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Abstract 12 

Volatile fatty acids found in effluents of the dark fermentation of biowastes can be used for 13 

mixotrophic growth of microalgae, improving productivity and reducing the cost of the feedstock. 14 

Microalgae can use the acetate in the effluents very well, but butyrate is poorly assimilated and can 15 

inhibit growth above 1 gC.L-1. The non-photosynthetic chlorophyte alga Polytomella sp. SAG 198.80 16 

was found to be able to assimilate butyrate fast. To decipher the metabolic pathways implicated in 17 

butyrate assimilation, quantitative proteomics study was developed comparing Polytomella sp. cells 18 

grown on acetate and butyrate at 1 gC.L-1. After statistical analysis, a total of 1772 proteins were 19 

retained, of which 119 proteins were found to be overaccumulated on butyrate vs. only 46 on acetate, 20 

indicating that butyrate assimilation necessitates additional metabolic steps. The data show that 21 

butyrate assimilation occurs in the peroxisome via the -oxidation pathway to produce acetyl-CoA 22 

and further tri/dicarboxylic acids in the glyoxylate cycle. Concomitantly, reactive oxygen species 23 

defense enzymes as well as the branched amino acid degradation pathway were strongly induced. 24 

Although no clear dedicated butyrate transport mechanism could be inferred, several membrane 25 

transporters induced on butyrate are identified as potential condidates. Metabolic responses 26 

correspond globally to the increased needs for central cofactors NAD, ATP and CoA, especially in 27 

the peroxisome and the cytosol. 28 

1 Introduction 29 

Mixotrophic growth combines the reduction of CO2 via photosynthesis with the oxidation of organic 30 

carbon and is found in a wide range of phototrophic microorganisms such as cyanobacteria and 31 

microalgae (Perez-Garcia and Bashan, 2015). This trophic mode is generally the most efficient in terms 32 

of biomass productivity (Zhan et al., 2017). Some photosynthetic microalgae also have heterotrophic 33 

capacities, i.e. they can grow in the absence of light on reduced carbon sources (Round, 1980). 34 

Although glucose can yield very high biomass productivities (Perez-Garcia et al., 2011), it is an 35 
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expensive substrate that is not economical for many microalgal biorefinery applications with lower 36 

added value such as biofuels, green chemistry platform molecules, aquaculture and biofertilizer (Acién 37 

Fernández et al., 2019). It has been proposed to use organic acids produced by the fermentation of 38 

biowaste material as feedstock to lower the cost (Delrue et al., 2016; Turon et al., 2016; Chalima et al., 39 

2017; Karnaouri et al., 2020). Dark fermentation (DF) of organic matter by microbial consortia is a 40 

sustainable n method for H2 production that compares favorably to other process in terms of CO2 41 

footprint (Dincer and Acar, 2015; Moscoviz et al., 2018). In this context it is warranted to intensify 42 

research on downstream coupled processes such as mixotrophic cultivation of microalgae on DF 43 

effluents (DFE). Depending on the conditions, DFEs contain different ratios of volatile fatty acids 44 

(VFA) alongside some lactate and ethanol. In general, mostly acetate and butyrate are present, in a 45 

molar ratio of 0.66 on average (Turon et al., 2016; Moscoviz et al., 2018).  46 

While microalgae that use glucose can usually also use acetate, many algae can grow on acetate but 47 

not on glucose, e.g. Chlamydomonas reinhardtii (Harris, 1989). Capacities for the use of other 48 

substrates such as lactate, ethanol and butyrate are less common and vary widely, even within the same 49 

species e.g. Euglena gracilis var bacillaris or urophora (Neilson and Lewin, 1974; Hosotani et al., 50 

1988). By far the most abundant VFA in DFEs is butyrate, but it is toxic for many bacteria and is 51 

known to be poorly used by microalgae (Turon et al., 2015; Lacroux et al., 2020, 2021). A generalized 52 

toxicity effect of VFAs is observed as the extracellular pH approaches the pKa value because cells are 53 

permeable to the protonated form, resulting in deleterious effect on the cell metabolism and integrity 54 

(Lacroux et al., 2020). The toxicity threshold for butyrate (as butyric acid) is 5-fold lower than for 55 

acetic acid in some species, explaining why it is a poor carbon source. Algal growth on butyrate will 56 

thus require more care in adapting the pH and concentration to remain below the observed species-57 

specific toxicity threshold. However, this will be inadequate to reach growth rates similar to those on 58 

acetate. It is therefore crucial that butyrate metabolism be studied in detail in order to remove metabolic 59 

bottlenecks in its assimilation. 60 

Butyrate assimilation is well studied in microorganisms such as the sulfate reducer Desulfosarcina 61 

cetonica (Janssen and Schink, 1995), the non-sulfur purple bacterium Rhodospirillum rubrum (De 62 

Meur et al., 2020), yeasts i.e. Candida ingens (Garrison et al., 1985) or Yarrowia lipolytica (Llamas et 63 

al., 2020) and also in human colonocytes, for which bacteria-produced butyrate is the primary energy 64 

source (Roediger, 1982; Fleming et al., 1991). Colonocytes  import butyrate via the monocarboxylate 65 

transporter (MCT), a 45-kDa plasma membrane protein with 12 transmembrane segments that 66 

symports H+ with the butyrate anion (Cuff et al., 2005). Butyrate is subsequently imported into the 67 

mitochondrial matrix where it undergoes β-oxidation to acetyl-CoA, which in turn enters the TCA 68 

cycle resulting in the production of NADH. The first step of -oxidation is its activation into butyryl-69 

CoA via an ATP-dependent butyryl-CoA synthetase, followed by the conversion into crotonyl-CoA 70 

by butyryl-CoA dehydrogenase, into hydroxy-isobutyryl-CoA by enoyl-CoA hydratase, then into 71 

acetoacetyl-CoA by hydroxybutyryl-CoA dehydrogenase and finally into acetyl-CoA via acetoacetyl-72 

CoA thiolase (De Preter et al., 2012). A different assimilation metabolism was uncovered by a 73 

proteomic approach in the non-sulfur purple bacterium R. rubrum (De Meur et al., 2020), where acetyl-74 

CoA is used to activate butyrate via butyryl-CoA:acetate CoA transferase under photoheterotrophic 75 

conditions. Homologs of most enzymes potentially involved in butyrate assimilation as found in human 76 

colonocytes have been identified in C. reinhardtii, the best studied algal species (Li-Beisson et al., 77 

2019). However, nothing is known about the enzyme(s) that may be involved in formation of butyryl-78 

CoA in algae, in particular their subcellular localization. The case of acetyl-CoA is better studied. In 79 

the model alga C. reinhardtii, acetyl-CoA is formed from acetate by acetyl-CoA synthase, purportedly 80 

in peroxisomes, and further utilized in the glyoxylate cycle to form products such as malate, citrate and 81 

succinate that can be further exported to other cell compartments (Lauersen et al., 2016). The import 82 

of butyrate into microalgal cells and the associated metabolic responses and their intracellular 83 

localization remain to be studied. 84 
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The heterotrophic chlorophyte Polytomella sp. SAG 198.80 is to our knowledge the alga for which 85 

the fastest butyrate assimilation has been described (Wise, 1955, 1959), and more recently by the 86 

authors of this work (Lacroux et al. 2022). The fact that Polytomella has lost photosynthetic activity 87 

allows focusing on the assimilation pathways, avoiding interactions with photosynthetic metabolism 88 

that complicate analysis (van Lis and Atteia, 2004; Johnson and Alric, 2013). In this study, a 89 

quantitative proteomics approach is used to decipher the metabolic pathways specifically involved in 90 

the assimilation of butyrate by Polytomella, based on the comparison to acetate as reference 91 

metabolism as this is the simplest entry of organic carbon into central carbon metabolism. 92 

2 Material and methods  93 

2.1 Strain and culture conditions 94 

Polytomella sp. SAG 198.80 was obtained from the SAG culture collection (Goettingen, Germany). 95 

It was grown on synthetic media referred to as HAP (acetate) or HBP (butyrate), based on Tris-96 

Acetate-Phosphate (TAP) medium used for the green alga C. reinhardtii (Harris, 1989), in which the 97 

Tris buffer is replaced by HEPES 0.1 M, at pH 7. Beijerincks solution (40X) was used at 25 mL.L-1 98 

leading to an ammonium (NH4
+) concentration of 7.5 mM, 0.6 mM of MgSO4 and 0.3 mM of CaCl2. 99 

To adjust nutrients to the Redfield C:N:P ratio of 106:16:1, corresponding to 83.3:12.6:0.8 mM for 1 100 

g carbon per liter (1.0 gC.L-1), the proper amount of 1 M NH4Cl (5 mL) and 1 M K2HPO4 (0.8 mL) 101 

stock solutions were added. Hutner’s trace elements were used at 1 mL.L-1 (Hutner, 1972). As carbon 102 

source, acetate or butyrate were added as sodium salts at 1.0 gC.L-1 (41.7 mM acetate, 20.8 mM 103 

butyrate) and pH medium was adjusted to 7.0 (HCl) prior to sterilization at 121°C for 20 min. After 104 

cooling, 100 µL.L-1 was added of a stock of vitamin B1 (50 mM), biotin (1 mM) and cyanocobalamin 105 

(1 mM), sterilized over a 0.2 µm filter. Precultures were maintained on HAP medium containing 20 106 

mM HEPES and were used to inoculate HAP and HBP media to initial optical density at 750 nm 107 

(OD750) = 0.05. The inoculum was prepared by collecting preculture cells in their exponential phase 108 

via centrifugation at 2500 g for 10 min, and resuspending them in Phosphate Buffered Saline to a 109 

final OD750 = 5. Cultures were done in 500mL Erlenmeyer flasks filled with 200 mL medium under 110 

dim light at 25°C and without agitation.  111 

2.2 Biomass and VFA measurement 112 

Biomass growth was followed by measuring optical density at 750 nm (OD750), using a Helios 113 

Epsilon spectrophotometer. OD750 was measured by placing 1 mL of liquid culture in a cuvette and 114 

comparing to distilled water. The sample was diluted when necessary so that OD750 < 0.6. Biomass 115 

production was expressed in g.L-1 dry weight (DW) deduced from OD750 determination. To 116 

calculate the biomass DW from OD750 values, a correlated factor was used, determined to be 1.0774 117 

(R² = 0.977). This correlation factor was obtained from a calibration curve gathering 70 data points 118 

collected during separated experiments, at various growth stages (stationary phase excluded) and 119 

growth conditions (HAP or HBP medium). To determine biomass DW during these experiments, 120 

between 5 and 25 mL (depending on growth stage) biomass was centrifuged (3000 rpm, 10 min). 121 

Supernatant was discarded, and pellet rinsed with one volume of phosphate buffer saline. Biomass 122 

was centrifuged again, supernatant discarded and pellet resuspended in 10 mL distilled wated. The 123 

biomass was transferred in a pre-dried and pre-weighed aluminium crucible and dried overnight at 124 

105°C. 125 

For VFA measurements, samples from fresh cultures were immediately centrifuged, the supernatant 126 

filtered over 0.2 μm cut-off filters and frozen at -25°C until analyzed. The VFA concentrations were 127 

determined by gas chromatography. A 500 μL aliquot of supernatant was mixed with 500 μL of 128 
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internal standard solution (ethyl-2-butyric acid, 1 g·L-1). The GC system consisted in a Perkin Clarus 129 

580 model equipped with capillary column Elite-FFAP crossbond®carbowax® (15 m) maintained at 130 

200 °C and with N2 as the gas vector (flow rate of 6 mL·min-1) with a flame ionization detector (FID) 131 

maintained at 280 °C (PerkinElmer, USA) 132 

2.3 Analysis of total lipids and sugars 133 

Samples from fresh cultures were immediately centrifuged, the supernatants were discarded and the 134 

pellets stored at -25°C until used. Prior to analysis, the pellet was thawed, resuspended in 100µl 135 

distilled water and added to 10 mL glass tubes for either lipid or sugar measurement. Total lipid 136 

concentrations in the algal samples were determined by the phosphovanillin method (Mishra et al., 137 

2014). Phosphovanillin reagent was freshly prepared by first dissolving 0.6 g vanillin in 10 ml 138 

ethanol, and then adding 90 ml deionized water and 400 ml of H3PO4 (85%). The resulting reagent 139 

was stored in the dark. First, 2 mL H2SO4 (98%) were added in the tubes containing microalgae cells. 140 

