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Highlights 15 

• Effective in situ extraction of B. braunii hydrocarbons with bromodecane underlay. 16 

• ɣ-Terpinene is an alternative solvent to hexane for ‘milking’ algal hydrocarbons. 17 

• Green solvents are best for botryococcene extraction but degrade chlorophyll. 18 

• Higher botryococcene extractability using modified Chu-13 medium with 5% RSW19 
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 2 

Abstract 20 

Background: 21 

The colony-forming, green microalga Botryococcus braunii secretes large amounts of 22 

petroleum-like hydrocarbons, which enables non-destructive in situ extraction (milking) of 23 

these extracellular hydrocarbons during culture growth continuously without cell lysis. This 24 

study compares the suitability of 15 different solvents, including alkanes, halogens, and 25 

green solvents, for in situ extraction of B. braunii race B (Showa strain) hydrocarbons after 26 

acclimation to moderate salinity stress.  27 

Findings: 28 

After 24 h of extraction, bio-based terpene ‘green’ solvents such as ɣ-terpinene showed 29 

the highest hydrocarbon extraction capacity, with GC peak areas of botryococcenes 30 

around 10-fold greater than with conventional alkane solvents. Brominated alkanes and 31 

liquid perfluorocarbons (FCs) formed a lower phase to algal cultures rather than an upper 32 

phase as with other solvents, but only bromodecane effectively captured extracellular 33 

hydrocarbons as is the case with conventional alkane solvents. However, bromodecane 34 

and all green solvents were too toxic for two-phase continuous culture contact 35 

hydrocarbon milking, leading to 33–100% chlorophyll content loss in algal cultures.  36 

Conclusions: 37 

To overcome the adverse effects of these promising solvents, future research should 38 

focus on their application in short-term extraction period-milking systems to minimize 39 

algal-solvent contact and enable continuous extraction. 40 

Keywords:  41 

Botryococcus braunii, microalgae, in situ extraction, hydrocarbons, green solvents 42 
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 3 

Introduction 43 

The colony-forming green microalga Botryococcus braunii race B produces and secretes 44 

large amounts of liquid triterpene hydrocarbons, botryococcenes, during its exponential 45 

growth phase which are stored in its extracellular matrix (ECM) (Lozoya-Gloria et al., 46 

2019). Botryococcenes can be used to produce petroleum-equivalent fuels suitable for 47 

combustion engines (Jin et al., 2016; Lozoya-Gloria et al., 2019). In contrast to most other 48 

oleaginous microalgae which accumulate oils within the cell, extracellular B. braunii 49 

hydrocarbons are products that can be harvested without requiring cell lysis (Suzuki et al., 50 

2013; Ennaceri et al., 2023). This trait makes it a candidate for non-destructive in situ 51 

extraction, ‘milking’, of lipophilic compounds. Milking is a promising approach to improve 52 

the cost- and energy-requirements associated with algal biomass downstream 53 

processing: harvesting, dewatering and cell disruption (Jackson et al., 2017; Kleinert and 54 

Griehl 2022; Ennaceri et al., 2023).  55 

B. braunii typically exhibits slow growth rates compared to other photosynthetic microbes, 56 

which has limited its broader exploitation (Lozoya-Gloria et al., 2019). The colony surface 57 

of B. braunii race B is also covered with an ultrastructure called a retaining wall, which is 58 

decorated with a fibrillar sheath composed mainly of arabinose-galactose polysaccharides 59 

(Weiss et al., 2012). This barrier hinders the entry of many organic solvents, limiting 60 

milking efficiencies (Furuhashi et al., 2016b). One pretreatment that was found to improve 61 

the extraction rate of botryococcenes is cultivation of the alga in brackish medium 62 

(Furuhashi et al., 2013; 2016a). It was proposed that the increased salinity decreased the 63 

production or integrity of the polysaccharides, increasing colony size and flotation of B. 64 

braunii race B (Furuhashi et al., 2016a; 2016b).  65 
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Extraction of hydrocarbons from B. braunii has mainly been tested with commonly used 66 

short-chain non-polar solvents, such as hexane (C6) and heptane (C7) (Jackson et al., 67 

2017; Ennaceri et al., 2023). These petroleum-based solvents showed high 68 

botryococcene extraction efficiencies but low biocompatibility, resulting in rapid loss of cell 69 

viability after long contact times (Kleinert and Griehl, 2021). Dodecane (C12) is 70 

biocompatible with B. braunii cultures but has reduced hydrocarbon extractability 71 

compared to hexane (Mehta et al., 2019). Alkane solvents have significant drawbacks that 72 

can hinder scaling their application to larger culture volumes: flammability, the 73 

requirement for corrosion-resistant infrastructure, and emulsion formation at the culture-74 

solvent interface (Lauersen, 2019).  75 

It was recently reported that halogenated perfluorocarbon (FC) liquid solvents can enable 76 

milking of sesqui- and di-terpenoids from engineered algal cultures (Overmans and 77 

Lauersen, 2022), but these have not yet been tested on B. braunii. Green solvents are 78 

another class of chemicals that are bio-based in origin and have gained popularity in 79 

process chemistry due to their biodegradability (Kumar et al., 2017; De Jesus and Maciel 80 

Filho, 2020). Monoterpenes derived from essential oils such as D-limonene, α-pinene, and 81 

p-cymene are considered ‘green’ solvents because they are obtained from renewable 82 

feedstocks, like plants and crop wastes (Kumar et al., 2017). Lipid extraction of microalgae 83 

and oilseeds using terpene green solvents was shown to have equal or superior quality 84 

and yields than with hexane (De Jesus and Maciel Filho, 2020). In this study, we evaluated 85 

the suitability of halogenated solvents and green solvents as alternatives to conventional 86 

alkane solvents for botryococcene extraction from B. braunii race B (Showa strain) 87 

cultures grown in brackish medium derived from medium-sea water mixtures.  88 

 89 

90 
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Materials and Methods 91 

