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The Deepwater Horizon oil spill released millions of barrels of crude oil into the Gulf of Mexico, and saw
widespread use of the chemical dispersant Corexit. We assessed the role of traits, such as cell size, cell wall,
motility, and mixotrophy on the growth and photosynthetic response of 15 phytoplankton taxa to oil and
Corexit. We collected growth and photosynthetic data on ﬁve algal cultures. These responses could be separated
into resistant (Tetraselmis astigmatica, Ochromonas sp., Heterocapsa pygmaea) and sensitive (Micromonas pusilla,
Prorocentrum minimum). We combined this data with 10 species previously studied and found that cell size is
most important in determining the biomass response to oil, whereas motility/mixotrophy is more important in
the dispersed oil. Our analysis accounted for a third of the variance observed, so further work is needed to
identify other factors that contribute to oil resistance.

1. Introduction

resistant to its eﬀects, based on the literature. For example, diﬀerent
taxonomic groups often respond diﬀerently, with groups such as the
diatoms (González et al., 2009; Koshikawa et al., 2007; Özhan and
Bargu, 2014b) and green algae (Gilde and Pinckney, 2012; Sargian
et al., 2007) often being more robust. In some studies, dinoﬂagellates
end up dominating phytoplankton communities exposed to oil and/or
dispersants (Gemmell et al., 2018; Jung et al., 2010; Taş et al., 2011).
Physiological traits could contribute to a species' ability to survive
exposure to oil and/or dispersants. The presence, and structure, of cell
walls could provide protection from the toxic eﬀects of oil spills, as
exposure to Corexit (Hook and Osborn, 2012) and some components of
oil such as polycyclic aromatic hydrocarbons (Carvalho et al., 2011)
can cause membrane damage to phytoplankton cells. Cell size can have
profound impacts on physiology (see Finkel et al., 2010 for a review),
and smaller phytoplankton species are typically more sensitive to oil
toxicity due to their higher surface-area-to-volume ratio (Echeveste
et al., 2011, 2010). Motile species may be able to avoid or move out of
polluted regions. However, motility also comes at a metabolic cost
(Raven and Richardson, 1984) and could potentially make these species
more susceptible to stress from oil toxicity. Mixotrophic algae often
thrive in wastewater conditions by utilising organic pollutants, and can
be an eﬀective form of bioremediation (Pittman et al., 2011).

The 2010 Deepwater Horizon oil spill resulted in the release of over
4 million barrels of oil into the Gulf of Mexico (McNutt et al., 2012),
making it the largest oil spill to date. As a means of remediation, large
quantities of the chemical dispersant Corexit were applied to vast areas
of the Gulf both on the surface and directly at the burst wellhead at
1500 m depth (Kujawinski et al., 2011). Chemical dispersants lower
surface tension at the oil/water interface and allow for the formation of
smaller oil droplets that can become accommodated into the water
column (Quigg et al., 2016; Schwehr et al., 2018). While application of
dispersants can stimulate bacterial degradation of hydrocarbons
(Bacosa et al., 2018; Baelum et al., 2012; Campo et al., 2013; Doyle
et al., 2018; Kamalanathan et al., 2018b), it can also produce conditions
that are toxic to other microbes such as microalgae (Bretherton et al.,
2018; Kamalanathan et al., 2018a; Özhan et al., 2014) and cause substantial changes to phytoplankton community structure (Bretherton
et al., 2019; Gilde and Pinckney, 2012; Özhan and Bargu, 2014a).
Some phytoplankton are particularly resilient to exposure to either
oil or dispersed oil (Bretherton et al., 2018; Harrison et al., 1986; Özhan
et al., 2014). While the exact mechanisms of oil toxicity are not known,
there are several characteristics that could make organisms more
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Table 1
Details of algal cultures used in this study.
Species

Strain

Described By

Origin of Isolation

Data From

Motility

Mixotrophy

Cell size

Cell wall

Ochromonas sp.

