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Abstract 31 

 Most algae enhance their CO2 assimilation by concentrating CO2 within the pyrenoid, a 32 

biomolecular condensate that contains the CO2-fixing enzyme Rubisco. Many pyrenoids are surrounded by 33 

a starch sheath that is thought to slow the escape of CO2 from the pyrenoid, but how the starch sheath is 34 

localized to the pyrenoid remains poorly understood. Here, in the leading model alga Chlamydomonas 35 

reinhardtii, we find that the protein SAGA2 is necessary for early pyrenoid starch sheath biogenesis and 36 

works redundantly with its homolog, SAGA1, to localize the starch sheath to the pyrenoid. SAGA2 and 37 

SAGA1 were enriched in different regions of the pyrenoid-starch sheath interface, suggesting that they play 38 

complementary roles. Both saga2 and saga1 mutants showed defects in starch sheath coverage early 39 

during pyrenoid formation that were improved at a later timepoint. Strikingly, a saga1;saga2 double mutant 40 

did not have a starch sheath around the pyrenoid and showed decreased overall starch content. SAGA1 41 

and SAGA2 starch-binding domains bound to starch, the starch mimic molecule b-cyclodextrin, and the 42 

starch precursor molecule maltoheptaose, suggesting a role for SAGA1 and SAGA2 in starch granule 43 

initiation. We propose a model where SAGA1 and SAGA2 each locally prime starch sheath initiation in a 44 

distinct region of the pyrenoid surface by enriching starch precursor molecules around the pyrenoid. These 45 

findings advance the understanding of algal starch sheath biogenesis and provide insights into the 46 

associations between biomolecular condensates and other cellular structures. 47 

 48 

Significance Statement  49 

Eukaryotic algae enhance their carbon assimilation using an organelle called the pyrenoid, where 50 

concentrated CO2 is supplied to the CO2-fixing enzyme Rubisco. In many algae, a starch sheath 51 

surrounding the pyrenoid is thought to enhance CO2 fixation, but how starch is localized to pyrenoids is 52 

unknown. Here, we show that two proteins, SAGA1 and SAGA2, each bind to starch precursor molecules 53 

and redundantly localize starch to the pyrenoid in the alga Chlamydomonas reinhardtii. Our results suggest 54 

that SAGA1 and SAGA2 promote starch sheath initiation at the pyrenoid, rather than merely tethering 55 

starch, as previously thought. This work advances the understanding of the proteins and molecular 56 

mechanisms involved in pyrenoid starch sheath biogenesis and lays the foundations for their further study. 57 

 58 
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Introduction 59 

Approximately one-third of photosynthetic CO2 fixation occurs in the algal pyrenoid (1), an organelle 60 

that contains the CO2-assimilating enzyme Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) 61 

(2, 3). There is interest in understanding how pyrenoids function because they mediate most of the CO2 62 

assimilation in the oceans (4–8). In addition, engineering a pyrenoid into land plants is currently being 63 

pursued as a strategy for increasing crop yields (9–11).  64 

Most of the molecular understanding of the pyrenoid comes from the leading model alga 65 

Chlamydomonas reinhardtii (Chlamydomonas hereafter). The Chlamydomonas pyrenoid is made up of 66 

three sub-compartments: the phase-separated (12–15) spheroidal Rubisco matrix (16); matrix-traversing 67 

membranes derived from the thylakoid sheets, which form tubules in Chlamydomonas (17, 18); and a 68 

surrounding starch sheath (19) (Fig. 1A). Each of these sub-compartments is thought to play a critical role 69 

in pyrenoid function: the Rubisco matrix is the site where CO2 is converted into sugar precursors that are 70 

used to generate biomass (20); the thylakoid tubules are thought to be the conduits that deliver 71 

concentrated CO2 to the Rubisco matrix (21–23); and the starch sheath is thought to improve the efficiency 72 

of CO2 concentration by acting as a barrier to slow the leakage of CO2 from the Rubisco matrix (23, 24). 73 

A role for starch as a CO2 leakage barrier is supported by in vitro, in vivo, and in silico data.  Starch 74 

has been shown to have low permeability to gas diffusion in vitro (25, 26), and a Chlamydomonas mutant 75 

lacking a starch sheath cannot grow efficiently under limiting CO2 conditions (24). Additionally, modeling 76 

suggests that a CO2 diffusion barrier surrounding the matrix can increase the efficiency and efficacy of CO2 77 

concentration within the pyrenoid (23). 78 

If the starch sheath is indeed acting as a barrier to CO2 escape, it is likely that there would be 79 

cellular mechanisms dedicated to the proper localization of the starch sheath to the periphery of the Rubisco 80 

matrix. However, the mechanisms by which the starch sheath is localized to and shaped around the 81 

pyrenoid remain largely unknown.  82 

Recent work identified two Chlamydomonas pyrenoid proteins that were proposed to localize the 83 

starch sheath to the periphery of the Rubisco matrix by physically connecting the two compartments (27). 84 

Meyer et al. (2020) discovered a Rubisco-binding motif that is both necessary and sufficient for targeting 85 

proteins to the pyrenoid (27) and is required for pyrenoid assembly (28). The motif is present on multiple 86 
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pyrenoid proteins, including Essential PYrenoid Component 1 (EPYC1, Cre10.g436550), which binds 87 

Rubisco together to form the pyrenoid matrix (1, 28), and two proteins that localize to the starch-matrix 88 

interface of the pyrenoid: StArch Granules Abnormal 1 (SAGA1, Cre11.g467712 (29)) and its homolog, 89 

SAGA2 (Cre09.g394621 (27)) (Fig. 1 A and B). In addition to their Rubisco-binding motifs, SAGA1 and 90 

SAGA2 both have predicted carbohydrate-binding module (CBM)-20 starch-binding domains (27). The 91 

presence of the Rubisco-binding motifs and putative starch-binding domains on these two proteins, along 92 

with their localization to the starch-matrix interface, suggested that SAGA1 and SAGA2 could play roles in 93 

connecting the starch sheath to the Rubisco matrix. 94 

In accordance with a potential role for SAGA1 in localizing the starch sheath to the Rubisco matrix, 95 

a saga1 mutant from a Chlamydomonas insertional mutant library (30) was previously shown to have 96 

abnormal starch sheaths (29). This mutant had a severe growth defect at low levels of CO2, had multiple 97 

pyrenoid matrix condensates that lacked thylakoid tubules, and had thin and elongated starch plates around 98 

its pyrenoid condensates. Despite these morphological defects, the saga1 mutant still had starch 99 

associated with its pyrenoid condensates, suggesting either that SAGA1 does not localize the starch sheath 100 

to the matrix or that it performs this function redundantly with one or more other proteins. SAGA2 is a 101 

promising candidate for this role, but a Chlamydomonas saga2 mutant has not been previously 102 

characterized. 103 

Recent work in Arabidopsis thaliana (Arabidopsis hereafter) supports the hypothesis that SAGA1 104 

and SAGA2 function in localizing starch to the Rubisco matrix. Atkinson et al. (2024) found that the 105 

expression of SAGA1 and SAGA2 in Arabidopsis promoted the localization of starch within and around 106 

engineered Rubisco condensates in these plants (31). However, the specific role of SAGA2 and its 107 

functional relationship to SAGA1 remain unknown, motivating further study of these components in 108 

Chlamydomonas. 109 

Here, we advance the understanding of the functions and relationship of SAGA1 and SAGA2 by 110 

characterizing the cellular localizations and loss-of-function phenotypes of these proteins in 111 

Chlamydomonas, and by investigating their ability to bind starch and starch precursors in vitro.  Our results 112 

show that SAGA1 and SAGA2 act redundantly to localize starch granules to the pyrenoid matrix in 113 

Chlamydomonas and suggest that they localize starch by promoting the initiation of starch granules at the 114 
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matrix surface. These findings further the understanding of the molecular interactions that are necessary 115 

to assemble a functional pyrenoid. 116 

 117 

Results  118 

SAGA2 is depleted from regions where membranes enter the pyrenoid matrix. 119 

SAGA1 and SAGA2 were both previously found to localize in ring-like patterns at the starch-matrix 120 

interface of the pyrenoid, with SAGA1 forming a punctate pattern (18, 27, 29) and SAGA2 having a more 121 

uniform distribution around the matrix periphery (27). Additionally, the SAGA1 puncta were shown to co-122 

localize with chlorophyll autofluorescence around the edge of the pyrenoid, which corresponds to thylakoid 123 

tubule entry points, suggesting that SAGA1 localizes to gaps in the starch sheath where tubules enter the 124 

pyrenoid (18, 29). 125 

To further investigate the localization pattern of SAGA2 in comparison to SAGA1, we used super-126 

resolution confocal microscopy to visualize SAGA1-Venus and SAGA2-Venus along with tubule chlorophyll 127 

autofluorescence (Fig. 1C and Fig. S1). By examining the spatial correlation between pixel intensities of 128 