Reagents 92 

The solvents tested in this work were grouped into straight-chain alkanes, halogenated 93 

solvents, and green solvents. Alkanes included n-hexane, n-decane, n-dodecane (≥99%), 94 

and n-pentadecane, which were obtained from Acros Organics (Geel, Belgium), VWR 95 

International (Fontenay-sous-Bois, France), Sigma-Aldrich (St. Louis, USA) and Alfa 96 

Aesar (Heysham, England), respectively. Halogenated solvents included brominated 97 

alkanes (bromododecane and bromododecane) and chlorinated alkane (chlorodecane), 98 

acquired from Sigma Aldrich (St. Louis, USA). Additionally, two perfluorocarbon liquids, 99 

hereafter referred to as FCs, were used in this work: the perfluorinated ether FC-770 and 100 

the perfluorinated amine FC-3283, obtained from Fluorochem (Glossop, UK) and Acros 101 

Organics (Geel, Belgium), respectively. The green solvents included three monoterpenes 102 

(para-cymene (99%), gamma-terpinene, and alpha-pinene) and three alcohols (n-103 

heptanol, nerol, and nopol), all purchased from Sigma-Aldrich (Taufkirchen, Germany). 104 

For chlorophyll quantification, ethanol (96% vol) and methanol were purchased from VWR 105 

International (Fontenay-sous-Bois, France). 106 

 107 

Microalgal cultures and growth conditions 108 

Batch cultures of Botryococcus braunii race B, Showa strain (Nonomura, 1988), were 109 

grown in 1-L Erlenmeyer flasks in Algem photobioreactors (Algenuity©, UK) at 25 °C 110 

under 130 μmol photons m–2 s–1 with a 12h:12h light:dark cycle and sparged with a 7% 111 

CO2 in air mixture. The gas mix was supplied periodically to cultures at 25 cc min–1 112 

according to the pH control level set on the photobioreactor, with the online pH measured 113 

continuously using a calibrated pH probe (Broadley James, UK) to maintain a constant 114 
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 6 

pH of 7.5 in the culture media. B. braunii was cultured in biological triplicates (n = 3) in 115 

three different media: modified Chu-13 medium as the standard freshwater medium based 116 

on the recipe in (Furuhashi et al., 2013), modified Chu-13 medium with 37.5 mM NaCl, 117 

and modified Chu-13 medium with 5% Red Sea water (RSW). Brackish medium was 118 

prepared by mixing filtered (0.2 m) and autoclaved RSW with modified Chu-13 medium. 119 

The concentration of total dissolved solids in RSW was previously determined to be 120 

around 750 mM NaCl (Abdel-Aal et al., 2015). To get a final NaCl concentration of 30–40 121 

mM (i.e., 0.3–0.4% seawater salinity), identical to the concentrations used in Furuhashi et 122 

al. (2016a; 2022), Chu-13 medium was adjusted to a final concentration of 5% RSW (37.5 123 

mM NaCl). All cultures were grown in the Algem photobioreactors with a working volume 124 

of 400 mL for 18 days before being recovered for further analyses. 125 

  126 

Determination of growth parameters  127 

Final algal biomass was determined gravimetrically by obtaining a pellet of 5 mL algal 128 

culture after adding an equal volume of 96% ethanol into a pre-weighed glass tube, mixed 129 

manually several times, and centrifuged at 3,000 × g for 1 min to sediment all algal cells. 130 

The addition of ethanol helps to precipitate the floating layer of algal colonies, but the 131 

incubation time should be as short as possible to minimize extraction of undesired 132 

pigments. After discarding the ethanol, the remaining algal pellet was dried in an oven at 133 

110 °C for 24 h and cooled for 30 min before weighing. The dry cell weight (DCW; in mg) 134 

of the microalgae was obtained by subtracting the dry weight of the empty glass tube from 135 

the loaded glass tube.  136 

Total chlorophyll content was obtained by adding 1 mL 96% ethanol to 1 mL culture 137 

samples, mixed by inversion several times, and centrifuged at 11,000 × g for 1 min to 138 
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 7 

sediment all suspended algal cells. After discarding the ethanol, the pellet was 139 

resuspended in 1 mL 100% methanol and incubated for 30 min at 45 ºC in the dark to 140 

extract chlorophyll. The cell debris was pelleted by centrifugation at 11,000 × g for 1 min 141 

while the supernatant was used to measure the absorbance at 666, 653, and 470 nm with 142 

a spectrophotometer (TECAN Infinite M1000 PRO). Total chlorophyll content was 143 

calculated according to Wellburn (1994). 144 

 145 

Determination of hydrocarbon content 146 

Algal pellet samples were collected by centrifugation as described above, and DCW was 147 

determined. Hydrocarbons were extracted from the dried algal sample by adding 5 mL of 148 

n-hexane and incubating for 30 min at room temperature with manual shaking at 10 min 149 

intervals. The extraction solvent, which turned yellowish-orange due to the carotenoids 150 

found within the ECM and the botryococcene hydrocarbons (Eroglu and Melis, 2010), was 151 

separated from the algal residue and collected in a separate glass flask. This process was 152 

repeated until the solvent phase became colorless. All n-hexane extracts were combined 153 

and evaporated in an oven at 110 ºC overnight. Hydrocarbon amounts were calculated 154 

gravimetrically and expressed as a percentage of biomass DCW. For positive 155 

identification of botryococcenes in samples, the extracts were resuspended in 1 mL of n-156 

hexane or n-dodecane, and then transferred to gas chromatography (GC) vials (n = 3) 157 

and stored at -20 °C until further analysis as described below. 158 

 159 
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Preliminary screening of solvents for two-phase ‘milking’ of B. braunii race B in 160 

low salinity culture medium 161 

Two-phase living extractions (i.e., ‘milking’) of extracellular hydrocarbons were performed 162 

with alkanes, halogenated-, and green solvents by gently adding 250 µL of each 163 

respective solvent (25% v/v) onto 750 µL liquid cultures of B. braunii that were previously 164 

grown in brackish medium for 18 days. All two-phase cultures were grown for 24 h in 165 

duplicates in 2-mL microcentrifuge tubes on an orbital shaker at 120 rpm with a 12h:12h 166 

light:dark cycle at room temperature. The solvent layer was then collected following 167 

centrifugation at 4,500 × g for 5 min to obtain two separate layers. From each sample, 168 

