis, water- and nitrogen-use efficiency, and
secondary metabolism (Ni et al., 2009; Coate et al., 2012; Huang et al., 2007; Levin, 1983), with
polyploids having larger cells and organs and more chloroplasts per cell (Coate et al., 2012). To this end,
polyploidy is often considered to be a potential mechanism by which short-term adaptations may arise in
response to changes to the environment or stress (reviewed in Van de Peer et al., 2017). Furthermore,
theoretical models predict that increases in ploidy will increase resistance to parasites and pathogens
(Oswald and Nuismer, 2007), and there is some experimental evidence that supports this conclusion. For
example, in Actinidia chinensis (kiwifruit), hexaploids are the most resistant to pathogenic Pseudomonas
syringae, followed by tetraploids and then diploids (Saei et al., 2017), and inducing polyploidy in
Impatiens walleriana (cultivated impatiens) confers increased resistance to mildew (Wang et al., 2018).
This phenomenon of increased resistance parallels the ability of the plant’s associated microbial
community (the microbiome) to also play a critical role in the plant’s defense against pathogens (Wei et
al., 2019; Leopold and Busby 2020).

Both the root and shoot systems of plants host diverse microbial communities, including bacteria,
fungi, and other eukaryotes, but these plant systems associate with only a subset of all environmentally
available microbes, many of whom play important functions in disease or nutrient acquisition (reviewed
in Bulgarelli et al., 2013). Which taxa successfully colonize a given plant can be mediated by the host
both directly and indirectly, including through direct immune responses (Lebeis et al., 2015), coordination
of stress and immune system functions (Castrillo et al., 2017), or the production of secondary chemicals
(Levin, 1983). Historically, the study of plant-microbe interactions has focused on the plant response to
pathogens (Tao et al., 2003) and on identifying the genes involved in defense responses (Mahalingam et
al., 2003; Zhu et al., 2013). Recently, this interest has broadened to include the role that commensal and
mutualistic bacteria, which comprise the majority of plant-associated microbes, play in the functioning of
their host. Host reliance on the microbiome for disease resistance has recently been considered as a key
determinant of immune system evolution (King & Bonsall 2017; Metcalf & Koskella 2019; McLaren et
al. 2020), and thus ploidy-induced changes in microbiome-mediated defense could have important

consequences for subsequent host evolution. As such, a current open, yet critical, question is how a
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whole-genome duplication event might impact the interaction between plants and these associated
microbiota.

In order to determine how WGDs might alter the interactions between the plant and its above-
ground microbiota and/or pathogen growth, we used seven lines of synthetic auto-tetraploid accessions of
Arabidopsis thaliana, and, along with their diploid progenitors, inoculated them with a synthetic
community (SynCom) comprising taxa common to the leaf habitat. We then determined whether there
was a conserved change in bacterial community composition across ploidy level, and if plants of differing
ploidy had different transcriptional responses to these bacteria. To investigate any effects of these changes
on microbiome-mediated pathogen protection, we inoculated these plants, along with untreated controls
(plants without the synthetic microbiome), with the model Arabidopsis pathogen Pseudomonas syringae
pv. tomato DC3000 and measured growth during early establishment. By using synthetic auto-tetraploid
accessions of Arabidopsis in conjunction with a controlled, synthetic microbial community, we were able
to assess the associations between genotype, ploidy level, and the microbiome, determine the extent to
which these interactions are mediated through shared transcriptional responses, and quantify the effect of

these interactions on pathogen defense.

Results

Ploidy level does not impact microbiome establishment

Alpha diversity of the established microbiome (measured as species richness, Shannon index, or species
evenness) did not differ significantly between diploids and polyploids (pairwise ANOVA, P>0.05; Figure
1 A & B). Likewise, we found no significant differences in beta diversity (community composition
measured with Bray-Curtis dissimilarity) across ploidy level (ADONIS nonparametric multivariate
analysis of variance, P>0.05; Figure 1 C).