Venus and chlorophyll fluorescence, we found that SAGA1-Venus on average had a positive correlation 129 

with tubule chlorophyll autofluorescence (Pearson correlation 0.19), while SAGA2-Venus on average had 130 

a negative correlation with tubule autofluorescence (Pearson correlation -0.27; Fig. 1D and Fig. S1). Our 131 

results indicate that whereas SAGA1 is enriched at the starch-tubule-matrix junctions of the pyrenoid, 132 

SAGA2 is depleted from these regions, validating previous observations and supporting the idea that 133 

SAGA1 and SAGA2 play complementary roles in starch sheath biogenesis. 134 

 135 

A saga2 mutant does not have a detectable growth defect under standard photoautotrophic 136 

conditions. 137 

 To investigate whether SAGA2 is necessary for starch sheath assembly in Chlamydomonas, we 138 

obtained a saga2 mutant from the Chlamydomonas CLiP genome-wide mutant library (32). We verified the 139 

presence of an insertional cassette in the SAGA2 gene in this mutant using PCR (Fig. S2 and Table S1). 140 

We then performed spot test assays to analyze the photoautotrophic growth of the saga2 mutant under a 141 

photon flux of 100 μmol⋅m−2
⋅s−1 at high (3% v/v), low (0.04% v/v) and very low (<0.004% v/v) levels of CO2 142 
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(Fig.  2A and Fig. S3). We found that the saga2 mutant grew similarly to wild type under all growth conditions 143 

tested, suggesting that the mutant has a functional pyrenoid and that SAGA2 is not necessary for growth 144 

under limiting CO2 conditions. 145 

 146 

Absence of SAGA2 causes starch sheath defects early in pyrenoid formation. 147 

To determine whether the saga2 mutant has starch sheath defects, we performed transmission 148 

electron microscopy (TEM) to visualize its starch sheath morphology. To induce starch sheath biogenesis, 149 

we transferred cells from high levels of CO2 to low levels of CO2 3 hours before they were harvested and 150 

prepared for TEM. When we imaged these cells, we observed that starch was associated with the Rubisco 151 

matrix in both wild-type and saga2 pyrenoids, but that the percentage of matrix perimeter covered with 152 

starch was lower in the saga2 mutant than in wild type (33% in saga2 vs 51% in wild type; p=2x10-3, Dunn’s 153 

multiple comparisons test; Fig. 2 B and C and Fig. S4A).  154 

To confirm that this phenotype was caused specifically by the insertion in the SAGA2 gene, we 155 

rescued the saga2 mutant with SAGA2-Venus expressed under the native SAGA2 promoter (Fig. 2A, Fig. 156 

S1B, and Fig. S2B). SAGA2-Venus rescued the saga2 mutant phenotype; in the rescued strain, a greater 157 

percentage of matrix was covered with starch compared to the saga2 mutant (63% in saga2;SAGA2-Venus 158 

vs 33% in saga2; p=3x10-8, Dunn’s multiple comparisons test; Fig. 2 B and C and Fig. S4A). Interestingly, 159 

the saga2;SAGA2-Venus strain also had more starch-matrix coverage than wild type (63% in 160 

saga2;SAGA2-Venus vs 51% in wild type; p=8x10-3, Dunn’s multiple comparisons test; Fig. 2 B and C, Fig. 161 

S4A, and Fig. S5), and the starch granules around the pyrenoids in saga2;SAGA2-Venus were thicker 162 

compared to those in wild type (Fig. 2B and Fig. S4A), which could potentially be due to overexpression of 163 

SAGA2-Venus in the saga2;SAGA2-Venus strain. Taken together, these results indicate that SAGA2 is 164 

necessary for normal matrix-starch sheath coverage during early stages of pyrenoid formation.  165 

 166 

The saga2 mutant recovers a normal-looking starch sheath at later stages of pyrenoid maturation. 167 

The pyrenoid is a dynamic organelle that changes morphology over time after exposure to low CO2 168 

levels (33–35). One such change is that the starch sheath in wild-type Chlamydomonas becomes thicker 169 

and expands to cover the full perimeter of the Rubisco matrix after the pyrenoid is fully induced (33, 35, 170 
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36). To determine whether these changes also occur in the saga2 mutant, we prepared cells for TEM at a 171 

second time point 21 hours after we transferred cells from high CO2 to low CO2.  172 

At the 21-hour time point, we indeed observed that the starch sheath in the saga2 mutant was 173 

thicker, more tightly shaped around the Rubisco matrix, and covered a larger percentage of the matrix 174 

perimeter compared to the 3-hour time point (Fig. 2B-E and Fig. S4). For both the saga2 mutant and 175 

saga2;SAGA2-Venus, the starch-matrix coverage of the pyrenoids showed no discernible difference 176 

compared to wild type at the 21-hour time point (p=3x10-1, Kruskal-Wallis ANOVA test; Fig. 2 D and E and 177 

Fig. S4B). Together, our findings suggest that while SAGA2 is necessary for a normal starch sheath early 178 

during pyrenoid formation, other factors can compensate for a lack of SAGA2 to assemble an apparently 179 

normal starch sheath during later stages of pyrenoid formation.  180 

 181 

The saga2 mutant has a single pyrenoid and apparently normal tubules. 182 

 Since SAGA1 was previously shown to be necessary for normal pyrenoid number and for pyrenoid 183 

tubule formation (18, 29), we sought to determine whether SAGA2, as its homolog, was also involved in 184 

these aspects of pyrenoid biogenesis. To determine whether the saga2 mutant had a single pyrenoid, we 185 

transformed the saga2 mutant with Rubisco-mCherry and imaged this strain along with a wild-type strain 186 

expressing Rubisco-mCherry (1, 29) both 3 hours and 21 hours after transferring cells to low CO2 using 187 

confocal microscopy. We found that both wild type and saga2 had a single Rubisco punctus at the base of 188 

the chloroplast at both the 3-hour and the 21-hour time points (Fig. 3A and Fig. S6). We conclude that, 189 

unlike SAGA1, SAGA2 is not necessary for maintaining a single pyrenoid in Chlamydomonas. 190 

 To investigate whether SAGA2 is necessary for pyrenoid tubule formation, we analyzed the tubule 191 

networks of pyrenoids in our TEM images (Fig. 2 B and D, Fig. S4). At both the 3-hour and the 21-hour time 192 

points, all saga2 mutant pyrenoids that we imaged had visible tubule networks that were similar to those 193 

we observed in wild type (Fig. 2 B and D and Fig. S4). These observations indicate that SAGA2 is not 194 

necessary for pyrenoid tubule formation.  195 

 196 

A saga1;saga2 double mutant has multiple pyrenoid matrix condensates that lack thylakoid tubules. 197 

.CC-BY 4.0 International licenseavailable under a 
(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 

The copyright holder for this preprintthis version posted January 29, 2026. ; https://doi.org/10.64898/2026.01.27.702031doi: bioRxiv preprint 

https://doi.org/10.64898/2026.01.27.702031
http://creativecommons.org/licenses/by/4.0/


8 

We next sought to investigate the epistatic relationship of SAGA1 and SAGA2 with respect to their 198 

impact on the starch sheath, pyrenoid condensate number, and tubule formation. To do this, we crossed a 199 

saga1 mating type plus (mt(+)) strain (18) with the saga2 mutant and isolated a saga1;saga2 double mutant 200 

from the progeny (Fig. S7A-F).  201 

 To determine the number of pyrenoid matrix condensates in the saga1;saga2 mutant, we 202 

transformed Rubisco-mCherry into saga1 mt(+) and saga1;saga2 and imaged these strains along with 203 

saga2;Rubisco-mCherry both 3 hours and 21 hours after transferring cells to low CO2 using confocal 204 

microscopy. We found that both saga1 mt(+) and saga1;saga2 had multiple Rubisco puncta distributed 205 

throughout the chloroplast, while the saga2 mutant had a single Rubisco punctus at both the 3-hour and 206 