150 μL of the solvent fraction was transferred into individual GC vials and stored at -20 °C 169 

until further analysis, as described below.  170 

 171 

Alternative solvents for in situ extraction of hydrocarbons produced by B. braunii 172 

race B 173 

The two most efficient extraction solvents of each group were selected from the initial 174 

screening. Two-phase living extractions of extracellular hydrocarbons were performed by 175 

gently adding 1 mL of each respective solvent onto 9 mL liquid cultures of B. braunii (10% 176 

v/v) that were previously grown in a brackish medium for 18 days. The two-phase cultures 177 

were cultivated for 24 h in triplicates in 50-mL Erlenmeyer flasks on an orbital shaker at 178 

120 rpm with a 12h:12h light:dark cycle at room temperature. The solvent and algal 179 

samples were obtained at two different time points: 2 h and 24 h of cultivation. At each 180 

time point, the solvent layer was collected after centrifugation at 4,500 × g for 5 min. From 181 

each sample, 150 μL of the solvent fraction was transferred into separate GC vials and 182 

stored at -20 °C until further analysis.  183 
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 184 

Gas chromatography 185 

All solvent extracts were analyzed using a gas chromatograph equipped with a mass 186 

spectrometer and a flame ionization detector (GC-MS-FID) with modifications to a 187 

previously described protocol (Thapa et al., 2016). Briefly, the GC-MS-FID analyses were 188 

performed using an Agilent 7890A gas chromatograph connected to a 5975C inert MSD 189 

with a triple-axis detector. The system was equipped with a DB-5MS column (30 m × 190 

0.25 mm i.d., 0.25 μm film thickness) (Agilent J&W, USA). The temperatures were set to: 191 

injector (260 °C), interface (250 °C), and ion source (200 °C). One µL of liquid solvent 192 

sample was injected in splitless mode with an autosampler (Model G4513A, Agilent). 193 

Column flow was kept constant at 2.5 mL min–1 with He as a carrier gas. The initial GC 194 

oven temperature of 220 °C was held for 1 min, then raised to 280 °C at a rate of 5 °C 195 

min–1, followed by 2 °C min–1 to 300 °C and held for 5 min. Mass spectra were recorded 196 

after a 3 min solvent delay using a scanning range of 50–750 m/z at 20 scans s–1.  197 

Gas chromatograms were manually reviewed for quality control before botryococcene GC 198 

peak areas were integrated using MassHunter Workstation software version B.08.00 199 

(Agilent Technologies, USA). The NIST library (National Institute of Standards and 200 

Technology, Gaithersburg, MD, USA) was used to identify botryococcenes.  201 

 202 

Statistical analysis  203 

Differences between the mean values obtained from each assay were assessed through 204 

one-way analysis of variance (ANOVA) followed by Tukey’s HSD post-hoc test with a 205 

confidence level of 95%. All statistical analyses were performed using R software v3.4.3 206 

(https://www.r-project.org/) through the RStudio interface.  207 

208 
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 10 

Results and Discussion 209 

B. braunii growth and hydrocarbon extractability in different media  210 

After 18 days of cultivation, there were no significant differences in specific growth rates 211 

of B. braunii cultured in modified Chu13 medium (0.077 ± 0.002 day –1; mean ± SEM) and 212 

in 5% RSW (0.064 ± 0.007 day –1), but the algae cultured in 37.5 mM NaCl (0.050 ± 0.005 213 

day –1) showed a significant decrease (p < 0.01) in the specific growth rate compared to 214 

the other treatments (Fig. 1A). B. braunii cultured in 5% RSW had significant decreases 215 

in chlorophyll content (1.7 ± 0.19 mg L–1) and appeared less healthy (chlorotic phenotype) 216 

compared to algae cultured in non-saline medium (3.0 ± 0.07 mg L–1). B. braunii cultured 217 

in 37.5 mM NaCl contained less chlorophyll (1.2 ± 0.10 mg L–1) than in 5% RSW treatment 218 

(Fig. 1B). The hydrocarbon content in dry biomass of B. braunii cultured in the brackish 219 

medium was 33 ± 0.5% DCW compared to 40 ± 2.1% in modified Chu13 medium (Fig. 220 

1C). However, the amount of botryococcenes in 5% RSW was at least 2-fold greater than 221 

in the algae cultured in non-saline and 37.5 mM NaCl conditions (Fig. 1D). The presence 222 

of C34 and C32 botryococcenes from suspended B. braunii cells cultured in 5% RSW was 223 

confirmed by the appearance of two distinct peaks (9.7 min and 10.2 min, respectively) 224 

with appropriate mass spectra in GC-MS chromatograms (Fig. 1E). These results indicate 225 

that culturing B. braunii in modified Chu-13 medium with 5% RSW is possible without 226 

strongly reducing its growth and encourages the production of extracellular 227 

botryococcenes. This is in line with previous reports (Furuhashi et al., 2013; 2016; 2022), 228 

where B. braunii cultivation in brackish medium reduced the cultures’ growth rate but 229 

improved hydrocarbon extractability from algal biomass compared to cultivation in non-230 

saline medium. 231 
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  232 

Figure 1. Analysis of B. braunii (Showa strain) cultured for 18 days in three different 233 

media. (A) Specific growth rate, (B) total chlorophyll content, and (C) extracellular 234 

hydrocarbon content of B. braunii race B cells grown in modified Chu-13 medium (Chu13), 235 

modified Chu-13 medium with 37.5 mM NaCl (37.5 mM NaCl), and modified Chu-13 236 

medium with 5% Red Sea water (5% RSW). (D) Total GC-FID peak area of extracted 237 

botryococcenes. Peak areas are the sum of two detected botryococcenes peaks. (E) 238 

