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Abstract
There is evidence that water-soluble fraction (WSF) from fuel oil/diesel mixture affects marine microbiota. In order to establish a
sequence of WSF effects during microalgal growth, this work aimed to monitor Dunaliella tertiolecta exposed to WSF during
15 days. Three different pigments (chlorophyll a, lutein, and β-carotene) and four metabolites (protein, lipids, fatty acids, and
phenols) were studied, and FTIR spectroscopy was used to determine the biomolecular transitions of lipids and their accumu-
lation. The results show that D. tertiolecta triggered a physiological and biochemical response with changes in growth rate,
pigments, phenols, lipids, and proteins of the microalga, although fatty acid profile was unaltered. For all the biochemical
parameters altered, there were significant differences with the controls. At the end of the assay, exposed D. tertiolecta showed
similar values with the control on all the compounds analyzed, except lipids. FTIR absorbance showed an increase in unsaturated
acyl chains within the exposed microalgae, giving support for a possible uptake of hydrocarbons from WSF. Variation in
pigments and phenol contents is presented as an integrated antioxidant response to the stress imposed by WSF. Overall, this
research provides information about the effects of WSF on D. tertiolecta, and the ability of this microalga to recover after long-
term exposure to the water-soluble fraction of fuel oil/diesel.
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Introduction

One of the main problems faced by coastal ecosystems is hy-
drocarbon pollution (Parab et al. 2008). Some oil components
are moderately water-soluble, and they may leach into seawa-

ter; this affects marine organisms, especially planktonic micro-
organisms, such as microalgae, since their growth and devel-
opment are strictly dependent on water quality (Morales-Loo
and Goutx 1990; Parab et al. 2008). Microalgae respond dif-
ferently to hydrocarbon pollution. This response depends on
the microalgae species, the type, and the concentration of the
fuel oil (Kadiri and Eboigbodin 2012). For ocean service ships,
fuel oil must be combined with other components, as diesel, to
meet an acceptable specification to be suitable for larger en-
gines (Draffin 2008). This mixture of hydrocarbons can be a
source of contamination in the case of port accidents and acci-
dental spills. Furthermore, diesel water-soluble fraction (WSF),
also known as WAF (water-accommodated fraction), is toxic-
ity associated with the development of several microalgae, and
this effect is related to the heavy aromatic hydrocarbons in the
soluble fraction of diesel (Pereira et al. 2012).

Marine microalgae, the most abundant species in aquatic
environments, can develop a variety of mechanisms to reduce
the toxicity of oil hydrocarbons (Torres et al. 2008), but the
traits that make them more resistant are not extensively stud-
ied. Dunaliella tertiolecta, a marine microalga, is known as a
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more tolerant species to petroleum compounds than other
microalgae (Siron et al. 1991; Okumura et al. 2003). Searching
for the response to crude oil derivate toxicity, several authors
have observed some degree of oil resistance in this microalga,
but mechanisms developed to face hydrocarbons are still not
completely understood. Morales-Loo and Goutx (1990) ob-
served retardation of growth on D. tertiolecta under WSF, but
total inhibition was not observed at 100% WSF. Siron et al.
(1991) noticed stimulation of the exponential growth phase on
D. tertiolecta exposed to WSF, following the reduction of pho-
tosynthetic capacity during the lag phase. Carrera-Martinez et al.
(2010) studied photosynthetic response and attributed resilience
to genetic adaptation, an idea also supported by others. Romero-
Lopez et al. (2012) observed that D. tertiolecta exposed to pe-
troleum or diesel (3%) responds through physiological acclima-
tization and becomes petroleum-resistant by raremutations under
higher hydrocarbon levels (9%). Bretherton et al. (2018) exam-
ined physiological responses during exposure to oil water-
soluble components. Among ten marine species from marine
microbiota, they identified D. tertiolecta as a “robust” species,
withmostly unaffected growth rates or time spent in lag phase by
water-accommodated fractions. In contrast, Shiu et al. (2020),
who exposed nine marine microbial cells to water-
accommodated fraction, suggestD. tertiolecta as a sensitive spe-
cies based on the decrease of DNA in D. tertiolecta cells after a
24-h exposition to WSF. Recently, Bretherton et al. (2020) stud-
ied the response of 15 phytoplanktonic species to oil and oil
dispersants and found that cell size and motility are essential
determinants of the resistance of organisms to oil. However, their
findings only account for a third of the variance observed, so
further work is needed to identify other factors contributing to
this resistance.

Besides physiological trai ts , biochemical and
physiological variations are useful tools to understand and
monitor biological phenomena under hydrocarbon
exposition. In their work, Shiu et al. (2020) examined the
effect of WSF on D. tertiolecta and pointed the triggering
effect of oil not only on the release of extracellular polymeric
substances but also in the induction of changes in their com-
position. Biochemical variations inside the cells under expo-
sure to oil derivates might be an adequate means to under-
stand the complete response. Oil WSF causes oxidative
stress in some microalgae (Jiang et al. 2010; Ramadass
et al. 2015), affecting cell membranes and the synthesis of
proteins, and generates a decrease in the chlorophyll a con-
tent, among other noxious effects (Jiang et al. 2010).
Microalgae have shown varied responses to oil (Bretherton
et al. 2018), and it has been reported that microalgae under
environmental stress conditions modify the concentrations of
multiple bioactive compounds inside the cell, such as pig-
ments, phenols, and lipids as a physiological response
(Fazeli et al. 2006; Wang and Jia 2020). Carotenoids are
pigments that protect the photosynthetic apparatus in plants