As expected, the vast majority of bacteria that we found associated with the plants were from the
synthetic community, with Pantoea, Pseudomonas, and Exiguobacterium showing consistently high
relative abundance across samples (Figure 1 D,E). qPCR analysis suggests that the absolute abundance of
bacteria from the SynCom on the leaves one week after inoculation was not significantly different across
ploidy levels (Figure 1 F; standardizing for sample weight (Supplemental Figure 2): Welch Two-Sample
t-test, t=-0.11455, df = 10.076, p = 0.911). There were increased numbers of Bacillus and
Frigobacterium on tetraploids versus diploids, as well as decreased abundance of Exiguobacterium and

Lysinbacillus in the tetraploids, but these patterns were not significant (Figure 1 G, Supplemental File 1).


https://doi.org/10.1101/2021.10.01.462589
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.01.462589; this version posted October 1, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Mehlferber et al. 4

97 Tetraploids are less susceptible to pathogen establishment

98  Time since exposure to the pathogen and the presence of a microbiome both significantly impacted the
99  pathogen abundance (Linear Mixed Effects Model, p = 0.0018 and p = 0.0031, respectively; Table 2), and
100  we found a marginally significant interaction between the two (p = 0.0517; Table 2). For the diploid
101 samples analyzed alone we found a significant impact of time, treatment, and their interaction (p =
102  0.0001, p=0.0003, p = 0.01, respectively; Table 2). We performed a post-hoc test (Tukey HSD), finding
103  significant differences between SynCom-treated samples across timepoints one and two (p = 0.0008),
104  between SynCom-treated samples from timepoint one and control samples from time point 2 (p =
105  0.0003), and between SynCom-treated and control samples in time point 1 (p = 0.0014). We determined
106  that it was inappropriate to evaluate the polyploid samples, as the addition of any terms to the model
107  showed no significant improvement over a null model including only the intercept. In addition, there was
108  significantly lower pathogen abundance on the polyploid plants at the second time point for control plants
109  (Welch Two-Sample t-test, t =2.809, df = 4.9939, p = 0.03765), as well as treated plants (Welch Two-
110  Sample t-test, t =2.4295, df = 8.211, p = 0.04048; Figure 3C).

111 Diploid plants exhibit greater response to synthetic community colonization while

112 Polyploids activate defense responses regardless

113 Analyzing RNA sequences from diploid plants prior to pathogen inoculation, using DESeq2, we
114 found 99 up- or down-regulated genes between SynCom treated and untreated plants, while tetraploid
115  plants, again, prior to pathogen exposure, only had 17 significantly differentially expressed genes at the
116 0.05 p-value cut-off (Fig2; A, B). In particular, diploid plants showed several clusters of significantly
117  differentially expressed genes when those genes were grouped by function. Many of these groups of
118  genes are associated with defense functions. For example, genes associated with the well-characterized
119  phytohormone abscisic acid (ABA) were both up- and down- regulated (Figure 3; A). Genes associated
120  with hypoxia as well as defense response to bacteria were also significantly up- and down- regulated.
121 Furthermore, several genes associated with ethylene signaling, which is integral to the regulation of the
122  plant immune response (Ecker and Davis, 1987), were up-regulated in the SynCom treated diploids but
123  not in the corresponding tetraploids (Figure 3; A). For both microbiome-treated and untreated plants,
124  when compared to the diploids, the polyploids showed a pattern of elevated gene expression across most
125  genes that were differentially expressed (Figure 2; C, D). These genes with elevated expression included
126  defense-related genes, with treated tetraploids having higher expression of ABA, hypoxia, and ethylene
127  signaling related genes relative to untreated tetraploids. In addition, when compared to the diploids,

128  polyploids generally show a pattern of increased defense-gene expression, regardless of their microbiome
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129  treatment. Furthermore, we saw fewer significant differences in gene expression in the treated vs. control
130  polyploids, indicating that many of these genes are constitutively expressed. In the cases where we did see
131 significant differences in gene expression, the genes primarily showed increased expression. This is in
132  contrast to the diploids, where genes were modulated both up and down in expression as a result of

133 microbiome treatment.

134 Discussion

135  Effects of Polyploidy on Microbiome Diversity

136  We tested for a conserved shift in the composition of the microbiome as a result of polyploidization by
137  comparing alpha and beta diversity of the phyllosphere across synthetic auto-tetraploid Arabidopsis

138  accessions inoculated with a synthetic microbiome. Overall, we found no significant differences in

139  composition or diversity across ploidy levels. The possibility remains that there exist ploidy-dependent
140  differences within a given genotype, which would have been obscured by our experimental design, or that
141 this result is due to the use of a simplified synthetic community. However, our use of multiple accessions
142  allowed us to rule out a generalized response of the microbiome in this system.

143 Polyploid plants tend to have greater biomass (Pacey et al., 2020), and indeed the polyploid plants
144 in our study weighed significantly more across all accessions. This is in contrast to previous work on

145  autotetraploid Arabidopsis (Chen, 2010; Ng et al., 2012). This increased biomass meant that polyploids
146  supported a higher total density of commensal bacteria, but once we normalized for the weight of the

147  plant, these differences were not significant. Likewise, we did not find any significant differences in the
148  relative abundance of any of the synthetic community members across the two ploidy levels, both of

149  which were dominated by Pantoea, Pseudomonas, and Exiguobacterium. This is in line with work on
150  wheat, where ploidy was found to play a weak and inconsistent role in shaping the below-ground

151  microbiome (Wipf & Coleman-Derr 2021), but contrasts with previous work on Arabidopsis which did
152  find a signature of ploidy in shaping microbial community composition across accessions (Ponsford et al.