Vysotskii

4–6 μm

Chitin ﬁbrils

Yes

5–15 μm

Cellulose theca

RCC 1614

(Butcher) Manton et Parke

Yes

1–3 μm

Naked

Prorocentrum minimum

CCMP
2233
UTEX 2421

(Pavillard) J. Schiller

Yes

16–20 μm

Cellulose plates

Yes

10–18 μm

Cellulose plates

No

1–3 μm

Naked

Butcher

Yes

8–12 μm

Naked

et al.

Yes –
ﬂagellar
Yes –
ﬂagellar
Yes –
ﬂagellar
Yes –
ﬂagellar
Yes –
ﬂagellar
Yes –
ﬂagellar
Yes –
ﬂagellar
Yes – gliding

Yes

Micromonas pusilla

38.70° N, 72.37° W
N Atlantic
48.23° N, 122.64° W
Washington, USA
56.98° N, 3.98° E
North Sea, Norway
38.59° N, 75.10° W
Delaware, USA
44.06° N, 9.92° E
La Spezia, Italy
33.74° N, 67.49° W
N Atlantic
Oslofjord, Norway

This study

Tetraselmis astigmatica

CCMP
1393
CCMP 880

No

10–14 μm

Silica frustule

et al.

Yes – gliding

No

10–12 μm

Silica frustule

et al.

No

No

4–8 μm

Silica frustule

et al.

No

No

4–8 μm

Silica frustule

et al.

No

No

4–6 μm

Silica frustule

et al.

No

No

4–6 μm

Silica frustule

et al.

No

No

31–63 μm

Silica frustule

et al.

No

No

24–90 μm

Silica frustule

Heterocapsa pygmaea
Synechococcus elongatus
Dunaliella tertiolecta

CCMP
1334
UTEX 999

R.E. Norris et Hori

Lobelich III, R. J. Schmidt et
Sherley
Nageli

Phaeodactylum
tricornutum
Navicula sp.

UTEX 646

Bohlin

Segelskär, Finland

UTEX SP11

Bory

Skeletonema grethae

CCMP 775

Zingone et Sarno

Skeletonema grethae

CCMP 776

Zingone et Sarno

Skeletonema costatum

UTEX 2308

(Greville) Cleve

Thalassiosira pseudonana

Hasle et Heimdal

Lithodesmium undulatum

CCMP
1335
CCMP 472

Odontella mobiliensis

CCMP 597

(Bailey) Gunrow

36.44° N, 98.15°
Oklahoma, USA
28.90° N, 89.48°
Gulf of Mexico
28.95° N, 95.36°
Gulf of Mexico
Galveston, TX
Gulf of Mexico
40.75° N, 72.82°
New York, USA
28.62° N, 89.75°
Gulf of Mexico
28.62° N, 89.75°
Gulf of Mexico

Ehrenberg

W
W
W

W
W
W

This study
This study
This study
This study
Bretherton
(2018)
Bretherton
(2018)
Bretherton
(2018)
Bretherton
(2018)
Bretherton
(2018)
Bretherton
(2018)
Bretherton
(2018)
Bretherton
(2018)
Bretherton
(2018)
Bretherton
(2018)

et al.
et al.

2421), and Prorocentrum minimum (CCMP2233) were obtained from the
Roscoﬀ Culture Collection (RCC) and the National Center for Marine
Algae and Microbiota (NCMA). A summary of the details of each culture
is presented in Table 1. The microalgal cultures were maintained in
sterilised natural seawater collected from the Gulf of Mexico oﬀ Galveston, TX and enriched with f/2 nutrients, metals and vitamins
(Guillard, 1975). The cultures were kept in a climate controlled room at
a temperature of 19 °C with a light:dark cycle of 12:12 h and an irradiance of 100 μmol m−2 s−1.

