























transport dependant H* uptake by the thylakoid lumen exceeds H* release through the ATP
synthase (Shikanai, 2016). NPQ mechanisms operate at higher speeds ranging from seconds to
minutes in gE or minutes to hours in those related to xanthophyll cycle regulation (qZ). These
photoprotective strategies are a rich source of genetic diversity, split between nuclear and
organellar genomes with the potential to maximise photosynthesis in cultivated plants.
Nonetheless, artificial selection in cultivated plants has focused on yield index, quality and
biotic resistance while ignoring NPQ mechanisms that are difficult to observe and quantify
(Ruban, 2016).

The study of phenotypic variation resulting from the plasmotype is complicated as phenotypes
are often the result of complex interactions between organellar and nuclear genes, causing
additive and epistatic effects (Dobler et al., 2014). As the nucleotype is inherited biparentally,
often resulting in a heterozygous genome, this genetic variability can mask the effects of the
plasmotype through cytonuclear epistasis. To accurately assess the effect of the plasmotype on
plant phenotypes, the effects resulting from plasmotype-derived genes must be untangled from
those generated by nucleotype variability. This can be achieved by producing plants with a
shared nuclear background and contrasting plasmotypes. By doing this, it is possible to separate
the phenotypic contribution from the nucleotype. Moreover, it is possible to identify
plasmotype additive and nucleotype-plasmotype epistatic effects generating determined
phenotypes.

A rough, time-consuming method to achieve such assessment consists of backcrossing a
maternal plasmotype donor with a paternal nucleotype donor. After multiple rounds of
backcrossing the resulting nuclear background will be nearly homogenous, and the resulting
plants can be addressed as ficybridso (from cytoplasmatic hybrids) (Roux et al., 2016)). For
instance, Miclaus et al., (2016) found that 96 nuclear genes responsible for crucial metabolic
and morphological traits were controlled by retrograde signalling in maize cybrids generated
through nine generations of backcrossing. In A. thaliana, several authors have used
backcrossing approaches to identify the effect of plasmotypic variation on morphology,
phenology, seed physiology and nitrate starvation in relatively small cybrid panels of A.
thaliana (Moison et al., 2010; Boussardon et al., 2019; Chardon et al., 2020; Roux et al., 2016).

There are various limitations to cybrid generation through backcrossing. First, backcrossing is
time-consuming as multiple generations are required to create a homozygous nuclear
background. Second, this method is heavily reliant on using markers to check the plant for
heterozygosity, and residual heterozygosity or new mutations are often hard to detect. Last,
local adaptation to rearing conditions and maternal effects that mask the results of the
plasmotype are more prone to occur during various generations. (Roux et al., 2016;
Christensen, 2020; Flood et al., 2020). For example, Roux et al. (2016) used three rounds of
backcrossing and marker-assisted selection to explore the effect of plasmotype on germination,
phenology, fecundity, morphology, and resource acquisition. These crosses resulted in a
nuclear background that was approximately 93,75% homogeneous. Although three generations
should be relatively low for mutation rates and adaptation effects, this percentage leaves a
6.25% of genes generating possible interfering cytonuclear epistatic effects.












Nomenclature.

Cybrids are labelled as nucleotypeP'®™Pe  meaning Col® is a cybrid with Columbia
nucleotype and Burren plasmotype. When F1 crosses were used, the nomenclature is Female
parent x Male parent. Thereby an F1 cross of Burren x Columbia will be referred to as Bur-
Col, which has a Heterozygous nucleotype with the plasmotype of the female parent (Bur-0).

Phenotyping.

All phenotyping platforms used are part of the NPEC joint initiative between WUR and Utrecht
University. The Plant screen System™ located in Unifarm greenhouses WUR and supplied by
Photon System Instruments was used for the phenotyping of all experiments. This high
throughput phenotyping platform can screen up to 20 A. Thaliana plants simultaneously
through fluorescence and RGB imaging for photosynthesis and morphological parameters,
including leaf area (mm). A 6-minute protocol developed by Theeuwen et al. (unpublished)
was used to screen every set of 20 plants (Figure 2). During the light protocol, 43
photosynthetic parameters were measured from chlorophyll fluorescence during a light
fluctuation treatment. This protocol allows the measurement of photosynthesis efficiency
parameters under fluctuating light conditions like those occurring in nature.

