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Highlights

High-confidence identification of 70 previously-uncharacterized genes required for
photosynthesis

¢ Proteomic analysis of mutants allows assignment of function to novel genes

e Characterization of 5 novel Photosystem | mMRNA maturation factors validates this
resource

¢ MTF1 and PMR1 identified as master regulators of photosynthesis


https://doi.org/10.1101/2022.11.12.515357
http://creativecommons.org/licenses/by-nc-nd/4.0/

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.12.515357; this version posted November 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

SUMMARY

Photosynthesis is central to food production and the Earth’s biogeochemistry, yet the molecular
basis for its regulation remains poorly understood. Here, using high-throughput genetics in the
model eukaryotic alga Chlamydomonas reinhardtii, we identify with high confidence (FDR<0.11)
70 previously-uncharacterized genes required for photosynthesis. We then provide a resource
of mutant proteomes that enables functional characterization of these novel genes by revealing
their relationship to known genes. The data allow assignment of 34 novel genes to the
biogenesis or regulation of one or more specific photosynthetic complexes. Additional analysis
uncovers at least seven novel critical regulatory proteins, including five Photosystem | mMRNA
maturation factors and two master regulators: MTF1, which impacts chloroplast gene
expression directly; and PMR1, which impacts expression via nuclear-expressed factors. Our
work provides a rich resource identifying novel regulatory and functional genes and placing
them into pathways, thereby opening the door to a system-level understanding of

photosynthesis.

Keywords:
Photosynthesis, Photosystem | maturation factors, methionyl-tRNA formyltransferase,

retrograde regulation, genetics, protein profiling, RNA-sequencing, protein localization.
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INTRODUCTION

The evolution of oxygenic photosynthesis in cyanobacteria ~2.5 billion years ago
fundamentally changed life on Earth (Lyons et al., 2014). Photosynthesis led to a rise in
atmospheric oxygen level, enabling the evolution of aerobic respiration and ultimately of the
eukaryotic cell (Hedges et al., 2004). One such eukaryotic cell is thought to have then engulfed
a cyanobacterium, which then evolved into the organelle known as the chloroplast. In allowing
the eukaryotic cell to convert light into energy, this engulfment eventually gave rise to the great
diversity of photosynthetic eukaryotes present today (Yoon et al., 2004).

In photosynthetic eukaryotes, the photosynthetic apparatus consists of a series of
protein complexes in the chloroplast thylakoid membrane that use light energy to produce
NADPH and ATP (Blankenship, 2008). NADPH and ATP, in turn, power CO, assimilation into
sugar by the Calvin-Benson-Bassham metabolic cycle (Figure 1A)(Michelet et al., 2013). As a
sophisticated system central to cellular fitness, hundreds of genes are required to generate
these complexes and regulate their assembly and activity (Rast et al., 2015). Furthermore,
photosynthetic complexes are assembled from components encoded in both the nucleus and
chloroplast, which requires extensive coordination under the control of the nucleus
(Goldschmidt-Clermont, 1998). In plants and green algae, this coordination is known to involve
a range of different mechanisms, including posttranscriptional regulation of chloroplast-
expressed genes by nuclear-encoded proteins (Choquet and Wollman, 2002), translational
regulation of chloroplast-expressed subunits by assembly intermediates of photosynthetic
complexes (Choquet and Wollman, 2009), and degradation of unassembled subunits by
proteases (Majeran et al., 2000).

Although photosynthesis and its regulation have been extensively studied for 70 years
(Bassham et al., 1950; Fromme and Mathis, 2004), phylogenetics suggests that hundreds of
genes participating in photosynthesis remain to be identified and characterized. Indeed,

approximately half of the GreenCut2 genes —a set of 597 genes that are conserved only in the
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green photosynthetic eukaryotic lineage, and are therefore likely to be involved in
photosynthesis (Karpowicz et al., 2011)— have not been functionally characterized.

Genetic screens have been done in land plants and algae to identify the missing genes
participating in photosynthesis. Photosynthesis-deficient mutants have been identified in land
plants (primarily Arabidopsis thaliana and maize) by screening for leaf coloration (Wilson-
Sanchez et al., 2014; Zhao et al., 2020), seedling lethality (Budziszewski et al., 2001), and
chlorophyll fluorescence (Meurer et al., 1996; Shikanai et al., 1999). In addition to land plants,
the leading unicellular model eukaryotic alga Chlamydomonas reinhardtii (Chlamydomonas) is a
complementary system that provides advantages of higher throughput and physiology that
facilitates the identification and characterization of genes essential to photosynthesis (Rochaix,
2002). Specifically, unlike most plants, Chlamydomonas assembles a functional photosynthetic
apparatus in the dark, and mutants with defects in photosynthesis typically grow well in the dark
when provided with a source of carbon and energy such as acetate (Levine, 1960). These
characteristics have been leveraged for over 50 years to identify and characterize mutants with
defects in photosynthesis, including in many core components of the photosynthetic electron
transport chain (Gorman and Levine, 1965, 1966; Lu et al., 2020).

In the past decade, several hundred candidates for novel genes involved in
photosynthesis have been uncovered by screens of two large Chlamydomonas mutant
collections, Niyogi CAL (Dent et al., 2005, 2015; Wakao et al., 2021) and CLiP (Fauser et al.,
2022; Li et al., 2019). However, these screens had many false positives and there are
indications that fewer than half of these candidates are actually involved in photosynthesis (Li et
al., 2019). Current challenges facing the field include 1) determining which of these candidates
are genuinely involved in photosynthesis and 2) determining the functions of validated novel
photosynthesis genes. The absence of global approaches to validation and functional
characterization previously meant that such analyses were done on a slow, painstaking, gene-

by-gene basis.
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96 Here, we address these two challenges by combining genetics and proteomics to

97 identify and functionally characterize novel genes required for photosynthesis with high

98 confidence on a global scale. We first identified with high confidence (FDR <0.11) 70 novel and

99 45 previously-characterized genes required for photosynthesis by confirming linkage of each
100  mutation with the observed photosynthetic defect and validating insertion site mappings. We
101  then determined the proteomic profiles of mutants representing nearly all of these genes to
102  allow their functional characterization, including assigning 34 of them to specific photosynthetic
103  pathways. As proof of principle for the utility of our resource, we performed additional analyses
104  to discover novel factors that advance the understanding of the regulation of the photosynthetic
105 apparatus. We determined how five of these novel factors work with known factors to regulate
106 the mRNA maturation of key Photosystem | subunit PsaA. We also discovered and
107  characterized two posttranscriptional master regulators of photosynthetic apparatus biogenesis,
108  providing insights into how cells leverage chloroplast translational machinery and the regulation
109  of nuclear gene expression to control photosynthetic complex abundance. Together, our dataset
110  opens the door to rapid characterization of novel photosynthesis genes and provides systems-

111 level insights into photosynthesis regulation.
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112 RESULTS

113 A framework for high-confidence identification of genes with roles in photosynthesis.
114 The biggest limit to confidence in previous large-scale Chlamydomonas screens for

115  genes with roles in photosynthesis was that most mutant strains carried disruptions in multiple
116  genes (Li et al., 2019; Wakao et al., 2021). Thus, while a photosynthetic defect could be

117  observed in a mutant, the defect could not be connected with high confidence to a single gene
118  unless many independent mutants in the same gene showed the photosynthetic defect (Fauser
119  etal, 2022; Li et al., 2019).

120 In the first portion of this work, we overcame this challenge by developing and adapting
121 genetic tools to dramatically improve confidence in the genes responsible for photosynthetic
122  defects of mutants. Specifically, we developed a high-throughput implementation of traditional
123  genetic linkage analysis between a mutation and an observed photosynthetic defect, which

124  allowed us to identify the specific mutation likely responsible for the defect.

125

126  Pooled backcrossing and mapping validation of 70 novel genes in photosynthesis.

127 We started with a set of 1,781 mutants from the CLIP library of Chlamydomonas mutants
128 that we previously identified to have a photosynthetic growth defect (Li et al., 2019). We

129  individually validated each strain's photosynthetic phenotype using an automated spot test on
130 agar (Figure 1B—1C and STAR Methods).

131 These mutants were generated by the random insertion of a DNA cassette and insertion
132  sites were mapped by high-throughput sequencing (Li et al., 2019). In addition to our mapped
133  insertion, most of our strains carry one or several additional mutations. We needed to determine
134  if the photosynthetic defect was caused by the mapped insertion or by another unknown

135 mutation. To determine if a given mapped insertion was the likely cause of the observed

136  photosynthetic defect, we determined if it was genetically linked to the defect using

137  backcrossing.
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Backcrossing involves mating a mutant of interest with a wild-type strain and analyzing
the progeny. This process results in random segregation of the different mutations present in
the original mutant strain, thereby allowing the separation of the impact of each mutation on the
phenotype of interest — in our case, defective photosynthetic growth. If all progeny carrying a
particular insertion exhibit a defect in photosynthetic growth, we conclude that the insertion is
genetically linked to the defect, indicating that disruption of the gene likely caused the defect
(Figure 1D).

To overcome the limited throughput of traditional backcrossing of only ~10 mutants per
experiment, we developed a pooled backcrossing method that allowed us to backcross nearly
1,000 mutants in each experiment (Figure S2A, STAR Methods, and Breker et al., 2018). We
backcrossed pools of hundreds of mutants and then grew the pooled progeny under
photosynthetic and heterotrophic conditions. We determined the relative abundance of each
insertion after growth under each condition by sequencing the unique DNA barcode(s)
associated with that insertion (Figure 1E, Table S1, STAR Methods, and Li et al., 2019). If a
certain barcode was depleted in the photosynthetic condition pool, we considered the
corresponding insertion linked to the photosynthesis defect and concluded that the disrupted
gene is likely required for photosynthesis.

We sought to estimate the frequency of incorrect identification of causal genes in this
approach. Such errors could arise in rare cases where the insertion is not causal but merely in
the genomic vicinity of the causal mutation. We quantified the frequency of such cases with a
false discovery rate (FDR) metric. To calculate the FDR, we used a set of genes whose
disruption likely did not result in a photosynthesis defect, and measured their prevalence among
our hits (Figure 1E and S2B-S2D). This calculation identified 227 genes linked to a
photosynthetic defect with an FDR of 0.3. Using a stricter threshold, we identified 136 genes

with an FDR of 0.1 (Figures 1E, S2C-S2D and Table S2); we continued with this set for further
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analysis. 27 of these 136 genes were represented by two or more independent linked insertions,
providing further support of their roles in photosynthesis.

It is known that some of the insertions from the starting collection of 1,781 mutants are
mapped to incorrect sites in the genome (Li et al., 2019). Therefore, we validated the mapping
of our linked insertions. We first checked for expected insertion sites using colony PCR (Figure
S3). In cases where this failed, we used whole-genome sequencing to validate insertions or
identify the actual insertion site (Figures 1F, S1, S3, Table S2, and STAR Methods). Altogether,
we identified with high fidelity 115 genes required for photosynthesis from our initial set of
~1,800 photosynthesis-deficient mutants (Figure S1 and Table S2).

Approximately 40% of the 115 genes have a known role in photosynthesis in
Chlamydomonas (29 genes) or in land plants (16 genes) (Figure 1G and Table S2), a
substantial enrichment compared to ~6% of the genes in the initial ~1,800 mutants. The 115
genes are also enriched in metrics associated with photosynthesis: they show a 2.5-fold
enrichment in predicted localization to the chloroplast (Predalgo - Tardif et al., 2012) and a 4-
fold enrichment in genes conserved specifically in the green lineage (Karpowicz et al., 2011)
(Figure 1H).

A subset of our data provides orthogonal validation of previously-identified candidate
photosynthesis genes. Our 115 genes required for photosynthesis include 41 of the 51 genes
identified with high-confidence (FDR<0.05 and FDR<0.3) in previous large-scale photosynthesis
screens based on the CLiP mutant collection (Fauser et al., 2022; Li et al., 2019) (Figure 1l).
This high overlap shows the quality of both datasets. Our 115 genes additionally include 31/219
genes that were previously low-confidence candidates (no FDR was calculated) in the CLiP and
Niyogi CAL collections (Figure 11), increasing the confidence that these 31 uncharacterized
genes do indeed participate in photosynthesis. Of the remaining 43 genes, 38 had not

previously been identified as being required for photosynthesis in any organism.
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188 Altogether, our 115 genes included 70 novel genes whose molecular function in

189  photosynthesis had not been previously characterized in any organism. Given the novelty of
190 these genes, we have noted in Table S2 additional information from other sources that further
191  supports or weakens our confidence in their involvement in photosynthesis. The study of these
192  novel genes represents a new frontier for photosynthesis research.

193

194  Hit validation and protein localization demonstrates the value of our gene list.

195 To experimentally validate the involvement of our novel genes in photosynthesis, we
196  sought to genetically rescue the photosynthetic defect of mutants with insertions in novel genes.
197  Gene rescue involves testing whether transforming a mutant with a wildtype copy of the gene
198 alleviates the phenotype (Figure 2A). Gene rescue is notoriously challenging in

199  Chlamydomonas due to difficulties with PCR amplification and expression of heterologous

200 genes (Mackinder et al., 2017; Neupert et al., 2020; Zhang et al., 2014). Despite these

201  challenges, we managed to rescue mutants in 16 genes out of the 36 genes for which a

202 transformation was attempted. This success rate is close to the maximum that would be

203  expected even if all 36 genes were required for photosynthesis, considering that only 30-50% of
204  transformed constructs express in medium-throughput efforts of this nature in Chlamydomonas
205 (Mackinder et al., 2017; Wang et al., 2022). The photosynthesis genes validated by mutant
206  rescue included 12 genes that had not previously been implicated in photosynthesis in any

207  organism (Table 1, Figure 2, 6B and 6J) and two photosynthesis genes that had not previously
208 been characterized in Chlamydomonas (Figure 2 and Table S3).

209 Our constructs used for the rescue attempts included a C-terminal fluorescent Venus
210 tag, which allowed us to attempt to experimentally determine protein localizations. Nine of the
211 sixteen proteins showed sufficient expression to allow determination of their localization (Figure

212 20-2U, 6F and 6R). While two of the proteins exhibited dual localizations (Figure 2T and 6R), in
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213  every case a significant portion of the protein localized to the chloroplast, consistent with the
214  central role of the chloroplast in photosynthesis.

215 Based on the literature and our data (Table 1), we suggest that of the 12 rescued novel
216  genes, at least four are posttranscriptional regulation factors (RAA17, RAA15, PMR1, and

217  MTF1), four are biogenesis or repair factors for the photosynthetic apparatus (CPLD64, PIR9,
218 CPL6, and CGL54), and three play roles in metabolism (PSR1, CPL12, and TPK1). The

219  validation of these novel genes illustrates how much remains to be learned about

220 photosynthesis and underscores the quality and value of our high-confidence list of novel genes
221  as a starting point for studying the lesser-known areas of photosynthesis.

222

223  One hundred mutant proteomes inform gene functions.

224 To expand our understanding of the 115 genes we identified as required for

225  photosynthesis and to elucidate the specific roles of uncharacterized genes within this set, we
226  sought to use proteome profiling (Figure 3A). Proteome profiling uses mass spectrometry to
227  determine the impact of the loss of a specific gene on the proteome. We reasoned that this

228  would be an informative approach to characterize mutants deficient in photosynthesis because
229 the core activities of photosynthesis are mediated by a series of highly-expressed protein

230 complexes whose abundance is affected by photosynthetic activity, regulation, and biogenesis.
231 Indeed, many known photosynthesis-deficient mutants show differences in protein complex

232  abundance (Johnson et al., 2010; Peng et al., 2006; Westrich et al., 2021). Much of the

233  regulation of the photosynthetic apparatus is thought to occur post-transcriptionally, making

234  protein levels a more informative readout than mRNA (Choquet and Wollman, 2002).

235 Our strains exhibit growth defects when grown in light, which could confound results with
236  downstream proteomic signatures originating from slow growth or stress. To minimize such

237  issues, we grew cells in the dark with acetate as carbon and energy source, taking advantage of

238 the facts that under this condition Chlamydomonas photosynthesis-deficient mutant growth
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defects are in most cases eliminated, and wild-type cells assemble a functional photosynthetic
apparatus (Rochaix, 2002). We obtained proteome profiles of mutants each disrupted for one of
100 genes (Figure S1 and Table S4), with at least two experimental repeats for each gene
(Figure 3A and STAR Methods).

Our profiling dataset captured known co-depletion of proteins that form complexes and
known regulatory effects. As an example of co-depletion of proteins that form a complex, the
mutant lacking the carbonic anhydrase LCIB was also depleted in its known binding partner
LCIC (Yamano et al., 2010, Figure 3B). As an example of regulatory effects, we observed
depletion of the cytochrome bsf core protein petA in the mutant lacking TCA1, a known trans-
acting factor required for petA translation (Wostrikoff et al., 2001). Furthermore, we see that the
mutant lacking TCA1 also has lower levels of all other known bsf complex components (Figure
3C), as expected from previous work (Kuras and Wollman, 1994; Wostrikoff et al., 2001).

In addition to recapitulating known phenotypes, our data also illustrated that, in most
cases, Chlamydomonas genes behave similarly to their characterized land plant homologs. For
example, based on their homology to Arabidopsis proteins, the algal proteins PDH2 and PDC2
are predicted to be the two subunits of pyruvate dehydrogenase E1; indeed, PDH2 and PDC2
are co-depleted in the pdc2 mutant (Figure 3D). Another example is CrtHCF173, a homolog of
the Arabidopsis translation initiation factor AtHCF173 that is required for PsbA translation
initiation (Schult et al., 2007). As was shown for AtHCF 173, we observe that mutation of
CrHCF173 leads to the downregulation of psbA and the entire PSII complex (Figure 3E, Minai et
al., 2006; de Vitry et al., 1989). The similar behavior of Chlamydomonas mutants compared to
their land plant homologs suggests that lessons we learn in Chlamydomonas will also inform our

understanding of photosynthesis across the green lineage.

23 novel genes impact biogenesis or regulation of individual chloroplast protein

complexes.
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Altogether, ~2,000 proteins were observable in most of the 100 mutant proteomes
(Figure S5C and Table S5), enabling extensive opportunities for analysis. Here, we focus on the
major photosynthetic protein complexes (Figure 4).

While we observed many cases of mutants that impacted individual components of
protein complexes, such as mutants that lack the PSI core subunits PSAE and PSAF (Figure
4A), a striking feature of the dataset was that more than half of our mutants showed proteomic
defects in one or more entire complexes (Figure 4B-41). Forty-one mutants led to the primary
depletion of just one of the eight chloroplast protein complexes (Figure 4B-4H). These data
allowed us to immediately assign 23 novel genes to a role in the biogenesis or regulation of
Photosystem I, cytochrome bef, Photosystem |, the light-harvesting complexes, or the
chloroplast ribosome.

Photosystem II: Photosystem Il uses light energy to extract electrons from water in the first
step of the photosynthetic electron transport chain. In our dataset, mutations in seven genes led
to the depletion of the entire Photosystem Il complex (Figure 4B). Three of these genes were
not previously associated with Photosystem Il in any organism. One of these novel genes, PIIR1
(Cre16.9658950), encodes a protein that is predicted to localize to the chloroplast (Tardif et al.,
2012) and has 6-fold higher transcript levels in light as compared to in the dark (Duanmu et al.,
2013), so it may participate in the regulation of PSII in response to light. Another novel protein,
TRX21 (Cre01.9g037800), is conserved in land plants and contains a domain with thioredoxin
homology. We found that mutation of TRX21 led to depletion of the chloroplast-expressed PSII
subunits, suggesting that TRX21 plays a regulatory role in the biogenesis of this complex.
Cytochrome b¢f: Cytochrome bef pumps protons into the thylakoid lumen powered by
photosynthetic electron flow. In our dataset, mutation of four genes led to the depletion of the
entire cytochrome bsf complex (Figure 4C). Of these four genes, two novel ones, CPLD64
(Cre12.g485850) and CBR1 (Cre12.9g501550), are conserved in land plants (Table S2) and

were predicted to localize to the chloroplast (Tardif et al., 2012). We successfully used genetic
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rescue to validate the role in photosynthesis of CPLD64 (Figure 2E, Table 1), which contains a
predicted transmembrane domain. Given their proteomic phenotypes and chloroplast
localizations, we speculate that CPLD64 and CBR1 participate in the biogenesis or stability of
the cytochrome bsf complex in the thylakoid membrane.

Photosystem I: Photosystem | uses light energy to energize electrons, enabling the reduction
of NADP to NADPH. In our dataset, mutations in 18 genes led to the depletion of the entire
Photosystem | complex (Figure 4D). Twelve of these genes were novel, including RAA12,
RAA15, RAA17-18, HEL5/CPLD46, PIR1, and PIR2, which we describe in detail in later
sections. Other interesting novel genes included RMT2 (Cre12.9g524500), and PIR3
(Cre01.g012200). RMT2 was named based on sequence homology to ribulose-1,5
bisphosphate carboxylase/oxygenase (Rubisco) large subunit N-methyltransferase
(enzyme:EC:2.1.1.127), but we observed that the rmt2 mutation did not affect Rubisco stability.
Rather, it led to the depletion of Photosystem | (Figure 4D), suggesting that RMT2 actually
participates in Photosystem | biogenesis. PIR3 is conserved to land plants, has a predicted
basic leucine zipper (bZIP) transcription factor domain, and is predicted to localize to the cytosol
or nucleus, suggesting that it regulates the transcription of nuclear-expressed Photosystem |
genes.

Light-harvesting complexes: Light-harvesting complexes channel light excitation energy to
the photosystems (Figure 4F). In our dataset, mutations in five genes affected the light-
harvesting complexes — these genes include LHR1 (Cre02.9142266), whose Arabidopsis
homolog CYP97A3 is known to be required for light-harvesting complex Il biogenesis (Kim and
DellaPenna, 2006), and four novel genes. Two of the novel genes, LHR4 (Cre01.g016350) and
LHRS5 (Cre01.g001000), were required for normal levels of light-harvesting complex I; and the
two other novel genes, including LHR2 (Cre14.g616700), affected the LHCBM proteins, the core
complex of light-harvesting complex Il. Interestingly, decreased levels of light-harvesting

complex | in the lhr4 and Ihr6 mutants were associated with a mild depletion of Photosystem |,
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with which light-harvesting complex | is associated, but the decreased levels of light-harvesting
complex Il proteins in the /hr1 and /hr2 mutants were not accompanied by a depletion of either
photosystem. These results suggest that light-harvesting complex | affects the stability of
Photosystem |, whereas mutants in light-harvesting complex Il do not affect the stability of
Photosystem II.

Chloroplast ribosome: Mutations in three genes, PSR26 (Cre50.9761497), HEL41
(Cre07.9349300), and PSR8 (Cre02.g110500), led primarily to the depletion of chloroplast
ribosomal proteins (Figure 4H). This depletion could be a direct or indirect effect, as ribosome
abundance responds to the translational needs of the chloroplast (e.g., PRPL17-19 expression
is ~2-fold higher in light vs dark (Duanmu et al., 2013)). The helicase HEL41 was previously
found to physically associate with the chloroplast ribosomal large subunit (Westrich et al., 2021)
and in our dataset had a particularly strong effect on the abundance of the large subunit,
suggesting that HEL41 directly affects the levels of ribosomal proteins by contributing to the

biogenesis or stability of the large ribosomal subunit.

11 novel genes impact biogenesis or regulation of multiple photosynthetic complexes.
Mutations in seven known and eleven novel genes led to the depletion of multiple
complexes (Figure 41). The known genes illustrate how the depletion of multiple complexes can
result from different mechanisms. For example, cells lacking CHLD (Cre05.9242000) or CHLM
(Cre12.g498550) show a depletion of both Photosystem | and || complexes (Figure 41). CHLD

and CHLM participate in chlorophyll biogenesis (Meinecke et al., 2010; Walker and Willows,
1997), so their disruption leads to the depletion of the chlorophyll-binding proteins, including
subunits of Photosystems | and I, which then result in downregulation of the entire complexes
(Figure 4l). Other known mutants are in regulatory genes, for example, the kinase CPL3

(Cre03.9185200) (Li et al., 2019).


https://doi.org/10.1101/2022.11.12.515357
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.12.515357; this version posted November 15, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

available under aCC-BY-NC-ND 4.0 International license.