Degradation of compounds found in crude oil has been described in
several algal taxa, such as the chrysophytes (Semple and Cain, 1996),
the chlorophytes (Kneifel et al., 1997; Todd et al., 2002), and a variety
of cyanobacteria (see Subashchandrabose et al., 2013 for a summary).
The presence of oil and dispersed oil can also cause an increase in
bacterial abundance (e.g. Doyle et al., 2018), which in turn could
beneﬁt mixotrophs, particularly those that rely on these mutually
beneﬁcial symbiotic relationships.
A previous study (Bretherton et al., 2018) looked at the responses of
ten diﬀerent microalgae to mixtures of oil and dispersed oil. Most of
these species were found to be sensitive to oil and were mostly small
centric diatoms. We grew a further ﬁve species of algae to cover taxonomic groups not examined in the previous study (dinoﬂagellates and
chrysophytes) and include phytoplankton that exhibited some of the
traits mentioned above such as mixotrophy or the presence of cell walls
(Table 1). We hypothesize that some of this variability is due to biochemical and biophysical diﬀerences across species tested, but not
taxonomy alone. The algae were exposed to Macondo surrogate oil
using the water accommodated fraction (WAF), and a chemically enhanced water accommodated fraction (CEWAF) made of a mixture
(20:1) of crude oil and the dispersant Corexit. A third treatment of a
diluted CEWAF (DCEWAF) was used to account for the high oil concentration present in the CEWAF. Cell growth and photosynthetic performance were monitored over a 6-day period to examine their response. These data were combined with the previous study to test
statistically the importance of ﬁve traits (taxon, motility, mixotrophy,
cell size, cell wall) in dictating sensitivity to oil using a linear regression
model.

2.2. Preparation of treatments
WAF, CEWAF, and DCEWAF treatments were prepared using the
CROSERF method (Singer et al., 2001) with some modiﬁcations as
described in Bretherton et al. (2018). Stock solutions of WAF and
CEWAF were prepared in 1 L glass aspirators with bottom spigots by
adding 400 μL of either Macondo crude oil (to make WAF) or a mixture
of the dispersant Corexit and oil in a 20:1 ratio (to make CEWAF) to
fresh f/2 seawater media. Each aspirator was then stirred at such a
speed that a vortex occupied the upper ~25% of the volume. Stirring
was done in the dark for 24 h at room temperature. WAF is a nonhomogenous mixture that is diﬃcult to reproduce between batches
(Wade et al., 2017). As a result, the starting oil concentrations for each
treatment diﬀered slightly between species (see Fig. 1).
After stirring, the WAF and CEWAF mixtures were each pooled into
a 9 L glass aspirator bottle with a bottom spigot, forming the stock
solutions for these two treatments. During transfer, the mixtures were
passed through a 20 μm nylon mesh sieve to remove larger oil droplets,
and any surface slicks were not allowed to pass through the spigots of
the 1 L aspirator bottles. To make the DCEWAF stock solution, a volume
of the CEWAF was transferred to a third 9 L aspirator bottle and diluted
with fresh f/2 media by a factor of 10.
Stock solutions (850 mL) were transferred into sterile 1 L glass
bottles and inoculated with 150 mL of exponentially growing algal
culture. Control cultures were prepared by inoculating 850 mL of fresh

2. Methods
2.1. Algal culturing methods
Cultures of Micromonas pusilla (RCC1614), Tetraselmis astigmatica
(CCMP880), Ochromonas sp. (CCMP1393), Heterocapsa pygmaea (UTEX
2
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Fig. 1. Changes in estimated oil equivalents (EOE) over time in cultures of Ochromonas sp., T. astigmatica, M. pusilla, P. minimum and H. pygmaea in four diﬀerent
treatments. Values in Control cultures were always below reliable detection limits (0.02 μg L−1), error bars represent standard error (n = 3).

