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Abstract 1 

Microalgae are known as good producers of high-added value bioproducts useful in many 2 

applications such as pharmaceuticals, nutrition or biofuel production. In contrast to 3 

phototrophy, heterotrophy emerges as a promising strategy for algal biomass production due 4 

to high cell densities, controlled conditions and reduced space requirement. Hemicellulose is 5 

the second most abundant material in land plants. Its hydrolysis liberates xylose, glucose, 6 

acetate. Our study focuses on three microalgal species, Galdieria sulphuraria, Euglena gracilis, 7 

and Auxenochlorella protothecoides, cultivated under heterotrophy with the above-8 

mentioned carbon sources, supplemented alone or in combination. Growth parameters and 9 

biomass analysis revealed distinctive characteristics. G. sulphuraria, despite a modest fatty 10 

acid content (5-15% w/w), displayed potential for hemicellulose valorization, demonstrating 11 

high biomass yield using xylose as a sole carbon source (approx. 0.5 gDW gxylose
-1) and high 12 

saturated fatty acid (SFA) content (45-63%). In our cultivation conditions, E. gracilis only 13 

assimilated acetate with low fatty acid content (approx. 6% w/w), but high SFA content (60-14 

77%) and high paramylon content (47% w/w), convertible to wax-esters under anaerobiosis. 15 

A. protothecoides exhibited biomass yields of 0.42-0.54 gDW gsubstrate
-1 depending on the 16 

carbon substrate supplied but maintained constant fatty acid content (16-18% w/w) in the 17 

presence of all substrates except xylose. Surprisingly, despite an inability to grow with xylose 18 

alone, sugar depletion analysis indicated decreasing xylose concentration when other carbon 19 

sources were present in the cultivation medium for this alga. This comparative study discusses 20 

the strengths and weaknesses of each strain, providing insights into their potential when 21 

grown on hemicellulose carbon sources. 22 

  23 
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Introduction 1 

Microalgae are widely studied across various fields such as human nutrition, pharmacology, 2 

bioremediation, and biofuel production [1–3]. Certain microalgal species exhibit the ability to 3 

grow heterotrophically, utilizing carbon molecules from their environment in the absence of 4 

light. Heterotrophic growth offers several advantages over phototrophic growth, including 5 

better monitoring over culture conditions, reduced risk of contamination as a consequence 6 

of indoor and closed cultivation systems, and typically higher growth rates [4–7]. Additionally, 7 

heterotrophic microalgae often show increased accumulation of reserve polysaccharides [8–8 

13] and higher lipid content and/or productivity [7,14–17]. Furthermore, the absence of light 9 

generally reduces the pigment [18–21] and protein contents [13,22–24]. These nitrogenous 10 

compounds can affect the costs of the biomass conversion process into biofuel, and the oil 11 

quality by the production of nitrogen oxides (NOx) during combustion [25–28].  12 

However, the utilization of carbon sources such as glucose for microalgal growth raises ethical 13 

concerns when derived from biomass cultivated on arable lands. Nonetheless, these carbon 14 

compounds can also originate from renewable feedstock like agricultural wastes, straw, or 15 

from forestry operations [29–31]. The organic matter originating from such industries 16 

primarily comprises cellulose, along with a substantial amount of hemicellulose, considered 17 

the second most prevalent family of compounds in plant biomass [32]. Once completely 18 

hydrolyzed using thermochemical methods, hemicellulose releases various carbon 19 

compounds, predominantly xylose (5-25 g L-1), glucose (1-25 g L-1), and acetate (2-8 g L-1) 20 

[33,34]. Although glucose and acetate are known to be suitable for heterotrophic growth of 21 

many microalgae, xylose, despite being the most abundant sugars on Earth after glucose 22 

(accounting for 18-30% of lignocellulose hydrolysate sugars) is rarely metabolized [35]. Once 23 
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translocated into the cell via Major Facilitator Family (MSF) transporters or hexose/H+ 1 

symporter systems [20,36], glucose can be phosphorylated to enter glycolysis or pathways for 2 

reserve or structural polysaccharide biosynthesis [37–39]. Acetate, on the other hand, can 3 

either passively diffuse through the plasma membrane in its acetic acid form or utilize proton-4 

linked MonoCarboxylate Transporters (MCTs) before being converted into acetyl-CoA [38–5 

40]. This central molecule of energy metabolism can then participate in fatty acid synthesis 6 

or enter the glyoxylate and the tricarboxylic acid (TCA) cycle or undergo gluconeogenesis to 7 

form hexoses [40]. Xylose, meanwhile, uses specific pentose transporters in some species, 8 

while in others it utilizes transporters normally intended for hexoses [41]. Subsequently, it is 9 

redirected to various metabolic pathways such as the pentose phosphate pathway (PPP) 10 

and/or glycolysis after its conversion to xylitol, then xylulose, and finally xylulose 5-P [42] (Fig. 11 

1). Only a few microalgae species have shown effective growth on sole xylose [41,43,44], and 12 

even fewer can use the three aforementioned carbon sources as feedstock. This is likely 13 

because most photosynthetic organisms lack specific transporters for their assimilation [45–14 

48]. Among heterotrophic microalgal species, we decided to focus on three strains originating 15 

from different phyla and able to convert the carbon sources found in hemicellulose into algal 16 

biomass intended for various applications. We selected Galdieria sulphuraria, a red microalga 17 

(Rhodophyta) known for its ability to assimilate numerous different carbon sources under 18 

heterotrophic conditions while being capable of reaching high biomass concentrations 19 

[49,50]. Additionally, G. sulphuraria can produce high levels of saturated fatty acids (SFAs), 20 

known to be favorable for biofuel production [51,52]. Also, G. sulphuraria accumulates 21 

significant amounts of a particular type of glycogen, stored in the cytosol, and called floridean 22 

starch, studied in health, nutrition, and in the fermentation-based synthesis of certain types 23 

of biofuels [10,53,54]. 24 
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We also conducted our research on the Euglenozoa Euglena gracilis, for its capacity to 1 

assimilate acetate and glucose [13,55]. Furthermore, lacking a cell wall, its cellular content is 2 

easily accessible for industrial purposes. E. gracilis accumulates paramylon within the cytosol 3 

as storage polysaccharide, that is insoluble in water and imparting unique properties in the 4 

medical fields such as immunity [9,12,56]. Moreover, in addition to produce high levels of 5 

SFAs, E. gracilis paramylon is converted into wax esters under anoxic conditions, which are 6 

highly favorable to produce medium-chain biofuels such as biodiesel or biokerosene 7 

[14,57,58]. 8 

Lastly, we investigated Auxenochlorella protothecoides, a green alga of the genus Chlorella. It 9 

is known to reach high biomass densities in heterotrophy in the presence of various carbon 10 

sources [4–7], but also for its flexibility of growth conditions, and its relevance in 3rd 11 

generation biomass production for biofuel synthesis [5,7]. Indeed, the Chlorella genus is one 12 

of the most studied for biofuel production due to the ability of some strains to exhibit high 13 

lipid content (up to 50% of the total DW in some cases for A. protothecoides grown in 14 

heterotrophy) [4,7,29,59], while producing few reserve of polysaccharides and pigments 15 

[4,7,29,59]. 16 

In this article, we investigated the growth of the three microalgae—G. sulphuraria, E. gracilis, 17 

and A. protothecoides—in the presence of the main carbon sources found in hemicellulose 18 

hydrolysate, namely glucose, acetate, and xylose, as well as in an equimolar mixture of the 19 

three. Additionally, we measured their biomass content and composition to evaluate their 20 

potential applications, particularly in the field of biofuels. 21 
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 1 

Figure 1: Schematic representation of the uptake and metabolism of glucose, xylose, acetate, and ammonium (NH4+) in 2 
microalgae, based on [14,20,36–42,60]. Black arrows indicate specific enzymatic reactions leading to the subsequent 3 
products (enzyme names and co-substrates are generally not specified). Black arrows crossing trapezoids represent 4 
transporters. Small gray arrows connect single compounds that can be transferred from one pathway to another. Circular 5 
dashed arrows represent metabolic cycles (with intermediate products and enzymatic reactions not shown), and straight 6 
dashed arrows indicate entry points into specific metabolic pathways written in bold and italics, which are not necessarily 7 
detailed. Orange and blue arrows mark specific reactions of glycolysis and gluconeogenesis, respectively. The dashed arrows 8 
connecting xylose to xylulose omitting the xylitol intermediate represent the putative presence of a xylose isomerase, as 9 
already characterized in bacteria [61]. Compound abbreviations are specified as follows: α-KG, α-ketoglutarate; ACP, acyl 10 
carrier protein; AMT1, ammonium transporter 1; CoA, coenzyme A; DHA-P, dihydroxyacetone phosphate; FA, fatty acid; G3P, 11 
glyceraldehyde 3-P; Gln, glutamine; Glu, glutamate; HUP1-2, hexose uptake protein; MCT, monocarboxylate transporters; 12 
MFS, major facilitator superfamily; PEP, phosphoenolpyruvate; PPP, pentose phosphate pathway; TAG, triacylglycerol; TCA, 13 
tricarboxylic acid. The locations where metabolic reactions occur have intentionally not been specified, as they may differ 14 
depending on the species studied. 15 

  16 
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Materials and methods 1 

Microalgal strains, culture media, and precultures 2 

G. sulphuraria strain 074 was obtained from the algal Collection at the University Federico II (ACUF) 3 

(http://www.acuf.net/index.php?option=com_content&view=article&id=520:galdieria-sulphuraria-4 

galdieri-merola24&catid=2&Itemid=127&lang=en&Itemid=113). The strain corresponds to the 074W 5 

isolate described in [49] and previously described in [20]. The strain was maintained axenically at 25°C 6 

under constant illumination (40 µmolphoton m-2 s-1) on a sterile agar plate containing 2xGS modified 7 

Allen medium [62] (Table 1). One liter of 2xGS Allen medium contains: 1.5 g (NH4)2SO4, 300 mg 8 

MgSO4·7H2O, 300 mg KH2PO4·2H2O, 20 mg CaCl2·2H2O, 19.9 mg NaCl, 13.2 mg Fe-Na-EDTA, 5.72 mg 9 

H3BO3, 3.64 mg MnCl2·4H2O, 0.44 µg ZnSO4·7H2O, 2.1 mg (NH4)6Mo7O24·4H2O, 0.1 mg CuSO4·5H2O, 10 

0.05 mg NaVO3·4H2O and 44 µg CoCl2·6H2O. pH was adjusted to 2.0 with 96% H2SO4 prior to 11 

sterilization by autoclaving the medium for 20 min at 121°C. For solid 2xGS Allen medium, 500 mL with 12 