by dissipating excess energy and acting as antioxidants
(Ahmed et al. 2014). Under stress, the microalgae of the
genus Dunaliella can accumulate these pigments as a phys-
iological response (Fazeli et al. 2006). Studies demonstrat-
ed that phenolic compounds in plants act as a protective
mechanism against a wide range of stresses, giving a var-
iation in phenols per cell (López et al. 2015). This behav-
ior has been reported for D. tertiolecta, which presented a
significant variation in the content of phenolic compounds
under metallic stress and different light intensity condi-
tions (López et al. 2015; Gomez et al. 2016). For many
microalgal species, protein and lipid production is modi-
fied in response to various stress conditions such as salin-
ity change (Tammam et al. 2013), nutrient starvation
(Rukminasari 2013; Poh et al. 2020), hydrocarbon expo-
sure (Morales-Loo and Goutx 1990; El-Sheekh et al.
2000), or induced oxidative stress (Chu et al. 2020).
Parab et al. (2008) stated that, at high concentrations of
oil WSF, growth and the protein biosynthesis content of
Thalassiosira sp. were affected, indicating that the bio-
synthesis of proteins might be considered a possible target
of oil toxicity. For lipids, the crude oil WSF caused var-
iations in the content of the different lipid classes on
D. tertiolecta, showing an accumulation of hydrocarbons
and sterols at the logarithmic phase (Morales-Loo and
Goutx 1990). Besides, Shishlyannikov et al. (2017) stated
that hydrocarbons, being nonpolar compounds, can be in-
corporated into the membrane and then inside the cell by
passive diffusion, leading to an accumulation of hydrocar-
bons in the lipid bodies of microalgae.

A novel tool to evaluate lipids in microalgae is Fourier
transform infrared spectroscopy (FTIR). This method allows
the monitoring of lipid accumulation while using a small
amount of biomass and without destroying the samples.
Grace et al. (2020) indicated that using the second-order de-
rivative of FTIR absorbance of the spectra improves the iden-
tification of signals by enhancing the resolution of the absorp-
tion peaks of interest components.

Even though there is information on pigments, lipids,
proteins, and phenolic content in D. tertiolecta, little infor-
mation is available on the change of these compounds under
stress conditions such as the exposure to soluble hydrocar-
bons of the fuel oil/diesel mix. Investigation of the effect of
water-soluble oil components on these compounds in grow-
ing cells would provide an excellent basis for a better picture
of the events preceding the death/survival/resilience of some
marine microbiota species. The present work aimed to in-
vestigate the effects of the WSF on the microalgae
D. tertiolecta on growth, pigments, and biochemical compo-
nents. In this approach, we selected three different pigments
(chlorophyll a, lutein, and β-carotene) and four metabolites
(protein, lipids, fatty acids, and phenols), all of which are
related to defense mechanisms in microalgae.
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Materials and methods

Preparation of stock solution of the water-soluble
fraction of fuel oil/diesel

The fuel oil was provided by Captain Norma Hernández of the
Second Naval Region, Ensenada, Baja California, México.
The diesel was purchased directly from a PEMEX gas station
in the same city. The fuel oil was mixed with diesel (85:15). A
stock solution of WSF was prepared with seawater and the
hydrocarbon mixture (9:1) (Siron et al. 1991). The recipient
was gently shaken without disturbing the oil/water interface.
The natural seawater was previously filtered (0.45 μm), treat-
ed with UV light, and sterilized.

Microalgae culture conditions

Dunaliella tertiolectawas obtained from the culture collection
of the Aquaculture Department of the Center of Scientific
Research and Higher Education of Ensenada (CICESE),
Baja California, México. The microalgae were grown in an
initial culture batch in a 1-L bottle, with f/2 medium (Guillard
and Ryther 1962), temperature of 19 ± 1 °C, and the salinity of
34 PSU, provided with continuous light (67.5 μmol m−2 s−1).

Toxicity test

Microalgal cells in the logarithmic phase were used for all the
toxicity experiments. After preliminary testing (data not
shown), a WSF 50% concentration was selected for the defin-
itive toxicity test for a concentration high enough to cause an
effect but not too high to kill microalgae. The definitive tox-
icity test was performed with a 105-mL aliquot of microalgae
culture mixed in a 1-L glass bottle withWSF and seawater to a
50% WSF final. As a control group, a 105-mL aliquot of
culture was placed in a 1-L bottle and mixed with seawater.
The final volume for both groups was 900 mL, and the initial
cell density was 100,000 cell mL−1. Control and test bottles
were triplicated and placed in a temperature of 19 ± 1 °C, pro-
vided with continuous light (67.5 μmol m−2 s−1), in f/2 medi-
um for 15 days. Samples from all six bottles were collected on
days 3, 6, 9, 12, and 15 to monitor growth and biochemical
response.

Monitoring of microalgal cultures

The cell density was estimated by counting cells using a
Neubauer chamber with a microscope Primo Star, Carl Zeiss
(n = 3). The growth rate (μ) was calculated according to
Vonshak andMaske (1982). The biomass producedwas quan-
tified based on the total dry weight (DW). Fifty-milliliter sam-
ples were collected from the cultures and centrifuged. After
centrifugation, the pellet was rinsed with 3% ammonium

formate, and then freeze-dried. The DW of the biomass was
determined using an analytical scale (Explorer Pro EP114C,
OHAUS, Switzerland).