The tubes were heated 10 min at 100° C and cooled on ice. The reaction was initiated by addition of 141 

5 mL phosphovanillin reagent prior incubation for 15 min at 37° C. Tubes were periodically shaken 142 

by inversion. After cooling, optical density of suspensions was measured at 530 nm with an 143 

Aqualytic® spectrometer and compared to distilled water. Calibration curves were obtained using 144 

canola oil. 145 

Total sugars were measured by the anthrone method (Yemm and Willis, 1954). Anthrone reagent was 146 

prepared by dissolving 200 mg of anthrone in 100 mL of H2SO4 (98%). Two mL of anthrone reagent 147 

were added in the tubes containing microalgae. Tubes were cooled down on ice and then incubated at 148 

100° C for 10 min. After cooling, absorbance was measured at 625 nm with an Aqualytic® 149 

spectrometer and compared to distilled water. Calibration curves were obtained using glucose 150 

solution. 151 

2.4 Calculation of specific rates and product yield in growing cultures  152 

The biomass productivity Px (gdw.L-1.d-1) and the specific growth rate μx (d
-1) were calculated 153 

according to equations (1) and (2): 154 

 155 

Px =  
𝑋𝑓−𝑋0

𝑡𝑓−𝑡0
                    (1) 156 

                                                                                                                                                                                                                                               157 

µx =  
ln (𝑋𝑓 𝑋0⁄ )

(𝑡𝑓−𝑡0)
                (2) 158 

                                                                                             159 

where Xf and X0 are the biomass concentrations at t=final (h) and at t=0h.  160 

The biomass yield Y (gdw.gsub
-1) was estimated according to equation (3): 161 

 162 

Y
s 
= 

𝑆0−𝑆𝑓

𝑡𝑓−𝑡0
                        (3) 163 

                                                                                                                 164 

Where Sf and S0 are substrate concentrations (g.L-1) at t=final (h) and at t=0h.  165 

Statistical analysis was performed using GraphPad Prism V 8.0.2. 166 

 167 

 168 

2.5  Mass spectrometry-based proteomic analyses 169 
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The total proteome of Polytomella sp. grown either on acetate or butyrate (three biological replicates 170 

per condition) were stacked in the top of a 12% SDS-PAGE resolving gel before in-gel digestion 171 

using modified trypsin (sequencing grade, Promega), as previously described (Casabona et al., 2013). 172 

The resulting peptides were analyzed by online nanoliquid chromatography coupled to MS/MS 173 

(Ultimate 3000 RSLCnano and Q-Exactive HF, Thermo Fisher Scientific) using a 80 min gradient. 174 

For this purpose, the peptides were sampled on a precolumn (300 μm x 5 mm PepMap C18, Thermo 175 

Scientific) and separated in a 75 μm x 250 mm C18 column (Reprosil-Pur 120 C18-AQ, 1.9 μm, Dr. 176 

Maisch). The MS and MS/MS data were acquired by Xcalibur (Thermo Fisher Scientific). 177 

Peptides and proteins were identified by Mascot (version 2.6.0, Matrix Science) through concomitant 178 

searches against a homemade Polytomella sp. database, a homemade classical database containing 179 

the sequences of classical contaminant proteins found in proteomic analyses (human keratins, trypsin, 180 

etc.), and the corresponding reversed databases. Trypsin/P was chosen as the enzyme and two missed 181 

cleavages were allowed. Precursor and fragment mass error tolerances were set at respectively at 10 182 

ppm and 25 mmu. Peptide modifications allowed during the search were: Carbamidomethyl (C, 183 

fixed), Acetyl (Protein N-term, variable) and Oxidation (M, variable). The Proline software 184 

(Bouyssié et al., 2020) was used for the compilation, grouping, and filtering of the results 185 

(conservation of rank 1 peptides, peptide length ≥ 7 amino acids, peptide-spectrum-match score ≥ 25, 186 

allowing to reach a false discovery rate of peptide-spectrum-match identifications < 1% as calculated 187 

on peptide-spectrum-match scores by employing the reverse database strategy, and minimum of one 188 

specific peptide per identified protein group). Proline was then used to perform MS1 quantification 189 

of the identified protein groups based on specific peptides.  190 

Statistical analysis was performed using the ProStaR software (Wieczorek et al., 2017).  191 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium 192 

via the PRIDE (Perez-Riverol et al., 2022) partner repository with the dataset identifier PXD035155. 193 

Proteins identified in the contaminant database, and proteins detected in less than three replicates of 194 

one condition were removed. After log2 transformation, abundance values were normalized by the 195 

vsn method before missing value imputation (slsa algorithm for partially observed values in the 196 

condition and DetQuantile algorithm for totally absent values in the condition). Statistical testing was 197 

conducted with limma, whereby differentially expressed (DE) proteins were sorted out using a 198 

log2(fold change) cut-off of 0.6 and a p-value cut-off of 0.004, allowing to reach a false discovery 199 

rate < 1% according to the Benjamini-Hochberg method. 200 

Intensity-based absolute quantification (iBAQ, Schwanhäusser et al., 2011) values were calculated 201 

from MS intensities of specific peptides. For each sample, the iBAQ value of each protein was 202 

normalized by the summed iBAQ value of all proteins, before summing the values of the three 203 

replicates to generate the final iBAQ value of each condition. 204 

2.6  Bioinformatic analyses  205 

The assembly and structural annotation of the genome sequence of Polytomella sp. was described 206 

previously (van Lis et al., 2021). The predicted proteins (genome to be released at an later date) were 207 

used for the construction of the database for proteomics analysis. The functional annotation of the 208 

proteins that were identified by proteomics (1772 sequences) and further attribution of metabolic 209 

categories was done using Mercator4 V3.0 (https://plabipd.de/portal/mercator4), and used to project 210 

the fold change data onto a metabolic overview SVG image file, using the MapMan program 211 

(https://plabipd.de/portal/mapman) (Schwacke et al., 2019) used as stand-alone desktop application 212 

and Inkscape (https://inkscape.org/release/inkscape-1.2.1/) to modify the image file.  213 

Final metabolic pathway reconstructions were based on metabolic maps made in KEGG mapper 214 

using KEGG and EC codes from BlastKOALA and KofamKOALA (HMM) homology searches at 215 

KEGG (https://www.genome.jp/kegg/) and by using EggNOG (Huerta-Cepas et al., 2019). These 216 
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programs were also used to confirm and adjust annotations from Mercator where necessary, as well 217 

as manual BLAST searches using the UniProt database (https://www.uniprot.org) and the C. 218 

reinhardtii genome at Phytozome 13 (https://phytozome-next.jgi.doe.gov). OmicsBox 1.3.11 219 

(https://www.biobam.com/omicsbox) genome blast was used with the genomes of Chlamydomonas 220 

reinhardtii (Uniprot UP000006906 ) and Chlorella sorokiniana (Uniprot UP000239899) to obtain 221 

equivalent enzyme identities in these two model microalgae. For subcellular localization predictions, 222 

DeepLoc (Almagro Armenteros et al., 2017) and PredAlgo (Tardif et al., 2012) were used with the 223 

limitation that the latter does not predict peroxisomal targeting. Therefore further searches for 224 

potential peroxisome targeting signals in Polytomella protein sequences were done with the PTS1 225 

predictor (https://mendel.imp.ac.at/pts1/) (Neuberger et al., 2003) or manually based on (Gonzalez et 226 

al., 2011). 227 

3 Results & Discussion 228 

3.1 Polytomella sp. is a suitable model for the study of butyrate metabolism 229 

At the basis of this work is the choice of Polytomella sp. as model algal species for the study of butyrate 230 

metabolism. The genus Polytomella belongs to the Reinhardtinia clade of Volvocine algae (Craig et 231 

al., 2021) and has diverged from a Chlamydomonas-like ancestor after having lost photosynthesis along 232 

with the chloroplast genome (Smith and Lee, 2014). Chlamydomonas reinhardtii only grows 233 

efficiently on acetate (Harris, 2001), so the highly versatile heterotrophic metabolism allowing 234 

Polytomella to grow on a multitude of alcohols and organic acids including butyrate (Wise, 1955, 1959; 235 

Round, 1980; de la Cruz and Gittleson, 1981) may have been partly acquired after the divergence. The 236 

availability of an annotated genome sequence of Polytomella sp. (van Lis et al., 2021) allowed a global 237 

proteomics approach to decipher its metabolic pathways involved in the assimilation of butyrate. Cells 238 

grown on either acetate or butyrate, at a fixed C concentration of 1.0 gC.L-1 (Fig. 1) showed similar 239 

growth rates of 2.37 d-1 ± 0.07 and 2.23 d-1 ± 0.08, respectively (three biological triplicates). Both 240 

carbon sources were completely consumed before 1.5 days, leading to a maximum biomass yield of 241 

1.07 gX.L-1 (x=dry weight biomass) in both conditions (Fig 1C). After organic carbon exhaustion, 242 

biomass declined due to cell death in both conditions and cysts formation was observed (not shown). 243 

Biomass growth was accompanied by sugar accumulation, with about 15% less sugar on butyrate than 244 

on acetate (Fig 1D). In the related species P. agilis, the accumulated sugar was found to be essentially 245 

starch (Sheeler et al., 1968). Lipid accumulation is low in both cells, with a maximum of 73.3 ± 3.6 246 

mg.L-1 (biomass content ~5%) on acetate and 55.6 ± 3.1 mg.L-1 on butyrate. 247 

For several Chlorella strains it was reported that butyrate assimilation, when it occurred, was slower 248 

than acetate assimilation (Liu et al., 2013; Fei et al., 2015). Heterotrophic (dark) growth rates of 249 

Chlorella sorokiniana are 2.23 d-1 on acetate and 0.16 d-1 on butyrate (Turon et al., 2015). The ability 250 

of Polytomella sp. to grow on butyrate with a growth rate of 2.2 d-1, similar to that on acetate (Fig 1C), 251 

is thus remarkable. 252 

Green microalgae tend to accumulate proteins during exponential growth and only start synthetizing 253 

storage compounds (starch, lipids) when growth conditions become suboptimal, e.g. when a micro- or 254 

macro-element such as nitrogen is limiting (Dincer and Acar, 2015). Since this fact usually implies 255 

that high biomass productivity is accompanied by low starch or lipid accumulation, continuous 256 

cultivation is less relevant (Adams et al., 2013). Accumulation of high levels of starch during the 257 

exponential growth phase is thus another distinctive and interesting trait of Polytomella sp.. 258 

3.2 Comparing global proteomes  259 

Cultures of Polytomella sp. growing on acetate and butyrate were sampled during the exponential phase 260 

(arrows in Fig. 1). Total cell proteins were first analyzed on SDS-PAGE stained with Coomassie Blue 261 
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G250. From the comparison of the protein profiles (Fig. 2A) it is inferred that butyrate elicits major 262 

changes in protein levels, and a clear upregulation of 3 proteins of 28, 38 and 60 kDa can be observed 263 

(indicated by asterisks, Fig 2A). To study more in detail the proteomic responses to butyrate, total 264 

proteins from acetate and butyrate grown cells were subjected to mass spectrometry (MS)-based label-265 

free quantitative proteomic analysis. A volcano plot depicts the acetate vs butyrate fold change (FC, a 266 

direct measure of the relative protein abundance between both conditions) and the associated statistical 267 

significance (limma p-value) for each protein (Fig. 2B). The log2(FC) values varied between 4 and -268 

10, corresponding to an FC of 16 and 0.001, where the latter value indicates a 1000-fold upregulation 269 

on butyrate. A total of 1772 proteins were retained after statistical analysis, of which 119 were found 270 

to be significantly more abundant on butyrate compared to only 46 on acetate, and usually with a lower 271 

FC. This shows that growth on butyrate is accompanied by overaccumulation of a larger set of proteins 272 

than on acetate, which may indicate that butyrate needs more metabolic steps to enter central carbon 273 

metabolism than acetate. 274 

 275 

3.3 Proteomic responses per metabolic category 276 

The 1772 proteins identified by MS-based proteomics were grouped into 27 metabolic categories using 277 

the Mercator program, which was conceived for plant sequences but can also be used for microalgae 278 