153 2020).

154  Effects of Ploidy on Pathogen Response

155  To date there has been very little empirical evidence for a general effect of polyploidy on pathogen
156  response. Although polyploids have been theorized to be more resistant to pathogens (Levin, 1983;

157  Oswald and Nuismer, 2007), empirical studies have generally been inconclusive, i.e. finding evidence for


https://doi.org/10.1101/2021.10.01.462589
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.01.462589; this version posted October 1, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Mehlferber et al. 6

158  both increased resistance and increased susceptibility (Schoen et al., 1992; Nuismer and Thompson,

159  2001). Our study leveraged different accessions of Arabidopsis in order to discern general patterns

160  between ploidy level and pathogen defense. Overall, we found a trend towards lower pathogen abundance
161  in the polyploid plants regardless of association with a bacterial community, as well as a significant

162  decrease in the abundance of the pathogen in the second time point (Figure 2C).

163 Autopolyploids (when the genome of one species doubles, such as the Arabidopsis used in this
164  experiment) may be more resistant than diploids due to an upregulation of defense genes (King et al.,
165  2012). For example, tetraploid Arabidopsis accessions acquired increased resistance to copper stress by
166  having increased activation of antioxidative defense (Li et al., 2017). A buttressing of the antioxidant
167  defense system was also found in colchicine-induced tetraploid plants of Dioscorea zingiberensis where
168  antioxidant enzymes were over-produced and maintained at high concentration (Zhang et al., 2010). This
169  generally comes with a fitness trade-off, which was explained in Ng et al. (2012) where they found that
170  proteins associated with stimuli or stress responses were enriched in A. thaliana autotetraploids, and that
171  the expression of these genes is associated with a fitness cost and slowed growth. In contrast, our

172  autotetraploids both exhibit greater biomass (Supplemental Figure 3) and defensive capacity (Figure 2),
173  which contradicts this general pattern. Though autopolyploids have increased copy numbers for all genes,
174  polyploidy may have a more significant impact on certain pathways that are involved in both growth and
175  defense which could circumvent the trade offs that are driven by antagonistic crosstalk. This is not to say
176  that our plants do not experience any trade off but at least that this trade off may exist in some metric that
177  we did not collect for the present study, or that they were better at coping with the conditions they

178  experienced, and would manifest the trade off in a less favorable environment.

179  Interaction between Ploidy and the Microbiome on Pathogen Response

180 When assessing the effectiveness of the microbiome in protecting the plants of different ploidy
181 levels, we found that the microbiome temporarily arrests pathogen growth on the diploids, while

182  polyploids are protected regardless of exposure to their microbiome (Figure 2C). This result is

183  particularly interesting in light of previous work on microbiome-mediated protection by a synthetic

184  microbiome in Tomato in which the phyllosphere microbiome was protective against pathogen growth in
185  the absence of fertilizer application to soil, but unimportant when plants had been fertilized prior to

186  microbiome and/or pathogen inoculation (Berg and Koskella, 2018). The plant response to commensal
187  bacterial organisms is complicated, often showing an overlap with the response to pathogens (Vogel et al.,
188  2016). This can be explained in part through the broadly conserved plant responses to common microbial-
189  associated molecular patterns (MAMPs), such as flagellin (Felix et al., 1999), though even these

190  responses can be modulated by a host of commensal interactions, such as repression of conserved
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epitopes (Colaianni et al., 2021). These responses can be beneficial, through the early activation of broad
defense responses (priming) that will then respond more effectively to pathogen exposure (Selosse et al.,
2014; Wang et al., 2021). It is possible that this phenomenon plays a role in the increased protection
afforded to the diploid plants that have been inoculated with the SynCom, as it may provide a mechanism

for them to more effectively prepare themselves for potential future pathogens.

Genotype drives main transcriptional differences

One of the major challenges in discerning interactions between host and microbiome is the
complexity of naturally associated microbial communities. In order to reliably determine the effects of
ploidy on microbiome composition, we used a simplified synthetic community, which allowed us to
ensure that each plant was exposed to the same bacteria at the same densities at the beginning of the
experiment. As expected, the vast majority of the sequences associated with our treated samples were
from the inoculum, and the inoculation was broadly successful at establishing communities of known
complexity and in high abundance on the plants. This allowed us to assess the transcriptional responses of
plants that either had or had not been inoculated with the synthetic community prior to exposure to the
pathogen in order to look for general and/or microbiome or ploidy-dependent responses to their
commensal microbiome. We found that the broad-scale transcriptional profiles of the samples grouped
strongly together by accession (Supplemental Figure 2). This was perhaps unsurprising given that
Arabidopsis accessions have evolved to be locally adapted to many different environments and have

considerable genotypic and phenotypic variation.