Representative GC-FID chromatograms of botryococcenes extracted with commonly 239 

used alkane solvents obtained from wet B. braunii algal samples. Error bars represent 240 

standard error of the mean of three biological replicates (SEM; n = 3). Statistical 241 

significance was determined by one-way ANOVA with Tukey’s HSD post-hoc test (p < 242 

0.05). Within each panel, different letters above bars indicate instances where means 243 

were significantly different (p < 0.05). 244 
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Suitability screening of solvents for two-phase cultivation of B. braunii race B in 245 

brackish culture medium 246 

A recent study has shown that the Showa strain is one of the most promising for in situ 247 

extraction because of its high solvent resistance, hydrocarbon extractability, and lipid 248 

productivity (Kleinert and Griehl 2021). Our results showed that modified Chu-13 medium 249 

with 5% RSW was the best for growing and improving botryococcene accumulation 250 

around cultured B. braunii Showa (Fig. 1). Because B. braunii hydrocarbons are mainly 251 

(90–95%) stored in the ECM, most of them can be extracted by soaking the algae in a 252 

non-polar organic solvent such as hexane that does not permeate the cells (Furuhashi et 253 

al., 2013; Suzuki et al., 2013). Hydrocarbons obtained in this way are typically referred to 254 

as extracellular hydrocarbons. After recovering the extracellular hydrocarbons, a small 255 

amount of intracellular hydrocarbons can also be extracted with a mixture of chloroform 256 

and methanol that can reach inside the cells (Suzuki et al., 2013; Thapa et al., 2016). For 257 

the initial solvent screening, cultures grown in 5% RSW were treated with 14 different non-258 

polar solvents at 25% (v/v), whose physicochemical properties are shown in Table 1. 259 

After 2 and 24 h extraction, the solvents exhibited a highly variable performance in 260 

extracting botryococcene hydrocarbons from the algal cells (Fig. 2A). This was visually 261 

indicated by the co-extraction of extracellular carotenoids that had previously been 262 

reported to be associated with the botryococcene fraction from the Showa strain (Eroglu 263 

and Melis, 2010). Most of the solvents showed yellowish coloration at different levels in 264 

the upper phase (Fig. 2A). Brominated alkanes and FCs formed a lower phase (Fig. 2A). 265 

Alkane solvents showed a similar but relatively poor extraction of botryococcenes (Fig. 266 

2B). Halogenated solvents were worse than alkanes except for bromodecane, which was 267 

the best of all previously tested solvents (Fig. 2B). However, the amount of 268 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 23, 2023. ; https://doi.org/10.1101/2023.10.23.563540doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.23.563540
http://creativecommons.org/licenses/by/4.0/


 13 

botryococcenes extracted by green solvents was found to be up to ∼10-fold and ∼3.8-fold 269 

greater than with dodecane and bromodecane, respectively (Fig. 2B). The exception was 270 

nopol which did not extract botryococcenes (Fig. 2B). This indicates that green solvents, 271 

such as ɣ-terpinene and α-pinene, were more efficient at extracting botryococcenes in situ 272 

compared to conventional alkane solvents and their halogen derivatives (Fig. 2B). 273 

274 
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Figure 2. Extraction and toxicity properties of all different solvents. (A) B. braunii race B 275 

cells grown in culture medium with 5% RSW after 2 h and 24 h extraction with 25% (v/v) 276 

of solvents. (B) GC-FID peak areas of botryococcenes in solvents recovered after 24 h 277 

extractions. These are the sum of two compound peaks identified as botryococcenes. (C) 278 

Total chlorophyll content in B. braunii cultured in 5% RSW medium after 24 h extraction 279 

with each solvent. Error bars represent the standard error of the mean of two biological 280 

replicates (SEM; n = 2). Statistical significance was determined by one-way ANOVA with 281 

post-hoc Tukey’s HSD test. Letters above the bars indicate significantly different mean 282 

concentrations (p < 0.05). 283 

 284 

Although both α-pinene and ɣ-terpinene yielded the highest accumulation of 285 

botryococcenes in this screening (Fig. 2B), we observed a severe degradation of 286 

chlorophyll in all green solvents extracts after 24 h of incubation compared to alkanes and 287 

halogenated solvents (Fig. 2C). The total chlorophyll content in B. braunii after two-phase 288 

cultivation with solvents was measured to evaluate solvent biocompatibility. The addition 289 

of solvents to B. braunii led to differing extents of chlorosis. Of the different two-phase 290 

cultivations, algal cultures with alkanes showed a slight decrease in the chlorophyll 291 

content compared to cultivations without solvent (Fig. 2C). Algae with brominated alkanes 292 

and chlorododecane demonstrated a stronger reduction in chlorophyll content (3.6–4.5 293 

mg L–1) than those with straight-chain alkanes (6.3–7.5 mg L–1) while cultures with FCs 294 

had chlorophyll contents (8.3–8.9 mg L–1) similar to the no-solvent treatment (9.3 ± 0.17 295 

mg L–1) (Fig. 2C). Green solvents were the most toxic solvents, particularly the alcohols, 296 

leading to a drastic decrease in chlorophyll content to around 0–1 mg L–1 (Fig. 2C).  297 

Our results indicate that green solvents are too toxic for two-phase cultivations, unlike 298 

alkanes and halogenated solvents. A previous study reported similar results after 299 

comparing the effects of decane, its alcohol derivative decanol, and the green solvent D-300 
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limonene, where decanol was the most toxic solvent, followed by D-limonene and decane, 301 

(Concha et al., 2018). Here, brominated alkanes and FCs formed a lower phase or 302 

‘underlay’ with algal cultures, unlike other solvents that formed a distinct layer on top of 303 

the culture (Fig. 2A). Of the heavy solvents, only bromodecane could capture 304 

hydrocarbons from wet algal samples (Fig. 2B). In contrast, previous work reported that 305 

FCs could replace the use of dodecane to extract the sesqui- and diterpenoids produced 306 

by engineered green microalgae (Overmans and Lauersen, 2022). 307 

Selected solvents for in situ extraction of hydrocarbons produced by B. braunii 308 

race B 309 

We evaluated in situ hydrocarbon extraction in larger culture volumes at two incubation 310 

periods, 2 h and 24 h, with six solvents: hexane, dodecane, bromodecane, 311 

bromododecane, p-cymene and ɣ-terpinene. These were used at concentrations of 10% 312 

