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Summary

Anterograde and retrograde signalling between the nucleus and other organelles is highly
complex and difficult to investigate. Moreover, the effects of the chloroplast and mitochondrial
DNA (unitedly termed the plasmotype) need to be separated from nucleus-derived effects in
order to further understand these interactions. The use of various plasmotype-nucleotype
combinations (cybrids) in Arabidopsis thaliana has been successful for measuring the resultant
phenotypic variation. The growth of an expanded panel of 217 A4. thaliana cybrid lines intended
to assess the level of plasmotypic variation and phenotypic performance for plasmotypes that
were phylogenetically diverse. Additionally, growth in outdoor conditions was implemented to
expose the plants to variable environmental conditions versus cybrids that were previously
phenotyped under highly controlled conditions. This study further confirmed evidence that there
is significant phenotypic variation among cybrids with different plasmotypes. Moreover, the
Bur-0 plasmotype possesses elevated, additive photosynthetic capabilities when compared to
other plasmotypes in the panel. The Kas-1 plasmotype was a novel and notable observation in its
ability to produce significantly higher levels of surface area and relatively higher levels of
biomass compared to all the other plasmotypes tested. The effects of the Kas-1 plasmotype,
however, are largely epistatic as they are only driven by three of the four nucleotype
backgrounds. The results encourage the continued exploration of the genetic basis of the high
photosynthetic performance in the Bur-0 plasmotype and also that of other plasmotypic variation

for a range of additional phenotypes.
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Introduction

Plant cells possess functional genetic material in three separate organelles: mitochondria,
chloroplasts and the nucleus. The nuclear genome, however, contains the largest quantity of a
plant’s genetic material and coding genes. For example, the nuclear genome of Arabidopsis
thaliana is ~135 Mb in size on five chromosomes (The Arabidopsis Genome Initiative, 2000),
while the genome sizes of the chloroplast and mitochondria are ~154 kb and ~367 kb,
respectively (Sato ef al., 1999; Sloan et al., 2018). The transcription of a plant’s nuclear genes
results in the synthesis of intra- and intercellular proteins for development and maintenance.
Moreover, the nucleus is highly involved in anterograde and retrograde signalling with the
genomes of the mitochondria and chloroplasts (GlaBer et al., 2014). However, the effects of
these interactions on a plant’s phenotype remains poorly understood and requires further analysis
of plastid genomes, their phenotypic effects and evolutionary history.

The existence of genetic material in mitochondria has prompted several theories
regarding their origins and functional roles in modern plants. The most widely accepted theory
addressing eukaryogenesis and mitochondrial establishment is an endosymbiotic event that
occurred between a a-Proteobacteria and a host cell, likely a relative of Asgard archaea (Spang
et al., 2019). Physical evidence for this hypothesis was first confirmed with the discovery of
conserved genes in mitochondrial genomes that were clustered with a-Proteobacterial genes in
phylogenetic trees (Schwartz and Dayhoff, 1978). Furthermore, nearly all known eukaryotic
nuclear genomes contain mitochondrial genes, suggesting that mitochondrial endosymbiosis
occurred prior to the branching of all modern eukaryotic lineages (Karnkowska et al., 2016).
Although the general hypothesis is widely accepted throughout the field of eukaryogenesis,
many questions remain unanswered such as the timing of the event and the biological motivation
behind this phenomenon. Nevertheless, current research efforts to further understand this critical
stage in eukaryotic evolution are extensive and widespread. The most recent findings suggest
that the archaeal host was a fermentative organoheterotroph that produced reduced compounds
capable of being metabolized by the endosymbiont (Spang et al., 2019). Conversely, the
protomitochondria have evolved to provide the host cell with energy metabolism and oxygen
respiration, key elements for the evolution of contemporary eukaryotes (Lopez-Garcia et al.,

2017). Moreover, some of the a-Proteobacterial genes are thought to have been transferred to



the host cell’s nuclear genome via direct DNA transfer during the early stages of eukaryogenesis
(Henze and Martin, 2001). In fact, an entire mitochondrial genome can be found on chromosome
two of 4. thaliana (Lin et al. 1999; Stupar et al. 2001). Conversely, in some cases many of these
genes have been lost entirely or retained in the mitochondrial genome. Nevertheless, the addition
of mitochondrial genes to the nuclear genome was essential for plant evolution and modern
function as they are involved in several cellular processes such as DNA repair and cytoplasmic
signalling (Lin et al., 2007).

The evolution of chloroplasts and their genomes also offers valuable insights into how
they may influence the phenotype of modern plants. Endosymbiotic theory suggests that ca. 1.2
billion years ago early eukaryotic cells engulfed a photosynthetic cyanobacterium (Parfrey et al.,
2011). The acquisition of cyanobacteria resulted in the host cell’s inheritance of several attributes
such as photosynthesis and genes encoding cell division proteins. Phylogenetic analysis has
confirmed that the closest homologs of chloroplast sequences do indeed come from this phylum
of bacteria (Douglas and Raven, 2003). Similar to mitochondria, the pre-plastids lost, retained
and transferred genes to the nucleus over the course of evolution (Herrmann, 1997).
Additionally, the symbiosis resulted in the invention of protein import machinery that facilitated
the donation of plastid genes to the nucleus (Osteryoung and McAndrew, 2001). Genomic
analysis shows that contemporary chloroplast genomes encode between 60-200 proteins,
whereas the nucleus is the source of over 5,000 chloroplast targeted genes (Martin et al., 2002).
Furthermore, the loss of genes in the pre-plastid has been attributed to the high maintenance cost
of redundant orthologous genes. The explanation for plastid derived gene transfer to the nucleus
remains largely inconclusive but is thought to be a response to stress conditions (Cullis et al.,
2009). Regardless of evolutionary motivations, and processes for gene distribution among
organelles, cyto-nuclear interactions may explain variation in plant development and phenotypic
attributes.

The complex network of gene signalling between a plant’s organelles may provide
further insight into how the genomes of the chloroplasts and mitochondria (collectively termed
the plasmotype) have an effect on phenotype. Retrograde signalling (organelle-to-nucleus) has a
large role in nuclear gene expression and is generally divided into two classes: chloroplast and
photosystem biogenesis (biogenic control) and those involved in chloroplast responses to

environmental conditions (Kleine and Leister, 2016). Examples of these signals include



chloroplast metabolites such as heme (Woodson et al., 2011), phosphonucleotide PAP (Estevillo
et al., 2011), oxidation products of B-carotene (Ramel et al., 2012), precursors of carotenoids
(Xiao et al., 2012) and several transcription factors (Koussevitsky et al., 2007). Moreover,
signalling involving these molecules often includes cytoplasmic intermediaries, increasing the
complexity and difficulty of understanding these pathways (Kleine and Leister, 2016).
Anterograde (nucleus-to-organelle) signalling is also a key phenomenon for many cellular
processes. Nucleus encoded molecules are critical for relaying information to the chloroplasts
and therefore influencing gene expression in the organellular genome (Berry et al., 2013). These
nucleus-derived regulators include sigma proteins, plastid transcriptional factors and
posttranscriptional regulatory factors (Berry ef al., 2013). Many of these regulators not only
participate in chloroplast biogenesis but also influence the photosynthetic capacity under variable
environmental conditions (Berry ef al., 2013). Lastly, transcriptional regulation and intermediary
interactions between the mitochondria and chloroplasts has been observed and described as
organellular cross-talk. For example, both the mitochondria and chloroplasts produce reactive
oxygen species (ROS) that influence pathways for nuclear transcription signalling. Similarly,
mitochondria produce nitric oxide and ascorbate as signalling molecules to the chloroplast
(Raghavendra and Padmasree, 2003). Understanding the complexity of the aforementioned
pathways and how they affect a plant’s phenotype calls for novel approaches to analyze a plants
plasmotypic variation.

One method of exploring cyto-nuclear interactions requires analyzing plasmotypic
variation and its effect on a plant’s phenotype. This approach requires separating the effects of
the nuclear genome from the mitochondria and chloroplast genomes. Several methods such as
reciprocal cross designs and back-cross designs have been previously utilized to observe various
nucleotype-plasmotype combinations, however, they are inefficient and limited in accuracy
(Joseph et al., 2013; Tang et al., 2014; Roux et al., 2016). Alternatively, the use of the A4.
thaliana haploid inducer line GFP-tailswap has proven to much more successful (Flood and
Theeuwen et al., 2020). In this approach, the zygote of GFP-tailswap loses its nuclear genome
when pollinated with a wild-type (WT) plant, resulting in haploid progeny with a paternally
derived nuclear genome and maternally derived mitochondria and chloroplasts (Fig. 1.a) (Flood
et al., 2020). Genome duplication or restitutional meiosis subsequently results in stable, doubled

haploid lines with the potential to contain various plasmotype-nucleotype combinations,



alternatively termed cybrids. This method was used by Flood and Theeuwen ef al. (2020) to
create a panel of cybrids that originated from six natural occurring 4. thaliana accessions
representing genetic and geographical diversity. A seventh naturally occurring accession was
included as a control as it contains a large-effect mutation in the PshA4 gene that causes reduced
photosystem II (PSII) efficiency(®psi). The plasmotype-nucleotype combinations resulted in a
test panel of 46 cybrids and seven WT progenitors. These plants were grown and analyzed for
absolute and relative growth rate, biomass accumulation, epinastic leaf movement, ®psi1, non-
photochemical quenching (NPQ), a reflectance-based estimate of chlorophyll, flowering time,
germination, pollen abortion and primary metabolites. Several experiments were conducted in
conditions such as climate chambers that simulated “natural” and variable conditions by
subjecting the panel to germination under osmotic stress and fluctuating light. The experiment
yielded 1,859 phenotypes from which 92 were selected to eliminate any non-informative
phenotypes. The average contribution to broad sense heritability (H?) from the nucleotype,
plasmotype and nucleotype-plasmotype combination was 91.9, 2.9 and 5.2 percent, respectively.
These values, however, do not include the Ely plasmotype due to its Psb4 mutation that
represented most of the plasmotype-derived additive variation. Moreover, a key observation was
that not only did the Bur plasmotype exhibit increased ®@psi under normal conditions compared
to the other plasmotypes (1.6 percent), but this parameter was even further increased under
fluctuating light intensity (Fig. 1.b) (3.5 percent increase). Additionally, the fraction of H? from
plasmotype increased under fluctuating light intensities (Fig. 1.c). Chloroplastic variation was
postulated to be the source of this increase as mitochondrial respiration rates were normal and
contained no large-effect mutations in the plasmotypes genome. Increased phenotypic variation
due to plasmotypic variation under stressful conditions merits more extensive investigations that

focus on the impact of these factors on a plant’s phenotype.
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Fig. 1 | The method used to create cybrids, PSII efficiency for the cybrid panel and phenotypes under
various light conditions. a, The process of creating cybrids using a haploid inducer. b, The bur plasmotype results
in an increased PSII efficiency in comparison to the other cybrids tested. ¢, The fraction of H? for plasmotype is
increased for several phenotypes under conditions of fluctuating light (Reproduced from Flood and Theeuwen et

al., 2020)

The observation of phenotypic variation due to plasmotype by Flood and Theeuwen et al. (2020)
has prompted subsequent research efforts to encompass a broader range of genetic diversity
grown under variable conditions (Theeuwen et al., unpublished). Whole genome sequencing of
over 1,500 A. thaliana accessions have enabled the analysis of genetic diversity among
accessions collected from various ecoregions (1001 Genomes Consortium, 2016). Phylogenetic
analysis of 622 A. thaliana accessions revealed that the panel used by Flood and Theeuwen et al.
(2020) represented less than 5 percent variation of the accessions analyzed (Theeuwen,
unpublished). These results also highlight that the most divergent lineages in the set were

sampled from remote and isolated regions in Morocco, Tanzania, Madeira and the Iberian



Peninsula (Alonso-Blanco ef al., 2016; Durvasula et al., 2017; Fulgione et al., 2017).
Furthermore, variability in cyto-nuclear communication for accessions that have evolved in
geographically isolated regions may be increased due to the wide range of growing conditions
that they have evolved in.

A new cybrid panel consisting of four nucelotype donors and 60 plasmotype donors
has been constructed using a selection of the aforementioned accessions and some have been
whole genome sequenced to date (Fig. 2; Extended Data Table 1). The nucleotype donors
include the ecotypes Columbia (Col-0), Burren (Bur-0), Cape Verde Islands (Cvi-0) and
Tanzania (Tanz-1). Col-0 was selected due to its widespread use in research and availability of
mutants for any subsequent investigations. Bur-0 was included due to the strong additive effects
that it had on phenotypes such as elevated ®psi1 in the aforementioned study by Flood and
Theeuwen et al. (2020), potentially lowering the amount of nucleus derived variation. Cvi-0 and
Tanz-1 were selected in part due to their high level of phylogenetic divergence and the
substantial amount of previous research done on them (Theeuwen, unpublished). The 60
plasmotype donors were selected based on their phylogenetic diversity and availability for
acquisition. The terminology regarding cybrid combinations is explained by the plasmotype
listed first, then followed by an underscore and then nucleotype. For example, Tanz-1 Col-0
denotes a cybrid with a Tanz-1 plasmotype and a Bur nucleotype. The panel was
phylogenetically analyzed by plasmotype and the Col-0 nucleotype cybrids were phenotyped to
detect any differences in cytoplasmic variation than that of the aforementioned 7 x 7 panel by
Flood and Theeuwen et al. (2020). In addition, the cybrids’ genotypes were confirmed using

KASP ™ markers and genome sequencing (Theeuwen, unpublished).
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Fig. 2 | A representation of the cybrid panel of A. thaliana constructed by Theeuwen ef al. (unpublished). The
four nucleotypes are listed vertically while the 60 plasmotypes are listed horizontally (Reproduced from Lind,
unpublished).