(May et al., 2008; Davidi et al., 2014), including Polytomella sp (Fuentes-Ramírez et al., 2021). Several 279 

other databases were used to confirm identities in case of doubt especially for the entries listed in Table 280 

I, as described in the Material and Methods section. Any redundant entries in the Mercator results were 281 

removed and retained in only one metabolic category. Of the 1772 statistically relevant proteins, 217 282 

could not be annotated (12.2%) and 411 were annotated but could not be assigned to any Mercator 283 

category (23.2%) (Fig 3A). These percentages are similar or significantly lower than found in whole 284 

cell proteomic studies of other microalgae such as C. reinhardtii or Dunaliella bardawil (May et al., 285 

2008; Davidi et al., 2014). A number of proteins that were not readily categorized but to which an EC 286 

number could be assigned, were included in the category ‘Enzyme classification’. The "protein 287 

biosynthesis" category is the metabolic category most represented with 209 proteins (11.8% of total 288 

proteins), followed by “protein homeostasis” (99 proteins; 5.6%) and “lipid metabolism” (84 proteins; 289 

4.7%) (Fig. 3A). In addition, we calculated the cumulated iBAQ values to yield the total protein 290 

abundance per Mapman category in both conditions (Fig. 3B). The iBAQ value of a protein reflects its 291 

intra-sample abundance, and this calculation thus tries to estimate the impact of a condition on the 292 

accumulation of proteins related to a certain pathway. Among identified proteins, those in the 293 

categories “protein biosynthesis” and “cellular respiration” contribute most to the cumulative iBAQ 294 

value. Two major differences are seen between the two conditions. For acetate there is a more 295 

pronounced accumulation of proteins involved in protein biosynthesis (29% compared to 19.2% for 296 

butyrate), whereas for butyrate an enrichment is observed for proteins involved in lipid metabolism 297 

(11.8% vs 4.5% for acetate). It is noted that the two unassigned categories (annotated or not annotated) 298 

each contribute proportionally much less to the total iBAQ than to the number proteins, reflecting the 299 

fact that high abundance proteins are more likely to be attributed to a specific function.  300 

Focussing on proteins differentially-expressed (DE) between the acetate and butyrate conditions, the 301 

above global trend is confirmed but a more detailed picture emerges (Fig. 4). Relative to acetate, more 302 

proteins are overaccumulated on butyrate in the categories related to primary metabolism i.e. cellular 303 

respiration (4), carbohydrate metabolism (17), amino acid metabolism (10) and lipid metabolism (25), 304 

as well as the categories redox homeostasis (9), solute transport (10) and coenzyme metabolism (5). In 305 

contrast, acetate grown cells overaccumulate more proteins involved in homeostasis (6), biosynthesis 306 

(13) and protein translocation (2) as well as in RNA processing (4), processes that can be considered 307 

as necessary for general cellular maintenance. Comparing the proportion of FC proteins in each 308 
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category to the proportion in these categories of the 1772 identified proteins using the Exact Fisher’s 309 

test, a significant enrichment in butyrate was obtained for the categories carbohydrate- and lipid 310 

metabolism, redox homeostasis and solute transport. For the acetate condition, the protein biosynthesis 311 

and protein homeostasis were found enriched. Overall, it is clear that the butyrate utilization mobilizes 312 

a higher number of proteins, suggesting a more profound metabolic response compared to acetate. 313 

 314 

3.4 Metabolic pathways involved in butyrate response 315 

To obtain a global metabolic representation of Polytomella sp., MapMan was used to project the FC 316 

values of individual proteins onto the different metabolic pathways. In section 3.5 these pathways will 317 

be discussed in detail. In the category lipid metabolism, the highest FC values are for enzymes of fatty 318 

acid synthesis, fatty acid degradation and the glyoxylate cycle (Fig. 5). The enzymes of the latter two 319 

functional groups are predicted to localize mostly to the peroxisomes, based on peroxisomal targeting 320 

prediction via software algorithms, manual analysis of the presence of peroxisomal targeting sequences 321 

PST1 and PST2, and/or the relatedness to peroxisomal enzymes in the green alga C. reinhardtii (Table 322 

I; see also suppl. Table I). Peroxisomes, organelles primarily dedicated to peroxide detoxification, seem 323 

to play a major role in butyrate assimilation in Polytomella. Butyrate being a fatty acid, the MapMan 324 

category “fatty acid degradation” is expected, and corresponds to what is described for other organisms 325 

(De Preter et al., 2012; De Meur et al., 2020). The glyoxylate cycle upregulation is in line with the fact 326 

that butyrate degradation leads to the production of 2 molecules of acetyl-CoA, which together with 327 

glyoxylate is the central entry point into the cycle. Fatty acid synthesis is also upregulated and is related 328 

in part to the activation with Coenzyme A, and seems to indicate cellular shift in the production sites 329 

and levels of acetyl-CoA (Pietrocola et al., 2015). Fatty-acid synthesis intermediates may for example 330 

be needed for the production of cofactors such as biotin and lipoic acid (Alban et al., 2000). Indeed, 331 

several enzymes involved in cofactors synthesis were found to be strongly upregulated as well. In 332 

addition, several enzymes (such as catalase) involved in antioxidant defense were strongly upregulated 333 

(Fig. 5), which can be directly or indirectly a consequence of the degradation of butyrate, notably by 334 

the formation of H2O2 at the site of the acyl-CoA oxidase (ACX) enzyme (Kato et al., 2021) but also 335 

due to the fact that butyrate is 25% more reduced compared to acetate, leading to an increased 336 

generation of reducing equivalents such as NADH.  337 

The amino acid metabolic pathway most affected by the C-source is the formation and subsequent 338 

degradation of branched chain amino acids (BCAAs). It appears to take place largely in the peroxisome 339 

based on the subcellular targeting predictions of the corresponding proteins, unlike in its close relative 340 

C. reinhardtii where it occurs in the mitochondria (Liang et al., 2019). It is noted that some of these 341 

enzymes are partitioned by MapMan into the lipid metabolism category. Carbohydrate metabolism, 342 

notably starch degradation, is upregulated on butyrate, reflected in the lower starch content in butyrate 343 

grown cells (Fig. 1D), which suggests an increased mobilization of glucose into pyruvate for 344 

downstream metabolic pathways. Finally, several peroxisomal and mitochondrial-type solute 345 

transporters are clearly induced on butyrate, which indicates increased exchange of a variety of 346 

metabolites between these compartments.  347 

 348 

3.5 Reconstruction of the butyrate metabolic network 349 

A list of those proteins that exhibit the most pronounced fold change sorted according to the Mercator 350 

categories is presented in Table I, alongside the most relevant data pertaining to protein databases and 351 

proteomic parameters. Protein identities were obtained by homology searches using Mercator and other 352 

programs for further validation (see material and methods), and their functional characteristics and 353 
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their known or predicted intracellular localization were used to reconstruct the most important 354 

metabolic pathways in Polytomella sp. cells growing on butyrate relative to acetate. The most 355 

pronounced enrichment of enzymes involved in butyrate assimilation is found in the peroxisomes, 356 

small spherical organelles (0.2-1.5µm) that lack DNA and are surrounded by a single membrane that 357 

derives from the endoplasmic reticulum (Hu et al., 2012). Originally described as organelles that harbor 358 

oxidases that produce H2O2 and catalase for its detoxification (De Duve and Baudhuin, 1966), they are 359 

known to compartmentalize a large diversity of functions among which fatty acid -oxidation 360 

(Gabaldón, 2010). In Polytomella caeca, small organelles distinct from mitochondria were identified 361 

that contained catalase activity (Gerhardt, 1971). Although previously typical peroxisomes could not 362 

be identified in C. reinhardtii (Silverberg, 1975), recently the -oxidation enzyme acyl-CoA oxidase 363 

as well as catalase were identified in peroxisomes (Kong et al., 2017; Kato et al., 2021). Also, the 364 

enzymes of the glyoxylate cycle were shown in C. reinhardtii to localize to the peroxisome (or 365 

glyoxysome) (Lauersen et al., 2016). The proposed butyrate metabolic network is depicted in Fig. 6 366 

and 7. Its operation depends not only on the presence of the appropriate enzymes, but also on their 367 

intracellular localization. Unfortunately, intracellular locales remain uncertain for some enzymes, due 368 

to lack of experimental evidence, possible N-terminal truncation of the gene models and ambiguous or 369 

obviously erroneous results from the prediction algorithms, which have not been trained specifically 370 

for Polytomella. Still, for most of the highly butyrate-induced proteins, reasonable deductions could be 371 

made that permit drawing a coherent picture of the intracellular location of the involved metabolic 372 

pathways (Table I).  373 

 374 

3.5.1 Peroxisomal butyrate assimilation pathway 375 

Once butyrate is taken up by the cell it must be activated to butyryl-CoA before it can enter the -376 

oxidation pathway in the peroxisome (Fig. 6). Candidates for this function were sought among the 377 

proteins most highly induced by butyrate. The highest induction level (FC 0.002; see Table I for 378 

Log2FC values) was found for g1889, which harbors at its C-terminus a typical PTS1 signal 379 

(Neuberger et al, 2003). It was annotated by Mercator as long-chain acyl-CoA synthase/ligase 380 

(LACS), an enzyme that does not act on fatty acids of less than 12 C-atoms (Wu et al., 2020). 381 

However, different types of fatty acyl CoA synthases can be found to be more closely related to the 382 

Polytomella enzyme using BLAST (45-50% ID), including medium chain acyl-CoA synthase and 383 

even bacterial 3-methylmercaptopropionyl-CoA ligases. We thus changed the annotation of the 384 

enzyme to fatty acyl-CoA synthase (FACS). This enzyme is the prime candidate for the production of 385 

butyryl-CoA in Polytomella sp., pending further experimental confirmation. A true LACS isoenzyme 386 

was also detected (UTR_g2481, FC 0.16), but since its expression level is much lower than FACS, 387 

this enzyme is unlikely to act as the first step of butyrate assimilation. Two acyl CoA oxidases 388 

(ACX) were also highly butyrate-specific, with a FC value of 0.001 for ACX4 and 0.021 for its 389 

paralog ACX. ACX4 was predicted to be localized in the plastid but homologs in other algae 390 

including C. reinhardtii retrieved by BLAST searches (~51% ID) are annotated as peroxisomal 391 

(Table I). Examination of the N-terminus of isoform ACX reveals a typical PTS2 signal and shows 392 

34% sequence identity to C. reinhardtii ACX2, which catalyzes the first step of peroxisomal fatty 393 

acid -oxidation in the green alga C. reinhardtii (Kong et al. 2017).  These two ACX enzymes likely 394 

oxidize butyryl-CoA into crotonyl-CoA, which is converted into 3-hydroxybutyryl-CoA and then 395 

into acetoacetyl-CoA by respectively the enoyl-CoA hydratase and the hydroxyacyl-CoA 396 

dehydrogenase activities of the multifunctional protein MFP (Fig. 6). Compared to ACX4, MFP was 397 

found to be more modestly induced by butyrate (FC 0.1). The final step of -oxidation is carried out 398 

by acetoacetyl-CoA thiolase (ATO1, FC 0.004), converting acetoacetyl-CoA into two molecules of 399 

acetyl-CoA.  400 
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All 4 identified enzymes have typical PTS peroxisome targeting signals (Table I) and are thus 401 

confirmed to be peroxisomally targeted. The fatty acid -oxidation pathway used by Polytomella sp. 402 

is typical for algae and plants, where it is found in both mitochondria and peroxisomes (Kong et al., 403 

2017; Li-Beisson et al., 2019; Pan et al., 2020; Kato et al., 2021).   404 

We currently have no data on a mitochondrial -oxidation pathway in Polytomella sp., but our study 405 

clearly indicates that the peroxisomal pathway is key in the assimilation of butyrate. The peroxisomal 406 

-oxidation pathway of butyrate in Polytomella sp. differs from that in non-photosynthetic organisms 407 

and bacteria by the CoA activation step and by the presence of MFP. Besides the use of a FACS type 408 

enzyme, CoA activation of butyrate in mammals and microorganisms and can also use a butyrate-409 

CoA ligase/synthetase (EC 6.2.1.2) (De Preter et al., 2012).  Conversely, fermentative butyrate 410 

production from butyryl-CoA in bacteria mainly occurs via phosphate butyryltransferase (EC 411 