(v/v), the standard culture:solvent ratio used to capture terpenoids or hydrocarbons from 313 

engineered algae (Overmans and Lauersen, 2022; Yunus et al., 2022). Regardless of 314 

solvent density, we observed the formations of emulsions in cultures with all solvents after 315 

shaking the mixtures at 120 rpm even after 2 h (Fig. 3A). This formation was previously 316 

identified as one technical limitation for isoprenoid milking with hydrophobic solvents on 317 

algal culture (Lauersen, 2019). After 2 h of extraction, the alkane solvents dodecane and 318 

hexane showed a yellow coloration, indicating hydrocarbon extraction, while the aqueous 319 

lower phase contained algae and culture medium. After 24 h of extraction, algal cultures 320 

were only green in dodecane, which also exhibited a more intense yellow color 321 

accumulation than hexane, where cells were chlorotic or dead (Fig. 3A). 322 

Brominated solvents formed a lower phase to the aqueous algal culture where colonies 323 

clumped, but no hydrocarbon extraction occurred from either solvent. Terpene green 324 
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solvents were found to extract the hydrocarbons, with aggregation of colonies visible at 2 325 

h and severe chlorophyll degradation at 24 h of extraction (Fig. 3A). After a 2 h contact 326 

time between solvents and the 5% RSW-acclimated B. braunii cells, we detected the 327 

highest hydrocarbon content in hexane, followed by p-cymene and ɣ-terpinene (Fig. 3B). 328 

The concentrations of botryococcenes in extractions with dodecane and brominated 329 

alkanes were found to be much higher after 24 h than after 2 h (Fig. 3B). Bromodecane 330 

showed a similar hydrocarbon accumulation compared to the two alkanes after 24 h of 331 

incubation. Even though the extraction of botryococcenes with bromodecane resulted in 332 

a 3.8-fold increase compared to bromododecane (Fig. 3B), both of the tested brominated 333 

alkanes caused a similar decrease in chlorophyll content compared to dodecane from 2.5 334 

± 0.05 mg L–1 to ∼1.8 mg L–1 (Fig. 3C). B. braunii race B cells cultured with hexane and 335 

p-cymene showed a fast decrease in chlorophyll content (2.42 ± 0.11 mg L–1 and 1.78 ± 336 

0.06 mg L–1, respectively), whereas algal cells with ɣ-terpinene (2.86 ± 0.04 mg L–1) 337 

showed a similar chlorophyll content to cells with dodecane after 2 h of incubation (2.97 ± 338 

0.05 mg L–1) (Fig. 3A and 3C). Longer contact time (24 h) with ɣ-terpinene was detrimental 339 

to algal cells (0.45 ± 0.04 mg L–1), as could be seen in the hexane treatment (Fig. 3A and 340 

3C). This result indicates that the bromodecane underlay was amenable to accumulating 341 

extracellular hydrocarbons and carotenoids from B. braunii cells, but it was more 342 

aggressive as a two-phase culture system than the conventional dodecane overlay. 343 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 23, 2023. ; https://doi.org/10.1101/2023.10.23.563540doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.23.563540
http://creativecommons.org/licenses/by/4.0/


 17 

Figure 3. Extraction and toxicity properties of selected solvents. (A) B. braunii cells grown 344 

in culture medium with 5% RSW after a contact time of 2 h and 24 h with 10% (v/v) of 345 

either (1) hexane, (2) dodecane, (3) bromododecane, (4) bromodecane, (5) p-cymene, or 346 

(6) ɣ-terpinene. (B) Total GC-FID peak areas of two botryococcenes peaks after 2 h and 347 

24 h of two-phase living B. braunii extraction cultures with solvents. (C) Total chlorophyll 348 

content of B. braunii cultured in medium with 5% RSW after 2 h and 24 h extraction time 349 

with solvents. Error bars represent standard error of the mean of three biological replicates 350 

(SEM; n = 3). Statistical significance was determined by one-way ANOVA with post-hoc 351 

Tukey’s HSD test. Lower- and upper-case letters above the bars indicate the post hoc 352 

results of the 2 h and 24 h data sets, respectively. Means were considered significantly 353 

different at level p < 0.05. 354 
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The highest botryococcene contents were detected in p-cymene and ɣ-terpinene extracts 355 

after 24 h of incubation, both showing GC peak areas of botryococcenes 13- and 15-fold 356 

greater than hexane and dodecane, respectively (Fig. 3B). As far as we know, this is the 357 

first report of using γ-terpinene in botryococcenes extraction. On the other hand, p-358 

cymene has been used to extract lipids from different biomass sources, including 359 

oleaginous microalgae (De Jesus and Maciel Filho, 2020). Even though we found a similar 360 

hydrocarbon accumulation between p-cymene and ɣ-terpinene when the solvent content 361 

was 10% v/v (Fig. 3B), p-cymene was more aggressive on the cells than ɣ-terpinene (Fig. 362 

3C). It has been previously reported that p-cymene was more toxic against insects than 363 

γ-terpinene, indicating the latter will likely be more appropriate for future botryococcene 364 

milking setups (Gong and Ren, 2020).  365 

The results indicate that ɣ-terpinene could be used as an alternative solvent to replace 366 

hexane for in situ extractions of hydrocarbons, but only for short extraction times. Different 367 

bioprocess designs to the in situ extraction procedure used in our study could help to 368 

reduce the toxic effects of solvent contact on algal cells. For example, it was recently 369 

shown that B. braunii cultures grown in a bubble column bioreactor attached to an 370 

extraction column could achieve a long-term in situ extraction of extracellular 371 

hydrocarbons over 30 days by using a daily extraction time of 5 h with hexane (Kleinert 372 

and Griehl 2022). Other in situ extraction systems and setups, such as membrane 373 

filtration, have shown to be successful in extracting exopolysaccharides (EPS) from B. 374 

braunii CCALA778 by using a microfiltration hollow-fiber membrane without requiring 375 