21-hour time points (Fig. 3A and Fig. S6), indicating that the saga1 mutation is epistatic to the saga2 207 

mutation with respect to pyrenoid condensate number. 208 

To investigate whether saga1;saga2 has normal pyrenoid tubules, we performed TEM on cells 209 

harvested at the 3-hour and 21-hour low CO2 time points. At both time points, we observed multiple small 210 

pyrenoid matrix condensates in saga1 mt(+) and saga1;saga2, visible as electron-dense regions with the 211 

same texture as the pyrenoid matrix (Fig. 3 B and D, Fig. S8, and Fig. S9). We found that, while saga2 212 

mutant pyrenoids had tubules, saga1 mt(+) and saga1;saga2 both lacked visible thylakoid tubules in their 213 

multiple pyrenoid condensates (Fig. 3 B and D, Fig. S8, and Fig. S9). We also performed spot test assays 214 

to determine whether saga1;saga2 had a functional pyrenoid and found that it had a severe growth defect 215 

similar to saga1 mt(+) at both low and very low CO2 levels (Fig. S3). Taken together, these results indicate 216 

that the saga1 mutation is epistatic to saga2 with respect to both pyrenoid matrix number and tubule 217 

formation, which likely causes the severe saga1-like growth defects observed in the saga1;saga2 double 218 

mutant. 219 

 220 

Pyrenoid matrix condensates in the saga1;saga2 double mutant lack starch sheaths. 221 

To investigate the relationship between SAGA1 and SAGA2 with respect to the starch sheath, we 222 

analyzed the pyrenoid starch sheaths in our TEM images of cells harvested at the 3-hour and 21-hour low 223 

CO2 time points. Remarkably, at both time points, the saga1;saga2 mutant completely lacked starch 224 
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sheaths around its visible pyrenoid condensates (Fig. 3B-E, Fig. S8, and Fig. S9), suggesting that SAGA1 225 

and SAGA2 function redundantly to localize starch sheaths to the pyrenoid. 226 

To validate that the lack of pyrenoid-associated starch sheaths in saga1;saga2 was caused by the 227 

absence of SAGA1 and SAGA2, rather than a background mutation, we genetically rescued the 228 

saga1;saga2 double mutant by transforming it with either SAGA1-Venus or SAGA2-Venus to generate 229 

saga1;saga2;SAGA1-Venus and saga1;saga2;SAGA2-Venus. We then visualized starch in the parental 230 

and rescued strains using fluorescein diacetate, a fluorescent dye that binds to starch (37), 3 hours and 21 231 

hours after transferring cells to low CO2 (Fig. S10A-E). Canonical pyrenoid starch sheaths were visible in 232 

saga1;saga2;SAGA1-Venus at both time points, while multiple starch sheath rings were visible in 233 

saga1;saga2;SAGA2-Venus only at the 21-hour time point (Fig. S10A-E), which aligned with our TEM 234 

observations of starch sheaths in saga2 and saga1 mt(+) (Fig. 2B-E, Fig. 3B-E, Fig. S4, and Fig. S8). 235 

Together, these findings establish that SAGA1 and SAGA2 can each compensate for the loss of the other 236 

to localize starch sheaths to the pyrenoid, but no other factor can compensate for the loss of both SAGA1 237 

and SAGA2. 238 

 239 

The saga1;saga2 double mutant produces less starch than wild type. 240 

 Considering that starch is normally primarily found around the pyrenoid condensate when wild-type 241 

cells are grown under low CO2 (33), the absence of starch around the pyrenoid condensates in the 242 

saga1;saga2 double mutant could indicate a complete lack of starch production in this strain. To determine 243 

whether the saga1;saga2 mutant still produces starch, we used an iodine stain assay to detect starch in 244 

cell extracts from wild type, saga1 mt(+), saga2, saga1;saga2, and a starchless sta6 mutant (38). This 245 

assay uses Lugol’s iodine solution, which turns blue when it binds to amylose and reddish-brown when it 246 

binds to amylopectin, the two main components of starch (39).  We found that wild type, saga1 mt(+), 247 

saga2, and saga1;saga2 all stained dark, while the sta6 cell extract remained green (Fig. 4A). These results 248 

indicate that the saga1;saga2 double mutant still produces starch, and that the absence of a starch sheath 249 

in saga1;saga2 is not due to a complete lack of starch production. 250 

 To determine whether there were differences in total starch content between the mutants, we 251 

purified starch from wild type, saga1 mt(+), saga1 mt(+);SAGA1-Venus, saga2, saga2;SAGA2-Venus, and 252 
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saga1;saga2, then quantified how much starch was in each strain using a starch assay kit (Sigma). We 253 

found that saga1 mt(+) produced slightly less starch than wild type, although this change was not 254 

statistically significant (p=1x10-1, Conover-Iman multiple comparisons test; Fig. 4B). The saga1 255 

mt(+);SAGA1-Venus rescue strain produced significantly more starch than saga1 mt(+) (p=3x10-4, 256 

Conover-Iman multiple comparisons test; Fig. 4B), suggesting that SAGA1 impacts starch production. The 257 

saga2 mutant produced slightly more starch than wild type (p=2x10-2, Conover-Iman multiple comparisons 258 

test; Fig. 4B), but the saga2;SAGA2-Venus rescue strain produced a similar amount of starch to the saga2 259 

mutant (p=9x10-1, Conover-Iman multiple comparisons test; Fig. 4B). Strikingly, the saga1;saga2 double 260 

mutant on average produced only 17% as much starch wild type (p=2x10-3, Conover-Iman multiple 261 

comparisons test; Fig. 4B). We conclude that the saga1;saga2 double mutant produces less starch than 262 

wild type. 263 

 264 

Starch in the saga1;saga2 double mutant is distributed throughout the stroma. 265 

 Given that saga1;saga2 had almost no matrix-associated starch granules but still produced some 266 

starch, we next sought to determine where that starch was localized. We used a fluorescently-tagged 267 

pyrenoid starch sheath marker, granule-bound starch synthase IA (40) (STA2, Cre17.g721500), to visualize 268 

the localization of starch 3 hours and 21 hours after transferring cells to low CO2 (Fig. 4C and Fig. S11). At 269 

both time points, in wild type and the saga2 mutant, STA2-Venus localized in a well-defined ring around 270 

the pyrenoid (Fig. 4C and Fig. S11). In saga1 mt(+) at the 3-hour time point, STA2-Venus was distributed 271 

in puncta throughout the chloroplast, but at the 21-hour time point small rings were visible in the chloroplast 272 

in many cells, suggesting that starch sheaths had formed (Fig. 4C and Fig. S11). In saga1;saga2 at both 273 

time points, STA2-Venus localized in puncta throughout the chloroplast (Fig. 4C and Fig. S11), with no 274 

visible ring-like patterns indicative of a pyrenoidal starch sheath. These results were validated by staining 275 

starch in saga1;saga2 with fluorescein (Fig. S10F). Dual localization of STA2-Venus and Rubisco-mCherry 276 

further indicated that starch was predominantly not colocalized with the Rubisco condensates in the 277 

saga1;saga2 mutant (Fig. 4D and Fig. S12). We conclude that in the saga1;saga2 double mutant, starch is 278 

distributed throughout the stroma rather than to the pyrenoid matrix condensates. 279 

 280 
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SAGA1 is expressed at similar levels in both wild type and saga2, and SAGA2 is present in saga1. 281 

 Having established the impact of the saga1 and saga2 mutations on starch localization, we next 282 

sought to understand how SAGA1 and SAGA2 contribute to pyrenoid starch sheath localization in each 283 

other’s absence. For SAGA1 and SAGA2 to be able to compensate for each other’s loss, each protein 284 

would need to be present in the absence of the other. To investigate SAGA1 and SAGA2 protein levels in 285 

the mutants, we attempted to raise antibodies against SAGA1 and SAGA2 but failed to produce antibodies 286 

that were specific to each protein. Instead, we performed a western blot with an antibody that binds to both 287 

SAGA1 and SAGA2 (27) on cell extracts from wild type, saga1 mt(+), saga1 mt(+);SAGA1-Venus, saga2, 288 

saga2;SAGA2-Venus, and saga1;saga2 (Fig. 5A). We found that SAGA1 levels were similar in wild type, 289 

saga2, and saga2;SAGA2-Venus. We cannot draw quantitative conclusions about the levels of SAGA2 in 290 

each strain because the SAGA2 band is faint and its intensity in different strain backgrounds varied between 291 

replicates. We conclude that SAGA1 protein levels are unchanged in the saga2 mutant, and that SAGA2 is 292 

expressed in the saga1 mutant, consistent with the idea that SAGA1 and SAGA2 can compensate for each 293 

other’s loss.  294 

 295 

SAGA1 and SAGA2 each localize to the matrix periphery in the absence of the other. 296 

 For SAGA1 and SAGA2 to be able to compensate for each other’s loss, we would expect each 297 

protein to localize to the matrix-starch interface in the other’s absence. As expected, SAGA1-Venus 298 

localized to its canonical location in both saga1 mt(+) and saga1;saga2 (Fig. 5B and Fig. S13), and SAGA2-299 