The novel genes affecting multiple complexes included the conserved predicted xanthine
dehydrogenase/oxidase XDH1 (Cre12.9g545101), whose mutation led to decreased levels of
Photosystems | and Il and their light-harvesting complexes similarly to mutants lacking the
CHLD and CHLM chlorophyll biosynthesis enzymes. These observations suggest a role for
XDH1 in pigment metabolism, possibly by preventing the activation of chlorophyll degradation
by xanthine (Yi et al., 2021). The novel genes also included the conserved predicted
chloroplast-localized protein MSR8 (Cre09.9g400312), which impacted both Photosystem Il and
light-harvesting complex Il when disrupted. MSR8 contains predicted WD-40 repeats (interpro:
IPR001680), which are known to serve as platforms for the assembly of protein complexes, and
so we speculate that MSR8 may mediate interactions between Photosystem |l and light-
harvesting complex Il. We also observed that the novel genes PMR1 (Cre10.g448950) and
MTF1 (Cre12.9560550) led to the depletion of the entire photosynthetic apparatus and will

discuss their further characterization below.

Characterization of novel factors that regulate photosynthetic apparatus biogenesis.

Our screen and proteomics data provide a high-quality set of novel photosynthesis
genes and facilitate the placement of many into specific pathways. The dataset can be used to
identify functional relationships between proteins, to characterize the biogenesis of the
photosynthetic apparatus, and to study protein regulation. Below, we illustrate how our data can
serve as a launching point to advance our understanding of the regulation of the biogenesis of
the photosynthetic apparatus.

We hypothesized that many of the novel genes encode proteins that regulate the
photosynthetic machinery because many (14/24) of the known genes whose disruption led to
strong depletion of the photosynthetic complexes in our proteomic experiment encode
regulatory proteins (Figure 4B-41). While different definitions for “regulatory” genes exist, for the

purpose of the high-level analysis presented here, we consider a gene “regulatory” if its
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abundance changes under different conditions and its presence impacts the levels of one or
more complexes. In our search for novel regulators of photosynthetic apparatus biogenesis, we
focused on two subsets of our novel genes: ones whose disruption specifically impacted
Photosystem | levels and ones whose disruption had broad effects on most or all of the

photosynthetic apparatus.

Novel components regulating Photosystem | psaA mRNA maturation.

The mRNAs encoding chloroplast-expressed proteins are constitutively expressed, and
their protein abundance is primarily regulated post-transcriptionally (Choquet and Wollman,
2002). A central mechanism for this post-transcriptional regulation involves the Regulators of
Organelle Gene Expression (ROGE), nuclear-encoded factors that each promote mRNA
stability/maturation (M factors) or translation (T factors) of a specific chloroplast-encoded
subunit of a photosynthetic complex (Wang et al., 2015). In the absence of a T or M factor, the
abundance of the regulated subunit drops, translation of other subunits decreases, and
unassembled subunits are degraded, leading to depletion of the entire complex (Choquet and
Wollman, 2009).

We identified six known M factors among the genes required for accumulating the entire
Photosystem | complex in our proteomics (Figure 4D). One of these M factors, MAC1, is
required for psaC mRNA stability (Douchi et al., 2016). The other five, RAA1, RAA3, RAA4,
RAAG and RAAS, participate in the maturation of psaA mRNA (Glanz et al., 2012; Marx et al.,
2015; Merendino et al., 2006; Reifschneider et al., 2016; Rivier et al., 2001). We hypothesized
that other genes with similar proteomic patterns might also be M factors. We focused on seven
novel genes (HEL5, RAA17, RAA18, RAA12, RAA15, PIR1, and PIR2), of which we validated
three (RAA17, RAA15, and PIR1) by gene rescue (Table 1), whose mutants exhibited strong

and specific depletion of the Photosystem | complex (Figure 5A and S7).
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We profiled the chloroplast transcriptome in the seven mutants of interest and reference
mutants representing known factors to look for M factors among these novel genes. We did not
observe defects in psaB or psaC mRNA levels in any of the mutants (Figure S7E), and neither
pir1 nor pir2 (Cre12.g553800) affected levels of mature psaA mRNA, suggesting that PIR1 and
PIR2 play roles in other aspects of Photosystem | biogenesis. However, we observed that
mutations in five of the novel genes, HEL5, RAA17, RAA18, RAA12, and RAA15, result in less
than 15% of the wild-type levels of mature psaA mRNA, similar to the mutants of known psaA
mRNA maturation factors in our dataset (Figure 5B and 5C). These results suggest that we
identified five novel psaA maturation factors.

PsaA is one of the two central chloroplast-encoded components of Photosystem |
(Rochaix, 2002). In Chlamydomonas, its maturation involves a sophisticated mRNA splicing
mechanism (Goldschmidt-Clermont et al., 1990). PsaA mRNA starts as four separate transcripts
that hybridize to form a structure containing two introns, which are spliced out to generate the
mature mRNA (Figure 5B). This process is mediated by a ribonucleoprotein complex that
includes at least 14 splicing factors (Goldschmidt-Clermont et al., 1990). These splicing factors
are classified into three groups based on their impact on the splicing of the two introns. By
evaluating the relative splicing of each intron in the mutants using paired-end RNAseq, we were
able to classify novel factor HELS as impacting intron 1, novel factors RAA15 and RAA18 as
impacting intron 2, and novel factor RAA12 as impacting both introns 1 and 2 (Figure 5D). Novel
factor RAA17 appears to represent a new maturation group, which we propose directly affects
exon 3 stability (Figure 5B-5E).

HELS is required for splicing psaA intron 1: HEL5 (Cre01.9g027150) belongs to the DEAD-
box helicase superfamily (Interpro: IPR011545). Its Arabidopsis reciprocal best BLAST hit ISE2
appears to be a general splicing factor that participates in the mRNA processing of chloroplast
ribosome subunits, ATP synthase subunit AtpF, and protease ClpP1 (Bobik et al., 2017). While

Chlamydomonas HEL5 appears to contribute to the biogenesis of the chloroplast ribosome
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(Figure S7D), it does not affect ATP synthase or the Clp protease. Instead, we observe that the
primary function of HEL5 seems to be the splicing of psaA intron 1 (Figure 5C-5D and S7D),
illustrating how the specificity of a splicing factor can change across evolution.

RAA15 and RAA18 are required for splicing psaA intron 2: Our data suggest that RAA15
(Cre17.9g728850) and the predicted protein kinase RAA18 (Cre07.9g351825) are novel genes
required for photosynthesis and normal levels of Photosystem | (Figure 4D, 5A, and S7). In
mutants lacking RAA15 and RAA18, we observed a 96% decrease in mature psaA intron 2
compared to wild type, suggesting that these genes encode intron 2 splicing factors (Figure 5D).
We caution the reader that RAA18 is predicted to localize to the secretory pathway and thus we
are less confident that a mutation in this gene causes the observed photosynthesis phenotypes.
Transforming the wild type allele of RAA15 into the corresponding mutant alleviated the
mutant’s growth defects to almost-wildtype levels (Figure 2C), providing confidence that a
mutation in this gene causes the observed photosynthesis phenotype. RAA15 was previously
pulled down with known intron 2 splicing factors RAA2 and RAA7 (Lefebvre-Legendre et al.,
2016; Reifschneider et al., 2016), suggesting that these three factors function together.

RAA12 is required for splicing psaA introns 1 and 2: RAA12 (Cre17.9g698750) is a member
of the OctotricoPeptide Repeat (OPR) family of regulatory RNA-binding proteins (Wang et al.,
2015) required for photosynthesis (Table S2), whose two mutant alleles showed depletion of
Photosystem | (Figure 4D and S6A). Its transcriptomic profile was similar to that of RAA1, a
known M factor required for psaA intron 1 and 2 splicing (Merendino et al., 2006) (Figure 5D
and 5E). Much like RAA1, we observed that RAA12 mutation leads to the depletion of mature
forms of both introns 1 and 2 (Figure 5D). Furthermore, similarly to RAA1, RAA12 was
previously co-precipitated with known M factors that regulate splicing of both introns 1 and 2:
known intron 1 splicing factors RAA4 and RAT2 (Jacobs et al., 2013; Reifschneider et al.,
2016), and known intron 2 splicing factor RAA7 (Lefebvre-Legendre et al., 2016). These results

suggest that RAA12 is required for the maturation of both introns 1 and 2.
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RAA17 regulates psaA exon 3 stability: RAA17 (Cre13.9566400) is a gene required for
photosynthesis and for normal levels of Photosystem | (Figure 5A). Transforming the wild-type
RAA17 allele into the RAA17 mutant rescues the mutant’s growth to wildtype-like levels even
under high-light conditions (Figure 2D), confirming that RAA17 is required for photosynthesis.
The RAA17 mutant exhibits almost complete depletion of exon 3 (< 2% of WT levels), a
phenotype not exhibited by any of the other mutants of known factors in our dataset, suggesting
that RAA17 is a novel kind of maturation factor that specifically protects the third exon. RAA17
is a member of the OPR family of RNA-binding proteins; thus, it is possible that it could directly
bind the third exon of psaA and protect it. The decreased level of exon 3 is likely the cause of
the decreased level of the mature form of intron 2 observed in the raa77 mutant. RAA17
expression is light-dependent: its expression level is 5-fold higher in light compared to dark
(Duanmu et al., 2013), suggesting that it participates in psaA dark-to-light acclimation.

RAT2 is required for psaA maturation but is not a limiting factor in the dark: RAT2 is a
previously known psaA maturation factor that participates in processing the intron 1 RNA
component tscA ((Balczun et al., 2005), Figure 5B and S7F). As expected, a mutant strain
lacking RAT2 showed photosynthetic defects in our screen, but surprisingly, it did not lead to the
depletion of PSI in our protein profiling (Figure 4K). Analysis of the cells by RNA-seq provided a
potential explanation for this discrepancy: the rat2 mutant has approximately 30% of the WT
mature psaA reads (Figure 5C-5E), which is more than two-fold more than we see in any other
maturation factor mutant in our dataset. We propose that this level of mature psaA mRNA is
sufficient for Photosystem | production in the dark, conditions under which materials were
collected for our proteomic analysis, as there is a lower demand on the level of the protein
complex and thereby a lower rate of translation as controlled by the T factor TAA1 (Lefebvre-
Legendre et al., 2015; Young and Purton, 2014). Under light conditions requiring active
photosynthesis, relatively low levels of psaA mRNA would not meet the higher demand for PSI

production, thereby contributing to the photosynthesis defect.
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Additional insights into psaA mRNA maturation: In addition to characterizing five novel M
factors, our RNA profiling provides new insights into the overall maturation process of psaA. In
nearly all mutants that primarily impact one intron (with raa75 being the only exception), we
observed that splicing of the other intron is also impacted (Figure 5D), suggesting that each
splicing site requires integrity of the other for maximal activity. In all mutants except for hel5,
exon 1 levels are higher than in WT, suggesting that unspliced exon 1 is more stable than the
mature mRNA (Figure 5E).

Together, the above findings broaden our understanding of Photosystem | maturation
and regulation and illustrate how our data can be used to rapidly functionally characterize novel

factors with roles in photosynthesis.

Identification of master regulators of photosynthesis.

One of the most striking observations from our data was the identification of three genes
whose mutants exhibited decreased levels of all four electron transport chain complexes without
affecting the abundance of other chloroplast complexes such as the chloroplast RNA
polymerase. One of these three genes, PMR1, behaves as a classical “master regulator,” as we
show below that it regulates multiple nuclear-expressed factors that, in turn, each regulate one
or two chloroplast genes. By contrast, the other two genes, CIF2 and MTF1, may appear at first
glance to be housekeeping genes required for chloroplast translation initiation. For example,
CIF2 (Cre07.g341850) likely functions as the chloroplast translation initiation factor 2 (IF2),
which attaches the fMet-tRNA to the translation initiation complex, based on its homology to the
characterized Arabidopsis IF2, FUG1 (Miura et al., 2007), and CIF2’s physical interaction with
the Chlamydomonas chloroplast ribosome (Westrich et al., 2021). However, as we show below,
CIF2 and MTF1 may also play regulatory roles.

MTF1 is the chloroplast's methionyl-tRNA formyltransferase (MTF) and is required for

translation of nearly all chloroplast-encoded proteins. MTF1 (Cre12.9g560550) is a
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conserved gene whose mutant shows a severe photosynthetic phenotype. In our proteomic
experiments, loss of MTF1 expression had the strongest phenotype — the disruption of this
gene resulted in the depletion of the entire photosynthetic apparatus and nearly all chloroplast-
expressed proteins (Figure 41 and 6A). We validated this phenotype by genetic rescue, which
alleviated the observed growth defect in the mutant to nearly WT growth under high light
conditions (Figure 6B), and recovered WT levels of chloroplast-expressed proteins (Figure 6C).

MTF1 was previously annotated as a putative methionyl-tRNA formyltransferase (MTF)
based on sequence similarity to known enzymes. Methionyl-tRNA formyltransferases generate
fMet-tRNA, which is the tRNA needed for translation initiation in bacteria (Kaledhonkar et al.,
2019). In contrast to bacteria, eukaryotes do not use fMet-tRNA for cytosolic translation, but the
chloroplast and mitochondria within eukaryotic cells require this tRNA for translation initiation.
Indeed, we found that MTF1 has a similar AlphaFold-predicted structure to the known E. coli
enzyme MTF, with the active site key residues and hydrophobic pocket conserved (Figure 6D-
6E) (Jumper et al., 2021)(Schmitt et al., 1998). These similarities validate the annotation of
MTF1 as a methionyl-tRNA formyltransferase.

In theory, MTF1 could provide fMet-tRNA for the chloroplast or the mitochondria. We
found that Venus-tagged MTF1 localized exclusively to the chloroplast (Figure 6F). The strong
effect of mtf1 mutants on chloroplast-expressed proteins also suggest that it is active in the
chloroplast. Consistent with the idea that MTF1 primarily affects chloroplast-encoded
photosynthetic subunits, we observed that in the mtf1 mutant, chloroplast-expressed subunits
tended to be more depleted than their nuclear-expressed counterparts (Figure 6G), suggesting
that the depletion of the nuclear-expressed subunits was a secondary effect due to degradation
of incompletely assembled complexes. Together, our results strongly suggest that MTF1 is the
methionyl-tRNA formyltransferase that mediates chloroplast translation initiation.

Factors required for chloroplast translation initiation mediate differential photosynthetic

complex regulation. Traditionally, core machinery components such as CIF2 and MTF1 would
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be considered housekeeping genes that are required for translation but do not play a regulatory
role. However, two lines of evidence suggest that CIF2 and MTF1 act as photosynthetic master
regulators: first, they each are required for production of a different subset of chloroplast-
expressed proteins; and second, their expression is not constitutive and reflects the cell’s
regulatory needs.

If MTF1 and CIF2 were simply constitutive parts of the core translation machinery as
their E. coli homologs are assumed to be (Marzi et al., 2003), we would have expected that
MTF1 and CIF2 would be required for translation of all chloroplast-expressed proteins.
Surprisingly, we found that MTF1 and CIF2 were not required for normal levels of several
chloroplast-expressed proteins. For example, mtf1 and cif2 mutations did not affect levels of the
two chloroplast-expressed proteins required for chlorophyll biosynthesis in the dark, chiB and
chiL (Figure 6A). Consistent with this observation, mtf1 and cif2 mutants were green when
grown in the dark (Figure S8A), whereas strains without the chIB/L/N complex are yellow in the
dark (Cahoon and Timko, 2000). mtf1 and cif2 mutants also did not show downregulation of
chloroplast-expressed RNA polymerase (Figure 6A, Rpo genes). Notably, MTF1 and CIF2
affected different subsets of genes: CIF2 was only required for the photosynthetic machinery
(less than half of all chloroplast-expressed proteins), whereas MTF1 also affected ribosomal
large subunits (Figure 6H). These observations indicate that MTF1 and CIF2 promote the
translation of specific subsets of proteins, a property associated with regulatory factors
(Macedo-Osorio et al., 2021).

Further consistent with regulatory roles, MTF1 and CIF2 are themselves differentially
regulated. MTF1 is downregulated under nitrogen starvation but not in the dark, whereas CIF2
is downregulated under both nitrogen starvation and in the dark (Figure 6l1. Data from: Boyle et
al., 2012; Duanmu et al., 2013). These different expression patterns may reflect differential
regulatory needs: under nitrogen starvation, downregulating MTF1 and CIF2 allows the cell to

downregulate most chloroplast translation to conserve nitrogen. In contrast, in the dark,
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downregulating only CIF2 allows the cell to downregulate the photosynthesis machinery but not
the ribosome, retaining translation capacity for non-photosynthetic functions.

Together, these observations suggest that CIF2 and MTF1 participate in the regulation
of chloroplast-expressed genes and illustrate how translation initiation machinery can be
leveraged to co-regulate multiple protein complexes.

CCR4-NOT family member PMR1 regulates photosynthesis through ROGE mRNA levels.
Parallel to our discovery that CIF2 and MTF1 likely regulate the chloroplast translation of
multiple photosynthetic complexes, we also identified the novel protein PMR1 as a master
regulator of multiple photosynthetic complexes acting at the level of nuclear gene expression
control. The mutant deficient in PMR1 (Cre10.g448950) showed severe photosynthetic growth
deficiency and depletion of all electron transport chain components, most significantly
Photosystems | and II, and light-harvesting complex | (Figures 4l, 6A, and S8B). These defects
were all rescued by transforming the mutant strain with the wild-type allele (Figure 6J-K).

PMR1 is a member of the CCR4-NOT family and shows the highest sequence homology
(Figure S9C) and a similar predicted structure (Figure 6L-M) to Nocturnin (KEGG K18764), a
protein that has been identified as a circadian-controlled master regulator that affects
metabolism and hundreds of transcripts in animals (Abshire et al., 2020; Green et al., 2007;
Kawai et al., 2010). Consistent with Nocturnin-like characteristics, we observed that PMR1 has
periodic expression (Figure S8C, data from Strenkert et al., 2019), and the disruption of its
expression affects protein levels of most of the photosynthetic complexes (Figure 6A, Figure
S8B) and influences the levels of thousands of mRNAs (Figure S8D).

Members of the CCR4-NOT family regulate mRNA post-transcriptionally (Miller and
Reese, 2012). Nocturnin was originally proposed to directly regulate mRNAs (Abshire et al.,
2018) by affecting stability (Baggs and Green, 2003) and/or export from the nucleus (Kawai et
al., 2010). Moreover, its active site is very similar to known deadenylases (CNOT6L and

PDE12), which directly regulate mRNA stability. Furthermore, a recent paper showed that
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human and fly Nocturnin act as phosphatases that convert NADP(H) to NAD(H) (Estrella et al.,
2019), which then has secondary effects on the transcriptome.

In order to determine if PMR1 acts as a NADP(H) phosphatase similar to the human
Nocturnin, we metabolically analyzed the pmr1 mutant. If PMR1 is NADP(H) phosphatase, we
would expect the mutant to show an increase in the ratio of NADP(H) to NAD(H). Instead, we
observed that the pmr1 mutant showed a slight decrease in this ratio (Figure 6N). This effect
was likely nonspecific, as the mitf1 mutant showed a similar decrease (Figure 6N). These results
suggest that PMR1 does not act as NADP(H) phosphatase in vivo and more likely regulates
MRNA levels directly, similarly to other members of the CCR4-NOT family (Mittal et al., 2011).

Our RNA-seq analysis suggests that PMR1 regulates the levels of photosynthetic
complexes through broad control of the Regulators of Organelle Gene Expression (ROGE),
nuclear-encoded factors that each regulate the mRNA stability or translation of one or two
chloroplast-expressed genes (Wang et al., 2015). The pmr1 mutant did not show significant
depletion of nuclear-encoded subunits of photosynthetic complexes (Figure 60). Instead, the
pmr1 mutant exhibited strong depletion of 22 ROGEs that together regulate all major
photosynthetic complexes, most notably ROGEs required for biogenesis of Photosystems | and
Il (Figure 6P; u= 0.01, Wilcoxon rank sum test comparing the ROGE mRNA distribution to the
distribution of all measured mRNAs). Since the depletion of even one ROGE can lead to the
depletion of an entire photosynthetic complex, we propose that this downregulation of ROGEs
explains the observed broad downregulation of all photosynthetic complexes in the pmr1 mutant
(Figure 6Q).

If PMR1 directly regulates the mRNA of nuclear-expressed genes, we would expect it to
localize to the cytosol and/or nucleus. Consistent with this idea, fluorescently-tagged PMR1
localized to the cytosol and nuclear periphery (Figure 6R). Intriguingly, a substantial fraction of

the protein also localizes to the chloroplast. This additional site of localization suggests the
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600 possibility that PMR1 participates in retrograde regulation — signaling from the chloroplast to

601  the nucleus and cytosol to regulate nuclear-expressed genes (Chan et al., 2016).
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DISCUSSION

Even though photosynthesis is central to life on Earth, many of the genes required for it
remain uncharacterized or even unknown. In this study, we identified with high confidence (FDR
< 0.11) 115 genes required for photosynthesis, including 70 whose functions in photosynthesis
had not been characterized in any organism. Our confidence in the identification of these genes
is supported by a statistical framework as well as gene rescue of mutants representing 12 novel
genes.

We then showed that mutant proteomes provide key insights into the functions of these
genes in photosynthesis, in many cases allowing the assignment of novel genes to specific
pathways. The quality of the proteomic data is supported by the recapitulation of many known
phenotypes, and the specificity of protein depletion has guided our follow-up studies reported
here. While we focused on mutants that entirely lacked core photosynthetic complexes, we note
that the proteomes are also useful for mutants where core complexes were not depleted. For
example, although mutations in CO2-concentrating mechanism-associated genes such as LCIB
(Wang and Spalding, 2006), SAGA1 (ltakura et al., 2019), SAGA3 (Fauser et al., 2022), CAS1
(Wang et al., 2016), and LCI9 (Mackinder et al., 2017) do not affect the core photosynthesis
complexes, each mutant proteome shows a distinctive pattern that may aid in the understanding
of their contribution to the biogenesis and regulation of the CO,-concentrating mechanism.

We illustrated here the value of this resource by employing transcriptomics, protein
localization, and metabolomics to further characterize seven novel genes, yielding insights that

contribute to the basic understanding of photosynthesis regulation.

Master regulators MTF1, CIF1 and PMR1 coordinate photosynthetic complex expression.
To date, many individual nuclear-encoded factors have been identified that each regulate one or
two chloroplast-encoded proteins post-transcriptionally (Choquet and Wollman, 2002). However,

in order to respond effectively to changing conditions, the cell must simultaneously regulate
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multiple photosynthetic complexes. Our results suggest that MTF1, CIF2, and PMR1 are master
regulators that contribute to these responses by coregulating multiple complexes.

MTF1 and CIF2 are part of the chloroplast translation machinery, and our data suggest
that the cell can use variations on this machinery to differentially regulate multiple complexes.
The observation that not all chloroplast-expressed proteins are dependent on MTF1 and CIF2
also raises intriguing questions for future studies about how the remaining proteins are
translated. For example, the E. coli CIF2 homolog IF2 is thought to be essential for initiation of
all translation (Madison et al., 2012), and it remains unclear how translation of chloroplast
ribosomal proteins in Chlamydomonas is initiated in the absence of CIF2.

Our data suggest that PMR1 is a master regulator that operates on a different principle:
it regulates the mRNA levels of 22 nuclear-encoded Regulators of Organelle Gene Expression,
which then each regulate the mRNA stability or translation of one or two chloroplast-encoded
subunits of photosynthetic complexes (Figure 6Q). Furthermore, its multiple localization to the
chloroplast, cytosol, and nucleus suggests that PMR1 might participate in retrograde regulation,
where it could sense signals in the chloroplast that regulate its activity in the cytosol and

nucleus.

Our data support a regulatory role for ROGEs.

We identified five novel Regulators of Organelle Gene Expression (ROGEs) that are
essential for the biogenesis of Photosystem I. Including these novel genes, 75% (16/21) of
genes with known functions in our dataset that lead to the depletion of an entire complex are
ROGEs (Figure 4), demonstrating their significant impact on the biogenesis of photosynthetic
complexes.

It is currently debated whether ROGEs play a regulatory role or are merely required for
complex biogenesis (Wang et al., 2015). Existing evidence supporting a regulatory role includes

1) Different ROGEs affect different chloroplast-encoded genes (Choquet and Wollman, 2002);
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2) ROGEs are differentially transcriptionally regulated (Lefebvre-Legendre et al., 2015); 3)
several ROGEs can co-regulate the same protein (Table S6, (Boulouis et al., 2011; Lefebvre-
Legendre et al., 2016)); 4) proteins with a stronger effect on growth, including the largest
subunit of each complex, tend to be regulated by more ROGEs (Table S6); and 5) ROGEs
participate in feedback loops (Boulouis et al., 2011; Choquet and Wollman, 2009), a classical
transcription network motif (Milo et al., 2002).

