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Abstract 

Botryococcus braunii is a promising microalga for the production of biofuels and other chemicals because of its high 
content of internal lipids and external hydrocarbons. However, due to the very thick cell wall of B. braunii, traditional 
chemical/physical downstream processing very often is not as effective as expected and requires high amounts 
of energy. In this cases, the application of two-phase aqueous-organic solvent systems could be an alternative to 
cultivate microalgae allowing for a simultaneous extraction of the valuable compounds without significant nega-
tive effects on cell growth. Two-phase systems have been applied before, however, there are no studies so far on 
the mechanisms used by microalgae to survive in contact with solvents present as a second-phase. In this study, the 
effects of the solvents limonene, n-decane and n-decanol on growth of the microalga B. braunii as well as the adaptive 
cell response in terms of their phospholipid fatty acid contents were analized. A concentration-dependent negative 
effect of all three solvents on cell growth was observed. Effects were accompanied by changes of the membrane fatty 
acid composition of the alga as manifested by a decrease of the unsaturation . In addition, an association was found 
between the solvent hydrophobicity (given as log octanol–water partition coefficient ( PO−W ) values) and their toxic 
effects, whereby n-decanol and n-decane emerged as the most and least toxic solvent respectively. Among the tested 
solvents, the latter promises to be the most suitable for a two-phase extraction system.
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Introduction
Botryococcus braunii is a microalga that can be found 
in fresh, brackish, and saline water all around the world 
(Aaronson et al. 1983). This microalga is considered to be 
a source of lipids and hydrocarbons and can thus possibly 
serve as a base for renewable fuel production (Ashokku-
mar and Rengasamy 2012). It is known that lipid produc-
tivity in B. braunii is higher when it is cultivated under 
nitrogen-depletion or other stress conditions (Cheng 
et al. 2013). However, the total amount of lipids available 
for biotechnological applications depends on the biomass 

productivity, that is normally reduced under stress con-
ditions. Unlike lipids, hydrocarbon production is propor-
tional to cell growth. Accordingly, more hydrocarbons 
are obtained when more biomass is produced (Kojima 
and Zhang 1999).

For extracting biotechnologically valuable products 
from microorganisms generally two different methods 
are used: (i) intensive extraction from harvested biomass 
(Cooney et al. 2009; Kumar et al. 2015) and (ii) continu-
ous extraction in a two-phase aqueous-organic solvent 
system, during ongoing microbial growth (Kleinegris 
et  al. 2011). This second approach has been used to 
extract valuable compounds such as carotenoids, lipids, 
and hydrocarbons from microalgae maintaining, whereby 
cell growth is, at least partially, maintained (Hejazi and 
Wijffels 2004; Sim et al. 2001; Zhang et al. 2011a).
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Two-phase systems may also be advantageous for the 
extraction of hydrocarbons from B. braunii in a bio-
fuel production context as: (i) most hydrocarbons of B. 
braunii are located outside of the cell wall (approx. 95% 
according to Largeau et  al. (1980)), and are therefore 
more easily extractable than internal lipids; (ii) two-phase 
systems potentially allow for both, the ongoing cultiva-
tion of cells and the harvest of external hydrocarbons 
which move from aqueous to solvent phase.

Maintaining microbial growth in a two-phase system 
depends on the tolerance and adaptive properties of 
microorganisms to the conditions and solvents applied. 
Responses of bacteria in contact with solvents have been 
widely studied (Manefield et  al. 2017) and data show 
that solvent effects on cell membrane include alterations 
in order, packing, and interaction of lipids–lipids and 
lipids–proteins, or impairments on membrane functions 
such as the selective permeability and enzymatic activ-
ity (Isken and de Bont 1998; Mattos 2001; Weber and 
de Bont 1996). Adaptive bacterial responses to counter-
act solvent effects include alterations of the content of 
their membrane phospholipid fatty acids, morphological 
changes, active solvent transport out of cell membrane, 
and modification of surface charge and hydrophobicity 
(Guan et al. 2017; Heipieper et al. 2007; Kusumawardhani 
et al. 2018; Segura et al. 2012).

A convenient proxy for the adaptation of the mem-
brane of eukaryotic cells (including fungi and algae) is the 
fatty acid unsaturation index (UI) (Heipieper et al. 2000). 
This index is the average number of double bonds present 
in every lipid unit in the sample. In this experiment UI 
is the unsaturation level index of membrane fatty acids. 
Therefore, a decrease in the UI is related to a decrease in 
membrane fluidity and an increase in the rigidity of the 
cell membrane (Weber and de Bont 1996), as a response, 
for instance, to membrane fluidizing solvents.

Previous studies examining the effect of stress on the 
fatty acid profile of microalgae include effects of NaCl, 
irradiation, CO2 , temperature and heavy metals (Chen 
et  al. 2008; Dawaliby et  al. 2016; Kalacheva et  al. 2002; 
McLarnon-Riches et  al. 1998; Rao et  al. 2007; Sushchik 
et  al. 2003; Vazquez and Arredondo 1991; Yoshimura 
et  al. 2013; Zhila et  al. 2011). However, to our knowl-
edge so far no study has addressed the solvent stress on 
changes of the UI of microalgae membrane fatty acids.