Determination of pigments by HPLC

Microalgae samples (15 mL) of the culture were harvested by
centrifugation on days 3, 6, 9, 12, and 15. The supernatants
were carefully removed, and the cell pellets were stored at −
20 °C until further analysis. For the extraction procedure, the
cell pellets were defrosted, suspended in 1.5 mL of 100%
methanol, and sonicated for 5 min. The mixtures were stored
in the dark for 1 h at 4 °C and then centrifuged. The superna-
tants were recovered and filtered to be analyzed by HPLC,
Agilent Technologies® chromatograph, model 1260
INFINITY, equipped with a Zorbax C8 column of 4.36 ×
150 mm and particle size of 5 μm.

Standard pigments Chlorophyll a (Sigma-Aldrich), β-caro-
tene, and lutein (DHI, Denmark) were used to calculate the
concentrations of pigments. The identification and quantifica-
tion of the pigments were performed by triplicate, as described
by Orosa et al. (2005).

Total phenolic determination

Microalgae were harvested by centrifugation at 4800 rpm for
15 min in a refrigerated centrifuge (Allegra 64R Centrifuge,
Beckman Coulter), and freeze-dried. Total phenolic com-
pounds in D. tertiolecta were extracted using a modification
of the method described by Goiris et al. (2012). Briefly,
freeze-dried biomass was extracted with ethanol/water 75%
(v/v). The mixture was centrifuged at 4500 rpm for 15 min,
and the supernatants obtained were stored at − 20 °C before
analysis. Extractions were performed in the dark at room tem-
perature. The phenolic content of D. tertiolecta in the extracts
was determined by the Folin–Ciocalteu method modified by
Goiris et al. (2012). An aliquot of the extract was mixed with
the Folin–Ciocalteu reagent diluted tenfold. Afterward, a so-
dium bicarbonate solution was added to the mixture and then
incubated. The absorbance was measured at 765 nm. Phenols
and polyphenols were quantified (n = 3) using gallic acid as
standard, and the results are expressed as milligrams of gallic
acid equivalents (GAE) per gram of biomass.

Protein content

Protein content was determined by the method of Lowry et al.
(1951). D. tertiolecta was harvested by centrifugation at
4500 rpm for 15 min, at 4 °C and conserved at − 80 °C in a
nitrogen atmosphere. The pellet was resuspended in 1 mL of
distilled water, and an aliquot was quantified following the
Lowry method (n = 3). A calibration curve in the range of
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25–500 μg mL−1 was generated by using bovine serum albu-
min (BSA) as standard.

Total lipid quantification

The sulfo-phospho-vanillin (SPV) assay for lipid estimation,
described by Mishra et al. (2014), was used for lipid quantifi-
cation of D. tertiolecta culture. The algal biomass was har-
vested via centrifugation at 4000 rpm for 10 min. The
phospho-vanillin reagent was prepared with 12% (w/v) of
vanillin, dissolved in ethanol:water:phosphoric acid (1:9:40),
and then proceeded to the quantification following the se-
quence described in the methods cited above (n = 3). The ab-
sorbance at 530 nm was measured against a blank, using
100 μL of distilled water. Canola oil (Sigma-Aldrich) was
used as the standard for the calibration curve.

Fatty acid composition

Lyophilized algal cells harvested on day 15 were extracted
three times with dichloromethane: methanol (2:1 v/v) using
the Folch extraction method as modified by Badillo Zapata
et al. (2016). The extract was preserved with 0.01% BHT to
avoid oxidation.

The lipids obtained were saponified and esterified to form
methyl esters of fatty acids (FAME). The total FAME was
weighed and resuspended in hexane to obtain a final concen-
tration of 100 mg mL−1 (Badillo Zapata et al. 2016). The
samples were analyzed in an Agilent GC 6850 gas chromato-
graph, equipped with an injector split/splitless, a flame ioni-
zation detector (FID), and a capillary column (Agilent, DB-
FFAP; (Agilent J&W, GC columns) 30 m × 0.320 mm, film
thickness 0.25 μm). The carrier gas used was nitrogen. FAME
peaks were identified and quantified using as standard a 37
component FAME standard mix (Supelco/Sigma-Aldrich)
(n = 3). The total lipid content was calculated by summing
up all peaks except for the solvent peak (Mishra et al. 2014).

Lipid characterization by Fourier transform infrared
spectrometry

D. tertiolecta was harvested every third day by centrifugation
for 15 min at a speed of 4000 rpm at 4 °C. Then, the pellet was
transferred to an Eppendorf tube and frozen at − 20 °C with a
nitrogen atmosphere. The pellets were lyophilized for 24 h
and stored at − 20 °C. Functional groups in biomass were
identified using a Perkin-Elmer FTIR Spectrum Two.
Spectra were normalized by the Amide I band at ~
1650 cm−1, and then smoothed by the Savitzky–Golay meth-
od using Origin Pro 8.0 software (Origin Lab Corporation,
Northampton, MA, USA). Absorbances of the FTIR spectra
were used to calculate the second-order derivative, and a neg-
ative peak was obtained for each band and shoulder in the raw

absorption spectra (Stuart 2004). Second-order derivatives of
absorbance were expressed as SDA. Then, the area of the
negative peaks of the lipid bands was calculated to obtain
the total lipid content of microalgae, using Eq. (1):

ATotal lipids

� � ¼ AUFAð Þ þ ATAGð Þ ð1Þ

where:
(AUFA) = total sum of areas of the unsaturated fatty acid

bands = (A1290 cm−1 ) + (A3010 cm−1 )
(A1290 cm−1 ) = area of the negative peak due to = C-H

vibration
(A3010 cm−1 ) = area of the negative peak due to the vibration

in CH=CH bonds
(ATAG) = total area of the triacylglycerols = (A1740 cm−1 )
(A1740 cm−1 ) = area of the negative peak due to the carbonyl

stretches νC=O
From the results in Eq. (1), the biomolecular transitions of

lipids were evaluated and monitored. ATAG and AUFA were
calculated as a percentage of the total lipids.