Our data now add two new observations that further support a regulatory role for
ROGEs. The first is that different ROGEs can be limiting factors in different conditions, e.g.,
RATZ2 is not a limiting factor for psaA expression in the dark but is in the light (Figure 4K and
5C-5E). The second is that a master regulator, PMR1, appears to use ROGEs to coregulate the
abundance of multiple complexes.

Together, these points raise the intriguing possibility that during the endosymbiosis
process, as transcriptional regulation in the chloroplast was lost (Choquet and Wollman, 2002)
the ROGEs evolved to generate a regulatory network quantitatively regulating chloroplast
expressed proteins, in a condition-dependent manner, under the control of master regulators.

Interestingly, while ROGEs are important regulatory factors for chloroplast-expressed
genes in both algae and land plants, there are more characterized ROGEs in algae. This
difference could be due to convergent evolution; a similar number of ROGEs may regulate psaA
in Arabidopsis, but they have not yet been identified because they do not have sequence
homology to the Chlamydomonas factors (Ozawa et al., 2020). Alternatively, the regulatory
needs of unicellular algae may be different from the regulatory needs of plants. For example,
because the photosynthetic machinery in unicellular algae is in growing cells, algae may have a
higher need for regulation of protein allocation to the photosynthetic apparatus vs. the rest of the
cell. Plants, where the photosynthetic cells are differentiated and not growing, may in turn need

more regulation of other processes such as plastid differentiation.
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680 Much fundamental biology in photosynthesis remains to be discovered.

681 In this study, we identified with high confidence 115 genes required for photosynthesis,
682 70 of which had not previously been characterized in any organism. More than 65% of these
683 115 genes have homologs in land plants. In most cases, the functions of these conserved

684  genes appear to be similar in Chlamydomonas and land plants, supporting the value of

685 Chlamydomonas as a model system and expanding the significance of our findings. In several
686  cases, homologous genes appear to have evolved different functions: we identified two such
687 cases, CGL54 (Table 1) and RMT2 (Figure 4D). Approximately 35% of the hits have no clear
688  homologs, which could reflect homolog search failure due to sequence divergence (Vakirlis et
689  al., 2020; Weisman et al., 2020) and/or different evolutionary innovations in the algal lineage
690 such as the algal-specific CO2-concentrating mechanism, the study of which has the potential to
691  enhance crop yields (Mackinder, 2018). Thus, much remains to be discovered, and we

692  anticipate that future studies of the previously uncharacterized genes identified here and

693  explored in our proteomics dataset will contribute to further fundamental discoveries in

694  photosynthesis.
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695 STAR X METHODS

696 KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, Peptides, and Recombinant proteins

UltraPure Low-Melting Point Agarose Invitrogen Cat# 16500100
TRIzol™ Reagent Invitrogen Cat# 15596026
Guanidine hydrochloride Sigma Cat# 369080-1KG
Cetyltrimethylammonium bromide Sigma Cat# 57-09-0
HEPES Sigma Cat# H3375-25G
NEM Sigma Cat# 128-53-0
DTT Sigma Cat# 3483-12-3
EPPS Sigma Cat# 000010
Methanol Fisher scientific Cat# A456-4
Acetonitrile Fisher scientific Cat# A955-4
Chloroform VWR Cat# BDH83626.400
H20 VWR Cat# 87003-652
Formic acid Sigma Cat# F0507
NH4HCO3 Sigma Cat# 09830
MAX efficiency transformation Reagent for  Invitrogen Cat# A24229
Algae

Critical Commercial Assays

Phusion High-Fidelity DNA polymerase New England BiolLabs Cat# M0530L
MinElute Gel Extraction Kit QIAGEN Cat# 28606
Gibson Assembly Master Mix NEB Cat# E2611L
MT10plex Isobaric Label Reagent Set plus  Thermo Cat# A34808
TMT11-131C Label Reagent

QlAprep Spin Miniprep Kit QIAGEN Cat# 27106

Experimental Models: Organisms/Strains

C.reinhardtii: wild-type CC-4453
C.reinhardtii: wild-type CC-1690

CLiP library mutants in table S1

E.coli Stellar Competent Cells
Chlamydomonas rescued strains listed in

Chlamydomonas Resource
Center

Chlamydomonas Resource
Center

(Li et al., 2019);
Chlamydomonas Resource
Center

Takara

This paper, Chlamydomonas

CC-4533 cw15
CC-1690

https://www.chlamycollection.org/

Cat# 636763
https://www.chlamycollection.org/

Table S7 Resource

Oligonucleotides and Recombinant DNA

pLMO005 (Mackinder et al., 2016); KX077945.1
GenBank

pRAM118 (Itakura et al., 2019); MK357711

Plasmid constructs generated and listed in
Table S7

GenBank

This paper,
Chlamydomonas Resource
Center

https://www.chlamycollection.org/

Software and Algorithms

MATLAB
python

Bowtie 2

Cutadapt 1.18.
Fiji
EI-MAVEN software

MathWorks

Bowtie

cutadapt
(Schindelin et al., 2012)

Elucidata

http://bowtie-
bio.sourceforge.net/bowtie2/manual.shtml
https://cutadapt.readthedocs.io/en/v1.18/

https://imagej.net/software/fiji/downloads

https://www.elucidata.io/el-maven

other
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Electroporation Cuvette, 2mm gap
Ibidi USA p—Slide 8 well, Glass bottom

Poly-L-lysine coated glass slides

Lumigrow Lumibar lights

Vacuum filter flask, with a fritted glass
support base.

Nylon membrane filters (0.5um pore size)

Oasis HLB 96-well uElution Plate, 2 mg
Sorbent per Well, 30 pm, 1/pk

Electroporator
SP5 Confocal Microscope

Singer Rotor HAD
PhenoBooth imager

Typhoon FLA9500 fluorescence scanner

Bulldog Bio.
Ibidi

Sigma

Lumigrow Lumibar
Wilmad Labglass

GVS Magna™
Waters

NEPA GENE
Leica

Singer Instruments
Singer Instruments

GE Healthcare

Cat# 12358-346
Cat# NC0704855

Cat# P0425

Cat# 8100-5502
Cat# BP-1752-001

Cat# 1213776

Cat# 186001828BA

NEPA21 type Il
TCS SP5

Cat# ROT-001
N/A

N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be

fulfilled by the Lead Contact, Martin C. Jonikas (mjonikas@princeton.edu)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Strains and culture conditions

We performed all experiments on Tris Acetate Phosphate (TAP) TAP or Tris Phosphate (TP)

media with revised trace elements (Kropat et al., 2011). TP media had the same recipe as TAP,

but the acetic acid was omitted and HCI was added instead to adjust the pH to 7.5. We

propagated strains robotically on TAP agar as previously described (Zhang et al., 2014).

All mutants used in this study were from the CLIiP library (Li et al., 2019). We used the library’s

parental strain, CC-4533, as wild-type. We backcrossed mutants to a CC-1690 mt+

transformant carrying a hygromycin resistance cassette (WT-hyg), which has high mating

efficiency with the CLIP strains.

We performed spot tests and back-crossing with a subset of 1,781 out of the 3,109

mutants deficient in photosynthetic growth identified previously (Li et al., 2019). This subset had
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been propagated in the laboratory as colony arrays in 96-colony format since the library’s
original construction; whereas propagation of the remaining strains had stopped by the time this
study began.

We focused our efforts on characterizing insertions with mapping confidence levels of 1-3 (Li et
al., 2019). The 1,781 mutants carried insertions into 1,616 genes mapped with confidence levels

1-3.

METHOD DETAILS

Automated spot tests

We used a RoToR robot (Singer) to replicate colony arrays in 384-colony format from the TAP
agar plates on which the 1,781 mutants were propagated onto three agar plates: one TAP, and
two TP. We grew the TAP plate in the dark for about a week before imaging; and we acclimated
the two TP plates overnight at ~100 uE/m?/s, and then moved them to high light ~750 nE/m?%/s
for 2-3 days before imaging (using Lumigrow Lumibar lights, catalog number 8100-5502; equal
levels of red, blue, and white light). We photographed the plates using a PhenoBooth imager
(Singer). We performed the experiment in four replicates: two independent experiments with a
technical replicate in each experiment.

To calculate the “normalized colony photosynthetic growth” we analyzed the pictures
using MATLAB. We used a MATLAB script to identify and remove the background and to
calculate colony size (each green pixel of a colony was given a value 0.5-1 depending on its
intensity; and these values were added to obtain the colony size). We then normalized the
colony size in each plate by the median size of the 10 largest colonies. We then normalized the
size of each colony on the high light plates by the size of the corresponding colony on the
corresponding TAP dark plate. We performed the second normalization to rule out mutants with

a slow growth phenotype that is not specific to photosynthesis.
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Pooled backcrossing

We performed initial backcrossing experiments with two subsets of mutants labeled MK (26
plates) and AB (10 plates), which together contained the 1,781 mutants, with some mutants
being present in both subsets. After obtaining initial results with these subsets, we re-arrayed
the most promising mutants in 96-colony format onto four plates labeled NP. The NP plates
included 1) mutants containing insertions linked to photosynthetic defects in the initial
backcrosses, 2) insertions in genes that were identified as high-confidence hits in our previous
study (Li et al., 2019), and 3) mutants that were yellow or brown. Additionally, to check the
method's replicability, we generated a control plate which contained mutations in genes that
were not hits and carried insertions whose disruption likely did not result in a photosynthesis
defect. The genes disrupted in mutants on the control plate included 1) known flagellar genes
and 2) genes that were represented by more than 35 barcodes, no more than 2 of which were
hits in our original pooled photosynthesis screen (Li et al., 2019) (in other words, many mutants
were available for these genes and the vast majority of these mutants did not exhibit a
photosynthesis defect). Using the NP and control plates, we performed a final backcrossing
experiment that included two biological repeats of the NP plates and one biological repeat of the
control plate.

The backcrossing approach was adapted from the pooled mating (Multiplexed Bulked-
Segregant Pool) protocol described previously (Breker et al., 2018). Our protocol is illustrated in
Figure S2. Each experimental replicate consisted of the following steps:

1) Mating: We scraped and pooled mt- mutant strains from 96-colony format arrays into
flasks containing low-nitrogen gamete-induction medium (Breker et al., 2018). 60-150 colonies
were pooled into each 250 ml flask containing 50 ml of gamete-induction medium. We
resuspended a similar quantity of WT-hyg into separate flasks containing the same media. We
used a cell counter to verify that the strains and the WT-hyg cells were at a similar

concentration. Flasks were shaken at 90 RPM for 5-7h in low light (~40 nE) for mating induction.
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Then for each flask of mutant strains, 700ul of mutant strains (mt-) and 700ul of WT-hyg were
mixed in a 1.5 ml Eppendorf tube, incubated at low light (~40 uE) without shaking for one hour,
then gently spread on two TAP agar plates. The plates were incubated overnight in very low
light (~30 nE). In the morning, the plates were wrapped in aluminum foil and kept in the dark for
7 days.

2) Meiosis: Most of the unmated cells were removed by scraping the agar surface using
a sharp razor, and the plates were moved to low light (~30 uE) for meiosis induction and initial
proliferation for ~5 days. A light microscope was used to check the sporulation efficiency (Jiang
and Stern, 2009). The strains were pooled into liquid media (TP) for competitive growth.

3) Light and cassette selections (competitive growth): We added hygromycin to our
media to ensure that only backcrossed strains were measured. The mutant library does not
have hygromycin resistance, so the original CLiP mutants cannot grow on this media. The WT-
hyg strain has hygromycin resistance but does not have barcodes, so it will not affect the
barcode counting. We inoculated pooled strains at ~2 x 10* cells ml™" into TAP + hygromycin
(15 ng/ml) 1L bottles for dark growth (3 replicates) and TP + hygromycin (15 ug/ml) 1L bottles
for high light growth (3 replicates; except of the 1% experiment where we also did hygromycin
(15 pg/ml)+ paromomycin (5 pg/ml) conditions). We bubbled air into the bottles and stirred them
using magnetic stirrers at 200 rpm. We exposed the TP cultures to 100 uE for overnight light
acclimation, then to 750 uE for the remainder of the growth (using Lumigrow Lumibar lights,
catalog number 8100-5502; equal levels of red, blue, and white light). When the cells reached a
concentration of approximately 2 x 10° cells mI™", we harvested 102 cells for DNA extraction by

centrifugation and flash-freezing the pellet in liquid nitrogen.

Name Plates in Competition experiments

backcrossing
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Exp1 AB set (10 plates) 2 TAP Hygromycin dark and
(AB replicate 1) 2 TP Hygromycin light;

1 TAP hygromycin + paromomycin
dark and 2 TP hygromycin +

paromomycin light

Exp2A 1% half of MK set 3 TAP hygromycin dark and
(MK 1-12 replicate 1) (12 plates) 3 TP hygromycin light
Exp2B 2nd half of MK set 3 TAP hygromycin dark and
(MK 13-26 replicate 1) (14 plates) 3 TP hygromycin light
Exp3A 1% half of MK set 3 TAP hygromycin dark and
(MK 1-12 replicate 2) (12 plates) 3 TP hygromycin light
Exp3B 2nd half of MK set 3 TAP Hygromycin dark and 3 TP
(MK 13-26 replicate 2) (14 plates) Hygromycin light
Exp4 AB set (10 plates) + | 3 TAP hygromycin dark and 3 TP
(AB replicate 2) 3 plates from MK hygromycin light
set.
NP plates 2 biological For each biological replicate:

replicates of NP set | 3 TAP hygromycin dark and 3 TP
(4 plates) + hygromycin light

1 biological repeats
of control set (1

plate).

789

790 Next, we extracted the DNA and prepared the barcode libraries as described (Fauser et
791  al., 2022), and sent the libraries for lllumina sequencing at the Princeton Genomics Core

792  Facility.

793 After demultiplexing the we trimmed the initial reads using cutadapt version 1.18.

794  Sequences were trimmed using the command "cutadapt -a <segq> -e 0 -q 33 -m 21 -M 23",

795  where <seq> is GGCAAG for 5’ data and TAGCGC for 3’ data. Next, The barcode read counts


https://doi.org/10.1101/2022.11.12.515357
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.12.515357; this version posted November 15, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

available under aCC-BY-NC-ND 4.0 International license.

for each dataset were calculated in python, filtered to only include barcodes present in the

original library (Li et al., 2019), and normalized to a total of 1 million.

Barcode normalization and growth score calculation

We calculated the “normalized light growth after backcrossing” metric as follows:

1) We used the correlation between the different experimental repeats of each condition to
check for swapped samples. Based on these results, we corrected 2 swapped sample pairs: (1)
TAP dark sample 3 from Exp3A (MK 1-12 rep2), with TP light sample 1 from Exp2B (MK13-26
rep1); (2) TAP dark sample 1 of NP biological replicate 1, with TAP dark sample 3 of NP
biological replicate 2.

2) We averaged the read count of each barcode across the different replicate samples for each
condition, using median if we had three replicates or geometric mean if we had only two.

3) To reduce the noise, we removed samples with very low read counts in the TAP condition (<7
in the first experiment and <10 in the rest).

4) We calculated the relative growth as log2 (averaged TP light reads / averaged TAP dark
reads). In the first experiment, we had two different conditions; one was grown in hygromycin
and paromomycin, and the other only in hygromycin; we analyzed them separately.

5) Normalizing of the NP experiment results — the overall distribution of relative growth rates in
the NP experiment was shifted because most of the strains in this competition have a
photosynthetic defect, so we scaled the results from this experiment by 0.6 to get a similar
distribution to the other experiments.

6) For the final “growth score,” we used the median of the five experiments with the strongest
photosynthetic growth defects (for all but 122 genes, it is the same as using all the data). We
used the five experiments with the photosynthetic growth defects because there are slightly
different conditions between experiments, which can affect the phenotype. Furthermore, in

some repeats, we were unable to see an effect because we did not manage to remove all the
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822  diploid cells. Lastly, the possibility that the mutants will have a phenotype “by chance” in more
823 than five different experiments is very low, so even slightly lower effects for genes with many
824  experimental repeats can be tolerated. The growth score and the light/dark ratio of backcrossing
825  experiments for all the strains are shown in Table S1.

826  We used the “growth score” to set the 0.34 threshold, to identify hits, and to calculate the FDR
827  (see below, and Figure S2). To reduce noise, we counted as hits only the strains that had reads
828  above the threshold in at least two experiments.

829 7) FDR calculation (see also Figure S2) — to calculate the False Discovery Rate (FDR) we first
830 estimated how many of the 1,616 mutated of genes in our starting set are required for

831 photosynthesis. We sampled 350 genes at random from the 1,616 and searched the literature
832  for genes among them that are required for photosynthesis. Approximately 6.25% of the genes
833  were known to be required for photosynthesis. Considering previous estimates indicating that
834  approximately half of the genes required for photosynthesis remain to be discovered (Li et al.,
835 2019), we estimate that an additional 6.25% of the genes in the initial set are also required for
836  photosynthesis; thus, we estimate that 12.5% of the initial genes are required for

837  photosynthesis, and the remaining 1,414 (87.5% of the initial 1,620 genes) in our starting set
838  are not required for photosynthesis. Next we defined a set of genes that we called “Genes

839  whose disruption likely did Not Result in a Photosynthesis Defect” (GNRPD). We assigned
840 genes from our set of 1,616 to GNRPD if they were represented by more than 20 insertions,
841  where at most two mutants showed a photosynthetic defect in the Li et al experiment. ~1% of
842  the GNRPDs (2/204) were among the 136 hit genes identified with a phenotype threshold of
843  0.34. We assume that the same percentage (~1%) of the 1,414 estimated genes in our starting
844  set that are not required for photosynthesis in the original mutant set, will go into the hits,

845 resulting in a calculated FDR < 0.11 when using a threshold of 0.34. With a threshold of 0.49,
846  the same calculation yields a FDR < 0.3.

847
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848  Validating insertion sites by PCR
849  We adapted the check PCR protocol from the CLiP website

850 (https://www.chlamylibrary.org/about), where we used the G1 and G2 primers to validate the

851  existence of the expected insertion (Figure S3). We used the primers suggested for each strain
852  on the CLiP website. We considered the mapping validated if we got a larger PCR product for
853 the mutant than for the wild type, or if we obtained a PCR product for the wild type and not for
854  the mutant in at least 2 experiments (Figure S3).

855

856  Validating insertion sites by DNA sequencing

857  The strains were grown in the dark condition, and the DNA was extracted using the same

858 method as above. The DNAs were sent to Princeton Genomics Core Facility for library

859  preparation and whole genome sequencing.

860 The paired-end 150nt reads were aligned to a reference file that combined the v5.5

861  Chlamydomonas genome (from Phytozome), the chloroplast and mitochondrial genomes (from
862  NCBI: chloroplast_BK000554.2.gb and mitochondrion_U03843.1.gb) and our CIB1 cassette (Li
863 etal 2019), using the command “bowtie2 —sensitive-local -k 10 -I 100 -X 650 -S”. The resulting
864  SAM files were filtered to extract only read pairs indicating insertion junctions (where the

865  primary alignment was discordant with one side aligning to the CIB1 cassette and the other side
866  aligning to the genome). The resulting genomic positions corresponding to likely cassette

867 insertion positions were clustered (using scipy.cluster.hierarchy.fclusterdata(t=3000,

868 criterion='distance', method="average')). For each mutant, all clusters containing 4 or more

869 reads were plotted to show the detailed read locations and orientations, as well as the putative
870 insertion positions according to the original library data (Li et al 2019).

871 Additionally, for each such plot, the concordant read pairs spanning each genomic

872  position were counted and plotted. The resulting plots were evaluated manually to determine the

873  most likely insertion position(s), based on the numbers of matching reads, whether the reads
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originated from both sides of the insertion position (much less likely for junk fragments), and
whether there were concordant read pairs spanning the position (real cassette insertions should
not have concordant read pairs spanning them, since the cassette is much longer than the

sequenced fragment size).

Selection of 115 high-confidence hits
In our experiment, 148 mutants in 136 genes showed normalized light growth after backcrossing
that fell below the 0.34 threshold (FDR = 0.1).

First, we validated that the insertions were mapped to the correct genes. We validated
the mapping for 119/136 of those genes (87.5%) by PCR and DNA sequencing (Figure 1F and
Table S2). The 19 unvalidated genes were removed from the list.

Next, we removed some of the hits to improve the quality of the data set as described
below:

1) Six genes (Cre06.9g262900, Cre03.g1568950, Cre12.9521450, Cre13.9578600,
Cre17.g728700, Cre02.g106950) were represented by only one mutation that was in a strain
that also included a mutation in an established photosynthetic gene or in a gene with multiple
hits in our data set. In these cases, we assumed that the phenotype originated from the well-
established gene and removed the 2" gene from the hit list.

2) Five strains had two hits in each (LMJ.RY0402.172741: Cre13.9584250 + Cre12.9554400,
LMJ.RY0402.187220: Cre11.g481115 + Cre07.g326010, LMJ.RY0402.210483: Cre10.g458700
+ Cre03.9211185, LMJ.RY0402.166642: Cre03.9155001 + Cre16.9660390 & Cre16.9g660430,
LMJ.RY0402.125697: Cre01.9036400 + Cre01.9g015500). While both genes may be required for
the photosynthetic growth, it is more probable that one is the real hit and the other is
piggybacking on its phenotype. Hence, we counted them as one and concentrated on the one

more likely to be connected to photosynthesis (Cre13.g584250, Cre11.9g481115,
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Cre10.g458700, Cre03.g155001, Cre01.g015500). In Table S2, we state the reason for the
choice and mention that the effect can be from the other gene.

3) We removed Cre09.g407650 from the gene hits list because we observed in the proteomic
data that Cre09.g407650 is not downregulated in the corresponding mutant (Figure S5). The
insertion in that mutant was in the 3’ UTR, consistent with a mild effect on protein levels.

We then added nine genes as described below:

In our statistical analysis, we looked at genes with insertion mapping confidence levels
of 1-3 and excluded confidence level 4 insertions because only 58% of these mutants are
correctly mapped (Li et al., 2019). However, there were 3 cases where we did validate the
insertion of confidence level 4 hits (LMJ.RY0402.124891: Cre16.9665750,
LMJ.RY0402.207089: Cre01.g040050, LMJ.RY0402.097626: Cre12.g501550), so we added
those three genes to the hit list.

Last, we added six genes based on manual analysis of the data (LMJ.RY0402.176891:
Cre01.9g022681, LMJ.RY0402.119871: Cre06.g273700, LMJ.RY0402.091258: Cre09.9415500,
LMJ.RY0402.174216: Cre09.g415700, LMJ.RY0402.049481: Cre02.9091750,
LMJ.RY0402.049829: Cre11.g467573). In most of these cases, the gene was not a hit in the
original analysis because it was not a hit in one replicate, but the replicate is not reliable due to
an obvious reason such as very low reads. After removing a problematic experiment, the gene
is a hit. In Table S2, we mention in each of these cases why the gene was included in the hit
list.

After these edits, our list contained 115 high-confidence genes.

Comparison to hits from previous large-scale studies
We compared our 155 high-confidence genes to two sets of hits: 1) previously-identified high-
confidence hits, and 2) previously low-confidence hits; which we obtained from three previous

large-scale studies (Fauser et al., 2022; Li et al., 2019; Wakao et al., 2021) .
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Previously-identified high-confidence hits consisted of high-confidence hits from (Li et al.,
2019) and genes in the photosynthesis clusters in (Fauser et al., 2022). Fauser et al. clustered
mutants together based on their phenotype in over 100 different conditions. The work identified
two clusters of genes relevant to photosynthesis. The first cluster is the light-sensitive group,
where all the hits are relevant to our study; the second cluster is the photoautotrophic light-
insensitive. In this second cluster, the clustering is based on phenotypes across many
conditions; however, the only condition similar to our experiments is Photoautotrophic 1-3, so
we took only the genes whose mutants exhibited pronounced phenotype in this condition:
Cre14.9616600, Cre01.9016514, Cre03.9194200, Cre03.9188700, Cre10.9423500,
Cre06.9g259100, Cre11.g467712. We merged the hits from Li and Fauser. This procedure
yielded 51 high confidence hits, of which 41 were also high-confidence hits in our study.
Previously low-confidence hits consisted of a subset of the 260 low-confidence hits from Li et
al. (Li et al., 2019) and the 253 low-confidence hits from Wakao et al (Wakao et al., 2021) that
were represented in the collection of mutants we analyzed. Neither data set had FDR
calculations. While both datasets include genes truly required for photosynthesis,
methodological limitations of the studies mean that these datasets also include a substantial
number of false positives, making validation by our orthogonal method valuable. In low-
confidence hits from Li et al., many of the genes are represented by only one mutant, and
others are represented by several mutants but only a small fraction of these mutants shows a
photosynthetic phenotype. So, there is a high chance that the photosynthetic phenotype comes
from a second-site mutation. In the Wakao study, the authors showed that in most cases their
insertion is linked to the photosynthetic phenotype; however, their insertions typically were
associated with large deletions that affected several genes. Wakao et al. chose to assign the
phenotype to one of the disrupted genes in each of the mutants, primarily based on the
literature. Although this connection is often correct, it does not have an experimental/statistical

basis.
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To create the low-confidence data sets, we first merged the Li and Wakao datasets with
260 and 253 hits respectively. We then took the subset of this merged list of genes that overlaps
with the ~1,616 genes that were included in our initial data set. If a gene was also in the
previously-identified high-confidence hits, it was removed from this list. This procedure yielded

219 previously low-confidence hits, of which 31 were high-confidence hits in our study.