Depending on goals, solvent selection should be a bal-
ance among different solvent characteristics (Daugulis 
1988). In this study, on the one hand hydrocarbon extrac-
tion capabilities and biocompatibility are necessary, but 
on the other hand a sustainable solvent production and 
an easy solvent-hydrocarbon separation (low energy cost) 
are desirable from a renewable fuel production perspec-
tive. These last two conditions, are reasons to consider 

limonene and decane candidates. The former is a non-
petroleum derived, renewable solvent (Njoroge et  al. 
2004), whereas the latter is one of the lowest molecu-
lar weight highly biocompatible alkanes (León 2003). 
Decanol, the alcohol derived from decane, is less hydro-
phobic and, therefore, more water soluble, what could 
provide a higher hydrocarbon extraction although a 
lower biocompatibility. In this study, only biocompatibil-
ity will be tested.

Limonene has been used before to extract hydropho-
bic compounds such as oils and carotenoids from diverse 
types of matrices with good results (Chemat-Djenni 
et al. 2010; Mamidipally and Liu 2004; Tanzi et al. 2012; 
Virot et al. 2008a, b). Oil extraction yields, based on dry 
weight, have oscillated between 13.1% (Chemat-Djenni 
et al. 2010) and 48.6% (Virot et al. 2008b), although these 
values depend on oil content in their respective matri-
ces. Limonene used to extract lipids from the microalga 
Chlorella vulgaris recovered 38.4% of its respective total 
lipids (Tanzi et al. 2012). Nevertheless, in our knowledge, 
limonene has never been used as solvent in a two-phase 
system to extract hydrophobic compounds.

Decane has been used as solvent to extract hydro-
phobic compounds from two-phase systems with alive 
microalga. Results have varied in biocompatibility and 
extraction capacity, oscillating from high (León 2003; 
León et al. 2001; Zhang et al. 2011b) to low (Hejazi et al. 
2002; León et al. 2001) biocompatibility and from accept-
able (León 2003; Zhang et  al. 2011b) to poor (Mojaat 
et  al. 2008) compound extraction capabilities. These 
results, however, depend on extraction system conditions 
and microalga species and should therefore be taken with 
caution.

In this study, we tested the effects of both mineral sol-
vents, n-decane and its derived alcohol n-decanol, as well 
as the effects of the renewable solvent limonene, on the 
growth and membrane fatty acid profile of the micro-
alga B. braunii in a two-phase aqueous-organic solvent 
system.

Materials and methods
Preculture conditions
A 6 L preculture was established to supply biomass in 
an exponential growth phase for two-phase cultures. 
The microalga strain used in this experiment was Bot-
ryococcus braunii race A (UTEX LB572) provided by 
the Universidad de Antofagasta, Chile. The preculture 
was carried out in a 10 L glass bottle (Cat.No.11 602 00, 
Duran Group) using the medium described by Bazaes 
et al. (2012), but replacing HPO3 for NaH2PO4 . The pH 
was set at 6.5 using HCl (5 M) and the medium was auto-
claved at 121 °C for 21 min. The microalga grew under 
continuous (24:0 h light:dark cycle) cool fluorescent 
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illumination at ca. 1500 lx , and 25 ±  1  °C with neither 
aeration nor CO2 source. To prevent microalga precipita-
tion the flasks were shaken twice a day manually.

Two‑phase cultures
The experiment was set up as a two-factor factorial 
design, with solvent and solvent concentration as fac-
tors. When the biomass in precultures reached the expo-
nential growth phase, 48 parts of the culture were taken 
(100 mL volume) and either limonene, n-decane and 
n-decanol were added in the necessary amount to obtain 
the following solvent concentrations (mM): (1) limonene: 
123.3, 12.3, 1.2, 0.6, 0.3; (2) n-decane: 513.0, 282.2, 51.3, 
28.2, 5.1; (3) n-decanol: 157.3, 15.7, 1.6, 0.8, 0.4. Concen-
trations were determined based upon literature (Frenz 
et  al. 1989b; Liu and Mamidipally 2005; Mojaat et  al. 
2008; Zhang et  al. 2011b) and toxicity assays (OECD 
1984). According to the authors reports and pilot stud-
ies this range of concentrations produce quick cell death 
(higher rates among higher concentrations) but also fully 
functional cells to observe changes in membrane fatty 
acid composition. Three replicates, placed in 240 mL 
flasks with rubber caps, were used for each treatment, 
totalling 48 runs including three control samples (cul-
tures without solvents). After 24 h, two aliquots were 
taken from every flask, one to measure biomass concen-
tration changes (growth) and the other one to determine 
membrane fatty acid profile.

All conditions for two-phase cultures were the same as 
in preculture, including culture media and continuous 
illumination.

Cell growth measurement
Cell growth in culture and preculture was determined 
using a Coulter counter device (isoton II solution as dilu-
ent, 100 μm electrode, 1:500 dilution) (Neumann et  al. 
2005a; Nguyen et al. 2013; Ríos et al. 2012). Samples were 
taken in the morning, and after that two-phase cultures 
were shaken manually twice a day (12.00 and 20.00 h), to 
avoid that solvent droplets in samples modify microalga 
cell concentrations.