2% agar were mixed with a 2-times concentrated medium after autoclaving and being cooled down to 13 

around 60°C to achieve 1% agar plates.  14 

E. gracilis SAG 1224-5/25 (strain Z) and A. protothecoides SAG 211-7a strains were obtained from the 15 

Culture Collection of Algae at Göttingen University, Germany (SAG). Both strains were maintained 16 

axenically at 25°C under constant illumination (40 µmolphoton m-2 s-1) on agar plates containing Tris-17 

Minimal-Phosphate (TMP) medium [63] (Table 1). One liter of TMP medium contains: 2.42g Tris buffer, 18 

400 mg NH4Cl, 50 mg CaCl2·2H2O, 100 mg MgSO4·7H2O, 93.5 mg K2HPO4, 63.0 mg KH2PO4, 50 mg Na2-19 

EDTA·2H2O, 22 mg ZnSO4·7H2O, 11.4 mg H3BO3, 5.1 mg MnCl2·4H2O, 4.9 mg FeSO4·7H2O, 1.6 mg 20 

CoCl2·6H2O, 1.6 mg CuSO4·5H2O and 1.1 mg (NH4)6Mo7O24·4H2O. pH was adjusted to 7.0 with 37% HCl 21 

prior to sterilization by autoclaving the medium for 20 min at 121°C. For solid TMP medium, 15 g of 22 

agar were added to the solution before sterilization to achieve 1.5% agar plates. After sterilization, 23 

the medium was supplemented with thiamine (vitamin B1) at a concentration of 10 µM for A. 24 
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protothecoides and with a mix of biotin (vitamin B8, 100 nM), cobalamin (vitamin B12, 100 nM), and 1 

thiamine (10 µM) for E. gracilis cultivation, respectively.  2 

Table 1. Comparison of the molecules and elements concentrations between the 2xGS Allen and TMP media. Values are 3 
expressed in molar units (M) and do not include pH adjustment. NF: the compound is not found in the medium. 4 
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For the three strains, cells grown on agar plates were used to inoculate liquid phototrophic precultures 6 

that were maintained in 250 mL flasks with 70 mL of medium under constant shaking and LED-7 

illumination (100 µmolphoton m-2 s-1) at 25°C (E. gracilis and A. protothecoides) or 42°C (G. sulphuraria) 8 

in an incubator (GroBanks®, CLF Plant Climatics, Germany or Memmert GmbH, Germany, 9 

respectively). Before the experiments, cells were adapted to heterotrophy as described in the 10 

following section Growth conditions and harvesting. Heterotrophic precultures were maintained in 11 

the dark in an incubator at the same temperature as for phototrophic precultures under constant 12 

shaking for 10 days. Adaptation step was performed a second time using the first heterotrophic 13 

preculture as inoculum, when the conditions permitted growth.  14 

  15 

 
 Medium 

Compound TMP 2xGS Allen 
TRIS 2·10-2 NF 
Mg2+ 4.06·10-4 1.22·10-2 
SO4

2- 5.06·10-4 1.26·10-2 
Ca2+ 3.40·10-4 1.36·10-4 
Cl- 8.19·10-3 6.50·10-4 
K+ 1.54·10-3 2.20·10-3 
PO4

3- 1.00·10-3 2.20·10-3 
NH4

+ 7.49·10-3 2.27·10-2 
EDTA 1.71·10-4 3.60·10-5 
BO3

3- 1.84·10-4 9.25·10-5 
Fe2+ 1.76·10-5 3.60·10-5 
Cu2+ 6.29·10-6 6.40·10-7 
Zn2+ 7.65·10-5 1.54·10-5 
Mn2+ 2.56·10-5 1.84·10-5 
Co2+ 6.77·10-6 3.36·10-7 
Mo7O24

6- 8.90·10-7 1.70·10-6 
Na+ NF 3.76·10-4 
VO3

- NF 4.12·10-7 
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Growth conditions and harvesting 1 

All strains were grown in the dark in 250 mL flasks containing 70 mL of medium in an incubator under 2 

constant shaking with specific temperature and culture medium, as described for the precultures. The 3 

four tested conditions for each strain were different regarding the nature of the carbon source 4 

supplemented to the medium: 25 mM of glucose, 30 mM of xylose, 75 mM of sodium acetate or a mix 5 

of the three carbon sources (8.33 mM of glucose, 10 mM of xylose, 25 mM of sodium acetate). The 6 

carbon sources were added to the cultivation media to reach a final concentration of 150 mM of 7 

carbon atoms (mMC). The flasks were inoculated with two-times heterotrophically adapted cells pre-8 

cultivated on the same carbon source as the tested condition, at a starting OD800 of 0.2. All strains and 9 

culture conditions were performed in three independent biological replicates.  10 

Once or twice a day, culture medium samples were harvested for algal growth measurements. 2-25 11 

mL of culture were harvested and centrifuged (16,000 x g; 3min) to recover the algal cells for pigments, 12 

proteins, storage polysaccharides (glycogen, paramylon or starch), and lipids quantification. Samples 13 

were frozen at -20°C if the analysis was not performed directly. At the end of the culture, the 14 

remaining volume served for biomass estimation.  15 

All cultures were monitored until growth arrest, generally due to the assimilable carbon source 16 

depletion, since other elements such as ammonium and phosphate were supplied in excess and were 17 

never spotted as depleted at the end of growth (Fig. S1). 18 

Additional analyses on E. gracilis cells adapted to heterotrophic conditions were conducted using 19 

Koren-Hutner (KH) [64] and TMP media. The cells were grown at 25°C in the dark with constant 20 

agitation in 100 mL flasks with 25 mL of medium. Each medium was supplemented with 50 mMC of 21 

either acetate or glucose with an initial pH of 3.5 or 7.5 and cultures were maintained for 7 days. The 22 

experiments were performed with two independent biological replicates, starting with an inoculum 23 

of 125.000 dark-adapted cells per mL. 24 
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Algal growth measurements, biomass determination and growth parameter calculation 1 

Algal growth was determined at least once a day measuring the OD800 spectrophotometrically (Perkin-2 

Elmer lambdaTM 265 UV/VIS, USA) in cuvettes of an optical path of 1 cm. Dilutions are performed to 3 

maintain an absorbance value between 0.1 and 0.3. The dry biomass (DW) concentration was 4 

estimated upon OD measurements using an OD/DW ratio calculated at the end of the culture for each 5 

strain and carbon source. When no growth was observed in a specific condition, an OD/DW ratio from 6 

another condition was used for biomass estimation. Biomass was measured by harvesting 15-30 mL 7 

of algal culture that were centrifuged (4,000 x g; 3min), washed twice in distilled water, and 8 

transferred in pre-weighted aluminum cup. After 24 h in a 70°C oven, the aluminum cups were then 9 

weighted to gravimetrically estimate the DW.  10 

Specific growth rate (µ) expressed in day-1 as the slope of the linear regression of the natural log dry 11 

weight number as a function of time in exponential phase as follows: 12 

µ =
lnOD800!	 − 	lnOD800#	

𝑡!	 −	𝑡#	
 13 

Biomass productivity, expressed in DW L-1 d-1, was calculated as follows: 14 

DW	𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝐷𝑊!	 − 𝐷𝑊#	

𝑡!	 −	𝑡#	
 15 

Biomass yield (Yx/s) on substrate, expressed in gDW gsubstrate
-1, was calculated as follows:  16 

𝑌𝑥/𝑠 =
𝑋𝑚𝑎𝑥 −	𝑋0
S0 −	𝑆1

 17 

Where Xmax represents the maximal DW concentration and X0 the DW concentration (g L-1) at the start 18 

of the culture. S0/S1 represent the carbon source concentration (g L-1) at the start and at the end of 19 

the culture, respectively.  20 

Xylose biomass yield in the mix condition for A. protothecoides (Yx/xylose), expressed in gDW gxylose
-1, was 21 

estimated as follows:  22 
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𝑌𝑥 𝑥𝑦𝑙𝑜𝑠𝑒⁄ =
𝑋𝑚𝑎𝑥𝑚𝑖𝑥 − (𝑋𝑡ℎ𝑔𝑙𝑢𝑐𝑜𝑠𝑒 + 𝑋𝑡ℎ𝑎𝑐𝑒𝑡𝑎𝑡𝑒)

[𝑥𝑦𝑙𝑜𝑠𝑒]0 −	[𝑥𝑦𝑙𝑜𝑠𝑒]1
 1 

The theorical glucose (Xthglucose) and acetate (Xthacetate) contributions as carbon source to the maximal 2 

DW concentration (gDW L-1) were extrapolated as follows: 3 

𝑋𝑡ℎ𝑔𝑙𝑢𝑐𝑜𝑠𝑒 = ([𝑔𝑙𝑢𝑐𝑜𝑠𝑒]0 −	!𝑔𝑙𝑢𝑐𝑜𝑠𝑒]1" × 𝑌𝑥 𝑔𝑙𝑢𝑐𝑜𝑠𝑒⁄  4 

 5 

𝑋𝑡ℎ𝑎𝑐𝑒𝑡𝑎𝑡𝑒 = ([𝑎𝑐𝑒𝑡𝑎𝑡𝑒]0 −	!𝑎𝑐𝑒𝑡𝑎𝑡𝑒]1" × 𝑌𝑥 𝑎𝑐𝑒𝑡𝑎𝑡𝑒⁄  6 

Where [xylose]0/[xylose]1, [glucose]0/[glucose]1, and [acetate]0/[acetate]1 are the carbon source 7 

concentrations (g L-1) at the start and at the end of the culture, respectively. Xmaxmix (gDW L-1) 8 

represents the maximal DW concentration in the mix condition. Yx/glucose and Yx/acetate (gDW g-1) are the 9 

biomass yields of A. protothecoides calculated based on the glucose and acetate conditions, 10 

respectively. 11 

Cell count of additional analyses on E. gracilis grown on KH or TMP medium was performed using a 12 

Thoma counting chamber. 13 

pH measurement and nutrient quantification 14 

For pH, carbon source, ammonium, and phosphate quantification, 2 mL of culture medium were 15 

harvested and centrifuged (16,000 x g; 3min). Supernatant was stored at -20°C before quantification. 16 

pH. pH was measured in 1 mL of culture supernatant using a pH-meter probe (HANNAH® instruments 17 

Edge® Dedicated pH Meter, USA).   18 

Carbon sources. Glucose, xylose and acetate concentrations in the culture supernatant were 19 

quantified by High Performance Liquid Chromatography (HPLC, Shimadzu, Japan) as described in [20] 20 