Mutant gene rescue protocol
The plasmids for complementation were generated as described previously (Wang et al., 2022).
4 of the 16 plasmids were based on the pLM005 backbone, and the remaining 12 were based
on the pRAM118 plasmid where the paromomycin resistance cassette was replaced with a
hygromycin resistance cassette (ltakura et al., 2019). All plasmids expressed the gene of
interest from a PSAD promoter and appended a Venus-3xFLAG tag to the protein sequence.
In the gene rescue protocol, we transformed mutant cells with the linearized plasmid
expressing the gene disrupted in the mutant. The linearization and transformation process was
carried out as previously described (Wang et al., 2022), until the selection, which was carried
out as follows. For plasmids with hygromycin resistance cassette, we used hygromycin-based
selection. The cells were plated on 1.5% agar TAP plates with hygromycin (20 ug/ml) and
paromomycin (ug/ml) and placed under very dim light for five days, then transferred to light
(~100 pnE) for 1-2 weeks until colonies of a sufficient size for picking appeared. For plasmids
with paromomycin resistance cassette, we could not use drug selection because CLIP strains
already have paromomycin resistance, so we used light selection instead. This selection could
be used only for mutants that grow poorly under light conditions. For each of these strains, we
included a control where we transformed the mutant with a different plasmid of similar size to
determine if transformation with any plasmid could reverse the phenotype, e.g. by creating a

second-site suppressor mutation. We only considered a rescue successful when the
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976 transformation of the correct gene led to growth under light conditions and the control

977  transformation did not. We plated the cells on 1.5% agar TP plates with paromomycin (20

978 ug/ml). We gradually increased the light intensity to allow for light acclimation. We left the plate
979  on the shelf overnight for five days under 30 uE, three days under ~100 uE, and finally 3-4 days
980  under ~600-700 uE light.

981 Next, we validated the rescues by robotic spot tests. After the rescue, we picked ~40
982 transformants from each rescued mutant to check their photosynthetic phenotype. We used
983 RoToR robot (Singer) to replicate plate with transformants, wild type and mutants to TP and
984  TAP plates, in order to check their growth under TP highlight (800-1100uE) compared to their
985  growth under TAP dark conditions. Then we took 2-4 promising colonies (3 replicates for each)
986 into the plate with wild type and the original mutants (RP 1-4 plates). We used those plates to
987  validate our rescued phenotype. We have at least two independent experiments for each RP
988 plate.

989 Gene rescue is notoriously challenging in Chlamydomonas due to difficulties with PCR
990 amplification and expression of heterologous genes (Mackinder et al., 2017; Neupert et al.,
991 2020; Zhang et al., 2014), so we perform this part as a “screen”. We used plasmids with the 36
992 genes we managed to clone (Cre01.g014000, Cre01.g015500, Cre01.g016350,

993 Cre01.9g022681, Cre01.g040050, Cre02.9g073850, Cre02.9106950, Cre02.9142266,

994  Cre03.9g158950, Cre03.g188700, Cre05.9g243800, Cre05.9248600, Cre06.9258566,

995  Cre06.9262900, Cre06.9g279500, Cre07.9g350700, Cre09.9396920, Cre10.9420561,

996 Cre10.g433400, Cre10.g448950, Cre10.9g466500, Cre11.g467682, Cre12.9g485850,

997  Cre12.g498550, Cre12.g521450, Cre12.9g524250, Cre13.9566400, Cre13.9578650,

998 Cre13.9g584250, Cre13.g608000, Cre16.9g658950, Cre16.9675246, Cre17.9728850,

999 Cre12.g560550, Cre09.9g396250, Cre16.g687294), to try a rescue its mutant strain once, and

1000 continued with the strains that we managed to rescue. Our success rate of ~44% is close to the
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maximum expected even if all were real hits, considering that only 30-50% of transformed
constructs express in medium-throughput efforts (Wang et al., 2022). Many of the failed rescues
are likely due to challenges with transformation into Chlamydomonas (Mackinder et al., 2017;
Neupert et al., 2020; Wang et al., 2022; Zhang et al., 2014), detrimental effects of the GFP tag
or the constitutive promoter with some of the genes, and the inherent limitations of our
approach, including that rescue of each mutant was only attempted once.

For the rescued mutants, the plasmid used for the rescue, and the Antibiotic resistance,

see Table S7.

Confocal microscopy

We performed confocal imaging as described previously (Wang et al., 2022). Colonies were
transferred to a 96-well microtiter plate with 100 uL TP liquid medium in each well and then pre-
cultured in air under 150 umol photons m™2 s™' on an orbital shaker. After ~16 hr of growth, 10
WL cells were transferred onto an p-Slide 8-well glass-bottom plate (Ibidi) and 200 L of 1% TP
low-melting-point agarose at ~35 °C was overlaid to restrict cell movement. Cell samples were
imaged using a Leica SP5 confocal microscope with the following settings: Venus, 514 nm
excitation with 530/10 nm emission; and chlorophyll, 514 excitation with 685/40 nm emission. All
confocal microscopy images were analyzed using Fiji (Schindelin et al., 2012). For each strain,
a confocal section through a cell showing the predominant localization pattern was captured and

analyzed.

Proteomic analysis

Based on our screen results we chose mutants in 100 genes for proteomic profiling (Figure S1
and Table S4). The list includes 3 novel genes that were not in the final hits but are hits in other
data sets: PSR23 and PIIR2 are high confidence genes in (Li et al., 2019), and PSR24 is a hit in

2 hit lists: low confidence in (Li et al., 2019) and in (Wakao et al., 2021).
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1027 We grew starter cultures in TAP dark for about a week, then moved them to ~700 ml of
1028  TAP (initial concentration ~ 10° per ml) in 1L bottles and continued growth in the dark. We
1029  bubbled air into the bottles and stirred them (using a magnetic stirrer) set to 200 RPM until they
1030  reached ~2x10° cells mI™". We pelleted ~5X107 cells in 50 ml falcons, transferred the pellets to
1031 1.5 ml tubes, pelleted them again, froze them on dry ice, and stored them at -80 °C.

1032 For each proteomic 11-plex, we prepared 10 samples + a wild-type control. The wild-
1033  type control we used in most 11-plexes had been previously harvested in one experiment and
1034 frozen in aliquots to reduce the noise between the experiments.

1035

1036  Sample processing and mass spectrometry

1037  TMT-labeled (11plex) peptides were prepared mostly as previously described (Gupta et al.,
1038  2018). Frozen cell pellets were resuspended in 6 M guanidine hydrochloride (GdCl), 2%

1039  cetyltrimethylammonium bromide (CTAB), 50 mM HEPES, 1mM EDTA, and 5mM dithiothreitol
1040 (DTT) (pH 7.4). The resuspension lyses the algae to visual homogeneity. Mutant algae cultures
1041  grow to different densities and generate pellets of different mass. Diversity in pellet mass was
1042 normalized by diluting cells to that of the least dense culture by visual inspection. The final
1043  volume ranged from 200-1200 uL. 200 uL of each resuspension was removed to a new

1044  Eppendorf prechilled on ice. The lysed algae were sonicated at 20% power for 25 s. Proteins
1045  were denatured further at 60 °C for 20 min. After cooling, cysteines were alkylated by the

1046  addition of 20 mM N-ethylmaleimide for 30 min, followed by quenching with DTT (10 mM).
1047  The protein solutions (200 uL) were charged with 800 uL MeOH, vortexed for 1 min,

1048  supplemented with 400 ul chloroform, vortexed for 1 min, followed by addition of 600 ul water
1049 and vortexing (1 min). The precipitated proteins were brought to the extraction interface by
1050 centrifugation (2 min, 20,800 x g), followed by removal of the upper layer. The protein interface
1051  was washed and pelleted from the chloroform phase by the addition of 600 ul MeOH, followed

1052 by vortexing (1 min) and centrifugation as described above. The wash solution was removed,
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and the pellet was washed with 1 ml MeOH. After the removal of MeOH, the pellets were
resuspended in 50uL of 6 M GdCl and 10 mM EPPS (3-[4-(2- hydroxyethyl)-1-
piperazinyl]propane sulfonic acid) (pH 8.5). The resuspended pellets were frozen.

Pellets were thawed and their protein concentrations quantified using the BCA assay
from Pierce with the BSA standard curve diluted in 10 mM EPPS pH 8.5 6M GdCI. 30 ug of
each pellet was diluted to 15uL with 10mM EPPS pH 8.5 in 6M GdCI. The 15 uL of 2 ug/uL
denatured protein solution was diluted with 75 uL 20 ng/pL LyseC in 10mM EPPS pH8.5,
vortexed and allowed to digest overnight at room temperature. A second round of digestion
followed with the addition of 270 uL of 20 ng/uL each LyseC and Trypsin in 10 mM EPPS pH
8.5, vortexing and overnight incubation at 37C. The solvent was removed under reduced
pressure in a SpeedVac and resuspended in 30 ul of 200 mM EPPS (pH 8.0) to a concentration
of 1 g/L. Ten microliters were removed from each resuspension and charged with 2l of
different TMT-isobaric mass tag N-hydroxysuccinimide (NHS) ester (20 g/liter). The acylation
proceeded overnight at RT and was quenched at RT with 0.5 uL of 5% hydroxylamine for 20
min, followed by 1 uL of 5% phosphoric acid.

Peptides were enriched from the acidified TMT labeling reactions by solid-phase
extraction using a Waters Oasis HLB Elution 96-well plate (3 mg/well). One well per multiplexed
quantitative proteomics experiment was wetted with 400uL MeOH and then hydrated with 200uL
water. The 11 labeling reactions are pooled and diluted into 400ul and allowed to adsorb HLB
resin under gravity flow. The adsorbed peptides were washed with 100 uL water, followed by
centrifugation for 1 min at 180 rpm. The peptides were eluted with sequential additions of 100 pl
of 35% acetonitrile (1% formic acid [FA]) and 100 ul of 70% acetonitrile (0.1% FA). Eluent
solvent was removed under reduced pressure in in a SpeedVac. The peptides were
resuspended in 20 uL of 1% FA and subjected to quantitative multiplexed proteomics by nano-

ultraperformance liquid chromatography-tandem mass spectrometry (nanoUPLC-MS/MS).
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Peptides were separated on a 75 um inner diameter microcapillary column. The tip for
the column was pulled inhouse and the column was packed with approximately 0.5 cm (5 pm,
100 A, Michrom Bioresources) followed by 40 cm of Waters BEH resin (1.7 um, 120 A).
Separation was achieved by applying a 3-22% Acetonitrile gradient in 0.125%, formic acid with
2% DMSO over 165 min at ~300 nL/min. Electrospray ionization was enabled by applying a
voltage of 2.0 kV through an IDEX high-pressure fitting at the inlet of the microcapillary column.
TMT3 data collection was performed as previously described (Gupta et al., 2018). The
instrument was operated in data-dependent mode (10 ions/scan) with an MS1 survey scan
performed at a resolution setting of 120k (m/z 200) with a scan range of m/z 350 to 1,350, an
RF (radio frequency) lens of 60%, automatic gain control (AGC) target of 106, and a maximum
injection time of 100 ms. lons with charge states 2-6 were filtered by intensity with a threshold
of 5e3. A dynamic exclusion window of +/-10ppm for 90s was used. MS2 quadrupole isolated
ions (0.5 isolation window) were activated with CID at 35% collision energy and Q 0.25 and
analyzed in the ion trap with an AGC target of 1.5e4 and 75ms maximum injection time. 10 data
dependent MS3 synchronous precursor selections (2 isolation window) were selected from
range 400-2000 m/z. The MS3 activation is HCD with 55% collision energy. The ions are
analyzed in the orbitrap at 50,000 resolution with an AGC of 1.5e5 and an maximum injection

time of 100 ms.

Mass spectrometry data analysis

Mass spectrometry raw data was analyzed using GFY software licensed from Harvard
(Nusinow et al., 2020) to quantified proteins relative abundance.

We normalized each protein’s abundance in each sample by that protein’s abundance in
the corresponding wild type sample, then normalized the protein’s abundance in the sample by
the sample’s median to account for systematic difference likely coming from technical difference

in the amounts of proteins entered into the TMT labeling. To decrease the noise between the
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different 11-plexes (Figure S5A-S5B) we normalized each protein by its median in the 11-plex.

This dramatically decreased the noise while maintaining most of the signal (Figure S5C).

Chloroplast RNAseq

The RNA seq experiments were split into two experiments; each experiment had its own wild
type. In each experiment, we had 2-3 replicates for each mutant strain and 2-4 replicates for the
wild type.

The strains were grown in the same conditions as for the proteomic analysis. When the
cultures reached ~ 2x10° cells/ml, we pelleted 13 ml of culture in 15 ml round Falcon tubes. We
then used TRIzol extraction (following manufacturer's protocol) to obtain the total RNA. The
RNA was sent to Princeton Genomics Core Facility for RNAseq and Next Generation
Sequencing. The chloroplast mMRNA does not have polyA, so they used the Qiagen FastSelect —
rRNA Plant Kit for rRNA depletion. Then generated libraries using PrepX™ RNA-Seq for
lllumina Library kit to generate the library for RNAseq.

mRNA analysis: First non-coding RNA sequence was filtered out: each dataset was
aligned (using the bowtie2 —fast command) against the dataset of non-coding RNAs (Gallaher et
al., 2018), and only unaligned reads were included in the rest of the analysis. Next the reads
were aligned against a reference file containing the updated chloroplast and mitochondrial
genomes (Gallaher et al., 2018), a set of Chlamydomonas rRNA sequences (downloaded from
https://www.arb-silva.de/), and Chlamydomonas nuclear coding sequences (v5.5 from
Phytozome, file Creinhardtii_281_v5.5.cds_primaryTranscriptOnly.fa), using the bowtie2 --fast
option. For each sample, the number of reads in each chloroplast gene was calculated in
python, with each side of each read considered separately, and with gene positions based on
the chloroplast gff3 file from (Gallaher et al., 2018).

The reads were used to estimate the mRNA levels of the different chloroplast-expressed

photosynthetic genes. The reads were normalized by the total chloroplast gene reads.
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1130  Our RNA seq reads were Paired-end, allowing us to create a second analysis of where each
1131  side maps on the genome. For example, this allowed us to count the number of MRNAs where
1132  one side is in exon 1 and the other in exon 3. The overall coverage was much higher in our
1133  second experiment, so we normalized the 1% experiment using the wild-type ratio between the
1134  experiments, allowing us to present them together.

1135

1136  Nuclear RNAseq

1137  The mRNA of pmr1 (2 independent experiments) and wild type (2 independent experiments)
1138  was also used for polyA-based RNAseq. The library preparation and Next Generation

1139  Sequencing were done at Princeton Genomics Core Facility.

1140 The paired-end reads were aligned against the primary transcriptome (v5.5, from

1141  Phytozome) using the bowtie2 --fast command, and the number of reads aligning to each
1142  transcript were counted in python for each sample.

1143 We normalized the number of reads to 50M then we averaged (using geomean) the 2
1144  experimental repeats of pmr1 and the 2 experimental repeats of wild type, and then calculated
1145 the relative reads by log2(pmr1/ wild type).

1146

1147  Metabolomics analysis

1148  The protocol was adapted from (Yuan et al., 2008). In short, we grew starter cultures at TAP
1149  dark for about a week, then moved to ~700ml of TAP (initial concentration ~ 10° per ml) in 1L
1150  bottles kept in the dark. We bubbled air into the bottles and stirred them (using a magnetic
1151  stirrer) set to 200 RPM until they reached ~2x10° cells mI"'. We harvested ~ 107 cells using
1152  vacuum filter, and immediately dunked the filter's membrane into 1.5 ml of 40:40:20 (v/v/v)
1153  methanol:acetonitrile:H2O solution with 0.5% formic acid to extracted the metabolites. All

1154  reagents were precooled to -20C and the protocol was done on ice. After neutralizing by

1155 NHHCOs3 (132 yL) and pelleting, we took 100ul supernatant for LC-MS.
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The LC-MS method was modified from (Yang et al., 2022). Water-soluble metabolite
measurements were obtained by running samples on the Orbitrap Exploris 480 mass
spectrometer (Thermo Scientific) coupled with hydrophilic interaction chromatography (HILIC).
An XBridge BEH Amide column (150mm X 2.1 mm, 2.5 uM particle size, Waters, Milford, MA)
was used. The gradient was solvent A (95%:5% H>O:acetonitrile with 20 mM ammonium
acetate, 20 mM ammonium hydroxide, pH 9.4) and solvent B (100% acetonitrile) Omin,90% B;
2min,90% B; 3min,75% B; 7min,75% B; 8min,70% B; 9min, 70%B; 10 min, 50% B; 12 min, 50%
B; 13 min, 25% B; 14 min, 25% B; 16 min, 0.5% B, 20.5 min, 0.5% B; 21 min, 90% B; 25 min,
90% B. The flow rate was 150 mL/min with an injection volume of 5 mL and a column
temperature of 25 °C. The MS scans were in polarity switching mode to enable both positive
and negative ions across a mass range of 70-1000 m/z, with a resolution of 120,000. Data were
analyzed using the EI-MAVEN software (v 0.12.0, Elucidata).

We included a total of 3 replicates from each strain from 2 independent experiments.
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1170 SUPPLEMENTAL INFORMATION

1171 Supplemental Information includes 9 figures and 7 tables.


https://doi.org/10.1101/2022.11.12.515357
http://creativecommons.org/licenses/by-nc-nd/4.0/

1172

1173

1174

1175

1176

1177

1178

1179

1180

1181

1182

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.12.515357; this version posted November 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

AUTHOR CONTRIBUTIONS

M.K. and M.C.J. conceived the project. M.K and W.P. performed data analysis. M.K. grew
strains for mass spectrometry. L.M. and M.W. prepared samples, performed mass
spectrometry, and established the protein quantification pipeline. M.K. and A.G performed spot
tests. M.B., F.R.C. and M.K. established the pooled backcrossing method. M.K. performed the
pooled backcrossing experiments. M.K., G.G. and A.G. performed insertion mapping validation
by colony PCR and sequencing. LW., M.K., AK.S., S.E.G. and A.T.W. performed mutant
rescue and protein localization by confocal microscopy. M.K., A.R., and J.D.R. performed and
analyzed the metabolomic experiments. C.D.M conducted the prediction of protein structure.

M.K. and M.C.J. wrote the manuscript with input from all authors.


https://doi.org/10.1101/2022.11.12.515357
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.12.515357; this version posted November 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1183 ACKNOWLEDGMENTS

1184  We thank Michelle Warren-Williams for media preparation and assistance with propagating
1185  strains; the Princeton University genomic core facility and its manager Wei Wang for their help
1186  with DNA and RNA sequencing and library preparation; Princeton University Confocal

1187  Microscopy manager Gary Laevsky for instrumentation support; members of the Jonikas

1188 laboratory and Felix Willmund for helpful discussions; Olivier Vallon, Yana Kazachkova, Silvia
1189  Ramundo, Shan He, Alice Lunardon, Jessica H. Hennacy, Sabrina Ergun, Moritz T. Meyer, Eric
1190  Franklin for feedback on the manuscript; and Marie Bao, as part of Life Science Editors, for help
1191  with editing the manuscript. The project was funded by the Princeton Catalysis Initiative, U.S.
1192  National Institutes of Health grant R35GM128813, U.S. National Foundation grant MCB-

1193 1914989, European Molecular Biology Organization fellowship ALTF 1006-2017, Human

1194  Frontier Scientific Program fellowship LT000031/2018-L, HHMI/Simons Foundation grant

1195 55108535, and the Lewis-Sigler Scholars Fund. Martin Jonikas is a Howard Hughes Medical

1196 Institute Investigator.


https://doi.org/10.1101/2022.11.12.515357
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.12.515357; this version posted November 15, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

1197
1198
1199
1200
1201
1202

1203
1204
1205
1206

1207
1208
1209
1210

1211
1212
1213

1214
1215

1216
1217
1218
1219

1220
1221
1222
1223

1224
1225
1226
1227

1228
1229
1230

1231
1232
1233
1234

1235
1236
1237

1238
1239

available under aCC-BY-NC-ND 4.0 International license.

REFERENCES

Abshire, E.T., Chasseur, J., Bohn, J.A., del Rizzo, P.A., Freddolino, P.L., Goldstrohm, A.C., and
Trievel, R.C. (2018). The structure of human Nocturnin reveals a conserved ribonuclease domain
that represses target transcript translation and abundance in cells. Nucleic Acids Res 46, 6257—
6270. https://doi.org/10.1093/NAR/GKY412.

Abshire, E.T., Hughes, K.L., Diao, R., Pearce, S., Gopalakrishna, S., Trievel, R.C., Rorbach, J.,
Freddolino, P.L., and Goldstrohm, A.C. (2020). Differential processing and localization of
human Nocturnin controls metabolism of mRNA and nicotinamide adenine dinucleotide
cofactors. J Biol Chem 295, 15112—-15133. https://doi.org/10.1074/JBC.RA120.012618.

Balczun, C., Bunse, A., Hahn, D., Bennoun, P., Nickelsen, J., and Kiick, U. (2005). Two
adjacent nuclear genes are required for functional complementation of a chloroplast trans-

splicing mutant from Chlamydomonas reinhardtii. Plant J 43, 636—648.
https://doi.org/10.1111/J.1365-313X.2005.02478.X.

Bassham, J.A., Benson, A.A., and Calvin, M. (1950). THE PATH OF CARBON IN
PHOTOSYNTHESIS VIII. THE ROLE OF MALIC ACID*. Journal of Biological Chemistry
185, 781-787. https://doi.org/10.1016/S0021-9258(18)56368-7.

Blankenship, R.E. (2008). Molecular Mechanisms of Photosynthesis. Molecular Mechanisms of
Photosynthesis 1-321. https://doi.org/10.1002/9780470758472.

Bobik, K., McCray, T.N., Ernest, B., Fernandez, J.C., Howell, K.A., Lane, T., Staton, M., and
Burch-Smith, T.M. (2017). The chloroplast RNA helicase ISE2 is required for multiple
chloroplast RNA processing steps in Arabidopsis thaliana. The Plant Journal 97, 114-131.
https://doi.org/10.1111/TPJ.13550.

Boulouis, A., Raynaud, C., Bujaldon, S., Aznar, A., Wollman, F.A., and Choquet, Y. (2011). The
Nucleus-Encoded trans-Acting Factor MCA1 Plays a Critical Role in the Regulation of

Cytochrome f Synthesis in Chlamydomonas Chloroplasts. Plant Cell 23, 333.
https://doi.org/10.1105/TPC.110.078170.

Boyle, N.R., Page, M.D., Liu, B., Blaby, L.LK., Casero, D., Kropat, J., Cokus, S.J., Hong-
Hermesdorf, A., Shaw, J., Karpowicz, S.J., et al. (2012). Three acyltransferases and nitrogen-
responsive regulator are implicated in nitrogen starvation-induced triacylglycerol accumulation
in Chlamydomonas. J Biol Chem 287, 15811-15825. https://doi.org/10.1074/JBC.M111.334052.

Breker, M., Lieberman, K., and Cross, F.R. (2018). Comprehensive Discovery of Cell-Cycle-
Essential Pathways in Chlamydomonas reinhardtii. Plant Cell 30, 1178.
https://doi.org/10.1105/TPC.18.00071.