Solvent concentration in cell membrane
According to Sikkema et al. (1994) there is a direct cor-
relation between the hydrophobicity given as log P values 
of a solvent and their partitioning in biological mem-
branes. The following empirical relation was estimated: 
log(PM−W ) = 0.97 ∗ log(PO−W )− 0.64 , where PM−W  
and PO−W  are membrane/water and octanol/water par-
tition coefficients, respectively. This equation allows to 
calculate solvent concentration in a membrane for a rest-
ing-system case, which will be helpful for result interpre-
tation (Neumann et al. 2005b).

Characterization of membrane fatty acid profile
Membrane fatty acid profile was characterized for the 
control samples and biomass in contact with solvents 
24 h after the first solvent-microalga contact. Mem-
brane lipids were extracted according to Bligh and Dyer 
(1959) and transformed into fatty acid methyl ester 
(FAME) as described by Morrison and Smith (1964). 
FAME identification was performed using a GC-FID 
Agilent 6890N, equipped with a capillary chromato-
graphic column (CP-Sil 88 capillary column, Chrom-
pack, ID: 0.25 mm, longitude: 50 m, film: 0.2 μm). A 
proxy for the relevant presence of double bonds in the 
membrane fatty acid profile was calculated as follows:

where UI is the unsaturation index (Heipieper et al. 2000; 
Kaszycki et al. 2013).

Data processing
The experiment was set as a two-factor factorial 
design, with solvent and solvent concentration as fac-
tors. All experiments were carried out in triplicates. 
The obtained data were analyzed using analysis of 
variance (ANOVA) to detect significant differences 
between solvents or solvent concentration effects. The 
probability of α (type I error) was set at 5%. All data 
processing and plots were made using the statistical 
computing software R (version 3.3.3) (R Core Team 
2017).

Results
Cell growth
The effect of three solvents of different log PO−W  on 
B. braunii growth was measured (Fig.  1). n-decanol 
(log PO−W  = 3.97) was found to be the most toxic 
solvent tested, resulting in a lower cell concentration 
compared to n-decane and limonene at quasi identi-
cal solvent concentrations (p-value < 0.01). In the case 
of limonene (log PO−W  = 4.23), cultures with concen-
trations lower to 1.2 mM showed higher growth than 
control samples (p-value = 0.03), i.e., values greater 
than 100% as illustrated in Fig.  1. Cultures using 
n-decane as second-phase (log PO−W = 5.01 ) grew 
similarly to the control samples up to 51.3 mM of sol-
vent concentration (p-value = 0.89), and then slowly 
started to decrease to 70% of control sample growth. 
As expected, the general trend for all the solvents was 
a lower relative growth when solvent concentration 
increased and when log PO−W  decreased (see Fig. 1).

(1)UI =
(%C16 : 1+ %C18 : 1)+ (%C18 : 2 ∗ 2)+ (%C18 : 3 ∗ 3)

100
,
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Characterization of fatty acid profile from cells in contact 
with solvents
The fatty acid profile of cells from control samples, 
revealed that cell membranes of B. braunii contain 
mainly oleic acid (C18:1cis9, 28.0%) and palmitic acid 
(C16:0, 25.9%). The main effects of solvents on mem-
brane fatty acid profile were observed on C16:0 and 
C18:1, and to a minor degree on C16:1. C18:2 and C18:3 
showed no significant changes (Fig. 2). On the one hand, 
cells in contact with n-decanol and n-decane synthesized 
higher amounts of C16:0 (p-value < 0.01) on average, fol-
lowed by a decrease in the content of C18:1, especially 
in decane (p-value < 0.01). On the other hand, limonene 
presents a monotonic ascending trend for C16:0 and the 
opposite for C18:1, for increasing solvent concentrations. 
These changes in fatty acid profile were reflected by dif-
ferent UIs, showing differences in response to both the 
solvent type and solvent concentration, suggesting pre-
dominance of saturated fatty acids and those fatty acids 
with one double bond.

Addition of n-decane resulted in a decreased UI 
remaining at UI ≈ 0.82 , regardless of the solvent con-
centration. The presence of limonene and n-decanol 
at the three lowest concentrations levels likewise low-
ered the UI to the following range: UI ≈ 0.90–0.96. For 
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Fig. 2 Effect of n-decanol, n-decane and limonene on membrane fatty acid profile of Botryococcus braunii UTEX LB572 after 24 h biomass-solvent 
contact for 5 different concentrations (1 to 5) and control samples (0). The number 1 correspond to the lowest concentration for every solvent, 
meanwhile number 5 correspond to the highest one. All data represent the average and standard error of the mean of three independent samples
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these solvents, two higher concentrations did not result 
in important changes on the UI compared to the control 
samples (Fig. 3).

Discussion
The aim of this study was to test the effects of n-decane, 
n-decanol, and limonene on growth and membrane 
fatty acid composition, in particular the UI of B. brau-
nii UTEX LB572 cells. Addition of solvents to B. brau-
nii led to differing extents of growth inhibition. At quasi 
equimolar concentration n-decanol was found to be the 
most toxic solvent followed by limonene and n-decane, 
which showed the least inhibitory effects (Fig.  1). Such 

data provide valuable information for a better evaluation 
of the relative physiological status of the cells and associ-
ated changes of their fatty acid profile and UIs as will be 
discussed below.

