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16 Summary 

17 ●  Pyrenoid-based CO2-concentrating mechanisms (pCCMs) boost photosynthesis by 

18 delivering elevated levels of CO2 to Rubisco. Pyrenoids are often surrounded by a starch 

19 sheath thought to enhance pCCM efficiency, but little is known about how the sheath is 

20 formed. Here we have assessed the role of the pyrenoid-associated protein EPOS1 in 

21 starch sheath formation in Chlamydomonas reinhardtii.

22 ● Using an epos1 mutant we assessed the role of EPOS1 in starch sheath morphology by 

23 fluorescence and electron microscopy, and its impact on pCCM function by CO2 uptake 

24 and growth assays. We determined potential interactors of EPOS1 via TurboID proximity 

25 labeling.

26 ● In the absence of EPOS1, cells fail to correctly assemble the starch sheath, have lower 

27 affinity for inorganic carbon and grow slower under CO2-limiting conditions. EPOS1 

28 localises to the starch sheath and is physically close to a range of starch metabolism 
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29 enzymes and other potential scaffolding proteins. Finally, we show that EPOS1 

30 associates with starch in the land plant Arabidopsis thaliana.    

31 ● EPOS1 may act as a pyrenoid specific regulator or scaffold for starch metabolism 

32 enzymes. EPOS1 could contribute to ongoing efforts to build a functional pyrenoid in a 

33 land plant.

34 Key words

35 Starch, algae, photosynthesis, pyrenoid, Chlamydomonas reinhardtii, CO2-concentrating 

36 mechanisms (CCMs)

37 Introduction

38 Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) is the primary carboxylase 

39 enzyme for CO2 fixation in photosynthetic organisms. Despite its crucial role, Rubisco has a 

40 secondary oxygenase activity that limits photosynthetic productivity. To overcome the 

41 inefficiencies of Rubisco many photosynthetic organisms have evolved specialized 

42 microcompartments called pyrenoids. Pyrenoids are biomolecular condensates consisting of a 

43 dense matrix of phase-separated Rubisco. They form the heart of a biophysical CO2-

44 concentrating mechanism (CCM) that delivers high concentrations of CO2 to Rubisco within the 

45 matrix to improve the efficiency of CO2 assimilation and suppress oxygenation. Pyrenoid-based 

46 CCMs (pCCMs) can elevate the concentration of CO2 within the Rubisco matrix to 40-fold above 

47 ambient air levels (Badger et al.,1980; Fei et al., 2022) . Pyrenoids are found in nearly all 

48 eukaryotic phytoplankton and are believed to mediate approximately one third of global carbon 

49 fixation (Mackinder et al., 2016). 

50 In the model green alga Chlamydomonas reinhardtii (hereafter Chlamydomonas), the pyrenoid 

51 Rubisco matrix is traversed by specialised thylakoid membranes known as pyrenoid tubules that 

52 deliver inorganic carbon (Ci) as CO2 to Rubisco, and surrounded by a layer of starch known as 

53 the starch sheath. Models predict that the starch sheath prevents leakage of CO₂ out of the 

54 pyrenoid (Ramazanov et al., 1994; Fei et al., 2022). Starch sheaths are common in green algal 

55 pyrenoids, although their morphology can vary from globular granules loosely associated with 

56 the Rubisco matrix, to tightly associated curved plates of starch (Barrett et al., 2021). In 

57 Chlamydomonas, the starch sheath consists of multiple curved starch plates, known as 

58 pyrenoid starch, that surround the pyrenoid with gaps where the pyrenoid tubules access to the 
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59 matrix. The starch sheath is essential for efficient operation of the pCCM, particularly under very 

60 low CO2 conditions (<0.01% CO2) (Toyokawa et al., 2020).  

61 Chlamydomonas also produces starch in the stroma, which is not associated with the pyrenoid. 

62 Stromal starch granules are lenticular in shape, similar to those in plant chloroplasts. Under high 

63 CO2 conditions most starch is located in the stroma in lenticular form, but under ambient or low 

64 CO2 conditions, starch is mobilised around the pyrenoid as concave plates. Despite these 

65 differences in morphology and location, the ratio of amylose and amylopectin in stromal and 

66 pyrenoid starch appears to be similar (Izumo et al., 2011), although it has been reported that 

67 pyrenoid starch may contain slightly more amylopectin (Kuchitsu et al., 1988). The formation of 

68 stromal starch has been reasonably well studied in Chlamydomonas (Delrue et al., 1992; 

69 Libessart et al., 1995; Courseaux et al., 2023; 2025). Comparatively, the synthesis and turnover 

70 of pyrenoid starch is less well understood. Since total starch amounts remain the same after 

71 acclimation to low CO2, it is thought that stromal starch could relocalise to the pyrenoid and then 

72 be reshaped, and/or that new starch granules could be synthesised and shaped at the site of 

73 the pyrenoid as stromal starch is degraded (Izumo et al., 2011). However, the mechanisms by 

74 which pyrenoid starch is recruited, shaped into plates and arranged as a sheath are not known.

75 Recruitment of starch to the pyrenoid appears to be mediated by putative scaffolding proteins 

76 SAGA1 and SAGA2 (StArch Granule Abnormal) that have been implicated in mediating 

77 adherence of the starch sheath to the Rubisco matrix (Itakura et al., 2019; Meyer et al., 2020). 

78 Both proteins are large coiled-coiled proteins bearing carbohydrate binding motifs (CBM20) and 

79 motifs that bind to the small subunit of Rubisco (Mackinder et al., 2016, Atkinson et al., 2019, 

80 He et al., 2020, Meyer et al., 2020).  Loss of SAGA1 appears to cause a broad range of 

81 phenotypes. For example, the saga1 mutant has fewer, thinner and more elongated starch 

82 plates and a high CO2 requiring phenotype (Itakura et al., 2019). Furthermore, saga1 is 

83 characterised by multiple pyrenoids that lack traversing pyrenoid tubules and impaired 

84 relocalisation of proteins to the pyrenoid under very low CO2 conditions (Shimamura et al., 

85 2023). SAGA2 also localises to the starch sheath-Rubisco matrix interface (Meyer et al., 2020). 

86 More recent data has shown that SAGA1 and SAGA2 are able to recruit starch granules to a 

87 ‘proto-pyrenoid’ Rubisco condensate expressed in the model plant Arabidopsis thaliana 

88 (Arabidopsis) (Atkinson et al., 2024).   

89 Apart from SAGA1 and SAGA2, several other proteins associated with pyrenoid starch 

90 synthesis have been identified by various approaches, including fluorescent protein tagging 
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91 (Mackinder et al. 2017, Wang et al. 2023), pyrenoid protein-protein interaction studies 

92 (Mackinder et al. 2017) and pyrenoid proximity labeling (Lau et al., 2023). Most have yet to be 

93 functionally characterised. One such protein is LCI9 (low CO₂-induced protein 9; 

94 Cre09.g394473), which was previously identified as a low CO₂ induced gene (Jungnick et al., 

95 2014). LCI9 was subsequently confirmed to be a pyrenoid protein that localises to the interface 

96 between the plates of the starch sheath (Mackinder et al. 2017). 

97 In this study, we found that LCI9 plays a critical role in starch sheath formation and therefore 

98 propose the new name for LCI9 that aligns with the narrative naming of Chlamydomonas 

99 pyrenoid proteins: EPOS1 - Element for Pyrenoid Organization of Starch 1.  EPOS1 is required 

100 for normal morphology of the starch sheath and efficient operation of the pCCM. We identified 

101 potential interaction partners for EPOS1 through TurboID, which include starch synthesis 

102 enzymes and putative scaffolding proteins. When expressed in Arabidopsis, EPOS1 localizes to 

103 the chloroplast and associates with starch granules. Collectively, the data supports EPOS1 as 

104 an important player in starch sheath formation and a potential target for starch sheath 

105 engineering. 

106 Methods and Materials

107 Alphafold structure prediction

108 Full-length sequences of EPOS1 (Cre09.g394473) were submitted to Alphafold Multimer v2 with 

109 default settings. The top-ranked model of five was used for figure generation. Figures were 

110 prepared using ChimeraX (Pettersen et al., 2021).

111 Phylogenetic analysis

112 The evolutionary history was inferred by using the Maximum Likelihood method and JTT matrix-

113 based model (Jones et al., 1992). Sequences were aligned using ClustalW and all sites were 

114 used for the analysis. The tree with the highest log likelihood (-45,002.51) is shown. The 

115 percentage of trees in which the associated taxa clustered together based on bootstrap support 

116 values is shown next to the branches. Initial tree(s) for the heuristic search were obtained 

117 automatically by applying Neighbor-Joining and BioNJ algorithms to a matrix of pairwise 

118 distances estimated using the JTT model, and then selecting the topology with superior log 

119 likelihood value. The tree is drawn to scale, with branch lengths measured in the number of 

120 substitutions per site (next to the branches). This analysis involved 18 amino acid sequences. 