Concentrations were determined based on the peak area of the chromatogram, compared to standard 21 

curves of known glucose, acetate, or xylose concentrations. Injection volume was 40 µL for all samples.  22 
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Ammonium. Ammonium concentration in the culture medium was determined using the enzymatic 1 

method provided by the Megazyme® Ammonia Assay Kit (Rapid) (Neogen® corporation, USA) in 96-2 

well plate. Concentrations were calculated based on a standard curve of known NH4Cl concentrations 3 

ranged between 0 and 1 µg of NH4
+ per well.  4 

Phosphate. The determination of the phosphate concentration in the culture medium was based on 5 

a colorimetric method from [65] performed in a 96-well plate and already described in a previous 6 

paper [20]. Concentrations were calculated based on a standard curve of known KH2PO4 7 

concentrations ranged between 0 and 0.75 mM of PO4
3- per well.  8 

Pigment quantification. Hydrophobic pigments were separated by HPLC (Shimadzu, Japan) using a 9 

reverse-phase C18 column (Nova-Pak silica column, 3.9 x 150 mm, 4 µm particle size, Waters, USA) 10 

and detected with a photodiode array detector SPD-M20A (PDA, Shimadzu, Japan) as previously 11 

described [20]. The identity of each pigment was determined based on the retention time and the 12 

specific absorbance spectrum in the visible light. Quantification was done by comparison with pure 13 

pigments at different concentrations (DHI Lab Products, Denmark). Injection volume was ranged 14 

between 10-100 µL for all samples. Pigment content was normalized on the dry biomass 15 

concentration. 16 

Hydrophilic pigments. Phycocyanin concentration in G. sulphuraria cells was estimated 17 

spectrophotometrically (Perkin-Elmer lambdaTM 265 UV/VIS, USA) as described previously in [20]. The 18 

blue supernatant was used to calculate the phycocyanin concentration spectrophotometrically with 19 

the formulas reported in [66].  Phycocyanin content was normalized on the dry biomass concentration. 20 

Protein quantification. Protein concentration of frozen pelleted cells (2-4 mL of culture) was 21 

quantified using a RC DC™ Protein Assays kit (BioRad, USA) based on a modified Lowry assay [67], that 22 

is detergent compatible as described previously [20]. Concentrations were calculated based on a 23 

standard curve of known bovine serum albumin (BSA) concentrations ranged between 0 and 3 mg mL-24 
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1 of the solubilization solution mentioned above. Protein content was normalized on the dry biomass 1 

concentration. 2 

Glycogen, paramylon and starch quantification. Paramylon content in E. gracilis was quantified using 3 

a colorimetric method based on the phenol-sulfuric acid assay [68]. 5-10 mL of culture pellet were 4 

washed twice in TMP without carbon source and resuspended in 1 mL of Tris-acetate buffer (25 mM, 5 

pH7.5). 0.5 mm Ø glass beads were added to the tubes and cells were disrupted with a TissueLyzer II 6 

(Qiagen, Netherlands) for 5 min at 30Hz. Cell debris were washed twice in Tris-acetate buffer (25 mM, 7 

pH7.5) and pelleted (800 x g, 10 min) into a new 2 mL test tube. To separate the insoluble paramylon 8 

from the cell debris, the pellet was resuspended in 1 mL of 80% Percoll® solution and transferred on 9 

the top of 1 mL of 80% Percoll® solution in a 2 mL test tube. The samples were centrifuged at 10,000 10 

x g for 10 min and the supernatant containing the debris was discarded. The paramylon-rich pellet 11 

was washed twice with distilled water to eliminate the Percoll® and finally resuspended in 500 µL 12 

distilled water. 40 µL of each sample were placed in a 96-well plate with dilutions from 1 to 1/128 to 13 

fit in the standard curve range, before adding 20 µL of 5% phenol solution and 100 µL of H2SO4 95-14 

98% to each well. After an incubation at 80°C for 45 min, the absorbance of the 96-well plate was red 15 

spectrophotometrically at 490 nm (Synergy Mx, Biotek Instruments, Inc., USA). Paramylon 16 

concentrations were calculated based on a standard curve of known glucose concentrations ranged 17 

between 0 and 0.3 g L-1. The final paramylon concentration was normalized on the dry biomass 18 

concentration. Glycogen in G. sulphuraria or starch in A. protothecoides were determined with an 19 

enzymatic method as previously described in [20], with some modifications. All enzymes were 20 

provided by Megazyme® (Neogen® corporation, USA). 2-4 mL of culture were pelleted and washed 21 

twice in the culture medium with no carbon source. Cells were disrupted with a TissueLyzer II (Qiagen, 22 

Netherlands) for 2x10 min at 30Hz (5 min break on ice between the two lysing steps) in the presence 23 

of 700 µL of Tris-acetate buffer (50 mM, pH 7.5) and 0.5 mm Ø glass beads. Samples were then 24 

centrifuged (16,000 x g; 5 min) and the supernatant (containing soluble starch or glycogen) was 25 
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transferred into a new 1.5 mL tube. DMSO 20% were added to the insoluble starch-containing pellet. 1 

Megazyme® thermostable α-amylase (10-times diluted in 100 mM acetate buffer, pH 5) was added to 2 

all samples (insoluble in DMSO 20% and soluble) and the tubes were placed at 99°C for 10 min under 3 

constant agitation. During this step, the insoluble starch could be solubilized. Samples were 4 

centrifuged and the supernatant was transferred into a 96-well plate. Samples were then incubated 5 

for 30 min at 58°C Megazyme® Amyloglucosidase from Aspergillus niger was used to break the α-1,4-6 

glycosidic bonds. In the presence of NADP and ATP, 100 µL of a Megazyme® mix of hexokinase and 7 

glucose-6-phosphate dehydrogenase generated one molecule of 6-phospho-gluconolactone and one 8 

molecule of NADPH per molecule of glucose. NADPH formation was measured at 340 nm 9 

spectrophotometrically (Synergy Mx, Biotek Instruments, Inc., USA). Soluble starch (or glycogen) and 10 

insoluble starch concentrations were calculated based on a standard curve of known glucose 11 

concentrations ranged between 0 and 1 g L-1. The final starch or glycogen concentration was calculated 12 

by summing the soluble and insoluble fractions. This total storage polysaccharide concentration was 13 

normalized on the dry biomass concentration.  14 

Fatty Acid Methyl Esters (FAMEs) quantification. Fatty acids quantification and distribution were 15 

determined as previously described in [20,69]. 2-4 mL of culture were pelleted and resuspended in 16 

chloroform/methanol (2:1, v/v). The quantification of FAMEs was based on the peak area, using an 17 

external calibration curve realized with a FAMEs mix, suitable for microalgae fatty acids determination 18 

(Supelco37, Sigma-Aldrich, USA). Total fatty acid content was calculated by summing all the separated 19 

FAMEs concentrations. Fatty acid content was normalized on the dry biomass concentration.  20 

  21 
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Results and discussion  1 

All the data for G. sulphuraria grown on glucose are from a previous study conducted by the present 2 

research group and can be found in the following article : [20].  3 

Growth parameters analysis 4 

(i) With glucose 5 

 In this study, E. gracilis was cultivated under neutral pH conditions. This choice was made 6 

because, at pH values below 5, certain organic acids including formate, propionate, butyrate, 7 

and acetate (the latter being particularly relevant here as it is a component of hemicellulose 8 

hydrolysate)- exist in their lethal non-dissociated forms [70,71]. This consideration is further 9 

discussed in section (iv) which addresses the assimilation of glucose, xylose, and acetate. 10 

Unfortunately, E. gracilis did not grow in the presence of glucose under the tested culture 11 

conditions (Fig. 2A). This result is surprising since, even if growth rates are slightly lower 12 

compared to the low pH conditions (pH 3.5-5) [71–74], growth in the presence of glucose at 13 

pH close to 7 has been reported in various studies [71–74].   This prompted us to conduct 14 

additional experiments on two media: TMP and KH [58] at pH levels of 3.5 and 7.5. The results 15 

demonstrated that E. gracilis strain Z is unable to grow on glucose on TMP at either pH 16 

(Supplemental Table S2). In contrast, the strain can grow on glucose in the KH medium, but 17 

only at pH 3.5. As expected, neither KH nor TMP sustain growth on acetate at pH 3.5 due to 18 

the toxicity of acetate at acidic pH levels (Table S2 and discussion below). A key component 19 

present in KH and a significant factor in E. gracilis (strain Z) growth on glucose, but absent in 20 

TMP, is citrate [24,71].  Some studies have found that sodium citrate, even if not assimilated, 21 

may play an important chelating role in glucose metabolism during neutral pH adaptation, as 22 

no growth was observed in a mineral medium containing only glucose as carbon source [75]. 23 
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A similar observation was made when citrate (50 mg.L-1) was replaced by EDTA (10 mg.L-1), 1 

suggesting that a chelating agent may be necessary for glucose assimilation at pH 7.0 [75]. 2 

The TMP-medium used in this study contains EDTA at a concentration of 50 mg.L-1, which may 3 

be slightly too high to effectively promote glucose assimilation as the same study found that 4 

a concentration of 100 mg.L-1 of EDTA did not have a positive effect in the same context [75]. 5 

Chelators likely facilitate the entry of essential metallic ions in the cell and/or capture 6 

inhibitory heavy metals. However, their exact role in carbon metabolism remains unclear, as 7 

they are not required for acetate assimilation (see section (iii) on acetate). Further 8 

experiments could be conducted using TMP medium supplemented with citrate to evaluate 9 

the importance of this molecule in the context of glucose assimilation. Since the aim of the 10 

paper is growth analysis on a mix of the three carbon sources mentioned previously, including 11 

acetate, the choice of the TMP medium for both E. gracilis and A. protothecoides is relevant.   12 

In contrast, as already shown in a previous study conducted in the laboratory [20] and 13 

reported here for comparison, G. sulphuraria showed a specific growth rate (µ) of 1.10 ± 0.03 14 

d-1, a maximum biomass productivity yield of 1.62 ± 0.22 gDW L-1 d-1, a maximal biomass 15 

production of 2.37 ± 0.34 g L-1 and a biomass yield (Yx/s) of 0.53 ± 0.08 gDW gsubstrate
-1  in the 16 

presence of glucose (Fig. 2A; Table 2). After 4 days of culture, the stationary phase was 17 

reached due to glucose depletion. These growth parameters are similar to those reported in 18 

the literature [30]. Finally, A. protothecoides showed an exponential growth in the presence 19 

of glucose only during the first day but with exceptionally high growth parameters compared 20 

to the literature [29,76,77]:  a specific growth rate of 3.29 ± 0.01 d-1, a maximum biomass 21 

productivity yield of 1.77 ± 0.22 gDW L-1 d-1 and a biomass yield of 0.54 ± 0.04 gDW g-1, 22 

comparable to G. sulphuraria (Table 2). However, the growth stopped abruptly at day 2. By 23 

the end of the culture only about 50 mMC have been consumed (Fig. 2A), resulting in low 24 
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biomass production (0.78 ± 0.08 g L-1) compared to the other species of this study (Table 2).  1 