In 1994, Sikkema et al. (1994) hypothesized that solvent 
toxicity is primarily governed by the amount of solvent 
dissolved into the membrane rather than its chemical 
structure. Thus, the accumulation of molecules in the 
cell membrane of microorganisms would be the cause of 
negative effects on bilayer stability, packing of acyl chains 
and ion leakage problems, resulting in stress, arrest of 
growth, or even cell death in the extreme case (Weber 
and de Bont 1996). This hypothesis was supported by 
results of Heipieper et al. (1995), who, working with dif-
ferent types of solvents on Pseudomonas putida S12, 
found that the concentration in membrane that produces 
a 50% loss in growth is similar for all of them: between 
60 and 200 mM (solvents used were: methanol, ethanol, 
1-butanol, phenol, 1-hexanol, p-cresol, 4-chlorophenol, 
toluene, 1-octanol, and 2,4-dichlorophenol).

In this study, the membrane solvent concentration was 
calculated for the maximum water solubility for every 
solvent, according to the works by Sikkema et al. (1994) 
and Neumann et  al. (2005b). Results in Table  1 show 
that, in a resting system, n-decane reached a maximum 
membrane concentration (MMC) around 6 mM. A low 
value compared with the range 60–200 mM. In contrast, 
MMC for limonene and n-decanol were higher than two 
hundred mM, 294 and 374 mM respectively, suggesting 
that this is the reason for the low toxicity of n-decane 
and high toxic effects of n-decanol on the microalga B. 
braunii. Although this is an approximate estimation of 
the actual solvent concentration in the cell membrane, it 
was consistent with results of the growth curves in Fig. 1. 
These curves show that, on average, solvents with higher 
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Table 1 Physico-chemical properties of solvents used in the two-phase aqueous-organic system

Log PM−W and [M]/[Mdec ] were included as references
a  Logarithm of octanol-water partition coefficient
b  Logarithm of water-membrane partition coefficient
c  Calculated according to Sikkema et al. (1994)
d  MMC: maximum membrane concentration of solvent. Calculated according to Neumann et al. (2005b)
e  Solvent concentration in membrane (M) divided by n-decane concentration in membrane ( Mdec)
f  Data from Mojaat et al. (2008)
g  Data from Filipsson et al. (1998)
h  Data from Frenz et al. (1989b)

Solvents Molar mass (g/
mol)

Maximum water 
solubility (mM)

Log PO−W
a Log log PM−W

b,c MMCd [M]/[Mdec]
e

Decane 142.29 0.000366 5.01f 4.22 6 1

Limonene 136.23 0.101299 4.23g 3.46 294 ≈ 49

n-decanol 158.28 0.230000 3.97h 3.21 374 ≈ 62
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log PO−W  are more biocompatible. This finding is in line 
with previous research on B. braunii and other microal-
gae (Frenz et al. 1989a, b; León et al. 2001; Zhang et al. 
2011a).

Notably, for some concentrations of limonene and 
n-decane, growth reached values greater than 100%. A 
possible explanation is that within a certain range of con-
centration, solvents produced cell membrane instability, 
which in turn favours mass transfer between cells and 
culture medium. Consequently, nutrients and oxygen 
permeate more easily through cell membrane, accelerat-
ing growth (León et al. 2001). This high growth associated 
with limonene and n-decane is also in agreement with 
previous studies on Aerobacter aerogenes and Saccharo-
myces cerevisae (Jia et  al. 1997; Rols et  al. 1990), which 
reported that oxygen dissolves more easily in organic 
solvents compared with water, working as improved oxy-
gen-vectors, thus incrementing the oxygen transfer rate 
and growth in B. braunii cultures. Another reason for the 
high growth could be that solvents are actually working, 
simultaneously, as carbon sources (de Carvalho and da 
Fonseca 2004; de Carvalho et al. 2005), which is possible 
as B. braunii has been reported as a mixotrophic micro-
alga (Tanoi et al. 2010; Zhang et al. 2011b).

The adaptive response of B. braunii to solvent con-
tact was similar for all solvents tested in our studies. 
The greatest changes in fatty acid profile were produced 
by n-decane, where C16:0 abundance was remarkably 
increased while C18:1 decreased. A reduction of C16:1 
also occurred (Fig. 2). As a result of these changes, an UI 
drop from 1.02 (control samples) to around 0.82 for all 
n-decane concentrations was produced (Fig. 3). As Fig. 1 
illustrates, cells in contact with n-decane seem to have a 
growth comparable to control samples for all concentra-
tions. These outcomes suggest that n-decane, dissolved in 
culture media and cell membrane, was enough to stimu-
late cells to produce de novo synthesis of saturated and/
or less unsaturated lipids to counteract increased fluidity, 
but not enough to stop cell growth (Figs. 1 and 3).