solvent (García-Cubero et al., 2018). A similar system was used to continuously extract 376 

the heterologous sesquiterpenoid patchoulol with a hydrophobic hollow-fiber membrane 377 
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acting as a physical interaction contact matrix between engineered algal cells and the 378 

solvent dodecane (Overmans et al., 2022). 379 

Hexane is a suitable extraction solvent due to its low boiling point (69 °C), low cost, and 380 

high extraction efficiency (Jackson et al., 2017; Ennaceri et al., 2023). Using hexane 381 

facilitates solvent separation from the botryococcenes by distillation, as they have boiling 382 

points well above hexane (> 300 °C; Jackson et al., 2017). Hexane would be superior to 383 

brominated alkanes and the terpene green solvents with boiling points > 150 °C, but only 384 

if the downstream process relies on energy-intensive distillation (Table 1). Other emerging 385 

techniques, including organic solvent nanofiltration and alternative wetting of membranes, 386 

may enable low-energy separations of botryococcenes, similar to those recently reported 387 

for sesquiterpene alcohols (Jackson et al., 2017; Alduraiei et al., 2021; Overmans et al., 388 

2022). Terpene green solvents used in this work (134–136 g/mol; Table 1) have smaller 389 

molecular weights than botryococcenes (e.g., 466.8 g/mol C34H58), which would facilitate 390 

their downstream separation by these techniques. Furthermore, the improved extraction 391 

efficiencies and sustainable nature of green solvents make them attractive alternatives to 392 

hexane. 393 

394 
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Conclusions 395 

Using brackish cultivation to improve hydrocarbon extractability is a step-change in 396 

milking efficiency potential for B. braunii cultures, but the solvent choice was limited to the 397 

use of straight-chain alkanes. Here, we show that terpene green solvents and heavy 398 

solvents like bromodecane could also be used as alternative solvents to hexane for 399 

milking botryococcenes from B. braunii race B cultured in brackish medium. However, 400 

they are less biocompatible than dodecane, leading to 33–100% chlorophyll content loss. 401 

Our results warrant follow-up testing of these parameters in short-time scale solvent 402 

contactor systems that may improve the B. braunii hydrocarbon milking processes. 403 

 404 

Abbreviations 405 

FC: Perfluorocarbon; ECM: Extracellular matrix; RSW: Red Sea water; DCW: Dry cell 406 

weight; GC-MS-FID: Gas chromatography–mass spectrometry-flame ionization detector. 407 

408 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 23, 2023. ; https://doi.org/10.1101/2023.10.23.563540doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.23.563540
http://creativecommons.org/licenses/by/4.0/


 21 

Declarations 409 

Ethics approval and consent to participate 410 

Not applicable. 411 

Consent for publication 412 

All the authors consented to the publication of this work and its submission to 413 

Bioresources and Bioprocessing 414 

Availability of data and materials  415 

All data generated or analyzed during this study are included in this article and its 416 

supplementary information file. 417 

Competing Interest 418 

The authors declare that the research was conducted in the absence of any commercial 419 

or financial relationships that could be construed as a potential conflict of interest. 420 

Funding 421 

TAO-U is financially supported by CONAHCYT (Consejo Nacional de Humanidades, 422 

Ciencias y Tecnologías) Mexico with a PhD fellowship (CVU 780487) and the KAUST 423 

Visiting Student Research Program (VSRP). The research reported in this publication was 424 

supported by KAUST baseline funding awarded to KJL. 425 

Authors’ contributions 426 

TAO-U performed the experiments, contributed to the research planning, experimental 427 

design, data collection and visualization, formal analysis, and wrote the original draft 428 

manuscript. SO contributed to the research planning, experimental design, GC-MS 429 

analysis, and data visualization, and reviewed the manuscript. BBdF contributed to 430 

experimental design, assisted in the operation of Algem photobioreactors, and reviewed 431 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 23, 2023. ; https://doi.org/10.1101/2023.10.23.563540doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.23.563540
http://creativecommons.org/licenses/by/4.0/


 22 

the manuscript. EL-G contributed to funding acquisition and data visualization, and 432 

reviewed the manuscript. The research was mainly conducted in the laboratory of KJL, 433 

who was responsible for experimental design, project scope, funding acquisition and 434 

reviewing the manuscript. All authors read and approved the final manuscript. 435 

Acknowledgments 436 

We would like to thank Chandrasekaran Lakshmipathy of the KAUST Lab Equipment 437 

Maintenance (LEM) team for assistance in upgrading and initializing the GC-FID-MS unit.  438 

  439 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 23, 2023. ; https://doi.org/10.1101/2023.10.23.563540doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.23.563540
http://creativecommons.org/licenses/by/4.0/


 23 

References 440 

1. Abdel-Aal, E. A., Farid, M. E., Hassan, F. S., & Mohamed, A. E. (2015). Desalination of 441 
Red Sea water using both electrodialysis and reverse osmosis as complementary 442 
methods. Egyptian Journal of Petroleum, 24(1), 71-75. 443 
https://doi.org/10.1016/j.ejpe.2015.02.007 444 

2. Alduraiei, F., Manchanda, P., Pulido, B., Szekely, G., & Nunes, S. P. (2021). Fluorinated 445 
thin-film composite membranes for nonpolar organic solvent nanofiltration. Separation 446 
and Purification Technology, 279, 119777. 447 
https://doi.org/10.1016/j.seppur.2021.119777 448 

3. Concha, E., Heipieper, H. J., Wick, L. Y., Ciudad, G. A., & Navia, R. (2018). Effects of 449 
limonene, n-decane and n-decanol on growth and membrane fatty acid composition of 450 
the microalga Botryococcus braunii. AMB Express, 8, 189. 451 
https://doi.org/10.1186/s13568-018-0718-9 452 

4. De Jesus, S. S., & Maciel Filho, R. (2020). Recent advances in lipid extraction using 453 
green solvents. Renewable and Sustainable Energy Reviews, 133, 110289. 454 
https://doi.org/10.1016/j.rser.2020.110289 455 