Figure 2. An example of Theeuwen et al. (unpublished) 6-minute imaging protocol for a specific plant
phenotyped by Lawson et al. (2020) using the Plant Screen System™ with time point measurement annotations.
Yellow bars on top represent the light input. Blan and red bars indicate periods of fark and infra-red, respectively.
A-B: Actinic FgFm (GPSII), CD: Actinic NPQ, GNPQ, GNO, gL, gl, and gE. E: High FgFm 1 (GPSII). F High
fgFM 2(GPSI), G-H: High NPQ, (NPQ, GNO, gL, gl, and gE. I: Low FgFm2 (GPSII), J: Low FgFm 2 (GPSII),
K-L: NPQ, GNPQ, GNO, gL, gl, and gE. Reproduced from Lawson (2020).
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120 plants (for 240 plants in total per light treatment), as portrayed in (Figure 6). Hydroponic
basins were used as a blocking factor.

Figure 6. Arrangement of the Biomass experiments in a growth chamber at Klima (WUR). A growth chamber
was split into three separate spaces with reflective material. 2 hydroponic basins were used per light treatment.
Each hydroponic basin was used as a block and contained 120 plants (12 replicates of each cybrid and Col-ndhm
and Col ndho KOs).

The three-light treatments were executed through a program that controlled LED lights in the
growth chambers. Cumulative daily light exposure was the same for all light treatments (418
emol m?s1). The first light treatment consisted of constant light at the intensity mentioned
above. The moderate light fluctuation is an adapted protocol from MSU Dynamic
Environmental Photosynthesis Imager (DEPI) in which are exposed to a sinusoidal light
intensity pattern, similar to that plants are exposed throughout the day in natural conditions.
The light intensity starts initially low in the morning and gradually increases to reach a
maximum of 1000 emol m-2 s from which it decreases back to zero. Moreover, this light
treatment presents minor fluctuations every 10 and 20 minutes, simulating the reflection of
sunlight by clouds which reduces the maximum light at noon to 500 (Cruz et al., 2016). The
second light fluctuation treatment (high light fluctuation, created by Theeuwen et al.
(unpublished), is denoted as fiMaizeo and simulates the incoming light that reaches a small
plant under the canopy of a fully developed maize crop. Light intensity also follows a
sinusoidal pattern but is generally low with sporadic bursts of very high-intensity light up to
1500 emol m2 s1) that simulate sun coming through the maize canopy. Figure 7 shows a
representation of the light treatments. All treatments were subjected to a 12h light / 12h dark
photoperiod. The temperature was set at 20° C during the day and 18° C during the night, with
constant relative humidity at 70%.
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Variance components were calculated for selected phenotypes (Table 3). On average, among
the 43 photosynthesis phenotypes evaluated, H? due to N/P/NxP was 17,28%, 0,43% and
2,74%, respectively. A considerable effect of additive and nucleotype-plasmotype interactions
was found among some GPSII and NPQ parameters. For example, when summed up, H? due
to additive plasmotype and plasmotype-nucleotype interactions of low_NPQt was 17.26 %
(1.16%+16.10%) and for Low_FqFmp_2 8.18% (1.3% +6.88% ).When inspecting the variance
components, the row within the tunnel explained a considerable amount of the variation in
multiple phenotypes and was used as a random factor in the fitted linear model. The average
variation explained by blocks, the tunnel row and error across photosynthesis phenotypes was
21.49%, 19.9% and 38.17%, respectively. Accordingly, of 10 morphology phenotypes
analysed, H? due to N/P/NxP was on average 25.51%, 0.51% and 2.93%, respectively.
Variance explained by blocks, tunnel rows, and uncontrolled factors for these phenotypes was
4.13%, 4.83 and 66.08%, respectively. Finally, in the eight colour parameters evaluated, the
average H? due to N/P/PxN was 33,85%, 1.49% and 1.33%, respectively. The variance
explained by blocking, tunnel row and uncontrolled factors in these phenotypes was 4.16%,
3.36% and 57.49%.