Data analysis

Two-way analysis of variance (ANOVA) was performed to
assess the normality of distribution of all continuous variables.
Differences in biochemical responses between control and
WSF exposed groups were assessed by Tukey’s method of
pairwise comparisons. The statistical significance was
established at 95% (p < 0.05). Pearson correlation analysis
was performed to find possible relations among pigment var-
iations with the exposure to WSF. The statistical analysis was
carried out usingMinitab Statistical Software (version 17.3.1).
Results are presented as average ± standard deviation (n = 3).

Results

Effect of WSF on the growth of Dunaliella tertiolecta

The growth curves of Dunaliella tertiolecta in the medium
with 50% WSF and control did not show a lag phase
(Fig. 1a). The logarithmic phase (LP) in all culture media
lasted 5 days, followed by a slow growth phase (SGP) that
lasted 7 days. Then, a stationary phase (SP) was observed until
the end of cultivation on day 15. At this stage, the maximum
microalgal density of the group exposed to WSF (4.54 × 106

cells mL−1) had no significant difference with the control
group (4.67 × 106 cells mL−1). The maximum specific growth
rates (μ) were 1.08 on day 3 and 1.21 on day 4 for the exposed
and the control group, respectively (Fig. 1b). A decrease in the
growth rate was found at day 4 in the exposed group, with a
significant difference compared with the control group.
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Pigments

In the control group, a maximum of chlorophyll a (9.83 mg g−1)
was observed in the early SGP (day 6). Under the presence of
WSF in culture media,D. tertiolecta presented an increase in the
chlorophyll a content between day 3 (1.91 mg g−1) and day 6
(5.71 mg g−1), reaching a level that was maintained until the end
of the test (Fig. 2a). On day 6, chlorophyll a in the exposed group
was 42% lower than the chlorophyll a in control (p < 0.05).

In lutein productivity, there was no difference between
groups. The maximum lutein content was found on day 6
for the control with 3.65 mg g−1 (Fig. 2b). After 15 days of
incubation in WSF, the amount of lutein detected was
2.31 mg g−1, comparable value with the concentration found
in the control group (2.02 mg g−1). The concentration of lutein
presented significant differences between the phases of
growth in the control (p < 0.05). At the SGP, the lutein content
was higher than in the LP (day 3) and SP, with a tendency to
decrease when the culture grew older. This behavior was not
observed in the exposed group ofD. tertiolecta, which did not
show significant differences between phases.

The lutein content in the control group showed a high cor-
relation (Pearson coefficient,R = 0.915) with the level of chlo-
rophyll a in D. tertiolecta (Fig. 3); on the contrary, for WSF
group this correlation was low (R = 0.561). For the exposed
group, the ratio of a gram of lutein per gram of chlorophyll a
was similar in the LP and SGP compared with the ratio cal-
culated for the control group. At the SP (day 15), the ratio of

lutein to chlorophyll a was higher for the exposed group
(0.73 g g−1) when compared with the control at the same phase
(0.5 g g−1) (p < 0.05).

D. tertiolecta cultivated with 50% WSF presented varia-
tions on β-carotene content. On day 3, the β-carotene content
in the microalga exposed toWSF was significantly lower than
the value in the control group (Fig. 2c). On the other hand, on
day 6, this pigment in the exposed group was almost four
times the value for the control. An increase through the growth
curve in the β-carotene content was observed in the exposed
culture, reaching a maximum content at the SP (days 12 and
15). The ratio of a gram ofβ-carotene per gram of chlorophyll
a for the exposed group (0.031 g g−1) was more than six times
the ratio found in the control group (0.004 g g−1), at the early
SGP. At the SP, there was no significant difference in the ratio
β-carotene:chlorophyll a between both groups.

Total phenolic content

The phenolic content ranged from 4.50 to 7.50 mg GAE g−1

on D. tertiolecta cultured with 50% WSF. In this group, the
maximum of phenols observed on day 3 was higher than the
control value. However, at the SP (day 12), the amount of
phenol for the exposed group was lower than the value of
the control group (Fig. 4). Phenols in D. tertiolecta exposed
to WSF presented a tendency to decrease with time, showing
significant differences between phases of growth. This ten-
dency was not observed in the control group.

Fig. 1 a Growth curve for
Dunaliella tertiolecta. b Specific
growth rate μ (day−1) of
D. tertiolecta. Horizontal lines
show the phase of growth through
time. Error bars represent
standard error, n = 3. Asterisk
indicates significant statistical
difference (p < 0.05)
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Protein

Amaximum of protein was observed in the early SGP (day 6)
on the control group (Fig. 5a); on the contrary, protein content
in the exposed group showed no significant difference through
the growth curve. The maximum protein content of the control

group, found in day 6, was 33% greater than the value ob-
served in the microalgae exposed to 50% WSF.

Total lipids

At the LP and SGP, there were no significant differences
between the groups in the lipid content by sulfo-phospho-
vanillin (SPV) analysis (Fig. 5b). In the total lipid content,
there was a difference of more than 40% at the SP between
the exposed group and the control, being the former higher
than the latter. D. tertiolecta under stress showed an increase
in the lipid content through growth. The total lipids for day 15
are shown in Table 1 as the percentage of microalgal lipid
content based on the SPV quantification.