Venus localized in a single ring in the canonical pyrenoid location in the saga2 mutant but localized to 300 

multiple puncta throughout the chloroplast in the saga1;saga2 mutant (Fig. 5B and Fig. S13). 301 

 To determine whether SAGA2 was localized to multiple pyrenoid matrix condensates in the saga1 302 

mutant background, we imaged both SAGA2-Venus and Rubisco-mCherry in saga1;saga2 (Fig. 5C and 303 

Fig. S14). Notably, SAGA2-Venus colocalized with some, but not all, Rubisco-mCherry puncta (Fig. 5C and 304 

Fig. S14), suggesting that SAGA2 only localized to a subset of the multiple pyrenoid matrix condensates in 305 

the saga1 mutant background. Taken together, these results indicate that SAGA1 and SAGA2 can each 306 

localize to the matrix periphery in the absence of the other, and that SAGA2 associates with only a subset 307 

of the multiple matrix condensates of the saga1 mutant. 308 

.CC-BY 4.0 International licenseavailable under a 
(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 

The copyright holder for this preprintthis version posted January 29, 2026. ; https://doi.org/10.64898/2026.01.27.702031doi: bioRxiv preprint 

https://doi.org/10.64898/2026.01.27.702031
http://creativecommons.org/licenses/by/4.0/


12 

 309 

The SAGA1 and SAGA2 CBM20 domains bind to starch and the starch precursor maltoheptaose. 310 

 To further understand how SAGA1 and SAGA2 can each localize starch to the pyrenoid, we sought 311 

to determine whether SAGA1 and SAGA2 can directly interact with starch and/or starch precursor 312 

molecules through their predicted CBM20 starch-binding domains (SBDs) (27, 29) (Fig. 1B and Fig. S15). 313 

We performed a starch-binding assay using purified CBM20 domains from either SAGA1 or SAGA2. To 314 

increase the sensitivity of the binding assay for SAGA1, we designed a construct with two copies of the 315 

SAGA1 CBM20 domain (10xHis-mVenus-2xSAGA1-SBD; Fig. S15). SAGA2 natively has two consecutive 316 

CBM20 domains, both of which were included in the SAGA2 construct for this experiment (10xHis-mVenus-317 

SAGA2-SBD; Fig. S15). 318 

 We purified the starch-binding domains and assessed their binding to waxy maize starch granules 319 

in the presence or absence of two known CBM20 ligands, b-cyclodextrin and maltoheptaose (41, 42). We 320 

observed that both the 10xHis-mVenus-2xSAGA1-SBD and the 10xHis-mVenus-SAGA2-SBD proteins, but 321 

not a 10xHis-mVenus control protein, bound to starch (Fig. 6A and Fig. S16). Binding of 10xHis-mVenus-322 

2xSAGA1-SBD and the 10xHis-mVenus-SAGA2-SBD to starch was decreased in the presence of either b-323 

cyclodextrin or maltoheptaose, suggesting that each protein bound to all three molecules. b-cyclodextrin is 324 

not produced by Chlamydomonas cells, but is a soluble cyclic seven-residue glucose polymer that mimics 325 

the helical conformation of starch as well as that of long maltooligosaccharides, which are substrates for 326 

starch initiation (42–44); maltoheptaose is a linear seven-residue maltooligosaccharide that can act as a 327 

primer for the initiation of starch synthesis (43). The binding of 2xSAGA1-SBD and SAGA2-SBD to both b-328 

cyclodextrin and maltoheptaose suggests that SAGA1 and SAGA2 can bind to both linear and helical starch 329 

precursor molecules. For both 2xSAGA1-SBD and SAGA2-SBD, b-cyclodextrin decreased binding more 330 

than maltoheptaose (Fig. 6A and Fig. S16), suggesting that SAGA1 and SAGA2 may bind more strongly to 331 

helical starch precursors. We conclude that both the SAGA1 CBM20 domain and the SAGA2 CBM20 332 

domain can bind to not only starch but also to starch precursor molecules, suggesting that SAGA1 and 333 

SAGA2 could promote starch initiation at the surface of the pyrenoid. 334 

 335 
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Discussion 336 

Our data suggest that SAGA1 and SAGA2 are starch granule initiation factors.  337 

SAGA1 and SAGA2 were previously suggested to be matrix-starch tethers (27), in which case  338 

other starch biogenesis factors would initiate starch granules at the surface of the matrix, and SAGA1 and 339 

SAGA2 would tether this starch to the matrix. However, our data raise the possibility that SAGA1 and 340 

SAGA2 do not merely tether starch to the matrix, but rather directly promote starch granule initiation at the 341 

surface of the pyrenoid. 342 

The first piece of evidence that SAGA1 and SAGA2 are initiators rather than simply tethers is that 343 

the saga1;saga2 double mutant lacks matrix-associated starch granules. If factors other than SAGA1 and 344 

SAGA2 were responsible for initiating starch granules at the matrix periphery, we would naïvely expect that 345 

the initiated granules would remain in the proximity of the matrix even in the absence of tethers – but 346 

instead, in the saga1;saga2 double mutant, we observe starch distributed throughout the stroma (Fig. 3 B 347 

and D, Fig. 4 C and D, Fig. S8, Fig. S9, Fig. S10F, Fig. S11, and Fig. S12). This observation suggests that 348 

starch in the saga1;saga2 double mutant was initiated away from the matrix and that the double mutant 349 

lacks the ability to initiate starch at the matrix periphery, implicating SAGA1 and SAGA2 in starch granule 350 

initiation. 351 

The second piece of evidence that SAGA1 and SAGA2 are starch initiators is that the saga1;saga2 352 

double mutant produces less starch than wild type (Fig. 4B). If SAGA1 and SAGA2 were merely acting as 353 

tethers, we would not necessarily expect to see an impact on the total amount of starch produced by the 354 

cell. By contrast, if SAGA1 and SAGA2 are starch granule initiators, the decrease in total starch in the 355 

saga1;saga2 double mutant can be explained by fewer starch initiation events. 356 

Another piece of data consistent with the idea that SAGA1 and SAGA2 could be starch initiators is 357 

that SAGA1 remains localized in a punctate pattern around the pyrenoid in the absence of SAGA2 (Fig. 5B 358 

and Fig. S13) even though the starch sheath fully surrounds saga2 pyrenoid condensates (Fig. 2 D and E, 359 

Fig. 3 D and E, Fig. S4, and Fig. S8). This observation indicates that SAGA1 only needs to act at puncta to 360 

achieve full starch sheath coverage of the matrix, which is consistent with an initiation function for SAGA1. 361 

Furthermore, the observation that starch sheaths are in contact with the matrix along the full surface of the 362 
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pyrenoid in the saga2 mutant (Fig. 2 D and E, Fig. S4, and Fig. S8) suggests that factors other than SAGA2 363 

promote the close apposition of starch with the matrix at sites distant from SAGA1. 364 

 A final piece of evidence that supports the idea that SAGA1 and SAGA2 are starch initiators is that 365 

SAGA1 and SAGA2 share domain, sequence, and functional similarities with established Arabidopsis 366 

starch initiation factors. While the mechanisms for starch initiation in Chlamydomonas remain poorly 367 

understood, more is known about this process in Arabidopsis, where starch granules are initiated in stromal 368 

pockets between thylakoid membranes in the chloroplast (45). The specific sites for starch initiation are 369 

thought to be determined by the localization of the thylakoid-bound coiled-coil protein MAR BINDING 370 

FILAMENT-LIKE PROTEIN 1 (MFP1, AT3G16000), which binds to the non-enzymatic starch initiator 371 

PROTEIN TARGETING TO STARCH 2 (PTST2, AT1G27070) (45, 46). PTST2 helps initiate starch by 372 

binding both to maltooligosaccharides (MOS) and to SOLUBLE STARCH SYNTHASE 4 (SS4), bringing 373 

SS4 into contact with its MOS substrates to enable starch granule initiation (43). While there are no 374 

detectable Chlamydomonas homologs of PTST2 (47), SAGA1 and SAGA2 both share predicted structural 375 

similarity to PTST2, which is also a coiled-coil CBM-containing protein (43, 45). Additionally, SAGA1 and 376 

SAGA2 share weak sequence similarity to MFP1 homologs in several cereal species (Fig. S17 and Table 377 

S2). Furthermore, we show that, like PTST2, SAGA1 and SAGA2 can bind to MOS (Fig. 6A and Fig. S16) 378 