121 There were a total of 3,792 positions in the final dataset. Evolutionary analyses were conducted 
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122 in MEGA11 (Tamura et al., 2021). Chlamydomonas gene sequences were taken from 

123 Chlamydomonas genome v5.6.

124 Generation of plasmids

125 The plasmids for fluorescent protein expression and complementation in Chlamydomonas were 

126 prepared using a recombineering method described previously by Emrich-Mills et al. (2021). For 

127 TurboID proximity labelling, the EPOS1 (Cre09.g394473) gene sequence is amplified from 

128 genomic DNA and cloned into L2-TurboID with PSAD promoter-terminator pair, carrying a 

129 paromomycin resistance cassette; L2-RPE1-TurboID (Cre12.g511900) was cloned previously in 

130 the same manner as described by Lau et al., (2023). For plant-expression, codon optimised and 

131 GoldenGate cloning domesticated CreEPOS1 (Cre09.g394473) was obtained as a gBlock gene 

132 fragment from IDT DNA (Integrated DNA Technologies) and cloned into the level 0 acceptor 

133 vector pAGM1287 of the Plant MoClo system (Engler et al., 2014). Gene expression constructs 

134 of the mCherry tagged protein were assembled into a binary level 2 acceptor. Expression of 

135 CreEPOS1-mCherry was driven with the Arabidopsis Ubiquitin10 promoter (UBQ10). Plasmids 

136 and primers are listed in Table S1 and S2. 

137 Generation of Chlamydomonas Strains

138 Strains used and generated for this study are listed in Table S3. Insertion mutants for the 

139 EPOS1 locus, strains LMJ.RY0402.123483 (epos1-1) and LMJ.RY0402.172898 (epos1-2), 

140 were obtained from the CLiP library (Li et al., 2019). Strains were validated by PCR using 

141 primers listed in Table S2 and sequencing (Fig. S1). Transgenic lines were generated by 

142 electroporation as described by Yamano et al. (2019). Cells were plated for selection on TAP 

143 agar supplemented with paromomycin (20 μg mL-1) and/or hygromycin (25 μg mL-1) under 20 

144 μmol photons m⁻² s⁻¹. Mutants and complemented strains were validated by immunoblot (Fig. 

145 S2).

146 Immunoblot analysis of Chlamydomonas

147 For immunoblotting, cells were grown photoautotrophically (20 μmol photons m⁻² s⁻¹) in TP at 

148 air levels of CO2 to mid-log phase and were harvested by centrifugation 17,900 × g for 5 min at 

149 4 °C. Cell pellets were resuspended in lysis buffer (25 mM Tris–HCl pH 7.4, 300 mM NaCl, 1 

150 mM DTT, 5 mM MgCl2, 0.1 mM PMSF, 1× EDTA-free protease inhibitor (Roche), 0.1% (w/v) 

151 SDS, 0.5% (w/v) deoxycholic acid, and 1% (v/v) Triton X-100) before snap-freezing in liquid 

152 nitrogen. The cell suspensions were lysed by 5 freeze/thaw cycles and centrifuged at 17,900 × 

153 g for 10 min at 4 °C. The resulting supernatants were used as protein samples in later 

154 experiments and stored at −70 °C if not used immediately.  For immunoblotting, boiled protein 
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155 samples were resolved by SDS–PAGE and transferred to a PVDF membrane via a semidry 

156 transfer system. The membrane was blocked with 3% (w/v) BSA in Tris-buffered saline with 

157 0.1% (v/v) Tween 20 (TBST) and probed with antibodies accordingly. Antibodies were diluted in 

158 TBST as follows: Streptavidin Dylight-488 conjugate (1:4,000, Fisher Scientific #21832); anti-HA 

159 (1:1,000, Fisher Scientific 26183); anti-Flag (1:1,000, Sigma #F1804); anti-EPOS1 (1:1,000), 

160 generated for this study raised to the EPOS1 peptide: GDYDLSRRRVDTRVREMQLAK by 

161 Yenzym Antibodies; and anti-tubulin (1:2,000, Sigma #T6074). Intensity of bands in Fig. S2 

162 were quantified in ImageJ software (http://rsbweb.nih.gov/ij/) by producing a plot profile of a 

163 rectangular selection and computing the integrated density of each band. EPOS1 band intensity 

164 was normalised to Tubulin. 

165 Ci Affinity measurements

166 Ci affinity was estimated from O₂ evolution rates at varying Ci concentrations using a Clark-type 

167 oxygen electrode (Oxygraph Plus, Hansatech). Autotrophic cultures grown in TP (pH =7.4) at 

168 high CO2 (In a glass bottle bubbled with 3% CO2 and stirred with magnetic bar)  or low CO2 (cells 

169 cultured in glass flasks with cotton stopper exposed to room air levels on a shaker maintained at 

170 ~10 μg Chl mL⁻¹). Cells were grown for four days prior to experiments with daily dilutions to 

171 maintain cells in the exponential growth phase.Cells were harvested mid-log phase by 

172 centrifugation (1,000 × g, 5 min, 25 °C) and resuspended to 20 μg Chl mL⁻¹ in 2 mL CO₂-
173 depleted TP medium. Measurements were performed in the electrode chamber equilibrated to 

174 25 °C, stirred at 75%, and illuminated at 500 μmol photons m⁻² s⁻¹. Cultures were bubbled with 

175 CO₂-free air until the net O₂ evolution rate was ~0. NaHCO₃ was sequentially added (1–500 

176 μM) using a Hamilton syringe, and O₂ evolution was recorded for 1 min after each addition. 

177 Rates were calculated over a 40 s window.

178 Chlamydomonas Growth Assays

179 Spot Tests: Cells were grown autotrophically in TP media in a gas tight chamber supplied with 

180 3% CO2 gas mixture. Once cultures reached 2−4 × 10⁶ cells mL-1, 1 x 10⁶ cells were harvested 

181 by centrifugation at 1,000 x g for 10 min. Total chlorophyll was measured by resuspending 1 mL 

182 of harvested cells in 1 mL of methanol. Samples were protected from the light after menthol 

183 addition. The cell pellet was resuspended in methanol by vortexing for one minute and then 

184 incubating for 10 min at room temperature. Cells were then removed by centrifugation. The 

185 absorbance of the supernatant was analysed by spectrophotometer at 652 and 665 nm and 

186 total chlorophyll was calculated using the following formula: Total chlorophyll (μg/mL) = 22.12 × 

187 Abs652 + 2.71 × Abs665. Liquid cultures were spotted onto TP agar (1.5%) in 2; 0.5; 0.1 μg chl 
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188 mL-1 spots at a range of pHs (specified). The plates were incubated in 3%, 0.04% and 0.01% 

189 CO₂ and illuminated under constant light at 400 μmol photons m-2 s-1. Growth was monitored for 

190 up to 6 days and photos were taken using the PhenoBooth+ Colony counter (Singer).

191 Confocal Microscopy

192 Transgenic fluorescent strains were initially grown mixotrophically in TAP media until reaching 2 

193 –4 ×106 cells mL-1 and resuspended in TP media overnight prior to imaging. Cells were mounted 

194 on 8-well chamber slides and overlaid with 1.5% (w/v) low melting point agarose made with TP-

195 medium. Images were collected on a LSM880 or LSM980 (Zeiss) equipped with an Airyscan 

196 module using a 63× objective. Laser excitation and Emission setting for each channel used are 

197 set as below: Venus(excitation: 514 nm; emission 525 – 500 nm); mScarlet-I (excitation: 561 

198 nm; emission 570 – 620 nm); Chlorophyll (excitation: 633 nm; emission 670 – 700 nm). Analysis 

199 of starch plate morphology was performed using the freehand selection tool and ‘Measure’ 

200 function in Fiji (Schindelin et al., 2012).