Both polyploids and diploids modulate defense pathways in response to

inoculation with the synthetic community

Overall, we found a consistent pattern in the types of gene functions that were differentially
expressed in those plants treated with the synthetic microbiome compared to the controls (Figure 2 A-B);
most notably, with a host of defense-associated genes showing changes in expression. These genes
include those associated with ABA regulation, response to hypoxia, general defense response, and
ethylene signaling. ABA is a well-studied plant signaling hormone that is linked to a variety of processes
ranging from plant growth, to development and stress response (reviewed in Yoshida et al., 2019). The
function of ABA in defense response is multifaceted, and has been shown to be important in pre-invasion
defense, through the closing of stomata in response to MAMPs (Melotto et al., 2006), as well as
negatively regulating post-invasion defense through the suppression of callose deposition (Clay et al.,

2009) and SA dependent resistance (Yasuda et al., 2008), (reviewed in Ton et al. 2009). For all plants that
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222  received the synthetic microbiome expression responses were also significantly enriched for GO terms
223  associated with cellular response to hypoxia when compared to the control group. The response to

224 hypoxia requires the ethylene pathway in plants (Fukao and Bailey-Serres, 2004) which is involved in the
225  hormonal control of programmed cell death (Overmyer et al., 2003) and has been shown to influence the
226  composition of the leaf microbial community (Bodenhausen et al., 2014). It also has been found that the
227  response to pathogens involves increased respiration which creates local hypoxia around the leaf which is
228  otherwise fully aerobic (Valeri et al., 2020). Similarly, alcohol dehydrogenase, which in plants is involved
229  in fermentation to produce NAD+, is not only over-expressed in times of low oxygen, but is also induced
230  inresponse to biotic and abiotic stress and improves responses to pathogens (Shi et al., 2017). Finally, all
231 synthetic microbiome-treated plants showed differential expression for several WRKY transcription

232  factors that are linked with defense signaling (Eulgem and Somssich, 2007), as well as CCR4-associated
233  factor 1, which has been shown to play a role in susceptibility to P. syringae infection (Liang et al., 2009).
234  SynCom-treated plants also show a pattern of increased expression in ethylene-activated signaling

235  pathways. Ethylene is another well characterized phytohormone that is responsible for regulation of plant
236  growth, development and senescence (reviewed in Igbal et al. 2017), as well as response to pathogen

237  invasion and modulation of defense response (Ecker and Davis 1987).

238  Polyploids Constitutively Maintain more Defense than Diploids

239 The trade-offs between growth and defense in plants are often metabolic, but can also be due to
240  the negative interactions between hormones involved in both processes (Karasov et al., 2017). One way to
241  mitigate this tradeoff could be through outsourcing of pathogen defenses to plant-associated microbiota
242  (Karasov et al., 2017). We found that polyploids, regardless of treatment with a commensal microbiome,
243  maintained more defense expression than diploids, with most defense related genes being up regulated. In
244  total, we saw a greater range of differential gene expression in the polyploids as compared to the diploids
245  (Figure 2; B, C, D), indicating that the independent genome duplication events may have had different
246  effects on gene expression among different lines. However, when gene expression reached significance,
247  the majority of those genes were defense related, indicating a conserved response in these genes after the
248  WGD. In contrast, the diploids showed nearly six times the number of differentially expressed genes in
249  total, and a pattern of up and down regulation of defense associated genes. This makes sense in light of
250  our pathogen growth results, as the polyploids are broadly protected regardless of their microbiome, while
251  the diploids seem to require the microbiome to resist pathogen growth. With respect to bacterial pathogen
252  response, diploids significantly downregulated ATCAF1B (Supplemental Figure 4) in the presence of the
253  synthetic community, but polyploids maintained a similar expression profile to the untreated samples.