transferred from every experimental bottle to a glass cuvette. Samples
were dark acclimated for 20 min prior to analysis with the Turner
ﬂuorometer. Fluorescence resulting from the oil and/or dispersant was
accounted for using the non-biological controls. The Turner ﬂuorometer
was calibrated using a serial dilution of a chlorophyll standard, which
was prepared using powdered chlorophyll extracted from the alga
Anacystis nodulans (Sigma-Aldrich) in 90% acetone. A repeated-measures ANOVA (rmANOVA) was used to test for signiﬁcant diﬀerences
between treatments.

f/2 media with 150 mL of algal culture. All treatments were prepared in
triplicate. Additionally, 500 mL of WAF, CEWAF and DCEWAF stock
solutions were each transferred to 1 L sterile glass bottles with no algal
culture added to form non-biological controls. These served to correct
for background ﬂuorescence from both the oil and Corexit for many of
the measurements made on the experimental cultures (see below). All
experimental bottles were kept in a climate controlled room at 19 °C
with a light:dark cycle of 12:12 h and an irradiance of
100 μmol m−2 s−1 for a period of 6 days.
2.3. Quantiﬁcation of oil

2.5. Photophysiological measurements
The concentration of oil in each experimental bottle was monitored
every 24 h by measuring the estimated oil equivalents (EOE). Brieﬂy, a
10 mL sample from each experimental bottle was extracted into 5 mL of
the solvent dichloromethane (DCM) in a 20 mL scintillation vial.
Extraction with DCM allows for the detection of oil as low as 0.7 μg L−1
(Wade et al., 2011). The DCM fraction (3 mL) was transferred to a
quartz cuvette, and the ﬂuorescence was measured at an excitation
wavelength of 322 nm and an emission wavelength of 376 nm using a
spectroﬂuorophotometer (RF-5301PC, Shimadzu, Houston, TX, USA). A
calibration curve made using a serial dilution of crude oil in DCM was
used to calculate the EOE in each sample in mg L−1. The initial EOE of
the WAF, CEWAF and CEWAF stock solutions was also measured in the
same way.

Photosynthetic performance was monitored using a Fluorescence
Induction and Relaxation (FIRe) ﬂuorometer (Satlantic, Halifax,
Canada). A 4 mL sample from each experimental bottle was dark acclimated for 20 min prior to analysis with the FIRe in order to ensure all
photosystem II (PSII) reaction centers are open, yielding a baseline
ﬂuorescence (Fo). Once in the ﬂuorometer, samples are exposed to saturating pulses of blue light that close all PSII reaction centers and yield
the maximum ﬂuorescence (Fm). The diﬀerence between Fo and Fm is
the variable ﬂuorescence (Fv). Fv/Fm is termed the maximum PSII
quantum yield, and is used as an indicator of photosynthetic eﬃciency
(Kolber et al., 1998). Other photophysiological parameters examined
from the FIRe included the PSII absorption cross-section (σPSII), the PSII
connectivity factor (ρ) and PSII re-oxidation time (τ1). Fresh aliquots of
f/2 medium, as well as from the WAF, CEWAF, and DCEWAF nonbiological controls were used to correct for interference from background ﬂuorescence (Cullen and David, 2003). A rmANOVA was used
to test for signiﬁcant eﬀects of treatment on all parameters.

2.4. Cell density
Cell growth was monitored using a benchtop Turner ﬂuorometer
(10 AU, Turner, San Jose, CA). Every 24 h, a 4 mL sample was
3
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2.6. Analysis of adaptive traits in phytoplankton