Crop breeding for enhanced traits is an extensive industry and is essential for meeting current

and future food production demands. Modern breeding techniques including genetic
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modification and gene editing have provided many of these services in a rapid and efficient
manner. However, these advances have been largely restricted by agricultural regulations in
regions such as Europe. Such jurisdictions are therefore dependent on traditional breeding
techniques that require the identification and location of desired genes that code for desirable and
heritable traits. Moreover, the lion’s share of this work has historically focused on the
identification and manipulation of nuclear-derived genes and the resultant plant phenotypes.
Although this approach has proven to be effective, the influence of plasmotypic variation on
phenotype may also be considered important for achieving goals in breeding goals and in
biotechnological applications. The exploration of cyto-nuclear interactions holds great potential
for crop trait enhancement as cytoplasmic genomes are already known to be responsible for
fundamental plant growth processes such as metabolism and photosynthesis. An understanding
of plasmotypic variation and cyto-nuclear interactions can provide plant breeders with powerful
tools for crop trait enhancement. The untapped potential of this knowledge has vast applications,
markedly for improving photosynthetic processes and increased crop growth efficiency.

We hypothesize that plasmotypic variation has a heritable effect on several
photosynthetic phenotypes such as @psi and that growth in growth in variable, outdoor
conditions will result in phenotypic variation patterns similar to those observed in previous
experiments conducted in growth chambers. Additionally, we hypothesize that phenotyping a
larger and phylogenetically broader panel of cybrids will result in novel cybrids with
plasmotypic variation. Lastly, this plasmotypic variation will be represented by the measurement
of additional, physiological phenotypes that have not yet been observed assessed.

The primary objective of the proposed project is to grow the new cybrid panel of 217
genotypes by Theeuwen et al. (unpublished) in outdoor conditions and analyze the plants for
plasmotypic variation by measuring several phenotypic attributes. This will be the first time that
species-wide phenotyping will take place for plasmotype-nucleotype combinations. Furthermore,
we intend to sequence the lines used to later link the resultant phenotypes to underlying genetic
variation. As such, we will utilize the 217 A. thaliana cybrids that were created with four

nucleotype donors and ~60 plasmotype donors.
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Methods

Outdoor cybrid experiment

Gauze tunnel. Plant growth took place in an outdoor, gauze covered tunnel at Unifarm,
Wageningen University and Research, The Netherlands (51.9882583, 5.66119897). The base of
the tunnel measured 8§ m x 5 m and was enclosed by synthetic gauze material that was largely
penetrable by rainwater, sunlight and wind so to provide conditions similar to those encountered
in the field (Fig. 3). Rain gauges placed inside and outside the tunnel confirmed that all rainwater
was able to penetrate the gauze. Photosynthetically active radiation (PAR) readings were also
taken both inside the tunnel and at a metrological station within 500 m from the tunnel. A
comparison of readings from both locations indicated that the gauze decreased the amount of
PAR that penetrated through to the growing area on average by 94.3 pmol m s*'. The floor of
the tunnel was covered in black landscape material. The tunnel contained access to local utilities

such as water, power and a zipper door to prevent the entry of any undesired interferents.

Fig. 3 | Gauze tunnel at Unifarm, Wageningen
University and Research.

Plant pots, trays and substrate. Black plastic pots measuring 7 cm X 7 cm X 18 cm were used
for individual plant growth as they allowed sufficient depth for unlimited root development (Fig.
4.a). Grey plastic trays measuring 40 cm x 60 cm x 20 cm were used to hold 40 of the
aforementioned pots (Fig. 4.a). The trays were organized in five rows of 11 trays and one row of
13 trays (Fig. 4.b). A small seedling tray was placed in the bottom of each large grey tray to raise
the pots above the edge of the grey tray. The plant pots were filled with a mixture of 40 percent
sand and 60 percent peat provided by Lensli® substrates. The substrate includes YARA PG

12



MIX™ which contains 15-10-20+3 of N, P2Os, K20 and MgO. The added fertilizer is in powder
form and results in complete substrate values of 1.0 and 5.7 for electrical conductivity and pH,

respectively. No additional nutrition was applied during the experiment.

Fig. 4 | Organization of pots and trays in the growth tunnel. a, 40 pots were placed in
each tray. b, Aerial perspective of the growth tunnel and tray placement.

Plant materials. The seeds used in this experiment were created by Theeuwen et al.
(unpublished) and the plasmotype — nucleotype combinations are listed in Extended Data Table
1. Confirmation of the plasmotype — nucleotype combinations was completed with two KASP™
markers, one for the nuclear genome and one for the plastid genome (Theeuwen et al.,
unpublished). Furthermore, KASP™ primers were created and assays were completed to confirm
the genotypes of the cybrids. The panel was propagated simultaneously and under the same
environmental conditions, however, the timeline of the project did not allow for the inclusion of
this standardized panel to be utilized in the outdoor experiment. The seeds used in this
experiment were propagated in several batches. The potential for a batch effect is considered in
the analysis of this experiment; the standardized panel will be used for any subsequent

experiments.
Seed preparation and sowing. Graphite pencil was used to mark round pieces of filter paper

with the name of a cybrid from the panel (see Extended Data Table 1). Each piece of paper was

placed in the bottom of large, round petri dishes and one millilitre of purified water was applied
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to the filter paper using a Milli-Q® dispenser. Seeds of each cybrid were sprinkled onto the moist
paper and the dishes were closed with a lid. The petri dishes were stacked in bins that contained
a layer of wet paper towel in the bottom to provide moisture over an extended period of time.
The bins were stored in a 4°C refrigerated room for four days to break the seeds’ dormancy. The
bins were then placed in a growth chamber kept at 22 °Celsius and 16 hours day™! of light for 24
hours prior to sowing them in the outdoor pots.

An R script was used to create an unbalanced, incomplete block design to randomize
the cybrids among the pots resulting in the nucleotypes being randomized among the trays and
the plasmotypes being randomized within the trays (Theeuwen, unpublished). Each pot was
labelled with its corresponding plastic label that contained the coordinates in the tray/tunnel. The
number of replicates ranged between 10-12 for the cybrid genotypes and 60-80 for the four WTs.
On March 18", 2020 the petri dishes containing the germinated cybrid seeds with a Bur
nucleotype were brought to the tunnel for sowing. A fine-tipped paint brush was used to extract
approximately four germinated seeds form the petri dishes and place them on the surface of the
soil. The cybrids with Col and Cvi nucleotypes were sown on March 19" and the cybrids with
Tanz nucleotypes were sown on March 20™. Following 20 days of growth, the healthiest looking

seedling in each pot was selected to remain while the extra seedlings were removed and

discarded.

Maintenance and sensors. Plastic wrapping was placed over the tunnel’s gauze for the first 14
days of growth. This was to ensure that heavy rain would not disturb the establishment of the
seedlings in the soil. Additionally, plastic wrapping was placed over the trays during the night
for the first 14 days of growth to protect from cold temperatures. Soil covers were placed on each
pot after 23 days of growth.

The pots were evenly watered as needed according to weather conditions and rainfall.
Anti-slug/snail pellets were placed in small piles on the ground around the perimeter of the
tunnel. Ten van Iperen® insect sticking pads were hung with string above the rows of trays to
prevent herbivory damage and further infestation.

A set of remote sensors from 30MHz monitored and recorded atmospheric CO-
concentration, PAR, soil water content (SWC), humidity, dewpoint, and temperature. The CO»

concentration sensor was strapped to the side of the tunnel at a height of 1.5 m (Fig. 5). The
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sensor for temperature, humidity and dewpoint was hung in the middle of the tunnel at a height
of 1.5 m. The PAR sensor was fixed in the middle of the tunnel at the same height as the pots.
The SWC sensor contained three prongs that were placed into the soil of one single pot

throughout the duration of the experiment.

Fig. 5 | Sensors in the tunnel for recording growing conditions. a, PAR

meter. b, SWC. ¢, CO. d, temperature etc.
Phenotyping Growth rate was intended to be measured by taking daily photos of the trays
between 09:00 hrs and 11:00 hrs using a Nikon D3000 camera with a Nikon DX AF-S Nikkor
18-105 mm 1:3.5-5.6G ED lens (Fig. 6.a). The trays contained two sensing markers that were to
be used for pot partitioning when the images were analyzed by a Python script (Aarts,
unpublished) (Fig. 6.b). Furthermore, the script was expected to count the quantity of green
pixels in each pot to extrapolate the leaf area of the plant. Regrettably, the development of this
script was unsuccessful up until the end of this thesis, and growth rate was therefore excluded

from the set of phenotypes analyzed.
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Fig. 6 | Method for recording growth rate. a, camera set up and stand for
taking daily images. b, resulting growth rate images and partitioning markers.

Red Green Blue (RGB) and chlorophyll fluorescence imaging was completed at WUR in the
Unifarm greenhouses. The trays containing nucleotypes Cvi-0, Col-0, Bur-0 and Tanz-1 were
analyzed at 35, 38, 38 and 38 days of growth, respectively. The plants were brought into the
greenhouse and stored in a climate-controlled room with constant conditions of 19 °C and ~200
umol m s! until they were ready to be analyzed. Exposed soil was covered with rubber strips to
eliminate any interfering fluorescence from the algal development. The plants were passed
through a PlantScreen™ SC System supplied by Photon Systems Instruments (PSI). The
software supplied by PSI for the data analysis was Plantscreen Data Analyzer Version: 3. 1. 6.
20. Trays of 20 plants each were exposed to a ~6-minute-long protocol (Fig. 7) in which
fluorescence and RGB imaging took place. Digital tray masks were used to partition the
individual pots/plants and were manually adjusted to ensure that they were perfectly centered for
exact measurements of each individual plant. Post hoc adjustments were made to the RGB
threshold for the Tanz nucleotype to ensure the inclusion of all relevant spectral components.
Tunnel tray number 73 was excluded from the Robin analysis, reducing the number of Bur-0

replicates.
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Fig. 7 | An example of the imaging protocol for one specific plant used with the Robin and time

point/measurement annotations. Light input is indicated in the yellow bars at the top of the graph. Black and

red bars indicate periods of dark and infrared, respectively. A-B: Actinic FqFm (®rsu), C-D: Actinic NPQ,

Dnpg, Do, qL, q1, and g, E: High FqgFm 1 (®psn), F: High FqFm 2 (®psi), G-H: High NPQ, ®neq, Do, qr, q,

and gg, I: Low FqFm 1 (®@psn), J: Low FqFm 2 (®psi), K-L: Low NPQ, Oneq, Ono, qr, q1, and g.
The number of days-to-flower for each plant was recorded when the top of the highest flower
bud reached 3 cm from the base of the floret. When plants reached this stage, they were
harvested at the base of the floret, placed in a paper bag and dried in an oven for 48 hours. The
dried plants were individually weighed, and plant material was retained for the potential of DNA
extraction for further analysis. Dry weight was hence recorded when each plant reached this

stage except for the Col-0 nucleotype plants which were all harvested on the same day.

Phenotypic data analysis. Fluorescence data output from the Robin analysis included size and
raw fluorescence values according to the protocol. The morphological parameters included Area
(Pixels), Perimeter (Pixels), Area (mm?), Perimeter (mm), SOL, Roundness2, Isotropy,
Compactness, RMS, Eccentricity and Roundness and a set of RGB parameters with various
spectral inclusions (Extended data Table 2). Analysis of raw data was initiated by removing
outlier plants through the use of RStudio software, version 1.2.5042 (R). The outlier removal
script (Theeuwen, unpublished) analyzed each genotype separately and was based on the Robin
output parameter Area (mm?). Outlier plants were detected if they had a surface area less than
two standard deviations from the genotype’s mean. These plants were excluded in all

phenotypes, from any subsequent analysis.
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Raw fluorescence output data was analyzed using an R script (Theeuwen, unpublished)
to calculate photosynthetic phenotypes according to fluorescence response in the above-
mentioned protocol. Phenotypes calculated included ®psi1, non-photochemical quenching
efficiency (®npq), non-regulated energy losses (®no), NPQ, rapidly reversible NPQ (qg) and
photoinhibition of photosynthesis (qi) under different light conditions along the protocol’s time
sequence. All subsequent analyses involved a total of 57 phenotypes, 11 of which were related to
plant morphology, 43 were photosynthesis related and the remaining three were dry weight,
number of days to flowering and specific leaf area (SLA). Individual plant data and
corresponding phenotype measurements were then compiled into one dataset and all Ely XXX
plasmotype donor plants with the aforementioned mutation in the Psh4 gene were removed. The
exclusion of these plants was necessary to eliminate any influence that the large effect mutation
would have on any downstream tests such as calculating H? and the honestly significant
differences (HSD).

The combined dataset was first analyzed as a whole to determine plasmotype-
nucleotype interactions. Experimental parameters such as the position of each plant in the tunnel
were tested for their significance and the potential for required correction using a significance
threshold of a = 0.05; with the same threshold used for all other post hoc tests conducted in the
analysis. Due to the significance of “Block” and “Row”, the Kenward-Roger approach was
incorporated into a linear mixed model for estimation of degrees of freedom (Equation 1)
through the use of the Ime4 package in R (Bates ef al., 2015; Flood and Theeuwen et al. 2020).
The tunnel trays represent the Blocks and the longer dimension of eight pots in the trays are the

Rows. The model subsequently underwent an analysis of variance (ANOVA).