Given that the the growth of most Chlorella species is typically compromised at pH levels 2 

below 5 [77–80], we suggest that the growth arrest observed in A. protothecoides cells 3 

cultivated with glucose is likely due to rapid medium acidification during glucose 4 

consumption. 5 

Effectively, glucose consumption lowers the pH in both G. sulphuraria and A. protothecoides 6 

cultures, dropping from 2.05 ± 0.02 to 1.83 ± 0.03 and from 7.05 ± 0.03 to 2.87 ± 0.05, 7 

respectively (Fig. 2B). Such pH imbalance was reported before in similar conditions [69,70] 8 

and can result from various factors, one of which is the production of CO2 in response to 9 

respiratory metabolism, leading to a decrease in pH due to the molecule dissolution in water, 10 

forming carbonic acid that dissociates into bicarbonate and protons [60]. Therefore, it can be 11 

inferred that the accumulation of CO2, triggered by the rapid growth rate of the algae (Table 12 

2) in the presence of glucose, played a significant role in the acidification of the culture 13 

medium. Another significant process contributing to pH acidification could be the metabolism 14 

of ammonium through the GS-GOGAT pathway (Fig. 1), wherein a proton is released into the 15 

medium for every assimilated ammonium molecule [60]. To address the problem of medium 16 

acidification that is lethal to most Chlorella species, another buffer like PIPES with a lower pKa 17 

(pKa=6.76) than the Tris used in this study (pKa=8.3) could be used or an automatic pH 18 

monitoring [78,82]. Additionally, many Chlorella species can assimilate nitrate, which, unlike 19 

ammonia, tends to raise pH with non-lethal effects [60,77,81].  20 

21 



 18 

 1 

Figure 2: Growth curves, and evolution of carbon sources concentration and pH in the culture media of G. sulphuraria (light 2 
blue diamonds), E. gracilis (orange triangles), and A. protothecoides (dark green squares) cells grown in heterotrophy in the 3 
presence of glucose (A-B), xylose (C-D), or acetate (E-F). Graphs (A,C,E) show dry weight evolution (gDW L-1 - solid lines, 4 
secondary vertical axis) and carbon source concentration in the media (mM of carbon atoms - dashed lines, primary vertical 5 
axis) over time (days). Graphs (B,D,F) show the pH evolution in cultures (pH units - dashed lines, primary horizontal axis) over 6 
time (days). Each value on the graphs is presented as the mean of three independent biological replicates. Error bars 7 
represent standard deviation of the mean (± SD). The clover symbol (♣") indicates values for G. sulphuraria grown on glucose 8 
from a previous study conducted in our laboratory [20]. 9 

  10 
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(ii) With xylose 1 

In the presence of xylose assimilation as sole carbon source in heterotrophy no growth was 2 

observed for both E. gracilis and A. protothecoides, as reported previously [76,83] (Fig. 2C). 3 

In contrast, G. sulphuraria was able of growing in the presence of xylose as sole carbon source 4 

(Fig. 2C). Exponential phase lasted 5 days, with a specific growth rate of 0.97 ± 0.03 d-1, a 5 

biomass yield of 0.51 ± 0.01 gDW g-1, and a maximum biomass productivity of 1.31 ± 0.08 6 

gDW L-1 d-1. These results are comparable to those mentioned in [30], except for the biomass 7 

yield that is about 30% higher in this case, indicating that xylose can be used as an effective 8 

carbon source by G. sulphuraria for biomass production (Table 2). With G. sulphuraria apart, 9 

to the best of our knowledge, C. sorokiniana and some Scenedesmaceae such as Scenedesmus 10 

quadricauda are exceptions that demonstrated xylose uptake when used as the sole carbon 11 

source in heterotrophic condition [41,43,44].  Nevertheless, compared to the mentioned 12 

xylose-metabolizing species, G. sulphuraria stands out as the most promising microalga for 13 

converting xylose into biomass. 14 

(iii) With acetate 15 

 G. sulphuraria did not grow in the presence of acetate. At the beginning of the culture, the 16 

addition of 75 mM sodium acetate to the pH 2 medium leads to a pH increase to 17 

approximately 5 due to the buffering action of the acetate/acetic acid buffer system, where 18 

acetate ions react with hydronium ions, consuming them and thereby elevating the pH while 19 

remaining within the buffering range (pKa=4.8) (Fig. 2F) [84]. Given that a pH superior to 5 20 

impedes G. sulphuraria growth, we attempted to lower the pH to 2 using sulfuric acid after 21 

the addition of sodium acetate. Nonetheless, adjusting the pH had no positive effect on 22 

growth and acetate assimilation, indicating that G. sulphuraria is not able to use acetate as 23 
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sole carbon source. A. protothecoides was capable of more efficient acetate assimilation and 1 

metabolization than E. gracilis since specific growth rates of 1.74 ± 0.09 d-1 and 0.73 ± 0.02 d-2 

1, and biomass yield of 0.42 ± 0.02 and 0.26 ± 0.02 gDW g-1 were monitored, for a total of 2 3 

and 3 days of exponential phase, respectively (Fig. 2E; Table 2). The specific growth rate for 4 

E. gracilis was lower compared to other studies on the same strain. For instance, a specific 5 

growth rate of 1.28 d-1 was obtained in [71], but with a significantly reduced biomass yield of 6 

0.11 g.g-1 on an inorganic medium supplemented with 30 mM of acetate. Due to the toxicity 7 

of acetate at pH levels below pKa (4.8), the researchers confirmed that biomass production 8 

was optimal at nearly neutral pH, with little variation observed between pH 6 to 9 [71]. 9 

Acetate consumption resulted in a pH elevation for both E. gracilis and A. protothecoides 10 

raising the pH of the culture from 7.16 ± 0.01 to 9.78 ± 0.02 and 7.33 ± 0.03 to 9.36 ± 0.03, 11 

respectively (Fig. 2F). pH elevation during acetate consumption has been reported in other 12 

studies as well [40,71,84]. Like for glucose which enters the cell using the hexose/H+ symport 13 

system [36], acetate uptake into the cytoplasm is also accompanied by the uptake of a proton 14 

via the monocarboxylate/proton symport (MCT) system [37,85]. Nevertheless, since acetate 15 

and glucose have two and six carbon atoms, respectively, acetate transportation will tend to 16 

remove 3-times more H+ to the cultivation medium for an equivalent amount of carbon atoms 17 

assimilated. This might be the primary reason for such pH elevation during acetate 18 

metabolization.   19 

(iv) In a mix of glucose, acetate and xylose 20 

The final condition investigated was an equimolar mixture of the three previously mentioned 21 

carbon sources. Even if the condition does not exactly mimic the composition of hardwood 22 

hemicellulose hydrolysate [34], it gives an insight of the ability of each strain to grow in the 23 
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presence of such substrate. G. sulphuraria did not grow under this condition, despite the 1 

presence of glucose and xylose that could be assimilated when provided alone (Fig. 3A).  2 

Acetate toxicity in acidic conditions has been demonstrated in various microorganisms such 3 

as fungi, bacteria, archaea, and microalgae [40,70,71,86–90]. An acidic environment such as 4 

the low pH (pH=2) used for optimal G. sulphuraria or E. gracilis growth, promotes the 5 

formation of acetic acid. Contrary to their dissociated form, the non-dissociated form of some 6 

organic acids, directly related to their lipophilic nature when protonated, diffuse passively 7 

through the cell membrane contrary to free protons that are blocked by diverse mechanisms 8 

in acidophilic organisms [91]. The consequence is an acidification of the cytosol, perturbating 9 

the proton gradient used for ATP synthesis [40] and enzymatic reactions [91,92].   Other 10 

studies on the heterotrophic growth of G. sulphuraria have also shown growth inhibition in 11 

the presence of low amounts of organic acids such as acetate and butyrate [30,89]. 12 

Experiments on G. sulphuraria strain  UTEX 2919 on a mixture of glucose and acetate revealed 13 

similar results, demonstrating that glucose consumption and growth were inhibited in the 14 

presence of acetic acid in concentrations superior to 0.6 g L-1 (approx. 10 mM) [30]. However, 15 

below that threshold, representing around 40% of the tested acetate concentration in this 16 

study (25 mM), the G. sulphuraria was able to detoxify the medium and even metabolize 17 

acetic acid, prior to start glucose consumption [30]. Organic acid consumption and 18 

detoxification has already been shown in other acidophilic microorganisms such as archaea 19 

species, but seems to be limited to low organic acids concentrations [90,91]. Another study, 20 

focusing on the utilization of a wide range of carbon sources by G. sulphuraria 074G in the 21 

presence of light, shows that not all organic acids are toxic, since malic and citric acids had 22 

either a negative or positive effect on growth compared to phototrophic growth [88]. In 23 

addition, among the variety of the tested carbon sources (hexoses, pentoses, polyols and 24 
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amino acids), none of them triggered growth inhibition. These results suggest that toxicity of 1 

the carbon source is truly mediated by the lipophilic nature of the non-dissociated form of 2 

some molecule such as organic acids at in low pH conditions [88]. 3 

 4 

Figure 3: Growth curves, and evolution of carbon sources concentration and pH in the culture media of G. sulphuraria (light 5 
blue diamonds), E. gracilis (orange triangles), and A. protothecoides (dark green squares) cells grown in heterotrophy in the 6 
presence of a mix of glucose, xylose and acetate (A-D). Graphs (A) shows dry weight evolution (gDW L-1 - solid lines, secondary 7 
vertical axis) and carbon source concentrations in the media (mM of total carbon atoms - dashed lines, primary vertical axis) 8 
over time (days). Graphs (B) show the pH evolution in cultures (pH units - dashed lines, primary vertical axis) over time (days). 9 
Graphs (C) and (D) show the glucose (dashed line, light gray circles) xylose (dashed line, dark gray circles), and acetate (dashed 10 
line, black circles) consumption (mM of carbon atoms – primary vertical axis) over time (days) in cultures of E. gracilis or A. 11 
protothecoides, respectively. In graph (D), the inset shows the carbon source evolution from day 0 to day 1. Each value on 12 
the graphs is presented as the mean of three independent biological replicates. Error bars represent standard deviation of 13 
the mean (± SD). 14 