2.3.1.19) + butyrate kinase (EC 2.7.2.7) (Walter et al., 1993) or butyryl-CoA:acetate CoA-transferase 412 

(EC 2.8.3.8) (Duncan et al., 2002). The presence of a bifunctional MFP is the hallmark of 413 

peroxisomal -oxidation in plants, fungi and microalgae (Arent et al., 2010). In contrast, its two 414 

reactions are carried out by separate enzymes in mitochondrial -oxidation of butyrate in mammalian 415 

colonocytes (De Preter et al., 2012).  416 

 417 

3.5.2 Glyoxylate cycle and citrate/malate shuttles 418 

The glyoxylate cycle comprises five enzymes which are mostly present in peroxisomes but some, 419 

depending on the organism, can also be found in the cytosol, possibly to protect them from ROS-420 

induced damage. In C. reinhardtii, the glyoxylate cycle allows growth on acetate (Lauersen et al., 421 

2016) following its conversion into acetyl-CoA. Glyoxylate and acetyl-CoA are converted into 422 

malate and further into citrate and succinate, which are exported to enter central carbon metabolism, 423 

and can replenish the pool of TCA cycle intermediates. In Polytomella, the typical glyoxylate cycle 424 

enzymes malate synthase (MAS1, FC 0.4) and isocitrate lyase (ICL1, FC 0.23) are induced on 425 

butyrate, but at a lower level than citrate synthase (CIS2, FC 0.03) and malate dehydrogenase 426 

(MDH2, FC 0.03) (Fig. 6). Aconitase (ACO) is also part of the cycle and three isoforms were 427 

detected (suppl. Table I) but none were induced significantly by butyrate. MAS1 is confirmed to 428 

localize in the peroxisome based on the presence of a typical PTS1 targeting signal at its C-terminus 429 

(Gonzalez et al., 2011). CIS2 is predicted to be targeted to the peroxisome by DeepLoc (Almagro 430 

Armenteros et al., 2017) (Table I) and its closest homologs are found in peroxisomes in plants and 431 

yeast (Kunze et al., 2006; Rottensteiner and Theodoulou, 2006).  Polytomella CIS2 and MDH2 show 432 

highest amino acid sequence identities to peroxisomal/glyoxysomal-type homologs. ACO may also 433 

be peroxisomal since three out of four amino acids of the consensus PTS2 signal are present (RV-X5-434 

RA instead of RV-X5-H/QA) (Gonzalez et al., 2011). In C. reinhardtii, only ICL was found in the 435 

cytosol with the other 4 enzymes in peroxisomal microbodies (Lauersen et al., 2016). Earlier it was 436 

found that in Polytomella caeca, microbodies separated from mitochondria on a sucrose gradient 437 

contained MAS and a minor part of ICL activity, with most of it being cytosolic (Haigh and Beevers, 438 

1964). Since these authors concluded that the ICL activity within the microbodies accounted for the 439 

observed acetate assimilation, it may be assumed that ICL functions in the peroxisome, as is also 440 

predicted by DeepLoc (Table I). The upregulation of ICL1 on butyrate with respect to acetate may 441 

indicate an increased activity of the cycle, resulting in higher glyoxylate and succinate production. 442 

While glyoxylate serves to produce malate via MAS in the peroxisome, succinate may be exported to 443 

the cytosol and further imported into the mitochondria for use in the TCA cycle (Fig 6).  444 

The pronounced increase of MDH2 may be related to the production of NADH by MFP during 445 

butyrate -oxidation in the peroxisome. At the expense of NADH, MDH2 can convert oxaloacetate 446 

(OAA) into malate, which can be later exported to the cytosol (Fig. 6) via a malate/OAA transporter 447 
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(Rottensteiner and Theodoulou, 2006). Export of citrate produced by CIS2 from oxaloacetate is 448 

likely occurring under butyrate growth considering the very strong induction of the cytosolic 449 

ATP:citrate lyase (ACLY, FC 0.005). This enzyme produces acetyl-CoA and oxaloacetate from 450 

citrate in the cytosol, thus allowing the export of acetyl-CoA. The oxaloacetate resulting from ACLY 451 

can be re-imported to replenish the peroxisomal oxaloacetate pool for the proper functioning of the 452 

glyoxylate cycle (Fig. 6). Despite the significant relatedness of MDH2 to its peroxisomal homolog in 453 

C. reinhardtii, (62% amino acid identity) it can currently not be excluded that MDH2 is cytosolic, 454 

and if so, this would indicate an increased need for malate/oxaloacetate shuttle activity to sustain 455 

increased production and export of citrate from the peroxisome. A cytosolic localization for MDH, 456 

ACO and ICL occurs in yeast and does not impact glyoxylate cycle function (Rottensteiner and 457 

Theodoulou, 2006). The fact that MDH2 and CIS2 are more induced than ICL1 and MAS1 points to 458 

an apparent increased need for a malate/oxaloacetate shuttle and citrate export in butyrate 459 

metabolism. With regard to CIS, it was shown that during 14C-acetate assimilation of P. caeca, 460 

malate was by far the most important immediate product incorporating 14C, with succinate and 461 

(mitochondrial) fumarate 10-fold lower, but hardly any citrate was formed (Haigh and Beevers, 462 

1964). Conversely, judged from the upregulation of CIS2 and ACLY, butyrate seems to specifically 463 

induce peroxisomal citrate production. Since the outcome of butyrate utilization is the increased 464 

production of acetyl-CoA in the cytosol from ACLY, an induction of fatty acid synthesis may be 465 

expected in organelles. It is interesting that in human colonocytes, butyrate stimulates cell 466 

proliferation via histone acetylation in the nucleus, involving the production of acetyl-CoA by ACLY 467 

(Donohoe et al., 2012). In our study, no histone acetyltransferase was found differentially expressed.  468 

 469 

3.5.3 Transporters and metabolite exchange 470 

Relative to acetate, butyrate induced 10 membrane bound transporter proteins with significant 471 

associated FC values (Table I, category “solute transport”), among which genuine peroxisomal 472 

transporters. However, the identity of the proteins transporting butyrate or butyryl-CoA into the 473 

peroxisomes remains uncertain. The ABCD transporter PXA (FC 0.1) shows high similarity to an 474 

ABCD transporter in C. reinhardtii (A0A2K3CWL4/Cre15.g637761) which was confirmed to be 475 

involved in the import of activated long-chain fatty acids from the cytosol to the peroxisomal matrix, 476 

similar to the yeast peroxisomal ABC transporters PXA1 and PXA2 (Hettema et al., 1996). PXA 477 

targets long-chain fatty acyl-CoA molecules, which butyryl-CoA is not, so its involvement in the 478 

import of butyryl-CoA from the cytosol is uncertain. It might be necessary instead to channel CoA 479 

into the peroxisome for CoA homeostasis. Potentially, the two cytosolic acetyl-CoA synthase-type 480 

enzymes (ACSS) that were upregulated by butyrate (FC 0.08, 0.11) may provide substrates for this 481 

process. Another induced transporter belongs to the PEX11 family (FC 0.09, category cell cycle in 482 

Table I), a membrane protein that promotes peroxisome division in eukaryotes and is crucial for 483 

medium-chain fatty acid (MCFA) beta-oxidation. It was proposed that in yeast, PEX11 provides 484 

MCFAs including butyrate to the peroxisome interior for CoA activation, effectively fulfilling a 485 

transporter function (van Roermund et al., 2000). Two further proteins show clear homology to the 486 

peroxisomal NAD carrier PXN (FC 0.155, 0.231) in Arabidopsis thaliana, which mediate the import 487 

of NAD into peroxisomes against AMP (van Roermund et al., 2016). PXN belongs to the 488 

mitochondrial carrier (TC 2.A.29) family, which contains also peroxisomal transporters. Butyrate 489 

may thus increase the import of cofactors in the peroxisome, possibly linked to enhanced peroxisome 490 

biogenesis.  491 

Three proteins were identified as mitochondrial transporters, indicating also an involvement of 492 

mitochondrial metabolism in butyrate utilization. Two of them are subunits of the mitochondrial 493 

pyruvate transporter (MPC1, FC 0.08 & MPC2, FC 0.1), an oligomeric complex of approximately 494 
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150 kDa in the inner mitochondrial membrane which constitute the sole entry point into the 495 

mitochondria of pyruvate, produced by glycolysis or from malate. The upregulation of this carrier is 496 

of fundamental importance in establishing the metabolic programming of a cell (Bricker et al., 2012). 497 

Once in the matrix, pyruvate can be converted into acetyl-CoA by the pyruvate dehydrogenase 498 

complex (PDH) and feed the TCA cycle (McCommis and Finck, 2015). Cycle turnover produces 499 

CO2 and reducing power further used for ATP production, but intermediates can be siphoned off such 500 

as citrate, which can exit the mitochondria and be cleaved back to acetyl-CoA and oxaloacetate by 501 

ATP citrate lyase (ACLY) in the cytosol. Another transporter identified is homologous to the 502 

mitochondrial dicarboxylate/tricarboxylate transporter DTC (FC 0.6) in A. thaliana (Millar and 503 

Heazlewood, 2003).  DTCs transport dicarboxylic acids (eg malate, oxaloacetate) and tricarboxylic 504 

acids (eg citrate, isocitrate) into the mitochondrial matrix. In view of the FC value of 0.6, the role of 505 

DTC is only modestly increased in butyrate metabolism, but the iBAQ value for DTC is highest 506 

among transporters and represents one of the most abundant among butyrate induced proteins, 507 

illustrating the importance of di/tricarboxylates for mitochondrial metabolism. Seeing that the levels 508 

of the proteins of mitochondrial respiration (OXPHOS complexes) are not induced by butyrate, it can 509 

be proposed that increased import of pyruvate and dicarboxylates feeds other metabolic pathways, 510 

such as amino acid synthesis (see below).  511 

Furthermore, two general substrate transporters of the Major Facilitator Superfamily were identified 512 

(MFS, FC 0.2, 0.56). MFS transporters can only transport small solutes in response to chemiosmotic 513 

ion gradients and can be found anywhere in the cell, so their proposed placement in the peroxisomal 514 

membrane for transport of carboxylates is speculative (Fig 6). The monocarboxylate transporters 515 

MCT that are known in humans to transport acetate and butyrate across the plasma membrane are 516 

also members of the MFS family (Casal and Leão, 1995), but they are not orthologous to the two 517 

MFS proteins mentioned above. Also, a typical MCT could not be found in the Polytomella sp. 518 

genome. However, a member of the formate/nitrite transporter (TC 2.A.44) family (FNT, FC 0.21) 519 

was found to be induced by butyrate. FNT transporters transport monovalent anions and are not 520 

strictly selective as they can use nitrite or formate but also larger organic anions such as lactate and 521 

acetate (Lu et al., 2012). It may thus be that this FNT is actually responsible for butyrate transport 522 

over the plasma membrane in Polytomella sp. Further biochemical and genetic studies need to 523 

confirm whether this is the case. Five genes belonging to the GPR1/FUN34/YaaH (GFY) 524 

superfamily and homologous to bacterial acetate/succinate channels were found to be induced by 525 

acetate in C. reinhardtii and possibly implicated in intracellular acetate transport (Durante et al., 526 

2019). In the Polytomella sp. genome, 4 GFY genes were identified of which only 1 (UTR_1663.t1) 527 

was found in the proteome induced by butyrate at FC 0.636 (but with p>0.004).  528 

One transport protein is actually slightly downregulated, a P-type plasma membrane H+-ATPase 529 

(PMA3, FC 3.9) that exports cellular protons (Morth et al., 2011). In C. reinhardtii, increased PMA 530 

expression was found to improve tolerance to high CO2 concentrations, which are toxic due to the 531 

acidification of the cell interior (Choi et al., 2021). Acetate or butyrate are imported in the protonated 532 

form and dissociate in the cytosol. It can be hypothesized that butyrate necessitates less expulsion of 533 