(43).  379 

The similarities of SAGA1 and SAGA2 with MFP1 and PTST2, along with our evidence that SAGA1 380 

and SAGA2 are likely involved in starch initiation, lead us to speculate that SAGA1 and SAGA2 could 381 

perform the combined function of MFP1 and PTST2. Rather than establishing the site of starch initiation in 382 

stromal pockets, as MFP1 is proposed to do, SAGA1 and SAGA2 could establish the sites of starch initiation 383 

at the surface of the pyrenoid by binding to Rubisco via their Rubisco-binding motifs (Fig. 1 A and B) (27) 384 

and by binding MOS via their starch-binding domains (Fig. 1B). While we did not observe interactions 385 

between SAGA1 and SAGA2 and any starch synthase by immunoprecipitation-mass spectrometry (Table 386 

S3), such interactions may occur but be too transient to detect with our assays. Alternatively, if SAGA1 and 387 

SAGA2 do not directly interact with a starch synthase, they could promote starch granule initiation near the 388 

pyrenoid by increasing the relative concentration of MOS around the matrix. This idea is supported by 389 

.CC-BY 4.0 International licenseavailable under a 
(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 

The copyright holder for this preprintthis version posted January 29, 2026. ; https://doi.org/10.64898/2026.01.27.702031doi: bioRxiv preprint 

https://doi.org/10.64898/2026.01.27.702031
http://creativecommons.org/licenses/by/4.0/


15 

recent work that found that an increase of MOS in the chloroplast promoted starch granule initiation in 390 

Arabidopsis (48).  391 

 392 

We propose a model for how SAGA1 and SAGA2 localize starch to the pyrenoid in Chlamydomonas. 393 

We propose a model for starch sheath initiation at the periphery of the pyrenoid that is consistent 394 

with our data and with the hypothesis that SAGA1 and SAGA2 initiate starch granules at the surface of the 395 

Rubisco matrix (Fig. 6 B-I). In wild-type Chlamydomonas, SAGA1 initiates starch synthesis by binding to 396 

MOS at the surface of the matrix near pyrenoid tubule entry sites. SAGA2, on the other hand, initiates 397 

starch synthesis by binding to MOS along the surface of the matrix between tubule entry sites (Fig. 6B). 398 

From these early initiation sites, starch granules then grow around the surface of the matrix to fully 399 

encapsulate the pyrenoid by 21 hours at low CO2 (Fig. 6C). 400 

In the saga1 mutant, SAGA2 initiates starch along the surface of the multiple pyrenoid matrix 401 

condensates (Fig. 6D). Because SAGA2 is dispersed across multiple pyrenoid condensates, each pyrenoid 402 

matrix has only a small number of starch initiation points, leading to a delay in pyrenoid starch initiation and 403 

ultimately less matrix-starch coverage at the 3-hour time point. In the saga2 mutant, SAGA1 initiates starch 404 

at the surface of the Rubisco matrix near tubule entry sites (Fig. 6F). The lack of SAGA2 initiation points 405 

along the surface of the matrix leads to less matrix-starch coverage at the 3-hour time point. By later time 406 

points in each single mutant, the starch granules that each SAGA protein has initiated on its own have had 407 

enough time to elongate along the matrix surface to encapsulate the pyrenoid, resulting in normal starch 408 

sheath coverage (Fig. 6 E and G). In the saga1 mutant, some matrix condensates have no observed starch 409 

sheath even after 21 hours at low CO2 (Fig. 3D-E and Fig. S8). This can be explained by our observation 410 

that SAGA2 only localizes to a subset of the pyrenoid matrix condensates in the saga1 mutant (Fig. 5C and 411 

Fig. S14). Based on our data and model, we speculate that the condensates that lack SAGA2 are the ones 412 

that do not form starch sheaths. 413 

 In the saga1;saga2 double mutant, the lack of both SAGA1 and SAGA2 results in no starch being 414 

initiated at the matrix surface, resulting in no starch sheath forming around the multiple pyrenoid matrix 415 

condensates (Fig. 6 H and I). This model is consistent with our results as well as with previous results that 416 
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showed that SAGA1 and SAGA2 promote the recruitment of starch to engineered Rubisco condensates in 417 

Arabidopsis (31). 418 

Interestingly, our work suggests that the canonical Chlamydomonas starch sheath shape is 419 

dependent on starch granules being in contact with the Rubisco matrix; in the absence of such contact, 420 

granules do not appear to form in the shape of a starch sheath (Fig. 3 B and D, Fig. 4 C and D, Fig. S8, 421 

Fig. S9, Fig. S10F, Fig. S11, and Fig. S12). Instead, starch in saga1;saga2 appears similar in shape to 422 

typical stromal starch.  423 

 424 

The starch localization principles in Chlamydomonas may apply more broadly. 425 

 While progress has been made in understanding the factors involved in pyrenoid assembly in 426 

Chlamydomonas, little is known about the assembly of pyrenoids in other algal species. Pyrenoids are 427 

thought to have evolved independently via convergent evolution (3, 49–51), and as such, pyrenoid-related 428 

functions in different algal lineages are not necessarily performed by homologous proteins. Known 429 

Chlamydomonas pyrenoid proteins, including SAGA1 and SAGA2, as well as the Chlamydomonas 430 

Rubisco-binding motif, are conserved among closely related members of the green algal order Volvocales, 431 

but are not found in other algal species (27). There is, however, growing evidence that algal species outside 432 

of the Volvocales evolved their own unique Rubisco-binding motifs and likely assemble their Rubisco 433 

matrices using linker proteins that perform a similar function to EPYC1 in Chlamydomonas (52, 53). While 434 

the exact protein sequences may have no homology, we speculate that other algal species assemble 435 

pyrenoid starch sheaths using functional homologs of the Chlamydomonas SAGA proteins. Such proteins 436 

would likely be structurally similar to SAGA1 and SAGA2, with carbohydrate-binding domains and copies 437 

of whichever Rubisco-binding motif evolved in that species. Thus, beyond advancing the understanding of 438 

pyrenoid starch sheath assembly in Chlamydomonas, this work contributes to the foundation for 439 

investigating starch sheath biogenesis in other algal species. 440 

 441 

Materials and Methods 442 

Strains and Culture Conditions. 443 
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Strains used in this study can be found in Table S4. All strains were maintained at room temperature 444 

(RT) (~22°C) under very low light (<10 μmol photons⋅m−2
⋅s−1) on 1.5% agar plates containing Tris-acetate-445 

phosphate (TAP) medium with revised trace elements (54) supplemented with carbendazim. For liquid 446 

cultures, strains were grown in an orbital shaking incubator (Infors) using standard settings of 23°C and 447 

120 rpm under continuous cool white LED light at ~175 μmol photons⋅m−2
⋅s−1. Unless otherwise noted, 448 

cultures used in experiments were grown in Tris-Phosphate (TP, same composition as TAP above but 449 

without acetate) liquid media in air enriched to 3% (v/v) CO2 for 2-3 days. Cultures were then diluted and 450 

moved to a different incubator with the same parameters except at low (0.04% v/v) levels of CO2 for either 451 

3 hours or 21 hours. Cultures were harvested for experiments once they grew to approximately 2 x 106 452 

cells⋅mL-1 as measured by a Countess II Automated Cell Counter (Life Technologies). 453 

All strains generated in this work were deposited to the Chlamydomonas Resource Center 454 

(https://chlamycollection.org). 455 

 456 

Crossing of Chlamydomonas Strains. 457 

 The saga1;saga2 double mutant used in this study was produced through crossing the opposite 458 

mating-type strains saga1 mt(+) and saga2 mt(-) (Table S4). A modified version of a previously published 459 

protocol (55) was performed as described in Hennacy et al., 2024, with two exceptions: 1) equal volumes 460 

of saga1 mt(+) and saga2 mt(-) were left at ∼175 µmol photons m−2
⋅s−1 light without agitation for 1, 2, 3, 461 

and 4 hours, with the positive saga1;saga2 double mutant coming from the 3 hour time point; 2) because 462 

saga1 mt(+) and saga2 mt(-) have the same antibiotic resistance, antibiotic selection could not be used to 463 

select for the correct genotypes. Instead, colonies were selected at random and screened through PCR to 464 

determine the genotypes (Table S1). 465 

 466 

Cloning. 467 

Plasmids used in this study are listed in Table S5. The generation of these plasmids is described 468 

in the SI Materials and Methods. Constructs were validated using nanopore sequencing (Plasmidsaurus).  469 

 470 

Transformation of Chlamydomonas. 471 
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 The strains in this study produced through Chlamydomonas transformation are noted in Table S4. 472 