5. Ennaceri, H., Nwoba, E. G., Ogbonna, C. N., Bahri, P. A., & Moheimani, N. R. (2023). 456 
Progress of non-destructive hydrocarbon extraction technology of Botryococcus 457 
braunii. Algal Research, 73, 103156. https://doi.org/10.1016/j.algal.2023.103156 458 

6. Eroglu, E., & Melis, A. (2010). Extracellular terpenoid hydrocarbon extraction and 459 
quantitation from the green microalgae Botryococcus braunii var. Showa. Bioresource 460 
Technology, 101(7), 2359-2366. https://doi.org/10.1016/j.biortech.2009.11.043 461 

7. Furuhashi, K., Saga, K., Okada, S., & Imou, K. (2013). Seawater-cultured Botryococcus 462 
braunii for efficient hydrocarbon extraction. PLoS One, 8(6), e66483. 463 
https://doi.org/10.1371/journal.pone.0066483 464 

8. Furuhashi K, Hasegawa F, Saga K, Okada S, Kaizu Y, & Imou K. (2016a). Effects of 465 
culture medium salinity on the hydrocarbon extractability, growth, and morphology of 466 
Botryococcus braunii. Biomass and Bioenergy, 91, 83–90. 467 
https://doi.org/10.1016/j.biombioe.2016.05.007 468 

9. Furuhashi, K., Noguchi, T., Okada, S., Hasegawa, F., Kaizu, Y., & Imou, K. (2016b). The 469 
surface structure of Botryococcus braunii colony prevents the entry of extraction solvents 470 
into the colony interior. Algal Research, 16, 160-166. 471 
https://doi.org/10.1016/j.algal.2016.02.021 472 

10. Furuhashi, K., Magota, A., Liu, Y., Hasegawa, F., Okada, S., Kaizu, Y., & Imou, K. 473 
(2022). Thinning of Botryococcus braunii Colony Sheath by Pretreatment Enhances 474 
Solvent-Based Hydrocarbon Recovery. Phycology, 2(4), 363-373. 475 
https://doi.org/10.3390/phycology2040020 476 

11. García-Cubero, R., Wang, W., Martín, J., Bermejo, E., Sijtsma, L., Togtema, A., ... & 477 
Kleinegris, D. M. (2018). Milking exopolysaccharides from Botryococcus braunii 478 
CCALA778 by membrane filtration. Algal Research, 34, 175-181. 479 
https://doi.org/10.1016/j.algal.2018.07.018 480 

12. Gong, X., & Ren, Y. (2020). Larvicidal and ovicidal activity of carvacrol, p-cymene, and 481 
γ-terpinene from Origanum vulgare essential oil against the cotton bollworm, 482 
Helicoverpa armigera (Hübner). Environmental Science and Pollution Research, 27, 483 
18708-18716. https://doi.org/10.1007/s11356-020-08391-2 484 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 23, 2023. ; https://doi.org/10.1101/2023.10.23.563540doi: bioRxiv preprint 

https://doi.org/10.1016/j.ejpe.2015.02.007
https://doi.org/10.1016/j.seppur.2021.119777
https://doi.org/10.1186/s13568-018-0718-9
https://doi.org/10.1016/j.rser.2020.110289
https://doi.org/10.1016/j.algal.2023.103156
https://doi.org/10.1016/j.biortech.2009.11.043
https://doi.org/10.1371/journal.pone.0066483
https://doi.org/10.1016/j.biombioe.2016.05.007
https://doi.org/10.1016/j.algal.2016.02.021
https://doi.org/10.3390/phycology2040020
https://doi.org/10.1016/j.algal.2018.07.018
https://doi.org/10.1007/s11356-020-08391-2
https://doi.org/10.1101/2023.10.23.563540
http://creativecommons.org/licenses/by/4.0/


 24 

13. Jackson, B. A., Bahri, P. A., & Moheimani, N. R. (2017). Repetitive non-destructive 485 
milking of hydrocarbons from Botryococcus braunii. Renewable and Sustainable Energy 486 
Reviews, 79, 1229-1240. https://doi.org/10.1016/j.rser.2017.05.130  487 

14. Jin, J., Dupré, C., Yoneda, K., Watanabe, M. M., Legrand, J., & Grizeau, D. (2016). 488 
Characteristics of extracellular hydrocarbon-rich microalga Botryococcus braunii for 489 
biofuels production: Recent advances and opportunities. Process Biochemistry, 51(11), 490 
1866-1875. https://doi.org/10.1016/j.procbio.2015.11.026 491 

15. Kleinert, C., & Griehl, C. (2021). Identification of suitable Botryococcus braunii strains for 492 
non-destructive in situ hydrocarbon extraction. Journal of Applied Phycology, 33(2), 785-493 
798. https://doi.org/10.1007/s10811-020-02342-7 494 

16. Kleinert, C., & Griehl, C. (2022). In situ extraction (milking) of the two promising 495 
Botryococcus braunii strains Showa and Bot22 under optimized extraction time. Journal 496 
of Applied Phycology, 34(1), 269-283. https://doi.org/10.1007/s10811-021-02633-7 497 

17. Kumar, S. J., Kumar, G. V., Dash, A., Scholz, P., & Banerjee, R. (2017). Sustainable 498 
green solvents and techniques for lipid extraction from microalgae: A review. Algal 499 
Research, 21, 138-147. https://doi.org/10.1016/j.algal.2016.11.014 500 

18. Lauersen, K. J. (2019). Eukaryotic microalgae as hosts for light-driven heterologous 501 
isoprenoid production. Planta, 249, 155-180. https://doi.org/10.1007/s00425-018-3048-502 
x 503 

19. Lozoya-Gloria, E., Morales-de la Cruz, X. and Ozawa-Uyeda, T. A. (2019). “The Colonial 504 
Microalgae Botryococcus braunii as Biorefinery”. Ch. 7. In: Microalgae - From Physiology 505 
to Application. Vítová M. (Ed.) IntechOpen, London, UK. Pp. 123-144. 506 
https://doi.org/10.5772/intechopen.88206 507 