3.3. Changes in photosynthetic performance over time

The magnitude, direction, and timing of biomass changes varied
across species, so an integrated biomass was calculated as the integral
of chlorophyll concentration over time. The percent change in integrated chlorophyll concentration relative to the Control values was
calculated for each treatment in each species, as in Bretherton et al.
(2018). Values for this experiment were combined with the values
previously calculated for 10 other phytoplankton species (see Table 1
for a summary), and the similarities in the responses were measured
using the heatmap.2 function in R (v 3.5.2) to plot a dendrogram based
on Euclidean distance. A summary of the traits (motility, mixotrophy,
cell wall, cell size) associated with all 15 phytoplankton species, along
with the percent change in biomass accumulate on, was compiled.
Motility, mixotrophy and cell size were binary traits (either yes/no, or
smaller than 10 μm/larger than 10 μm), cell wall had three potential
options (theca/frustule/naked) and taxon used the phylum for each
species (with the exception of Synechococcus elongatus, which was
simply designated Cyanobacteria). A linear regression model was used
to model the percent change in integrated biomass relative to the
control for each treatment as a function of the traits and taxonomy to
assess the importance of each of these factors. The estimated coeﬃcients were used to assess the relative eﬀects of each trait (or taxon) in
determining the response to the treatments.

Fv/Fm ranged between 0.4 and 0.6 in Control cultures across all
species, and showed sensitivity to diﬀerent treatments in all but T. astigmatica (Fig. 3). CEWAF caused the biggest perturbations in Fv/Fm,
especially in M. pusilla, H. pygmaea and P. minimum. After 3 days of
exposure, Fv/Fm values started declining in the WAF cultures of M.
pusilla, falling below Control and DCEWAF values. In P. minimum, Fv/Fm
values in the WAF cultures increased and were higher than both Control
and DCEWAF values by the end of the experiment. In both species, the
WAF Fv/Fm values were signiﬁcantly diﬀerent from the other treatments (rmANOVA, p < 0.05).
The σPSII, ρ, and τ1 values for each species are summarised in
Table 2. Ochromonas sp. and T. astigmatica were both very similar to
each other, and showed little variation in their physiology between the
treatments. The σPSII values of M. pusilla and H. pygmaea declined signiﬁcantly in CEWAF compared to Control values, while they increased
signiﬁcantly in P. minimum. In both M. pusilla and P. minimum, the ρ
values increased while τ1 values decreased signiﬁcantly in CEWAF
compared to Control values, while ρ declined and τ1 remained unchanged H. pygmaea.
3.4. Trait-based analysis of phytoplankton responses
The dendrogram analysis (Fig. 4) of the integrated biomass response
divided the 15 species into two groups of “resistant” species (Dunaliella
tertiolecta, Ochromonas sp., T. astigmatica, Skeletonema grethae
CCMP775, Synechococcus elongatus, Navicula sp., H. pygmaea, Phaeodactylum tricornutum) and “sensitive” species (Odontella mobiliensis, Lithodesmium undulatum, Skeletonema costatum, M. pusilla, P. minimum, S.
grethae CCMP776, Thalassiosira pseudonana). The growth of species in
the “resistant” group was either unaﬀected or stimulated by the presence of oil and/or Corexit, while those in the “sensitive” group had
their growth inhibited by at least the CEWAF treatment.
A linear regression model was used to weight several traits in their
importance of determining the response of integrated biomass to WAF,
DCEWAF and CEWAF relative to the Control in all 15 phytoplankton
species (Table 3). A diﬀerent trait was identiﬁed as the most important
in each treatment; cell size was identiﬁed as the most important trait in
predicting the response in WAF, while motility/mixotrophy was important in the growth response to DCEWAF/CEWAF. Performing a type
I ANOVA on the data shows that both motility and mixotrophy are
signiﬁcant variables in predicting the response observed in both
DCEWAF and CEWAF, depending on the order the variables are entered
into the model (not shown). This suggests that these traits co-vary to the
point that it is not possible to conﬁdently distinguish the eﬀect between
the two (i.e. all the mixotrophic organisms in the analysis are also
motile).