According to Piper (1995), solvent accumulation in cell 
membrane produce changes in membrane fatty acids 
similar to those produced by an increase in temperature, 
due to both stressors induce an increment in fluidity and 
loss of selective permeability. B. braunii exposed to ris-
ing temperatures showed a reduction in its UI (Kalacheva 
et al. 2002; Sushchik et al. 2003), as was also found in this 
study. Sushchik et al. (2003) observed that an increment 
from 30 °C up to 40 °C increased C16:0 from 56.3 up to 
73.0% of total fatty acids, while simultaneously C18:2 and 
C18:3 were reduced from 14.9 to 8.8% and from 19.4 to 
10.3%, respectively. In this study, however, there were 
no significant changes in linoleic (C18:2) or linolenic 
(C18:3) acid abundance, probably because the increase in 

membrane rigidity due to the reduction from 3 to 2, or 
2 to 1 double bond is not as large as when the change is 
from 1 to 0 double bond, since the structure of a satu-
rated fatty acid is linear. The underlying logic in a reduc-
tion of membrane fatty acid unsaturation is that saturated 
fatty acids counteract increasing membrane fluidity and 
permeability, due to rising temperature or solvent con-
tact with cells, as they can be packed more tightly due 
to their straightness (Sikkema et al. 1995). Other micro-
algae exposed to a rise in temperature, such as Nanno-
chloropsis sp. (Hu and Gao 2016) and Chlorella vulgaris 
(Sushchik et  al. 2003) also showed a similar behaviour, 
reducing unsaturation. Meanwhile a reduction in tem-
peratures, produce the opposite effect, i.e., increased 
fatty acid unsaturation to maintain membrane fluidity 
(Chen et al. 2008; McLarnon-Riches et al. 1998; Mikami 
and Murata 2003; Thompson et al. 1992).

Microalgae can also change fatty acid unsaturation 
levels to regulate membrane fluidity altered by modifi-
cations in environmental or anthropogenic factors such 
as light, heavy metals,  CO2 or NaCl. However, the direc-
tion of changes are not always clear (Hu and Gao 2016; 
McLarnon-Riches et  al. 1998; Tsuzuki et  al. 1990; Zhila 
et  al. 2011) since eukaryotes use others complementary 
mechanisms to regulate membrane stability, such as pro-
duction of sterols or synthesis of metabolites to counter-
act osmotic pressure produced by salts (Rao et al. 2007; 
Vazquez and Arredondo 1991).

With regard to limonene and n-decanol an UI reduc-
tion was found (compared to control samples) at the 
three lower solvent concentrations, meaning cells were 
still able to perform changes at fatty acids synthesis level, 
despite of the stress produced by solvents. At the two 
higher solvent concentrations the UI remained compara-
ble to the control samples for both solvents. Coincidently, 
higher concentrations of limonene and n-decanol pro-
duced lower growth rates compared to control samples 
suggesting that stress reduces synthesis of fatty acids, 
which is a requisite for a change in the saturated/unsatu-
rated ratio (Segura et al. 2004).

In conclusion, this study confirms for B. braunii, 
what has been known for bacteria: B. braunii performs 
changes in lipid profile and unsaturation of membrane 
lipids in contact with solvents as a strategy to maintain 
membrane fluidity, tolerate stress and keep its growth. 
Additionally, as predicted by log PO−W , n-decanol was 
identified as the most aggressive solvent as second-phase; 
limonene had an intermediate effect, whereas n-decane 
seems to be able to maintain high growth rates even at 
high concentrations, being the most suitable solvent to 
extract valuable lipophilic compounds like hydrocarbons 
in a two-phase culture, under conditions used in this 
study.



Page 7 of 8Concha et al. AMB Expr           (2018) 8:189 

Abbreviations
FAME: fatty acid methyl ester; lx: lux; mM: milimolar; MMC: maximum mem-
brane concentration; PO−W : partition coefficient octanol-water; PW−M: 
partition coefficient water-membrane; UI: unsaturation index.

Authors’ contributions
EC and HJH designed experiment, analyzed data, and wrote the paper. EC 
performed the experiment. LYW, GAC and RN wrote the paper. All authors 
read and approved the final manuscript.

Author details
1 Doctoral Program in Science of Natural Resources, University of La Frontera, 
Av. Francisco Salazar 01145, Temuco, Chile. 2 Department of Environmen-
tal Biotechnology, Helmholtz Centre for Environmental Research-UFZ, 
Permoserstr. 15, 04318 Leipzig, Germany. 3 Department of Environmental 
Microbiology, Helmholtz Centre for Environmental Research-UFZ, Permoserstr. 
15, 04318 Leipzig, Germany. 4 Department of Chemical Engineering, Instituto 
del Medio Ambiente, Scientific and Technological Bio-resource Nucleus, 
University of La Frontera, Av. Francisco Salazar 01145, Temuco, Chile. 5 Depart-
ment of Chemical Engineering, Centre for Biotechnology and Bioengineering 
(CeBiB), Scientific and Technological Bio-resource Nucleus, University of La 
Frontera, Av. Francisco Salazar 01145, Temuco, Chile. 