Budziszewski, G.J., Lewis, S.P., Glover, L.W., Reineke, J., Jones, G., Zieninik, L.S., Lonowski,
J., Nyfeler, B., Aux, G., Zhou, Q., et al. (2001). Arabidopsis Genes Essential for Seedling
Viability: Isolation of Insertional Mutants and Molecular Cloning. Genetics /59, 1765-1778.
https://doi.org/10.1093/GENETICS/159.4.1765.

Cahoon, A.B., and Timko, M.P. (2000). yellow-in-the-dark Mutants of Chlamydomonas Lack
the CHLL Subunit of Light-Independent Protochlorophyllide Reductase. Plant Cell /2, 559.
https://doi.org/10.1105/TPC.12.4.559.

Chan, K.X., Phua, S.Y., Crisp, P., McQuinn, R., and Pogson, B.J. (2016). Learning the
Languages of the Chloroplast: Retrograde Signaling and Beyond.


https://doi.org/10.1101/2022.11.12.515357
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.12.515357; this version posted November 15, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

1240
1241

1242
1243

1244
1245

1246
1247
1248

1249
1250
1251
1252

1253
1254
1255
1256

1257
1258
1259
1260

1261
1262
1263
1264

1265
1266
1267

1268
1269
1270
1271
1272

1273
1274
1275

1276
1277

1278
1279
1280

available under aCC-BY-NC-ND 4.0 International license.

Http://Dx.D01.0rg/10.1146/Annurev-Arplant-043015-111854 67, 25-53.
https://doi.org/10.1146/ANNUREV-ARPLANT-043015-111854.

Choquet, Y., and Wollman, F.A. (2002). Translational regulations as specific traits of chloroplast
gene expression. FEBS Lett 529, 39—42. https://doi.org/10.1016/S0014-5793(02)03260-X.

Choquet, Y., and Wollman, F.A. (2009). The CES Process. The Chlamydomonas Sourcebook 3-
Vol Set 2, 1027-1063. https://doi.org/10.1016/B978-0-12-370873-1.00037-X.

Dent, R.M., Haglund, C.M., Chin, B.L., Kobayashi, M.C., and Niyogi, K.K. (2005). Functional
genomics of eukaryotic photosynthesis using insertional mutagenesis of Chlamydomonas
reinhardtii. Plant Physiol /37, 545-556. https://doi.org/10.1104/PP.104.055244.

Dent, R.M., Sharifi, M.N., Malnoé, A., Haglund, C., Calderon, R.H., Wakao, S., and Niyogi,
K.K. (2015). Large-scale insertional mutagenesis of Chlamydomonas supports phylogenomic
functional prediction of photosynthetic genes and analysis of classical acetate-requiring mutants.
Plant J §2, 337-351. https://doi.org/10.1111/TPJ.12806.

Douchi, D., Qu, Y., Longoni, P., Legendre-Lefebvre, L., Johnson, X., Schmitz-Linneweber, C.,
and Goldschmidt-Clermont, M. (2016). A Nucleus-Encoded Chloroplast Phosphoprotein
Governs Expression of the Photosystem I Subunit PsaC in Chlamydomonas reinhardtii. Plant
Cell 28, 1182. https://doi.org/10.1105/TPC.15.00725.

Duanmu, D., Casero, D., Dent, R.M., Gallaher, S., Yang, W., Rockwell, N.C., Martin, S.S.,
Pellegrini, M., Niyogi, K.K., Merchant, S.S., et al. (2013). Retrograde bilin signaling enables
Chlamydomonas greening and phototrophic survival. Proc Natl Acad Sci U S A 170, 3621-3626.
https://doi.org/10.1073/PNAS.1222375110/-/DCSUPPLEMENTAL/SD02.XLSX.

Fauser, F., Vilarrasa-Blasi, J., Onishi, M., Ramundo, S., Patena, W., Millican, M., Osaki, J.,
Philp, C., Nemeth, M., Salomé, P.A., et al. (2022). Systematic characterization of gene function
in the photosynthetic alga Chlamydomonas reinhardtii. Nat Genet 54.
https://doi.org/10.1038/S41588-022-01052-9.

Fromme, P., and Mathis, P. (2004). Unraveling the photosystem I reaction center: a history, or
the sum of many efforts. Photosynth Res 80, 109—124.
https://doi.org/10.1023/B:PRES.0000030657.88242.E1.

Gallaher, S.D., Fitz-Gibbon, S.T., Strenkert, D., Purvine, S.O., Pellegrini, M., and Merchant, S.S.
(2018). High-throughput sequencing of the chloroplast and mitochondrion of Chlamydomonas
reinhardtii to generate improved de novo assemblies, analyze expression patterns and transcript
speciation, and evaluate diversity among laboratory strains and wild isolates. Plant Journal 93,
545-565. https://doi.org/10.1111/tpj.13788.

Glanz, S., Jacobs, J., Kock, V., Mishra, A., and Kiick, U. (2012). Raa4 is a trans-splicing factor
that specifically binds chloroplast tscA intron RNA. Plant J 69, 421-431.
https://doi.org/10.1111/J.1365-313X.2011.04801.X.

Goldschmidt-Clermont, M. (1998). Coordination of nuclear and chloroplast gene expression in
plant cells. Int Rev Cytol 777, 115-180. https://doi.org/10.1016/S0074-7696(08)62232-9.

Goldschmidt-Clermont, M., Girard-Bascou, J., Choquet, Y., and Rochaix, J.D. (1990). Trans-
splicing mutants of Chlamydomonas reinhardtii. Mol Gen Genet 223, 417-425.
https://doi.org/10.1007/BF00264448.


https://doi.org/10.1101/2022.11.12.515357
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.12.515357; this version posted November 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

1281
1282
1283

1284
1285
1286

1287
1288
1289
1290

1291
1292
1293

1294
1295
1296

1297
1298
1299

1300
1301
1302
1303

1304
1305
1306
1307

1308
1309
1310
1311

1312
1313
1314

1315
1316
1317
1318

1319
1320
1321
1322

available under aCC-BY-NC-ND 4.0 International license.

Gorman, D.S., and Levine, R.P. (1965). Cytochrome f and plastocyanin: their sequence in the
photosynthetic electron transport chain of Chlamydomonas reinhardi. Proc Natl Acad Sci U S A
54, 1665-1669. https://doi.org/10.1073/PNAS.54.6.1665.

Gorman, D.S., and Levine, R.P. (1966). Photosynthetic Electron Transport Chain of
Chlamydomonas reinhardi VI. Electron Transport in Mutant Strains Lacking Either Cytochrome
553 or Plastocyanin. Plant Physiol 4/, 1648. https://doi.org/10.1104/PP.41.10.1648.

Green, C.B., Douris, N., Kojima, S., Strayer, C.A., Fogerty, J., Lourim, D., Keller, S.R., and
Besharse, J.C. (2007). Loss of Nocturnin, a circadian deadenylase, confers resistance to hepatic
steatosis and diet-induced obesity. Proc Natl Acad Sci U S A 704, 9888-9893.
https://doi.org/10.1073/PNAS.0702448104.

Gupta, M., Sonnett, M., Ryazanova, L., Presler, M., and Wiihr, M. (2018). Quantitative
Proteomics of Xenopus Embryos I, Sample Preparation. Methods Mol Biol /865, 175-194.
https://doi.org/10.1007/978-1-4939-8784-9 13.

Hagemans, D., van Belzen, [.A.E.M., Luengo, T.M., and Riidiger, S.G.D. (2015). A script to
highlight hydrophobicity and charge on protein surfaces. Front Mol Biosci 2.
https://doi.org/10.3389/FMOLB.2015.00056.

Hedges, S.B., Blair, J.E., Venturi, M.L., and Shoe, J.L. (2004). A molecular timescale of
eukaryote evolution and the rise of complex multicellular life. BMC Evol Biol 4.
https://doi.org/10.1186/1471-2148-4-2.

Huang, G., Xiao, Y., Pi, X., Zhao, L., Zhu, Q., Wang, W., Kuang, T., Han, G., Sui, S.F., and
Shen, J.R. (2021). Structural insights into a dimeric Psb27-photosystem II complex from a
cyanobacterium Thermosynechococcus vulcanus. Proc Natl Acad Sci US A 118.
https://doi.org/10.1073/PNAS.2018053118.

Itakura, A.K., Chan, K.X., Atkinson, N., Pallesen, L., Wang, L., Reeves, G., Patena, W., Caspari,
0., Roth, R., Goodenough, U., et al. (2019). A Rubisco-binding protein is required for normal
pyrenoid number and starch sheath morphology in Chlamydomonas reinhardtii. Proc Natl Acad
SciUS A 116, 18445—-18454. https://doi.org/10.1073/PNAS.1904587116.

Jacobs, J., Marx, C., Kock, V., Reifschneider, O., Frianzel, B., Krisp, C., Wolters, D., and Kiick,
U. (2013). Identification of a chloroplast ribonucleoprotein complex containing trans-splicing
factors, intron RNA, and novel components. Mol Cell Proteomics /2, 1912—-1925.
https://doi.org/10.1074/MCP.M112.026583.

Jiang, X., and Stern, D. (2009). Mating and Tetrad Separation of Chlamydomonas reinhardtii for
Genetic Analysis. JOVE (Journal of Visualized Experiments) e1274.
https://doi.org/10.3791/1274.

Johnson, X., Wostrikoff, K., Finazzi, G., Kuras, R., Schwarz, C., Bujaldon, S., Nickelsen, J.,
Stern, D.B., Wollman, F.A., and Vallon, O. (2010). MRLI1, a Conserved Pentatricopeptide
Repeat Protein, Is Required for Stabilization of rbcL mRNA in Chlamydomonas and
Arabidopsis. Plant Cell 22, 234. https://doi.org/10.1105/TPC.109.066266.

Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O., Tunyasuvunakool,
K., Bates, R., Zidek, A., Potapenko, A., et al. (2021). Highly accurate protein structure prediction
with AlphaFold. Nature 2021 596:7873 596, 583—-589. https://doi.org/10.1038/s41586-021-
03819-2.


https://doi.org/10.1101/2022.11.12.515357
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.12.515357; this version posted November 15, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

1323
1324
1325

1326
1327
1328

1329
1330
1331
1332

1333
1334
1335

1336
1337
1338
1339

1340
1341
1342

1343
1344
1345
1346

1347
1348
1349
1350

1351
1352
1353

1354
1355
1356
1357

1358
1359

1360
1361
1362

1363
1364

available under aCC-BY-NC-ND 4.0 International license.

Kaledhonkar, S., Fu, Z., Caban, K., Li, W., Chen, B., Sun, M., Gonzalez, R.L., and Frank, J.
(2019). Late steps in bacterial translation initiation visualized using time-resolved cryo-EM.
Nature 2019 570:7761 570, 400—404. https://doi.org/10.1038/s41586-019-1249-5.

Karpowicz, S.J., Prochnik, S.E., Grossman, A.R., and Merchant, S.S. (2011). The GreenCut2
resource, a phylogenomically derived inventory of proteins specific to the plant lineage. J Biol
Chem 286, 21427-21439. https://doi.org/10.1074/JBC.M111.233734.

Kawai, M., Green, C.B., Lecka-Czernik, B., Douris, N., Gilbert, M.R., Kojima, S., Ackert-
Bicknell, C., Garg, N., Horowitz, M.C., Adamo, M.L., et al. (2010). A circadian-regulated gene,
Nocturnin, promotes adipogenesis by stimulating PPAR-gamma nuclear translocation. Proc Natl
Acad SciU S A 107, 10508—-10513. https://doi.org/10.1073/PNAS.1000788107.

Kim, J., and DellaPenna, D. (2006). Defining the primary route for lutein synthesis in plants: The
role of Arabidopsis carotenoid B-ring hydroxylase CYP97A3. Proc Natl Acad Sci U S A 103,
3474. https://doi.org/10.1073/PNAS.0511207103.

Kropat, J., Hong-Hermesdorf, A., Casero, D., Ent, P., Castruita, M., Pellegrini, M., Merchant,
S.S., and Malasarn, D. (2011). A revised mineral nutrient supplement increases biomass and
growth rate in Chlamydomonas reinhardtii. Plant J 66, 770. https://doi.org/10.1111/J.1365-
313X.2011.04537.X.

Kuras, R., and Wollman, F.A. (1994). The assembly of cytochrome b6/f complexes: an approach
using genetic transformation of the green alga Chlamydomonas reinhardtii. EMBO J /3, 1019—
1027. https://doi.org/10.1002/J.1460-2075.1994. TB06350.X.

Lefebvre-Legendre, L., Choquet, Y., Kuras, R., Loubéry, S., Douchi, D., and Goldschmidt-
Clermont, M. (2015). A Nucleus-Encoded Chloroplast Protein Regulated by Iron Availability

Governs Expression of the Photosystem I Subunit PsaA in Chlamydomonas reinhardtii. Plant
Physiol 167, 1527-1540. https://doi.org/10.1104/PP.114.253906.

Lefebvre-Legendre, L., Reifschneider, O., Kollipara, L., Sickmann, A., Wolters, D., Kiick, U.,
and Goldschmidt-Clermont, M. (2016). A pioneer protein is part of a large complex involved in
trans-splicing of a group II intron in the chloroplast of Chlamydomonas reinhardtii. Plant J 83,
57-69. https://doi.org/10.1111/TPJ.13089.

Levine, R.P. (1960). GENETIC CONTROL OF PHOTOSYNTHESIS IN
CHLAMYDOMONAS REINHARDI. Proc Natl Acad Sci U S A 46, 972-978.
https://doi.org/10.1073/PNAS.46.7.972.

Li, X., Patena, W., Fauser, F., Jinkerson, R.E., Saroussi, S., Meyer, M.T., Ivanova, N.,
Robertson, .M., Yue, R., Zhang, R., et al. (2019). A genome-wide algal mutant library and
functional screen identifies genes required for eukaryotic photosynthesis. Nat Genet 57, 627—
635. https://doi.org/10.1038/S41588-019-0370-6.

Lu, H., Li, Z., Li, M., and Duanmu, D. (2020). Photosynthesis in : What We Have Learned So
Far? Microbial Photosynthesis 121-136. https://doi.org/10.1007/978-981-15-3110-1_6.
Lyons, T.W., Reinhard, C.T., and Planavsky, N.J. (2014). The rise of oxygen in Earth’s early
ocean and atmosphere. Nature 2014 506:7488 506, 307-315.
https://doi.org/10.1038/nature13068.

Macedo-Osorio, K.S., Martinez-Antonio, A., and Badillo-Corona, J.A. (2021). Pas de Trois: An
Overview of Penta-, Tetra-, and Octo-Tricopeptide Repeat Proteins From Chlamydomonas


https://doi.org/10.1101/2022.11.12.515357
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.12.515357; this version posted November 15, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

1365
1366

1367
1368
1369

1370
1371
1372
1373

1374
1375
1376

1377
1378
1379

1380
1381
1382

1383
1384
1385

1386
1387
1388
1389

1390
1391
1392

1393
1394
1395

1396
1397
1398
1399

1400
1401

1402
1403
1404

1405
1406
1407

available under aCC-BY-NC-ND 4.0 International license.

reinhardtii and Their Role in Chloroplast Gene Expression. Front Plant Sci /2.
https://doi.org/10.3389/FPLS.2021.775366.

Mackinder, L.C.M. (2018). The Chlamydomonas CO2-concentrating mechanism and its
potential for engineering photosynthesis in plants. New Phytologist 277, 54-61.
https://doi.org/10.1111/NPH.14749.

Mackinder, L.C.M., Chen, C., Leib, R.D., Patena, W., Blum, S.R., Rodman, M., Ramundo, S.,
Adams, C.M., and Jonikas, M.C. (2017). A Spatial Interactome Reveals the Protein Organization
of the Algal CO 2-Concentrating Mechanism. Cell /717, 133-147.e14.
https://doi.org/10.1016/J.CELL.2017.08.044.

Madison, K.E., Abdelmeguid, M.R., Jones-Foster, E.N., and Nakai, H. (2012). A New Role for
Translation Initiation Factor 2 in Maintaining Genome Integrity. PLoS Genet 8, e1002648.
https://doi.org/10.1371/JOURNAL.PGEN.1002648.

Majeran, W., Wollman, F.-A., and Vallon, O. (2000). Evidence for a Role of ClpP in the
Degradation of the Chloroplast Cytochrome b6f Complex. Plant Cell 12, 137.
https://doi.org/10.1105/TPC.12.1.137.

Marx, C., Wiinsch, C., and Kiick, U. (2015). The Octatricopeptide Repeat Protein Raa8 Is
Required for Chloroplast trans Splicing. Eukaryot Cell 74, 998—1005.
https://doi.org/10.1128/EC.00096-15.

Marzi, S., Knight, W., Brandi, L., Caserta, E., Soboleva, N., Hill, W.E., Gualerzi, C.O., and
Lodmell, J.S. (2003). Ribosomal localization of translation initiation factor IF2. RNA 9, 958.
https://doi.org/10.1261/RNA.2116303.

Meinecke, L., Alawady, A., Schroda, M., Willows, R., Kobayashi, M.C., Niyogi, K.K., Grimm,
B., and Beck, C.F. (2010). Chlorophyll-deficient mutants of Chlamydomonas reinhardtii that
accumulate magnesium protoporphyrin IX. Plant Mol Biol 72, 643—658.
https://doi.org/10.1007/S11103-010-9604-9.

Merendino, L., Perron, K., Rahire, M., Howald, 1., Rochaix, J.D., and Goldschmidt-Clermont, M.
(2006). A novel multifunctional factor involved in trans-splicing of chloroplast introns in
Chlamydomonas. Nucleic Acids Res 34, 262-274. https://doi.org/10.1093/NAR/GKJ429.

Meurer, J., Meierhoff, K., and Westhoff, P. (1996). Isolation of high-chlorophyll-fluorescence
mutants of Arabidopsis thaliana and their characterisation by spectroscopy, immunoblotting and
northern hybridisation. Planta 798, 385-396. https://doi.org/10.1007/BF00620055.

Michelet, L., Zaffagnini, M., Morisse, S., Sparla, F., Pérez-Pérez, M.E., Francia, F., Danon, A.,
Marchand, C.H., Fermani, S., Trost, P., et al. (2013). Redox regulation of the Calvin—Benson

cycle: something old, something new. Front Plant Sci 4.
https://doi.org/10.3389/FPLS.2013.00470.

Miller, J.E., and Reese, J.C. (2012). Ccr4-Not complex: the control freak of eukaryotic cells. Crit
Rev Biochem Mol Biol 47, 315. https://doi.org/10.3109/10409238.2012.667214.

Milo, R., Shen-Orr, S., Itzkovitz, S., Kashtan, N., Chklovskii, D., and Alon, U. (2002). Network
motifs: simple building blocks of complex networks. Science 298, 824—827.
https://doi.org/10.1126/SCIENCE.298.5594.824.

Minai, L., Wostrikoff, K., Wollman, F.A., and Choquet, Y. (2006). Chloroplast biogenesis of

photosystem II cores involves a series of assembly-controlled steps that regulate translation.
Plant Cell 78, 159-175. https://doi.org/10.1105/TPC.105.037705.


https://doi.org/10.1101/2022.11.12.515357
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.12.515357; this version posted November 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1408  Mittal, S., Aslam, A., Doidge, R., Medica, R., and Winkler, G.S. (2011). The Ccr4a (CNOT6)
1409  and Ccrdb (CNOTG6L) deadenylase subunits of the human Ccr4—Not complex contribute to the
1410  prevention of cell death and senescence. Mol Biol Cell 22, 748.

1411 https://doi.org/10.1091/MBC.E10-11-0898.

1412  Miura, E., Kato, Y., Matsushima, R., Albrecht, V., Laalami, S., and Sakamoto, W. (2007). The
1413  balance between protein synthesis and degradation in chloroplasts determines leaf variegation in
1414  Arabidopsis yellow variegated mutants. Plant Cell 79, 1313-1328.

1415  https://doi.org/10.1105/TPC.106.049270.

1416  Neupert, J., Gallaher, S.D., Lu, Y., Strenkert, D., Segal, N., Barahimipour, R., Fitz-Gibbon, S.T.,
1417  Schroda, M., Merchant, S.S., and Bock, R. (2020). An epigenetic gene silencing pathway

1418  selectively acting on transgenic DNA in the green alga Chlamydomonas. Nature

1419  Communications 2020 11:1 7/, 1-17. https://doi.org/10.1038/s41467-020-19983-4.

1420  Nusinow, D.P., Szpyt, J., Ghandi, M., Rose, C.M., McDonald, E.R., Kalocsay, M., Jané-

1421  Valbuena, J., Gelfand, E., Schweppe, D.K., Jedrychowski, M., et al. (2020). Quantitative
1422  Proteomics of the Cancer Cell Line Encyclopedia. Cell 780, 387-402.e16.

1423  https://doi.org/10.1016/J.CELL.2019.12.023/ATTACHMENT/564C2B29-7019-423B-A0BB-
1424  487D969188B7/MMC7.XLSX.

1425  Peng, L., Ma, J., Chi, W., Guo, J., Zhu, S., Lu, Q., Lu, C., and Zhang, L. (2006). LOW PSII
1426 ACCUMULATIONTI1 Is Involved in Efficient Assembly of Photosystem II in Arabidopsis
1427  thaliana. Plant Cell /8, 955-969. https://doi.org/10.1105/TPC.105.037689.

1428  Rast, A., Heinz, S., and Nickelsen, J. (2015). Biogenesis of thylakoid membranes. Biochimica et
1429  Biophysica Acta (BBA) - Bioenergetics /847, 821-830.
1430  https://doi.org/10.1016/J.BBABIO.2015.01.007.

1431  Reifschneider, O., Marx, C., Jacobs, J., Kollipara, L., Sickmann, A., Wolters, D., and Kiick, U.
1432  (2016). A Ribonucleoprotein Supercomplex Involved in trans-Splicing of Organelle Group II
1433  Introns. J Biol Chem 291/, 23330-23342. https://doi.org/10.1074/JBC.M116.750570.

1434  Rivier, C., Goldschmidt-Clermont, M., and Rochaix, J.D. (2001). Identification of an RNA-
1435  protein complex involved in chloroplast group II intron trans-splicing in Chlamydomonas
1436  reinhardtii. EMBO J 20, 1765-1773. https://doi.org/10.1093/EMB0J/20.7.1765.

1437  Rochaix, J.D. (2002). Chlamydomonas, a model system for studying the assembly and dynamics
1438  of photosynthetic complexes. FEBS Lett 529, 34-38. https://doi.org/10.1016/S0014-
1439  5793(02)03181-2.

1440  Schmitt, E., Blanquet, S., and Mechulam, Y. (1996). Structure of crystalline Escherichia coli
1441  methionyl-tRNA(f)Met formyltransferase: comparison with glycinamide ribonucleotide
1442  formyltransferase. EMBO J 15, 4749. https://doi.org/10.1002/j.1460-2075.1996.tb00852.x.

1443  Schmitt, E., Panvert, M., Blanquet, S., and Mechulam, Y. (1998). Crystal structure of methionyl-
1444  tRNAfMet transformylase complexed with the initiator formyl-methionyl-tRNAfMet. EMBO J
1445 17, 6819-6826. https://doi.org/10.1093/EMBOJ/17.23.6819.

1446  Schult, K., Meierhoff, K., Paradies, S., Toller, T., Wolff, P., and Westhoff, P. (2007). The
1447  Nuclear-Encoded Factor HCF173 Is Involved in the Initiation of Translation of the psbA mRNA
1448  in Arabidopsis thaliana. Plant Cell 79, 1329. https://doi.org/10.1105/TPC.106.042895.


https://doi.org/10.1101/2022.11.12.515357
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.12.515357; this version posted November 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

1449
1450
1451

1452
1453
1454
1455

1456
1457
1458
1459

1460
1461
1462
1463

1464
1465
1466

1467
1468
1469
1470

1471
1472
1473
1474

1475
1476

1477
1478
1479

1480
1481
1482
1483

1484
1485
1486
1487
1488

1489
1490

available under aCC-BY-NC-ND 4.0 International license.

Shikanai, T., Munekage, Y., Shimizu, K., Endo, T., and Hashimoto, T. (1999). Identification and
Characterization of Arabidopsis Mutants with Reduced Quenching of Chlorophyll Fluorescence.
Plant Cell Physiol 40, 1134—1142. https://doi.org/10.1093/OXFORDJOURNALS.PCP.A029498.

Strenkert, D., Schmollinger, S., Gallaher, S.D., Salomé¢, P.A., Purvine, S.O., Nicora, C.D.,
Mettler-Altmann, T., Soubeyrand, E., Weber, A.P.M., Lipton, M.S., et al. (2019). Multiomics
resolution of molecular events during a day in the life of Chlamydomonas. Proc Natl Acad Sci U
S A 116,2374-2383. https://doi.org/10.1073/PNAS.1815238116.