254  ATCAFI1B has been found to be involved with multi-stress resistance (biotic and abiotic) (Walley et al.,
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2010), in particular in resistance to the pathogen Pseudomonas syringae (Liang et al., 2009). One possible
explanation for this pattern could be that polyploids are less responsive to the microbiome due to a
disruption of fine-tuned pathways as a consequence of a doubling of gene dosage across the genome.
When we looked at the 4. thaliana general non-self response (GNSR) genes (Maier et al. 2021), which
see conserved expression changes in the presence of different bacteria, we found that 7 out of the 24 were
constitutively expressed at higher levels in the polyploids, regardless of their exposure to the commensal
microbiome. Likewise, when comparing the untreated polyploids with the untreated diploids more
broadly, we found similar patterns of increased polyploid defense transcription relative to diploids as

when we compared treated polyploids with treated diploids.

Conclusion

Our work highlights the important role that polyploidization plays in mediating the interplay
between plants, their associated phyllosphere microbiota and an invading foliar pathogen. While the
presence of the synthetic phyllosphere microbiome was always associated with a pattern of decreased P.
syringae growth, the effect was only significant in the diploid plants, while the tetraploids appeared to be
broadly protected regardless of the presence of these beneficial bacteria. Our transcriptional results
suggest this is due to a more constitutive, microbiome-independent upregulation of defense genes in the
polyploids. It is possible that, as a consequence of gene dosage doubling due to WGD, polyploids are
generally more capable of mounting effective defense responses, and may have a higher baseline of
defense activation, thus releasing them from reliance upon the microbiome. These results are particularly
relevant to understanding the role that domestication, often involving polyploidization, has played in
altering interactions between plants and their associated microbes in agricultural settings. Likewise, the
protective effects of the SynCom in diploid plants have important implications on the role of Phyllosphere
bacterial communities in managing plant disease, both naturally and as an applied supplement. Finally,
researchers should be cautious about interpreting a lack of differences in microbiome composition or

diversity as a lack of important differences between ploidy levels as evinced by our study.
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281 Fig. 1
282 The effect of ploidy on microbiome composition and structure. A) There is no significant difference in the tested
283  Alpha Diversity metrics, inducing Observed, Shannon, and Eveness. However, there is a non-significant trend
284  towards lower Shannon diversity in the Polyploid plants, which is driven primarily by their lower Eveness. B) Bray-
285 Curtis dissimilarity between plants of each treatment is not significantly different. C) We visualize Bray-Curtis
286 dissimilarity across treatments using a PCoA plot finding that there is no significant grouping by treatment. D) A bar
287 graph illustrating the relative abundance of the SynCom inoculated ASVs across treatments, as well as the residual
288 community. E) A bar graph visualizing the qPCR derived absolute abundance of the microbial communities across
289  treatments. F) There is no significant difference in the gPCR derived absolute abundance of phyllosphere bacteria
290  between the two treatments. G) A plot showing the differential abundance of SynCom ASVs between the polyploids
291 and diploids, despite some differences in abundance these differences are not significant.
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Fig 2.

Proportion of total genes measured that reached statistical significance. A-D) Volcano plots showing proportion of
total genes that are differentially expressed at the level of p < 0.05 plotted against their log2Fold changes.
Comparisons are drawn across Ploidy (Diploid vs. Polyploid) and SynCom treatment (Control vs. SynCom).
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Fig 3.
Differential expression of genes highlighted by association with defense response. A) We used Deseq?2 to identify
genes that are differentially expressed between the microbiome and Control treated Diploids at the level of p < 0.05.
Genes that are associated with defense functions are noted in bold and highlighted in red, while genes that are also
differentially expressed in the Polyploids are highlighted in blue, and genes that are both defense associated and
shared are highlighted in purple. B) Deseq2 informed differential expression between microbiome and Control
Polyploids, using the same colors from the previous panel. C) We quantified the abundance of the pathogen DC3000
across timepoints in and treatments in Diploid and Polyploid plants using ddPCR.
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Genes of Interest
Differentially Expressed

@ Defense Related

@ Shared Across Ploidy

@ Defense Related and Shared

DC3000 abundance across ploidy and bacterial treatment

Diploid

Polyploid

Days after inoculation

Treatment
=e= Control

~o= SynCom

Table 1: Linear Mixed Effects Model (nlme) of DC3000 Abundance as a function of the explanatory
variables Time, Ploidy, Treatment, and their interactions.
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DC3000 Abundance (Log10)

Predictors Estimates CI p
(Intercept) 1.15 0.18-2.11 0.033
time [2] 2.34 1.03-3.64 0.002
ploidy [4] 0.06 -125-136 0935
treatment [C] 2.20 0.89-3.51 0.003
time [2] * ploidy [4] -1.73  -3.59-0.12 0.088
time [2] * treatment [C] -199 -3.83--0.14 0.052
ploidy [4] * treatment -140 -325-044 0.164
[C]

(time [2] * ploidy [4]) * 0.55 -2.13-324 0.702
treatment [C]