201 Streptavidin-affinity purification

202 Biotinylated proteins were enriched via streptavidin-affinity purification as previously

203 mentioned (Lau et al., 2023) with minor modifications. Wildtype (CC-5325) cells and cells 

204 expressing RPE1-TurboID or EPOS1-TurboID were inoculated into 400 mL TP-medium in a 

205 Duran bottle bubbled with 3% CO2 supply and with constant stirring at 160 rpm. Cells were 

206 allowed to grow until 0.5 – 1×106 cells mL-1 before being switched to 0.04% CO2 supply for at 

207 least 2 days to induce the CCM. After CCM induction, cells are harvested by centrifugation and 

208 resuspended in TP-medium to an OD750 of 2.5. The suspensions were then split into triplicates 

209 before biotin (in DMSO) was added to the cell culture to a final concentration of 2.5 mM. Biotin 

210 incubation step was allowed to proceed for two hours and halted by centrifugation 21,300 × g, 2 

211 min at 4 °C. Biotin-labelled cells were rinsed three times with ice-cold TP-medium before being 

212 snap-frozen in liquid nitrogen until lysis. Cell lysis was performed as mentioned above except 

213 protein loading dye was not added to the clarified cell lysate. Zeba Spin desalting columns 

214 (#89891, Thermo Fisher) were used to remove any free biotin in lysate. The BCA protein assay 

215 (ThermoFisher) was used to measure protein concentrations after diluting protein extract 1:10 

216 and 1.75 mg protein was added to the 50 μL Streptavidin beads that was pre-equilibrated with 

217 lysis buffer. Overnight incubation of beads with protein lysate was carried out in a 4°C cold room 

218 with constant rotation. Beads were then washed twice with lysis buffer for five minutes: once 

219 with 1 M KCl for 2 min; once with 0.1 M NaCO3 for 1 min; once with 4 M urea in 50 mM 

220 triethylammonium bicarbonate, pH 8.5 (TEAB) for 1 min; once with 6 M urea in 50 mM TEAB for 
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221 1 min; and twice with 50 mM TEAB buffer for 5 min. The washed beads were frozen at −70 °C 

222 until they were submitted for mass spectrometry.

223 Mass spectrometry analysis

224 The TurboID samples were analysed with a TimsTOF HT mass spectrometer (Bruker). On-Bead 

225 digestion of peptides was performed as previously described (Lau et al., 2023). EvoSep LC 

226 separation was performed using the 30 SPD pre-set elution method and a C18 Performance 

227 column (8 cm x 150 mm x 1.5 μm). The nanoUPLC was interfaced to a timsTOF HT mass 

228 spectrometer (Bruker) with a CaptiveSpray ionisation source (Source). Positive PASEF-DIA 

229 (Parallel accumulation serial fragmentation – Data independent acquisition), spectra were 

230 acquired using Compass HyStar software (version 6.2, Thermo). Instrument source settings 

231 were as follows: capillary voltage, 1,500 V; dry gas, 3 L min-1; dry temperature; 180°C. The 

232 PASEF mass spectrometry method used a 1.8 s cycle time with MS2 DIA windows of 50 m/z 

233 between m/z 400-1201 and a mobility range of 0.6-1.43 1/k0. The fragment scan m/z range was 

234 100-1700. Resulting data were searched using DIA-NN (1.8.2.27) against the Chlamydomonas 

235 sequences from the Chlamydomonas reinhardtii genome CC-4532 v6.1 (Joint Genome Institute, 

236 https://jgi.doe.gov/) appended with common proteomic contaminants and the TurboID protein. 

237 The search was performed at 1% false discovery rate with data filtered to require individual 

238 protein q-values as less than 0.01 for identification and a minimum of two peptides per accepted 

239 protein. DIA-quantification was performed within DIA-NN. Statistical comparison between 

240 sample groups was performed using an in-house installation of FragPipe-Analyst within R 

241 Shiny. Using FragPipe-Analyst pairwise comparisons were conducted between all groups with 

242 sample minimum imputation applied. Non-adjusted p-values are used to plot volcano plots.

243 Starch granule purification, morphology and size analysis for Chlamydomonas

244 Cells were adapted to 0.04% CO2 for at least 48 hours before being harvested. Starch was 

245 isolated using an adapted protocol from Delrue et al. (1992). Briefly, cells were collected by 

246 centrifugation at 1000 x g for 5 min and resuspended in starch extraction buffer (SEB) (50 mM 

247 Tris-HCl (pH 8), 0.2 mM EDTA and 0.5% (v/v) Triton X-100) at 108 cells mL-1. Cells were 

248 sonicated on ice for 3 min at amplitude 30, 3 s on 10 s off using a Misonix S-4000. Five mL of 

249 crude extract was placed on a 5 mL percoll cushion (95% (v/v) Percoll/1x SEB)  and centrifuged 

250 at 2,500 x g for 15 min at 4 ℃. The white pellet containing isolated starch was resuspended in 5 

251 mL dH2O and passed through the percoll cushion again. The final white pellet containing starch 

252 was weighed and resuspended at 10 mg mL-1 and 4 mg mL-1 in dH2O for further analysis by 

253 scanning electron microscopy (SEM) and particle analyzer, respectively. For SEM, the samples 
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254 of the starch suspensions were vortexed and 9 µL aliquots were dried down onto pieces of 

255 silica. These were then affixed to SEM stubs and sputter coated with 5 nm of gold/palladium on 

256 a Polaron SC7640 sputter coater. Then imaged using Jeol JSM 6490LV scanning electron 

257 microscope operating at 10 kV accelerating voltage and WD of 15 mm. Representative images 

258 were collected at 2K, 5K and 10-20K as applicable. For particle size analysis, starch was 

259 resuspended at 5 mg mL-1 in distilled water for analysis. The size distribution of extracted starch 

260 granules was determined using a dynamic light scattering instrument Zetasizer Nano (Malvern).

261 Transmission electron microscopy of Chlamydomonas

262 For low CO2 conditions, cells were initially bubbled with 3% CO2 until the culture has reached 

263 mid-log phase, they were then switched to be bubbled with 0.04% CO2 gas mixture for at least 

264 48 hours (unless indicated otherwise), harvested via centrifugation (1,000 × g, 4 min, at room 

265 temperature), then fixed in 2.5% (v/v) glutaraldehyde in TP-medium for 1 hour at room 

266 temperature with constant rotation. Fixed cells were washed  for a minimum of 10 min before 

267 incubation in 1% (w/v) OsO4, 1.5% (w/v) K3[Fe(CN)6] on ice, in the dark, for 1- 2 h. The 

268 osmicated samples are washed with dH2O and resuspended in low melting point agar in (3% 

269 (w/v) in dH2O) to give a final agar concentration of 1-2% (w/v). Agar blocks (max 2 mm2) 

270 containing cells were dehydrated through a graded ethanol series (30%, 50%, 70%, 90% (v/v) 

271 for 10 minutes at each concentration, followed by two 15-minute incubations in 100% ethanol). 

272 Cells were then infiltrated with Spurr replacement resin (TAAB Laboratories Equipment Ltd, 

273 England); resin: ethanol, 1:2. 1:1. 2:1, followed by three incubations in 100% resin. Each resin 

274 incubation was a minimum of 1 hour and at least one 100% incubation was overnight. Samples 

275 were embedded in flat embedding moulds and resin was polymerised at 70°C for 48 hours. 

276 Ultrathin sections (70 nm) were cut using a Leica EM UC7 ultramicrotome and collected on 

277 uncoated copper grids (200 mesh). Sections were post-stained with 2% (w/v) uranyl acetate in 

278 50% (v/v) ethanol in the dark, followed by staining with Reynold’s lead citrate (Reynold, 1963) in 

279 a CO2-depleted chamber, both steps carried out for 5 minutes. Images were acquired using a 

280 Jeol JEM-1400 Transmission electron microscope operating at 120 kV (Jeol USA).

281 Plant material and growth conditions

282 Arabidopsis thaliana wildtype (Col-0) and transgenic plants were grown under

283 controlled environment conditions (21° C and 70% relative humidity and 150 µmol m -2 s -1) in 12 

284 hours light 12 hours dark cycles.

285 Arabidopsis plant transformation
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286 Plasmids were transformed into Agrobacterium tumefaciens (AGL1) for plant transformation. 

287 Arabidopsis Col-0 plants were transformed via floral dip (Zhang et al., 2006) and three 

288 independent transgenic lines were identified using the pFAST-R selection (Shimada et al., 

289 2010). Experiments were performed with plants in the T2 generation.

290 Confocal microscopy for Arabidopsis

291 Confocal laser scanning images of WT and UBQ10:CreEPOS1-mCherry mesophyll cells

292 were taken in the middle of the photoperiod of 21 day-old plants using a Leica SP8

293 confocal microscope and a 63x water dipper objective. mCherry fluorescence was

294 excited at 552 nm and emission was detected at 593-620 nm. Chlorophyll

295 fluorescence was excited at 488 nm and emission was detected at 650-700 nm.

296 Fluorescein staining was performed using a 100 µM solution adapted from Ichikawa

297 et al. (2024) and fluorescence was excited at 488 nm and detected at 503-532nm.