Y = Plasmotype + Nucleotype + (Nucelotype x Plasmotype) + Block + Row + &

Equation 1. Model used for the initial ANOVA and Kenward Roger adjustment. Underlined variables are

random terms.

Confirmation of normal distribution was followed by the calculation of the additive contributions
of plasmotype, nucleotype and the plasmotype-nucleotype interaction to phentoypic effects by an
estimation of the variation through the use of the VarCorr function from the above-mentioned

package (Bates et al., 2015). The sum of all variance components was then used to calculate the
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fraction of explained variance for every term in the model (Theeuwen, unpublished). Broad-
sense heritability (H?) was estimated by three biologically influencing components: nucleotype,
plasmotype and the plasmotype-nucleotype interaction (Theeuwen, unpublished). This analysis
was only completed for plasmotypes which were present in all nucleotype sets, as some
nucleoptype sets did not contain all of the plasmotype donors as the others. The model for this
estimation of variance is illustrated in Equation 2 where all the fixed terms were considered
random. Pairwise differences were calculated and compared between the Fisher’s Least
Significance Difference (LSD) test (Fisher, 1935), Tukey’s test (Tukey, 1949) and the Benjamini
& Hochberg test (Benjamini & Hochberg, 1995).

Y = Plasmotype + Nucleotype + (Nucelotype x Plasmotype) + Block + Row + €

Equation 2. Model used for estimation of variance. Underlined variables are random terms.

The epistatic effects of the plasmotype on the nucleotype were analyzed by using the
aforementioned dataset, however, the model used analyzed each of the four nucleotype sets of
separately. This model differed to the additive model by only including “Plasmotype” as the only

non-random term (Equation 3).

Y =Plasmotype + Block + Row + &

Equation 3. Model used for analyzing the four nucleotypes separately. Underlined variables are random

terms.

Similar to the additive approach, the model then estimated the variance components and

heritability through the use of the Equation 4.

Y = Plasmotype + Block + Row + &

Equation 4. Model used for estimation of variance. Underlined variables are random terms.
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Subsequent post hoc tests were similar to the aforementioned approach except for the fact that
pairwise comparisons were only made for plasmotypes within each separate set of four
nucleotypes. Additionally, a Dunnett’s test (1955) was conducted within each set of four
nucleotypes to compare all the encompassed plasmotypes with the corresponding nucelotypes

WT.

Deviant Panke-1_Bur phenotype experiment

Nearly half of the Panke-1 Bur-0 replicates displayed a deviant phenotype of the overproduction
of leaves, severe upward curling of the leaves and a delay in flowering time (Figure X). Due to
these observations, a separate experiment was conducted to explore the genotype’s potential

sensitivity to high temperatures.

Fig. 7 | A visual comparison of a “normal” plant and a deviant pant form the Panke-1_Bur-0
replicates. a, One of the five Panke-1 Bur replicates that exhibited the deviant leaf phenotype. b, The leaf
phenotype from the remainder of the “normal” Panke-1 Bur-0 plants.

Plant materials. Three genotypes were grown under different conditions. Seeds of Panke-
1 _Bur-0 and Bur WT were selected from the same batches that were used in the above-
mentioned tunnel experiment. Panke-1 WT was also included; although this genotype was not

used in the tunnel experiment.

Seed preparation and sowing. Graphite pencil was used to mark round pieces of filter paper
with the name of a one of the three genotypes mentioned. Each piece of paper was placed in the
bottom of large, round petri dishes and one millilitre of purified water was applied to the filter
paper using a Milli-Q® dispenser. Seeds of each genotype were sprinkled onto the moist paper

and the dishes were closed with a lid. The petri dishes were stacked in bins that contained a layer
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of wet paper towel in the bottom to provide moisture over an extended period of time. The bins
were stored in a 4°C refrigerated room for four days to break the seeds’ dormancy. The bins were
then placed in a growth chamber kept at 22 °Celsius and 16 hours day! of light for 24 hours
prior to sowing them.

Each treatment consisted of three trays. Each tray held 40, evenly spaced rockwool
cubes measuring 8 cm x 8 cm x 8 cm that were pre-soaked in Hyponex nutrient solution. Rubber
covers with a hole in the center we placed on top of each cube to limit algal growth. Plastic
labels were placed on each cube to identify the coordinate within the three trays. The three
genotypes contained 40 replicates each and were randomized across the three trays. A fine-tipped

paint brush was used to place one seed on top of the corresponding rockwool cube.

Treatments and growing conditions. Two treatments were applied for the duration of this
experiment. The first consisted of three trays being grown in a climate-controlled cabinet at
Unifarm, WUR. The cabinet was set to 16 hours of 200 umol m s*!, 8 hours of no light, 70
percent humidity, 25 °Celsius from 04:30 hours to 19:30 hours and 22 °Celsius from 20:00 hours
to 04:00 hours. The lights used in this cabinet are light emitting diodes (LED) and emit a
different spectrum than that of the second treatment. Watering of the rockwool cubes took place
as needed with Hyponex nutrient solution.

The second treatment consisted of 120 rockwool cubes placed into a single tray and
grown in a climate-controlled room at Klima, WUR. The room was set to 15 hours of 200 umol
m2 s, 9 hours of no light, 70 percent humidity, 19 °Celsius from 04:30 hours to 19:30 hours and
17 °Celsius from 20 hours to 4 hours. The cubes were automatically watered by bottom-up

absorption with an Hyponex nutrient solution according to pre-set time intervals.

Cybrid panel standardization, DNA extraction and library preparations

The cybrid panel used in the tunnel experiment was created in several batches that grew in
potentially different conditions. Consequently, variable growing conditions have the potential of
effecting the genotypes of the seeds propagated. To compensate for this potential batch effect,

the complete panel to-date was grown at the same time and under uniform conditions.
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Additionally, DNA from these plants was extracted and library preparations were created

subsequent genomic sequencing.

Panel propagation. The same germination methodology used in the tunnel experiment was used
in this protocol. Rockwool cubes were presoaked in Hyponex nutrient solution and were placed
in rows of four in a plastic tray for a total of 80 cubes per tray. Black rubber covers were placed
on the top of each cube to prevent algal growth and each row of four cubes was labelled
accordingly to the genotype assigned. A fine tipped paint brush was used to place a single seed
on the cubes, resulting in the sowing of four seeds per genotype. The room (Unifarm, WUR) was
set to 16 hours of natural sunlight supplemented by fluorescent light, 8 hours of no light, and
~20 °Celsius. The cubes were watered by bottom-up absorption with Hyponex nutrient solution
as needed. Following 14 days of growth, two representative plants per genotype were selected to
complete the propagation process and the remaining two were discarded. The plants were bound

to vertical stakes as they grew.

DNA isolation and library preparation. DNA isolation of the cybrid panel took place as soon
as the plants were producing flowers. One mm Zirconia beads were placed in the wells of 96
well plates. Sterile forceps were used to collect and place three terminal buds or 1 cm? of
juvenile leaf material into the plate’s wells. The plates were stored at -20°Celsius until they were
needed for the library preparation. The protocols for DNA isolation and library preparation are
listed in Supplementary Information (Lists 1 and 2). The verification of sufficient quantities of
DNA in each sample was completed through the use of a ThermoFisher Scientific Qubit
fluorometer. DNA samples from the panel were taken at random and tested using the Qubit

unit’s protocol.

Results

Tunnel experiment growing conditions

The seeds were sown in the gauze tunnel at a relatively cool time of the year for the experimental

location. Nighttime temperatures during the first week of growth dropped down to as low as
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0.5 °Celsius (Extended Data Fig. 1). Similarly, nighttime temperatures after the second week of
growth regularly dropped to lows of 0.1 °Celsius. Daytime highs during the experiment were on
average 16 °Celsius and the highest temperature of 28 °Celsius was on the 25th day of growth
(April 11th). Percent humidity during the experiment ranged between 15.5 and 99.7 percent with
an average of 59.3 percent (Extended Data Fig. 2). Ambient carbon dioxide (CO2) concentration
ranged between 331 and 660 parts per million (PPM), with an average of 421 PPM over the
duration of the experiment. PAR measurements from both inside and outside the tunnel are
plotted in Extended data Fig. 3. PAR fluctuations during peak intensities ranged from 1,834
umol m2 s to 685 pmol m? s! over the course of one minute.

Continuous soil readings were taken from one pot for the duration of the experiment of
which showed an average electrical conductivity of 56.3 uS cm’!, average soil temperature of
12.5 °Celsius and an average volumetric water content of 8.7 percent. Hose-derived water input

to the pots and the quantity of rainfall received is presented in Extended data Fig. 4.

Phenotypes

The experiment resulted in the measurement and analysis of 57 phenotypes total (Extended data
Table 2). Eleven of these were related to plant morphology, 43 were photosynthesis related and
the remaining three were dry weight, number of days to flowering and specific leaf area. Pearson
correlation plots were used to compare phenotypes and determine how much they were
correlated to each other. In figure 8 you can see these values for when plasmotype results for all
four nucleotypes were combined. The photosynthetic traits such as NPQ and qE are very strongly
correlated. Similarly, there is a strong correlation between surface area and dry weight.
Conversely, a dry weight is not strongly correlated to “...FqFm...” (®psn). These plots were also
made for each separate nucleotype to represent the epistatic effects (Extended data Figures 5-8).
In this case there are some striking differences in correlation for the same phenotype, but
between different nucleotypes. For example, surface area seems to be very strongly correlated
with dry weight in the Bur-0 nucleotype but the correlation is much weaker in the Tanz-0

nucleotype, although still existent.
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Fig. 8 | Pearson correlation plot for 57 phenotypes from the combined plasmotype from all nucleotypic
backgrounds.

The average contributions, over all nucleotypes, to H? for the combined analysis from
nucleotype, plasmotype and plasmotype-nucleotype interaction was 32.1, 0.2 and 1.8 percent,
respectively (Extended data Table 2). H? of the phenotypic effects from the nucleotype ranged
from 95 percent for dry weight to as low as 0 percent for actinic versus low qe measurement. H?
of phenotypes from the plasmotype ranged from 1.2 percent for leaf isotropy to zero percent for
high FqFm1 (®psir). The phenotypic H? for the plasmotype-nucleotype interaction ranged from
five percent for actinic ®xeq to zero percent for high FqFm1 (®psn).

A comparison of the three post hoc tests resulted in the decision to use the Benjamini
& Hochberg method for final interpretation. Over all the nucleotypes, a count of phenotypes for
plasmotypes that were significantly different from each other resulted in five plasmotypes that
stood out from the others (Fig. 9). The Taz-0 plasmotype resulted in 444 phenotype comparisons,
the highest number out of the entire panel. Bur-0, Kas-1, Zin-9 and Yeg-1 plasmotypes also had
a noticeably high number at with 427, 290, 252 and 174, respectively.
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Fig. 9 The number of significantly different phenotypes if a plasmotype was swapped with another
plasmotype.

Photosynthetic phenotypes from the “low...” protocol measurements were used for
comparisons sake for the remainder of these results because they had the highest H? values.
Comparisons of the plasmotypes’ combined means for all the phenotypes reveal that the Bur-0
plasmotype exhibited the highest level of ®psp1 in the entire panel at 0.668 (Fig. 10). These levels
represent a 1.4 percent increase in @psyy from the runner-up plasmotype C24 and a 2.3 increase
from the average of all plasmotypes. Moreover, the Bur-0 plasmotype was significantly different
than the Taz-0 plasmotype with a five percent difference. Furthermore, the Bur-0 plasmotype
also exhibited differential levels from the rest of the panel for the photosynthetic phenotypes
NPQ (0.57), ®xeq (0.115), Do (0.207) and qe (0.056) (Extended data Figures 9-12). A
comparison of the Bur-0 values to the runner-up plasmotypes for the above-mentioned

phenotypes resulted in percent increases of 14.2, 11.4, 1.4 and 44.8, respectively.
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Additive effect of plasmotype low FqFm1 (®pgyy)
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Fig. 10 | The additive effect of plasmotype on @psii from the low FqFm1 measurement. (Benjamini &
Hochberg test; letters vary when P < 0.05).

The high levels for photosynthetic phenotypes from the Bur-0 plasmotype did not translate to
elevated levels in plant surface area and dry weight (Figs. 11 and 12). The Bur-0 plasmotype had
mediocre surface area and dry weight means at 1,690 mm? and 0.32 grams, respectively. The
Can-0 plasmotype had the lowest dry weight of 0.29 grams and was significantly different than
the IP-Ees-0 plasmotype and the highest plasmotype for dry weight Kas-1 with 0.358 grams.
Although not significantly different from any of the other plasmotypes, Kas-1 still represents a
1.2 percent increase from the runner up IP-Ees-0 and a 11.6 percent increase from the
photosynthetically distinct Bur-0 plasmotype. Similarly, Kas-1 was significantly different from
the rest of the panel for surface area with a mean of 2,016 mm?. This is an 11 percent increase in
surface area from the runner-up plasmotype, Lesno-1. The Kas-1 plasmotype also resulted in the
lowest number of days to flowering at 43.7, although not SD from the rest of the panel (Fig. 13).
The plasmotype with the highest SLA was also Kas-1 at 8.04, a nine percent increase from the
runner up Lesno-1 (Extended data Fig. 13).
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Additive effect of plasmotype on plant surface area
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Fig. 11 | The additive effect of plasmotype on plant surface area. (Benjamini & Hochberg test; letters vary
when P < (.05).