E. gracilis, as expected from the other conditions, did not consume glucose and efficiently 15 

assimilated acetate with a comparable biomass yield as with acetate alone (0.28 ± 0.04 gDW 16 

g-1) (Fig. 2A; Table 2). However, a slight decrease in xylose concentration from 53.15 ± 2.34 17 

mMC to 44.00 ± 1.17 mMC was observed between day 1 and day 3 (Fig. 3C). While xylitol 18 
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uptake has been shown to support the growth of E. gracilis in mixotrophic conditions [93], to 1 

the best of our knowledge, xylose diminution in heterotrophic cultivation conditions has not 2 

been previously reported for Euglenoids. Given that some xylose-containing polysaccharides 3 

are present in the cell composition of E. gracilis [94,95], it is plausible that this alga can recycle 4 

xylose-containing compounds [95]. Nonetheless, since no xylose was consumed when present 5 

as the sole carbon source, it suggests that the main challenge lies in xylose transport through 6 

the cell membrane. This assumption raises questions about how xylose uptake was facilitated 7 

in this condition. Further experiments using 13C-labeled xylose should be conducted to 8 

confirm xylose uptake and metabolization, or to understand the xylose concentration 9 

decrease within the cultivation medium. 10 

A. protothecoides was the only candidate able to metabolize the three carbon sources when 11 

provided together and efficient growth was observed, lasting 2 days before growth arrest (Fig. 12 

3A,D). As expected from the cultures conducted with the carbon sources alone, glucose and 13 

acetate were consumed, leading to comparable biomass yield to acetate conditions (0.43 ± 14 

0.02 gDW g-1 for the mix and 0.42 ± 0.02 gDW g-1  with acetate) (Table 2) and a specific growth 15 

rate slightly higher than with acetate alone, but far from that observed with glucose (1.94 ± 16 

0.04 d-1 for the mix, 3.29 ± 0.01 d-1 with glucose and 1.74 ± 0.09 d-1 with acetate). As can been 17 

seen in Fig. 3D, glucose was preferentially consumed over acetate since glucose is depleted 18 

between day 1 and day 2, when acetate is still present. Because of the lack of sampling 19 

between these two points, it is not possible to determine if acetate uptake starts before or 20 

after complete glucose depletion. These observations remind the carbon catabolite 21 

repression (CCR) found in many microorganisms such as bacteria [83] and yeasts [98–100] 22 

which usually leads to a preference for consuming glucose or acetate over 'secondary' carbon 23 

sources. Nevertheless, there is no clear evidence that such a mechanism can occur in A. 24 
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protothecoides. Experiments in the presence of acetate and a non-metabolized glucose 1 

analogue like 2-deoxy-d-glucose should be performed to either demonstrate a CCR 2 

mechanism or to show that the assimilation rate is specific the carbon source catabolism.  3 

Table 2: Growth parameters of G. sulphuraria, E. gracilis, or A. protothecoides in the presence of different substrates. Data 4 
are presented as means of three independent biological replicates ± SD. NG: no growth was observed for that strain and 5 
condition. The clover symbol (♣") indicates values for G. sulphuraria grown on glucose from a previous study conducted in 6 
our laboratory [20]. 7 
 8 

 9 

In addition, besides the expected depletion of acetate and glucose, a significant reduction of 10 

xylose concentration was also detected for A. protothecoides (from 46.3 to 21.9 mM carbon 11 

equivalent) despite no growth was stated in the presence of xylose alone (Fig. 2C). In the 12 

mixture, xylose assimilation started after one day of culture and accelerated until day 3, one 13 

day after reaching the stationary phase (Fig. 3D). This behavior with xylose in the presence of 14 

another carbon source has been previously documented in A. protothecoides and other 15 

microalgae [41,76,101,102].  As A. protothecoides was unable to consume xylose as the sole 16 

carbon source in our study, its uptake in the mix condition could be attributed to the induction 17 

of the glucose-induced hexose transporter [41]. Indeed, if xylose is assimilated through the 18 

same transporters as glucose but with lower affinity, it can explain why xylose uptake starts 19 

Biomass yield 
Y (x/y) 

(gDW gsubstrate
-1)

G. sulphuraria 1.10 ± 0.03 ♣ 2.37 ± 0.34 ♣ 1.62 ± 0.22 ♣ 0.53 ± 0.08 ♣
A. protothecoides 3.29 ± 0.01 0.78 ± 0.08 1.77 ± 0.22 0.54 ± 0.04
E. gracilis NG NG NG NG​
G. sulphuraria 0.97 ± 0.03 2.27 ± 013 1.31 ± 0.08 0.51 ± 0.01
A. protothecoides NG NG NG NG
E. gracilis NG NG NG NG​
G. sulphuraria NG NG NG NG​
A. protothecoides 1.74 ± 0.09 2.15 ± 0.08 2.00 ± 0.03 0.42 ± 0.02
E. gracilis 0.73 ± 0.02 1.04 ± 0.03 0.47 ± 0.08 0.26 ± 0.02
G. sulphuraria NG NG​ NG NG​
A. protothecoides 1.94 ± 0.04 1.59 ± 0.03 1.72 ± 0.03 0.43 ± 0.02
E. gracilis 0.87 ± 0.01 0.52 ± 0.01 0.27 ± 0.02 0.28 ± 0.04

Acetate

Mix

Carbon 
substrate

Strain​
Specific growth 

rate µ (d-1)
Max DW ​(g L-1)​

Max DW 
productivity 
(gDW L-1 d-1)

Glucose

Xylose



 25 

when glucose is completely depleted (Fig. 3D). Consequently, rapid glucose depletion could 1 

have stopped the glucose-induced xylose transport within the cell, explaining that only half 2 

of the xylose was consumed by the end of the culture (24.5 mMC). In a study of A. 3 

protothecoides cultivation with glucose and reducing sugars (arabinose and xylose) provided 4 

in nearly similar concentrations, but more elevated compared to this study (14-16 g L-1 and 20 5 

g L-1, respectively, Chen et al. (2015)[101] reported a delayed pentose (xylose and arabinose) 6 

assimilation compared to hexose assimilation, with pentose concentration in the medium 7 

gradually decreasing after glucose/hexose depletion and after reaching the stationary phase. 8 

Even if metabolized in specific context, the authors assessed that, during batch fermentation 9 

in a 5-L stirred tank bioreactor, the global pentose consumption rate was approximately 10-10 

fold lower than the hexose consumption rate [101].  11 

Using the formulas detailed in the Material & Methods section, the biomass yield on xylose 12 

Yx/xylose was calculated based on the biomass yields on glucose and acetate as sole carbon 13 

source, the amount of acetate, glucose and xylose consumed in the mix, and the maximal DW 14 

concentration achieved in this condition (Xmaxmix). Since biomass yields on glucose and 15 

acetate as sole carbon source were 0.54 gDW gglucose
-1 and 0.42 gDW gacetate

-1, respectively, 16 

the estimated biomass yield on xylose was 0.34 gDW gxylose
-1

, for A. protothecoides grown in 17 

heterotrophy in a glucose-induced environment. Even if the deduced biomass yield is lower 18 

compared to those calculated during the utilization of acetate and glucose, it is noteworthy 19 

that xylose could be utilized to generate biomass for A. protothecoides, when grown in 20 

heterotrophy in a glucose-supplemented environment. In addition, biomass yield on xylose is 21 

practically never exposed for heterotrophic microalgae and the value calculated in this study 22 

is close to those observed for bacterial and fungal wild-type species such as E. coli and S. 23 

cerevisiae [44,103–105].  24 
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The mixed carbon source condition offered another non negligeable advantage. Indeed, when 1 

looking at (Fig. 3B), we can see that pH imbalance was reduced compared to the sole carbon 2 

source conditions (glucose and acetate), enabling the complete utilization of acetate and 3 

glucose introduced at the start of the culture. This is likely attributed to the balance between 4 

glucose, ammonium, and acetate metabolisms, which lowers and raises the pH, respectively. 5 

Consequently, this mixed condition appears to be the best optimal choice for A. 6 

protothecoides compared to the other conditions biomass production, with the added benefit 7 

of xylose valorization.  8 

  9 
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Quantitative and qualitative analysis of the biomass composition of each 1 

strain looking at the growth-effective carbon source.   2 

Samples were collected at the exponential and stationary phases for each strain in the 3 

conditions in which growth was detected. In such case, the fatty acid, glycogen, paramylon or 4 

starch, and protein and pigment contents were investigated. 5 

(i) Protein content 6 

In this study, regardless of the conditions or strains, the protein content ranged between 15% 7 

and 35% of the total dry weight (Fig. 4A).  8 

As shown in our previous work [20], G. sulphuraria grown on glucose exhibited a total protein 9 

content of 32 ± 3% during exponential phase and 28 ± 3% during stationary phase.(Fig. 4A). 10 

When grown on xylose, the microalgae showed a total protein content of 24 ± 2% and 30 ± 11 

4%, during the exponential and the stationary phase, respectively (Fig. 4A).  These results are 12 

consistent with those reported for G. sulphuraria in heterotrophic conditions [10]. To our 13 

knowledge, the value of 32% with glucose is the highest reported protein content similar to 14 

[11].  15 

 Concerning E. gracilis, the protein content was 18 ± 3% and 34 ± 7% in the mix of all carbon 16 

sources during the exponential and stationary phases, respectively, while it remained stable 17 

at 28 ± 2% during growth with acetate only (Fig. 4A). These results align with literature when 18 

Euglena is cultivated in the presence of glucose [13,24]. The protein content may vary from 19 

10% to 52% depending on the nitrogen source, with ammonium sulfate being the most 20 

effective [24]. The carbon-to-nitrogen (C/N) ratio also significantly impacts protein content 21 

that is decreasing proportionally to the increase of the ratio. In the presence of acetate as the 22 
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sole carbon source, the C/N ratio remains constant (≥20) as both carbon and nitrogen sources 1 

are consumed simultaneously until near depletion. However, when acetate is no longer 2 

available in the mix, ammonium persists. Therefore, it is assumed that the C/N ratio decreases 3 

as the stationary phase approaches, eventually leading to an increase in protein content.  4 

The C/N ratio variations may also explain why A. protothecoides exhibited a protein content 5 

ranging from 16 ± 1% in the presence of glucose to 31 ± 2% in the presence of acetate during 6 

the exponential phase (Fig. 4A). Indeed, the C/N ratio is maintained higher in the presence of 7 

glucose (around 35), since the sugar consumption led to rapid growth cessation due to pH 8 

drop (Fig. 3B). While protein content doubles when stationary phase is reached in the 9 

presence of glucose, an opposite behavior can be noticed in the presence of acetate (Fig. 4A). 10 