298 Images were processed using ImageJ software (http://rsbweb.nih.gov/ij/) and Adobe

299 Photoshop 2024.

300 Starch granule purification, morphology and size analysis for Arabidopsis

301 Four-week-old plants (60 rosettes per genotype) were pooled and homogenised in 50 mM Tris-

302 HCl, pH 8.0, 0.2 mM EDTA, 0.5% (v/v) Triton X-100 using an immersion blender. The 

303 suspension was sequentially filtered through Miracloth, a 60 µm nylon mesh and a 20 µm nylon 

304 mesh. Starch granules were separated by centrifugation at 2,500 x g over a Percoll cushion 

305 (95% (v/v) Percoll, 5% (v/v) 0.5 M Tris-HCl, pH 8.0) then washed in water until clean, then 

306 washed twice in 0.5% (w/v) SDS in water and once in 100% ethanol to dry. Starch granule 

307 morphology was imaged using a ZEISS Crossbeam 550 SEM. Granule size distribution was 

308 analysed by measuring the diameter of 200 starch granules per genotype from SEM images 

309 using ImageJ. Images were processed using ImageJ software (http://rsbweb.nih.gov/ij/) and 

310 Adobe Photoshop 2024.

311 Starch binding assay, protein extraction and immunoblotting for Arabidopsis.

312 To assess starch binding, total protein was extracted from Arabidopsis leaves in 40 mM Tris 

313 HCl, pH 6.8, 5 mM MgCl2, 1 mM DTT and 1x Proteinase inhibitor Cocktail (PiC). Input samples 

314 were taken after centrifugation at max speed at 4°C and protein extracts were incubated with 

315 purified starch granules for 1 h at 8°C rolling. Output samples were taken and starch was 

316 pelleted and washed 3x in the protein extraction buffer. Then, the starch pellet was incubated 

317 for 30 min at 37°C in 50 µl 40 mM Tris, pH 6.8, 5mM MgCl2 2xPiC and 4% (w/v) SDS, while 
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318 shaking, to elute starch bound proteins for eluted samples. To assess CreEPOS1-mCherry 

319 expression in transgenic lines, proteins were extracted in 50 mM Tris HCl, pH8, 150 mM NaCl, 

320 1% (w/v) Triton x 100, 1xPiC and 1 mM DTT. For immunoblotting, the anti-mCherry antibody 

321 (abcam, ab213511) was used in a 1:2,000 concentration. Bands were detected using 

322 chemiluminescence, using the Goat pAb to Rb IgG (HRP) (abcam, ab6721– 1:10,000) and the 

323 Pierce™ ECL Western Blotting Substrate (Thermo Fisher Scientific).

324 Results

325 EPOS1 is located to the periphery of pyrenoid starch plates

326 EPOS1 has two predicted CBM20 domains in the N-terminus linked by a disordered domain to 

327 a coiled-coiled domain in the C-terminus (Fig. 1a). Previous work has shown that EPOS1 

328 localizes in a mesh-like structure around the pyrenoid, which appears to correlate with the 

329 interface between the starch sheath plates (Mackinder et al., 2017). To confirm this, we 

330 generated a dual-tagged line expressing EPOS1-mNeonGreen and the granule-bound starch 

331 synthase STA2 (STA2-mCherry) (Cre17.g721500) as a starch marker. With this line we found 

332 that EPOS1 is localised around the periphery of the starch plates and is enriched in the 

333 interface where two plates meet (Fig. 1b).
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334

335 Figure 1. EPOS1 localizes to the pyrenoid starch sheath and is required for optimal pCCM operation (a) 

336 Alphafold model of EPOS1 protein structure. Carbohydrate binding domains (CBM20) are shown in orange and the 

337 coiled-coiled region in teal. (b) Confocal micrograph of a Chlamydomonas transformant expressing fluorescently 

338 tagged STA2-mCherry and EPOS1-mNeonGreen shown in magenta and green, respectively. Two z planes of the 

339 same cell are shown, scale bar is 2 µm. Taken one hour after transition from high to low CO2.  Arrows indicate where 

340 EPOS1-mNeonGreen signal is enriched between starch plate junctions. (c) Schematic of the EPOS1 gene and the 

341 site of CIB1 cassette (contains a paromomycin resistance construct and a unique internal barcode) insertions (top). 

342 Schematic of EPOS1 protein with domains indicated including the chloroplast transit peptide (cTP) (bottom) (d) 

343 Immunoblot assessing the accumulation of EPOS1 protein in the insertional mutants epos1-1 and epos1-2 and the 

344 complemented line epos1-2:EPOS1. Cells were grown under ambient CO2 levels in TP (pH 7.4). (e) Solid media 

345 growth assay under the indicated CO2 and pH conditions. (f) Ci (inorganic carbon) affinity of epos1-2 compared to 

346 control strain and complemented line. Different letters indicate significant differences (p<0.05) as determined by a 

347 one-way ANOVA.

348 EPOS1 insertion mutant has a CCM defect
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349 To understand the role of EPOS1 in the CCM, we obtained two CLiP mutants, epos1-1 and 

350 epos1-2 (Li et al., 2019) and confirmed cassette insertion via sequencing (Fig. S1). Epos1-1 has 

351 a cassette insertion in the 5’UTR and epos1-2 has an insertion in the 12th intron, which could 

352 destabilise mRNA and/or disrupt correct translation of the C-terminal coiled-coil domain (Fig. 

353 1c). We found from immunoblotting that epos1-1 was likely a knock-down line as there was still 

354 detectable EPOS1 (Fig. 1d). Conversely, no EPOS1 was detected in epos1-2 (Fig. 1d; S2). As 

355 the ⍺-EPOS1 antibody was raised against the C-terminus of EPOS1 it was not sufficient to 

356 confirm whether epos1-2 was a full knockout or expresses a truncated version of EPOS1. Since 

357 epos1-1 is a knockdown, we used the epos1-2 mutant for further investigations. We generated a 

358 complemented line by expressing EPOS1 under its native promoter in the epos1-2 background. 

359 EPOS1 expression was restored to 76% of WT in epos1-2:EPOS1 (Fig. 1d; S2).

360 We assessed the CCM fitness of the mutants and the complemented line via a spot test growth 

361 assay on solid agar media under different CO₂ and pH conditions. WT strain CC-4533 (the CLiP 

362 library background strain) was used as control. The mutant epyc1, a well-characterised CCM 

363 deficient mutant, was used as a negative control. The growth of both epos1 mutants was 

364 moderately impaired under air levels of CO₂ (0.04%) and severely impaired at <0.01% CO₂ at 

365 all of the tested pHs (Fig. 1e). In contrast, growth of the epos1 mutants was similar to WT when 

366 supplemented with 2% CO₂. Complementation with EPOS1 in the epos1-2 background partially 

367 restored growth under limiting CO₂ conditions. Measurements of Ci affinity with an O₂ electrode 

368 showed that epos1-2 has a lower Ci affinity during CCM operation, which was also partially 

369 rescued by complementation with EPOS1 (Fig. 1f; Fig. S3). In summary, growth and Ci affinity 

370 measurements support that EPOS1 is required for a fully functional CCM. 

371 epos1-2 has an abnormal starch sheath

372 Since EPOS1 contains CBM20 domains and localises to the starch sheath, we reasoned that 

373 the observed CCM phenotype in epos1-2 may be due to a defect in the starch sheath, thus we 

374 compared the morphology of the starch sheath in WT and epos1-2. First, we used fluorescently 

375 tagged STA2 (STA2-mCherry) as a starch marker combined with super-resolution confocal 

376 microscopy to visualise the starch sheath in live cells under low CO₂. In WT, a z-slice showed 

377 the starch sheath was uniformly circular (Fig. 2a). Conversely, epos1-2 had a disrupted starch 

378 sheath with individual starch plates often overlapping each other or clashing (Fig. 2a,b, S4). The 

379 starch sheath was also squashed in appearance and had reduced circularity (Fig. 2a,c, S4). To 

380 gain further detail, we obtained transmission electron microscopy (TEM) micrographs of WT, 

381 epos1-2 and epos1-2:EPOS1. Similarly to what we observed through confocal microscopy, the 
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382 starch sheath in WT had a canonical circular shape whereas epos1-2 had an irregular sheath 

383 with multiple plate clashes (where the plates overlap, seen as plates not meeting end to end in 

384 2D) and reduced circularity (Fig. 2d, S5). Similar defects were also seen for epos1-1 using TEM 

385 (Fig. S5). The TEM images also showed that the morphology of the starch sheath in epos1-

386 2:EPOS1 was restored to that of the WT. Together this data supports that EPOS1 is important 

387 for shaping the starch sheath under low CO2 conditions and may inhibit starch sheath 

388 breakdown, consistent with EPOS1 being a low CO2 induced gene.