Fatty acid profile

There were no significant variations of FAME profile of ex-
tracted lipid fromD. tertiolecta at day 15 between control and

Fig. 2 Pigments in Dunaliella tertiolecta exposed to 50% WSF and
control group, in f/2 media. a Chlorophyll a, b lutein, and c β-carotene
expressed in milligrams per gram of dry weight (mg g−1). Error bars
represent standard error, n = 3. Asterisk indicates a significant difference
between groups (p < 0.05)

Fig. 4 Total phenolic content (mg GAE g−1 dry weight) in Dunaliella
tertiolecta, for control and exposed to 50% WSF group. Error bars
represent standard error, n = 3. Asterisk indicates significant statistical
difference (p < 0.05) between groups

Fig. 3 Correlation between lutein and chlorophyll a content inDunaliella
tertiolecta (n = 3). R = 0.561, slope = 0.1219 and R = 0.915, slope =
0.2108, for exposure (50% WSF) and control group, respectively
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exposed group by GC analysis. For both, the major fatty acids
of D. tertiolecta were a saturated fatty acid (SFA), 16:0 (18%
of total fatty acids), and a polyunsaturated fatty acid (PUFA),
18:3 (37% of total fatty acids). Of the total fatty acids, 80%
were identified in both groups. The total lipid amount based
on the data obtained from the GC analysis showed no signif-
icant difference between the exposed and control groups. Data
are shown as the percentage of microalgal lipid content based
on the GC quantification in Table 1.

FTIR analysis

FTIR spectra ofD. tertiolecta showed typical bands of absorp-
tions for control and exposed groups, but differences in inten-
sities were observed (range 4500–450 cm−1). In both groups,
we identified the characteristic lipid bands, namely, the bands
between 3050 and 2800 cm−1 (Fig. 6a, b), 1770–1710 cm−1

(Fig. 7a, b), and the peak ~ 1290 cm−1. Also, for lipid bands,
we observed slightly overlapping peaks in the ranges studied.
The bands were assigned to specific functional groups based
on published works (Stuart 2004; Laurens andWolfrum 2011;
Grace et al. 2020). The FTIR data of day 6 and 12 are omitted
for clarity.

SDA analysis of the C–H stretching vibration bands (3050
to 2800 cm−1) of lipids in D. tertiolecta showed differences
among spectra from cells after 3, 9, and 15 days of exposition
toWSF. On day 3, vibration in CH=CH bonds exhibits a small
signal around 3010 cm−1, which splits on day 15 in two peaks
at ~ 3013 cm−1 and ~ 3005 cm−1 (Fig. 6c). A weak peak was
found at 2925 cm−1 on day 3 and 9. On day 15, a strong peak
was observed in the same wavenumber. For the control group,
the intensity of the CH2 band at 2925 cm

−1 was similar for all
the spectra (Fig. 6d).

For the range 1710–1770 cm−1, similar spectra were found
for exposed and control groups during the toxicity test (Fig.
7). On days 3 and 9, the SDA analysis showed small intensity
peaks around ~ 1740 cm−1 (carbonyl stretches, νC=O), for the
two groups. However, on day 15, a stronger signal for this
band was observed for both conditions, exposed and unex-
posed (Fig. 7c, d). SDA analysis also revealed a weak peak
at 1290 cm−1 in all the spectra, with a small increase in inten-
sity from day 3 to day 15 for the exposed group. For the
control group, a small change in the opposite order given of
time was found.

Based on Eq. (1) and the SDA analysis, the calculated per-
centage of triacylglycerols (TAG) on day 3 was almost 82% of
the total lipids for the exposed group. A lower value of TAG
was observed in the control group, being only 30% of the total
lipids (Fig. 8a). In contrast, the percentage of unsaturated fatty
acid (UFA) represented 18% and 70% for the exposed and
control groups, respectively. On day 9, a minimum TAG per-
centage (36%) was observed for the exposed group, followed
by an increase at the end of the experiment on day 15. For the
control group, we observed a noticeable increase in the TAG on
day 15. Correspondingly, the UFA percentage of the exposed
group was 63% and 32% on days 9 and 15 (Fig. 8b). A note-
worthy decrease in UFA percentages was from 54% (day 9) to
20% (day 15) for the control group.

The TAG:UFA ratio in the exposed group on day 3 was
higher than the ratio found in the control group. For days 9 and
15, the TAG:UFA ratio in the exposed group was lower than
the control group ratio. The TAG calculated by the SDA anal-
ysis comprised the saturated fatty acids (SFA) and the

Fig. 5 a Protein content (mg g−1 DW) and b total lipids (mg g−1 DW) in
Dunaliella tertiolecta, for control and exposed to 50%WSF group. Error
bars represent standard error, n = 3. Asterisk indicates significant
statistical difference (p < 0.05) between groups

Table 1 Comparison of the percentage of total lipid content per dry
weight in Dunaliella tertiolecta exposed to 50% WSF, and control,
performed by two different methods, Gas chromatography and sulfo-
phospho-vanillin method (mean ± S.D., n = 3) on day 15. Asterisk indi-
cates significant statistical difference (p < 0.05) between methods of
analysis

Lipid content (GC) Lipid content (SPV) Variation

50% WSF 11.46 ± 0.6 20.04 ± 1.5 42.82*

Control 12.54 ± 0.9 14.13 ± 1.4 11.23
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monounsaturated fatty acids (MUFA). The percentage of
TAG calculated with SDA analysis was 25% (exposed group)
and 40% (control) more than the percentage of SFA +MUFA
by the GC analysis (Fig. 9).