This observation could be attributed to the rapid consumption of ammonium in the presence 11 

of acetate, subsequently reducing the C/N ratio below 1. An intermediate protein content 12 

ranged between 22 ± 4% and 30% ± 2% was obtained under mix conditions regarding both 13 

growth phases (Fig. 4A). Although some studies reported a low protein content for Chlorella 14 

species such as A. protothecoides UTEX 25 in heterotrophy (4.3%) [18,106], they are typically 15 

known to accumulate 25-50% protein in dry weight, even in heterotrophic conditions 16 

[24,72,107].  17 

In conclusion, heterotrophy is not an ideal growth cultivation for protein accumulation, and 18 

the carbon source has a low impact on the total protein content under our conditions for any 19 

of the strains. Protein content could be enhanced or reduced using different nitrogen sources 20 

or by manipulating the C/N ratio at various points during cultivation.  21 

(ii) Pigment content and profile 22 
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It is widely documented that pigment content is 1 

low or even unmeasurable in heterotrophic 2 

conditions contrasting with phototrophic 3 

conditions because light exposure is essential for 4 

pigment synthesis. G. sulphuraria strain 074W 5 

exhibited dramatically diminished pigment 6 

content in the presence of glucose like previously 7 

reported in our lab [20] or xylose (Table S1). 8 

Consistent with these findings, E. gracilis 9 

exhibited extremely low pigment content and 10 

chlorophylls were completely absent, as 11 

reported in other studies conducted in 12 

heterotrophic conditions [24]. The pigment 13 

content of A. protothecoides was also very low 14 

during heterotrophic cultivation (Table S1), in 15 

line with previous reports [18,19,21]. Amongst 16 

the three carbon sources studied, glucose 17 

appears to have the most significant impact 18 

on photosynthetic pigment content. 19 

Specifically, when glucose is present, the 20 

total chlorophyll content is three times 21 

lower than in the presence of acetate during 22 

exponential phase. Conversely, when 23 

glucose is depleted in the stationary phase, 24 

Figure 4: Total fatty acids, storage polysaccharides (glycogen, 
paramylon or starch), and protein content of G. sulphuraria 
(light blue bars), E. gracilis (orange bars), and A. protothecoides 
(dark green bars) cultures grown in heterotrophy in the 
presence of glucose, xylose, acetate, or a mix of the three 
carbon sources, during exponential or stationary phases. Bar 
charts (A) and (B) show the protein and storage polysaccharide 
content in biomass (expressed in g gDW-1), respectively. Bar 
chart (C) shows the fatty acids content in biomass (expressed 
in mg gDW-1). Data represent the mean of three independent 
biological replicates. Error bars represent the standard 
deviation of the mean (± SD). The clover symbol (♣") indicates 
values for G. sulphuraria grown on glucose from a previous 
study conducted in our laboratory [20]. 
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the chlorophyll levels are like those observed in the acetate condition, confirming the major 1 

influence of glucose on pigment accumulation. The impact of glucose on photosynthetic 2 

metabolism may involve different mechanisms that are not completely elucidated. 3 

Transcriptional analysis of G. sulphuraria performed in our laboratory showed that glucose 4 

have a negative effect on photosynthesis and pigment components compared to glycogen in 5 

heterotrophy [20], or in the presence of light in mixotrophy [88]. In the green microalga 6 

Chromochloris zofingiensis grown mixotrophically, exogenous glucose has an impact on gene 7 

expression mediated by the hexokinase (HXK1) that subsequently represses photosynthetic-8 

related genes at a transcriptional level [108]. As discussed by the authors [108], the role of 9 

the hexokinase on the photosynthetic machinery and pigments is unknown and could be 10 

direct (initiating a signaling cascade) or indirect (involving metabolic intermediates).  11 

(ii) Glycogen, paramylon or starch content 12 

The glycogen content of G. sulphuraria cells grown in heterotrophy with glucose, as shown 13 

previously [20], or xylose, is not significantly different and accounts for 26 ± 3% and 20 ± 4% 14 

of the total dry weight in the exponential phase (Fig. 4B). Similar biomass proportion was 15 

observed in the presence of glycerol (20-36%) and glucose [17,109]. However, other results 16 

have shown higher glycogen accumulation in almost similar conditions to those in the present 17 

study, sometimes close to 70% of the total biomass [10,11].  18 

In E. gracilis, paramylon content was around 45% in both acetate and mix conditions during 19 

the exponential phase (Fig. 4B). Studies have demonstrated that paramylon content could 20 

reach up to 80% of the total DW when cells are grown heterotrophically in the presence of 21 

glucose instead of acetate [9,12,13]. Paramylon biosynthesis begins with the conversion of a 22 

molecule of glucose to UDP-glucose [13,110]. Given our experimental conditions, which are 23 
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ATP-consuming since they require acetate conversion into glucose (see Fig. 1 and [111], it is 1 

understandable that the paramylon content would be reduced.  2 

In A. protothecoides, the maximum starch content of 11 ± 1%, is found under glucose 3 

conditions, while around 1% was detected in the presence of acetate during the exponential 4 

phase (Fig. 4B). In the mixed condition, starch content reached 8 ± 1%, confirming that 5 

glucose is more effective than acetate for starch production, as discussed above.  6 

Overall, our results showed that glycogen, paramylon or starch contents were consistently 7 

lower during the stationary phase (Fig. 4B). G. sulphuraria glycogen content exhibited a 8 

significant decrease to 3-4% during the stationary phase. Similarly, E. gracilis paramylon 9 

content dropped to nearly undetectable levels during the stationary phase in the mix 10 

condition (Fig. 4B). Typically, microalgae utilize their storage polysaccharides to sustain 11 

metabolic activity when carbon sources are depleted, thereby explaining the low content of 12 

glycogen, paramylon or starch observed during the stationary phase, as long as other 13 

nutrients such as phosphorous and nitrogen are available (Fig. S1). The remaining paramylon 14 

content in E. gracilis in acetate (Fig. 4B, Fig. S1) could be due to the absence of ammonia 15 

impeding paramylon catabolism, which was not the case for the mix condition (Fig. 4B, Fig. 16 

S1).  One exception noted is A. protothecoides in the presence of glucose, possibly due to 17 

metabolic arrest triggered by low pH conditions.   18 

 19 
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Table 3: Fatty acids distribution in exponential and stationary phases when growth was observed in the presence of glucose, xylose, acetate or a mix of the three carbon sources for G. sulphuraria, E. gracilis, or A. 
protothecoides. SFA, saturated fatty acids; MUFA, mono-unsaturated fatty acids; PUFA, poly-unsaturated fatty acids. Data are expressed as a percentage of the FA species on the total FAs detected. Values represent 
the means ± SD (n=3). ND: the FA species was not detected. The clover symbol (♣") indicates values for G. sulphuraria grown on glucose from a previous study conducted in our laboratory [20]. 