Acknowlegements
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
All raw data are available at the corresponding author.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Funding
This study was funded by CONICYT award numbers 781211006, 24121442, 
75120043, Anillo de Investigación en Ciencia y Tecnología GAMBIO  Project 
No. ACT172128, CONICYT and FONDECYT 1150707.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 19 June 2018   Accepted: 21 November 2018

References
Aaronson S, Berner T, Gold K, Kushner L, Patni NJ, Repak A, Rubin D (1983) 

Some observations on the green planktonic alga, Botryococcus braunii 
and its bloom form. J Plankton Res 5(5):693–700

Ashokkumar V, Rengasamy R (2012) Mass culture of Botryococcus braunii Kutz. 
under open raceway pond for biofuel production. Bioresour Technol 
104:394–399

Bazaes J, Sepulveda C, Acién F, Morales J, Gonzales L, Rivas M, Riquelme C 
(2012) Outdoor pilot-scale production of Botryococcus braunii in panel 
reactors. J Appl Phycol 24:1353–1360

Bligh EG, Dyer WJ (1959) A rapid method of total lipid extraction and purifica-
tion. Can J Physiol Pharmacol 37(8):911–917

Chemat-Djenni Z, Ferhat MA, Tomao V, Chemat F (2010) Carotenoid extraction 
from tomato using a green solvent resulting from orange processing 
waste. J Essent Oil Bear Plants 13(2):139–147

Chen G-Q, Jiang Y, Chen F (2008) Variation of lipid class composition in 
Nitzschia laevis as a response to growth temperature change. Food Chem 
109(1):88–94

Cheng P, Ji B, Gao L, Zhang W, Wang J, Liu T (2013) The growth, lipid and 
hydrocarbon production of Botryococcus braunii with attached cultiva-
tion. Bioresour Technol 138:95–100

Cooney M, Young G, Nagle N (2009) Extraction of bio-oils from microalgae. 
Sep Purif Rev 38(4):291–325

Daugulis AJ (1988) Integrated reaction and product recovery in bioreactor 
systems. Biotechnol Prog 4(3):113–122

Dawaliby R, Trubbia C, Delporte C, Noyon C, Ruysschaert J-M, Van Antwerpen 
P, Govaerts C (2016) Phosphatidylethanolamine is a key regulator of 
membrane fluidity in eukaryotic cells. J Biol Chem 291(7):3658–3667

de Carvalho CCCR, da Fonseca MMR (2004) Solvent toxicity in organic-aque-
ous systems analysed by multivariate analysis. Bioprocess Biosyst Eng 
26(6):361–375

de Carvalho CCCR, Parreño-Marchante B, Neumann G, da Fonseca MMR, 
Heipieper HJ (2005) Adaptation of Rhodococcus erythropolis DCL14 to 
growth on n-alkanes, alcohols and terpenes. Appl Microbiol Biotechnol 
67(3):383–388

Filipsson A, Bard J, Karlsson S (1998) Limonene: concise international chemical 
assessment document 5. World Health Organization, Geneva

Frenz J, Largeau C, Casadevall E (1989a) Hydrocarbon recovery by extraction 
with a biocompatible solvent from free and immobilized cultures of 
Botryococcus braunii. Enzyme Microb Technol 11(11):717–724

Frenz J, Largeau C, Casadevall E, Kollerup F, Daugulis AJ (1989b) Hydrocarbon 
recovery and biocompatibility of solvents for extraction from cultures of 
Botryococcus braunii. Biotechnol Bioeng 34:755–762

Guan N, Li J, Shin H-D, Du G, Chen J, Liu L (2017) Microbial response to 
environmental stresses: from fundamental mechanisms to practical appli-
cations. Appl Microbiol Biotechnol 101(10):3991–4008

Heipieper HJ, Loffeld B, Keweloh H, de Bont JAM (1995) The cis/trans isomerisa-
tion of unsaturated fatty acids in Pseudomonas putida S12: an indicator 
for environmental stress due to organic compounds. Chemosphere 
30(6):1041–1051

Heipieper HJ, Isken S, Saliola M (2000) Ethanol tolerance and membrane fatty 
acid adaptation in adh multiple and null mutants of Kluyveromyces lactis. 
Res Microbiol 151(9):777–784

Heipieper HJ, Neumann G, Cornelissen S, Meinhardt F (2007) Solvent-tolerant 
bacteria for biotransformations in two-phase fermentation systems. Appl 
Microbiol Biotechnol 74(5):961–973

Hejazi MA, de Lamarliere C, Rocha JMS, Vermuë M, Tramper J, Wijffels RH (2002) 
Selective extraction of carotenoids from the microalga Dunaliella salina 
with retention of viability. Biotechnol Bioeng 79(1):29–36

Hejazi MA, Wijffels RH (2004) Milking of microalgae. Trends Biotechnol 
22(4):189–194

Hu H, Gao K (2016) Response of growth and fatty acid compositions of Nanno-
chloropsis sp. to environmental factors under elevated CO2 concentration. 
Biotechnol Lett 28(13):987–992

Isken S, de Bont JAM (1998) Bacteria tolerant to organic solvents. Extremo-
philes 2(3):229–238

Jia S, Wang M, Kahar P, Park Y, Okabe M (1997) Enhancement of yeast fer-
mentation by addition of oxygen vectors in air-lift bioreactor. J Ferment 
Bioeng 84(2):176–178