Leading up to the transformation protocol cells were grown as follows. To generate saga2;RBCS1-mCherry 473 

and saga1;saga2;RBCS1-mCherry, cells were grown in liquid TAP in low (0.04% v/v) CO2. To generate 474 

saga2;SAGA2-Venus, cells were grown in liquid TAP in low (0.04% v/v) CO2 for 1 day, then moved to high 475 

(3% v/v) CO2. For all other transformations, cells were grown in liquid TAP in 3% (v/v) CO2. All strains for 476 

transformation were grown with the standard settings described above.  477 

All transformations were performed as described in Hennacy et al., 2024 with some exceptions as 478 

described in the SI Materials and Methods. Positive transformants were selected for on TAP 1.5% agar 479 

plates supplemented with carbendazim and the appropriate antibiotic (Table S4) and kept in low light until 480 

colonies were a sufficient size for picking. Plates supplemented with zeocin were left at dark ambient light 481 

for ~6 days to allow time for the light-sensitive antibiotic to begin to kill negative transformants before 482 

exposing the cells to ~100 μmol photons⋅m−2
⋅s−1 light. Once colonies were large enough, they were selected 483 

at random either by hand or using a PIXL precision microbial colony picker (Singer Instruments). All positive 484 

transformants were confirmed using a Nikon A1R point scanning confocal microscope to detect transgene 485 

expression via fluorescence. 486 

 487 

Spot Tests. 488 

 Cells were grown to ~2 x 106 cells⋅mL-1 in liquid TAP medium at low (0.04%) levels of CO2 using 489 

the standard settings described above. They were then harvested at 1,000 x g for 5 minutes and cell pellets 490 

were washed 1x with 5 mL liquid TP media. Cell pellets were then resuspended in liquid TP to a 491 

concentration of ~6 x 105 cells⋅mL-1. Each sample was serially diluted at 1:10 and 1:100 dilutions, and 10 492 

μL of the original sample and each dilution were then spotted onto TP 1.5% agar plates supplemented with 493 

carbendazim. Spots were allowed to dry and then plates were placed under ~100 μmol photons⋅m−2
⋅s−1 of 494 

light at high (3% v/v), low (0.04% v/v), and very low (<0.004% v/v) CO2 levels for 7 days before imaging on 495 

a PhenoBooth imager (Singer Instruments).  496 

 497 

Fluorescein Staining. 498 

.CC-BY 4.0 International licenseavailable under a 
(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 

The copyright holder for this preprintthis version posted January 29, 2026. ; https://doi.org/10.64898/2026.01.27.702031doi: bioRxiv preprint 

https://doi.org/10.64898/2026.01.27.702031
http://creativecommons.org/licenses/by/4.0/


19 

 To visualize starch in different Chlamydomonas strains, 1 mL of exponential phase cultures were 499 

harvested by centrifugation at 1,000 x g for 5 minutes using a swinging bucket rotor. The supernatants were 500 

discarded and cell pellets were resuspended in 999 µL fresh TP medium before adding 1 µL 50 mM 501 

fluorescein diacetate (FDA). Cells were pulse-vortexed and incubated for 30 minutes at room temperature 502 

in a thermomixer set to 1,000 rpm. After 30 minutes cells were then prepared for confocal imaging. The 50 503 

mM FDA solution was prepared as follows. 2.1 mg of FDA powder (Chem Impex 01474) was dissolved by 504 

vortexing briefly in 10 µL of 2% Pluronic F-127 (Sigma P2443) in DMSO until the solution appeared cloudy. 505 

Then, 90 µL of DMSO was added and the entire solution was vortexed in pulses until the powder dissolved.  506 

  507 

Confocal Microscopy. 508 

 For most confocal experiments, live cells were imaged with a Nikon A1R point scanning confocal 509 

microscope using a 100x magnification oil objective with pinhole set to 1.2 Airy Units (AU), and images 510 

were denoised using the Nikon NIS-Elements Denoise.ai function and then display values were adjusted 511 

for appropriate contrast with Fiji software (56). To visualize fluorescence throughout the chloroplast, 0.3 μm 512 

Z-slices were collected from the top to the bottom of each cell and Max-Z projections were created using 513 

Fiji. For all mCherry-expressing strains, the mCherry channel was collected with an excitation/emission of 514 

561 nm/570-620 nm and chlorophyll autofluorescence was collected at 561 nm/663-738 nm. For all Venus-515 

expressing strains and fluorescein-stained cells, Venus and fluorescein fluorescence were collected with 516 

514 nm excitation and 522-555 nm emission and chlorophyll autofluorescence was collected with 514 nm 517 

excitation and 601-676 nm emission.  518 

 For saga1;SAGA1-Venus and saga2;SAGA2-Venus images, live cells were imaged with a Nikon 519 

Ti2 Inverted Microscope with a Yokogawa W1 and SoRa Module using a 60x TIRF objective with 4x SoRa 520 

magnification. Venus fluorescence was collected with 514 nm excitation and a 545/30 nm emission filter 521 

and chlorophyll autofluorescence was collected with 640 nm excitation and a 700 nm long pass emission 522 

filter. An alignment offset between the 514 and 640 channels was corrected as described in the SI Materials 523 

and Methods. All SAGA1-Venus and SAGA2-Venus images were denoised using the NIS-Elements 524 

Denoise.ai function and underwent 2D Automatic deconvolution. The images were then adjusted to display 525 

appropriate contrast using Fiji software (56). 526 
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 527 

Analysis of Colocalization of SAGA1-Venus and SAGA2-Venus with Chlorophyll Autofluorescence. 528 

 To determine SAGA1-Venus and SAGA2-Venus fluorescence intensity relative to tubule 529 

chlorophyll autofluorescence intensity levels, a freehand circle was drawn through the center of the SAGA-530 

Venus signal around the periphery of the pyrenoid in merged images using Fiji software (Fig. S1) (56). The 531 

Plot Profile command was then used to measure fluorescence intensity levels for each individual channel. 532 

These values were transferred into Excel and used to create radial line graphs for data visualization and to 533 

calculate correlation coefficients. 534 

 535 

Transmission Electron Microscopy. 536 

 For TEM, cells were fixed with glutaraldehyde, stained with OsO4, and embedded in Quetol epoxy 537 

resin as described in Hennacy et al., 2024, with the exception that for the serial dehydration step, samples 538 

were incubated for 5 minutes in 30%, 50%, 70%, and 95% ethanol, followed by 10 minutes in 100% ethanol 539 

and finally twice for 10 minutes in 100% acetonitrile, pelleting at 3,000 x g between each incubation. Once 540 

cells were embedded in resin, the resin blocks were sectioned into ~70 nm slices using ultramicrotomy with 541 

DiaTome diamond knives on a Leica UCT Ultramicrotome. Resin slices were then mounted on carbon film-542 

coated 200 mesh copper TEM grids (Electron Microscopy Sciences) and the cells were imaged using a 543 

Talos L120C G2 TEM microscope. 544 

 545 

Analysis of Starch-Matrix Coverage in TEM Images. 546 

 To determine the percent of the pyrenoid matrix in contact with starch in TEM images, all images 547 

were first anonymized to minimize bias. The anonymized images were then analyzed using Fiji (56) as 548 

follows. First, the perimeter of the pyrenoid matrix was traced with a freehand circle, and the length of the 549 

circumference was measured. Then, for each starch granule in contact with the matrix, the length of the 550 

portion of the matrix in contact with that starch granule was measured. After all images per dataset were 551 

traced and measured, the images were de-anonymized to determine which strain each set of 552 

measurements corresponded to. For each individual pyrenoid, the lengths of the portions of matrix in 553 

contact with starch were summed and divided by the length of the perimeter of the matrix and the number 554 
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of pyrenoid starch granules was counted using Python. A Kruskal-Wallis ANOVA test followed by Dunn’s 555 

multiple comparisons test was used to test for significance in starch coverage between strains and grouped 556 

scatter plots were created for data visualization using Python (seaborn.swarmplot). 557 

 558 

Protein Immunoprecipitation and Mass Spectrometry. 559 

 For immunoprecipitation and mass spectrometry of SAGA1-Venus-3xFLAG, SAGA2-Venus-560 

3xFLAG, and Venus-3xFLAG, cells were grown in 1 L bottles in TP medium with air bubbling and constant 561 

stirring at 210 rpm under ~150 μmol photons⋅m−2
⋅s−1 light before collecting by centrifugation at 3,000 x g 562 

for 4 minutes at 4°C. The protocol for washing, storing, and lysing pellets and the following 563 

immunoprecipitation and mass spectrometry was performed as described previously (18, 57). The Venus-564 