389 To assess the morphology of the individual starch plates, we visualised isolated starch granules 

390 by SEM. Starch granules from low CO₂ grown WT cells, when most starch is pyrenoid-

391 associated, were uniform concave discs as previously observed in Izumo et al. (2011) (Fig. 2e; 

392 S6). Conversely, granules from epos1-2 were non-uniform and varied in shape and size (Fig. 

393 2e; S6). The surface of the starch from epos1-2 was more featured and uneven with some 

394 granules having pits or protrusions on the surface. Similarly to WT, the shape of starch granules 

395 from the complemented line epos1-2:EPOS1 were uniform concave discs (Fig. 2e; S6). The 

396 size of starch granules isolated from epos1-2 were larger than those from the WT control, while 

397 the size distribution of granules isolated from epos1-2:EPOS1 was similar to WT (Fig. 2f). WT 

398 and epos1-2:EPOS1 starch granules were also more uniform in size compared to epos1-2, 

399 which had a wider distribution. The abnormal morphology of starch granules isolated from 

400 epos1-2 suggests that EPOS1 has a role in the normal formation of the starch sheath plates.

401 To gain insight into how EPOS1 might influence sheath formation, we performed time-lapse 

402 imaging of EPOS1-mNeonGreen and STA2-mCherry during the high CO₂ to low CO₂ transition. 

403 In our EPOS1-mNeonGreen and STA2-mCherry dual-tagged line, EPOS1 is under its native 

404 promoter that is low CO2 regulated (Jungnick et al. 2014) whilst STA2 is driven by the 

405 constitutive PSAD promoter. In the first hour after switching cells to a low CO₂ environment, 

406 EPOS1-mNeonGreen  expression increased. In several cells, EPOS1-mNeonGreen appeared 

407 to localise preferentially to the surfaces of starch adjacent to the pyrenoid matrix, before 

408 spreading around each starch granule and finally becoming enriched in the interface between 

409 the starch plates after approximately four hours (Fig. 2g,h; S7). At steady state, EPOS1 is 

410 localised all around the starch sheath plates and is enriched at the interface between each plate 

411 (Mackinder et al., 2017). Interestingly, in some cells we observed hollow puncta of EPOS1-

412 mNeonGreen signal adjacent to the pyrenoid later in the timelapse that were not associated with 

413 STA2-labelled starch. This may represent EPOS1 associating with de novo-synthesised starch 

414 that is not yet associated with STA2-mCherry activity. The changing distribution of EPOS1 
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415 during starch sheath formation suggests that EPOS1 has a role in shaping the starch around 

416 the pyrenoid.

417

418

419 Figure 2. EPOS1 is required for normal starch sheath formation. (a) Confocal images showing single 

420 chlamydomonas cells with STA2-mScarlet-I as a starch marker. (b) Number of plate clashes in the starch sheath 

421 observed in the middle z-plane of a pyrenoid. Clashes defined as when the end of a plate meets the side of another 

422 plate, rather than meeting end to end. (n=25). (c) Circularity of the starch sheath in WT vs lic9-2 cells. (d) 

423 Transmission electron micrographs of pyrenoids from WT, epos1-2 and complemented strain epos1-2:EPOS1. Scale 

424 bar is 2 µm. (e) Scanning electron micrographs of starch extracted from WT, epos1-2 and complemented strain 

425 epos1-2:EPOS1. (f) Quantification of radii of starch particles extracted from low CO2 grown cells. Markers represent 

426 the mean of three technical replicates for each biological replicate (n=4), line represents the mean of biological 

427 replicates. (g) Time lapse of cell transitioning from high CO2 (3%) to low CO2 (0.04%). EPOS1-mNeonGreen and 

428 STA2-mScarlet-I are shown in green and magenta, respectively. A single z plane through the middle of the pyrenoids 

429 is shown. White arrow indicates where the EPOS1 signal is observed, seemingly unattached to STA2-labelled starch.  

430 Representative of n=8. Scale bar is 1 µm. (h) Max z projection of the cell in (g). Scale bar is 2 µm.

431 EPOS1 may regulate starch enzymes to promote the correct formation of the starch plate 

432 sheath. 
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433 Since EPOS1 does not contain any predicted enzymatic domains, we reasoned that EPOS1 

434 may influence starch morphology by recruiting starch enzymes. A class of proteins known as 

435 Protein Targeting to STarch (PTST) also contain CBMs and coiled-coiled domains like EPOS1, 

436 and are known to target starch enzymes to starch granules in plants (Seung et al. 2015; 2017; 

437 2018; Kamble et al., 2023), suggesting that EPOS1 could have a functionally analogous role in 

438 targeting starch enzymes to pyrenoid starch. In a previous study, EPOS1 co-

439 immunoprecipitated with starch branching enzyme 3 (SBE3) and two glycolysis enzymes, 

440 phosphofructokinase 1 (PFK1) and PFK2 (Mackinder et al., 2017). To verify these potential 

441 interactors and to identify additional EPOS1 associated proteins, we employed a TurboID 

442 labeling system developed by Lau et al. (2023). TurboID biotinylates proteins in close proximity 

443 to a protein of interest, enabling streptavidin purification and protein identification via mass 

444 spectrometry to generate a ‘proxiome’. We generated a proxiome for EPOS1 under low CO2 

445 conditions when the CCM is active and EPOS1 is associated with the starch sheath. We used 

446 two controls: WT cells where endogenous biotin ligases result in background biotinylation; and 

447 TurboID fused to an abundant stromally localised Calvin-Benson-Bassham cycle enzyme 

448 ribulose phosphate-3-epimerase (RPE1-TurboID) (Meloni et al., 2024)(Fig. 3a,b; S8). To 

449 generate a high confidence proxiome, we only considered proteins enriched in both EPOS1 vs 

450 WT and EPOS1 vs RPE1, which yielded 25 proteins (Fig. 3c,d; Table S4,S5). In agreement with 

451 Mackinder et al. (2017), SBE3 was present in the high-confidence EPOS1 proxiome (Fig. 3c). 

452 However, PFK1 and PFK2 were not enriched in the EPOS1 proxiome and were only enriched in 

453 the EPOS1/WT comparison group (Table S4,S5). To investigate this further, we localised PFK1 

454 and PFK2 using fluorescent tags. Although PFK1 and PFK2 are part of the pyrenoid proteome 

455 generated by Zhan et al. (2018), we found that PFK1 and PFK2 do not localise to the starch 

456 plates, suggesting that either they may not be true interactors of EPOS1 in vivo, the interaction 

457 is transient, or the fluorescent tag has affected the localisation of the PFKs (Fig. S9). 

458 In addition to SBE3, the starch biosynthesis enzymes soluble starch synthase II (SSS2), SBE2, 

459 alpha-amylase 1 (AMA1) and phosphoglucan water dikinase 1 (PWD1), were high-confidence 

460 components of the EPOS1 proxiome (Fig. 3c,d). We also detected SAGA2, which localises to 

461 the starch-matrix interface (Meyer et al., 2020), as well as three additional CBM20 domain 

462 proteins. One of these, bimodal starch granule 1 (BSG1; Cre02.g091750), has previously been 

463 associated with the transition from pyrenoid to stromal starch (Findinier et al., 2019). The other 

464 two are uncharacterised (Cre09.g394510 and Cre09.g394547), which, together with SAGA2, 

465 appear in the same genome cluster as EPOS1, suggesting that EPOS1 might be part of a larger 
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466 family of related proteins (Fig. 3e,f). The proteins have between 22-28% amino acid percentage 

467 identity with each other (Fig. S10). To assess the relationship of this cluster to other CBM-

468 coiled-coiled proteins we performed a phylogenetic analysis (Fig. S10). We found that the genes 

469 in the EPOS1 gene cluster were more closely related to each other than the Chlamydomonas 

470 PTST homolog, suggesting that they have distinct functional roles from PTST. Taken together, 

471 EPOS1 associates with both starch synthesis and degradation enzymes as well as other starch-

472 related proteins.

473
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474 Figure 3 EPOS1 proxiome. Preferentially labelled proteins from EPOS1-TurboID are compared to RPE1-

475 TurboID (a) or wildtype (b). Log2 Fold Change of protein abundance was calculated for detected proteins and 

476 visualised as a scatterplot against the Log p-value. The enrichment threshold was set at Log2 Fold Change >1 and p 

477 <0.05, as shown by the dotted lines. Proteins considered significantly enriched are coloured in teal. (c) To obtain a 

478 more stringent EPOS1 proxiome we found proteins that were enriched in both EPOS1/RPE1 and EPOS1/WT 

479 datasets.  These proteins are shown in purple and starch-related proteins are highlighted (starch 

480 synthesis/degradation: black; CBM-containing: orange). (d) Venn diagram demonstrating the comparison between 

481 significantly enriched proteins in each comparison group. (e) Annotated domains of each protein of the EPOS1 gene 

482 cluster are displayed on the schematic of the amino acid sequences on the right. (f) Schematic of the EPOS1 gene 

483 cluster on chromosome nine of the Chlamydomonas reinhardtii genome v6.1.