Fatty Acid Glucose Xylose Acetate Mix Glucose Acetate Mix Fatty Acid Glucose Xylose Acetate Mix Glucose Acetate Mix
C14:0 0.8 ± 0.1 ♣ 1.8 ± 1.4 8.3 ± 0.4 8.0 ± 5.2 1.4 ± 0.2 1.2 ± 0.1 1.2 ± 0.2 C14:0 0.9 ± 0.0 ♣ 0.8 ± 0.2 6.2 ± 1.7 3.0 ± 1.6 1.4 ± 0.0 0.8 ± 0.2 0.9 ± 0.1
C16:0 29.7 ± 1.1 ♣ 38.4 ± 0.9 31.3 ± 1.8 36.5 ± 1.7 21.8 ± 0.3 17.3 ± 0.5 21.4 ± 0.5 C16:0 29.2 ± 0.4 ♣ 34.3 ± 0.3 26.5 ± 3.9 39.1 ± 1.6 17.2 ± 0.4 12.9 ± 0.1 21.0 ± 0.3
C16:1 ND ND 0.9 ± 0.8 0.5 ± 0.8 0.4 ± 0.1 0.8 ± ND 0.5 ± ND C16:1 0.4 ± 0.3 ♣ ND 1.1 ± 0.1 ND 0.5 ± 0.0 1.3 ± 0.1 0.6 ± 0.0
C17:0 3.0 ± 0.9 ♣ 2.0 ± 0.1 0.6 ± 0.5 0.9 ± 1.2 ND ND ND C17:0 3.0 ± 0.1 ♣ 2.9 ± 0.1 0.7 ± 0.2 ND ND ND ND
C17:1 ND ND ND ND ND ND ND C17:1 1.7 ± 0.0 ♣ 0.9 ± 0.0 ND ND ND ND ND
C18:0 21.0 ± 0.3 ♣ 18.4 ± 1.1 20.5 ± 0.3 26.5 ± 1.2 9.9 ± 0.8 6.7 ± 0.5 12.2 ± 0.6 C18:0 7.6 ± 0.3 ♣ 11.7 ± 0.0 18.9 ± 2.9 31.3 ± 2.6 5.2 ± 0.3 3.1 ± 0.1 8.7 ± 0.3
C18:1n9t 1.2 ± 1.1 ♣ ND ND ND ND ND ND C18:1n9t 0.5 ± 0.1 ♣ ND ND ND ND ND ND
C18:1n9c 7.1 ± 0.4 ♣ 16.9 ± 0.6 3.7 ± 0.3 3.4 ± 0.3 30.3 ± 0.3 41.4 ± 0.6 35.1 ± 1.2 C18:1n9c 15.6 ± 0.2 ♣ 17.8 ± 0.0 3.9 ± 0.1 2.9 ± 0.0 38.7 ± 0.7 43.0 ± 0.4 20.4 ± 0.8
C18:2n6c 13.6 ± 1.1 ♣ 14.5 ± 1.3 0.5 ± ND 1.4 ± ND 27.1 ± 0.8 27.3 ± 0.5 24.0 ± 0.7 C18:2n6c 27.0 ± 0.7 ♣ 21.6 ± 0.4 0.8 ± 0.1 1.4 ± 0.2 28.2 ± 0.3 33.3 ± 0.3 38.0 ± 0.3
C18:3n3 19.1 ± 1.3 ♣ 3.4 ± 0.2 0.7 ± 0.6 ND 8.3 ± 0.1 4.9 ± 0.1 4.7 ± 0.2 C18:3n3 5.6 ± 0.2 ♣ 4.1 ± 0.6 1.7 ± 0.1 ND 8.1 ± 0.2 4.9 ± 0.3 10.0 ± 0.5 
C20:0 1.8 ± 0.2 ♣ ND 0.5 ± 0.5 ND 0.3 ± ND 0.1 ± 0.2 0.4 ± ND C20:0 0.6 ± 0.1 ♣ ND ND ND 0.3 ± 0.0 0.2 ± 0.0 0.2 ± 0.0
C20:1n9 ND ND 0.3 ± 0.3 ND ND 0.2 ± 0.2 ND C20:1n9 0.3 ± 0.1 ♣ 0.5 ± 0.0 0.2 ± 0.3 ND 0.2 ± 0.2 0.2 ± 0.1 ND
C20:2 ND 1.4 ± 0.2 5.6 ± 0.2 4.5 ± ND ND ND ND C20:2 2.4 ± 0.0 ♣ 1.6 ± 0.0 7.1 ± 0.7 4.4 ± 0.7 ND ND ND
C20:3n6 ND ND 1.3 ± 0.1 ND ND ND ND C20:3n6 ND ND 1.0 ± 0.3 ND ND ND ND
C20:4n6 ND ND 8.0 ± 0.5 4.5 ± 0.3 ND ND ND C20:4n6 ND ND 10.4 ± 1.9 4.1 ± 0.3 ND ND ND
C20:3n3 ND ND 4.0 ± 0.1 2.8 ± 0.3 0.4 ± ND ND 0.5 ± ND C20:3n3 ND ND 5.0 ± 0.8 2.3 ± 0.5 0.2 ± 0.0 ND 0.4 ± 0.0
C22:0 ND ND 2.1 ± ND ND ND ND C22:0 ND ND 1.7 ± 1.0 1.3 ± 1.8 ND ND ND
C22:1 ND ND 3.8 ± 0.2 2.7 ± 0.1 ND ND ND C22:1 ND ND 4.4 ± 0.6 2.3 ± 0.2 ND ND ND
C22:2 ND ND 0.7 ± 1.2 ND ND ND ND C22:2 ND ND ND ND ND ND ND
C24:0 ND ND 3.9 ± 0.3 2.1 ± 0.1 ND ND ND C24:0 ND ND 5.7 ± 1.1 1.9 ± 0.5 ND ND ND
C24:1 ND ND ND ND ND ND ND C24:1 ND ND ND ND ND ND ND
C22:6n3 ND ND 3.3 ± 0.1 4.8 ± 4.8 ND ND ND C22:6n3 ND ND 4.7 ± 0.6 6.2 ± 5.4 ND ND ND
%SFA 59.0 ± 0.6 62.9 ± 0.8 67.2 ± 1.1 75.4 ± 4.7 33.4 ± 0.9 25.3 ± 1.0 35.2 ± 1.3 %SFA 45.8 ± 0.7 53.6 ± 0.9 59.7 ± 4.2 76.5 ± 4.9 24.1 ± 0.7 17.1 ± 0.3 30.8 ± 0.7
%MUFA 8.3 ± 0.7 16.9 ± 0.6 8.8 ± 0.6 6.7 ± 0.6 30.6 ± 0.3 42.5 ± 0.7 35.6 ± 1.2 %MUFA 19.2 ± 0.4 19.1 ± 0.1 9.5 ± 0.8 5.2 ± 0.2 39.4 ± 0.7 44.6 ± 0.5 20.9 ± 0.8
%PUFA 32.7 ± 0.5 20.2 ± 0.1 27.8 ± 1.3 20.7 ± 4.2 36.0 ± 1.2 32.2 ± 0.5 29.2 ± 0.9 %PUFA 34.9 ± 0.5 27.2 ± 0.9 35.2 ± 4.1 20.6 ± 4.9 36.5 ± 0.1 38.3 ± 0.5 48.3 ± 0.7

Fatty acid distribution in exponential phase Fatty acid distribution in stationary phase

ND: The FA was not detected

G. sulphuraria E. gracilis A. protothecoides G. sulphuraria E. gracilis A. protothecoides
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(iv) Fatty acid (FA) content and profile 

The FA content and profile of G. sulphuraria in the presence of glucose was reported in a 

previous study [20]. The total FA content in glucose was 14 ± 4% while it has been shown to 

be 6 ± 1% in the presence of xylose in the present work (Fig. 4C). Unlike glycogen content, FA 

content remained stable during the stationary phase, (Fig. 4C). These results are in line with 

other studies where the total FA content observed in the presence of various carbon sources 

never exceeds 6% and do not decrease (or even increase) when cells reach the stationary 

phase [52,112]. This behavior suggests that glycogen is more likely utilized by the cell than 

FAs as a carbon source during carbon starvation. Additionally, G. sulphuraria has high 

proportions of SFAs in both conditions and growth phases, which is uncommon for red algae 

[113]. SFAs distribution reached up to 60% of the total FAs during exponential phase, with 

predominant C16:0 and C18:0 (up to 38 ± 1% as C16:0 in the presence of xylose), while poly-

unsaturated fatty acids (PUFAs) accounted for 33 ± 1% and 20 ± 1% in the glucose and xylose 

conditions, respectively. At the end of the culture, unsaturated fatty acid content is slightly 

elevated, but SFAs remain dominant with 46 ± 1% in the presence of glucose and 54 ± 1% in 

the presence of xylose (Table 3). [52] reported very similar results to the present study. In 

summary, even though G. sulphuraria total FA content is low compared to oleaginous 

microalgae, it is promising for the valorization of xylose-rich hemicellulose-containing 

biomass in the context of biofuel production because of its high biomass productivity using 

xylose and high levels of SFAs. The observed G. sulphuraria FA distribution could be suitable 

for conversion into medium-chain fuels such as biokerosene that allow the presence of some 

unsaturation, lowering its melting point and thus increasing the cold flow properties of the 

fuel [114].  
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E. gracilis exhibited a total FA content during the exponential phase of only 7 ± 1% in the 

acetate condition and 5 ± 1% with a mix of all three carbon sources. These percentages 

decreased to 5 ± 1% and 3 ± 1%, upon reaching the stationary phase (Fig. 4C). FA distribution 

shows a high yield of SFAs in both growth conditions, reaching up to 75 ± 1% in the presence 

of mixed carbon sources with no distinction in the monitored growth phase (Table 3). These 

observations are in agreement with those previously published [57]. The predominant SFAs 

found were C16:0 (31-37%), C18:0 (21-27%), and C14:0 (8%), depending on the growth 

condition.  

A. protothecoides generally exhibited higher FA content than the two other species studied, 

with 16 ± 1% and 17 ± 2% in the acetate and mix conditions, respectively. The assimilation of 

acetate could lead to better FA accumulation than glucose in the mix since acetate is rapidly 

converted into acetyl-CoA after its entry into the cytosol by the acetyl-CoA synthase, the key 

molecule to start FA biosynthesis, as in [78,115,116]. When reaching the stationary phase, 

the total FA content decreased in the acetate and mix conditions, to 11 ± 1% and 7 ± 1%, 

respectively (Fig. 4C). The decrease of FA in the stationary phase could be explained by their 

utilization when the carbon source and the starch reserves are depleted, while other nutrients 

remain as mentioned above (Fig. S1). In contrast, the same levels of FAs (18 ± 2%) were found 

once the stationary phase was reached in the presence of glucose as during the exponential 

phase for the acetate and mix conditions (Fig. 4C), possibly due to their accumulation before 

cell death caused by the prementioned low pH stress. Regardless of the growth phase, FA 

content is barely affected by the carbon source, as long as the cells can assimilate it. Even if 

no studies were conducted in the presence of a mix the three carbon sources, similar 

observations have been reported before for A. protothecoides grown heterotrophically with 

a total lipid content of approximately 20% in the presence of either glucose, glycerol, or 
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acetate [115]. In our study, we observed that FAs are almost equally distributed among SFAs, 

mono-unsaturated fatty acids (MUFAs), and in all conditions during the exponential phase 

(ranging from 25% to 42% each) (Table 3). As the stationary phase of growth is reached, the 

proportion of SFAs decreases in the glucose and acetate conditions, increasing the amount of 

MUFAs. However, in the mixed condition, the end of the culture is marked by a decrease in 

MUFAs and an increase in PUFAs, which are less suitable for biofuel production (Table 3). 

Irrespectively of the growth conditions, the main represented SFAs are palmitic and stearic 

acids (C:16 and C:18, respectively), while oleic acid (C18:1) is the only representative of 

MUFAs, accounting for 30-43% of the total FAs in both growth phases. The primary PUFA 

produced is linoleic acid (C18:2ω-6), accounting for 24-27% in the exponential phase and 28-

38% in the stationary phase, comparable to levels reported in other studies on 

heterotrophically grown A. protothecoides [29,117,118]. In summary, A. protothecoides, 

widely studied for lipid production in heterotrophy, shows a lipid content comparable to 

other oleaginous microalgae in all conditions. Since high levels of SFAs and MUFAs could be 

observed together with xylose assimilation in the mixed condition, it appears to be a good 

candidate for hemicellulose valorization in the context of biofuel production. 
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Conclusion  

The present study highlights the potential of three microalgal species—A. protothecoides, G. 

sulphuraria, and E. gracilis—for biomass valorization using hemicellulose-containing carbon 

sources through heterotrophic cultivation. Each species demonstrated unique growth 

characteristics and metabolic capabilities, offering distinct advantages for specific 

applications. G. sulphuraria showed notable biomass yields, particularly with xylose as the 

sole carbon source, and produced high levels of SFAs, glycogen, and proteins. E. gracilis, 

although limited by its inability to assimilate glucose or xylose, efficiently utilized acetate and 

stored a significant amount of carbohydrates as paramylon, which can be converted into wax 

esters under anaerobic conditions. A. protothecoides emerged as the most versatile species, 

capable of efficient growth when all three carbon sources (acetate, glucose, and xylose) were 

combined. The high specific growth rate, remarkable FA content (mostly SFAs and MUFAs) in 

combination with low starch and pigment content, make this alga a promising candidate for 

biofuel production from hemicellulose hydrolysate. In addition, the ability of A. 

protothecoides to maintain pH balance in mixed carbon source media further underscores its 

suitability for industrial applications. Future research should focus on the scalability of A. 

protothecoides cultivation using actual hardwood hemicellulose hydrolysate to validate its 

potential in biofuel production. Overall, the findings from this study provide a solid 

foundation for the development of sustainable and efficient microalgal-based bioprocesses 

for hemicellulose valorization. 
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Tables description 

Table 1. Comparison of the molecules and elements concentrations between the 2xGS Allen 

and TMP media. Values are expressed in molar units (M) and do not include pH adjustment. 