Takagi, D., Inoue, H., Odawara, M., Shimakawa, G., and Miyake, C. (2014). The Calvin Cycle
Inevitably Produces Sugar-Derived Reactive Carbonyl Methylglyoxal During Photosynthesis: A
Potential Cause of Plant Diabetes. Plant Cell Physiol 55, 333.
https://doi.org/10.1093/PCP/PCU007.

Tardif, M., Atteia, A., Specht, M., Cogne, G., Rolland, N., Brugi¢re, S., Hippler, M., Ferro, M.,
Bruley, C., Peltier, G., et al. (2012). PredAlgo: a new subcellular localization prediction tool
dedicated to green algae. Mol Biol Evol 29, 3625-3639.
https://doi.org/10.1093/MOLBEV/MSS178.

Vakirlis, N., Carvunis, A.R., and McLysaght, A. (2020). Synteny-based analyses indicate that
sequence divergence is not the main source of orphan genes. Elife 9.
https://doi.org/10.7554/ELIFE.53500.

de Vitry, C., Olive, J., Drapier, D., Recouvreur, M., and Wollman, F.A. (1989). Posttranslational
events leading to the assembly of photosystem II protein complex: a study using photosynthesis
mutants from Chlamydomonas reinhardtii. J Cell Biol 709, 991-1006.
https://doi.org/10.1083/JCB.109.3.991.

Wakao, S., Shih, P.M., Guan, K., Schackwitz, W., Ye, J., Patel, D., Shih, R.M., Dent, R M.,
Chovatia, M., Sharma, A., et al. (2021). Discovery of photosynthesis genes through whole-
genome sequencing of acetate-requiring mutants of Chlamydomonas reinhardtii. PLoS Genet /7,
€1009725. https://doi.org/10.1371/JOURNAL.PGEN.1009725.

Walker, C.J., and Willows, R.D. (1997). Mechanism and regulation of Mg-chelatase. Biochem J
327 (Pt 2),321-333. https://doi.org/10.1042/BJ3270321.

Wang, Y., and Spalding, M.H. (2006). An inorganic carbon transport system responsible for
acclimation specific to air levels of CO2 in Chlamydomonas reinhardtii. Proc Natl Acad Sci U S
A 103,10110. https://doi.org/10.1073/PNAS.0603402103.

Wang, F., Johnson, X., Cavaiuolo, M., Bohne, A.V., Nickelsen, J., and Vallon, O. (2015). Two
Chlamydomonas OPR proteins stabilize chloroplast mRNAs encoding small subunits of
photosystem II and cytochrome b6f. The Plant Journal §2, 861-873.
https://doi.org/10.1111/TPJ.12858.

Wang, L., Yamano, T., Takane, S., Niikawa, Y., Toyokawa, C., Ozawa, S.I., Tokutsu, R.,
Takahashi, Y., Minagawa, J., Kanesaki, Y., et al. (2016). Chloroplast-mediated regulation of
CO2-concentrating mechanism by Ca2+-binding protein CAS in the green alga Chlamydomonas
reinhardtii. Proc Natl Acad SciU S A 713, 12586—-12591.
https://doi.org/10.1073/PNAS.1606519113.

Wang, L., Patena, W., Baalen, K.A. van, Xie, Y., Singer, E.R., Gavrilenko, S., Warren-Williams,
M., Han, L., Harrigan, H.R., Chen, V., et al. (2022). A Chloroplast Protein Atlas Reveals Novel


https://doi.org/10.1101/2022.11.12.515357
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.12.515357; this version posted November 15, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

1491
1492

1493
1494
1495

1496
1497
1498
1499

1500
1501
1502

1503
1504
1505

1506
1507
1508
1509

1510
1511
1512

1513
1514
1515
1516
1517

1518
1519
1520

1521
1522
1523

1524
1525

1526
1527
1528
1529

1530
1531
1532

1533

available under aCC-BY-NC-ND 4.0 International license.

Structures and Spatial Organization of Biosynthetic Pathways. BioRxiv 2022.05.31.493820.
https://doi.org/10.1101/2022.05.31.493820.

Weisman, C.M., Murray, A.W., and Eddy, S.R. (2020). Many, but not all, lineage-specific genes
can be explained by homology detection failure. PLoS Biol /8, e3000862.
https://doi.org/10.1371/JOURNAL.PBIO.3000862.

Westrich, L.D., Gotsmann, V.L., Herkt, C., Ries, F., Kazek, T., Trosch, R., Armbruster, L.,
Miihlenbeck, J.S., Ramundo, S., Nickelsen, J., et al. (2021). The versatile interactome of

chloroplast ribosomes revealed by affinity purification mass spectrometry. Nucleic Acids Res 49,
400—415. https://doi.org/10.1093/NAR/GKAA1192.

Wilson-Sanchez, D., Rubio-Diaz, S., Muifloz-Viana, R., Pérez-Pérez, J.M., Jover-Gil, S., Ponce,
M.R., and Micol, J.L. (2014). Leaf phenomics: a systematic reverse genetic screen for
Arabidopsis leaf mutants. Plant J 79, 878—891. https://doi.org/10.1111/TPJ.12595.

Wostrikoff, K., Choquet, Y., Wollman, F.A., and Girard-Bascou, J. (2001). TCA1, a single
nuclear-encoded translational activator specific for petA mRNA in Chlamydomonas reinhardtii
chloroplast. Genetics 159, 119—-132. https://doi.org/10.1093/GENETICS/159.1.119.

Yamano, T., Tsujikawa, T., Hatano, K., Ozawa, S.I., Takahashi, Y., and Fukuzawa, H. (2010).
Light and low-CO2-dependent LCIB-LCIC complex localization in the chloroplast supports the

carbon-concentrating mechanism in Chlamydomonas reinhardtii. Plant Cell Physiol 57, 1453—
1468. https://doi.org/10.1093/PCP/PCQ105.

Yang, L., TeSlaa, T., Ng, S., Nofal, M., Wang, L., Lan, T., Zeng, X., Cowan, A., McBride, M.,
Lu, W., et al. (2022). Ketogenic diet and chemotherapy combine to disrupt pancreatic cancer
metabolism and growth. Med 3, 119-136.e8. https://doi.org/10.1016/J.MEDJ.2021.12.008.

Yi, S.Y., Lee, M., Jeevan Rameneni, J., Lu, L., Kaur, C., and Lim, Y.P. (2021). Xanthine-
derived metabolites enhance chlorophyll degradation in cotyledons and seedling growth during
nitrogen deficient condition in Brassica rapa. Plant Signal Behav /6.
https://doi.org/10.1080/15592324.2021.1913309/SUPPL_FILE/KPSB_A 1913309 SM0227.DO
CX.

Yoon, H.S., Hackett, J.D., Ciniglia, C., Pinto, G., and Bhattacharya, D. (2004). A molecular
timeline for the origin of photosynthetic eukaryotes. Mol Biol Evol 27, 809-818.
https://doi.org/10.1093/MOLBEV/MSHO075.

Young, R.E.B., and Purton, S. (2014). Cytosine deaminase as a negative selectable marker for
the microalgal chloroplast: a strategy for the isolation of nuclear mutations that affect chloroplast
gene expression. The Plant Journal 80, 915. https://doi.org/10.1111/TPJ.12675.

Yuan, J., Bennett, B.D., and Rabinowitz, J.D. (2008). Kinetic flux profiling for quantitation of
cellular metabolic fluxes. Nat Protoc 3, 1328—1340. https://doi.org/10.1038/NPROT.2008.131.

Zhang, R., Patena, W., Armbruster, U., Gang, S.S., Blum, S.R., and Jonikas, M.C. (2014). High-
Throughput Genotyping of Green Algal Mutants Reveals Random Distribution of Mutagenic
Insertion Sites and Endonucleolytic Cleavage of Transforming DNA. Plant Cell 26, 1398-1409.
https://doi.org/10.1105/TPC.114.124099.

Zhao, M.H., Li, X., Zhang, X.X., Zhang, H., and Zhao, X.Y. (2020). Mutation Mechanism of
Leaf Color in Plants: A Review. Forests 2020, Vol. 11, Page 851 /1, 851.
https://doi.org/10.3390/F11080851.


https://doi.org/10.1101/2022.11.12.515357
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.12.515357; this version posted November 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1534


https://doi.org/10.1101/2022.11.12.515357
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.12.515357; this version posted November 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1535 FIGURES

A BeD .. '
Shioropla co, |ueleor Nucleus’  11iiiiiiiil
BE 2 W W 06700'000000 +
° e WIS e WIS
sugar o o WTE==77]
— Mutants
NADPH ATP . / C —wT
l Regulation . 200
" 7 W @
c
o
3 100
[e)
~ il :
ne Cytosol % 02 04 06 08 1 12
Normalized colony photosynthetic growth
2nd
D Insertion mutation Insertion only E Al
° \ 7 / \ ’ > _— genes
g ‘ back- A ) — GNRPD
2 X@qb&& J_ crossing X@%@( 3 400
8 \\ N < y »
— Y p 2
o
D D z
(o)
o & 200 136 linked genes
@ Insertion linked .
o to phenotype ’
2
i@
o 7 “Insertion not linked 8 ) 2 > 0
@ to phenotype Normalized light growth after backcrossing (log2)
F No ; G H Chloroplast- Green lineage- |
h Sequencing 60% Known genes 60% ;
validation Validated | predicted conserved our 115 .
14% | 14% 40% 40% genes x
High-
confidence
20% 20% 188 sets
PCR \
validated \ Low-confidence /
L _ . sets
Initial Hits 0 Initial Hits Initial Hits
1536 set set set

1537  Figure 1. We identified 115 genes required for photosynthesis.

1538 (A) In eukaryotic photosynthesis, protein complexes in the thylakoid membranes produce ATP
1539  and NADPH to power the CO,-fixing Calvin-Benson-Bassham (CBB) Cycle. The complexes are
1540 assembled from subunits encoded in the chloroplast and nuclear genomes, under the control of

1541 the nucleus.
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(B) We validated the photosynthetic growth phenotypes of 1,781 previously identified
photosynthesis-deficient Chlamydomonas mutants (Li et al., 2019). Photosynthesis-deficient
mutants can grow in the dark with acetate supplementation, but have growth defects in light
without acetate (WT, wild type). Images of a mutant plate are shown after background removal
in MATLAB (original photograph in Figure S4A).

(C) Colony size distribution of different mutants (blue) or WT (black). The colony size is the
median of 4 replicates (2 independent experiments with two duplicates in each, see STAR
Methods). Approximately 76% of the mutants showed a pronounced photosynthetic phenotype
(normalized colony size <0.8).

(D) Most of the mutant strains have additional (second-site) mutations, and the photosynthetic
phenotype could originate from them. To evaluate whether our insertion is genetically linked to
the photosynthetic phenotype, we used backcrossing to allow segregation between the insertion
and the second-site mutation. For higher throughput, we developed and employed a pooled
backcrossing method. For details, see Figure S2 and the STAR Methods.

(E) Histogram of normalized light growth after backcrossing (log. scale) for all strains (black)
and for strains disrupted in Genes whose disruption likely did Not Result in a Photosynthesis
Defect” (GNRPD - red). When using a threshold of -1.55, we obtained 136 candidates with an
FDR < 0.11 (Figure S2).

(F) We validated the insertion mapping of ~86% of the candidates using PCR and sequencing
(Figure S3, STAR Methods).

(G) Approximately 39% of our hits had a previously-known role in photosynthesis (29 in
Chlamydomonas and 16 in land plant homologs), compared to 6% in the initial set.

(H) Our photosynthetic hits are enriched in chloroplast-predicted genes (by PredAlgo: Tardif et

al., 2012) and green lineage-conserved genes (GreenCut2 genes: Karpowicz et al., 2011).
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1566  (I) Our 115 photosynthetic hits captured most of the previously-shown high-confidence hits (41
1567  of 51) and increased the confidence of ~ 12% of the previously low-confidence hits (31 of 219)

1568 (see STAR Methods).
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Figure 2. We rescued novel genes and localized their protein products.
(A) Nlustration of the genetic rescue procedure for the known chlorophyll biosynthesis gene

CHLM. In the dark with acetate, the chim mutant grows almost as well as wild type but is yellow
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1573  (Meinecke et al., 2010); under high light, the mutant has a severe growth defect. Transformation
1574  of the mutant with a Venus-tagged CHLM alleviates both the color and growth phenotypes.
1575 (B - N) The colony growth of wild type, mutants, and the mutants we rescued by transforming
1576 the wild-type genes. The images were edited for background removal using a MATLAB script
1577  (see Figure S4B for the original images).

1578  (O) Localization of CHLM-Venus in the wild-type background. A similar localization was

1579  observed in the rescued strain.

1580  (P-U) localizations of Venus- tagged proteins are shown. CPL6, CGL54, and HCF173 are in the
1581 mutant background; PIR1, CPL12, and PBS27 are in the wild-type background due to

1582 insufficient expression in the rescued mutant strain.

1583
1584
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1585 Table 1: Protein localizations and suggested functions of the rescued novel genes.

Systematic ID

Name

Figures

Localization

Suggested function

Cre17.9728850

RAA15

Figure 2C
Figure 4
Figure 5

Predicted
mitochondrion

Our proteomics and
transcriptomics data suggest that
this protein participates in splicing
of the 2" intron of psaA mMRNA
(see main text).

Cre13.g566400

RAA17

Figure 2D
Figure 4
Figure 5

Predicted
mitochondrion

Our proteomics and transcriptomics data suggest
that RAA17 stabilizes the 3™ exon of psaA (see
main text).

Cre10.g448950

PMR1

Figure 6
Figure 4

Chloroplast,
cytosol,
nucleus

Photosynthesis Master Regulator 1 — our
proteomics and metabolomics data suggest that
PMR1, a Nocturnin homolog (Figure S8),
participates in retrograde regulation and affects
mRNA levels of ROGEs (see main text).

Cre12.g560550

MTFA1

Figure 6
Figure 4

Chloroplast

Methionyl-{RNA formyltransferase 1 — our data
indicate that MTF1 is the chloroplast methionyl-
tRNA formyltransferase and suggest that it
participates in the regulation of the chloroplast-
expressed genes (see main text).

Cre12.g485850

CPLD64

Figure 2E
Figure 4

Predicted
chloroplast

In our data the cpld64 mutant showed depletion of
the cytochrome bsf complex. CPLD64 has a
predicted transmembrane motif (InterPro:
IPR0O09688). These observations suggest that
CPLD64 participates in the biogenesis or stability
of the cytochrome besf complex in the thylakoid
membrane.

Cre01.g014000

PIR1

Figure 2F,2P
Figure 4
Figure 5

Chloroplast

Photosystem | required 1 - in our proteomics data,
the pir1 mutant showed depletion of PSI. Our RNA-
seq data suggest that PIR1 does not participate in
the psaA mRNA maturation process; it may
participate in PsaA or PsaB translation.

Cre06.9g279500

CPL6

Figure 2J, 2Q
Figure 4

Chloroplast

CPL6 contains a DnaJ heat shock protein
domain. We observed that the ¢p/6 mutant did
not exhibit depletion of any photosynthetic
complex, suggesting that its chaperone activity
is not needed for complex formation in the dark.
¢pl6 cannot grow under high light conditions
even when supplied with a carbon source
(acetate), indicating that CPL6 may contribute to
repairing light damage to the photosynthetic
machinery.

Cre02.g073850

CGL54

Figure 2H, 2R
Figure 4

Pyrenoid
periphery

CGL54 is in the same protein superfamily as
cyanobacterial Psb27 (Figure S9), which is
involved in PSII biogenesis (Huang et al., 2021);
however, a different gene, PSB27, shows higher
homology to Psb27 (Figure S9) and the cgl54
mutant did not lead to the depletion of PSII,
suggesting that CGL54 has a different function.
CGL54 localized to the pyrenoid periphery,
similarly to the PSl-interacting protein PSBP4
(Mackinder et al., 2017), suggesting that CGL54
may interact with PSI.
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Photosynthesis required 1 is a homolog of the
mitochondrial pyruvate carrier (InterPro:
IPR0O05336). Interestingly, the photosynthetic

Cre10.g433400 PSR1 FFI?UJSGZ4L Prg;:lr:gtred defect of the psr1 mutant was alleviated under high
9 COz2 (Fauser et al., 2022), suggesting that PSR1
participates in the CO2-concentrating mechanism
(CCM).
CPL12 belongs to the Glyoxalase | family (Kegg:
Cre10.g466500 | CPL12 Flgu_re 2J,2S Chioroplast K08234). It may participate in the detoxification
Figure 4 process of methylglyoxal, a byproduct of
photosynthesis (Takagi et al., 2014).
TPK1 is the Chlamydomonas homolog of thiamine
Predicted pyrophosphokinase (Keeg: K00949). TPK1's
Cre01.g040050 TPK1 Figure 2K other photosynthetic effect is likely due to the
participation of TPK1 in the chloroplast pentose
phosphate pathway.
. Predicted PSR5 is a small protein and its expression is light
Cre01.9022681 | PSR5 | Figure 2L other inhibited (Duanmu et al., 2013).
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Figure 3. Our proteomic data reproduces known phenotypes and validate predicted
phenotypes.

(A) In each experiment, ten strains and a wild-type control were grown under dark conditions.
After extraction and digestion, we labeled peptides with Tandem Mass Tags (TMT) and
analyzed them using SPS-MS3 mass spectrometry. At least two independent experiments were
carried out for each mutant (STAR Methods).

(B-C) Our data set recaptures known phenotypes.

(B) LCIB and LCIC are known to form a complex, and indeed, LCIC is depleted in the Icib
mutant.

(C) As expected, the tca? mutant leads to the depletion of the cytochrome bef. Its strongest
effect is on petA.

(D-E) Proteome analysis revealed similarities in function between uncharacterized
Chlamydomonas mutants and their previously characterized plant homologs.

(D) Mutation in the Chlamydomonas homolog of pyruvate dehydrogenase E1 beta subunit
PDH2 led to co-depletion of the alpha subunit PDC2.

(E) Mutation in Chlamydomonas HCF173 (Cre13g57865), the homolog of AtHCF173, which is
necessary for PsbA translation initiation in Arabidopsis, led to PsbA depletion together with the
rest of the PSII complex.

The data represent normalized log, of mutant/WT protein abundance.
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1607  Figure 4. More than half of the genes we profiled are required for accumulation of one or
1608 more photosynthetic complexes.

1609 Relative abundances of photosynthetic complex and chloroplast ribosomal proteins (columns) in
1610  mutants representing 100 genes (rows). Mutants labeled in red corresponding to genes whose
1611  function in photosynthesis was not previously characterized. Each data point reflects the average
1612  normalized log> (mutant/WT protein abundance) from two independent experiments (see STAR
1613  Methods).

1614  (A) Mutations in the two core Photosystem | proteins PSAE and PSAF have a local effect on
1615  Photosystem I.

1616  (B-H) Mutants were grouped according to their impact on photosynthetic complexes: (B)

1617  Photosystem I, (C) cytochrome bsf, (D) Photosystem |, (E) ATP synthase,

1618  (F) Light-harvesting complexes, (G) Rubisco, or (H) the chloroplast ribosomal proteins.

1619  (l) Mutations in 18 genes lead to the depletion of multiple complexes.

1620  (J) Mutant genes associated with the CO, concentrating mechanism.

1621  (K) Other mutant genes.
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1623  Figure 5. Characterization of five novel psaA mRNA maturation factors.

1624  (A) Scatterplots of proteomic data of mutants of known psaA maturation factors (RAA8, RAA3,
1625 and RAAG6) and mutants in novel genes with similar proteomic profiles (PIR1, RAA15, and
1626  RAA17). For proteomic scatterplots of RAA1, RAA4, HEL5, RAA12, PIR2, and MAA18, see
1627  Figure S7.

1628  (B) psaA mRNA maturation process. psaA mRNA starts as four separated RNAs expressed in
1629 the chloroplast genome, psaA1-3 each include an exon, and tscA forms part of intron 1. The

1630 RNAs hybridize to form two introns that are spliced out (gray arrows) to produce the mature
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1631 MRNA. This process is mediated by M factors. The known M factors from our transcriptomic
1632  dataset are shown in black; the novel factors are shown in red.

1633  (C) Fully mature psaA mRNA levels were determined using paired-end reads. If the read in one
1634 end was in exon 1 and the read in the second end was in exon 3, this MRNA was considered
1635  fully matured.

1636 (D) psaA maturation levels in M factor mutants. The reads are normalized to wild type and

1637  shown on a log+o scale. When paired reads mapped to adjacent exons, the intron between them
1638  was considered spliced out.

1639  (E) Normalized reads for each exon in the indicated mutants are depicted.

1640  Error bars represent standard error of the mean.
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1642 Figure 6. Novel master regulators of photosynthetic complexes.

1643 (A) Protein levels of chloroplast-expressed genes in mitf1, cif2, and pmr1 mutants. The data

1644 represent the mean of two independent experiments.

1645 (B) Colony growth is shown for wild type (WT), the mtf1 mutant, and the mtf1 mutant rescued by
1646 transforming the wild-type allele under the same conditions as Figure 2A. The background of the
1647 images was removed using a MATLAB script (see Figure S4B for the original images).

1648 (C) Rescuing the mtf1 mutant reverses its proteomic phenotype. The data represent the mean of
1649 four biological replicates for the mtf1 mutant and two biological replicates for the rescued mutant.
1650 (D-E) Comparison between the AlphaFold-predicted MTF1 structure (D) and the crystal structure of
1651 E. coli MTF (E) (Schmitt et al., 1998). The conserved active site residues (Asn108, His110, and
1652 Asp146, (Schmitt et al., 1996); Asn160, His162, and Asp198 in MTF1) are shown in red and fMet in
1653 black. For a better comparison of the active sites, we used YRB (Hagemans et al., 2015), a script
1654 that displays the hydrophobic pockets (yellow) and negative charges (red) on a protein surface. In
1655 both active sites, we can see hydrophobic pockets below the fMet (to stabilize it) and a negative
1656 charge above it from the active site residues.

1657 (F) Localization of Venus-tagged MTF1 (green) and chlorophyll autofluorescence (magenta).
1658 (G) Comparison of chloroplast-expressed protein levels (blue) to nucleus-expressed protein levels
1659 (red) for photosynthetic complexes in the mtf1 mutant. Each dot represents a protein, and the bar
1660 represents the median.

1661 (H) Comparison of mtf1 and cif2 proteomic data. The data represent the mean of four biological
1662 replicates.

1663 (l) Expression data (Boyle et al., 2012; Duanmu et al., 2013) for MTF1, CIF2, and Cre09.g392729
1664 (encoding the MTF1 ortholog, which is predicted localize to the mitochondria).

1665 (J) Colony growth is shown for wild type, pmr1 mutant, and rescued pmr1 mutant, as described in

1666 panel B.
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(K) Rescuing the pmr1 mutant reverses its proteomic phenotype. The data represent the mean of
four biological replicates for pmr1 mutant and two biological replicates for the rescued mutant.
(L-M) Comparison between the AlphaFold-predicted PMR1 structure (L) and the crystal structure of
human Nocturnin (M) (Abshire et al., 2018).

(N) NADP(H) and NAD(H) levels were measured (using LC-MS) in wild type, mtf1, and pmr1. The
data represent three biological replicates + SE.

(O) mRNA levels of nucleus-expressed photosynthetic subunits in pmr1 relative to wild type.

(P) mRNA levels of Regulators of Organelle Gene Expression (ROGESs) in pmr1 relative to wild
type. The data in (P-Q) represent two biological replicates.

(Q) Master regulator model. PMR1 regulates mRNA levels of Regulators of Organelle Gene
Expression (ROGEs), which are necessary for biogenesis of the chloroplast-expressed subunits of
the photosynthetic machinery. CIF2 and MTF1 directly affect the translation of different groups of
chloroplast-expressed genes: CIF2 primarily affects photosynthesis genes, whereas MTF1 also
affects the ribosomal proteins.

(R) Localization of PMR1-Venus (green) and chlorophyll autofluorescence (magenta).
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1682 SUPPLEMENTAL FIGURES

Initial set: 1,781 mutants

Backcrossing

227 linked genes FDR<30%

136 linked gense FDR<11%

Mapping validation

117 genes

Manual curation:
Removed 11 suspicious genes,
added 9 that looked good but didn't
make the automatic cutoff.