Table 3: Variance components for selected phenotypes of a species-wide representative cybrid panel of
A. thaliana grown in a gauze tunnel simulating field-like conditions at Unifarm (WUR)

Photosynthesis parameters measured at low light after a high pulse light in the Plant Screen
System™ were particularly affected by the plasmotype. For example, the parameter
Low_FgFMp_2 confirmed the already known additive effect on the Bur-0 plasmotype for the
recovery of GPSII (Figure 8). Moreover, another interesting observation for this parameter was
a slightly higher (iPSII for plasmotype Melni-2, which was significantly higher than 7 out of
55 plasmotypes evaluated. Additionally, the plasmotypes Shah and Sus-1 produced
significantly lower recovery of (iPSIl than all other plasmotypes. More graphs showing
additive plasmotype effects on selected photosynthesis phenotypes that explain the Bur-0
plasmotype impact on fast recovery of GPSII (NPQ and gEt) are presented in the appendix
(Appendix figures 5 & 6)
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Therefore, CviS"" might have resulted in poor quality seeds producing weak plants that were

not considered in the analysis after removing outliers. Although a maternal effect might be in
action, the cause is also related to plasmotype variability. A similar case affecting seed quality
could explain the results for Cvi®*s, However, no reports CMS are known for this accession.
Nonetheless, only one plant was considered for these two cybrids after outlier removal.
Thereby repeating a small-scale experiment with higher replicates for these two cybrids would
be advisable to confirm the obtained results. The scope and timeframe of this project did not
allow for checking any missense variants in the Sus-1 plasmotype that could be behind these
phenotypes. Thereby, determining if maternal effects or genetic causes are behind these results
would be recommendable, as CMS is a valuable breeding resource.

On the other hand, given that Cvi®®2 presented no large-scale effect on leaf area, the repeated
observation of Cvi*®! having an extreme impact on leaf area is another puzzling result.
Besides producing the largest plants on the cybrid panel, Cvi®® cybrids recorded significantly
lower than average GPSII values than other plasmotypes under a Cvi-0 nucleotype (Appendix
Figure 11). Moreover, Kas-2 scored significantly lower leaf area than many plasmotypes under
a Col nucleotype (Figure 12). Given that the two accessions were collected in Kashmir (India)
and that Cvik®? plants came from a different seed batch than Cvik®?2, it is tentative to speculate
that a maternal effect could be responsible for the phenotypes observed. Additionally, the
methodology used for outlier removal (1.25) also complicates this analysis as CviK®?
presented a relatively small sample size compared to Cvi“®2 (Appendix Table 1).

Interestingly, Cvi-®"! also recorded significantly lower recovery of (iPSII values than the
PCA-selected plasmotypes under a Cvi-0 nucleotype and produced slightly larger plants (a
result also reported by Lawson (2020)). Potentially, the repeated observation of larger leaf areas
and lower recovery of GPSII values could be an interesting adaptation to fluctuating light and
cold conditions. Nonetheless, given the significant scale impact of the results and phenotypic
plasticity present in the Cvi-0 nucleotype, it would be advisable to genotype both cybrids and
realize seed batch assays to compare if phenotypes are still present in plants from the same
generation. Additionally, looking for additional missense variants in the Kas-1 and Lesno-1
plasmotypes is also advisable. Multiple low-scale plasmotype effects on various phenotypes
were also recorded among nucleotypes. Examples are the Iberian Peninsula plasmotypes and
Atiba-1, Lesno-1, Staro-2 and Zin-9 (Figure 12 and Appendix Figure 10). NDHG was
suggested as the most likely causal gene for the Bur plasmotype additive effect on the recovery
of GPSII by Flood et al. (2020). NDHG codes for a subunit of NAD(P)H dehydrogenase-like
complex (NDH complex), which acts as a proton pump in cyclic electron flow (CEF) around
photosystem and chlororespiration (Shikanai, 2014). Following this lead, missense variants
were found in the plasmotype of Cvi-1 (1 SNP NDHA), Kas-2 and Kas-1 (1 SNP in NDHF)
and Staro-2 (2 SNP NDHA, 1 SNP NDHK). Interestingly, cybrids with Kas-1 and Kas-2
plasmotypes presented significant differences in the recovery of GPSII as compared to other
PCA-selected plasmotypes (Appendix Figure 11). Moreover, Kas-2 & Kas-1 and Staro-2
presented considerable variation in leaf area. However, neither Cvi-0 nor Staro-1 presented
significantly different photosynthetic phenotypes from the PCA-selected plasmotypes
analysed. This points out that mutations on different subunits of the NDH complex affect
photosynthesis differentially. Finally, this example shows that high throughput phenotyping
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and PCA analysis are powerful tools for identifying candidate genes implied in photosynthetic
regulation and growth responses.