20. Mehta, P., Jackson, B. A., Nwoba, E. G., Vadiveloo, A., Bahri, P. A., Mathur, A. S., & 508 
Moheimani, N. R. (2019). Continuous non-destructive hydrocarbon extraction from 509 
Botryococcus braunii BOT-22. Algal Research, 41, 101537. 510 
https://doi.org/10.1016/j.algal.2019.101537 511 

21. Nonomura, A. M. (1988). Botryococcus braunii var. Showa (Chlorophyceae) from 512 
Berkeley, California, United States of America. Japanese Journal of Phycology, 36, 285-513 
291. https://patents.google.com/patent/USPP6169P/en 514 

22. Overmans, S., Ignacz, G., Beke, A. K., Xu, J., Saikaly, P. E., Szekely, G., & Lauersen, 515 
K. J. (2022). Continuous extraction and concentration of secreted metabolites from 516 
engineered microbes using membrane technology. Green Chemistry, 24(14), 5479-517 
5489. https://doi.org/10.1039/D2GC00938B 518 

23. Overmans, S., & Lauersen, K. J. (2022). Biocompatible fluorocarbon liquid underlays for 519 
in situ extraction of isoprenoids from microbial cultures. RSC Advances. 12(26), 16632-520 
16639. https://doi.org/10.1039/D2RA01112C  521 

24. Suzuki, R., Ito, N., Uno, Y., Nishii, I., Kagiwada, S., Okada, S., & Noguchi, T. (2013). 522 
Transformation of lipid bodies related to hydrocarbon accumulation in a green alga, 523 
Botryococcus braunii (Race B). PLoS One, 8(12), e81626. 524 
https://doi.org/10.1371/journal.pone.0081626 525 

25. Thapa, H. R., Naik, M. T., Okada, S., Takada, K., Molnár, I., Xu, Y., & Devarenne, T. P. 526 
(2016). A squalene synthase-like enzyme initiates production of tetraterpenoid 527 
hydrocarbons in Botryococcus braunii Race L. Nature Communications, 7, 11198. 528 
https://doi.org/10.1038/ncomms11198 529 

26. Weiss, T. L., Roth, R., Goodson, C., Vitha, S., Black, I., Azadi, P., ... & Goodenough, U. 530 
(2012). Colony organization in the green alga Botryococcus braunii (Race B) is specified 531 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 23, 2023. ; https://doi.org/10.1101/2023.10.23.563540doi: bioRxiv preprint 

https://doi.org/10.1016/j.rser.2017.05.130
https://doi.org/10.1016/j.procbio.2015.11.026
https://doi.org/10.1007/s10811-020-02342-7
https://doi.org/10.1007/s10811-021-02633-7
https://doi.org/10.1016/j.algal.2016.11.014
https://doi.org/10.1007/s00425-018-3048-x
https://doi.org/10.1007/s00425-018-3048-x
https://doi.org/10.5772/intechopen.88206
https://doi.org/10.1016/j.algal.2019.101537
https://patents.google.com/patent/USPP6169P/en
https://doi.org/10.1039/D2GC00938B
https://doi.org/10.1039/D2RA01112C
https://doi.org/10.1371/journal.pone.0081626
https://doi.org/10.1038/ncomms11198
https://doi.org/10.1101/2023.10.23.563540
http://creativecommons.org/licenses/by/4.0/


 25 

by a complex extracellular matrix. Eukaryotic Cell, 11(12), 1424-1440. 532 
https://doi.org/10.1128/ec.00184-12 533 

27. Wellburn, R. W. (1994). The spectral determination of chlorophylls a and b, as well as 534 
total carotenoids, using various solvents with spectrophotometers of different resolution. 535 
Journal of Plant Physiology, 144(3), 307-313. https://doi.org/10.1016/S0176-536 
1617(11)81192-2 537 

28. Yunus, I. S., Anfelt, J., Sporre, E., Miao, R., Hudson, E. P., & Jones, P. R. (2022). 538 
Synthetic metabolic pathways for conversion of CO2 into secreted short-to medium-chain 539 
hydrocarbons using cyanobacteria. Metabolic engineering, 72, 14-23. 540 
https://doi.org/10.1016/j.ymben.2022.01.017 541 

  542 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 23, 2023. ; https://doi.org/10.1101/2023.10.23.563540doi: bioRxiv preprint 

https://doi.org/10.1128/ec.00184-12
https://doi.org/10.1016/S0176-1617(11)81192-2
https://doi.org/10.1016/S0176-1617(11)81192-2
https://doi.org/10.1016/j.ymben.2022.01.017
https://doi.org/10.1101/2023.10.23.563540
http://creativecommons.org/licenses/by/4.0/


 26 

Tables 543 

Table 1. Physico-chemical properties of the solvents used in this work. 544 

 Solvent 
Molecular 

formula 

Molecular weight 

(g/mol) 

Density 

(g/mL) 

Boiling point 

(ºC) 

Water solubility at 20ºC 

(mg/L) 

Alkane Decane C10H22 142 0.73 174 0.052 

solvents Dodecane C12H26 170 0.75 216 0.0037 

 Pentadecane C15H32 212 0.77 271 0.00004 

Halogenated Bromodecane C10H21Br 221 1.07 241 Insoluble 

solvents Bromododecane C12H25Br 249 1.04 276 Insoluble 

 Chlorododecane C12H25Cl 205 0.73 < 1000 0.052 

 FC-770 C4F9NO 399 1.79 95 1.3 

 FC-3283 C9F21N 521 1.82 128 < 5.0 

Green α-Pinene C10H16 136 0.86 156 2.49 

solvernts ɣ-Terpinene C10H16 136 0.85 183 8.72 

 p-Cymene C10H14 134 0.86 177 23.4 

 Heptanol C7H16O 116 0.82 176 1670 

 Nerol C10H18O 154 0.88 225 1311 

 Nopol C13H18O 166 0.97 230–240 333.5 

Control Hexane C6H14 86 0.66 69 0.01 

Hexane is the standard botryococcene extraction solvent.  545 
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