Random Effects
o2 146
T00 eco 0.14
ICC 0.09
N €eco 7
Observations 54

312 Marginal R2 / Conditional R2  0.404 / 0.456

313
314  Table 2: Linear Mixed Effects Model (nlme) for Diploids, with DC3000 Abundance as a function of the
315  explanatory variables Time, Treatment, and their Interactions

DC3000 Abundance (Log10)

Predictors Estimates CI p
(Intercept) 1.15 048-1.82 0.004
time [2] 2.34 139-329 <0.001
treatment [C] 2.20 125-3.15 <0.001
time [2] * treatment [C] -199 -333--064 0.010
Random Effects
o2 0.71
T00 eco 0.00
ICC 0.00
N €co 7
Observations 28
Marginal R2 / Conditional R2  0.607 / 0.607
316
317
318
319
320
321

322  Table 3: Post hoc Tukey HSD (emmeans) for the Diploid Linear Mixed Effects Model
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Tukey HSD

contrast estimate SE df tratio p.value

1B-2B -234 049 18 -479 0.00
1B-1C -220 049 18 -451 0.00
1B-2C -255 049 18 -524 0.00
2B-1C 014 049 18 0.28 0.99
2B-2C 021 049 18 -044 097
1C-2C -035 049 18 -072 0.89

323

324 Methods

325 Arabidopsis accessions

326  We used 14 total lines from 7 Arabidopsis diploids accessions from natural populations and their

327  colchicine induced autotetraploids: Columbia (Col-0), Warschau (Wa-1), Wassilewskija (Ws-2), Gudow
328  (Gd-1), HR (HR-5), Sorbo (Sorbo), St. Maria d. Feiria (Fei-0). We received Col-0 from Adrienne

329  Roeder’s lab at Cornell, and Gd-1, HR-5, Sorbo, Fei-0 from Brian Husband’s lab at U. Guelph.

330 Plant Growth Conditions

331 Seeds were surface sterilized by treatment with 70% ethanol for 2 min and then sodium hypochlorite
332 solution (7% available chlorine) containing 0.2% Triton X-100 for 8 min. Samples were then washed
333  seven times with sterile double distilled H20 (Bhardwaj et al., 2011). Seeds were then placed on MS
334  media with .8% agar and cold stratify for 2 to 3 days at 4C in the dark (Bhardwaj et al., 2011). After
335  germination, seedlings were transferred to a controlled environment with a long-day photoperiod (16-h
336  photoperiod) at 22C and 55% relative humidity with cool white fluorescent light (Bhardwaj et al., 2011).
337  After seven days the seedlings sprouts were transferred to sterile peat and the lighting was changed to
338  short-day conditions (9-h photoperiod) (Innerebner et al., 2011).

339 Inoculation with synthetic community (SynCom) and infection with pathogen
340 DC3000

341  The synthetic community is composed of 25 taxa that span the diversity of microbial variation in tomato
342  (Supplemental Table 1 Two weeks after germination, each plant was inoculated with either the synthetic
343  community suspended in 10 mM MgCl. buffer or just the 10 mM MgCl. buffer as a control. The plants
344  were inoculated by spraying the plant until saturation. Three weeks after germination (one week post
345  synthetic community inoculation), the plants were spray-inoculated with either the pathogen

346  (Pseudomonas syringae pv. tomato DC3000) or a 10 mM MgCl. buffer. The pathogen inoculation was at
347  adensity of .0001 at OD600 (Innerebner et al., 2011).
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348 Sample Collection

349  Four sets of samples were collected, the first set one week post inoculation with the SynCom, but

350  immediately prior to inoculation with DC3000 in order to determine the commensal community

351 composition, the second immediately after inoculation with DC3000, the third 24 hours post inoculation,
352  and the fourth 48 hours post inoculation. All of the plants were approximately at the same stage of

353  development and no plants that showed signs of inflorescence emergence were used in the assay. To
354  sample the aerial portion of the plants we cut just above the roots and transferred the total aboveground
355  biomass into a tube with either 10 mM MgCl: (for sequencing the SynCom), or into 100mM phosphate
356  buffer (pH 7), for the pathogen inoculated samples. Samples for sequencing were sonicated for 15

357  minutes in a Branson M5800 sonicating water bath. The resulting leaf wash was then pelleted, the

358  supernatant removed, and frozen at -20°C until sequencing. Pathogen inoculated samples were bead

359  homogenized using the FastPrep-24 Classic bead beating grinder and lysis system (MP Biomedicals, Inc.,
360 CA, USA) and frozen at -20°C until ddPCR sequencing was performed.