12 novel

Our hit set:115 genes == 4 known

70 novel + 45 known validation (2 novelin
by rescue Chlamydomonas)
(included 4 known

+ 7 genes+3 hits
from other sets)

93 of
our hits

proteomic on mutants representin 100 genes
1683

1684  Figure S1: Summary of mutant and gene numbers at different stages of this project,
1685 related to Figures 1-6
1686  For a detailed description of the process, please see the main text and STAR Methods. Mutant

1687 and gene IDs are provided in Supplementary Table S1.
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1689 Figure S2. Pooled backcrossing and False Discovery Rate calculation, related to Figure 1
1690 (A) We mated paromomycin-resistant mt- mutants with a hygromycin-resistant mt+ strain. The
1691 mutants carried cassette insertions and additional mutations. The resulting progeny

1692 included mixed genotypes where the insertions and the second site mutations were separated.
1693  We grew the progeny under a dark control condition, where all viable strains grew; and

1694  photoautotrophically, where mutants in genes required for photosynthesis were depleted. By

1695  sequencing the pools of barcodes associated with insertions, we could identify barcodes that
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1696  were depleted under the photoautotrophic condition, and thus were genetically linked to genes
1697  required for photosynthesis.

1698  (B) Calculation of the "estimated number of genes in our starting set that are not required for
1699  photosynthesis". Our dataset included 1,616 genes with confidence level <4. We sampled 350
1700 genes at random from the 1,616 and screened the literature for genes among them that are
1701 required for photosynthesis. 6.25% of the genes were known to be required for photosynthesis.
1702  Considering previous estimates indicating that approximately half of the genes required for
1703  photosynthesis remain to be discovered (Li et al., 2019), we estimate that an additional 6.25%
1704  of the genes in the initial set are also required for photosynthesis; thus, we estimate that 87.5%
1705 of the genes in our starting set are not required for photosynthesis. Given these numbers, the
1706  “estimated number of genes in our starting set that are not required for photosynthesis” is 1414
1707  (87.5% of the initial 1,616 genes).

1708 (C) The False Discovery Rate (FDR) calculation is based on a set of specific genes that we
1709  called “Genes whose disruption likely did Not Result in a Photosynthesis Defect” (GNRPD).
1710  Genes from our set of 1620 genes were assigned to GNRPD if they were represented by more
1711 than 20 insertions in Li et al experiment and at most two mutants showed a photosynthetic
1712  defect. ~1% of the GNRPDs were among the 136 hit genes identified with a phenotype

1713  threshold of 0.34. We assume that the same ratio (~1%) of the "estimated number of genes in
1714  our starting set that are not required for photosynthesis" (see B) in the original mutant set will go
1715  into the hits, resulting in FDR <0.11.

1716 (D) The same calculation as (C) only for lower-confidence hits (threshold of 0.49). Those genes
1717  have a higher false-discovery rate, but they still include many genes genuinely required for
1718  photosynthesis.

1719  (E) 25 of our 115 hits (22%) were also hits in (Wakao et al., 2021), and 70 of the 115 (61%)
1720  were also hits in (Li et al., 2019)

1721 (F) More than 65% of our hits are conserved in land plants.
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Figure S3. Mapping validation by colony PCR and sequencing, related to Figure 1
(A-D) Four options of cassette insertion and the expected PCR product.
(A) Clean insertion — the cassette integrates into the genome cleanly; in this situation, the PCR

product of the mutant will be about 2Kb longer than the WT product.
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(B) Insertion with significant deletion — in this case, the deletion associated with the insertion
removed one of the PCR primers, so we will get the PCR product for WT but not from the
mutants.

(C) Insertion with rearrangement — in this case, the primer sequence is there but lost its
orientation, so again we will get PCR products for WT but not for the mutant.

(D) When the insertion isn't in our expected gene, we will get the same length of PCR product
from the WT and the mutants. (Note that we can get this pattern also if the insertion is
associated with a deletion of a similar size).

(E) Example of colony PCR results. The control lane is amplified mutant DNA using control
primers to verify the mutant DNA quality.

In the upper example, the mutant is ~2Kb longer than the WT, as expected from a clean
insertion (A). In the middle example, we have a band for the WT but not for the mutants. Such a
result was taken to validate an insertion site if it was reproduced at least twice, and is expected
for scenarios (B) and (C). The lower example was counted as a failure to validate the mapping
and is expected for (D).

Note that when we fail to get a product with WT we used different primers or the sequencing
method.

(F) Mapping validation by sequencing (The paired-end 150nt reads). A positive mapping is
where we found in the expected area a chimera reads (one side mapped to the genome and
another to the cassette) and a “hole” in the genome coverage. For more details see STAR

Methods.
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1748

Figure S4. Unprocessed images for Figures 1, 2, and 6, related to Figures 1, 2, and 6

1749

(A) The unprocessed image for Figure 1B.

1750

(B) The unprocessed image for Figures 2 and 6. In each high-light plate, the three copies of the

1751
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1752  original mutants are outlined in dashed red and every triplicate of the rescued strains is outlined
1753 in dashed black. To reduce the effect of location on the plate, we put one WT next to each
1754  mutant trio. the “r’ indicates the rescued strain used in the main figure. Similarly, “m” indicates
1755 the mutants and “w” the WT used in the main figure. There are differences in the rescue

1756 efficiency between the different rescued strains, even in the same mutant. Many parameters

1757  could contribute to those differences, including insertion site and expression level.
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1759  Figure S5. Normalization of the proteomic data, related to Figures 3-4

1760 (A-B) Example of the data of two proteins (Cre01.g004900 (A) and PsaB (B)) before and after
1761 11-plex-median-based normalization. Each group (10 samples, grouped by color, and the group
1762  median shown as x in the same color) is the data from one proteomic 11-plex (10 samples and

1763  WT). We can see a difference between the groups (11-plexes), which we removed by
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1764  normalizing using the group median. The black lines represent the median of all the samples.
1765 (C) The normalization reduces the noise of the data. Protein levels are shown for proteins

1766  measured at least at 65% of the experiments in the 100 mutants. The data is the average of two
1767  repeats on the log, scale. The upper panel is before and the lower panel is after the 11-plex-
1768 median-based normalization. We can see that the normalization removes much of the noise and

1769  maintains most of the signal. The first ~90 proteins are the ones shown in Figure 4.
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1771 measured proteins

1772  Figure S6. Proteomic controls, related to Figure 4

1773  (A) Genes for which have 2 mutant alleles in our hit set, and we collected (meaningful)
1774  proteomics data for both mutant alleles. Each axis represents one allele's logz(mutant/WT)
1775  proteomic data. The sample name is shown near each axis.

1776  (B) Genes for which we rescued their mutants and collected proteomics data for both the
1777  mutants and the rescued strains.

1778 In all cases, our data suggest that the impact on the photosynthetic complexes is from our
1779  mutant gene, except in the case of TRX21. The two mutants have different phenotypes: one
1780  was yellow and had a decreased abundance of chlorophyll-binding proteins (including PSII),

1781 and the other was green and only affected PSlI-suggesting that the yellow mutant has an
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1782  additional mutation leading to the additional proteomic phenotype. Additionally, 5 genes
1783 (HCF173, CPLD64, CHLM, RAA6, RAA17) showed strong proteomic and photosynthetic
1784  phenotypes, and their rescue restored the mutant to WT-like growth. This demonstrates that
1785 only in rare cases (1/16) does the prominent proteomic phenotype come from a second

1786  mutation.

1787  (C) Validation that the protein is absent from its mutant. We can see downregulation of the
1788  proteins in all the samples (when we have protein in our data set) except for Cre09.g407650,
1789  suggesting that Cre09.g407650 is a false positive. The insertion in Cre09.g407650 is in the 3’
1790 UTR and was linked to the phenotype; this insertion is likely not the reason for the

1791 photosynthetic phenotype, demonstrating how proteomics can help identify false positives.
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1792

1793  Figure S7. Supplemental data for PSI regulators, related to Figure 5

1794  (A-C) Scatterplots of proteomic data in mutants in known psaA maturation factors (RAA1,

1795 RAA4) and mutants in novel genes with similar proteomic profiles (HEL5, RAA12, PIR2 and
1796 RAA18). The data reflect the average normalized log, (mutant/WT protein abundance) from two

1797  independent experiments.
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1798 (D) The proteomic data of hel5 mutants.

1799  (E) The mRNA levels (normalized to WT) of psaB,J,C in the different mutants. The only effect is
1800 on psaB levels and it is less than two-fold, which should not affect translation levels (Choquet
1801  and Wollman, 2002).

1802 (F) RAT2 and RAA1 are required for tscA processing. This requirement (Balczun et al., 2005;
1803  Merendino et al., 2006) suggests that tscA processing is carried out in conjunction with the

1804  splicing complex organized around RAA1. Error bars represent standard error of the mean.
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Figure S8. Supplemental data for the master regulators, related to Figure 6

(A) Images of strains grown in the TAP dark condition. Note that mtf1 and cif2 are green,
whereas chld (mutant in chlorophyll formation) is yellow.

(B) pmr1 mutant proteomic effect.

(C) PMR1 periodic expression. The light period is shown in yellow, and the dark period is shown
in gray. The data are from (Strenkert et al., 2019).

(D) A histogram of pmr1 transcriptome.
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Figure S9. Sequence homology.

(A) Chlamydomonas MTF1 (C_reinhardtii) vs E.coli MTF (e_coli).
FHEFHHE R HAAH RS AR S

# Program: needle

# Rundate: Thu 10 Mar 2022 21:59:33

# Commandline: needle

—auto

-stdout

-asequence emboss needle-I120220310-220254-0632-2784368-plm.asequence
-bsequence emboss needle-120220310-220254-0632-2784368-plm.bsequence
-datafile EBLOSUMG62

—-gapopen 10.0

-gapextend 0.5

—endopen 10.0

-—endextend 0.5

-aformat3 pair

-sproteinl

-sprotein?2

S o e S SR SR e e S o o ok

# Align format: pair

# Report file: stdout

FHEFHFE S HHHAH AR F A AR S

# ____________

#

# Aligned sequences: 2

# 1: e coli

# 2: C_reinhardtii

# Matrix: EBLOSUM62

# Gap_penalty: 10.0

# Extend penalty: 0.5

#

# Length: 407

# Identity: 119/407 (29.2%)

# Similarity: 178/407 (43.7%)

# Gaps: 100/407 (24.6%)

# Score: 441.0

#

#

# ____________

e coli 1 - mseslriifag 11

..... [c:] .|

C re inhardtii 1 MLVGKQWRPFTAARAPTGRHAGHGACSRRLVVTAQASANGDRKQRVVFLG 50

e coli 12 tpdfaarhldallssgh------ nvvgvitgpdrpagrgkklm--pspvk 53
[ P RO B B S S O T I I R S B I O

C_reinhardtii 51 TPDVAAGVLQQLLTASQQPGAQFEVAMVVSQPGKPRGRGNRAVAQPSPVE 100

e coli 54 vlaeekgl————pqupvslrpqesqqlvadlqadvmvvvaygl1lpkav 99
el R I T S I I N I N P N

C_reinhardtii 101 ALARDSGLLAPEAI LCPARAKEESFLAALSELQPDLAVTAAYGNMLPQRF 150

e coli 100 lemprlgcinvhgsllprwrgaapigrslwagdaetgvtimgmdvgldtg 149


https://doi.org/10.1101/2022.11.12.515357
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.12.515357; this version posted November 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1869 S O T - S Ay O [ B S S

1870 C_reinhardtii 151 LDTPRLGTLNVHPSLLPRYRGAAPVQORALEDGVRETGVSVAYTVLACDAG 200
1871

1872 e coli 150 dmlyklscpitaedtsgtlydklaelgpgglittlkgladg----takpe 195
1873 L T I I I I I B .

1874 C_reinhardtii 201 PVLAQQRVAVDPDIQAPELLTQLFGLGTQLLLDRLPDVWAGRGQQLAVP— 249
1875

1876 e coli 196 vgdetlvtyaeklskeearidwslsaagleh-cirafnpwpmswleiegq 244
1877 R R R T o P P I O S

1878 C_reinhardtii 250 —QDESQVLHAAKLGREESMLDFARDSAEVTHNRVRGFAGWPGTSARFEVT 298
1879

1880 e coli 245 pvkvwkasvidt----———————-—-- atnaapgt----- ileankqgiqv 275
1881 R I I R S ISR I

1882 C_reinhardtii 299 DEASGASEVIEVKILRTRLPSQSRGGADSSAPGAAGAAIVFEGDAMLVPC 348
1883

1884 e coli 276 atgdgilnllslgpagkkamsagdllnsrrewfvpgnrla-----—----- 315
1885 S T - RO O I R I I I O O R I [ .1

1886 C_reinhardtii 349 ACG-GVLEVLQVQPPTKKAMAAKDWKNGLR----- GKRLALPAEQSQVQT 392
1887

1888 e coli 316 ——————- 315

1889

1890 C reinhardtii 393 QQAVAAA 399

1891

1892 e

1893 omm

1894

1895

1896 (B) EIF2 — Chlamydomonas (C.reinhardtii) vs Arabidopsis (A.thaliana)

1897 S 4
1898 # Program: needle

1899 # Rundate: Sun 27 Mar 2022 15:15:14

1900 # Commandline: needle

1901 # -auto

1902 # -stdout

1903 # -asequence emboss needle-I20220327-152749-0895-70609018-plm.asequence
1904 # -bsequence emboss needle-I20220327-152749-0895-70609018-plm.bsequence
1905 # -datafile EBLOSUM62

1906 # -gapopen 10.0

1907 # -gapextend 0.5

1908 # -endopen 10.0

1909 # —endextend 0.5

1910 # -aformat3 pair

1911 # -sproteinl

1912 # -sprotein2

1913 # Align format: pair

1914 # Report file: stdout

1915 44444444444 EHHEHHEHHEHHEHHEHSEHS
1916

#

#

# Aligned sequences: 2
1920 # 1: C.reinhardtii

# 2: A.thaliana

# Matrix: EBLOSUMG62
1923 # Gap penalty: 10.0
1924 # Extend penalty: 0.5
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1925 #

1926 # Length: 1075

1927 # Identity: 414/1075 (38.5%)

1928 # Similarity: 569/1075 (52.9%)

1929 # Gaps: 156/1075 (14.5%)

1930 # Score: 1642.5

1931 #

1932 #=========

1933

1934 C.reinhardtii 1 ————— MVAHTLIAGAASTQSVISTSQAASKAAMVAGSGSR-- 35
1935 S I T O I I I [ I

1936 2.thaliana 1 MPSMLVLVGTMPSLASLVSLGGACASVSGTSSSD-ASYALVKRVSLSRRS 49
1937

1938 C.reinhardtii 36 ———————- ARRNVAAAAGPGPAG———=———==————————————— — PGSLTK 56
1939 N | . el

1940 A.thaliana 50 VKGTKKWLCRYSVSSSTTTTTADFIADQNNNSVSIDSNSFRGSKDGDDSE 99
1941

1942 Cc.reinhardtii 57 PAMPPPSRPSAPPPPAQLSRPPAPAGGNGA ————— LSRPG-————————— 91
1943 il I N I I []..]

1944 A.thaliana 100 VVLKQTPKPVLKPPVARVER———GLGVNTAPWSKDLSNGGKFDGEEERNK 146
1945

1946 C.reinhardtii S PPPPARPTGPAAPPPLRNAPAPAQQGAGNGA-G 123
1947 I R S I B R I S S I I

1948 A.thaliana 147 VIESLGEVLDKAEKLEIPKPGNKEGGEAVKP---SQOPSANSSNSRNGSYA 193
1949

1950 C.reinhardtii 124 PAAPAPPRPAMTPPRPAMTPPPAPPAQQPLTR——PAVSNPFANLPPVSAP 171
1951 T [ [ A I O I .

1952 A.thaliana 194 NASDGGTRKTKT MKSVWRKGDAVAAVQKVVKESPKIFNRGVQTEPRTRE 242
1953

1954 Cc.reinhardtii 172 ----NAAASTAPAPLTAAPPPPRPAPP-KPAPPPPARPMRPPPPRPTGGP 216
1955 [l [ P N N 1 1 A N I R Y I S

1956 A.thaliana 243 EGEVNAKAGT---PLAPPQPPFRPOPPVRPQOPMLOGKPMVAPPVKKS—-- 286
1957

1958 C.reinhardtii 217 NAAQSAPPPPRSFGAPPRPGAPASGAAAAPSAASGTSSVPLSRPPSRPDL 266
1959 | oun. I P S S R IE R

1960 2.thaliana 287 —m e PILKDLGMAAKPLVSEEVDSSVKSK-ERKPIL 317
1961

1962 C.reinhardtii 267 LPRQPATSAPTTLAADAAAAAGGSQLVRP——DPPS——LRVLEPLMGRGGR 312
1963 I I [ B I N Sl | ..

1964 A.thaliana 318 VDK————FASKKKGVDPAASQAVLAPTKPGKGPPSNKFRVEH————RNKK 359
1965

1966 C.reinhardtii 313 GSMDIERKEKVT--—--—- AEMKREARRQREASRMEKAALR---RRD--— 349
1967 S S I I I I O BRI I e

1968 A.thaliana 360 NASASPRRRIVAEDDGDDDASISRSGRKGRKWSKASRKAVRLOAAKDAAP 409
1969

1970 C.reinhardtii 350 -KEEIFEVGDEGMSLHDLAQLLQVDESDIVRSLFMKGIAMSMGQQLDKNT 398
1971 R R R P A B T o I IO, I]:..

1972 A.thaliana 410 VKAEILEVEEEGMSIEDLAYNLAIGEGDILGYLYSKGIRPDGVHTLDREM 459
1973

1974 C.reinhardtii 399 VKVVAAEYEVVVVDKEATSVTDAAKKRTEFVTEEDIEDLAPRPPVVTVMG 448
1975 T N N T I B O e I B B e I B N N

1976 A.thaliana 460 VKMICRDYDVEVLDADSVKVEEMAKKRQTF-DEEDLDKLEDRPPVITIMG 508
1977

1978 C.reinhardtii 449 HVDHGKTSLLDYIRKARVAAGEAGGITQAIGAYNTEVEVEGEVKTICFLD 498
1979 2 L 2 e T v 0 IO SO

1980 A.thaliana 509 HVDHGKTTLLDYIRKSKVAASEAGGITQGIGAYKVSVPVDGKLQSCVFLD 558

1981
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1982 C.reinhardtii 499 TPGHEAFSAMRARGAQVTDMAIIIVAADDGVRPQTREAVAHAQAAGVPIV 548
1983 R R R N R N R R A R R N

1984 A.thaliana 559 TPGHEAFGAMRARGARVTDIAIIVVAADDGIRPQTNEAIAHAKAAAVPIV 608
1985

1986 C.reinhardtii 549 VAINKIDKPGADVDRVKQELLELNLVPEEWGGSTPMCPVSAKKGTGVQDL 598
1987 E T T T T T s - - I - O O O B e B N O e

1988 A.thaliana 609 IAINKIDKEGASPDRVMQELSSIGLMPEDWGGDVPMVQISALKGENVDDL 658
1989

1990 C.reinhardtii 599 LTQLLWLAEEKSLMSNPLRPARGTVIEANLDKKKGPIATLLVQAGTLRPG 648
1991 [PPSR Y O O T PO - 1 T I I O B B B

1992 A.thaliana 659 LETVMLVAELQELKANPHRNAKGIVIEAGLDKAKGPFATFIVQOKGTLKRG 708
1993

1994 Cc.reinhardtii 649 DIVRAGASYGKVRSLTNDLGRPLVDAGPSIAVQLTGLNSVPAAGEEFEVY 698
1995 [ P S I T O O A T 2 I R R I R RO

1996 A.thaliana 709 DVVVCGEAFGKVRALFDHSGERVDEAGPSIPVQVIGLNNVPIAGDEFEIV 758
1997

1998 C.reinhardtii 699 PTEQAARNAAMEFEDKLKLQORMIDMSGGGSMVTLASLATVDEDQEA---- 744
1999 B I I I N O R B U N N R I

2000 A.thaliana 759 SSLDVAREMAEARAVSLRDERISAKAGDGK-VTLSSLASAVSAKKMSGLD 807
2001

2002 c.reinhardtii 745 LORLNLIIKADTSGMVEAIKAALAMLPQQSVVLRFLLSGAGDLNVSDVDL 794
2003 I N N N A e e A e e N e N e N S R SN

2004 A.thaliana 808 LHQLNIILKVDVQGSIEAVRQALQVLPQENVTLKFLLQATGDVSNSDVDL 857
2005

2006 Cc.reinhardtii 795 AAASGGMVLAFNLEPDEAVSSHAKRLGVNVKSYKIIYELIDDVKAAMEGK 844
2007 N I T A I I B R B B I I R

2008 A.thaliana 858 ASASEAIVFGFNVKASGSVKKAAENKGVEIRLYRVIYELIDDVRNAMEGL 907
2009

2010 c.reinhardtii 845 LKLVEERVPQOGTAVVKAVFGTGKKRVAGCAVTEGKLTKS-GYVTVRRGSG 893
2011 [ B R R S S O 2 S S S T O O A RO [ B S

2012 aA.thaliana 908 LESVEEQIPIGSAEVRATFSSGSGRVAGCMVNEGKFVKDCGIRVVRKGK- 956
2013

2014 c.reinhardtii 894 KNAVVVYEGKLSSLRRVKDIVEEVSAGLECGAGCDGFTEWAEGDNLECYL 943
2015 B I L 1 - 2 2 - O T B I N I

2016 A.thaliana 957 —----TVHVGVLDSLKRVKENVKEVSAGLECGIGMDDYDDWIEGDIIEAFN 1002
2017

2018 Cc.reinhardtii 944 LVTKSRRLEEARATTAVDVSTLA*- 967

2019 B e O I N R

2020 A.thaliana 1003 AVQKRRTLEEASASMSAAIEEAGV* 1027

2021

2022 H—— e

2023 H#——— e

2024

2025

2026 (C) Chlamydomonas PMR1 (c) vs human NOCT (h)

2027

2028 B 4
2029 # Program: needle

2030 # Rundate: Thu 24 Feb 2022 21:48:10

2031 # Commandline: needle

2032 ¢ -auto

2033 ¢ -stdout

2034 ¢ -asequence emboss needle-I120220224-215717-0709-32327971-plm.asequence
2035 ¢ -bsequence emboss needle-I120220224-215717-0709-32327971-plm.bsequence
2036  # -datafile EBLOSUM62

2037 & -gapopen 10.0

2038 ¢ -gapextend 0.5
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2039 ¢ -endopen 10.0
2040 ¢ -endextend 0.5
2041 # -aformat3 pair
2042 # -sproteinl
2043 4 -sprotein2

2044 # Align format: pair

2045 # Report file: stdout

2046 B 4
2047
2048
2049
2050
2051
2052
2053
2054
2055
2056
2057
2058
2059
2060
2061
2062
2063
2064
2065
2066
2067
2068 c ] m 0
2069

2070 h 51 SAASGAARSCSRTVCSMGTGTSRLYSALAKTLNSSAASQHPEYLVSPDPE 100
2071 T T o S Ot I IS e

2072 c 1 -MASTGGPSEARPGASAAVSTSCITSKIKRT—————————=————————— 30
2073

2074 h 101 HLEPIDPKELLEECRAVLHTRPPRFQRDFVDLRTDCPSTHPPIRVMQWNI 150
2075 | : I [ 11 R SRR

2076 c 3] ===PV-———————— ILN--PPR-————————— QPPGAH--FRVLQWNV 52
2077

2078 h 151 LAQALGEGKDNFVQCPVEALKWEERKCLILEEILAYQPDILCLQEVDHYF 200
2079 N N e e e N N N R R T

2080 c 53 LADGLAQNGD-FCRVHPDHLKWEYRKPLLIQEIMEANADIICLQELNHFE 101
2081

2082 h 201 DTFQPLLSRLGYQGTFFPKPWSPCLDVEHNNGPDGCALFFLONRFK---- 246
2083 S O 1 1 7 O v e B P B IS A

2084 c 102 DLSQ-VLKELGYEGAFREKHASPALKYEF--PPDGMAVEYRSGRFTCSAG 148
2085

2086 h 247 LVNSANIRLTAMTLKTNQVAIAQTLECKESGRQFCIAVTHLKARTG--WE 294
2087 I I S S A S S I SR IR [ S I I I T

2088 c 149 AVEGRSFODDSTGREQSQGYLQILLHDLVVGRDLLVVTTHLKAKDGAECE 198
2089

2090 h 295 RFRSAQGCDLLON--—-LONITQGA-=——=—=—==—==——————m— o — — 315
2091 A A I N [s.:.:.]