H+ since it contains relatively fewer carboxylic acid groups at only 1 COOH per 4 C-atoms while 534 

acetate contains 1 COOH per 2 C-atoms.  535 

 536 

3.5.4 Antioxidant defense  537 

Reactive oxygen species (ROS) are important in cellular signaling, but stress conditions may cause 538 

increased ROS production and result in oxidative damage (Rezayian et al., 2019). Various 539 

antioxidant defense systems to neutralize ROS exist in different cellular compartments, especially in 540 

organelles that are major sources of ROS such as H2O2 (Roy et al., 2021). The butyrate metabolic 541 
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responses include a total of 10 proteins that are associated to antioxidant defense. One catalase 542 

isoform, co-orthologous to the C. reinhardtii CAT1 isoform that localizes to peroxisomes (Kato et 543 

al., 2021) and similarly endowed with a non-canonical C-terminal PTS1 signal (SVL), was found 544 

markedly induced on butyrate (FC 0.003), while a second CAT1 ortholog was far less induced. No 545 

clear ortholog was found for the C. reinhardtii ER-localized CAT2. Catalase upregulation probably 546 

relates to the -oxidation of butyrate, where it allows the detoxification of H2O2 produced by ACX 547 

into H2O and O2. Using density gradients, (Gerhardt, 1971) found the catalase and malate synthase 548 

activities in different particulate fractions in P. caeca, which raised the question whether different 549 

types of peroxisomes exist in the cell. A study to detect peroxisomes using CAT-specific staining 550 

seemed to shown that indeed different staining intensities existed in a sample of isolated peroxisomes 551 

(Gerhardt and Berger, 1971). 552 

Ascorbate peroxidase (APX, FC 0.015) was highly induced by butyrate. It is part of the glutathione-553 

ascorbate cycle (GAC) that uses electrons from NAD(P)H for the reduction of H2O2 to H2O. Other 554 

GAC enzymes were also induced on butyrate, such as glutathione S-transferase (GST3, FC 0.51), 555 

while glutathione reductase (GR) was not. The GAC can be found in different cellular compartments 556 

such as plastids, mitochondria, peroxisomes and the cytosol, (Caverzan et al., 2012). Since no 557 

coherent targeting signals were found for Polytomella APX, GST3 and GR, the GAC was tentatively 558 

placed in the cytosol in Fig. 6 since the closest homologs of these enzymes in C. reinhardtii are 559 

predicted to be cytosolic. A typical 2-Cys peroxiredoxin (PRX2, FC 0.05) was found highly induced 560 

on butyrate. PRXs are important for cellular redox signaling and antioxidant defense as they detoxify 561 

organic hydroperoxides (R-O-OH) that can be formed from the reaction of organic molecules with 562 

H2O2 (Liebthal et al., 2018). Another important ROS scavenging enzyme is superoxide dismutase, 563 

which produces H2O2 from O2
-. Two SOD isoforms were found, only modestly induced on butyrate 564 

(MSD1, FSD1, FC 0.26, 0.34).The localization of PRX2 and M/FSD1 is uncertain as they lack 565 

typical targeting signal and were predicted to be cytosolic by DeepLoc. Intriguingly, the levels of 566 

plastid type alternative oxidase (PTOX, FC 0.43), which functions in plastid redox homeostasis by 567 

oxidizing plastoquinol to reduce O2 to H2O in photosynthetic organisms (Krieger-Liszkay and Feilke, 568 

2016), and the NAD(P)H dehydrogenase that feeds electrons into the plastoquinone pool (NDA2, FC 569 

0.15), were higher on butyrate than acetate. This suggests a role of chlororespiration in antioxidant 570 

defense in Polytomella. It is of note that these enzymes are found in the thylakoid membrane in C. 571 

reinhardtii, while in Polytomella sp. a localization to the amyloplast envelope is proposed in absence 572 

of a description of any intraplastidial membrane system (Fuentes-Ramírez et al., 2021). 573 

Interestingly, photosynthesis in rice leaves was found to be protected due to a more efficient 574 

antioxidant response when CAT and APX activity were limited, which was proposed to be  because 575 

of higher H2O2 levels that exert a positive regulatory influence (Sousa et al., 2019). First off, it would 576 

be interesting to know whether the C4 fatty acid butyrate does in fact induce -oxidation in 577 

photosynthetic algae since it is known that C. reinhardtii favors membrane turnover over β-oxidation 578 

in presence of exogenous C16 fatty acid (Kato et al., 2021). If not it would explain directly why 579 

butyrate is poorly used by C. reinhardtii (Lacroux et al., 2020). If butyrate does enter -oxidation, 580 

increased CAT and APX could modify ROS levels and, in the view of (Sousa et al., 2019), interfere 581 

with photosynthesis and hinder the growth on butyrate by green algae, as observed by (Lacroux et al., 582 

2020). Polytomella sp does not perform photosynthesis and is thus less affected by the very strong 583 

antioxidant responses elicited by that the -oxidation of butyrate, which is possibly at the basis of its 584 

capacity to grow well on butyrate.  585 

 586 
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3.5.5 Branched chain amino acid degradation 587 

A number of proteins induced on butyrate, placed in both the lipid and amino acid metabolism 588 

categories (Table I), potentially participate in the degradation of branched chain amino acids 589 

(BCAAs), by which valine is converted to propionyl-CoA, while degradation of isoleucine produces 590 

both propionyl-CoA and acetyl-CoA (Fig. 7). This BCAA pathway is described in prokaryotes and in 591 

eukaryotes such as mammals, yeasts and plants (Binder, 2010), but also in microalgae, for example 592 

the diatom Phaeodactylum tricornutum (Pan et al., 2017) or C. reinhardtii (Liang et al., 2019). The 593 

first enzyme of this pathway is branched-chain aminotransferase (BCA2, FC 0.28), probably located 594 

in the mitochondria. Except for the second enzyme, branched-chain alpha-keto acid dehydrogenase 595 

(BCKDC, FC 2.1), all enzymes in this pathway are induced by butyrate, in particular the central 596 

enzyme methylmalonate semialdehyde dehydrogenase (MMSA, FC 0.005). Most of the dowsntream 597 

enzymes seem to be targeted to the peroxisome in Polytomella sp. (Table I), recapitulating the 598 

situation in plants where BCAA degradation starts in the mitochondrion to yield CoA-esterified 599 

metabolites that are further converted in the peroxisome (Linka and Theodoulou, 2013).  600 

Questions remain about this pathway in Polytomella sp. The pathway depends likely on the cellular 601 

localization of MMSA. While the C. reinhardtii methylmalonate semialdehyde dehydrogenase 602 

(ALDH6) is predicted to be mitochondrial, the Polytomella ortholog is predicted to be peroxisomal 603 

(Fig. 7). If the latter is the case, the degradation of both isoleucine and valine towards acetyl-CoA can 604 

occur unimpeded in the peroxisome. If we however entertain the possibility that MMSA is 605 

mitochondrial in Polytomella sp., the situation is different. MMSA is able to convert MMS into 606 

propionyl-CoA but also malonate semialdehyde (MS) into acetyl-CoA, so the degradation of 607 

isoleucine into MS (via propionyl-CoA) does not demand the presence of MMSA in the peroxisome 608 

when MS is imported into mitochondria. Mitochondrial MMSA can convert MS into acetyl-CoA 609 

which can be further utilized without problems. In the case of valine degradation, the absence of 610 

MMSA in the peroxisome would block the pathway at the level of the conversion of MMSA to 611 

propionyl-CoA, and in that case MMS would have to be exported to the mitochondria. Here, MMSA 612 

would convert MMS into propionyl-CoA, but its fate in the mitochondria would not be obvious: the 613 

enzymes necessary for its conversion to succinyl-CoA (propionyl-CoA carboxylase producing (S)-614 

methylmalonate-CoA, methylmalonyl-CoA epimerase producing (R)-methylmalonate-CoA and 615 

methylmalonyl-CoA mutase to convert it to succinyl-CoA) could not be identified in the Polytomella 616 

genome. This is similar to the case of P. tricornutum where the epimerase step was not detected (Pan 617 

et al., 2017). In P. caeca cells grown on propionate, propionyl-CoA carboxylase activity could not be 618 

detected (Lloyd et al., 1968). The same is true in plants, unlike in mammals and bacteria (Linka and 619 

Theodoulou, 2013). The TCA cycle enzyme succinyl-CoA ligase (SCL, FC 0.77 at p>0.003), 620 

somewhat induced by butyrate, was found to be a promiscuous enzyme that produces also thioesters 621 

of malate, fumarate and glutarate among others (Nolte et al., 2014). It may be hypothesized that SCL 622 

can produce succinyl-CoA directly from methylmalonate semialdehyde (MMS). Alternatively, MMS 623 

may also be imported into mitochondria and converted into malonate by an aldehyde dehydrogenase 624 

(ALD5 EC:1.2.1.-; at least 5 enzymes are found in the proteome, suppl. Table I) and then further into 625 

malonyl-CoA via malonate ligase (ACSF3, FC 0.38 but with p>0.004), which serves as precursor for 626 

fatty acid synthesis (see 3.5.6). It is noted that even if ALD5/ACSF3 are not located in the 627 

mitochondria, the products can be imported into the organelle. Alternatively, the BCAA degradation 628 

pathway may be streamlined when MMSA is dually targeted to both peroxisome and mitochondria, 629 

which is known for other enzymes such as CAT (Petrova et al., 2004). 630 

In the non-sulfur purple bacterium Rhodospirillum rubrum, which does not possess a glyoxylate 631 

cycle, the BCAA degradation pathway was identified as assimilatory during growth on butyrate (De 632 

Meur et al., 2020). Interestingly, R. rubrum grew 3-fold faster in presence of HCO3
-, which serves as 633 

electron sink and helps antioxidant defense. However, since Polytomella sp. does possess an active 634 
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glyoxylate cycle, the purpose of the BCAA degradation pathway in butyrate assimilation is not 635 

directly obvious. It could serve to produce propionyl-CoA for metabolic pathways such as the 636 

synthesis of coenzyme A. Leucine degradation has been found in A. thaliana alongside starch and 637 

lipid degradation in response to stress conditions that perturb cellular energy balance, such as 638 

senescence and carbon deprivation (Mentzen et al., 2008). In these conditions, it is conceivable that 639 

the cell makes up for a lack of energy and carbon by mobilizing internal reservoirs of sugar, lipid and 640 

amino acids. In Polytomella, all three are observed in cells growing on butyrate (see 3.5.6), whereby 641 

sugars and lipids may serve to produce amino acids such as BCAAs. We propose that butyrate is 642 

metabolized and yields acetyl-CoA and further di/tricarboxylic acids at a slower rate than acetate, 643 

which is compensated for by the degradation of BCAAs to produce acetyl-CoA and possibly 644 

succinyl-CoA that feed into carbon metabolism. A factor in the induction of the BCAA degradation 645 

pathway specifically may be the fact that it shares several enzymes with the -oxidation of butyrate 646 

(ACX, MFP, ATO). 647 

 648 

3.5.6 Catabolic production and role of pyruvate 649 

Pyruvate is at the crossroads of many metabolic pathways and is important in all cells and cell 650 

compartments (Shtaida et al., 2015). There are multiple indications that butyrate metabolism goes 651 

also through pyruvate, while it is not predicted to be directly involved in acetate utilization. First, 652 

most enzymes of glycolysis are upregulated several fold under butyrate, including pyruvate kinase 653 

(PYK1, FC 0.13) (Table I), which should result in increased pyruvate production and ATP. 654 

Compared to acetate, the balance seems to be shifted towards starch and glucose degradation, in line 655 

with the cellular sugar content being lower on butyrate (Fig. 1D) and the induction of the 656 

mitochondrial MPC transporter for pyruvate (see 3.5.3). This may not be leading to higher TCA 657 

cycle and OXPHOS activities since the necessary proteins are not induced, but pyruvate may instead 658 

be converted into amino acids such as alanine, and fatty acids (see below). Also, pyruvate 659 

decarboxylase (PDC3, FC 0.14) was induced, which should lead to acetaldehyde production in the 660 

cytosol. This could diffuse through the mitochondrial membrane and then be converted into acetate 661 

by NAD+ aldehyde dehydrogenase (ALD5, FC 0.03) and then acetyl-CoA by acetyl-CoA synthase 662 

(ACSS, FC 0.01). This scenario is supported by the fact that Polytomella caeca can grow on 663 

acetaldehyde (1mM) as sole external carbon source (Wise, 1968). It cannot be excluded that 664 

acetaldehyde is converted into acetate in the cytosol which is then imported into the mitochondria 665 