Discussion

There is some evidence that crude oil, which is a complex
mixture of hydrocarbons, is toxic for microalgae. There are
also reports that WSF, a mixture of water-accommodated oil
components, can affect cell growth in marine microbiota. In
this study, we confirm previous findings by Morales-Loo and
Goutx (1990), who describeDunaliella tertiolectawith a dim-
inution in the growth rate when cultured in 50% WSF. We
found the same behavior for the group exposed to WSF at the
logarithmic phase, suggesting that D. tertiolecta was affected
by WSF. On the contrary, Bretherton et al. (2018) found no
effect either on the lag phase retardation or growth rate.
Further, Bretherton et al. (2020) classified D. tertiolecta as
“resistant” among 15 phytoplanktonic species based on the
growth rate, and photosynthetic parameter response to WSF.

Recently, Shiu et al. (2020) showed a sensitive response from
D. tertiolecta to WSF in the growing medium, in terms of
DNA content inside the cells. Taken as a whole, the growth
curve in our study reflects both facts previously stated: the
responsiveness of D. tertiolecta to WSF in a first stage (de-
crease μ on day 4), and the ability to recover, reaching over
4 × 106 cells mL−1 at the stationary phase, a similar value
found in the control group.

There is a consensus that chlorophyll drops and impaired
photosynthetic performance are two of the deleterious effects of
oil and derivates in several microalgae (Morales-Loo and Goutx
1990; Romero-Lopez et al. 2012; Bretherton et al. 2018). In
agreement with others, we found a decrease of chlorophyll a in
D. tertiolecta underWSF compared with control on day 6. In the
control group, from day 3 to day 6, a sharp 282% increase was
observed, whereas exposed cells only increased their chlorophyll
a by 198% in this period. From then on, D. tertiolecta under
WSF kept chlorophyll levels with no significant change. In the
sameway as for growth rate, the variation of chlorophyll through
time indicates an initial adverse response that evolves into a
recovery phase. Several authors have depicted a sensitive-
resistant D. tertiolecta in works similar to the present.

Fig. 6 FTIR analysis of the lipid band (3050–2800 cm−1) inDunaliella tertiolecta cells on days 3, 9, and 15 during the toxicity test. Absorption spectra of
a exposed group and b control. Second-order derivative of absorbance (SDA) of the lipid band (3050–2800 cm−1) of c exposed and d control groups
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Bretherton et al. (2018) report D. tertiolecta as oil-resistant
based on lag time, chlorophyll-specific growth rates, and
photophysiological parameters as photosynthetic efficiency
and PSII antenna size, all of them unaltered under WSF. In a
recent report (Bretherton et al. 2020), they attribute cell size
30% of the variation in microalgae response to WSF.
However, there are previous reports of retarded growth and
hypothesis on the disruption of biosynthetic mechanisms

required for a functional photosynthetic apparatus (Morales-
Loo and Goutx 1990; Siron et al. 1991). On the other hand,
Carrera-Martinez et al. (2010) documented the decrease of
optimal quantum yield, relative electron transport rate, and
photosynthetic efficiency in D. tertiolecta after 1 h of expo-
sure to oil dilutions. They observed the presence of rare spon-
taneous mutations of the microalga after 30 days of oil expo-
sure (Carrera-Martinez et al. 2010). Recently, Shiu et al.

Fig. 7 FTIR analysis of the ester band carbonyl stretches (1760–
1710 cm−1) in Dunaliella tertiolecta cells on days 3, 9, and 15 during
the toxicity test. Absorption spectra of a exposed group and b control.

Second-order derivative of absorbance (SDA) of the ester band (1760–
1710 cm−1) of c exposed group and d control groups

Fig. 8 a Triacylglycerol (TAG)
and b unsaturated fatty acid
(UFA) percentages of total lipids
in D. tertiolecta calculated by the
second-order derivative of absor-
bance analysis for the exposed
and control groups
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(2020) subjectedD. tertiolecta to a 24-h exposure toWSF and
found lower levels of DNA in survivors related to control. Our
study, through growth, let us visualize the response of
microalgae as a continuum of facts aiming to faceWSF, rather
than a series of deleterious effects. In this sense, one of the
beneficial effects of diminishing chlorophyll would be to slow
down photosynthesis and minimize oxidative stress.

Regarding accessory pigments, the drop of chlorophyll in
the microalgae on day 6 was accompanied by a β-carotene
increase. On day 3, exposed D. tertiolecta shows a low β-
carotene content with respect to the control group. In contrast,
on day 6, the exposed group overpassed the control group.
After day 9, both growth curves look very much alike with
no significant differences between control and exposed group,
both groups rising β-carotene content toward the last day of
the assay (day 15). Using the ratio β-carotene:chlorophyll for
comparison on the 6th day, we see that the exposed group
(ratio = 0.031) outpassed the control group (ratio 0.004) by
553%. This increase gives the exposed group advantages over
the control group in quenching singlet oxygen generated by
photosynthesis (Tammam et al. 2013), and also a better prep-
aration to get rid of excess light absorbed from the environ-
ment. Concerning lutein, we did not find significant differ-
ences between both groups during the days when we took
culture samples. This similarity suggests a parallel variation
of lutein over time in both groups. However, when using the
ratio lutein:chlorophyll, we found a significant difference be-
tween the control and exposed group on day 15. Correlation
analysis to evaluate the strength of the relationship between
lutein and chlorophyll indicated a strong correlation in the
control group, showing that in D. tertiolecta under normal
conditions, lutein changes in the same manner as chlorophyll
a. Contrarily, week correlation was found for the microalga
under WSF, suggesting there is a discrepancy between the
production of chlorophyll and lutein. Lutein:chlorophyll ratio
in exposed cells (0.73), higher than in control cells (0.5),
shows an increase of 43%, suggesting a second defense

mechanism is triggered and shows on day 15. The role of
lutein in Dunaliella is not entirely unraveled, but it is worth
to recall the functions of this pigment in higher plants, namely,
structural stabilization of antenna proteins, light-harvesting
(by the transference of excitation energy to Chl), and
quenching of 3Chl states (Jahns and Holzwarth 2012).
Noteworthy is the limited increase of lutein compared with
β-carotene in exposed cells. Lutein and β-carotene have ly-
copene as a common precursor molecule, found in low levels,
which gives rise toα- and β-carotene; then, lutein is produced
by oxidation of α-carotene (Takaichi 2011). On this basis, the
small increase of lutein on WSF exposed D. tertiolecta could
be explained by the low level of lycopene, channeled toward
increased production of β-carotene.