3. Results
3.1. Quantiﬁcation of oil concentrations in WAF, DCEWAF and CEWAF
cultures
The EOE values in the cultures of M. pusilla, P. minimum, H. pygmaea, T. astigmatica and Ochromonas sp. all declined over time following ﬁrst order decay kinetics (Fig. 1). In all cases, the highest initial
EOE was measured in the CEWAF cultures; ~21 mg L−1 in the M. pusilla, T. astigmatica and Ochromonas sp. cultures; ~39 mg L−1 in the H.
pygmaea and P. minimum cultures (Fig. 1). The initial EOE in the
DCEWAF ranged between 2 and 4 mg L−1, while the WAF ranged between 0.2 and 2 mg L−1. In both the WAF and DCEWAF treatments, the
EOE fell below detection limit by the end of the experiment (see Fig. 1).
Samples from Control bottles were always below reliable detection
limits (0.02 μg L−1). These EOE concentrations are similar in magnitude
to those used in previous studies in which phytoplankton were exposed
to WAF, CEWAF or DCEWAF (e.g., Bretherton et al., 2018;
Kamalanathan et al., 2018a) and represent concentrations which were
observed either immediately after the DwH oil spill or in the days and
weeks following (Wade et al., 2016).

3.2. Changes in phytoplankton biomass over time

4. Discussion

The ﬁve species presented here did not show any signiﬁcant changes
in biomass when exposed to the oil treatments except for the CEWAF
(Fig. 2). The chlorophyll concentrations in the Ochromonas sp. and T.
astigmatica cultures were higher in all the treatments than those measured in the Control cultures throughout the experiment. In fact, for
both species, the highest chlorophyll values were observed in the
highest EOE concentrations (CEWAF cultures). On Day 6, chlorophyll in
the controls for Ochromonas sp. and T. astigmatica cultures were 16.71
and 7.13 μg L−1 respectively, but ranged from 23.27 to 42.43 μg L−1
and 18.28 to 24.37 μg L−1 in the treated cultures (Fig. 2). H. pygmaea
did not show any signiﬁcant change in growth with any treatment, and
overall grew slowly compared to the other species (Fig. 2). Both M.
pusilla and P. minimum were very negatively impacted in the CEWAF,
but no signiﬁcant diﬀerences between the Control, WAF or DCEWAF
were observed (Fig. 2).

The changes in growth for Ochromonas sp., T. astigmatica, M. pusilla,
P. minimum and H. pygmaea are consistent with other published studies
for these genera. For example, P. minimum has previously been observed to be tolerant of low oil concentrations (Morales-Loo and Goutx,
1990; Özhan and Bargu, 2014b). Several Prorocentrum species, such as
Prorocentrum balticans and Prorocentrum micans, have also been observed to increase in abundance following oil spills oﬀ the coasts of
Spain (Varela et al. 2006) and Turkey (Taş et al., 2011). In the Gulf of
Mexico, Prorocentrum texanum dominated phytoplankton communities
following the Texas City “Y” spill oﬀ the coast of Galveston (Gemmell
et al., 2018). These data corroborate our ﬁndings, where P. minimum
was tolerant of WAF and DCEWAF (low oil concentrations) but died oﬀ
in the CEWAF treatments. Data on phytoplankton community changes
following the Deepwater Horizon oil spill show that three Prorocentrum
species, including P. minimum, all decreased in relative abundance oﬀ
4
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Fig. 2. Evolution of chlorophyll a (Chl-a) over time in cultures of Ochromonas sp., T. astigmatica, M. pusilla, P. minimum and H. pygmaea exposed to oil (WAF) and
dispersed oil (DCEWAF and CEWAF). Error bars represent standard error (n = 3), missing values indicate days where measurements were below detection limits.