Additive effect of plasmotype on dry weight
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Fig. 12 | The additive effect of plasmotype on dry weight. (Benjamini & Hochberg test; letters vary when
P <0.05).
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Additive effect of plasmotype on number of days to flowering
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Fig. 13 | The additive effect of plasmotype on number of days to flowering. (Benjamini & Hochberg
test; letters vary when P < 0.05).

The high phenotype count for plasmotype differences (Fig. 9) for the aforementioned Zin-9,
Yeg-1 and Taz-0 plasmotypes were mainly driven by low performance in the photosynthetically
related phenotypes (Extended data Figures 9-12). The Taz-0 plasmotype was the lowest for ®psnt
at 0.635 and was significantly different than many other plasmotypes. Taz-0 was also noticeably
high for NPQ at 0.997 and was significantly different than many other plasmotypes. This low
performing plasmotype was significantly different from all plasmotypes except for three in qg
and exhibited similar differentiation for ®no, and ®npq (Extended data Figures 9-12).

Epistatic effects from the plasmotype-nucleotype interaction can be visualized by
looking at how each plasmotype performed within each nucleotype. Furthermore, the H? of the
plasmotypes effect on phenotype within each nucelotype provides a basis for subsequent
interpretation (Extended Table. 3). The average plasmotype derived H? from all the phenotypes
for nucleotype donors Bur-0, Col-0, Cvi-0 and Tanz-1 was 1.82, 3.82, 5.85 and 2.52 percent,
respectively. The highest H? for photosynthetic phenotypes across all nucleotype donors was
from the “low...” measurements in the protocol. These values ranged from a H? of 24.73 percent
for ®psyr in the Bur-0 nucleotype to 4.01 percent in the Tanz-1 nucelotype. Morphological
phenotypes ranged from 17.5 percent for dry weight in the Cvi-0 nucleotype to 2.18 percent in
the Tanz-1 nucleotype.

The number phenotypes for significantly different plasmotypes when compared to the

nucleotypes WT can be seen in figure 14. Most of the epistatic effects occur within the Bur-0
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plasmotype. Additionally, most of the epistatic changes summed over the nucleotypes arise in

the Zin-9 (52), Yeg-1 (44), Taz-0 (42), IP-Bor-0 (36) and Bur-0 (27) plasmotypes.

Plasmotype
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Fig. 14 | The number phenotypes for significantly different plasmotypes when compared to the
nucleotypes WT. (Dunnet’s test; phenotypes significantly different when P < 0.05).

Epistatic effects of plasmotype on ®psi were most pronounced from measurements taken at the
“low...” time points in the protocol, therefore, the remainder of the photosynthetically related
epistatic results will be drawn from these measurements. Observation of epistatic effects for each
individual phenotype provide a visual of how nucleotype and the plasmotype-nucleotype
interaction contributes to the phenotype. For example, the high additive effects of the Kas-1
plasmotype on plant surface area can be dissected as shown in figure 15. It now becomes
apparent that the majority of this Kas-1 plasmotype effect is driven by the Col-0 and Cvi-0
nucleotypes. That said, Kas-1 was also above average for plant surface area in the Bur-0 and
Tanz-1 nucleotypes, showing some level of contribution from all nucleotypes. Other than Kas-1
and the occasional outliers in the Cvi-0 nucleotype, the nucleotypes seem to be relatively stable
with little variation among plasmotypes for plant surface area. The results from all multiple
comparison tests for nucleotype-specific phenotypes can be found in Extended Data Table 4.

Epistatic effect of plasmotype on plant surface area
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Fig. 15 | The epistatic effects of plasmotype on plant surface area.
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The epistatic effect of plasmotype on dry weight is also relatively stable across nucleotypes (Fig.
16). Similar to plant surface area, Kas-1 dry weight is highly driven by the Col-0 and Cvi-0
nucleotypes with Bur-0 and Tanz-1 contributions on average and above average, respectively.
Epistatic effects of plasmotype on @psi for the Bur-0 plasmotype are noticeable higher than all
the other plasmotypes (Fig. 17). Furthermore, the highest intra-nucleotype deviations from the
mean can be seen in the Col-0 and Cvi-0 nucelotypes. The Cvi-0 nucelotype shows a high level
of variation among plasmotypes for ®psi with a range from 0.676 for Bur-0 plasmotype to 0.581
for the Taz-0 plasmotype. Additionally, the Bur-0 plasmotype had the highest biomass of all
plasmotypes within the Col-0 nucleotype. The IP-Bor-0 Col-0 cybrid also shows an even higher
®psi value than Bur-0_Col-0 at 0.647.

Epistatic effect of plasmotype on dry weight
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Fig. 16 | The epistatic effects of plasmotype on dry weight.
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Fig. 17 | The epistatic effects of plasmotype on ®psu .
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Epistatic effects of plasmotype for NPQ, ®npg, Pno, and gk followed a similar pattern to that of
®psi (Extended data Figures 14-17.). The Bur-0 plasmotype had consistently lower levels across
all nucleotypes for these phenotypes. Similarly, XXX Cvi-0 cybrids were highly variable for
NPQ, Onrq, Prno, and ge phenotypes (Extended data Figures 14-17.)

Epistatic interactions were further analyzed through the use of a Dunnet’s test to reveal
any significant differences of plasmotypes compared to the WT of their nucleotype background
(Extended data Table 5). A comparison of the Kas-1 plasmotype to the WT of its nucleotype
backgrounds for plant surface area and dry weight reveal that it is significantly different for both
phenotypes but only in the Cvi-0 nucleotype (Figs. 18-19). The Bur-0 plasmotype compared to
the WT of its nucleotype background for ®@psyi resulted in the only significant difference arising

from the Col-0 nucleotype (Fig. 20).

Surface area of Kas-1 vs. wild types
3500

3000

mKas-1
EWT

2500

a
a
a a
2000 a a
a

1500
1000 b
500

0

Bur Col Cvi Tanz

Nucleotype

Surface area (mm?)

Fig. 18 | Comparison of the Kas-1 plasmotype to the WT of its nucleotype background for surface area.
(Dunnet’s test; letters vary when P < 0.05).
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Fig. 19 | Comparison of the Kas-1 plasmotype to the WT of its nucleotype background for dry weight.
(Dunnet’s test; letters vary when P < 0.05).
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Fig. 20 | Comparison of the Bur-0 plasmotype to the WT of its nucleotype background for ®psu. (Dunnet’s
test; letters vary when P < 0.05).

Panke-1_Bur-0 heat sensitivity experiment

The tunnel experiment resulted in 5/12 of the Panke-1_ Bur-0 replicates exhibiting a deviant leaf
phenotype as opposed to the rest of the Bur-0 nucleotype background plants (Fig. 7.a). A
subsequent experiment occurred to test for the genotype’s potential sensitivity to heat. The

26 °Celsius heat treatment resulted in 12/40 of the Pank-1_ Bur-0 replicates with the curled leaf
phenotype (Figs. 21 and 22). None of the WT Panke-1 or the WT Bur-0 plants had curled leaves.
Moreover, the 19 °Celsius control treatment yielded similar results with 9/40 of the Pank-1 Bur-
0 replicates with the curled leaf phenotype. The control treatment did not result in the curled leaf

phenotype in any of the WT Panke-1 or the WT Bur-0 r

o -
oo
oo
n? e u
! /\0' -._.\‘,

eplicates.

Fig. 21 | Example plants grown in two treatments. The top row are plants grown in the 26 °Celsius heat
treatment and those in the bottom row are plants grown in the 19 °Celsius control treatment. a and d, Panke-
1_Bur-0. b and e, WT Panke-1. ¢ and f, WT Bur-0.
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Fig. 22 | The number of WT Panke-1, WT Bur-0 and Panke-1_Bur-0 plants with the curled leaf phenotype
under two temperature treatments. None of the WT plants displayed the curled leaf phenotype. 40 replicates
grown for each genotype.

Cybrid panel standardization, DNA extraction and library preparations

The propagation of the cybrid panel under standard growing conditions resulted in 220 of the

lines growing to maturity and producing seeds for storage. The Cvi nucleotype lines 2_Aitba-

1 Cviand 3 Panke-1 Cvi 1.2 were unsuccessful at growing to maturity and producing seeds.
DNA extraction from the 220 above mentioned lines was verified as successful

following gel electrophoresis imaging. Sufficient quantities of DNA in each sample was verified

through the use of the Qubit unit. The library preparations were eventually completed but

remained out of the scope of this thesis project.

Discussion

Tunnel experiment

Experimental conditions in the tunnel facilitated sufficient growth and provided a high level of
uniformity to all the plants. That’s said, cold temperatures during the first week of growth
undoubtable delayed growth of the seedlings. Although all the plants seemingly recovered
uniformly, some of the plasmotype and/or nucleotype backgrounds may have been better

prepared to rebound due to their phylogeny and geographic origins. For example, a cybrids
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genome may be better equipped for these conditions if it originated from a colder climate. There
is the possibility that this influenced some of the resulting phenotypes, particularly
morphological ones such as dry weight and plant surface area. Sunlight was deemed to be
uniformly distributed across the tunnel due to few exterior structures to block incoming
radiation. There was no observed damage to the plants due pest interference such as slugs or
thrips. The sand-soil ratio and nutrient content did not seem to limit growth in any way. The
plant roots were just slightly visible around the pot edge when the soil was removed after
completion of the experiment. The size of these pots seemed to be ideal for limiting root
inhibition for the duration of this experiment. However, if plants are to grow to later life stages in
subsequent experiments, a larger pot may be considered. Although water distribution was
relatively uniform among all plants, the pots on the outer edges of the rows dried out much
quicker than those closer to the center. This had a quantifiable effect on the survivability of
plants in these positions during the seedling stage and was corrected for as described in the above
sections. This limitation also may have limited the growth potential for plants at later stages. To
prevent this issue in subsequent experiments, one may consider an unlimited, bottom-up
watering method or sowing border plants there that are not intended to be included as part of the
analysis.

The original methodology for measuring photosynthetically related phenotypes
included the use of a handheld unit that could be used in the tunnel. Measuring these phenotypes
in situ would have been ideal to observe photosynthesis performance in “natural conditions”.
This method was ultimately abandoned due to the small size of the plant leaves and the inability
to fit the handheld unit around them. The use of the Robin presented a potential risk of having
the plants adapt to unrepresentative temperature and PAR levels while they waited in greenhouse
conditions to be measured. However, observations of how the plants performed over time did not
yield any evidence for significant differences between plants that had time to adapt to
greenhouse conditions and those that did not. Although the Robin was an optimal tool for
measuring all the desired phenotypes, an in sifu protocol would be advantageous for subsequent
experiments and to obtain more time/adaption sensitive phenotypes. The Robin was able to
account for measurements such as NPQ with short dark and infrared periods, however, longer
adaption periods are needed for higher accuracy and comparability. For example, NPQ and its

components need a minimum of 20 minutes dark adaption to take accurate and comparable
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measurements (Harbinson, 2013). Both the lengthiness of the protocol (needed for dark adaption)
and the shortness (needed to be able to analyze so many replicates over the day) of the Robin
protocol limited the accuracy of these measurements for comparison to results from chamber
experiments such as those from Flood and Theeuwen et al. (2020).

Data analysis began by identifying and removing outliers based on the threshold of
greater than two standard deviations from the left of the mean weight within their genotype. This
method was mainly directed to reduce variation due to the plants on the tray edge experiencing
dryer conditions than those in the center. Plants that were two standard deviations to the right of
the mean remained in the analysis because there were no identifiable factors that
unproportionally favoured the growth over others. This initial method is necessary because the
unbalanced, incomplete block design is not able to fully correct for this because it assumes that
all the conditions within block (tray) are uniform, which they weren’t. Future experiments of this
sort may consider dealing with this border effect by sowing cybrids at random in these border
positions that are not intended to be included in the analysis.

Several methods for multiple comparison tests were compared to identify which was
the most appropriate for this experiment. Results from Fisher’s LSD, Tukey’s HSD and the
Benjamini & Hochberg methods all highlighted the fact that that chances of seeing significant
differences for additive effects amongst plasmotypes was greatly reduced due to the size of the
cybrid panel. The comparison of 59 different cybrids for 57 different phenotypes resulted in over
20,000 comparisons per phenotype, drastically increasing the difficulty to find differences. For
example, the use of a 95 percent confidence interval would result in the potential for ~1,000 false
negatives with the quantity of comparisons in this experiment. Due to these observations, the
Benjamini & Hochberg method was used as it was the least stringent on finding significant
differences. However, even the Benjamini & Hochberg method can also be considered too
stringent for this quantity of comparisons. Subsequent experiments should focus on higher
replicate numbers of the most promising candidate plasmotypes from this experiment and new
plasmotypes.

Mean H? values across all phenotypes were relatively low compared to the study by
Flood and Theeuwen et al. (2020). As such, Theeuwen et al. (2020) reported plasmotype-derive
additive H? 0 91.9, 2.9 and 5.2 percent from nucleotype, plasmotype and the plasmotype-

nucleotype interaction, respectively, when the Ely plasmotype was excluded. Alternatively, this
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study reported H? values of 32.1, 0.2 and 1.8 percent from nucleotype, plasmotype and the
plasmotype-nucleotype interaction, respectively. However, the set of 57 phenotypes resulted in a
wide range of H? percentages, some of which were very low. The proportion of low-percent
phenotypes was even further exacerbated by that fact that many of these phenotypes were highly
correlated or redundant as indicated in the Pearson correlation plots. The analysis in this
experiment included all the phenotypes for calculating mean H?, although this data can be
interpreted in many different ways. For example, by setting a minimum threshold such as 2
percent H?, irrelevant and correlated phenotypes would not be included, hence reporting a more
accurate mean. Regardless, it is always more appropriate to interpret a specific phenotypes H? for
plasmotypes that are of particular interest and significantly different than others.