The maximum content of phenols inD. tertiolecta exposed
to WSF was on day 3 and reached a level of 29% higher than
the control group. On day 6 and later, phenols steadily de-
creased as growing. On the other hand, cells in the control
group presented the highest value on day 12 and, compared
with the exposed group, was significantly higher. At this
point, it is useful to highlight that maximum phenol content
in D. tertiolecta under WSF was before both β-carotene in-
crement and chlorophyll drop on day 6. Also, it is essential to
mention that the β-carotene increase in exposed D. tertiolecta
coincided with chlorophyll drop (day 6) and outpassed the
control level. Based on our results, we may point phenol in-
crement as a fast response that initiates either simultaneous or
sequentially with β-carotene. Together, both non-enzymatic
antioxidants would be a deployment of an efficient and coor-
dinated response of D. tertiolecta to protect itself from oxida-
tive stress since the beginning of the immersion in WSF. In
this way, phenols would be in a first defense line against ROS,
followed by β-carotene, which contributes to dissipating the
excess of energy generated by photosynthesis. Otherwise, the
excess of free radicals generated by the decrease in chloro-
phyll with a constant illumination would cause irreversible
damage to the structural components. Noteworthy, the de-
crease in phenols in the exposed group from the third day to
the twelfth suggests that D. tertiolecta was excreting phenols
to the medium. It is documented the ability ofD. tertiolecta to
exudate phenols when exposed to metals as a tool to either
chelate some components or slow down the uptake by the cell
(López et al. 2015). Summing up, the biochemical changes in
the cell at 50% WSF on the first 12 days suggest a potential
self-protective strategy to this toxic, with defensive lines be-
fore crossing the physiological threshold. Otherwise,
D. tertiolectawould have to undergo genomic transformations
to fit the contaminated environment, as observed by Carrera-
Martinez et al. (2010) and Romero-Lopez et al. (2012).

The impact of the presence of WSF on the protein content
of microalga was noted early (day 6). On this day, coincident
with the significant drop in chlorophyll, protein content in
exposed cells was low compared with the value of the control.

Fig. 9 Percentage of saturated (SFA), monounsaturated (MUFA), and
polyunsaturated fatty acids (PUFA) in D. tertiolecta, at day 15 of growth
for the control and exposed group (WSF). N/I, not identified. Analysis
performed by gas chromatography
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On day 9 and after that, there was no significant difference
between the control and the exposed group. Protein hydrolysis
has been associated with antioxidative action against the per-
oxidation of lipids or fatty acids, and scavenging activity of
protein hydrolysates from microalgal cells has been demon-
strated (Kang et al. 2011). In agreement with Kang et al.
(2011), the difference in protein between the groups may be
explained as the replenishment or reinforcing of the antioxi-
dant activity needed by D. tertiolecta to cope with WSF.
Based on Kang et al. (2011), the products of the protein hy-
drolysis, amino acids, and peptides could be acting as scaven-
gers against free radicals generated by WSF components. Up
to this point, D. tertiolecta would be protected from oxidative
stress by phenolic compounds, β-carotene, and products from
hydrolyzed protein.

On the other hand, the low content of protein in exposed
cells can also be explained as a consequence of impaired pro-
tein biosynthesis. This metabolic pathway has been reported
as a possible target of hydrocarbon toxicity at high concentra-
tions of fuel oil and its derivatives (El-Sheekh et al. 2000;
Parab et al. 2008), and Chen et al. (2008) described high
sensitivity of protein synthesis in some marine species to oil
components. According to these facts, oil WSF in our study
could be destroying the membrane system of D. tertiolecta
and slowing down protein synthesis. Marwood et al. (2001)
found damage to the chlorophyll and proteins in the photo-
synthetic apparatus, caused by polycyclic aromatic hydrocar-
bon (PAH). Chlorophyll and protein simultaneous decrements
in WSF exposed cells of our study add new evidence to sup-
port the hypothesis on the sensitivity of protein to this toxic. It
is essential to point the recovery of D. tertiolecta from the
toxic effects after 9 days, given the values of protein in both
groups and the stabilization of chlorophyll content. Here, we
may think that two goals are achieved when control-like levels
of metabolites are restored: the acclimation ofD. tertiolecta to
WSF and the recovery from the adverse effect of the WSF.