(see 3.5.8). Finally, there may also be a contribution from NADP malic enzyme (ME, FC 0.82 with 666 

p>0.004) converting malate to pyruvate in the cytosol. Since this enzyme was predicted to be 667 

targeted to the plastid, it can provide a source of pyruvate from imported malate. Via an MDH type 668 

enzyme (5 different MDH were detected in the proteome, suppl. Table I) in the plastid that produces 669 

NADH, malate may also feed the PTOX enzyme that was found induced on butyrate (see 3.5.4) and 670 

is implicated in maintaining cellular redox balance. Indeed, 2 MDH enzymes and PTOX were 671 

detected in a proteomics study of isolated non photosynthetic plastids from Polytomella parva 672 

(Fuentes-Ramírez et al., 2021). Pyruvate is also at the basis for the production of coenzyme A and 673 

NAD+, with pantoate:beta-alanine ligase (PANC, FC 0.21) of the CoA/ACP synthesis pathway and 674 

quinolinate synthase (QS, FC 0.62) of the NAD+ synthesis increased, suggesting a need of CoA/ACP 675 

in butyrate metabolism. 676 

A clear upregulation is found of two of the four enzymes of the type II fatty acid synthesis (FAS) 677 

system, which uses an acyl carrier protein (ACP): 3-oxoacyl-ACP reductase (fabG, FC 0.006 ) and 678 

enoyl-ACP reductase (MECR, FC 0.184). In C. reinhardtii, the four different subunits of the type II 679 

FAS system are predicted to be dually targeted to  the mitochondrion and chloroplast, similar to 680 

plants  (Riekhof et al., 2005; Li-Beisson et al., 2013). Fatty acids produced in the plastid are used for 681 
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the production of membranes, storage and signaling lipids  (Li-Beisson et al., 2015). The FAs are 682 

unlikely to be destined for the production of storage lipids since levels are actually lower in butyrate 683 

grown cells (Fig. 1D). Fatty acids produced by mitochondrial (mt)FAS play various roles. The 684 

mtFAS pathway fuels the production of acyl-ACPs including octanoyl-ACP, which is a precursor of 685 

lipoic acid, a cofactor of several metabolic enzymes: pyruvate dehydrogenase (PDH), -ketoglutarate 686 

dehydrogenase (KGDH), branched-chain -ketoacid dehydrogenase (BCKDH), the glycine 687 

decarboxylase complex (GDC), and plastidial pyruvate dehydrogenase (ptPDH) (Guan et al., 2020). 688 

Four out of five of these enzymes are indeed upregulated on butyrate with FC values of 0.58-0.87, 689 

and although these values are not statistically sound enough to warrant inclusion in Table I, it does 690 

represents a clear trend. Paradoxically, the only enzyme not changed is BCKDH, which is involved 691 

in the BCAA degradation pathway that is highly expressed on butyrate. This suggests that the 692 

pathway is not regulated at the level of this enzyme, which is not an uncommon observation in 693 

biochemical studies (eg Nogaj et al., 2005). The mtFAS system is possibly induced to provide acyl-694 

ACPs to two enzymes involved in biotin synthesis, 3-oxoacyl-ACP reductase (OAR, FC 0.06 and 7-695 

keto-8-aminopelargonic acid synthase (KAPAS, FC 0.016), which uses pimeloyl-ACP as substrate. 696 

Biotin is known to be a cofactor of certain carboxylase enzymes, including acetyl-CoA carboxylase 697 

(ACC) which functions 2 steps upstream of the FAS system producing malonyl-CoA from acetyl-698 

CoA. ACC was the only enzyme with a biotin cofactor that was detected in the Polytomella 699 

proteome, and although it is not induced by butyrate it may be regulated post-translationally. It is 700 

noted that ACLY in the cytosol is strongly induced (see 3.5.2) and produces the acetyl-CoA that is a 701 

direct substrate for ACC. Biotin has been described to exert regulatory influences in cell signaling, 702 

for example the upregulation of glucose metabolism (Dakshinamurti, 2005), which was indeed 703 

induced on butyrate.  704 

 705 

3.5.7 Metabolic activities on acetate 706 

The differential approach revealed that the proteins more abundant on acetate than on butyrate tend to 707 

relate to the protein biosynthesis and homeostasis (further referred to as proteostasis) rather than to 708 

specific metabolic pathways. Among the over-represented categories are "RNA processing" and 709 

"Protein biosynthesis, modification and homeostasis". This includes heat-shock proteins, protein 710 

kinases, maturation-, elongation- and assembly factors. Although butyrate induced more proteins 711 

compared to acetate, there may also be downregulation signals produced in response to specific 712 

metabolic needs imposed by butyrate. A specific perception of an acetate-linked metabolite and 713 

associated signal cascades may also be involved. Some of the proteins suppressed by butyrate may 714 

suggest the implication of a mitogen-activated protein kinase (MAPKs) signal transduction pathway, 715 

which modulates important cellular processes such as proliferation, stress responses, apoptosis and 716 

immune defense via consecutive protein phosphorylations by serine and threonine protein kinases 717 

(Soares-Silva et al., 2016).  718 

We note the induction of a protein of uncertain function, being either protein kinase (MAP3K-RAF) 719 

or dual specificity kinase splA isoform B (FC 4.663). It may suggest activation of a signal 720 

transduction pathway for positive regulation of gene transcription from a receptor on the cell surface 721 

(Soares-Silva et al., 2016). The presence of a PPP Fe-Zn-dependent phosphatase (FC 1.8) involved in 722 

reversible protein posttranslational modification points also in this direction. Cytosolic Hsp70 723 

chaperone (FC 12.422) may also be involved in this MAPK signaling pathway, as is the case in 724 

mammals (Fan et al., 2018). GTPase activating component Ran-GAP (FC 2.862) is also known to be 725 

implicated downstream of MAPK responses (Faustino et al., 2007). A number of proteins involved in 726 

different stages of synthesis and maturation of RNAs and proteins are found. This includes the 727 

mitochondrial Tr-type G domain-containing GTPase/elongation factor Tu (FC 8.245) which bring the 728 
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aminoacyl-tRNA into the A site of the mitoribosome, and Nsa1/WDR74  (FC 3.966), an assembly 729 

factor involved in the maturation of the large subunit of the cytosolic ribosome. The only ribosomal 730 

protein that is overaccumulated is RPL38, suggesting that it performs an additional function. Several 731 

proteins involved in the biogenesis and maturation of mRNA and ribosomes are found at FC values 732 

of 2-3, which are at the ‘executive’ side of signal transduction pathways that end in protein synthesis 733 

(Table I).    734 

Of note are the three plastidial small heat shock proteins (HSP20, FC 12.510, 10.588, 6.530) for 735 

which little data exist in microalgae but in plants play a central role in the protection against stress 736 

damage, in the folding, intracellular distribution, and degradation of proteins, as well as in signal 737 

transduction chains (Ouyang et al., 2009). The HSPs are known to be generally involved in the 738 

response to stress most notably due to heat, but also other stresses that can affect protein stability 739 

such as oxidative stress, salinity or pH (Strauch and Haslbeck, 2016). Acetate is more likely than 740 

butyrate to be transported across the cell and imported into organelles to give rise to acetyl-CoA and 741 

further biosynthesis reactions (Boyle et al., 2017). Butyrate is likely only taken up in the peroxisome 742 

and di/tricarboxylates are exported into the cytoplasm and further into organelles. Since acetate is 743 

transported in the protonated form it will systematically release H+ within the organelles, which may 744 

cause some level of stress and possibly explain the increased need for HSP20.  745 

The mitochondrial organization/maturation factor (CHCH domain) (FC 16.131) is the most induced 746 

protein compared to butyrate. Its function is uncertain, but may relate to protein translation or post-747 

translational maturation of cytochrome c oxidase. Finally, although most enzymes involved in amino 748 

acid synthesis were mildly induced by butyrate, a few enzymes involved in production of aromatic 749 

amino acids and methionine were more abundant on acetate (FC ~2.5). Methionine is a direct 750 

precursor of S-adenosylmethionine (SAM), an important posttranslational regulator of many cellular 751 

processes, including autophagy, the recycling of cellular components in response to stress (Ouyang et 752 

al., 2020). Butyrate induction of proteins such as the stress-induced carboxypeptidase (SCPL, FC 753 

0.47) (Xu et al., 2021) and universal stress protein (IMP2, FC 0.34) seem to indicate that butyrate 754 

indeed causes some level of stress to the cells. It may thus be hypothesized that butyrate causes a 755 

decrease methionine to lower SAM, since it inhibits processes involved in stress response such as 756 

autophagy. 757 

 758 

4 Conclusions and perspectives    759 

The key hypotheses that have been proposed in the past concerning limitations in the trophic 760 

metabolism of microalgae relate to cell permeability, toxic products formed from the substrate, lack 761 

of enzymes necessary for effective dissimilation of the substrate or their improper cellular location, 762 

lack of transcriptional control, effect of low-intensity light in stimulating heterotrophic growth and 763 

respiratory deficiency, etc.  (Neilson and Lewin, 1974). In this work, these key hypotheses were 764 

considered with regard to butyrate assimilation in Polytomella sp., and the relation with butyrate 765 

metabolism in other organisms is discussed as well as the potential implications of these findings for 766 

the capacities for butyrate assimilation of other -green- algae. In addition, a major step has been made 767 

in our understanding of peroxisomes in Polytomella sp. and in relation to its close relative C. 768 

reinhardtii. 769 

Based on our data, we propose that butyrate is assimilated via peroxisomal -oxidation resulting in 770 

acetyl-CoA and di/tricarboxylates for cellular use via the glyoxylate cycle. We found that multiple 771 

transporters are induced to facilitate the metabolic interplay between peroxisome and other cell 772 

compartments. Although no monocarboxylate transporter was identified for butyrate transport, a 773 

formate/nitrite transporter was put forward as candidate for this function. We hypothesize that 774 

butyrate causes a major antioxidant defense response related to the production of H2O2 and NADH in 775 
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-oxidation. An increased turnover of BCAAs to propionyl-CoA and acetyl-CoA was suggested, 776 

which may, together with an overproduction of pyruvate from glycolysis, serve amino acid or 777 

cofactor production. Butyrate lowers accumulation of carbohydrates and lipids while fatty acid 778 

synthesis was found induced, probably in the mitochondria. This all may serve organellar 779 

reorganization (peroxisomes) and the production of cofactors for several central metabolic enzymes 780 

to accommodate butyrate utilization. In contrast, acetate utilization seems to stimulate activities that 781 

relate to the biosynthesis and homeostasis of proteins. 782 

Its fast butyrate assimilation makes Polytomella sp. a good model for the study of VFA metabolism, 783 

but the high starch levels even during the exponential growth is another distinctive trait that allow 784 

continuous cultivation on dark fermentation effluents with potential for biofuel production. Our 785 

proteomics approach revealed in many instances the induction on butyrate of multiple proteins 786 

belonging to the same pathway or similar metabolic activities suggest their importance in butyrate 787 

metabolism. Other omics and biochemical approaches should be employed to further explore the 788 

specificities of butyrate vs acetate as a carbon source. In particular, metabolomics and fluxomics 789 

should be used to reveal the assimilation pathways. The main issues that remain to be tackled relate 790 

to the import of VFAs into the cell and the role of -oxidation and associated antioxidant activities, 791 

especially in green algae. As a non-photosynthetic alga, Polytomella can serve as a metabolic 792 

reference for efficient butyrate assimilation, to which other (green) algae may be compared. Since 793 

Polytomella sp. does not seem to appear to possess novel metabolic capacities per se, it should be 794 

considered that this alga owes its fast butyrate assimilation in some way to the loss of another major 795 

metabolic capacity: photosynthesis. 796 

 797 

5 Tables 798 

Table I. Overview of the most pertinent proteins with significant FoldChange values arranged by 799 

metabolic category as determined by Mercator. PTS, presence of peroxisome targeting signal; 800 

Loc_Chlre, location (when discordant) and accession no. of C. reinhardtii ortholog. Proteins 801 

corresponding to the E-values are given in the suppl. Table I.802 
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Bin 

# 

Metabolic category Protein ID Code Accession MW 

(kDa) 

E-value KEGG 

code 

EC code Deep 

Loc 

 

Pred- 

algo 

PTS/ 

Loc_Chlre 

Cover 

age 

(%) 