This tunnel experiment clearly supports the hypothesis of Flood and Theeuwen ef al.
(2020) of the elevated, additive potential of the Bur-0 plasmotype for photosynthetic capabilities.
However, the results of this experiment do not indicate an increased effect that outdoor growth
has on the phenotypes of these plasmotypes. Comparison of @psit levels from Flood and
Theeuwen et al. (2020) and the tunnel experiment seem to indicate undetectable differences. The
Bur-0 plasmotypes high performance in ®psy was the highest of all plasmotypes at 0.668 but was
only significantly different than a select few of the other plasmotypes. However, the Bur-0 was
still 1.4 percent higher than C24, the runner-up plasmotype with 0.659 and significantly different
than the Taz-0 plasmotype, with a difference of 5 percent between the two. In addition, this high
photosynthetic capability of Bur-0 may have contributed to the plasmotype’s notable 8.8 percent
increase in dry weight when compared to the Bur-0 WT. Alternatively, differences between the
two experiments began to be noticeable when the patterns from the Flood and Theeuwen ef al.
(2020) experiment were mimicked, but significantly different in the Bur-0 NPQ coefficient gk.
Although the additive effect of the Bur-0 plasmotype on qg was comparable between the tunnel
experiment and that of Flood and Theeuwen et al. (2020), differences between the epistatic
effects were strikingly different. There were also significant differences between the two,
however, these phenotypes are largely incomparable between the two experiments because NPQ
and its components are highly dependent on dark adaption and timing of measurement, as
explained above.

Plasmotypes with a Cvi-0 nucleotype exhibited high variation for several phenotypes

including ®psi, NPQ, ®no, @nro, g and number of days to flower. Although these epistatic
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interactions do not contribute much to the focus of this study, it is important to recognize these
patterns. The erratic behaviour of the Cvi-0 nucleotype across several phenotypes suggest that
the nuclear genome has a high level of plasticity in how it interacts with other plasmotypes.
Although crossing and segregating populations, Alonso-Blanco ef al. (1998) observed similar
results in Cvi-0. The introgression of Cvi-0 alleles into the Ler-0 background allowed the Ler-0
plants to be largely day length neutral for flowering compared to the WT which was highly
sensitive to day length. In addition, Cvi-0 has been observed as showing high levels of variance
for several phenotypes including temperature, leaf size, height, number of siliques and silique
length (Suter and Widmer, 2013). Furthermore, ancestral heat treatment seemed to increase the
variance of these phenotypes (Suter and Widmer, 2013). Future experiments may consider
growing the Cvi-0 nucleotype background in a growth chamber as to obtain the most uniform
conditions possible. This high level of “plasticity” that the nuclear genome of Cvi-0 further
highlights the complexities and difficulties of unravelling cyto-nuclear interactions.

Evidence for additive effects from the Bur-0 plasmotype are now mounting and require
further exploration. This is encouraging considering that the elevated ®psii levels in the Bur-0
plasmotype are similarly high to those found from loci in the nuclear genome of 4. thaliana (van
Rooijen et al., 2017). The annotation of sequence variation for previous Bur-0 lines indicated
that there are no large effect mutations in the mitochondria, eliminating this as a possible
explanation (Flood and Theeuwen ef al., 2020). Four unique missense variants and their resulting
genes were, however, observed in the plastid genes (Flood and Theeuwen et al., 2020). The
NAD(P)H-QUINONE OXIDOREDUCTASE SUBUNIT 6 (NDHG) gene was particularly notable
as it completes several functions for NPQ functioning in the thylakoid membrane (Strand ef al.,
2017). Confirmation of these missenses variants and subsequent experimentation is needed
though to advance the understanding of this plasmotypic variation. Sequencing of the cybrid
panel used in the tunnel will help confirm the presence of previously detected and novel
missense variants. In addition to reproducing the outdoor experiment again in the spring and in
the fall/winter months, ensuing efforts could include chloroplast transformations of the Bur-0
plasmotype to verify the effects of knock-out lines or allelic complementation in the case that
knock-out lines result in lethality.

An additional noteworthy finding from the tunnel experiment was the observation of

significant, morphological phenotypes of the Kas-1 plasmotype. The 11 percent difference with
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the second highest competitor for plant surface area is fascinating and calls for further
investigation. Similarly, the elevated levels of dry weight from the Kas-1 plasmotype may not be
significantly different than the others but is an encouraging addition to the increase in plant
surface area. Although these effects are mainly driven by the Cvi-0 and Col-0 nucleotype
backgrounds, they can be considered as highly additive considering their significant difference
from other plasmotypes when analyzed in combination. Furthermore, correlation of surface area
and dry weight is relatively strong, however, the correlation with photosynthetic parameters is
quite low. Unfortunately, the scope and timeline of this project did not permit any SNP analysis
to determine the presence of any missense variants with the other plasmotypes. Alternatively,
literature review yielded one possible explanation for this which indicates this difference could
be related to the plastid-localized, NADPH-dependent thioredoxin reductase C (NTRC) NTR
enzyme. This NTR enzyme contains reductase and thioredoxin domains that, when knocked out,
results in reduced leaf size and floret biomass in A. thaliana (Lepisto et al., 2013). Similarly, the
overexpression of NTRC genes in wild type plants resulted in increased leaf size and rosette
biomass (Toivola et al., 2013). Additionally, these growth-enhancing proteins are able to interact
with other thioredoxin systems, increasing its utility for increased growth (Toivola ef al., 2013).
Hence, elevated copy number variation of NTRC genes in the plastid genome of the Kas-1
plasmotype may explain its relatively high levels of surface area and dry weight. Dry weight and
surface area phenotypes are highly complex though and are influenced by hundreds, if not
thousands in Arabidopsis. Regardless, similar to the prospects of Bur-0, analysis of missense
variants for the Kas-1 sequencing results could help in determining the genetic explanation for

these extraordinary phenotypes and be advantageous for breeding initiatives.

Panke-1_Bur-0 deviant phenotype

Considering the deviant, curled leaf phenotype was not observed in the parental lines of the
Panke-1 Bur-0 cybrid under both temperature treatments, it can be postulated that temperature is
not the causal factor for the resulting phenotype. Therefore, the 1:4 ratio of positively observed
to negatively observed phenotype in the Panke-1 Bur-0 cybrid for both the tunnel experiment
and the temperature experiment indicates that there is a 1:4 segregation of the trait. Several

studies point to an over deposition of secondary cell wall to explain very similar looking leaves
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containing the curled phenotype (Liu et al., 2013; Zhou et al., 2009; Ko et al., 2009; Zhong et
al., 2013). Transcription factors MYB46 and MYB83 are known to be master switches of
secondary cell wall biosynthesis and could be over expressed in the Panke-1 Bur-0 cybrid
resulting in the observed phenotype (Zhong et al., 2013; Kim et al., 2012). Furthermore, this
could be the result of incomplete chromosome elimination during the haploid induction stage of
cybrid creation, a phenomenon previously observed in similar genome modifications (Tan et al.,
2015). However, conformation of these hypotheses would require further analysis of segregation

ratios and transcriptomics.

Conclusions

The results of this study add to the evidence that phenotypic variation exists among plasmotypes
of the 4. thaliana ecotypes. In addition, variation in physiological phenotypes is present in a
panel with a broader set of cybrids. Although it remains largely inconclusive as to whether or not
testing these effects in outdoor growing conditions even further enhances these differences, there
is now a platform of experimentation that provides reflection for future efforts that may include
the measurement of even more phenotypes and environmental conditions. The repetition of high
®psr levels in the Bur-0 plasmotype is encouraging for future efforts to determine the underlying
genetic mechanisms. The identification of genes contributing to these additive effects has the
potential of being useful for breeding efforts in crop varieties. Similarly, the Kas-1 plasmotype
has cautious potential for holding clues into the role of plastid genes on morphological
phenotypes that increase yields. The identification of the source of this natural variation could

prove to be highly applicable for both conventional and non-conventional breeding efforts.
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Additional information

Extended data Table 1. Genotypes and quantity of replicates sown in the tunnel experiment.

Bur-0 Nucleoptypes Col-0 Nucleotypes Cvi-0 Nucleotypes Tanz-1 Nucleotypes
Plasmotype No. of replicates Plasmotype No. of replicates Plasmotype No. of replicates Plasmotype No. of replicates

Agl-0 11 Agl-0 12 Aitba-1 12 Agl-0 12
Agl-5 11 Agl-5 12 Bab-0 12 Agl-5 12
Aitba-1 11 Aitba-1 12 Basta-2 12 Aitba-1 12
Basta-2 11 Bab-0 12 Bur-0 12 Bab-0 12
Bur-0 11 Basta-2 12 C24 12 Basta-2 12
C24 11 Bur-0 12 Can-0 12 Bur-0 12
Can-0 11 C24 12 Col-0 12 C24 12
Col-0 11 Can-0 12 Cvi-0 12 Can-0 12
Cvi-0 11 Col-0 12 Don-0 12 Col-0 12
Don-0 11 Cvi-0 12 Elh-2 12 Cvi-0 12
Elh-2 11 Don-0 12 Elk-1 12 Don-0 12
Elk-1 11 Elh-2 12 Ely 12 Elh-2 12
Ely 12 Elk-1 12 Epid-1 12 Elk-1 12
Epid-1 12 Ely 12 ET2 12 Ely 12
ET2 12 Epid-1 12 Etna-2 12 Epid-1 12
Etna-2 12 ET2 12 IP-Alm-0 12 ET2 12
Ifr-0 12 Etna-2 12 IP-Boa-0 12 Etna-2 12
IP-Boa-0 12 Ifr-0 12 IP-Bor-0 12 Ifr-0 12
IP-Bor-0 12 IP-Alm-0 12 IP-Bus-0 12 IP-Alm-0 12
IP-Bus-0 12 IP-Boa-0 12 IP-Cot-0 12 IP-Boa-0 12
IP-Con-0 12 IP-Bor-0 12 IP-Ees-0 12 IP-Bor-0 12
IP-Cot-0 12 IP-Bus-0 12 IP-Lso-0 12 IP-Con-0 12
IP-Ees-0 12 IP-Con-0 12 IP-Per-0 12 IP-Cot-0 12
IP-Lso-0 12 IP-Cot-0 12 IP-Sne-0 12 IP-Ees-0 12
IP-Per-0 12 IP-Ees-0 12 Jm-0 12 IP-Lso-0 12
IP-Pig-0 12 IP-Lso-0 12 Kas-1 12 IP-Per-0 12
IP-Sne-0 12 IP-Per-0 12 Koren-1 12 IP-Piq-0 12
Jm-0 12 IP-Pig-0 12 Kz-13 12 IP-Sne-0 12
Kas-1 12 IP-Sne-0 12 Ler-0 12 Istisu-1 12
Kas-2 12 Istisu-1 12 Lesno-1 12 Jm-0 12
Kolyv-6 12 Jm-0 12 Mammo-1 12 Kas-1 12
Koren-1 12 Kas-1 12 Melni-2 12 Kas-2 12
Kz-13 12 Kas-2 12 Oua-0 12 Kolyv-6 12
Ler-0 12 Kolyv-6 12 Panke-1 12 Koren-1 12
Lesno-1 12 Koren-1 12 Qar-8a 12 Kz-13 12
Mammo-1 12 Kz-13 12 Rabacal-2 13 Ler-0 12
Melni-2 12 Ler-0 12 RRS-7 13 Lesno-1 12
Panke-1 12 Lesno-1 12 Samos-3a 13 Mammo-1 12
Penb-2 12 Mammo-1 12 Samos-4 13 Melni-2 12
Qar-8a 12 Melni-2 12 Shah 13 Oua-0 12
Rabacal-2 12 Oua-0 12 Tanz-1 13 Panke-1 12
RRS-7 12 Panke-1 12 Tanz-2 13 Qar-8a 12
Samos-3a 12 Penb-2 12 Taz-0 13 Rabacal-2 12
Samos-4 12 Qar-8a 12 Toufl-1 13 RRS-7 12
Shah 12 Rabacal-2 12 Ws-4 13 Samos-3a 12
Sij-2 12 RRS-7 12 Yeg-1 13 Samos-4 12
Sij-4 12 Samos-3a 12 Zin-9 13 Shah 12
Sus-1 12 Samos-4 13 WT 64 Sij-2 12
Tanz-1 12 Shah 13 Sij-4 12
Tanz-2 12 Sij-2 13 Sus-1 12
Taz-0 12 Sij-4 13 Tanz-1 12
Toufl-1 12 Sus-1 13 Taz-0 12
Ws-4 12 Tanz-1 13 Toufl-1 12
Yeg-1 12 Tanz-2 13 Ws-4 12
Zin-9 12 Taz-0 13 Yeg-1 12
WT 72 Toufl-1 13 Zin-9 12
Ws-4 13 WT 12
Yeg-1 13 WT 76

Zin-9 13

WT 80

44



Extended data Table 2. Additive H? values for the phenotypes of the combined analysis of all cybrids.