484 EPOS1 localises to the chloroplast and binds to starch in plants

485 Recently, significant progress has been made toward introducing a functional pCCM into land 

486 plants (Atkinson et al., 2020; Hennacy et al., 2024), including the association of starch granules 

487 around a synthetic ‘proto-pyrenoid’ expressed in Arabidopsis (Atkinson et al., 2024). Our data 

488 shows that EPOS1 is necessary for correct starch sheath formation and thus could be a key 

489 component to progress pCCM engineering efforts in planta. As an initial step, we decided to 

490 investigate if EPOS1 associates with starch granules in the model C3 plant Arabidopsis. We 

491 expressed EPOS1-mCherry in WT (AtCol-0) Arabidopsis and visualised the localisation of 

492 EPOS1 relative to starch by confocal microscopy using fluorescein to stain starch (Fig. 4a,b; 

493 S11) (Ichikawa et al., 2024). EPOS1-mCherry localised clearly around st arch granules in 

494 mesophyll cell chloroplasts (Fig. 4a,b). To confirm EPOS1 was binding to starch, total protein 

495 extracts from EPOS1-mCherry expressing plants were incubated with purified starch granules 

496 from Arabidopsis WT. Proteins bound to starch were eluted and EPOS1-mCherry was detected 

497 in the starch bound fraction using immunoblotting (Fig. S11). To assess for changes to starch 

498 granule morphology, isolated starch was imaged using scanning electron microscopy. Starch 

499 granules from both the WT and the EPOS1-mCherry expressing plants were lenticular although 

500 starch from the EPOS1-mCherry was slightly smaller on average (Fig. 4c,d). EPOS1 therefore 

501 interacts with plant starch but does not dramatically alter its morphology.
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502

503 Figure 4 CreEPOS1 interacts with starch granules and decreases starch granule size in planta. (a-b) Confocal 

504 laser scanning images of Arabidopsis (At) mesophyll cell chloroplasts of 21 day old plants, in a line stably 

505 overexpressing CreEPOS1-mCherry (line 1) shown in yellow. Starch granules were stained with fluorescein shown in 

506 green. Chlorophyll fluorescence is shown in magenta. Arrows indicate example starch granules. Dashed square 

507 indicates enlarged region in (b). Bars: 10 μm. (c) Scanning Electron Micrographs of purified starch granules. Scale 

508 bars: 2 μm. (d) Size distribution of purified starch granules from a pool of 60 28 day old rosettes. Diameter was 

509 measured in ImageJ (200 particles were measured). Significant differences under Mann-Whitney Rank Sum Test are 

510 indicated with an asterisk (*) (P≦ 0.001). For all boxplots, the bottom and top of the box represent the lower and 

511 upper quartiles, respectively, and the band inside the box represents the median. The ends of the whiskers represent 

512 values within 1.5x of the interquartile range, whereas values outside are outliers.

513 Discussion

514 Appropriate assembly of a starch sheath that encapsulates the pyrenoid is critical for an efficient 

515 pCCM in Chlamydomonas (Toyokawa et al., 2020). The starch sheath is a dynamic structure 

516 and is fully formed under CO2-limiting conditions and degraded under CO2-replete conditions 
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517 (Ramazanov et al., 1994). During starch sheath formation, the total amount of starch does not 

518 change suggesting that stromal starch granules are relocalised to the pyrenoid and remodelled 

519 and/or are degraded as pyrenoid starch plates are formed de novo (Izumo et al., 2011). In 

520 addition to their concave shape, the starch sheath plates also need to have gaps to enable 

521 membrane connections between the thylakoid network and the pyrenoid tubules. Thus, pyrenoid 

522 starch sheath formation likely requires careful regulation.

523 Here we have shown that EPOS1 is a key component necessary for correct formation of the 

524 starch sheath in Chlamydomonas. In cells where the EPOS1 gene is disrupted, the starch 

525 sheath formed abnormally. This was observed in the epos1-1 knock down mutant as well as in 

526 the epos1-2 mutant, which due to the antibiotic cassette insertion site in epos1-2 may express a 

527 truncated form of EPOS1. Since we observe an abnormal starch sheath in both gene disruption 

528 contexts, and the phenotype is rescued by complementation, we believe the abnormal starch 

529 sheath is caused by loss of function of EPOS1 - rather than a dominant negative effect of a 

530 truncated EPOS1. In epos1-2, plates had a non-uniform shape often with pits or pores, a 

531 phenomenon associated with increased susceptibility to degradation (Benmoussa et al., 2006). 

532 Although our extraction was performed at 4 °C, it is not clear if this degradation is occurring in 

533 vivo or post extraction. This increased susceptibility to degradation could be due to altered 

534 starch composition, the increased surface area or the composition of proteins that coat the 

535 starch. The starch also featured protruding growths, which could be associated with high-

536 amylose starch (Ahmed et al., 2012). By generating a proxiome for EPOS1 using TurboID we 

537 found that EPOS1 is spatially close to both starch synthesis and starch degradation enzymes 

538 (Fig. 3c, Table S4,S5). It should be noted that this proxiome may simply represent the local 

539 starch sheath proteome and does not necessarily represent the interactome of EPOS1. 

540 However, in combination with SBE3 being found to interact with EPOS1 by Mackinder et al. 

541 (2017), our data supports that EPOS1 likely interacts with or influences the regulation of both 

542 starch synthesis and degradation. 

543 In plants, a group of proteins known as PTST were identified as essential for guiding starch 

544 granule initiation (Seung et al., 2015; 2017). EPOS1 has a similar domain structure to PTST 

545 proteins by containing both a CBM and a coiled-coil domain and therefore might serve a similar 

546 scaffolding function. However, PTST proteins have CBM48 domains rather than the CBM20 

547 domains found in EPOS1 and the other genes in the EPOS1 gene cluster. EPOS1 forms a 

548 distinct phylogenetic group with genes from this cluster suggesting that these proteins have a 

549 distinct role to PTSTs. Our generated proxiome suggests that EPOS1 is closely associated with 
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550 multiple starch remodelling enzymes (Fig. 3), which, in combination with the localisation of 

551 EPOS1, suggests  the function of EPOS1 may be recruiting or regulating starch biosynthesis 

552 enzymes at the starch sheath specifically.  

553 Starch morphology can be influenced by physical aspects such as the thylakoid membrane 

554 structure (Esch et al., 2022; Isle et al., 2025). The spherical Rubisco matrix may provide a 

555 physical guide to starch plate formation, enabling the synthesis of concave plates on the surface 

556 of the matrix. This is supported by EPOS1 appearing to bind to the surface of starch granules 

557 facing the Rubisco matrix during the first hour of formation in several of the imaged pyrenoids 

558 (Fig. 2f; S7), and the physical proximity of EPOS1 to SAGA2, which localises at the starch-

559 Rubisco matrix interface (Fig. 3c, Meyer et al., 2020). In cells lacking the ability to form the 

560 phase separated Rubisco matrix, starch granules are still abundant at the canonical pyrenoid 

561 site but are round and not shaped into plates, suggesting that the pyrenoid matrix is required for 

562 the shaping of pyrenoid starch (Mackinder et al., 2016; He et al., 2020).

563 Pyrenoid starch plates and the stromal starch granules appear to be under separate control and 

564 EPOS1 may be part of a broader class of proteins that specifically control pyrenoid starch 

565 sheath formation (Ramazanov et al., 1994; Findinier et al., 2019). EPOS1 is associated with two 

566 proteins that have already been implicated in pyrenoid starch specifically, BSG1 

567 (Cre02.g091750; Findinier et al., 2019) and Cre03.g187150 (Hennacy, 2023). Cells deficient in 

568 BSG1 over accumulate pyrenoid starch rather than switch to stromal starch production under 

569 nitrogen starvation, suggesting that BSG1 is required for transitioning between the two types of 

570 starch (Findinier et al., 2019). The Cre03.g187150 gene has not been extensively studied in the 

571 context of starch but it was observed that when knocked out alongside SAGA1, overly large 

572 starch granules accumulate adjacent to Rubisco condensates (Hennacy, 2023). 