This also suggests that Corexit may play a larger role in eliciting a toxic
response, but further studies are required to determine if this is related
to the overall higher concentrations of oil when Corexit is present or if
the Corexit itself is the more harmful component. Passow et al. (2019)
recently showed that more oil becomes associated with individual
phytoplankton cells in the presence of Corexit than when it is absent,
even at the same oil concentrations in seawater. Further, if Fv/Fm responses (as well as σPSII, ρ, and τ1) indeed suggest the cells are protecting their photosynthetic apparatus, then future studies should examine potential mechanisms and pathways.

the Louisiana coast (Parsons et al., 2015). Further, it was found when
grown as a monoculture, P. texanum grown in the presence of either oil
or dispersed oil grew slower than control cultures (Gemmell et al.,
2018). This is likely because large ciliates such as Strombidium sp.,
which feed on P. texanum, were very sensitive to oil (Gemmell et al.,
2018), and the response of P. texanum (and perhaps Prorocentrum spp.
in general) to oil may be driven by relieving grazing pressure. Low
concentrations of oil did not impact the growth of Tetraselmis suecica,
and much like T. astigmatica in this study, its growth was stimulated by
dispersed oil (Fabregas et al., 1984).
Consistent across all 15 species is the insensitivity of Fv/Fm to oil
exposure except in the most toxic conditions (CEWAF), even if growth
was highly sensitive (Supplementary Fig. 1). This suggests that phytoplankton are either capable of protecting the photosynthetic apparatus
from hydrocarbon exposure, or that oil compounds target pathways
associated with growth and cell cycle. Transcriptomic analyses suggest
that PAHs can arrest the cell cycle in T. pseudonana by inhibiting silica
uptake (Carvalho et al., 2011; Carvalho and Lettieri, 2011). This could
explain why most of the diatoms tested in this and the previous study
are in the sensitive group, but since several diatoms were not sensitive,
and some of the sensitive species are not diatoms, this alone cannot
explain the consistent trend of growth being more sensitive than photosynthesis.
Species-speciﬁc Fv/Fm responses have been reported previously to
these pollutants (e.g., Bretherton et al., 2018) as well as others (e.g.,
engineered nanomaterials, persistent organic pollutants); in all cases,
phytoplankton exposed to toxic materials may maintain their Fv/Fm
even when the growth rate was lowered (Gorbunov and Falkowski,
2011; Miao et al., 2009; Zhao et al., 2019). Our observations reveal a
dose dependent response with CEWAF > DCEWAF > WAF in general.

4.1. Assessing factors that predict oil resistance
From the linear regression model, diﬀerent traits inﬂuence the
growth rate response to WAF and DCEWAF/CEWAF. This suggests that
the dispersant generates an environment that requires a diﬀerent
adaptive strategy than exposure to oil by itself. Cell size has a welldocumented impact on algal physiology, from photosynthesis (Suggett
et al., 2009) to nutrient uptake (Aksnes and Egge, 1991; Edwards et al.,
2011). Due to their larger surface area:volume ratio, smaller cells can
be more sensitive to toxins including polycyclic aromatic hydrocarbons
and oil (Echeveste et al., 2011, 2010). Of the ﬁve species grown in this
study, two out of the three robust species were larger than 10 μm in
length, while the smallest species tested, M. pusilla, was one of the most
sensitive (Fig. 4). However, Ochromonas sp. is smaller than 10 μm and
was one of the most resistant species, while P. minimum, which is
~20 μm in length, was in the sensitive group. In the context of the ten
previously studied algae species, size was identiﬁed as a signiﬁcant
variable when predicting the response in the WAF treatment (Table 3).
While there are some notable exceptions to this (very small cells like S.
5
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Fig. 3. The PSII quantum yield (Fv/Fm) over time in cultures of Ochromonas sp., T. astigmatica, M. pusilla, P. minimum and H. pygmaea exposed to oil (WAF) and
dispersed oil (DCEWAF and CEWAF). Error bars represent standard error (n = 3), missing values indicate days where measurements were below detection limits.
Table 2
The photosystem II (PSII) absorption cross section (σPSII; Å2 quanta−1), PSII connectivity factor (ρ; dimensionless), and PSII reoxidation time (τ1; μs) of ﬁve
phytoplankton grown in each treatment. Values shown are for ﬁnal day measurements, standard error is in brackets (n = 3). ND = not detected (i.e. below detection
limits).
Control