361 Amplification and Sequencing of Microbial 16S rDNA

362  Samples were frozen and kept at -20°C and sent out to Microbiome Insights for 16S V4 sequencing and
363  gPCR analysis within one month of freezing. Amplification and sequencing was performed according to
364  Microbiome Insights standard protocol: Specimens were placed into a MoBio PowerMag Soil DNA
365  Isolation Bead Plate. DNA was extracted following MoBio’s instructions on a KingFisher robot. Bacterial
366  16S rRNA genes were PCR-amplified with dual-barcoded primers targeting the V4 region (515F 5°-
367 GTGCCAGCMGCCGCGGTAA-3’, and 806R 5’-GGACTACHVGGGTWTCTAAT-3"), as per the
368  protocol of Kozich et al. (2013). Amplicons were sequenced with an Illumina MiSeq using the 300-bp
369  paired-end kit (v.3). The potential for contamination was addressed by co-sequencing DNA amplified
370  from specimens and from template-free controls (negative control) and extraction kit reagents processed
371  the same way as the specimens. A positive control from ‘S00Z1-> samples consisting of cloned SUP05
372  DNA, was also included. The only modification to this standard protocol was the addition of PNAs

373  according to the method developed in Lundberg et al. 2012, in brief (mPNA, to knock out mitochondria
374  and pPNA to knock out chloroplast) into the PCR step during library prep at a concentration of 5uM per
375  PNA. The PCR reaction was then modified with the addition of a PNA annealing step at 78 °C for 10s.

376  Microbial abundance through qPCR

377  From the standard methods of Microbiome Insights: Bacterial-specific (300 nM 27F, 5’-

378 AGAGTTTGATCCTGGCTCAG-3’) forward primers coupled to (300 nM 519R, 5°-

379  ATTACCGCGGCTGCTGG-3’) reverse primers were used to amplify Bacterial 16S rRNA. 25 ul

380  reactions using iQ SYBR Green Supermix (Bio-Rad) were run on Applied Biosystems StepOne Plus
381  instrument in triplicate. For standards, full-length bacterial 16S rRNA gene was cloned into a pCR4-
382  TOPO vector, with Kanomycin-Ampicillin resistance. The total plasmid fragment size is expected to be
383 5556 bp. A bacterial standard was prepared via. 10-fold serial dilutions, and the copies of 16S was

384  determined by the following: Copy# = (DNA wt. x 6.02E23)/(Fragment Size x 660 x 1E9). Linear

385  regression was used to determine copy numbers of samples, based on CT of standards. Reaction

386  specificity was assessed using a melt curve from 55 oC to 95 oC, held at 0.5 oC increment for 1s.
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387 Microbiome Data Analysis

388  Forward and reverse paired-end reads were filtered and trimmed to 230 and 160 base pairs (bps),

389  respectively using the DADA2 pipeline with default parameters (Callahan et al., 2016). Following

390  denoising and merging reads and removing chimeras (Table 2), we used DADA?2 to infer amplicon

391 sequence variants (ASVs) which are analogous to operational taxonomic units (OTUs) and taxonomy was
392  assigned to these ASVs using the DADA2-trained SILVA database (Version 132, https://benjjneb.github.
393  io/dada2/training.html). Using the negative samples from 16s sequencing we implemented the decontam
394  package using default settings to identify and remove potential contamination from the samples (Davis et
395  al. 2017). The assigned ASVs, read count data, and sample metadata were combined in a phyloseq object
396  (McMurdie and Holmes, 2013) for downstream analyses. Differential microbial changes were calculated
397  using DESeq2 (Love et al., 2014) and the phyloseq (Ssekagiri et al., 2018) package was implemented in R
398  to calculate changes in alpha and beta diversity. For a permutational analysis of variance

399 (PERMANOVA), data was rarified to 90% of the reads of the least abundant sample and the test was

400  performed using the adonis function in the vegan package (v2.5-2, Oksanen et al. (2007)) in R with 999
401  permutations to test whether ploidy, or genotype had an effect on beta diversity measures.

402 ddPCR pathogen assay

403  Absolute bacterial abundance was estimated by performing digital droplet PBR (ddPCR) on homogenized
404  whole plant samples randomized within plate columns using the BIO-RAD QX 200 Droplet Reader (Bio-
405  Rad Laboratories, Inc., Hercules, CA, USA) and custom primers to specifically target and amplify

406  Pseudomonas syringae pv. tomato DC3000 (Supplemental Table 1). The PCR protocol is as follows: 95
407  for 5 min., 95" for 30 sec., 60" for 100 sec., return to step two 40 times., 4" for 5 min., 90" for 5 min., keep
408  at 4’ overnight. We used the default thresholds for identifying positive samples on the Biorad analysis
409  software, and then used the weight of each sample to calculate a normalized per gram density of bacteria
410  present on the above-ground plant. We compared the absolute abundance of polyploids and diploid

411 accession pairs across each time point in order to assay how the pathogen interacted with ploidy and

412  microbiome treatment.