3xFLAG data in Table S3 was previously published as a control in Hennacy et al., 2024 (18).  565 

 566 

Western Blots. 567 

 Cells for western blots were grown in liquid TP at air CO2 under the standard conditions described 568 

above. Cell suspensions were pelleted, and pellets were resuspended in 300 μL of lysis buffer (5 mM 569 

Hepes-KOH pH 7.5, 100 mM dithiothreitol, 100 mM Na2CO3, 2% SDS, 12% sucrose, and cOmplete 570 

protease inhibitor cocktail) before transferring to a 1.5 mL microcentrifuge tube. Samples were heat-571 

denatured, and lysates were clarified before aliquoting and storing at -80°C until analysis with SDS-572 

polyacrylamide gel electrophoresis. After running samples on a tris/glycine gradient gel (10%, Bio-Rad Mini-573 

Protean TGX Precast Gel), proteins were transferred to a 0.45 μm polyvinylidene difluoride membrane 574 

(Immobilin-P, MilliporeSigma) using a semi-dry transfer system (Bio-Rad) and transfer buffer (20% v/v 575 

ethanol, 25 mM Tris, 192 mM glycine, and 0.05% SDS). 576 

For immunoblot analysis, membranes were blocked in TBST (tris-buffered saline from Bio-Rad + 577 

0.1% Tween-20 from Sigma) containing 5% non-fat dry milk (LabScientific). Incubations with the primary 578 

antibody (anti-SAGA1 from Meyer et al., 2020, 1:700 dilution) were performed in TBST containing 2.5% 579 

milk. Membranes were washed in TBST 3x before incubation with the secondary antibody (Goat anti-rabbit 580 

IgG H+L HRP, Invitrogen 31466, 1:3,000 dilution). Membranes were washed again 3x in TBST. 581 
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Immunoreactive proteins were visualized using enhanced chemiluminescence (WesternBright ECL, 582 

Advansta) followed by detection using an iBright 1500 Imaging System (Invitrogen). 583 

 584 

Lugol’s Iodine Stain Assays. 585 

 Iodine stain experiments were performed following a modified version of a previously published 586 

protocol (58). Cultures were grown as above and were transferred to low (0.04% v/v) CO2 21 hours before 587 

harvesting once cells grew to ~2 x 106 cells⋅mL-1. Cells were centrifuged at 1,000 x g for 5 minutes and cell 588 

pellets were resuspended in 5 mL liquid TP. Cells were then sonicated on ice for 2 minutes (cycles of 6 589 

second pulse at 60% amplification, 3 second rest) using a probe sonicator (QSonica). Lysates were then 590 

centrifuged at 2,000 x g for 20 minutes and pellets were resuspended with 5 mL Tris-HCl, pH 8.0. Samples 591 

were then centrifuged at 2,000 x g for 5 minutes and the pellets were resuspended in 500 μL Milli-Q water. 592 

500 μL of each resuspension was then transferred to a 1.5 mL microcentrifuge tube and 50 μL of Lugol’s 593 

iodine solution (Sigma) was added. 100 μL of each sample was then transferred to a 96-well plate for 594 

imaging.  595 

 596 

Starch Purification and Quantification. 597 

 To extract and purify starch from Chlamydomonas, a previously published protocol was adapted 598 

(58). Briefly, cells were grown in 1 L cultures with air bubbling and constant stirring of 230 rpm under ~150 599 

μmol photons⋅m−2
⋅s−1. Cultures were harvested, pellets were weighed and resuspended 1:10 w/v in TP 600 

media, and equal volumes of each were transferred to a 5 mL Eppendorf tube. Cells were then lysed by 601 

sonication at 4ºC, the lysate was clarified, and the pellets were rinsed with 5 mL 10 mM Tris-HCl, pH 8.0. 602 

Pellets were rinsed and then loaded onto 5 mL 100% Percoll (Sigma P7828) and centrifuged at 3,428 x g 603 

for 20 minutes. Starch pellets were rinsed 2x with dI water, then stored at 4ºC overnight. Pellets were then 604 

boiled in dI water for 3 minutes and autoclaved for 1 hr at 121ºC. The solubilized starch was then quantified 605 

following the protocol for the Sigma Starch Assay Kit (SA-20). 606 

 607 

CBM20 Domain Protein Purification. 608 

.CC-BY 4.0 International licenseavailable under a 
(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 

The copyright holder for this preprintthis version posted January 29, 2026. ; https://doi.org/10.64898/2026.01.27.702031doi: bioRxiv preprint 

https://doi.org/10.64898/2026.01.27.702031
http://creativecommons.org/licenses/by/4.0/


23 

 The plasmids containing the 10xHis-mVenus-CBM20 sequences coding for the SAGA1 and 609 

SAGA2 CBM20 domains were expressed in BL21 (DE3) cells (NEB) using an autoinduction system as 610 

described in the SI Materials and Methods. Following growth and induction, cells were harvested and lysed 611 

using sonication, and the resulting lysate was clarified. The supernatant was then supplemented with 50 612 

mM Imidazole (Thermo Scientific) and filtered using a 0.22 µm vacuum filter (Millipore) before affinity 613 

purification using a HisTrap HP column (Cytiva). The purified proteins were then buffer-exchanged into 614 

starch binding buffer to be used in the starch binding assay. 615 

 616 

Starch Binding Assay. 617 

 To test whether the SAGA CBM20 domains bind starch, waxy maize starch (Sigma) was washed 618 

in starch binding buffer (50 mM HEPES pH 7.8, 25 mM KCl, 2 mM MgCl2, 5 mM TCEP, 5% [v/v] glycerol), 619 

then pelleted and blocked with 5% (w/v) BSA (AG Scientific) for 1 hour with gentle rotation using a tube 620 

rotator (VWR). The starch was pelleted again, then washed 3x with starch binding buffer. Purified CBM20 621 

domains or the 10xHis-mVenus control in starch binding buffer or buffer supplemented with β-cyclodextrin 622 

(Sigma) or maltoheptaose (Sigma) were added to the starch and incubated for 1 hour with gentle rotation. 623 

Pellets were then washed 3x, then incubated in 1x Laemmli buffer (Bio-Rad) at 37°C with agitation. Samples 624 

were taken from the initial input protein, the supernatant prior to the first wash, the final wash, and from the 625 

Laemmli buffer elution, then loaded onto a Mini-Protean TGX Precast polyacrylamide gel (Bio-Rad) for 626 

visualization. To detect the mVenus fluorescence emitted from proteins bound to the starch pellets, the 627 

starch pellets before the first wash and after the final wash were imaged on an Invitrogen iBright 1500 using 628 

the fluorescent blot setting. 629 

 630 

Protein Alignments. 631 

SAGA1, SAGA2, and MFP1 amino acid sequences were aligned using BLASTP 632 

(blast.ncbi.nlm.nih.gov). For any two proteins that returned more than one possible alignment, the E-value, 633 

bit score, and percent identity from the best possible alignment were reported. 634 

The SAGA1 and SAGA2 Interpro-predicted  CBM20 domain sequences (59, 60) were aligned with 635 

the CBM20 domain sequence from Aspergillus niger glucoamylase G1 (PDB ID: 1ACZ) using Clustal 636 
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Omega (61–63). AlphaFold 3 (64) was used to generate high confidence predicted protein structures for 637 

each SAGA CBM20 domain. These predicted structures were aligned to the NMR solution structure of the 638 

A. niger glucoamylase G1 CBM20 domain in complex with β-cyclodextrin at the starch-binding site (61, 65) 639 

and the NMR solution structure of the free A. niger glucoamylase G1 CBM20 domain without β-cyclodextrin 640 

(1KUL) (66, 67) using the RCSB (RCSB.org) PDB pairwise structure alignment software (68, 69). All 641 

molecular graphics were created using ChimeraX software (70).  642 
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Figures 834 

 835 

 836 

Figure 1. SAGA1 and SAGA2 localize to the matrix-starch interface of the pyrenoid. (A) Cartoon of a wild-837 

type Chlamydomonas cell depicting the substructures of the pyrenoid and the localizations of SAGA1 and 838 

SAGA2. (B) The Rubisco linker protein EPYC1, SAGA1, and SAGA2 all contain copies of a Rubisco-binding 839 

motif that is required for pyrenoid formation. Additionally, SAGA1 and SAGA2 both contain predicted 840 

CBM20 starch-binding domains. (C) Representative confocal images of saga1;SAGA1-Venus and 841 

saga2;SAGA2-Venus. Scale bars = 1 µm. (D) Quantification of normalized fluorescence values for SAGA1-842 