573 Whilst the exact mechanism of EPOS1 function is still to be determined, it may potentially 

574 control the recruitment or regulation of starch metabolism enzymes to pyrenoid starch and/or 

575 stabilise plate-plate interfaces. From our time course images, after a transition into low CO2, 

576 EPOS1 appears to first localise at the interface between the pyrenoid associated starch 

577 granules and the pyrenoid matrix. SAGA2 also localises at this interface (Meyer et al., 2020), 

578 and through interacting with EPOS1 could initially recruit EPOS1 to this interface. However, 

579 EPOS1 subsequently localises all the way around pyrenoid starch before finally becoming 

580 enriched in the gaps between different starch plates (Fig. 2g,h) (Mackinder et al., 2017). EPOS1 

581 may potentially guide the lateral growth of starch as the granules become more plate-like. Once 
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582 two plates meet, EPOS1 could form part of a stabilizing complex to prevent further growth or 

583 degradation. Without EPOS1 protecting the starch sheath, starch synthesis and degradation 

584 enzymes may gain unregulated access to the starch plates resulting in the aberrant protrusions 

585 and pits we observed via SEM (Fig. 2e). Collectively our data supports that EPOS1 plays a 

586 critical role in starch sheath formation. 

587 Engineering a starch sheath around a reconstituted proto-pyrenoid in plants is a key next step 

588 towards building a functional pCCM (Atkinson et al., 2020; Adler et al., 2022; Fei et al., 2022). 

589 While SAGA1 and SAGA2 appear sufficient for recruiting starch (Atkinson et al., 2024), other 

590 proteins are likely needed to shape the starch into plates. Our preliminary work showed that 

591 EPOS1 interacts with chloroplastic starch granules in Arabidopsis but that the starch granules 

592 remained morphologically similar to WT plants (Fig. 4c). Starch granules from EPOS1 

593 expressing plants tended to be slightly smaller, perhaps due to EPOS1 blocking access to 

594 starch synthesis enzymes by steric hindrance (Fig. 4d). The lack of major morphological 

595 differences could be due to the absence of EPOS1 interaction partners that are not present in 

596 Arabidopsis. Investigating the impact of expressing EPOS1 in Arabidopsis lines with proto-

597 pyrenoids could be an exciting next step towards engineering a pyrenoid starch sheath in 

598 plants.
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787 Figure S11. CreEPOS1 is expressed in 3 independent Arabidopsis lines and interacts with 

788 starch granules in planta.

789 Supplemental Table 1. Plasmids used in this study.

790 Name Organism            .                      

791 STA2-mCherry Chlamydomonas

792 EPOS1-mNeonGreen Chlamydomonas

793 EPOS1 Chlamydomonas

794 EPOS1-Turbo Chlamydomonas

795 RPE1-Turbo Chlamydomonas 

796 EPOS1-mNeonGreen/STA2-mCherry Chlamydomonas

797 EPOS1-mCherry, KanR Arabidopsis

798 Supplemental Table 2. Primers used in this study.

799

Primer ID Name Sequence 5’-3’ Purpose

oLM0005 ATGCTTCTCTGCATCCGTCT Control locus for genotyping

oLM0006 ATGTTTTACGTCCAGTCCGC Control locus for genotyping

oLM0216 Int2EPOS1_R1 CTGCTTCTCCATGCGCTC

Assessing insertion of CIB1 in 

EPOS1 locus

oLM0217 Int2EPOS1_F2 GCAAGCTGTACGAGGTCACC

Assessing insertion of CIB1 in 

EPOS1 locus

oLM0218 Int2EPOS1_R2 CTGCTTCTCCATGCGCTCC

Assessing insertion of CIB1 in 

EPOS1 locus

oLM0219 Int3EPOS1_F1 AGATACTTCTTCCGCGGTCC

Assessing insertion of CIB1 in 

EPOS1 locus

oLM0220 Int3EPOS1_R1 TTCCACTCATTAGATCGCAGG

Assessing insertion of CIB1 in 

EPOS1 locus

oLM0221 Int3EPOS1_F2 GGCCCTCAGTTCGCTAGATAC

Assessing insertion of CIB1 in 

EPOS1 locus

oLM0222 Int3EPOS1_R2 TTTCCACTCATTAGATCGCAGG

Assessing insertion of CIB1 in 

EPOS1 locus
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oLM2923 PXL-EPOS1_F

TAGAAGACAACTCAAATGGCTG

CGTCAATGAAATGG

Cloning EPOS1 genomic region 

into L0-TurboID vector

oLM2924 PXL-EPOS1_R

TAGAAGACTTTGCCCTTGGCCA

ACTGCATCTCGC

Cloning EPOS1 genomic region 

into L0-TurboID vector

800

801 Supplemental Table 3. Strains used in this study.

802 Strain Background Reference

803 epos1-1 LMJ.RY0402.123483   CC-4533 Li et al. (2019)

804 epos1-2 LMJ.RY0402.172898 CC-4533 Li et al. (2019)

805 epos1-2:EPOS1 (E4) epos1-2 This study

806 WTCC-4533:STA2-mScarlet-I CC-4533 This study

807 epos1-2:STA2-mScarlet-I epos1-2 This study

808 WTCC-4533:EPOS1-mNeonGreen/STA2-mCherry CC-4533 This study

809 epyc1 Mackinder et al. (2016)

810 WTCC4533:EPOS1-Turbo CC-4533 This study

811 WTCC-4533:RPE1-Turbo CC-4533 Lau et al. (2023)

812 WT (CC-4533) - Zhang et al. (2014)

813 WT (CC-5325)* - Chlamydomonas Resource Centre

814 *same as CC-4533 cw15 mt- [Jonikas CMJ030]. The only difference is that this isolate was thawed from cryogenic 

815 storage in October 2016 (text from Chlamydomonas Resource Centre).
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816 Supplemental Table 4. Identified proteins in EPOS1 high-confidence proxiome.

817 The EPOS1-TurboID preferentially labelled proteins found to be above the enrichment threshold of a Log2FC value >1 and p-value 

818 <0.05 when comparing against both the RPE1-TurboID and Wildtype control. The protein abundance listed refers to the determined 

819 protein abundance of CC-1690 grown under the control condition obtained from Arend et al., 2023.

Protein
Gene

name
Description AbundanceA RBM

Log2FC

(EPOS1/RP

E1)

Log2FC

(EPOS1/

WT)

p-value

(EPOS1/RP

E1)

p-value

(EPOS1/

WT)

Literature

Cre09.g394473_4532.

1.p
EPOS1

Element for Pyrenoid Organization of Starch 1 / Low-CO2-

inducible protein 9
0.08668 0 6.58 8.06 5.23E-05 2.04E-05 This study

Cre02.g091750_4532.

1.p
BSG1

Bimodal starch granule 1, related to starch modification during 

photosynthetic to starved condition
- 0 5.63 5.38 4.10E-04 1.49E-03

Findinier et al., 

2019

Cre09.g394510_4532.

1.p

EPOS1-

like 1

CBM20 domain containing protein with coiled-coil domain, 

gene neighbour to EPOS1
0.01579 1 3.39 4.14 1.02E-05 3.88E-06 This study

Cre08.g358563_4532.

1.p
- Annotated as ATP-binding helicase NA 2 3.39 1.57 1.04E-04 4.32E-02  

Cre03.g179961_4532.

1.p
POLE1 DNA polymerase epsilon subunit 1 - 3 3.26 4.81 3.94E-02 9.66E-03  

Cre01.g003850_4532.

1.p
CYP747A1 Cytochrome P450, CYP197 superfamily - 0 3.23 3.98 1.77E-03 8.25E-04  

Cre10.g444700_4532.

1.p
SBE3 Starch Branching Enzyme 3 0.14245 0 3.18 6.32 5.91E-05 9.22E-08  

Cre13.g576600_4532.

1.p
-

Conserved Protein with Similarity to Catalytic domain of 

Protein Tyrosine Kinases
- 0 3.17 5.29 1.16E-02 6.91E-04  

Cre03.g185250_4532.

1.p
SSS2 Soluble starch synthase II 0.20225 0 3.08 3.59 7.30E-05 4.83E-05  

Cre03.g187150_4532.

1.p
-

Double knock out with SAGA1 leads to large starch 

accumulating adjacent to Rubisco condensate
- 0 2.97 3.43 1.46E-05 1.01E-05

Hennacy et al., 

2023

Cre09.g394621_4532.

2.p
SAGA2

CBM20 domain containing protein, localises to the pyrenoid 

matrix-starch sheath interface
0.02426 5 2.96 4.89 1.71E-03 5.55E-05

Meyer et al., 

2020

Cre09.g407501_4532.

1.p
- CBM20 domain containing protein with coiled-coil domain - 0 2.91 4.50 1.14E-02 1.26E-03  
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Cre02.g091750_4532.