Phenotype Nucleotype:Plasmotype [Block |Plasmotype [Row |Nucleotype |Residual
Surface area (px) 1.10%| 6.61% 0.33%| 1.03% 81.74% 9.19%
Surface area (mm’) 1.10%| 6.61% 0.33%| 1.03% 81.75% 9.19%
Perimeter (px) 1.52%| 8.05% 0.27%| 0.56% 68.98% 20.62%
Perimeter (mm’) 1.52%| 8.05% 0.27%| 0.56% 68.98% 20.62%
Roundness 0.92%| 3.74% 0.00%] 0.00% 41.21% 54.13%
Roundness 2 0.01%| 3.04% 0.01%] 0.00% 34.52% 62.42%
Isotropy 0.64%| 0.00% 1.16%| 0.38% 5.81% 92.00%
Compactness 1.79%| 1.79% 0.03%] 0.00% 50.95% 45.45%
Eccentricity 1.22%| 2.48% 0.13%| 0.21% 23.24% 72.72%
RMS 0.00%| 2.67% 0.07%| 0.29% 13.75% 83.22%
SOL 0.32%| 7.54% 0.64%| 1.61% 44.43% 45.46%
Act. FqFm (®psy1) 3.32%]| 20.13% 0.11%| 0.00% 16.98% 59.47%
Act. NPQ 4.87%| 8.87% 0.09%| 0.04% 7.77% 78.36%
Act. ®yo 1.57%| 18.31% 0.11%] 0.14% 62.55% 17.32%
Act. ®xpo 5.07%| 14.19% 0.22%| 0.04% 8.16% 72.32%
Act. ®ypg 4.93%| 6.05% 0.00%| 0.00% 6.61% 82.41%
Act. qg 2.16%| 44.17% 0.00%]| 0.77% 14.45% 38.45%
High FqFm 1 (®pgy)) 0.00%| 28.34% 0.00%] 0.66% 59.80% 11.20%
High FqFm 2 (®pgy)) 0.00%| 30.70% 0.00%| 0.46% 51.96% 16.88%
High FqFm induction (®pgyr) 2.08%| 18.21% 0.00%| 0.43% 35.32% 43.96%
High NPQ 1.07%| 24.40% 0.00%| 0.61% 16.18% 57.74%
High ®yo 0.68%| 34.94% 0.17%| 0.75% 46.98% 16.48%
High ®ypq 0.51%| 35.63% 0.00%| 0.22% 28.21% 35.42%
High q; 3.79%| 4.97% 0.09%| 0.15% 17.78% 73.21%
High qg 0.27%| 31.53% 0.00%| 0.67% 14.62% 52.90%
Low FqFm 1 (®pg;1) 3.95%| 5.58% 0.45%| 0.13% 24.20% 65.69%
Low FqFm 2 (®pgy1) 3.96%| 7.13% 0.43%| 0.00% 25.69% 62.79%
Low FqFm induction (®psiy) 0.70%| 29.35% 0.34%| 1.32% 31.96% 36.33%
Low NPQ 4.74%|  6.63% 0.11%| 0.06% 10.20% 78.25%
Low ®no 1.67%| 22.40% 0.17%| 0.11% 60.51% 15.14%
Low ®npo 5.02%| 7.57% 0.41%| 0.07% 17.90% 69.02%
Low qq 4.40%| 5.84% 0.06%| 0.00% 8.07% 81.64%
Low qg 5.08%| 12.02% 0.19%]| 1.19% 21.92% 59.60%
Relative FqFm 1 (®pgyy) 0.08%]| 29.47% 0.06%]| 0.55% 64.28% 5.55%
Relative FqFm 2 (®pgyy) 0.01%| 31.75% 0.05%| 0.50% 60.01% 7.69%
Act. vs. High FqFm 1 (®pg;y) 0.02%| 29.28% 0.06%| 0.97% 60.56% 9.12%
Act. vs. High FqFmp 2 (®ps1y) 0.00%| 32.94% 0.05%| 0.72% 53.32% 12.98%
Act. vs. Low FqFmp 1 (®psy) 0.94%| 24.78% 0.37%| 0.36% 52.10% 21.46%
Act. vs. Low FqFmp 2 (®psy) 1.49%| 26.45% 0.86%| 0.06% 50.35% 20.79%
Relative NPQ 2.46%]| 39.15% 0.98%] 0.21% 11.95% 45.25%
Relative ®yo 0.12%| 40.49% 0.15%| 1.06% 35.85% 22.34%
Relative ®npq 4.42%| 13.81% 0.86%| 0.23% 29.59% 51.10%
Relative q; 0.44%| 33.34% 0.10%| 1.54% 45.17% 19.42%
Relative qg 3.52%| 13.47% 1.15%| 3.42% 46.65% 31.78%
Act. vs. High NPQ 0.34%| 53.92% 0.58%| 1.25% 13.87% 30.04%
Act. vs. High ®yo 0.06%| 45.48% 0.26%| 1.31% 31.68% 21.21%
Act. vs. High ®npo 1.69%| 36.77% 0.80%| 0.34% 36.89% 23.50%
Act. vs. High qq 0.17%]| 39.01% 0.13%]| 1.92% 39.12% 19.65%
Act. vs. High qp 0.05%| 0.00% 0.00%| 0.03% 0.03% 99.88%
Act. vs. Low NPQ 0.82%| 75.05% 0.64%| 1.89% 3.52% 18.07%
Act. vs. Low ®yo 0.80%| 52.34% 0.00%]| 1.93% 9.72% 35.21%
Act. vs. Low ®ypq 1.06%| 67.68% 0.80%]| 1.17% 13.39% 15.89%
Act. vs. Low qq 1.55%| 38.64% 0.38%| 0.44% 8.87% 50.12%
Act. vs. Low qg 0.05%| 0.00% 0.00%| 0.02% 0.03% 99.90%
Dry Weight (g) 0.25%| 1.25% 0.00% 0.13% 94.73% 3.64%
Days to harvest 0.59%| 1.90% 0.11%]| 0.32% 92.92% 4.16%
Speciﬁcleafarea(mm'zmg") 1.01%| 2.61% 0.00%] 0.33% 88.36% 7.69%
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Extended data Fig. 1 Temperature recorded in the tunnel for the duration of the experiment.
Extended data Fig. 2 Humidity recorded in the tunnel for the duration of the experiment.
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Extended data Fig. 6 Pearson correlation plot for the phenotypes within the Col-0 nucleotype donor.
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Extended data Fig. 8 Pearson correlation plot for the phenotypes within the Cvi-0 nucleotype donor.

Additive effect of plasmotype on NPQ
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Extended data Fig. 9 Additive effects of plasmotype on NPQ. (Benjamini & Hochberg test; letters vary when P <
0.05).
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Additive effect of plasmotype on ®ypq
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Extended data Fig. 10 Additive effects of plasmotype on ®xpq. (Benjamini & Hochberg test; letters vary when P
<0.05).
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Extended data Fig. 11 Additive effects of plasmotype on ®no. (Benjamini & Hochberg test; letters vary when P
<0.05).
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Extended data Fig. 12 Additive effects of plasmotype on qe. (Benjamini & Hochberg test; letters vary when P <
0.05).
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Additive effect of plasmotype on specific leaf area (SLA)
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Extended data Fig. 13 Additive effects of plasmotype on specific leaf area. (Benjamini & Hochberg test;

letters vary when P < 0.05).
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Extended data Table 3. Epistatic H? values for the phenotypes of plasmotypes within each nucelotype.