413 RNA Sample Collection and Sequencing

414  For each of three accessions (Columbia (Col-0), Wassilewskija (Ws-2), Sorbo (Sorbo)), we grew

415  randomized blocks six plants of each ploidy level (diploids and induced autotetraploids) with three plants
416  treated with the synthetic community and three treated with the control buffer, for a total of 36 plants. We
417  collected single leaves from the largest developmental node of plants at Stage 1.10 (ten rosette leaves >1
418  mm in length (Boyes et al., 2001)) and directly froze them in liquid nitrogen before subsequent storage at
419  -80C. Tissue was homogenized using a Mini-BeadBeater 8 (BioSpec Products, Bartlesville, OK, USA)
420  following the manufacturer’s instructions. RNA was extracted using the Spectrum Plant Total RNA Kit
421  (Merck / MilliporeSigma, MO, USA) according to the manufacturer’s recommendations. We pooled three
422  samples per accession for three accessions and their synthetic autotetraploids. Samples were sent to

423  Novogene USA Inc. (Sacramento, CA) for library prep (Poly(A) capture, ligation-based addition of

424  adapters and indexes) and sequencing (Illumina NovaSeq 6000, paired-end reads of length 150 bps, 20M
425  reads per sample).
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426 RNA-seq Data Processing and Analysis

427  Raw FASTAQ files were trimmed and filtered to remove low-quality reads and technical sequences using
428  Trimmomatic (Bolger et al., 2014) with the default settings. Filtered reads were aligned to the

429  Arabidopsis reference sequence (TAIR10, Lamesch et al. (2012)) with HISAT2 (Pertea et al., 2016).
430 HTSeq (Kim et al., 2015) was used to determine read counts per gene for the test for euploidy and
431  DESeq2 was used to analyse differential gene expression (Love et al., 2014) for different experimental
432  comparisons. For DESeq?2 analysis gene ontology was assigned using UniProt (Ruch P et al., 2021).
433  Links to the DESeq2 output data for each of these comparisons can be found in Supplemental Table 2.
434  Enriched gene ontology (GO) terms were then identified using GOrilla (Eden et al., 2009). Further
435  analysis was performed using iDEP: an integrated web application for differential expression and

436  pathway analysis of RNA-Seq (Ge et al., 2018) data in order to assess patterns of differential gene
437  expression and enrichment within Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
438  (Kanehisa et al., 2017).

439  Test for euploidy

440  We tested if the tetraploid samples were aneuploid or euploid by calculating fold change in relative

441  expression (transcripts per million; TPM) per gene for every pairwise comparison of biological replicates
442  following the methods outlined in Song et al. (2020). If there is aneuploidy, we would expect to see a
443  large coordinated increase or decrease in TPM for genes on that chromosome, which would be reflected
444  in a shift in fold change of expression relative to the other biological replicates (Supplemental Figure 1).
445  We did not find any shift and therefore conclude that all tetraploid individuals were euploid.
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Supplemental Figure 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.
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Supplemental Figure 2. RNA seq heatmap of the sample-to-sample distances for Col-0 (B), Ws-2 (D), and
Sorbo (E) accessions for treated (B) and untreated (C) plant samples.
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Supplemental Figure 3. Leaf weights for diploid (red) and polyploid (blue) plants.
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Supplemental Figure 4. Normalized transcript counts for the AtCAF1B gene between diploids (red) and
polyploids (blue) in microbiome treated and untreated samples.

Supplemental Table 1. Taxa List of Synthetic Community Members

Genus Species
Brevibacterium frigoritolerans
Bacillus wiedmannii
Curtobacterium herbarum
Curtobacterium pusillum
Erwinia tasmaniensis
Exiguobacterium sibiricum
Frigoribacterium endophyticum
Microbacterium oleivorans
Pantoea aurea
Pantoea agglomerans
Pantoea allii
Pseudomonas asturiensis
Pseudomonas rhizosphaerae
Pseudomonas rhodesiae
Pseudomonas moraviensis
Rathayibacter festucae

Supplemental Table 2. Pseudomonas syringae pv. tomato DC3000 specific primer used for ddPCR
amplification

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

Supplemental File 1. Bacterial Abundance DESeq Results

Supplemental File 2. RNA DESeq Results
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