NF: the compound is not found in the medium. 

Table 2. Growth parameters of G. sulphuraria, E. gracilis, or A. protothecoides in the presence 

of different substrates. Data are presented as means of three independent biological 

replicates ± SD. NG: no growth was observed for that strain and condition. The clover symbol 

(!) indicates values for G. sulphuraria grown on glucose from a previous study conducted 

in our laboratory [20]. 

Table 3. Fatty acids distribution in exponential and stationary phases when growth was 

observed in the presence of glucose, xylose, acetate or a mix of the three carbon sources for 

G. sulphuraria, E. gracilis, or A. protothecoides. SFA, saturated fatty acids; MUFA, mono-

unsaturated fatty acids; PUFA, poly-unsaturated fatty acids. Data are expressed as a 

percentage of the FA species on the total FAs detected. Values represent the means ± SD 

(n=3). ND: the FA species was not detected. The clover symbol (!) indicates values for G. 

sulphuraria grown on glucose from a previous study conducted in our laboratory [20]. 
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Figure legend 

Figure 1. Schematic representation of the uptake and metabolism of glucose, xylose, acetate, 

and ammonium (NH4
+) in microalgae, based on [14,20,36–42,60]. Black arrows indicate 

specific enzymatic reactions leading to the subsequent products (enzyme names and co-

substrates are generally not specified). Black arrows crossing trapezoids represent 

transporters. Small gray arrows connect single compounds that can be transferred from one 

pathway to another. Circular dashed arrows represent metabolic cycles (with intermediate 

products and enzymatic reactions not shown), and straight dashed arrows indicate entry 

points into specific metabolic pathways written in bold and italics, which are not necessarily 

detailed. Orange and blue arrows mark specific reactions of glycolysis and gluconeogenesis, 

respectively. The dashed arrows connecting xylose to xylulose omitting the xylitol 

intermediate represent the putative presence of a xylose isomerase, as already characterized 

in bacteria [61]. Compound abbreviations are specified as follows: α-KG, α-ketoglutarate; 

ACP, acyl carrier protein; AMT1, ammonium transporter 1; CoA, coenzyme A; DHA-P, 

dihydroxyacetone phosphate; FA, fatty acid; G3P, glyceraldehyde 3-P; Gln, glutamine; Glu, 

glutamate; HUP1-2, hexose uptake protein; MCT, monocarboxylate transporters; MFS, major 

facilitator superfamily; PEP, phosphoenolpyruvate; PPP, pentose phosphate pathway; TAG, 

triacylglycerol; TCA, tricarboxylic acid. The locations where metabolic reactions occur have 

intentionally not been specified, as they may differ depending on the species studied. 

Figure 2. Growth curves, and evolution of carbon sources concentration and pH in the culture 

media of G. sulphuraria (light blue diamonds), E. gracilis (orange triangles), and A. 

protothecoides (dark green squares) cells grown in heterotrophy in the presence of glucose 

(A-B), xylose (C-D), or acetate (E-F). Graphs (A,C,E) show dry weight evolution (gDW L-1 - solid 
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lines, secondary vertical axis) and carbon source concentration in the media (mM of carbon 

atoms - dashed lines, primary vertical axis) over time (days). Graphs (B,D,F) show the pH 

evolution in cultures (pH units - dashed lines, primary horizontal axis) over time (days). Each 

value on the graphs is presented as the mean of three independent biological replicates. Error 

bars represent standard deviation of the mean (± SD). The clover symbol (!) indicates values 

for G. sulphuraria grown on glucose from a previous study conducted in our laboratory [20]. 

Figure 3. Growth curves, and evolution of carbon sources concentration and pH in the culture 

media of G. sulphuraria (light blue diamonds), E. gracilis (orange triangles), and A. 

protothecoides (dark green squares) cells grown in heterotrophy in the presence of a mix of 

glucose, xylose and acetate (A-D). Graphs (A) shows dry weight evolution (gDW L-1 - solid lines, 

secondary vertical axis) and carbon source concentrations in the media (mM of total carbon 

atoms - dashed lines, primary vertical axis) over time (days). Graphs (B) show the pH evolution 

in cultures (pH units - dashed lines, primary vertical axis) over time (days). Graphs (C) and (D) 

show the glucose (dashed line, light gray circles) xylose (dashed line, dark gray circles), and 

acetate (dashed line, black circles) consumption (mM of carbon atoms – primary vertical axis) 

over time (days) in cultures of E. gracilis or A. protothecoides, respectively. In graph (D), the 

inset shows the carbon source evolution from day 0 to day 1. Each value on the graphs is 

presented as the mean of three independent biological replicates. Error bars represent 

standard deviation of the mean (± SD). 

Figure 4. Total fatty acids, storage polysaccharides (glycogen, paramylon or starch), and 

protein content of G. sulphuraria (light blue bars), E. gracilis (orange bars), and A. 

protothecoides (dark green bars) cultures grown in heterotrophy in the presence of glucose, 

xylose, acetate, or a mix of the three carbon sources, during exponential or stationary phases. 
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Bar charts (A) and (B) show the protein and storage polysaccharide content in biomass 

(expressed in g gDW-1), respectively. Bar chart (C) shows the fatty acids content in biomass 

(expressed in mg gDW-1). Data represent the mean of three independent biological replicates. 

Error bars represent the standard deviation of the mean (± SD). The clover symbol (!) 

indicates values for G. sulphuraria grown on glucose from a previous study conducted in our 

laboratory [20]. 
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Supplemental files 

Figure S1. Ammonium (NH4
+, dotted lines – primary vertical axis) and phosphate (PO4

3-, 

dashed lines – secondary vertical axis) concentrations upon time in cultures media of G. 

sulphuraria (light blue diamonds), E. gracilis (orange triangles), and A. protothecoides (dark 

green squares) cells grown in heterotrophy in the presence of glucose (A), xylose (B), acetate 

(C), or a mix of the three carbon sources (D). Data are expressed in mM. Each value on the 

graphs is presented as the mean of three independent biological replicates. Error bars 

represent standard deviation of the mean (± SD). The clover symbol (!) indicates values for 

G. sulphuraria grown on glucose from a previous study conducted in our laboratory [20]. 
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Table S1. Pigment content and distribution in exponential and stationary phase when growth 

was observed in the presence of glucose, xylose, acetate or a mix of the three carbon sources 

for G. sulphuraria, E. gracilis, or A. protothecoides. Data are expressed in mg gDW-1. Values 

represent the means ± SD (n=3). NF: The pigment does not exist in the microalgal species. ND: 

The pigment can be found but was not detected during this study. The clover symbol (!) 

indicates values for G. sulphuraria grown on glucose from a previous study conducted in our 

laboratory [20]. 

 

  

Xylose

Pigment content
(mg gDW-1)
Neoxanthin NF 0.014 ± 0.007 NF 0.012 ± 0.011 ND 0.005 ± 0.001 ND
Violaxanthin NF 0.019 ± 0.003 NF 0.006 ± 0.005 ND 0.003 ± 0.000 ND

Antheraxanthin NF 0.015 ± 0.006 NF 0.002 ± 0.002 ND 0.001 ± 0.000 ND
Lutein ND 0.187 ± 0.005 ND 0.099 ±0.007 ND 0.072 ± 0.006 ND

Zeaxanthin 0.164 ± 0.002 ♣ 0.0863 ± 0.005 0.126 ± 0.005 0.038 ± 0.008 ND 0.030 ± 0.004 ND
Chlorophyll b NF 0.0145 ± 0.003 NF 0.102 ± 0.024 ND 0.029 ± 0.005 ND
Chlorophyll a 0.354 ± 0.001 ♣ 0.075 ± 0.009 0.200 ± 0.002 0.311 ± 0.036 ND 0.089 ± 0.013 ND

β-carotene 0.064 ± 0.005 ♣ 0.012 ± 0.011 0.042 ± 0.002 ND ND ND ND
Phycocyanin 1.048 ± 0.275 ♣ NF 0.765 ± 0.158 NF NF NF NF
Neoxanthin NF ND NF 0.005 ± 0.001 ND 0.011 ± 0.001 ND
Violaxanthin NF ND NF 0.001 ± 0.000 ND 0.002 ± 0.000 ND

Antheraxanthin NF ND NF 0.001 ± 0.000 ND 0.001 ± 0.000 ND
Lutein ND 0.037 ± 0.001 ND 0.055 ± 0.002 ND 0.070 ± 0.002 ND

Zeaxanthin 0.270 ± 0.007 ♣ 0.012 ± 0.001 0.239 ± 0.039 0.021 ± 0.001 ND 0.021 ± 0.003 ND
Chlorophyll b NF 0.016 ± 0.001 NF 0.034 ± 0.001 ND 0.063 ± 0.008 ND
Chlorophyll a 0.528 ± 0.159 ♣ 0.030 ± 0.001 0.487 ± 0.189 0.158 ± 0.009 ND 0.215 ± 0.020 ND

β-carotene 0.115 ± 0.003 ♣ 0.051 ± 0.007 0.091± 0.028 ND ND ND ND
Phycocyanin 1.818 ± 0.037 ♣ NF 2.275± 0.262 NF NF NF NF

E. gracilis

Ex
po

ne
nt

ia
l

St
at

io
na

ry

 NF: The pigment does not exist in the microalgal species. ND: The pigment can be found but was not detected during this study.

Glucose Acetate Mix

Growth 
phase

G. sulphuraria A. protothecoides G. sulphuraria A. protothecoides E. gracilis A. protothecoides
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Table S2. Cell density, carbon source concentration, and pH, after 7 days of cultures of E. 

gracilis strain Z grown in KH or TMP medium in the presence of glucose or acetate (50 mMC) 

at different starting pH values. Initial inoculum density was set at 125000 cells/mL. Data are 

expressed as the mean of two independant biological replicates ± SD. 

 

 

Medium
Starting pH

Carbon source Acetate Glucose Acetate Glucose Acetate Glucose Acetate Glucose

Cell density (103 cells mL-1) 135 ± 21 1530 ± 71 375 ± 35 145 ± 7 155 ± 21 100 ± 14 525 ± 64 98 ± 3

Carbon source 
concentration (mMC)

53.2 ± 0.6 8.0 ± 3.2 3.1 ± 0.1 57.1 ± 1.6 7.2 ± 0.6 59 ± 2.6 10.4 ± 0.3 54.7 ± 3.0

Is growth observed ? NO YES YES NO NO NO YES NO

KH TMP
3.5 7.5 3.5 7.5