Kalacheva GS, Zhila NO, Volova TG (2002) Lipid and hydrocarbon compositions 
of a collection strain and a wild sample of the green microalga Botryococ-
cus. Aquat Ecol 36(2):317–331

Kaszycki P, Walski T, Hachicho N, Heipieper HJ (2013) Biostimulation by 
methanol enables the methylotrophic yeasts Hansenula polymorpha and 
Trichosporon sp. to reveal high formaldehyde biodegradation potential 
as well as to adapt to this toxic pollutant. Appl Microbiol Biotechnol 
97(12):5555–5564

Kleinegris DMM, Janssen M, Brandenburg WA, Wijffels RH (2011) Two-phase 
systems: potential for in situ extraction of microalgal products. Biotechnol 
Adv 29(5):502–507

Kojima E, Zhang K (1999) Growth and hydrocarbon production of microalga 
Botryococcus braunii in bubble column photobioreactors. J Biosci Bioeng 
87(6):811–815

Kumar RR, Rao PH, Arumugam M (2015) Lipid extraction methods from micro-
algae: a comprehensive review. Front Energy Res 2:61

Kusumawardhani H, Hosseini R, de Winde JH (2018) Solvent tolerance in 
bacteria: fulfilling the promise of the biotech era? Trends Biotechnol 
36(10):1025–1039



Page 8 of 8Concha et al. AMB Expr           (2018) 8:189 

Largeau C, Casadevall E, Berkaloff C, Dhamelincourt P (1980) Sites of accu-
mulation and composition of hydrocarbons in Botryococcus braunii. 
Phytochemistry 19(6):1043–1051

León R (2003) Microalgae mediated photoproduction of β-carotene in 
aqueous-organic two phase systems. Biomol Eng 20(4–6):177–182

León R, Garbayo I, Hernández R, Vigara J, Vilchez C (2001) Organic solvent 
toxicity in photoautotrophic unicellular microorganisms. Enzyme Microb 
Technol 29(2–3):173–180

Liu SX, Mamidipally PK (2005) Quality comparison of rice bran oil extracted 
with d-limonene and hexane. Cereal Chem 82(2):209–215

Mamidipally PK, Liu SX (2004) First approach on rice bran oil extraction using 
limonene. Eur J Lipid Sci Technol 106(2):122–125

Manefield M, Lee M, Koenig J (2017) The nature and relevance of solvent stress 
in microbes and mechanisms of tolerance. In: Chénard C, Lauro F (eds) 
Microbial ecology of extreme environments. Springer, Cham, pp 201–213

Mattos C (2001) Proteins in organic solvents. Curr Opin Struct Biol 
11(6):761–764

McLarnon-Riches CJ, Rolph CE, Greenway DLA, Robinson PK (1998) Effects of 
environmental factors and metals on Selenastrum capricornutum lipids. 
Phytochemistry 49(5):1241–1247

Mikami K, Murata N (2003) Membrane fluidity and the perception of environ-
mental signals in cyanobacteria and plants. Prog Lipid Res 42(6):527–543

Mojaat M, Foucault A, Pruvost J, Legrand J (2008) Optimal selection of organic 
solvents for biocompatible extraction of beta-carotene from Dunaliella 
salina. J Biotechnol 133(4):433–441

Morrison WR, Smith LM (1964) Preparation of fatty acid methyl esters and 
dimethylacetals from lipids with boron fluoride-methanol. J Lipid Res 
5(4):600–608

Neumann G, Veeranagouda Y, Karegoudar TB, Sahin Özlem, Mäusezahl I, 
Kabelitz N, Kappelmeyer U (2005a) Cells of Pseudomonas putida and 
Enterobacter sp. adapt to toxic organic compounds by increasing their 
size. Extremophiles 9(2):163–168

Neumann G, Kabelitz N, Zehnsdorf A, Miltner A, Lippold H, Meyer D, Schmid 
A, Heipieper HJ (2005b) Prediction of the adaptability of Pseudomonas 
putida DOT-T1E to a second phase of a solvent for economically sound 
two-phase biotransformations. Appl Environ Microbiol 71(11):6606–6612

Nguyen HM, Cuine S, Beyly-Adriano A, Legeret B, Billon E, Auroy P, Beisson 
F, Peltier G, Li-Beisson Y (2013) The green microalga Chlamydomonas 
reinhardtii has a single-3 fatty acid desaturase which localizes to the chlo-
roplast and impacts both plastidic and extraplastidic membrane lipids. 
Plant Physiol 163(2):914–928

Njoroge SM, Koaze H, Karanja PN, Sawamura M (2004) Essential oil constitu-
ents of three varieties of kenyan sweet oranges (Citrus sinensis). Flavour 
Fragr J 20(1):80–85

OECD (1984) OECD guideline for testing of chemicals: alga growth inhibition 
test. vol. 201

Piper PW (1995) The heat shock and ethanol stress responses of yeast 
exhibit extensive similarity and functional overlap. FEMS Microbiol Lett 
134(2):121–127

R Core Team (2017) R: a language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna

Rao AR, Dayananda C, Sarada R, Shamala TR, Ravishankar GA (2007) Effect of 
salinity on growth of green alga Botryococcus braunii and its constituents. 
Bioresour Technol 98(3):560–564

Ríos SD, Salvadó J, Farriol X, Torras C (2012) Antifouling microfiltration strate-
gies to harvest microalgae for biofuel. Bioresour Technol 119:406–418

Rols JL, Condoret JS, Fonade C, Goma G (1990) Mechanism of enhanced oxy-
gen transfer in fermentation using emulsified oxygen-vectors. Biotechnol 
Bioeng 35(4):427–435

Segura A, Duque E, Rojas A, Godoy P, Delgado A, Hurtado A, Cronan JE, Ramos 
J-L (2004) Fatty acid biosynthesis is involved in solvent tolerance in Pseu-
domonas putida DOT-T1E. Environ Microbiol 6(4):416–423

Segura A, Molina L, Fillet S, Krell T, Bernal P, Munoz-Rojas J, Ramos J-L (2012) 
Solvent tolerance in gram-negative bacteria. Curr Opin Biotechnol 
23(3):415–421

Sikkema J, de Bont JA, Poolman B (1994) Interactions of cyclic hydrocarbons 
with biological membranes. J Biol Chem 269(11):8022–8028

Sikkema J, de Bont JA, Poolman B (1995) Mechanisms of membrane toxicity of 
hydrocarbons. Microbiol Rev 59(2):201–222

Sim S-J, An J-Y, Kim B-W (2001) Two-phase extraction culture of Botryococcus 
braunii producing long-chain unsaturated hydrocarbons. Biotechnol Lett 
23(3):201–205

Sushchik NN, Kalacheva GS, Zhila NO, Gladyshev MI, Volova TG (2003) A 
temperature dependence of the intra and extracellular fatty-acid 
composition of green algae and cyanobacterium. Russ J Plant Physiol 
50(3):374–380

Tanoi T, Kawachi M, Watanabe MM (2010) Effects of carbon source on growth 
and morphology of Botryococcus braunii. J Appl Phycol 23(1):25–33

Tanzi CD, Vian MA, Ginies C, Elmaataoui M, Chemat F (2012) Terpenes as green 
solvents for extraction of oil from microalgae. Molecules 17(7):8196–8205

Thompson PA, Guo M-X, Harrison PJ, Whyte JNC (1992) Effects of variation in 
temperature. ii. on the fatty acid composition of eight species of marine 
phytoplankton. J Phycol 28(4):488–497

Tsuzuki M, Ohnuma E, Sato N, Takaku T, Kawaguchi A (1990) Effects of CO2 
concentration during growth on fatty acid composition in microalgae. 
Plant Physiol 3(93):851–856

Vazquez R, Arredondo BO (1991) Haloadaptation of the green alga Botryococ-
cus braunii (race A). Phytochemistry 30(9):2919–2925

Virot M, Tomao V, Ginies C, Visinoni F, Chemat F (2008a) Green procedure with 
a green solvent for fats and oils determination. Microwave-integrated 
soxhlet using limonene followed by microwave clevenger distillation. 
J Chromatogr A 1196–1197:147–152. https ://doi.org/10.1016/j.chrom 
a.2008.04.035

Virot M, Tomao V, Ginies C, Chemat F (2008b) Total lipid extraction of food 
using d-limonene as an alternative to n-hexane. Chromatographia 
68(3–4):311. https ://doi.org/10.1365/s1033 7-008-0696-1

Weber FJ, de Bont JA (1996) Adaptation mechanisms of microorganisms to the 
toxic effects of organic solvents on membranes. Biochim Biophys Acta 
Rev Biomembr 1286(3):225–245

Yoshimura T, Okada S, Honda M (2013) Culture of the hydrocarbon producing 
microalga Botryococcus braunii strain Showa: Optimal CO2 , salinity, tem-
perature, and irradiance conditions. Bioresour Technol 133:232–239

Zhang F, Cheng L-H, Xu X-H, Zhang L, Chen H-L (2011a) Screening of 
biocompatible organic solvents for enhancement of lipid milking from 
Nannochloropsis sp. Process Biochem 46(10):1934–1941

Zhang H, Wang W, Li Y, Yang W, Shen G (2011b) Mixotrophic cultivation of 
Botryococcus braunii. Biomass Bioenergy 35(5):1710–1715

Zhila NO, Kalacheva GS, Volova TG (2011) Effect of salinity on the biochemical 
composition of the alga Botryococcus braunii Kütz IPPAS H-252. J Appl 
Phycol 23(1):47–52

https://doi.org/10.1016/j.chroma.2008.04.035
https://doi.org/10.1016/j.chroma.2008.04.035
https://doi.org/10.1365/s10337-008-0696-1

	Effects of limonene, n-decane and n-decanol on growth and membrane fatty acid composition of the microalga Botryococcus braunii
	Abstract 
	Introduction
	Materials and methods
	Preculture conditions
	Two-phase cultures
	Cell growth measurement
	Solvent concentration in cell membrane
	Characterization of membrane fatty acid profile
	Data processing

	Results
	Cell growth
	Characterization of fatty acid profile from cells in contact with solvents

	Discussion
	Authors’ contributions
	References