The analysis produced on this cybrid panel revealed intriguing plasmotypic diversity acting
mainly through nucleotype-plasmotype interactions. Nonetheless, the information analysed
only scratched the surface of possible plasmotype variation affecting phenotypes, as less than
10% (5/63) of the phenotypes provided by The Plant Screen SystemE were used. For instance,
the analysis of colour information was not used in this project. Anthocyanin production is a
clear indicator of plant stress. Further analysis is advised to search for phenotypes that could
help reveal meaningful plasmotype diversity and compare them with other experiments to
verify their replicability. Finally, identifying plasmotypes that generate the most diverging
phenotypes under particular nucleotypes and linking this information to additional missense
variants might help shed light on valuable nucleotype-plasmotype interactions.

Experiment 2: Genetic cause behind Bur-0 additive effect in the recovery of
GPSII.

The additive effect of the Bur-0 plasmotype is characterized by an increase in the efficiency of
photosystem Il and a decrease in non-photochemical quenching (NPQ) (Flood et al., 2020;
Lawson, 2020, Tijink, 2021). In the past, four likely candidates explaining Bur-0-
photosynthetic phenotypes have been identified in the Bur-0 plasmotype: two unigue missense
variants in MATURASE K (MATK), one in NAD(P)H-QUINONE OXIDOREDUCTASE
SUBUNIT G (NDHG) and one in Chloroplast open reading frame 1 (YCF1) (Flood et al.,
2020). This list has been refined to two candidates (MATK and NDHG) by Tijink(2021).
Since NDHG codes a subunit of the NDH complex directly involved in regulating
photoprotective mechanisms, it has been repeatedly suggested as the most likely causal gene
(Flood et al., 2020; Tijink, 2021). Theeuwen et al. (unpublished) recently identified accession
ID471, which only shares the MATK allele with Bur-0 that Tijink (2020) could not discard.
Using this key accession and a reciprocal crosses approach, this experiment was undertaken to
further characterize the role of the Bur-0 MATK allele in the recovery of (iPSII and solve the
genetic cause behind the Bur plasmotype additive effect recovery of (iPSII.

The use of the reciprocal crosses showed to be a rough yet effective method of understanding
the role of the Bur-0 MATK allele in the recovery of (iPSII. As groups of F1 accessions that
carry the Bur-0 MATK allele without the Bur-0 NDHG allele do not display increased recovery
of GPSII, it was possible to discard MATK as the causal gene behind this phenotype (Figure
13). This confirms Flood et al. (2020) and Tijink (2021) suggestion that the Bur-0 NDHG allele
is the causal gene for its phenotype in the recovery of GPSII.

However, the reciprocal crossing approach proved to be time-consuming as 42 crosses had to
be produced and evaluating the results in the F1 generated various limitations. For example,
failure to retrieve viable (or limited) seeds from some crosses decreased the statistical power
of the analysis. A further limitation of the use of reciprocal crosses is the statistical analysis of
the results. Having two groups (maternal and paternal genotype donors) complicates the
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statistical analysis because it is impossible to compare both groups at once with the statistical
methods used in this project. Thereby, a separate analysis had to be made for each, and the
impact of nucleotype plasmotype interactions was not possible to analyse. For instance, the
group in which ID471 acts as a paternal genotype donor presents a slightly higher recovery of
GPSII. These elevated values can be explained by the fact that Bur-0 and 1D1467 plasmotypes
are also considered in the general average of this group.