FC Log2 

FC 

iBAQ Ac iBAQ But 

1 Photosynthesis plastid terminal oxidase PTOX utr_g8363.t1 48.464 4.18E-158 K17893 1.10.3.11 Mt* Pl  26.25 0.434 -1.20 2171424 4115092 

2 Respiration pyruvate kinase PYK1 utr_g7045.t1 62.93 0 K00873 2.7.1.40 Pl Pl Cy_A8IVR6 7.73 0.130 -2.95 114933 699538 

2 Respiration NAD-dependent malic enzyme* MME1 utr_g2383.t1 76679 0 K00028 1.1.1.39 Pl O  30.39 0.590 -0.76 891360 1191933 

2 Respiration succinate-coa ligase beta subunit SCLB utr_g6318.t1 44728 0 K01900 6.2.1.4 Mt O  65.88 0.770 -0.38 44970688 47968569 

2 Respiration NAD(P)H dehydrogenase NDA2 g5286.t1 90.886 0 K17871 1.6.5.9 Mt Pl  12.47 0.151 -2.72 133590 677225 

2 Respiration cytochrome c oxidase subunit 2 COX2 utr_g5676.t1 17.299 8.2767E-

97 

K02261 1.9.3.1 Cy O  32.03 0.194 -2.37 102064 655292 

3 Carbohydrates  pyruvate decarboxylase PDC3 utr_g3758.t1 63.175 0 K01568 4.1.1.1 Cy O  17.5 0.141 -2.83 133603 707959 

3 Carbohydrates  aldehyde dehydrogenase (NAD+) ALD5 utr_g438.t1 57769 0 K00128 1.2.1.3 Mt Pl  52.71 0.027 -5.19 348277 5507061 

3 Carbohydrates  alcohol/geraniol dehydrogenase (NADP+) ADH7 utr_g3590.t1 44217 6.74E-140 K12957 1.1.1.2 Pl Pl ? 57.8 0.037 -4.75 1185475 25146939 

3 Carbohydrates  phosphofructokinase PFK1 utr_g2860.t1 75.543 0 K00850 2.7.1.11 Pl Pl  11.13 0.269 -1.90 158111 438889 

3 Carbohydrates alpha amylase AMA1 utr_g8059.t1 54.148 0 K01176 3.2.1.1 Cy Pl  48.13 0.358 -1.48 8147933 18624168 

3 Carbohydrates plastidial glucanotransferase MALQ utr_g8936.t1 194.271 0 K00705 2.4.1.25 Cy O  4.61 0.398 -1.33 95197 190693 

3 Carbohydrates UDP-sugar pyrophosphorylase USP utr_g1491.t1 104.419 1.10E-104 K12447 2.7.7.64 Mt O  14.2 0.415 -1.27 132247 272807 

4 Amino acids electron transfer flavoprotein-ubiquinone oxidoreductase ETF-QO utr_g5422.t1 80.272 7.42E-132 K00311 1.5.5.1 Mt O  10.69 2.691 1.43 318214 100948 

4 Amino acids methyl-tetrahydrofolate-dependent methionine synthase MTR g1210.t1 91.175 3.27E-172 K00549 2.1.1.14 Cy O  49.03 2.553 1.35 10236412 3300825 

4 Amino acids  tryptophan synthase heterodimer.subunit alpha TRPA utr_g6593.t1 31165 6.76E-135 K01695 4.2.1.20 Pl Pl  46.76 2.531 1.34 813918 265336 

4 Amino acids  methylmalonate-semialdehyde dehydrogenase MMSA utr_g5322.t1 60.535 0 K00140 1.2.1.27 Mt Pl/Mt  59.23 0.005 -7.67 2012356 33747786

6 
4 Amino acids  branched-chain aminotransferase BCA2 utr_g2499.t1 37.646 5.92E-176 K00826 2.6.1.42 Cy O  40.06 0.276 -1.86 1908746 5211075 

4 Amino acids  ornithine aminotransferase OTA1 utr_g881.t1 48.529 0 K00819 2.6.1.13 Mt Pl/Mt  24.38 0.294 -1.77 552791 1446664 

4 Amino acids  3-hydroxyisobutyryl-CoA hydrolase/enoyl-CoA hydratase isomerase 

family 

ECH1 g5770.t1 56221 1.44E-113 K05605 3.1.2.4 Px O  44.83 0.070 -3.84 1278206 13932993 

5 Lipids  ATP-dependent citrate lyase heterodimer.alpha chain ACLY utr_g2436.t1 49773 1.76E-157 K01648 2.3.3.8 Cy SP  61.15 0.005 -7.72 135700 23415912 

5 Lipids ATP-dependent citrate lyase heterodimer.beta chain ACLY utr_g2726.t1 111952 0 K01648 2.3.3.8 Cy O  41.31 0.008 -6.98 151581 14831787 

5 Lipids acetyl-CoA synthetase ACSS utr_g6283.t1 71739 0 K01895 6.2.1.1 Cy O  57.79 0.108 -3.21 287748 2062413 

5 Lipids acetyl-CoA synthetase ACSS utr_g5926.t1 74000 0 K01895 6.2.1.1 Cy Mt  67.52 0.078 -3.68 1318134 13877293 

5 Lipids acetyl-CoA synthetase ACS g6859.t1 59904 0 K01895 6.2.1.1 Mt SP  50.82 2.801 1.49 477595 135495 

5 Lipids malonate ligase* ACSF3 utr_g5874.t1 59063 3.38E-136 K18660 6.2.1.- Px O (Mt)  10.98 0.378 -1.40 135279 237519 

5 Lipids oxoacyl-ACP reductase fabG utr_g4408.t1 39306 6.12E-95 K00059 1.1.1.100 Px Mt PTS2 36.51 0.006 -7.27 0 5021288 

5 Lipids peroxisomal 2,4-dienoyl-CoA reductase DECR2 utr_g1373.t1 37158 2.43E-116 K13237 1.3.1.34 Px O PTS1 29.69 0.115 -3.12 283352 3118920 

5 Lipids mitochondrial trans-2-enoyl-CoA reductase MECR utr_g1794.t1 40948 8.37E-117 K07512 1.3.1.-, 

1.3.1.38 

Mt Pl  42.15 0.184 -2.44 4002432 17284261 

5 Lipids 3-hydroxybutyrate dehydrogenase HBD1 utr_g6778.t1 28295 9.89E-132 K00019 1.1.1.30 Px O  78.28 0.002 -9.37 1153153 46872073

5 
5 Lipids 3-hydroxy acid dehydrogenase / malonic semialdehyde reductase SDR utr_g3367.t1 27745 5.62E-129 K16066 1.1.1.- Mt O PTS1? 34.48 0.198 -2.34 2202220 8983621 

5 Lipids peroxisomal long-chain acyl-CoA synthetase FACS g1889.t1 65070 0 K00666 6.2.1.- Cy O PTS1 47.59 0.002 -8.82 58281 72599501 

5 Lipids long-chain acyl-CoA synthetase LACS utr_g2481.t1 94057 1.83E-177 K01897 6.2.1.3 Pl SP  2.77 0.157 -2.67 0 97418 

5 Lipids acyl CoA oxidase ACX utr_g4580.t1 70401 0 K00232 1.3.3.6 Px O PTS2 59.56 0.021 -5.55 526487 19368895 

5 Lipids acyl CoA oxidase ACX4 utr_g1391.t1 59342 4.60E-155 K00232 1.3.3.6 Pl Pl Px_A0A2K3C

S90 

57.64 0.001 -9.82 204174 10761864

1 
5 Lipids enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase MFP utr_g788.t1 78916 0 K10527 4.2.1.17, 

1.1.1.35, 

1.1.1.211 

Px O PTS1 70.68 0.100 -0.81 1365292 91599918 

5 Lipids acetyl-CoA acyltransferase/3-ketoacyl- thiolase ATO1 utr_g2466.t1 47103 0 K07513 2.3.1.16 Px O PTS2 64.82 0.004 -7.85 213613 38023640 

5 Lipids acyl-CoA dehydrogenase ACAD utr_g5712.t1 111123 2.39E-115 K00249 1.3.8.7 Px O PTS1 16.39 0.191 -2.39 126729 534003 

5 Lipids acyl-CoA thioesterase ACOT9 utr_g8558.t1 59227 3.95E-71 K17361 3.1.2.- Cy O  26.67 0.069 -3.86 151435 1537049 

5 Lipids citrate synthase CIS2 utr_g7247.t1 54152 0 K01647 2.3.3.1 Px O PTS1 70.47 0.029 -5.12 1716953 47370396 

5 Lipids isocitrate lyase ICL1 utr_g3623.t1 45057 0 K01637 4.1.3.1 Px O  84.13 0.227 -2.14 47060347 16933690

0 
5 Lipids malate synthase MAS1 utr_g1630.t1 60347 0 K01638 2.3.3.9 Cy Pl PTS1 67.71 0.399 -1.33 65029261 13365995

7 
5 Lipids malate synthase MAS utr_g2347.t1 61992 0 K01638 2.3.3.9 Cy O  56.94 0.468 -1.09 1698571 2980413 

5 Lipids glyoxysomal NAD-dependent malate dehydrogenase MDH2 utr_g3202.t1 36768 1.61E-139 K00026 1.1.1.37 Mt O Cy_A8ICG9 63.13 0.027 -5.23 1515786 45572216 

6 Nucleotide allantoinase ALL utr_g6565.t1 55360 0 K01466 3.5.2.5 ER O  8.1 0.277 -1.85 53688 164990 

7 Coenzymes pantoate:beta-alanine ligase PANC utr_g3036.t1 35033 6.34E-100 K01918 6.3.2.1 Cy O  46.73 0.207 -2.27 658701 2568247 

7 Coenzymes  quinolinate synthetase QS utr_g3797.t1 87116 0.00E+00 K03517 2.5.1.72 Pl   14.98 0.620 -0.69 546665 730878 

7 Coenzymes  7-keto-8-aminopelargonic acid synthase KAPAS utr_g1050.t1 63612 3.34E-126 K00652 2.3.1.47 Px Pl PTS1 40.3 0.016 -5.97 79565 5246404 

7 Coenzymes  iron-sulfur cluster assembly protein SUF-D SUFD utr_g4261.t1 57337 7.11E-68 K09015 - Pl O  2.48 0.115 -3.12 0 227694 

7 Coenzymes  Short-chain dehydrogenase/reductase SDR DHRS4 utr_g6351.t1 34955 3.07E-84 K11147 1.1.1.100 Px Pl PTS1 31.23 0.060 -4.06 59856 2568098 

7 Coenzymes  flavin reductase-related (NADPH) BLVRB utr_g7191.t1 27911 8.36E-80 K05901 1.5.1.30 Px O  4.56 4.384 2.13 274466 0 

9 Secondary metab. acetyl-CoA acyltransferase ATO2 utr_g8709.t1 47103 0 K00626 2.3.1.9 Px Mt PTS1 64.82 0.484 -1.05 14859995 25312153 
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10 Redox homeost. catalase CAT1 utr_g8710.t1 56775 0 K03781 1.11.1.6 Px O  64.78 0.003 -8.52 24745 23593495 

10 Redox homeost. ascorbate peroxidase APX utr_g2687.t1 40358 1.55E-139 K00428 1.11.1.5 Mt Pl Cy_A0A2K3DF40 68.36 0.015 -6.10 473262 26685874 

10 Redox homeost. glutathione S-transferase GST3 utr_g3599.t1 24935 3.91E-45 K04097 5.3.99.2, 

2.5.1.18 

Cy O  24.09 0.480 -1.06 788574 1341820 

10 Redox homeost. typical 2-Cys peroxiredoxin PRX2 utr_g3953.t1 21767 3.52E-117 K03386 1.11.1.24 Cy O  30.2 0.049 -4.35 31157 1730222 

10 Redox homeost. Fe-Mn superoxide dismutase MSD1 utr_g3322.t1 24515 5.98E-121 K04564 1.15.1.1 Cy O Mt_Q42684 58.26 0.261 -1.94 3886744 12236356 

10 Redox homeost. Fe-Mn superoxide dismutase FSD1 utr_g7353.t1 38647 4.49E-94 K04564 1.15.1.1 Pl Mt Pl_A8IGH1 16.62 0.338 -1.57 542608 1312085 