5.p
BSG1

Bimodal starch granule 1, related to starch modification during 

photosynthetic to starved condition
- 0 2.84 4.40 1.74E-05 4.34E-07

Findinier et al., 

2019

Cre06.g270100_4532.

1.p
SBE2 Starch Branching Enzyme 2 0.06265 0 2.72 5.93 1.03E-03 1.32E-06  

Cre12.g504000_4532.

1.p
- Annotated as Endonuclease / exonuclease / phosphatase - 0 2.71 3.44 1.53E-02 7.19E-03  

Cre08.g363874_4532.

1.p
-

Belongs to the Alpha-Glucan Water Dikinase, chloroplastic 

(PTHR46999:SF1) family
NA 0 2.29 5.34 2.06E-02 8.83E-05  

Cre09.g394547_4532.

1.p

EPOS1-

like 2

CBM20 domain containing protein with coiled-coil domain, 

gene neighbour to EPOS1
0.06388 0 2.06 1.97 5.56E-03 1.39E-02 This study

Cre10.g430350_4532.

1.p
POB23 Proteome of basal body 23 0.01753 2 1.85 5.74 2.12E-03 6.00E-08  

Cre08.g385500_4532.

1.p
AMA1 Alpha-amylase 1 0.06498 1 1.79 3.70 6.26E-03 3.70E-05  

Cre12.g485350_4532.

1.p
- - - 0 1.73 2.99 2.87E-03 7.26E-05  

Cre13.g571400_4532.

1.p
- - - 0 1.56 2.45 1.23E-02 1.28E-03  

Cre17.g720450_4532.

1.p
SMC7

Structural maintenance of Chromosome 7, localised at the 

edge of pyrenoid as puncta
0.03317 0 1.50 2.62 5.28E-03 1.46E-04

Lau et al., 

2023

Cre01.g049132_4532.

1.p
-

Toll/interleukin-1 receptor homology (TIR) domain containing 

protein
0.09103 0 1.15 2.35 4.56E-03 2.51E-05  

Cre17.g719900_4532.

1.p
PWD1 Phosphoglucan water dikinase 1 0.06836 4 1.11 3.49 4.69E-02 2.70E-05  
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821

822

823 Supplemental Figure S1. Validation of CIB1 cassette insertion.  (a) Schematic of cassette insertion to EPOS1 

824 gene. (b) Sequencing data of CIB1 cassette junctions in epos1-1 and epos1-2. Dark red indicates verified sequence 

825 of the inserted CIB1 cassette, pale red shows where CIB1 cassette has been truncated. For epos1-2, a genomic 

826 deletion in intron 12 upstream of the CIB1 cassette is shown by the thin grey line.
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827

828

829 Supplemental Figure S2. EPOS1 levels in wild-type compared to epos1-2:EPOS1 complemented line. (a) 

830 Immunoblot of EPOS1 and tubulin in three biological replicates to compare EPOS1 accumulation in epos1-2:EPOS1 

831 compared to WT and epos1-2. (b) Relative abundance of EPOS1 protein in wild-type compared to epos1-2:EPOS1.  

832 (c) Immunoblot of EPOS1 and tubulin in three biological replicates to compare EPOS1 accumulation in epos1-1 

833 compared to WT and epos1-2. (d) Immunoblot of EPOS1, LCIC, and tubulin to show the low CO2 inducible 

834 expression of EPOS1 in wildtype and three independent complemented lines, epos1-2:EPOS1(E4) is the chosen 

835 complemented lines used in this study.

836
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837

838

839 Supplemental Figure S3. Ci affinity of epos1-1 and epos1-2 compared to control strain CC-4533.

840 (a-b), Net O2 evolution was measured at pH 7.4 from WT (CC-4533) and epos1 mutants grown in high (3%) CO2 (a) 

841 or air (b) photoautotrophic conditions (TP, pH 7.4). Three biological replicates were measured for HC and four 

842 replicates for Air grown samples. 

843 (c-d), K1/2 values were determined from the hyperbolic fit of experimental data shown in a–b (n = 3 for high CO2 4 for 

844 air conditions). **P < 0.01; ordinary one way ANOVA uncorrected.
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845

846 Supplemental Figure S4. Extended data for Fig. 2. (a) Additional images of STA2-mCherry expressed in WT and 

847 epos1-2. Cells are acclimated to low (0.04%) CO2 overnight. Images are single z planes through the middle of the 

848 pyrenoid. Scale bar is 2 µm. (b) Characteristics of individual starch plates in WT (CC-4533) and epos1-2 across 25 

849 different cells. Asterisks represent significant differences as determined by an unpaired, two-tailed t-test.

850
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851

852 Supplemental Figure S5. Additional transmission electron micrographs in support of Figure 3D. Cells were 

853 grown under bubbling with 3% CO2 and switched to 0.04%. Cells in low CO2 acclimated conditions were harvested 2 

854 days after switching to 0.04% CO2. Scale bar is 1 µm in (a) and 500 nm in (b).
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856

857

858

859

860 Supplemental Figure S6. Additional SEM images of starch isolated from WT, epos1-2 and epos1-2:EPOS1 

861 cells grown under low (0.04%) CO2 conditions. Supports figure 2F
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862

863 Supplemental Figure S7. Additional cells from timelapse imaging of high CO2 to low CO2 transition in support 

864 of Figure 2G. (a) Maximum z projections of cells with EPOS1-mNeonGreen and STA2-mCherry shown in green and 

865 magenta, respectively. Scale bars are 1 µm.  (b) A single z plane of cell 2.   The z plane has been adjusted to keep 

866 the cell in focus to compensate for drift during the experiment. Scale bar is 1 µm.
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867  

868 Supplemental Figure S8. Confirmation of expression and activity of TurboID constructs. The biotinylation 

869 activity of the TurboID expression strains, as determined in the absence (−) or presence (+) of 2.5 mM biotin for 2 h. 

870 Cultures are separately harvested both before and after the biotin labelling treatment. Biotinylation was visualized via 

871 immunoblotting whole-cell lysate with a streptavidin conjugate. The abundance of EPOS1-TurboID (102 kDa) and 

872 RPE1-TurboID (67kDa), was probed by α-HA. α-tubulin was used as a loading control.
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873

874 Supplemental Figure S9. Localisation of PFK1 and PFK2 via fluorescent tagging.

875
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876

877 Supplemental Figure S10. EPOS1-like gene cluster phylogenetic analysis. EPOS1 is part of a gene cluster 

878 including two other EPOS1 homologues. (a) Percentage identity matrix of amino acid sequences of the EPOS1 gene 

879 cluster. (b) Phylogenetic tree of CBM-coiled coil proteins across selected green algae and Arabidopsis. EPOS1 like 

880 genes, other CBM20 proteins and PTST are shown in blue, orange and green, respectively. The tree with the highest 

881 log likelihood (-45,002.51) is shown. The percentage of trees in which the associated taxa clustered together is 

882 shown next to the branches. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-

883 Joining and BioNJ algorithms to a matrix of pairwise distances estimated using the JTT model, and then selecting the 

884 topology with superior log likelihood value. The tree is drawn to scale, with branch lengths measured in the number of 

885 substitutions per site (next to the branches).
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887

888 Supplemental Figure S11. CreEPOS1 is expressed in 3 independent Arabidopsis lines 

889 and interacts with starch granules in planta. (a) Confocal laser scanning images of Arabidopsis (At) 

890 mesophyll cell chloroplasts of 28 day old plants, in independent lines stably overexpressing CreEPOS1-mCherry 

891 shown in yellow. Starch granules were stained with fluorescein shown in green. Chlorophyll fluorescence is shown in 

892 magenta. Dashed squares indicate enhanced regions below. Bars: 10 µm and 5 µm for close ups. (b) Immunoblot 

893 using mCherry antibody to detect CreEPOS1-expression in 2-3 representative plants of AtCol-0 controls and 

894 UBQ:CreEPOS1-mCherry in AtCol-0 lines 1,2 and 3. (c) Starch binding assay for CreEPOS1-mCherry using purified 

895 starch from UBQ10:CreEPOS1-mCherry in AtCol-0 line1 and protein extracts from 28 day old UBQ10:CreEPOS1-

896 mCherry in AtCol-0 line 1 leaves. Input (I) indicates total protein extract. Output (O) indicates supernatant after 

897 incubation with starch granules. Wash (W) indicates supernatant from the last wash step and Elute (E) indicates 

898 supernatant after protein elution from starch granules. Arrows indicate CreEPOS1-mCherry. CreEPOS1-mCherry 

899 was detected using a mCherry-antibody (ab213511, abcam).
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