Lastly, the reciprocal crosses approach also complicates finding causal genes in the plasmotype
as the potential effects of nucleotype-plasmotype interactions can interfere. In this experiment,
F1 plants were used; therefore, the nucleotype was heterogeneous due to recombination, and
no nuclear markers were used. Thereby, 50% of genes could potentially generate unknown
nucleotype-plasmotype interactions that can influence the results. For instance, for the recovery
of the GPSII phenotype, a clear pattern can be observed for the groups of F1 accessions which
carry the Bur-0 NDHG allele. Nonetheless, the pattern was not as clear for the NPQ parameters
analysed, which nucleotype-plasmotype interactions could explain (Appendix Figure 12).

NPQ is a complex trait in which various mechanisms are in action. Genes that contribute to
NPQ functioning are also present in the nucleotype, for example, PSII subunit S (PsbS) or
enzymes controlling the xanthophyll cycle kinetics as violaxanthin de-epoxidase (VDE) and
Zeaxanthin epoxidase (ZEP).NPQ values recorded in this experiment displayed an inconsistent
response with no apparent pattern within genotypes sharing a common cytoplasm. Moreover,
the response was similar to those who shared 50% of their nucleotype but not the plasmotype.
To a less extent, this was also true for gEt. However, a more precise pattern can be observed
for gEt, although significance was not observed for the group of F1 accessions with NL1467
as cytoplasm. Therefore, the results on NPQ could be explained by potential interactions with
nuclear genes that also control this trait. These genes could have been identified if nuclear
markers were used, but this was out of this project's scope. Thereby, repeating this experiment
using cybrids (e.g., Col'®*"* vs ID471%°Y) instead of F1 crosses might give more specific
phenotypes avoiding effects from undetected nuclear introgression and simplifying the
statistical analysis of these results.

Based on the results of this experiment, it is possible to discard that this MATK allele is solely
responsible for the recovery of (iPSII observed in plants with a Bur-0 plasmotype. As all other
candidate genes have been discarded, NDHG is the most likely causal gene. Literature review
supports Bur-0 NDHG allele can be responsible for the recovery of (iPSII. NDH acts as a proton
pump which creates a pH gradient in the lumen that triggers non-photochemical quenching
(Strand et al., 2017; Laughlin et al., 2019). The NDH complex is formed by 35 subunits, from
which 11 subunits (NDH A-K) are encoded in the chloroplast (Laughlin et al., 2020). Moreover,
NDH acts as a proton pump acidifying the lumen, triggering NPQ, supplying extra ATP for
photosynthesis and partly mediates cyclic electron flow (Shikanai and Yamamoto, 2017; Ma
etal., 2021).

Even though this experiment is a strong proof suggesting NDHG as the genetic origin behind
the recovery of GPSII observed in cybrids with the Bur-0 plasmotype, further experimentation
will provide definitive evidence. NDHG's role can be confirmed by phenotyping accession that
uniquely carries the Bur-NDHG allele. However, this phenotype has only been observed in
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Appendix figure
experiment.

Temperature (*C)

1. Photosynthetic active radiation (PAR) recorded in the tunnel for the duration of the
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Appendix Figure 2: Temperature in the tunnel for the duration of the experiment.

Appendix Figure 3: Volumetric water content in growing substrate recorded in the tunnel for the duration of

the experiment.

Appendix Figure 4: Ambient humidity recorded in the tunnel for the duration of the experiment.
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Appendix Figure 9: Effect of Nucleotype-plasmotype combinations on Leaf Area (mm) recorded in the Plant
Screen System™. Asterisks show significant differences as compared to the native plasmotype. Native plasmotypes
are shown in brown. Multiple comparisons were made using Benjamini & Hochberg test (U=0.05).
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