13 Cell cycle org. peroxisomal fission factor PEX11 utr_g5823.t1 25944 3.00E-89 K13352 - Px O  45.68 0.088 -3.51 3687867 34479357 

15 RNA biosynthesis transcription elongation factor SPT5 utr_g7362.t1 115452 1.04E-129 K15172 - Nc O  4.53 2.751 1.46 118157 22315 

16 RNA processing mRNA-binding regulatory factor RBP utr_g1967.t1 35829 1.53E-66 K13201 - Cy O  10.09 2.407 1.27 385557 97577 

16 RNA processing trimethylguanosine synthase TGS utr_g6581.t1 116398 1.48E-46 K14292 2.1.1.- Nc O  3.97 3.049 1.61 67256 0 

17 Prot. biosynthesis Tr-type G domain-containing GTPase/elongation factor Tu TYPA utr_g3770.t1 80301 0 K06207 - Pl Mt  6.01 8.245 3.04 146308 4416 

17 Prot. biosynthesis assembly factor Nsa1/WDR74 NSA1 utr_g7089.t1 53992 4.48E-56 K14841 - Nc O  4.69 3.966 1.99 127446 0 

17 Prot. biosynthesis GTPase assembly factor LSG1 utr_g3801.t1 75849 1.37E-93 K14539 3.6.1.- Cy Pl  10.3 2.564 1.36 287224 94147 

17 Prot. biosynthesis LSU proteome.component RPL38 RPL38 utr_g8236.t1 7805 1.18E-26 K02923 - CY Pl  59.42 2.529 1.34 44287473 14828116 

17 Prot. biosynthesis pre-rRNA processing factor FCF2 utr_g3144.t1 27799 8.18E-38 - - Nc O  5.76 2.230 1.16 147997 0 

18 Prot. modification protein kinase (MAP3K-RAF)/Dual specificity kinase splA isoform B SPLA utr_g6123.t1 55422 0 K17535 2.7.11.1 Cy O  2.21 4.663 2.22 108763 0 

18 Prot. modification PPP Fe-Zn-dependent phosphatase families.PP7-class phosphatase PP7 utr_g2423.t1 61968 4.29E-134 K04460 3.1.3.16 Cy O  3.06 1.755 0.81 50923 0 

18 Prot. modification class theta glutathione S-transferase GST utr_g5659.t1 31372 1.61E-53 K00799 2.5.1.18 Cy SP  68.79 0.246 -2.02 16153692 54177371 

19 Prot. homeostasis mitochondrial organisation/ maturation factor (CHCH domain) CHCH utr_g75.t1 17083 1.99E-25 - - Mt Pl  16.96 16.13

1 

4.01 2557159 0 

19 Prot. homeostasis plastidial small heat shock proteins HSP22A g5306.t1 21101 5.98E-26 K13993 - Mt O  33.51 12.51

0 

3.64 982817 0 

19 Prot. homeostasis plastidial small heat shock proteins HSP22A utr_g2186.t1 21122 3.29E-29 K13993 - Mt O  20.21 10.58

8 

3.40 757049 0 

19 Prot. homeostasis cytosolic  Hsp70 chaperone system.chaperone (Hsp70) HSP70A utr_g6948.t1 72239 0.00E+00 K03283 - Cy O  31.91 12.42

2 

3.63 716967 36532 

19 Prot. homeostasis plastidial small heat shock proteins HSP22A utr_g2897.t1 20969 7.72E-29 K13993 - Mt O  26.06 6.530 2.71 627450 0 

19 Prot. homeostasis S10-class serine carboxypeptidase SCPL utr_g3766.t1 55945 2.18E-167 K09645 3.4.16.- SP SP  30.18 0.468 -1.09 2321242 4070954 

23 Prot. translocation GTPase activating component Ran-GAP RAN utr_g2135.t1 55934 5.95E-122 K14319 - Cy O  18.55 2.862 1.52 426898 124086 

24 Solute transport P3A-type proton-translocating ATPase.plasma membrane PMA3 utr_g4794.t1 134485 0.00E+00 K01535 7.1.2.1 Lys/

Vac 

O  1.69 3.934 1.98 56952 0 

24 Solute transport MPC pyruvate carrier complex.component MPC1 MPC1 utr_g3777.t1 12923 1.07E-51 K22138 - Mt O  69.94 0.084 -3.58 2415540 23853875 

24 Solute transport MPC pyruvate carrier complex.component MPC2 MPC2 utr_g6536.t1 13329 1.24E-48 K22139 - Mt O  63.64 0.102 -3.30 1538010 12379886 

24 Solute transport ABC1 family.subfamily ABCD transporter PXA utr_g4304.t1 96371 0.00E+00 K05677 - Mt Mt Px_A0A2K3CWL4 12.42 0.101 -3.31 110029 856155 

24 Solute transport mitochondrial substrate carrier protein (eg 2-oxodicarboxylate)  

family 

MCP26 utr_g1761.t1 36177 4.13E-123 K15110 - Mt Mt  26.01 0.101 -3.31 318737 2577120 

24 Solute transport peroxisomal nicotinamide adenine dinucleotide carrier PXN utr_g5259.t1 45068 8.88E-117 K13354 - Px SP  12.44 0.155 -2.69 72726 361502 

24 Solute transport Formate/nitrite transporter FNT utr_g7576.t1 33602 5.31E-93 K21993 - Mb O  8.63 0.209 -2.26 0 322350 

24 Solute transport Major Facilitator Superfamily general substrate transporter MFS utr_g3064.t1 57919 2.90E-114 K02532 - ER O  19.46 0.199 -2.33 1058783 4383133 

24 Solute transport peroxisomal nicotinamide adenine nucleotide transporter PXN utr_g4054.t1 36674 1.87E-59 K13354 - Px Mt  48.7 0.231 -2.11 3756544 13327162 

24 Solute transport MFS transporter (double), DHA1 family, multidrug resistance protein MFS utr_g3468.t1 59653 2.77E-101 K08157 - Mb SP Fungal type 5.93 0.555 -0.85 2852646 4200884 

24 Solute transport mitochondrial dicarboxylate/ tricarboxylate transporter DTC g4183.t1 31891 2.53E-171 K15104 - Mt O  74.58 0.587 -0.77 86826580 12128351

1 
26 External stimuli  carbonic anhydrase CAH7 utr_g1251.t1 31431 8.71E-112 K01673 4.2.1.1 Cy O  18.71 0.530 -0.92 405506 628951 

35 Not assig.Annot. glutathione S-transferase GST utr_g6818.t1 24782 2.17E-42 K04097 2.5.1.18 Cy O  56.11 3.441 1.78 13437380 3219027 

35 Not assig.Annot. universal stress protein family/sugar utilization regulatory protein IMP2 utr_g1902.t1 15369 8.52E-34 - - Cy O  33.1 0.344 -1.54 2071937 4958676 

35 Not assig.Annot. Peroxisomal membrane protein PMP22 utr_g2705.t1 8360 1.49E-09 K13347 - Mt O  25.64 0.379 -1.40 0 685316 

35 Not assig.Annot. isochorismatase ISOC utr_g326.t1 22040 5.79E-80 - 3.3.2.1 Cy O  52.97 0.290 -1.78 8432129 23785614 

35 Not assig.Annot. CoA binding domain (succinyl CoA synthetases, malate/ATP-citrate 

ligases) 

CoA_b g2015.t1 17476 3.80E-54 K06929  Cy O  43.4 0.204 -2.30 1387764 5645525 

35 Not assig.Annot. acetyl-CoA synthetase/acyl-activating enzyme 17 ACAS utr_g327.t1 150268 6.21E-98 K01895/

7 

6.2.1.1/3 Px O PTS1 6.89 0.051 -4.29 16375 264231 

35 Not assig.Annot. serine hydrolase  (eg DHFR) FSH1 utr_g7336.t1 36143 2.10E-36 - -- Cy O  25.3 0.053 -4.25 0 622170 
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Figure 1. Parameters of the growth of Polytomella sp. on acetate and butyrate.  A,B) Growth curves 
(gX.L-1) and substrate consumption (gCS.L

-1) of Polytomella sp. in presence of 1 gCS.L
-1 acetate or 

butyrate, C) biomass yields (gX.gCS
-1) and growth rates (d-1) derived from these growth curves and D) 

the concentrations of sugars and lipids are plotted on the left (g.L-1) while their proportions to the 
total biomass are plotted on the right (g.gX

-1) for both conditions. Arrows indicate when biomass for 
further proteomics analysis was sampled. X, dry weight; CS, dissolved organic carbon. Error bars 
correspond to standard deviations based on 3 biological replicates.
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Figure 2. Comparison of global proteomes of Polytomella sp. grown on acetate and butyrate. A) Total 
proteins (30 µg) of Polytomella sp. growing exponentially on acetate or butyrate, resolved in a 12% 
SDS-polyacrylamide gel stained with Coomassie Blue G250. B) Volcano plot displaying the differential
abundance of proteins of Polytomella sp. grown on acetate or butyrate analysed by MS-based
quantitative proteomics. The volcano plot represents the -log10(limma p-value, cut off 0.004) on y-
axis plotted against the log2(FoldChange acetate/butyrate) on the x-axis. Green and red dots 
represent proteins found more abundant in Polytomella sp. grown respectively on acetate or butyrate 
(Benjamini-Hochberg FDR < 1%). The Venn diagram indicates that of the total of 1772 proteins
detected for acetate and butyrate combined, 48 were significantly induced on acetate and 117 on 
butyrate.a

A

46119 1607
Butyrate Unchanged Acetate

B

kDa

95
72

55

36

28

17

*

*

*

.CC-BY-NC-ND 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 August 29, 2022. ; https://doi.org/10.1101/2022.08.29.505702doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.29.505702
http://creativecommons.org/licenses/by-nc-nd/4.0/


A)

Total iBAQ Acetate Total iBAQ Butyrate

Figure 3. Overview of the Polytomella proteome revealed by the differential approach, 
represented per metabolic category as determined by Mercator. A) Total number of 
proteins identified in both acetate and butyrate-growing cells. B) Cumulative iBAQ
values of total acetate and butyrate proteomes give an indication of the total protein 
abundance per category. 
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Figure 4. Focus on differentially expressed proteins, i.e. with a statistically significant difference in 
FC value. The number of proteins per category is given that are significantly more induced on 
either acetate or butyrate. Categories with a significant difference in FC proteins between either 
the acetate or the butyrate condition with respect to the background in the Fisher test are 
indicated with one asterisk (p-value<0.05), two asterisks (p<0.01) or three asterisks (p<0.001). 
Note that some categories do not contain any differentially expressed proteins, and the fact that 
some categories do not exhibit any FC proteins in either the acetate or butyrate condition does 
not mean there is no protein. 
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Figure 5. Schematic representation of cellular metabolism as a function of metabolic (sub)categories
and log2 FoldChange values using the program MapMan. Metabolic categories were analyzed using the 
web program Mercator. For all entries with a FC score applies p-value <0.004. Note that for increased
visibility of the lower range of the log2 FC scale was set from 5 to -5 whereas a few proteins on butyrate 
actually show higher FC values.   

.CC-BY-NC-ND 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 August 29, 2022. ; https://doi.org/10.1101/2022.08.29.505702doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.29.505702
http://creativecommons.org/licenses/by-nc-nd/4.0/


PEROXISOME

butyrate

FNT?

butyryl-CoAbutyrate

PMA

H+

ALD5

ACSS

PDC

acetaldehyde

CO2

pyruvate

DTC

MPC

di/tricarboxylatedi/tricarboxylates

TCA cycle

MITOCHONDRION

PLASTID

glycolysis

starch

PTOX
O2+H+ H2O

acetate

PYK

acetyl-CoA

NAD, biotin CoA

H+

Log2 Fold change
(p-value < 0.004) 0 -2 -4 -6 -10-802

PDH

Figure 6. Proposed metabolic reconstruction of the assimilation pathway of butyrate in the peroxisome
and interactions with other cell compartments. Taken into account are the FoldChange values and 
cellular localization based on software prediction (DeepLoc), manual verification of targeting signals and 
previous studies. The log2 FC acetate/butyrate value is indicated by the color codes. All di/tricarboxylic
acids that may be imported into the mitochondria are indicated in blue. Enzymes with a red halo are 
involved in antioxidant defense. Enzymes codes and further information can be found in Table I and the 
Suppl. Table.
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