Another response of microalgae originated by the presence
of WSF was the accumulation of lipids. On days 12 and 15,
total lipids in exposed cells were more than 40% higher than
the control. Previous works have reported an increase in total
lipids in D. salina under oxidative stress, suggesting that an
elevation of ROS mediates lipid accumulation (Yilancioglu
et al. 2014). Temporal order and causal links between meta-
bolic events and photosynthesis imbalances remain to be en-
tirely elucidated. However, our data onβ-carotene, lutein, and
phenol production suggest an ordered but insufficient antiox-
idant response fromD. tertiolecta under WSF to balance ROS
production. Instead, there might be an excess of free radicals
leading to increasing lipids. The findings that support this
hypothesis were recently reported by Chu et al. (2020), who
revealed ROS contribution to intracellular signaling by
shifting precursors from starch synthesis to fatty acid synthe-
sis, thus increasing lipid accumulation. However, fatty acids

by themselves do not account for the excess of lipids in the
WSF group, which was 1.4 times the value in control. The
percentage of fatty acids represented 89% of the total of lipids
in the control group, while for the exposed D. tertiolecta fatty
acid content was only 57% of the total. Other lipophilic com-
pounds such as sterols, hydrocarbons, triacylglycerides, and
neutral lipids account for the overage inD. tertiolecta exposed
to WSF, functioning either as a reserve or involved in adapta-
tion to harsh environments (Morales-Loo and Goutx 1990;
Solovchenko 2012). Regarding hydrocarbons, several authors
have documented the accumulation of oil WSF in the phyto-
plankton cells, and the interaction of n-alkanes and PAH with
cell membranes (Jiang et al. 2010; Shishlyannikov et al. 2017).
Moreover, recent research provides evidence that n-alkanes con-
tribute to the transmembrane transport of hydrocarbons from the
aquatic environment into the cell, a process considered a univer-
sal process for microalgae (Shishlyannikov et al. 2017).

Besides the total lipids, we examined the fatty acid profile
in D. tertiolecta at the end of the assay (day 15). For both the
control and the exposed groups, the major fatty acids were
C18:3, C:16:0, C18:2, C17:0, and C18:1 (37, 18, 10.5, 6,
and 3.5% of the total FA respectively). These figures are con-
sistent with other reports on D. tertiolecta with the same pre-
dominant components (Volkman et al. 1989) and the same
profile (Lee et al. 2014). Our data are also in agreement with
an unaltered fatty acid profile of D. tertiolecta by petroleum
compounds at high concentrations (Siron et al. 1986).

Differences in the types of lipids in the microalgae between
the exposed group and the control can be disclosed with the
spectral FTIR exploration. Using SDA analysis, we observed
an increase in the lipid signals on day 15, in agreement with
the results by the SPV method. The increase of the CH band
intensity and the band between 3020 and 3000 cm−1 due to the
vibrations of =C–H absorption in the exposed group showed
changes concerning the UFA composition at day 15, and the
ratio TAG:UFA exhibits the variations in lipids between our
groups. For the exposed group, this ratio was higher than the
control value on day 3, indicating an effect of the WSF. An
opposite situation occurred at the end of the test, since the ratio
TAG:UFA was half the ratio of the control at day 15. Also, on
day 3, there was a noticeable difference between groups in
TAG when the exposed group presented twice as much as
the control. However, there was not a significant difference
between groups on days 9 and 12. On day 15, the TAG level
in the control group outpassed the exposed cells. The opposite
situation was observed on UFA levels. On day 3, exposed
cells show the lowest level, but a rise on days 6 and 9,
outpassing the control.

From the preceding discussion, we may think there were
some TAG and UFA content adjustments through growth. On
day 3, exposed D. tertiolecta shows a high TAG content and
low content of UFA as possible hydrolysis of TAG, to release
UFA. This tendency, opposite to the control, is maintained
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until day 9. After that, UFA content lowers and TAG rises,
keeping the same tendency and a difference by the end of the
assay. The fatty acid profile was only performed on day 15;
therefore, it was not possible to confirm UFA and TAG
changes as part of the initial response to WSF.

Pick and Avidan (2017) reported D. tertiolecta under nu-
trient stress presented a decrease in the photosynthetic carbon
assimilation rate, leading to an accumulation of TAG; they
also stated that starch and polar lipids are the principal pro-
viders in TAG biosynthesis. On these bases, our data on days
3 through 6 may represent a late stage of TAG accumulation
and the beginning of the adjustments to face WSF, but addi-
tional research must be done to clarify this response
completely.

On the other hand, the increased =C–H signal revealed by
the SDA analysis, and TAG:UFA for the exposed group at
day 15, can be the basis to account for WSF effect on lipids in
D. tertiolecta.Given the absence of variation on total FA upon
WSF exposition and enhanced signal of UFA, we can infer
there was a xenobiotic inside the cell. Since the enhanced
signals can be attributed to the absorption of the acyl chains
of oil hydrocarbons, we conclude that WSF is the contributor
for this foreign agent. In this regard, our findings are in agree-
ment with several authors, who have demonstrated that marine
microalgae can accumulate hydrocarbons during exposure to
crude oil and its derivatives (Morales-Loo and Goutx 1990;
Wolfe et al. 1998; Wang et al. 2002). Even more,
Shishlyannikov et al. (2017) stated that the microalga
Synedra acus subsp. radians accumulated n-alkanes with a
chain length similar to the acyl chains of its FA. Our FTIR
data support the fact that oil can interact with the membrane
leading to an accumulation of hydrocarbons in the microalgae.

In conclusion, our results indicate the uptake of hydrocar-
bons by D. tertiolecta is a physiological response to the stress
imposed by soluble hydrocarbons of the mix fuel oil/diesel.
Besides, this marine microalga induces a biochemical re-
sponse as a strategy for protection and recovery from water-
soluble oil components effects. On exposure to WSF,
D. tertiolecta modified levels of pigments, phenols, protein,
and lipids through growth, although, at the end of the toxicity
test, the compounds under study reached control-like levels,
except for lipids. Therefore, the microalgae showed the capac-
ity to recover and adapt from long-term exposure to WSF.
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