2092 c 199 DMRYQQAKQLLRNVSGTLERLEKAAQEASVAAGGNGGAGSAAHAGGNGGS 248
2093

2094 h 316 —m e o KIPLIVCGDENAEP 329
2095 SRR

Aligned sequences: 2
1: h

2: ¢

Matrix: EBLOSUM62
Gap penalty: 10.0
Extend penalty: 0.5

Length: 553
Identity: 127/553 (23.0
Similarity: 182/553 (32.9
Gaps: 225/553 (40.7
Score: 385.5
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2096 c 249 GSSKAGGNGSASNGAGRNGSGSGHHAAGGAAVAAEHRVPVVVTGDENTLP 298
2097

2098 h 330 TEEVYKHFASSSLNLNSAYK-—-—--——-— LLSADGQSEPP-——————————— 360
2099 FRE S IR I I I I ||

2100 c 299 GSKTCTAFREHPLGLMSLWEQRPIDATLSSGSDMDVPPPPLPTPAAAGSN 348
2101

2102 h 361 ————m e YTTWKIRTSGECRHTLDYIWYSKHA-LNVR 389
2103 N T e

2104 c 349 GSNGAAAAAAAGAGPSRSSEFSTWKFRVKGESKRISDYIYFSGGGPLRPL 398
2105

2106 h 390 SALDLLTEEQIGPNRLPSFNYPSDHLSLVCDFSFTEESDGLS-—-————-— 431
2107 P T 2 1 T v - - P S - B

2108 c 399 QRWRMLTEEEIGPTALPSPAYASDHVSLCCEFEWDVDAD-LEWAPRSQEQ 447
2109

2110 h 432 --- 431

2111

2112 c 448 DWG 450

2113

2114 e

2115 e

2116

2117

2118

2119 (D) Chlamydomonas HELS5 (C.reinhardtii) vs Arabidopsis ISE2 (A.thaliana).

2120

2121 FHAFH A
2122 # Program: needle

2123  # Rundate: Thu 7 Jul 2022 02:06:24
2124 # Commandline: needle

2125 # -auto

2126 # -stdout

2127 # -asequence emboss needle-I120220707-020617-0681-43584320-p2m.asequence
2128 # -bsequence emboss:needle—120220707—020617—0681—43584320—p2m.bsequence
2129 & -datafile EBLOSUM62

2130 # -gapopen 10.0

2131 # -gapextend 0.5

2132 # -endopen 10.0

2133 # -endextend 0.5

2134 # -aformat3 pair

2135 # -sproteinl

2136 # -sprotein2

2137 # Align format: pair
2138 # Report file: stdout
2139 SRS E R R R R R

2140

2141 #

2142 #

2143 # Aligned sequences: 2

2144 # 1: C.reinhardtii CC-4532

2145 # 2: A.thaliana N

2146 # Matrix: EBLOSUM62

2147 # Gap penalty: 10.0

2148 # Extend penalty: 0.5

2149 #

2150 # Length: 1309

2151 # Identity: 422/1309 (32.2%
2152  # similarity:  614/1309 (46.9%)
2153 # Gaps: 253/1309 (19.3%)
2154 # Score: 1467.5

2155 %
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2156 ¢

2157 ¢

2158

2159 cC.reinhardtii 1 MFATRSPLGCSSTCSTSGRDILSAWPSQCASRD-—————- TRTVRTHARG 43
2160 S I S R IO I A S I IO [tee..:...

2161 A.thaliana 1 —-MNTLPV-VSLTASSSFK--FFHFPSLHRSLSHSPNFSFTKSLILNPNH 45
2162

2163  C.reinhardtii 44 GKATSTSRKLTGGGQQFSPGPPETIVTNYPKQLDDVAVGTDTLASVESES 93
2164 B R I | . R E: R I

2165 Aa.thaliana 46 LSFKSTLNSLSPSQSQL ——————————— YEEEDDE-———————— EEEEED 75
2166

2167 C.reinhardtii 94 EPDVELLLPDALDLLDATS-——-- TVDEPNPYTTEDALSAPLEGLGGEPA 138
2168 [.].: o I O U S [F N S RIS \

2169 A.thaliana 76 EDDDD----EAADEYDNISDEIRNSDDDDDDEETEFSVDLPTES————- A 116
2170

2171 C.reinhardtii 139 LEAL-———————— LAEAAAAGGNLSLSAARITSIFPFPLDGFQRRALELF 179
2172 Sl I I T S I I I I B O B

2173  A.thaliana 117 RERVEFRWQRVEKLRSLVRDFGVEMIDIDELISIYDFRIDKFQRLAIEAF 166
2174

2175 C.reinhardtii 180 LOGQSVVVCAPTGAGKTAIAEAAAVAALARGORVIYTTPLKALSNQKLFE 229
2176 S - 2 - - S T 1 I Y I Y I T R

2177  A.thaliana 167 LRGSSVVVSAPTSSGKTLIAEAAAVSTVAKGRRLEYTTPLKALSNQKFRE 216
2178

2179  cC.reinhardtii 230 TRRREGHARCGLQTGDANLNPDADIVVMTTEILRNIMYRTAELAEENNTG 279
2180 R N S R e o o e O N I I I B

2181 A.thaliana 217 FRETFGDDNVGLLTGDSAINKDAQIVIMTTEILRNMLYQSVGMA-SSGTG 265
2182

2183 C.reinhardtii 280 SMSTREARLGNVGLIVLDEVHYLGDPHRGSVWEEVIINCPRHIQLLCMSA 329
2184 AP T A I I O O O B B R R

2185 A.thaliana 266 ———————- LFHVDAIVLDEVHYLSDISRGTVWEEIVIYCPKEVQLICLSA 307
2186

2187  cC.reinhardtii 330 TVANPKDLGDWIAKEHMPCETIQTRFRPVPLHWHFAYFKAPKGVSMEDLL 379
2188 R R e D R S RN D [.:..

2189 A.thaliana 308 TVANPDELAGWIGEIHGKTELVTSTRRPVPLTWYF--——————— STKHSL 348
2190

2191 C.reinhardtii 380 VPVNSARGRGSGDRNGDKVDGKAGFNAKOMLNPRLSTQRVLQEEARAMLA 429
2192 AP T R I I

2193 A.thaliana 349 LPLL---————- DEKGINVNRKLSLNYLQL---SASEARFRDDD-————— 381
2194

2195 C.reinhardtii 430 KQQAPPFGGPGRGAAGGRGGGPGGRGGGGAWRSASQRAPQPAFDWEQEFE 479
2196 R A I, [

2197 A.thaliana 382 ———mmmmmm DGYRKRRSKKRGGDTSYNNLVNVTDYP-———————— 408
2198

2199 C.reinhardtii 480 NLMEKDAQALRRRVNMRRIPDMHKTIKVLAEREMLPAIWFILSRRDCDSS 529
2200 TR R R e N R RS R N

2201 A.thaliana 409 -LSKNEINKIRR----SQVPQISDTLWHLOGKNMLPAIWFIFNRRGCDAA 453
2202

2203 C.reinhardtii 530 AARAAAVPLTDPETQSLIAAEVAALRADQPEAVKEELVPALISGIASHHA 579
2204 L. O O S RN [P I (N IS [ RN

2205 A.thaliana 454 VQYVENFQLLDDCEKSEVELALKKFRVLYPDAVRESAEKGLLRGIAAHHA 503
2206

2207 C.reinhardtii 580 GQLPGWKSLVERLFQRGLLKLVFATGTLAAGINMPARTTVVSSLSRMTDD 629
2208 R R R N N R R N R N R R N N I

2209 A.thaliana 504 GCLPLWKSFIEELFQRGLVKVVFATETLAAGINMPARTAVISSLSKKAGN 553
2210

2211 C.reinhardtii 630 GPKLLPHNELLQMAGRAGRRGFDTEGNCLVLQNKFEGADEAWQIIHAGPE 679
2212 D S T T I I T 0 I I I O A I S

2213  A.thaliana 554 ERIELGPNELYQMAGRAGRRGIDEKGYTVLVQTAFEGAEECCKLVFAGVK 603
2214

2215 C.reinhardtii 680 PLTSQFSVSYGLVLNLLSVN-—-———m———————————— TLEQAREFVSR 710
2216 NN S I

2217  A.thaliana 604 PLVSQFTASYGMVLNLVAGSKVTRKSSGTEAGKVLQAGRSLEEAKKLVEK 653

2218
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2219 C.reinhardtii 711 SFGNFLATEGNLRREEEAAALEAEAQQLVEAFKASATSR——AKELNA——— 755
2220 R PR D S, I IS I I

2221 A.thaliana 654 SFGNYVSSNVTVAAKQELAEIDNKIEILSSEISDEAIDKKSRKLLSARDY 703
2222

2223 C.reinhardtii 756 -ELKAAKDELKRLKNAQIEAQCESARTMLAADGLPRIVVLNLAAGGAGKG 804
2224 IR N R B I I I ..z

2225 A.thaliana 704 KEITVLKEELREEK————RKRAEQRRRM————ELERFLALKPLLKGMEEG 745
2226

2227 C.reinhardtii 805 G-————————— GNGRPLLMPAVIVGEVEP-————————————————————— 823
2228 R I I

2229  A.thaliana 746 NLPFICLEFKDSEGREQSVPAVYLGHIDSFQGSKLQKMMSLDESFALNLI 795
2230

2231 C.reinhardtii 824 PPEVAAEGSAVASVITAGPYYACLSADNRLMRASVACVAGVLEGAAGVVA 873
2232 T T I e e O T e : |

2233 A.thaliana 796 EDELAADEPGKPNVKPS——YYVALGSDNSWYLFTEKWVRTVYRTGFPNIA 843
2234

2235 C.reinhardtii 874 AA-——————————————— DADKVWAAL—EGLRSNAW———SNVEAGSWALQA 904
2236 N S e ol

2237 A.thaliana 844 LALGDALPREIMKNLLDKADMQWDKLAESELGSLWRLEGSLETWSW———— 889
2238

2239 C.reinhardtii 905 ALGTPTTSAVTRQLAARLPWIFIEADAGVAAQVLAARQAVKAAVTALEEQ 954
2240 3 O R I A A R I A S I

2241 A.thaliana 890 SLNVPVLSSLSDE-———————————————— DEVLHMSEEYDNAAQKYKEQ 922
2242

2243 C.reinhardtii 955 RROASSSSSRDGSLEQMARAKRLLKKAD-—————— KLRAEGRS-GGRLE- 995
2244 I [ S IO RN sleleale ool

2245  A.thaliana 923 RSKISRLKKKMSRSEGFREYKKILENANLTVEKMKRLKARSRRLINRLEQ 972
2246

2247 C.reinhardtii 996 ---STWKTFQLTMEILICMDALEAESLRVLPLGLLARNIQGGNELWLAMA 1042
2248 I P R S I I e e e NN RN

2249 A.thaliana 973 IEPSGWKDFMRISNVIHESRALDINTHLIFPLGETAAAIRGENELWLAMV 1022
2250

2251 C.reinhardtii 1043 LSHPALHALNGPQLAAMLGGLISPEVLSKPTAMWA----AYPVSPAVEAA 1088
2252 P I I R B T O I I S . S I I

2253 A.thaliana 1023 LRNKALVDLKPPQLAGVCASLVSEGIKVRP---WRDNNYIYEPSDTVVDM 1069
2254

2255 C.reinhardtii 1089 VEALEEQRQLLLELQTDAGLVKWNDALL---VDLRFAGLVEAWASGATWG 1135
2256 R EEPEE Sl

2257 A.thaliana 1070 VNFLEDQRSSLIKLQ----—— EKHEVMIPCCLDVQFSGMVEAWASGLSWK 1113
2258

2259 C.reinhardtii 1136 QVMEDSNMDDGDMARLLIRTIDLLKQLQOHNAHLLPQLKEAAAEALRGMDR 1185
2260 ER R 1 T O S S R RSN I IO O I

%%g; A.thaliana 1114 EMMMECAMDEGDLARLLRRTIDLLAQIPKLPDIDPVLQRSAAAAADIMDR 1163
2263 C.reinhardtii 1186 KPVAELTF- 1193

2264 il

2265 A.thaliana 1164 PPISELAG* 1172

2266

2267 e

2268 e

2269

2270

2271 (E) Chlamydomonas CGL54 (C.reinhardtii) vs cyanobacterial (Synechococcus) Psb27

2272 (Synpec7942 0343)

2273

2274 Program: needle

2275  # Rundate: Thu 7 Jul 2022 01:59:38
2276 # Commandline: needle

2277 # -auto

2278 # -stdout
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2279
2280
2281
2282
2283
2284
2285
2286
2287
2288
2289
2290
2291
2292
2293
2294
2295
2296
2297
2298
2299
2300
2301
2302
2303
2304
2305
2306
2307
2308
2309
2310
2311
2312
2313
2314
2315
2316
2317
2318
2319
2320
2321
2322
2323
2324
2325
2326
2327
2328
2329
2330
2331
2332
2333
2334

2335
2336
2337
2338
2339
2340
2341

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.12.515357; this version posted November 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

-asequence emboss needle-I120220707-015710-0806-61855551-plm.asequence
-bsequence emboss needle-I120220707-015710-0806-61855551-plm.bsequence
-datafile EBLOSUM62

-gapopen 10.0

-gapextend 0.5

-endopen 10.0

-endextend 0.5

-aformat3 pair

-sproteinl

-sprotein?2

# Align format: pair

= = S S R S S

# Report file: stdout
FHEH S A AR
#
#
# Aligned sequences: 2
# 1: C.reinhardtii CC-4532
# 2: Synpcc7942 0343
# Matrix: EBLOSUMG62
# Gap penalty: 10.0
# Extend penalty: 0.5
#
# Length: 217
# Identity: 32/217 (14.7%)
# Similarity: 60/217 (27.6%)
# Gaps: 92/217 (42.4%)
# Score: 71.0
#
#
#
C.reinhardtii 1 MTLSQAASKQSLASRALRSQPNVIRAPARATCYRQNAIYLTGSTGRTESG 50
Synpcc7942 03 1l ————— 0
C.reinhardtii 51 SLTSSSQPNASVSRRSALLSLVGTSIVLARPSAVGAVEEVKLPKEYRQ—— 98
N O L T [to..t.. [ NN
Synpcc7942 03 1l - MARPLARLFAIVLVAVIGLTACTGGGDSA ISGNYRQDT 38
C.reinhardtii 99 --LVKRLSEGLSESIETEASGASEAEVRRAADPAKEVVREFVRKWRDNPR 146
N L T [2:]] [s::co.e (PSP
Synpcc7942 03 39 LAVVTSLRNAITLPDDAPEKSAAQAE-—————— ARQLINDFAARYRRDSR 81
C.reinhardtii 147 VSSDITHAEIKEALAELGEFYLAYGQRTKLTPPVRESVLRHL————KAAR 192
[ S S [ R (N
Synpcc7942 03 82 VSGLSSFTTMQTALNSLAGHYSSYPNR ————— PVPEKLKKRLEKEFRMVE 126
C.reinhardtii 193 SALPEEEGSASKVLGLF 209
I P I
Synpcc7942 03 127 LALNREA--—-——-———=- 133
# _______________________________________
# _______________________________________

(F) Chlamydomonas PSB27 (C.reinhardtii) vs cyanobacterial Psb27 (Synpcc7942 0343)

FHAFH A H A
# Program: needle

# Rundate: Thu 7 Jul 2022 16:02:11

# Commandline: needle

# -auto
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2342
2343
2344
2345
2346
2347
2348
2349
2350
2351
2352
2353
2354
2355
2356
2357
2358
2359
2360
2361
2362
2363
2364
2365
2366
2367
2368
2369
2370
2371
2372
2373
2374
2375
2376
2377
2378
2379
2380
2381
2382
2383
2384
2385
2386
2387
2388
2389
2390
2391
2392
2393
2394

2395

2396
2397
2398
2399
2400
2401
2402
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-stdout

-asequence emboss needle-I120220707-160228-0896-35407131-plm.asequence
-bsequence emboss needle-I120220707-160228-0896-35407131-plm.bsequence
-datafile EBLOSUM62

-gapopen 10.0

-gapextend 0.5

-endopen 10.0

-endextend 0.5

-aformat3 pair

-sproteinl

-sprotein?2

= H T S S S S S R S

# Align format: pair
# Report file: stdout
R i
#
#
# Aligned sequences: 2
# 1: C.reinhardtii CC-4532
# 2: Synpcc7942 0343
# Matrix: EBLOSUMG62
# Gap penalty: 10.0
# Extend penalty: 0.5
#
# Length: 178
# Identity: 48/178 (27.0%)
# Similarity: 79/178 (44.4%)
# Gaps: 45/178 (25.3%)
# Score: 190.0
#
#
#
C.reinhardtii 1 MASITCSSGKAAVVSRAKTARPVARRMSVVASAAPQGNASRRELLGLSAV
P I I I P B | HEN
Synpcc7942703 l] - MARPLARLFATIVLVA-—-———————— VIGLTAC
C.reinhardtii 51 AASLLLSSRPAHAIFGFADDNTALEDTYTAETSAILDKVKVTLALDKDDP
. S - A A I S S I e
Synpcc7942703 23 TGG-—========—————— GDSAISGNYRQDTLAVVTSLRNAITLPDDAP
C.reinhardtii 101 AKEDSVKGLRKDINNWVAKYRREPKVSGKPSFGNTYSALNALAGHFENSFG
[ - I I SR I B T - I I R B B N R R
Synpcc7942703 57 EKSAAQAEARQLINDFAARYRRDSRVSGLSSEFTTMQTALNSLAGHYSSY-
C.reinhardtii 151 ATAPIPKKRLERLQKELDDATLLLTRNR 178
DO I - R I - B ol o],
Synpcc7942703 106 PNRPVPEKLKKRLEKEFRMVELALNREA 133
# _______________________________________
# _______________________________________

(G) Chlamydomonas HCF173 (C.reinhardtii) vs HCF173 Arabidopsis (A.thaliana)

FHAFH A H A
# Program: needle

# Rundate: Thu 7 Jul 2022 18:30:15

# Commandline: needle

# -auto

# -stdout

50

22

100

56

150

105
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2403 # -asequence emboss needle-I120220707-182410-0809-56858450-plm.asequence
2404 # -bsequence emboss needle-I120220707-182410-0809-56858450-plm.bsequence
2405 4 -datafile EBLOSUM62

2406 # -gapopen 10.0

2407 # -gapextend 0.5

2408 # -endopen 10.0

2409 # -endextend 0.5

2410 # -aformat3 pair

2411 # -sproteinl

2412 # -sprotein2

2413 # Align format: pair
2414 # Report file: stdout
2415 SRS E R R R R R R R

2416

2417 #

2418 #

2419 # Aligned sequences: 2

2420 4 1: C.reinhardtii CC-4532

2421 # 2: A.thaliana

2422 # Matrix: EBLOSUM62

2423 # Gap penalty: 10.0

2424 # Extend penalty: 0.5

2425 #

2426 # Length: 651

2427 # Identity: 254/651 (39.0%)

2428 # Similarity:  359/651 (55.1%)

2429 # Gaps: 94/651 (14.4%)

2430 # Score: 1041.0

2431 #

2432 #

2433

2434 C.reinhardtii 1 MNKQLLGRTCSGRSVAGTGLR-—————— HGHTLRRPVPFAPSR----LPP 39
2435 S A RS2 B | N | HI

2436  A.thaliana 1 --—-MVG-SIVGSNMAATDARFLSSNFGNSFSINTRIHRFHDRSQIVIPR 45
2437

2438 C.reinhardtii 40 ARATGKPGDEEPENYEALRERFFRSGEGASSSNSPOQQQGPAKDADGAN- 88
2439 [ I A SV SV | - P S S I O I I

2440 A.thaliana 46 AQSSSSPSPSPPSDKKKTKTR-—————— PGTITTKESEETVAKKLDVAPP 88
2441

2442 C.reinhardtii 89 —————m— - LLNVINPYELGRQTRKAFDDVH-————— GOLSRVSSPTR 121
2443 A T S N N

2444 A .thaliana 89 SPQSPPSPPTLKLDDVNPVGLGRRSRQIFDEVWRKFSGLGOMSRTTRPDE 138
2445

2446 C.reinhardtii 122 SFIIDDVLEVGVGADAEFAAPQAAYTTVLVVGATGRVGRILVRKLLLRGY 171
2447 A R N e e e e e N R

2448  A.thaliana 139 QETLDSLL-IREGPMCEFAVPGAQNVTVLVVGATSRIGRIVVRKLMLRGY 187
2449

2450 C.reinhardtii 172 KVKALFRNRAGVGKDAIPDAVEVVEGDVGDMATCQKAVQGVSKVIFCAAA 221
2451 R T T e (I B N N I O (N S B IR P I

2452  A.thaliana 188 TVKALVRKQDEEVMSMLPRSVDIVVGDVGEPSTLKSAVESCSKIIYCATA 237
2453

2454 C.reinhardtii 222 RSVFTADLLRVEDRGVMNMVKAMQDELFRRSKRTGSKFSSAAKKELADEN 271
2455 I I T R E R P R e N N RS DN N

2456 A.thaliana 238 RSTITADLTRVDHLGVYNLTKAFQDYNNRLAQLRAGK-SSKSKLLLAKFK 286
2457

2458 C.reinhardtii 272 SRFHQARWDVRFVGTPEDAAAAAEGRPSRDAGDAYGRVNVAEAVITDDNN 321
2459 [oeenn. I R [eeten... [

2460 A.thaliana 287 SAESLDGWEIR-QGTYFQDTTASKYDGGMDAKFEFTETERAE-——————- 327
2461

2462 C.reinhardtii 322 LLFTGTLMSRGALAEVGAQLAAKLPGGEHRTAGT--——- EGLVLRVRGDA 366
2463 RN I I A Il FITITaT.Te.

2464 A.thaliana 328 --FSGYVFTRGGYVELSKKLSLPL-——————— GTTLDRYEGLVLSVGGNG 367

2465
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2466  C.reinhardtii 367 HSYLLILET------ SEGHRYGARFPTREGYLTVRLPYAAFRSEYQDQPP 410
2467 NIRRT I I B A IO I B IR N I I R

%igg A.thaliana 368 RSYVVILEAGPSSDMSQSKQYFARISTKAGFCRVRVPFSAFRPVNPEDPP 417
2470 C.reinhardtii 411 LDPSKLSTIAIRYENRRQGSSQVAALRAAKGLAATDMAALAAQQARDQR- 459
2471 [l eezalzallzlosll] [ooll] S

2472 A.thaliana 418 LDPFLVHTLTIRFEPKRQ--—————- RPVDGLA-—————— GAQQ--DLRS 450
2473

2474 C.reinhardtii 460 FSLEVDWIKAVPGGSEPDFVLVSCAGKSRPGIDPADLRKVIDAKRRGEEN 509
2475 [l eezs el lal ol et I I N

%i;g A.thaliana 451 FSLVFEYIKALPAGQETDFILVSCTGS---GVEANRREQVLKAKRAGEDS 497
2478 C.reinhardtii 510 LRTSGLGYSIIRPGTLLDEPGGYRALVFDQGDRITESIAAADVADICLRA 559
2479 S T T I - O I - Y I S B I O I O AR I R

%ig? A.thaliana 498 LRRSGLGYTIIRPGPLKEEPGGQRALIFDQGNRISQGISCADVADICVKA 547
2482 C.reinhardtii 560 LHEPEGRNKTFDVCYEYQADEDNAMYELVAHVPDKKNNYLRAAVASLAKN 609
2483 N N N e N R R N N A RN S N R

2484  A.thaliana 548 LHDSTARNKSFDVCHEYVAEQGIELYELVAHLPDKANNYLTPALSVLEKN 597
2485

2486 C.reinhardtii 610 T 610

2487 |

2488 Aa.thaliana 598 T 598

2489

2490 gy

2491  Homm
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2492 Table S1 - Phenotypic data of mutants and barcodes and mutants in the initial set of
2493 1,781 mutants, related to Figure 1

2494  Table S2 - Hits from the pooled backcrossing experiments, related to Figure 1 and STAR
2495 Methods

2496 Table S3 - Protein localizations and suggested functions of other rescued genes, related
2497  to Figure 2

2498 Table S4 - Genes represented in the proteomic experiments, related to Figure 4

2499 Table S5 - Proteomic data, related to Figure 4

2500 Table S6 - ROGEs affecting chloroplast genes, from the literature and from our data set,
2501 related to discussion

2502 Table S7 - Rescued mutants, the rescued gene, and the plasmids used for the rescue

2503 process, related to STAR Methods
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