Nucelotype donor

Phenotype Bur Col Cvi i Tanz i

Plasmotype [Block [Row |Residual |Plasmotype |Block [Row |Residual |Plasmotype |Block |Row [Residual [Plasmotype |Block |Row [Residual
Surface area (px) 2.26%) 38.64%) 10.53%)| 48.58% 6.48%) 42.68%)| 9.08%)| 41.76% 27.62%]22.02%| 5.68%)| 44.68% 7.62%) 28.84%| 4.56%)| 58.98%
Surface area (mm’) 2.26%)| 38.64%)| 10.53%| 48.58% 6.48%)| 42.68%| 9.08%| 41.76% 27.62%]22.02%| 5.68%| 44.68% 7.62%)| 28.84%| 4.56%)| 58.98%
Perimeter (px) 2.06%)| 28.22%)| 2.97%| 66.76% 1.44%)] 27.01%| 2.64%| 68.90% 13.30%( 24.09%| 4.45%| 58.17% 4.95%[23.99%| 0.23%| 70.83%
Perimeter (mm’) 2.06%)| 28.22%)| 2.97%| 66.76% 1.44%) 27.01%| 2.64%| 68.90% 13.30%(24.09%| 4.45%| 58.17% 4.95%[23.99%| 0.23%| 70.83%
Roundness 0.00%)| 1.42%)| 1.04%)| 97.54% 0.00%)| 4.40%)| 0.00%)| 95.60% 4.86%)| 6.93%)| 1.77%| 86.44% 0.00%] 10.63%| 1.21%)| 88.17%
Roundness 2 0.00%)| 4.59%)| 1.96%)| 93.45% 0.09%) 12.67%)| 0.00%)| 87.24% 1.32%| 1.76%]0.00%| 96.92% 0.00%)| 0.44%)| 0.00%)| 99.56%
Isotropy 0.58%]| 0.00%)| 0.00%)| 99.42% 2.87%]| 0.00%)| 0.33%)| 96.80% 2.73%]| 0.00%) 0.00%| 97.27% 0.28%)| 0.14%| 3.36%)| 96.22%
Compactness 0.00%| 2.12%)| 3.46%| 94.42% 2.64%| 4.66%| 3.42%| 89.28% 4.49%| 3.40%)|3.20%| 88.91% 3.56%| 3.58%| 0.03%| 92.83%
Eccentricity 0.00%| 3.41%| 0.39%| 96.20% 0.00%| 6.17%| 0.34%| 93.50% 2.40%| 4.30%)]0.00%| 93.30% 2.18%| 0.00%| 2.38%]| 95.44%
RMS 0.00%| 1.14%| 0.57%| 98.28% 0.00%| 1.47%)| 0.32%] 98.20% 0.22%)| 7.59%]0.00%| 92.19% 0.00%| 2.27%)| 1.88%| 95.86%
SOL 0.00%) 13.70%) 3.49%| 82.82% 1.96%) 23.39%| 4.98%| 69.67% 1.97%)| 3.56%]0.20%| 94.26% 2.11%| 3.06%| 7.33%| 87.50%
Act. FqFm (®pgy1) 0.08%] 92.28%)| 0.26%| 7.38% 4.73%] 59.57%| 0.62%]| 35.08% 5.32%] 16.34%) 0.00%| 78.34% 3.63%]| 4.30%| 1.96%]| 90.11%
Act. NPQ 0.85%) 64.65%)| 3.09%| 31.40% 5.31%] 76.16%)| 1.67%| 16.86% 6.01%) 10.60%) 0.00%| 83.39% 4.35%| 1.49%| 1.90%| 92.25%
Act. Pno 0.93%]| 75.39%| 2.06%]| 21.63% 0.55%)| 87.58%| 1.18%]| 10.69% 7.18%]| 28.09%] 0.00%| 64.73% 7.56%)| 10.86%| 2.24%| 79.34%
Act. Onpg 0.68%)| 73.94%| 2.54%| 22.84% 10.03%| 60.35%| 1.84%| 27.78% 6.58%]| 12.68%] 0.00%| 80.74% 5.16%| 3.27%| 2.20%| 89.37%
Act. Dnpo 1.43%)] 74.78%| 3.69%| 20.10% 4.09%)| 55.97%| 3.95%| 35.99% 5.65%| 7.83%]0.00%| 86.52% 4.62%| 1.63%| 1.47%| 92.27%
Act. qg 0.12%] 80.03%)| 1.19%]| 18.67% 1.87%] 62.46%| 7.54%| 28.13% 5.53%]19.22%)| 1.27%| 73.98% 0.00%] 29.67%| 8.42%]| 61.91%
High FqFm 1 (®pg) 0.02%] 93.44%)| 0.66%| 5.88% 0.00%] 76.18%| 4.07%| 19.75% 0.00%] 45.74%) 3.23%| 51.03% 0.00%] 36.87%| 1.33%]| 61.80%
High FqFm 2 (®pg;) 0.00%]| 92.66%| 1.01%| 6.34% 0.00%)| 79.74%| 2.71%]| 17.55% 0.00%]| 40.05%) 2.13%| 57.82% 0.89%)| 24.56%| 0.02%]| 74.53%
High FqFm induction (®pg;) 1.90%] 55.03%| 0.93%| 42.14% 0.08%) 28.10%| 2.70%]| 69.12% 6.34%| 6.69%]0.00%| 86.97% 1.84%) 36.44%| 5.38%| 56.34%
High NPQ 1.39%] 67.66%| 0.91%| 30.05% 0.52%) 81.33%)| 1.74%| 16.41% 2.40%| 7.11%]0.00%| 90.50% 0.49%) 18.93%| 2.01%| 78.57%
High ®yo 2.26%)| 47.66%| 1.06%| 49.02% 0.62%)| 85.89%| 1.93%| 11.55% 2.25%)| 36.54%] 1.03%| 60.19% 2.65%)| 63.90%| 3.90%| 29.55%
High ®xpq 0.25%] 88.94%| 1.04%| 9.77% 0.00%] 60.45%)| 1.46%| 38.09% 0.36%] 25.32%) 0.61%| 73.70% 2.21%) 34.75%| 1.40%]| 61.64%
High q; 3.67%)| 71.49%)| 0.60%| 24.24% 6.29%] 61.52%)| 1.79%]| 30.40% 5.81%]| 4.02%) 0.00%| 90.17% 3.01%]| 3.19%| 1.97%]| 91.83%
High qg 1.16%] 64.68%| 1.02%| 33.14% 0.28%)| 81.51%| 1.67%]| 16.53% 0.84%| 9.64%]0.00%| 89.51% 0.00%) 25.78%| 1.89%]| 72.33%
Low FqFm 1 (®pgy;) 6.92%)| 73.07%| 0.36%]| 19.64% 24.73%][29.09%| 6.31%| 39.88% 6.43%| 7.90%] 0.00%| 85.67% 4.01%| 2.21%| 2.78%| 91.00%
Low FqFm 2 (®pg) 5.55%| 77.74%| 1.92%| 14.79% 20.49%] 55.64%| 1.99%| 21.88% 6.25%| 8.64%]0.00%| 85.11% 4.31%| 2.87%| 2.80%| 90.02%
Low FqFm induction (®pgy1) 1.83%] 82.15%| 5.37%| 10.65% 1.13%] 82.68%| 2.24%| 13.95% 3.92%) 35.08%) 7.18%| 53.83% 0.00%]| 2.42%| 0.34%]| 97.24%
Low NPQ 5.56%| 77.11%| 2.01%| 15.32% 6.81%)] 85.77%)| 0.24%| 7.18% 6.29%)| 7.54%) 0.00%| 86.17% 3.38%]| 1.99%| 1.72%)| 92.92%
Low ®yo 0.72%] 95.39%| 0.12%| 3.77% 1.30%] 93.08%| 0.39%| 5.22% 8.38%] 25.60%| 0.30%]| 65.73% 6.06%]| 20.44%| 1.08%]| 72.43%
Low ®xpg 12.41%[49.34%| 5.21%| 33.04% 14.03%| 75.30%| 0.21%| 10.46% 6.98%| 8.50%] 0.00%| 84.51% 4.97%| 3.74%| 2.30%| 88.99%
Low q; 1.54%)] 82.47%| 3.98%| 12.02% 4.60%)| 82.92%| 0.95%| 11.52% 5.51%| 6.72%]0.00%| 87.76% 3.76%| 1.37%| 1.15%| 93.72%
Low qg 8.90%|47.74%| 6.41%| 36.95% 7.46%)| 58.96%| 9.88%| 23.70% 8.13%] 10.15%[ 0.79%| 80.93% 0.00%) 21.75%| 4.94%| 73.31%
Relative FqFm 1 (®pg1) 0.23%] 93.82%| 0.69%| 5.27% 0.00%] 78.00%)| 3.61%| 18.38% 2.34%) 54.64%) 3.30%| 39.72% 0.00%] 46.12%| 8.62%| 45.26%
Relative FqFm 2 (®pg1) 0.21%] 92.54%)| 1.28%| 5.97% 0.00%] 79.69%| 2.75%| 17.56% 0.52%) 54.59%) 2.07%| 42.82% 0.00%] 36.50%| 1.80%]| 61.70%
Act. vs. High FqFm 1 (®pg;1) 0.08%]| 93.02%| 0.72%]| 6.18% 0.00%)| 74.67%| 4.30%| 21.02% 2.18%)| 48.35%)| 5.07%| 44.40% 0.00%] 52.89%| 7.05%]| 40.06%
Act. vs. High FqFmp 2 (®pg;1) 0.00%] 92.01%| 1.17%| 6.81% 0.00%] 78.29%| 2.84%| 18.87% 0.00%] 46.94%)| 3.85%| 49.21% 0.00%) 35.67%| 1.43%| 62.91%
Act. vs. Low FqFmp 1 (®pgy;) 1.53%]90.41%| 0.16%| 7.90% 1.57%] 63.30%| 5.69%| 29.45% 4.92%)| 34.29%) 0.47%| 60.32% 2.22%)| 3.13%| 2.54%| 92.11%
Act. vs. Low FqFmp 2 (D) 2.64%] 88.56%| 0.00%| 8.79% 7.29%) 55.33%)| 2.88%| 34.50% 7.44%) 32.22%) 1.04%| 59.31% 3.31%]| 6.89%| 3.60%]| 86.20%
Relative NPQ 1.46%]86.20%| 0.51%| 11.84% 0.11%) 58.40%)| 2.40%)| 39.09% 6.14%) 30.06%) 0.00%| 63.80% 3.21%)|25.31%| 3.63%| 67.85%
Relative ®yo 0.95%]| 70.39%| 0.40%]| 28.27% 0.20%]| 78.70%| 3.07%]| 18.03% 0.53%]| 32.06%)| 0.67%| 66.74% 0.28%)| 49.67%| 3.88%| 46.17%
Relative ®xpo 3.30%]| 86.21%| 0.83%| 9.66% 7.87%|70.93%| 0.57%| 20.63% 8.87%| 13.44%] 0.00%]| 77.69% 5.62%| 2.30%| 3.83%]| 88.25%
Relative q; 0.10%] 91.60%| 1.66%|  6.64% 0.00%] 52.72%)| 5.22%| 42.07% 2.31%)| 34.79%] 2.12%| 60.78% 2.87%] 20.28%| 6.79%| 70.06%
Relative qg 9.28%] 41.34%)| 9.16%| 40.22% 18.44%|27.20%| 16.08%| 38.28% 9.35%)] 16.89%| 5.92%| 67.83% 0.00%) 41.19%] 10.53%| 48.28%
Act. vs. High NPQ 0.84%) 83.54%)| 1.85%| 13.76% 0.00%) 64.47%)| 4.48%)| 31.05% 3.31%)] 43.19%) 0.37%| 53.13% 1.56%)| 49.47%| 8.44%| 40.53%
Act. vs. High ®yo 0.89%] 68.57%)| 1.09%)| 29.45% 0.41%] 78.96%| 3.03%| 17.59% 0.00%] 42.73%) 0.96%| 56.32% 0.84%) 68.26%| 4.57%)| 26.33%
Act. vs. High ®xpq 0.84%]| 84.44%| 1.66%]| 13.06% 3.62%)| 60.53%| 2.63%]| 33.22% 7.88%)| 31.34%)| 0.45%| 60.32% 6.07%)| 15.86%| 7.19%| 70.88%
Act. vs. High q; 0.00%]| 88.42%| 1.81%| 9.77% 0.00%] 26.97%)| 10.85%| 62.18% 2.17%] 40.60%)| 1.88%| 55.34% 2.66%)| 24.27%| 7.78%| 65.29%
Act. vs. High qg 0.15%| 0.00%| 0.30%] 99.55% 0.00%| 0.00%| 0.07%] 99.93% 0.20%| 0.05%] 0.08%| 99.67% 0.00%)] 16.32%]| 3.21%| 80.47%
Act. vs. Low NPQ 0.48%) 87.29%)| 1.01%| 11.22% 4.27%) 52.19%)| 9.85%| 33.70% 7.66%) 46.81%) 0.13%| 45.40% 1.80%] 44.28%| 16.63%| 37.29%
Act. vs. Low ®yo 0.46%)| 64.67%)| 2.72%)| 32.14% 0.96%] 64.94%| 2.11%| 32.00% 3.72%) 38.70%) 2.49%| 55.09% 0.15%] 45.90%| 4.73%| 49.22%
Act. vs. Low ®xpo 0.83%]| 88.58%| 0.61%| 9.98% 5.21%)| 44.11%)| 11.96%]| 38.72% 8.20%] 48.58%| 1.21%]| 42.00% 1.56%]| 38.09%]| 16.36%| 43.98%
Act. vs. Low q; 0.40%]| 52.35%| 0.07%]| 47.18% 2.66%)| 50.39%| 3.44%| 43.51% 3.55%)| 33.65%)| 0.57%| 62.24% 1.90%] 29.54%| 5.60%| 62.95%
Act. vs. Low qg 0.00%| 2.51%| 0.00%| 97.49% 0.00%| 0.00%] 0.09%] 99.91% 0.20%| 0.05%] 0.08%| 99.67% 0.00%) 27.87%| 3.07%]| 69.06%
Dry Weight (g) 4.64%) 22.46%) 12.15%| 60.76% 8.00%44.96%| 8.50%| 38.53% 17.50%| 17.57%| 5.31%| 59.62% 2.18%| 8.03%| 0.23%| 89.57%
Days to harvest 4.95%) 21.50%)| 8.52%)| 65.02% 16.50%| 50.51% 16.50%| 16.49% 13.84%26.91% 6.30%| 52.94% 5.87%]27.91%| 7.18%)| 59.03%
Specific leaf area (mm” mg™") 2.19%)] 23.72%)| 8.64%)| 65.46% 2.26%)| 34.94%)| 3.77%)| 59.02% 14.91%| 15.85%| 3.80%| 65.44% 5.13%]21.29%| 7.67%| 65.91%
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Extended data Table 4. Phenotype HSD values from the combined analysis of all cybrids.
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Extended data Fig. 14 Epistatic effects of plasmotype on NPQ.
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Extended data Table 5. Comparisons of plasmotypes against the WT of its nucleotype donor for three
phenotypes. Cells highlighted in green are significantly different then the WT of the nucelotype donor. Red cells are
not significantly different than the WT of the WT nucelotype donor (Dunnet’s test, significant differences if P < 0.05).