Venus, SAGA2-Venus, and chlorophyll autofluorescence. Graphs depict values for normalized 843 

fluorescence intensities around the periphery of the pyrenoids shown in C. Pearson’s correlation 844 

coefficients (r) for these measurements are labeled below the graphs. Images of additional pyrenoids and 845 

graphs of the corresponding normalized fluorescence values can be found in Fig. S1. 846 
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 847 

Figure 2. A saga2 mutant grows normally under CO2-limiting conditions but has abnormal starch granules 848 

early after CO2-concentrating mechanism induction. (A) Agar growth phenotypes of wild type, saga2, and 849 

saga2;SAGA2-Venus. Serial 1:10 dilutions were spotted on TP minimal medium and grown at high (3% 850 

v/v), low (0.04% v/v), and very low (<0.004%) CO2 under 100 μmol photons⋅m−2
⋅s−1 illumination. (B) 851 

Representative TEM images of wild-type, saga2, and saga2;SAGA2-Venus pyrenoids. Cells were grown at 852 

high (3% v/v) CO2 in minimal media, then moved to low (0.04% v/v) CO2 for 3 hours before harvesting. 853 

Scale bar = 500 nm. (C) Quantification of the proportion of the perimeter of the pyrenoid matrix in contact 854 

with starch in wild-type, saga2, and saga2;SAGA2-Venus pyrenoids at 3 hours low (0.04% v/v) CO2. (D) 855 
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Representative TEM images of wild-type, saga2, and saga2;SAGA2-Venus pyrenoids. Cells were grown at 856 

high (3% v/v) CO2 in minimal media, then moved to low (0.04% v/v) CO2 for 21 hours before harvesting. (E) 857 

Quantification of the proportion of the perimeter of the pyrenoid matrix in contact with starch in wild-type, 858 

saga2, and saga2;SAGA2-Venus pyrenoids at 21 hours low (0.04% v/v) CO2. Statistical p-values were 859 

calculated using Kruskal-Wallis (p=7x10-8 in C, p=3x10-1 in E) followed by Dunn’s multiple comparisons 860 

test. Error bars represent the standard error of the mean. 861 

  862 

.CC-BY 4.0 International licenseavailable under a 
(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 

The copyright holder for this preprintthis version posted January 29, 2026. ; https://doi.org/10.64898/2026.01.27.702031doi: bioRxiv preprint 

https://doi.org/10.64898/2026.01.27.702031
http://creativecommons.org/licenses/by/4.0/


33 

 863 

Figure 3. A saga1;saga2 double mutant has multiple pyrenoid matrix condensates that lack starch sheaths. 864 

(A) Representative confocal images of RBCS1-mCherry in wild type, saga1 mt(+), saga2, and saga1;saga2 865 

grown at high (3% v/v) CO2 in minimal media, then moved to low (0.04% v/v) CO2 for 3 hours (left) and 21 866 

hours (right). Scale bar = 5 µm. (B) Representative TEM images of wild-type, saga1 mt(+), saga2, and 867 

saga1;saga2 pyrenoids. Cells were grown at high (3% v/v) CO2 in minimal media, then moved to low (0.04% 868 

v/v) CO2 for 3 hours before harvesting. Scale bar = 500 nm. (C) Quantification of the proportion of the 869 

perimeter of the pyrenoid matrix in contact with starch in wild-type, saga1 mt(+), saga2, and saga1;saga2 870 

pyrenoids at 3 hours low (0.04% v/v) CO2. (D) Representative TEM images of wild-type, saga1 mt(+), 871 

saga2, and saga1;saga2 pyrenoids. Cells were grown at high (3% v/v) CO2 in minimal media, then moved 872 
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to low (0.04%) CO2 for 21 hours before harvesting. Scale bar = 500 nm. (E) Quantification of the proportion 873 

of the perimeter of the pyrenoid matrix in contact with starch in wild type, saga1 mt(+), saga2, and 874 

saga1;saga2 pyrenoids at 21 hours low CO2. Statistical p-values were calculated with Kruskal-Wallis 875 

(p=1x10-12 in C, p=4x10-16 in E) followed by Dunn’s multiple comparisons test. Error bars represent the 876 

standard error of the mean. 877 
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 879 

Figure 4. The saga1;saga2 double mutant produces less starch than wild type, and its starch does not 880 

associate with the pyrenoid matrix. (A) Cell extracts from wild type, sta6, saga1 mt(+), saga2, and 881 

saga1;saga2 stained with Lugol’s iodine solution. Cells were grown at high (3% v/v) CO2 in minimal media, 882 

then moved to low (0.04% v/v) CO2 for 21 hours before harvesting. (B)  Quantification of the amount of 883 

starch produced in wild type, saga1 mt(+), saga2, saga1;saga2, saga1 mt(+);SAGA1-Venus, and 884 

saga2;SAGA2-Venus. Cells were grown at high (3% v/v) CO2 in minimal media, then moved to low (0.04% 885 
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v/v) CO2 for 21 hours before harvesting. Statistical p-values were calculated using Kruskal-Wallis (p=4x10-886 

3) followed by the Conover-Iman multiple comparisons test. Error bars represent the standard error of the 887 

mean. (C) Representative confocal images of STA2-Venus in wild type, saga1 mt(+), saga2, and 888 

saga1;saga2 grown at high CO2 in minimal media, then moved to low CO2 for 3 hours (left) and 21 hours 889 

(right) before imaging. Scale bar = 5 µm. (D) Representative confocal images of RBCS1-mCherry and 890 

STA2-Venus in wild type and saga1;saga2 grown at high (3% v/v) CO2 in minimal media, then moved to 891 

low (0.04% v/v) CO2 for 3 hours (left) and 21 hours (right). Scale bar = 5 µm. 892 
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 894 

Figure 5. SAGA1 and SAGA2 are each expressed and localize to the periphery of the matrix in the absence 895 

of the other. (A) Anti-SAGA1 western blot of wild type, saga1 mt(+), saga1 mt(+);SAGA1-Venus, saga2, 896 

saga2;SAGA2-Venus, and saga1;saga2 were grown at high (3% v/v) CO2 in minimal media, then moved 897 

to low (0.04% v/v) CO2 for 3 hours (top) and 21 hours (bottom) before harvesting. The antibody also appears 898 

to recognize SAGA2, as observed previously, but may not recognize SAGA2-Venus-3xFLAG, potentially 899 
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due to the C-terminal tag, as has been observed for other proteins (18). (B) Representative confocal images 900 

of SAGA1-Venus in saga1 mt(+) and saga1;saga2 and SAGA2-Venus in saga2 and saga1;saga2 grown at 901 

high (3% v/v) CO2 in minimal media, then moved to low (0.04% v/v) CO2 for 3 hours (left) and 21 hours 902 

(right). Scale bar = 5 µm. (C) Representative confocal images of Rubisco-mCherry and SAGA2-Venus in 903 

wild type and saga1;saga2 grown at high (3% v/v) CO2 in minimal media, then moved to low (0.04% v/v) 904 

CO2 for 3 hours (left) and 21 hours (right). Scale bar = 5 µm. 905 
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  907 

Figure 6. The SAGA1 and SAGA2 CBM20 domains bind starch and the starch precursor maltoheptaose, 908 

suggesting a role in starch sheath initiation. (A) Starch binding assay of the predicted SAGA1 and SAGA2 909 

CBM20 starch binding domains (SBDs) with starch in the presence or absence of the starch mimic b-910 

cyclodextrin and the starch precursor maltoheptaose. The purified proteins were incubated with starch 911 

granules in either buffer or buffer supplemented with b-cyclodextrin or maltoheptaose. The starch granules 912 
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were then pelleted, washed three times, and the protein that remained bound to starch was solubilized and 913 

denatured before loading onto an SDS-PAGE gel. I – input protein in buffer. S – supernatant after initial 914 

incubation with starch. W – the final wash. P – protein that remained bound to the starch pellet. (B-I) A 915 

proposed model for how SAGA1 and SAGA2 localize starch around the pyrenoid. (B), (C) In wild type, 916 

SAGA1 and SAGA2 each initiate starch granules at the pyrenoid periphery. (D), (E) In the saga1 mutant, 917 

only SAGA2 initiates granules at the surface of the pyrenoid condensates. (F), (G) In the saga2 mutant, 918 

only SAGA1 initiates granules at the pyrenoid periphery. (H), (I) In the saga1;saga2 double mutant, starch 919 

granules are not initiated in proximity to the matrix, and the starch is not shaped into a sheath. Instead, 920 

starch granules initiate in the stroma away from the matrix condensates. In all but the saga1;saga2 double 921 

mutant, initiated granules grow to cover the condensates they are associated with. 922 
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