Bur Col Cvi Tanz

Comparison [Surface area (mm’) [ @psy [Dry weight (¢) [ Comparison [Surface area (mm’) [ s [Dry weight (g) [Comparison [Surface area (mm’) [ @ps: [Dry weight (¢) [ Comparison [Surface area (mm’) | dps [Dry weight (g)
Agh0 - WT-Bur 0852 0.000 T000|Agh0 - WT-Col 0.001 1000 0.001 |Aitba-1 - WT-Cvi 0,999 1.000 T000|Agh0 - WT-Tanz. 0.961 1.000 T.000)
AglS - WT-Bur 1,000 0.000 0.960|Agl-5 - WT-Col 0,930 1.000 0.460|Bab-0 - WT-Cvi 1,000 1.000 1.000{Agl-5 - WT-Tanz 1000 1.000 0.973
Aitba-1 - WT-Bur 1.000 0.000 0.579|Aitba-1 - WT-Col 0,995 1.000 1.000| Basta-2 - WT-Cvi 0.131 0.849 0.998Aitba-1 - WT-Tanz 0,918 1.000 0.999)
Basta-2 - WT-Bur 0.983 0.000 1.000|Bab-0 - WT-Col 0,958 0378 1.000[Bur-0 - WT-Cvi 0.988 0.910 0.999|Bab-0 - WT-Tanz 1000 1.000 0.996)
Bur-0 - WT-Bur 0.987 1.000 1.000|Basta-2 - WT-Col 0,999 1.000 1.000[C24 - WT-Cvi 1,000 1.000 1.000|Basta-2 - WT-Tanz 0,999 1.000 0.000)
€24 - WT-Bur 1.000 0.005 1.000|Bur-0 - WT-Col 0.914 0.000 0.628|Can-0 - WT-Cvi 0.891 1.000 1.000|Bur-0 - WT-Tanz 0.994 0,988 0.99]
Can-0 - WT-Bur 0.826 0.000 0.497|C24 - WT-Col 1000 0308 0.997|Col-0 - WT-Cvi 1,000 1.000 1.000{C24 - WT-Tanz 0.551 1.000 1.000)
Col-0 - WT-Bur 0.957 0.000 0.992|Can-0 - WT-Col 0,009 1.000 0.000|Cvi-0 - WT-Cvi 0295 1.000 0.986|Can-0 - WT-Tanz 1,000 1.000 1.000)
Cvi-0 - WT-Bur 0,999 0.000 0.519|Col-0 - WT-Col 1,000 0.640 1.000|Don-0 - WT-Cvi 0,033 0.542 0.993|Col-0 - WT-Tanz 0.786 1000 1.000)
Don-0 - WT-Bur 0.286 0.004 1.000|Cvi-0 - WT-Col 1000 1.000 0.999|Elh-2 - WT-Cvi 0.782 1.000 1.000{Cvi-0 - WT-Tanz. 0.204 1.000 0.997]
Elh-2 - WT-Bur 0.938 0.000 0.113|Don-0 - WT-Col 0,996 0442 1.000[Elk-1 - WT-Cvi 0,020 1.000 0.969|Don-0 - WT-Tanz 1,000 1.000 0.993
Elk-1 - WT-Bur 1000 0.000 0.992|Flh-2 - WT-Col 0.162 1.000 0.021{Epid-1 - WT-Cvi 0052 1.000 1.000{EIh-2 - WT-Tanz 1000 1.000 1,000
Epid-1 - WT-Bur 0.997 0.000 0.972Elk-1 - WT-Col 1000 1.000 0.992|ET2 - WT-Cvi 0.288 1.000 0.909|Elk-1 - WT-Tanz 0.036 0.821 1.000)
ET2 - WT-Bur 0.987 0.000 1.000|Epid-1 - WT-Col 1,000 0.998 1.000|Eta-2 - WT-Cvi 0,016 0.052 0.998Epid-1 - WT-Tanz 1,000 1.000 1.000)
Etna-2 - WT-Bur 1,000 0.000 0.976[ET2 - WT-Col 1000 1.000 1.000[1P-Alm-0 - WT-Cvi 0.182 0.304 0.999|ET2 - WT-Tanz. 0,984 1.000 1.000)
10 - WT-Bur 1.000 0.000 0.265|Ema-2 - WT-Col 0,971 1.000 0.991|1P-Boa-0 - WT-Cvi 0313 1.000 0.569|Etma-2 - WT-Tanz 1,000 1.000 1.000)
1P-Boa-0 - WT-Bur 0.987 0.000 0.096(1£-0 - WT-Col 0.994 0978 0.992|1P-Bor-0 - WT-Cvi 0,999 1.000 0.999|1£1-0 - WT-Tanz 0.847 1000 0332
IP-Bor-0 - WT-Bur 1.000 0.000 1.000[1P-Alm-0 - WT-Col 0.190 1.000 0.564|1P-Bus-0 - WT-Cvi 0.999 1.000 1.000{IP-Alm-0 - WT-Tanz 0.775 1.000 1.000)
1P-Bus-0 - WT-Bur 1.000 0.000 0.310[1P-Boa-0 - WT-Col 1000 1.000 1.000[1P-Cot-0 - WT-Cvi 1.000 1000 1.000[1P-Boa-0 - WT-Tanz 0.630 1.000 1.000)
IP-Con-0 - WT-Bur 0.995 0.000 1.000{1P-Bor-0 - WT-Col 1000 0.000 0.992|1P-Ees-0 - WT-Cvi 0.993 1.000 1.000{IP-Bor-0 - WT-Tanz. 0.482 1.000 0.961
IP-Cot-0 - WT-Bur 1.000 0.000 0.691[1P-Bus-0 - WT-Col 0,985 0.744 0.999|1P-Lso-0 - WT-Cvi 0,558 1.000 0.9931P-Con-0 - WT-Tanz 1000 1.000 1.000)
IP-Ees-0 - WT-Bur 1.000 0.000 0.0251P-Con-0 - WT-Col 0.740 1.000 0.957|1P-Per-0 - WT- 0.987 1.000 1.000[1P-Cot-0 - WT-Tanz 0,995 1.000 1.000)
IP-Lso-0 - WT-Bur 1,000 0.000 1.000[1P-Cot-0 - WT-Col 0.144 1.000 0.229|1P-Sne-0 - WT-Cvi 1,000 1.000 1.000|IP-Ees-0 - WT-Tanz 1000 1.000 1.000)
1P-Per-0 - WT-Bur 0.980 0.000 1.000[1P-Ees-0 - WT-Col 1000 1.000 0.758|Jm-0 - WT-Cvi 0.946 1.000 0.647|1P-Lso-0 - WT-Tanz 1,000 1.000 1.000)
IP-Pig-0 - WT-Bur 1000 0.000 0.967[1P-Lso-0 - WT-Col 0,009 1.000 0.014|Kas-1 - WT-Cvi 0,000 0.977 0.000[1P-Per-0 - WT-Tanz 0.891 1000 0.999)
IP-Sne-0 - WT-Bur 1.000 0.000 0.9921P-Per-0 - WT-Col 0.304 0.999 0.068|Koren-1 - WT-Cvi 0.926 1.000 1.000{IP-Pig-0 - WT-Tanz, 0,959 1.000 0.782
Jm-0 - WT-Bur 1.000 0.000 1.000[1P-Pig-0 - WT-Col 0.834 0991 0.997|K2-13 - WT-Cvi 0.667 0.999 1.000[1P-Sne-0 - WT-Tanz 0.880 1.000 0.791
Kas-1 - WT-Bur 1,000 0.000 0.9991P-Sne-0 - WT-Col 0,992 0918 1.000[Ler-0 - WT-Cvi 0.603 0.754 0.862|Istisu-1 - WT-Tanz 0,956 0.824 1.000)
Kas-2 - WT-Bur 0.669 0.000 1,000 Istisu-1 - WT-Col 0,997 1.000 1.000|Lesno-1 - WT-Cvi 0.007 1.000 0.680[Jm-0 - WT-Tanz 0,925 1.000 1.000)
Kolyv-6 - WT-Bur 0,997 0.000 0.9991m-0 - WT-Col 1,000 0.999 1.000| Mammo-1 - WT-Cvi 0511 0.853 1.000[Kas-1 - WT-Tanz 0.485 1000 1.000)
Koren-1 - WT-Bur 1,000 0.000 1.000[Kas-1 - WT-Col 0.603 0.988 0.138|Melni-2 - WT-Cvi 0.007 1.000 0.943|Kas-2 - WT-Tanz 0,963 1.000 0.983
K213 - WT-Bur 1.000 0.000 0.697|Kas-2 - WT-Col 1000 1.000 0.995|0ua-0 - WT-Cvi 0.879 1.000 1.000|Kolyv-6 - WT-Tanz 0,988 1.000 1.000)
Ler-0 - WT-Bur 0.985 0.000 1.000[Koly-6 - WT-Col 0.695 1000 0,931 |Panke-1 - WT-Cvi 0.640 1.000 1.000[Koren-1 - WT-Tanz 0,999 1.000 1.000)
Lesno-1 - WT-Bur 0.646 0.000 0.355|Koren-1 - WT-Col 1000 1.000 1.000|Qar-8a - WT-Cvi 0.207 1.000 0.989|K7-13 - WT-Tanz 1000 1.000 1.000)
Mammo-1 - WT-Bur 0,959 0.000 0.997|Kz-13 - WT-Col 0.984 0456 0.921|Rabacal-2 - WT-Cvi 0,551 1.000 0.998|Ler-0 - WT-Tanz 1,000 1.000 1.000)
Melni-2 - WT-Bur 0.368 0.000 1.000|Ler-0 - WT-Col 1000 1.000 1.000[RRS-7 - WT-Cvi 0.038 0.828 0.999|Lesno-1 - WT-Tanz 1000 1.000 0.999)
Panke-1 - WT-Bur 0.003 0.000 0.991|Lesno-1 - WT-Col 0.993 0815 0.991|Samos-3a - WT-Cvi 0.995 1.000 1.000|Mammo-1 - WT-Tanz 0,976 1.000 0.999)
Penb-2 - WT-Bur 0,994 0.000 0.997|Mammo-1 - WT-Col 0.998 1.000 1.000|Samos-4 - WT-Cvi 0330 1.000 0.999|Melni-2 - WT-Tanz 0,966 1.000 1.000)
Qar-8a- WT-Bur 1,000 0.000 1,000 Melni-2 - WT-Col 0,007 0.007 0.001 |Shah - WT-Cvi 1.000 0963 0.000{Oua-0 - WT-Tanz 1000 1.000 1.000)
Rabacal-2 - WT-Bur 0.996 0.000 1.000[Oua-0 - WT-Col 1000 0.574 1.000| Tanz-1 - WT-Cvi 0.977 1.000 0.999|Panke-1 - WT-Tanz 0.695 1.000 1.000)
RRS-7 - WT-Bur 1000 0.000 1.000|Panke-1 - WT-Col 0,000 0.676 0.007|Tanz-2 - WT-Cvi 0,000 1.000 0.000|Qar-8a - WT-Tanz 0,991 1.000 1.000)
Samos-3a - WT-Bur 0.970 0.000 1.000[Penb-2 - WT-Col 0,953 0.346 0.686|Taz-0 - WT-Cvi 0.044 0.000 1.000|Rabacal-2 - WT-Tanz 1000 1.000 1.000)
Samos-4 - WT-Bur 1.000 0.001 0.817|Qar-8a - WT-Col 1,000 1.000 1.000| Toufl-1 - WT-Cvi 0,916 1.000 1.000|RRS-7 - WT-Tanz 0.020 0219 1.000)
Shah - WT-Bur 1,000 0.000 0.850[Rabacal-2 - WT-Col 0221 1.000 0.089|Ws-4 - WT-Cvi 0.712 1.000 0.993|Samos-3a - WT-Tanz 0.898 1.000 1.000)
Sij-2 - WT-Bur 1.000 0.000 0.996|RRS-7 - WT-Col 0,997 1.000 1.000| Yeg-1 - WT-Cvi 0.000 0.005 0.683|Samos-4 - WT-Tanz 0,981 1.000 1.000)
Sij-4 - WT-Bur 0.998 0.000 1.000[Samos-3a - WT-Col 0.848 0.925 0.753|Zin-9 - WT-Cvi 0306 1.000 0.672Shah - WT-Tanz 0.691 1000 1.000)
Sus-1 - WT-Bur 0.993 0.000 1.000[Samos-4 - WT-Col 0.047 0974 0.007 Sij-2 - WT-Tanz 0,989 1.000 1.000)
Tanz-1 - WT-Bur 0.927 0.000 1.000[Shah - WT-Col 0,966 1.000 0.984) Sij-4 - WT-Tanz 0,938 1.000 0.999)
Tanz-2 - WT-Bur 1,000 0.000 0.921[Sij-2 - WT-Col 0.967 0.996 1,000, Sus-1 - WT-Tanz 0011 0.142 0.879)
Taz-0 - WT-Bur 0.999 0.000 1.000Sij-4 - WT-Col 1000 1.000 1.000 Tanz-1 - WT-Tanz 1000 1.000 1.000)
Toufl-1 - WT-Bur 1.000 0.000 1.000[Sus-1 - WT-Col 1,000 1.000 1.000 Taz-0 - WT-Tanz 1,000 1.000 1.000)
Ws-4 - WT-Bur 0.999 0.000 1.000| Tanz-1 - WT-Col 0,989 0.995 1.000 Toufl-1 - WT-Tanz 1000 1.000 1.000)
Yeg-1 - WT-Bur 1.000 0.000 1.000|Tanz-2 - WT-Col 0,981 1.000 1.000 Ws-4 - WT-Tanz 0,999 1.000 0.932
Zin-9 - WT-Bur 1,000 0.000 0.622|Taz-0 - WT-Col 1,000 0.544 0.663 Yeg-1 - WT-Tanz 1,000 1.000 1.000)

Toufl-1 - WT-Col 0.000 0.909 0.001 Zin-9 - WT-Tanz 0.095 0.000 0.997]

Ws-4 - WT-Col 1000 0.824 0.999)

Yeg-1 - WT-Col 0.283 0970 0.340)

Zin-9 - WT-Col 0.014_1.000 0.023
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Extended data Table 6. Phenotype means from the combined analysis of all cybrids
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Supplementary List 1. DNA isolation protocol (Becker, unpublished).

1) Prepare 10 mL extraction buffer by adding 40 pL of 20 mg/mL RNAse A.

2) Grind the frozen sample tissue by securing the lids of the plates and using the mixer
mill/lyser apparatus.

3) Spin the resulting dust down to the bottom of the wells.

4) Add 500 pL of extraction buffer to each sample.

5) Incubate at 37 °Celsius for one hour.

a. Invert plates every 15 minutes.

6) Flash spin to pellet debris (3,000 rpm for 5 minutes).

7) Add 130 uL KAc plus Tween to each well of a new deep well plate.

8) Transfer 400 puL of the lysate to the KAc deep well plate.

9) Cover the wells with the lid and ensure a tight fit. Invert to mix for 1-2 minutes.

10) Incubate the plates on ice for a minimum of 10 minutes.

11) Centrifuge the plates at 3,000 rpm for 5 minutes.

12) Prepare new plates by combining SPRI beads and PEG buffer in a 1:1 ratio in each well.

13) Transfer 400 pL of the supernatant to the wells in the new plates containing SPRI beads
and PEG buffer.

14) Place the plates on the shaking table for a minimum of 30 minutes.

15) Place the plate on the magnet and let the beads settle for a minimum of 5 minutes.

16) Remove the supernatant by inverting the plate gently over the sink.

17) Wash the beads three times by adding 500 puL of 80 percent EtOH and vortexing.

18) After the last wash, carefully remove all traces of EtOH and let the beads dry for
approximately 10-15 minutes.

19) Resuspend the beads by adding 50 uL of 10mM Tris-HCI and let sit for 30-60 minutes.

20) Seal the plates tightly and mix by inversion of the plate.

21) Place the plate on a magnet for a minimum of five minutes.

22) Transfer eluate to fresh PCR plate by pipetting while being careful not to transfer any of
the beads.
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Supplementary List 2. Library preparation protocol for genomic sequencing (Theeuwen,
unpublished).

Y
2)
3)

4)

Dilute BLT beads (Nextara) with nuclease free water to a 1:50 ratio for a minimum of
ten uL needed per sample.

Add 25 pL of tagmentation buffer into each well of a fresh PCR plate under the fume
hood.

Add 10 pL of 1:50 BLT beads, 5 uL. DNA, and 5 pL miliQ water into each well
containing the tagmentation buffer.

Perform tagmentation in a PCR machine for 15 minutes at 55 °Celsius followed by a
holding period at 10 °Celsius.

Add 10 pL of 0.2 percent SDS solution to each well to stop the tagmentation.

Place the samples in a PCR machine for 10 minutes at 37 °Celsius followed by a
holding period at 10 °Celsius.

Place the plate on a magnet and wait 3-4 minutes.

Remove the tagmentation/SDS solution by pipetting.

Wash the beads three times with 100 pL of PEG.

10) Add 17.5 pL miliQ water, 22.5 pL Takara Primestar Mastermix and 2.5 pL PS5 oligo

to each well in the plate. Add 2.5 pL of unique P7 oligo to each unique PCR plate
well and record the coordinates.

11) Mix the solution in the PCR plates well. Spin down briefly.
12) Run the PCR machine at three minutes at 68 °Celsius, three minutes at 98°Celsius, 12

cycles of (45 seconds and 98 °Celsius, 30 seconds at 62 °Celsius, two minutes at
68 °Celsius), one minute at 68 °Celsius and lastly hold at 10 °Celsius.

13) Check the results on a 2 percent agarose gel.

a. Use three uL of PCR product from each well and mix with 2 uL of 6x loading
dye.

b. Use one pL of 100 bp ladder.

c. Run at 100 volts for 30 minutes.
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