Ochromonas sp.
T. astigmatica
M. pusilla
P. minimum
H. pygmaea

WAF

DCEWAF

CEWAF

σPSII

ρ

τ1

σPSII

ρ

τ1

σPSII

ρ

τ1

σPSII

ρ

τ1

205.0
(3.6)
200.0
(4.04)
450.3
(17.7)
220.0
(5.5)
192.0
(6.9)

0.36
(0.01)
0.37
(0.01)
0.07
(0.003)
0.07
(0.01)
0.36
(0.003)

297.3
(39.6)
332.3
(28.6)
323.0
(19.8)
356.3
(68.3)
374.0
(26.8)

185.0
(2.7)
181.3
(1.2)
386.0
(10.7)
190.0
(4.4)
208.7
(1.2)

0.34
(0.02)
0.31
(0.11)
0.05
(0.00)
0.08
(0.00)
0.36
(0.00)

463.7
(27.2)
414.7
(37.7)
465.0
(21.5)
261.0
(6.8)
382.7
(48.4)

178.0
(7.0)
180.7
(3.0)
433.0
(13.01)
210.3
(2.4)
200.0
(2.0)

0.33
(0.03)
0.40
(0.01)
0.08
(0.00)
0.07
(0.01)
0.35
(0.01)

409.7
(54.1)
372.3
(19.5)
437.7
(16.6)
320.0
(29.7)
484.7
(45.6)

193.0
(2.1)
178.7
(3.2)
227.3
(78.2)
414.7
(208.6)
76.7
(3.7)

0.24
(0.03)
0.29
(0.03)
0.16
(0.03)
0.42
(0.2)
0.07
(0.02)

537.0
(46.7)
455.0
(8.02)
18.3
(1.9)
12.0
(1.0)
295.3
(28.4)

alkylbenzene sulfate, a major component in laundry detergents
(Biedlingmaier et al., 1987). In the present study, the two more sensitive species are either naked (M. pusilla) or have a thin cell wall (P.
minimum). Two of the more resistant species have thicker cell walls
made up of either several layers of cellulose in the case of T. astigmatica,
or plates of cellulose as in H. pygmaea. However, Ochromonas sp. was
also very resistant to the treatments, and does not possess a cell wall.
Instead, cells from the genus Ochromonas have a network of microtubules that give the cell a distinct tapered shape (Bouck and Brown,
1973). These microtubules are made of chitinous ﬁbrils (Herth et al.,
1977), perhaps making the cell membrane of Ochromonas sp. more
robust than other naked cells and explaining its resistance to oil. Even

elongatus and S. grethae both being highly resistant, while larger centric
diatoms like L. undulatum was very sensitive), the data suggest that for
exposure to oil only, cell size is an important factor in predicting sensitivity. However, in the dispersed oil treatments, cell size is a less
important factor, which suggests that there are other traits that confer
an advantage in these situations.
None of the linear regression models identify cell wall as an important variable (Table 3). There is evidence to suggest that dispersants
impact algal physiology by disrupting cellular membranes (Carvalho
et al., 2011; Hook and Osborn, 2012). Algae with thick cellulose cell
walls, and in particular those with sporopollenin structures on them,
are far less sensitive to exposure to surfactants such as linear
6
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Fig. 4. Species traits, heatmap of percent change in integrated biomass in each treatment relative to Control, and dendrogram clustering species with similar
responses for 15 microalgae species. The upper cluster of species (top 8 rows) beneﬁtted or was relatively insensitive to the treatments compared to the lower cluster
(bottom 7 rows).

genera of the green algae, such as Chlorella and Scenedesmus (Kneifel
et al., 1997; Todd et al., 2002). Of the 15 total species that have been
tested, six are capable of mixotrophy (either in the form of bacteriophagy or direct uptake of organic carbon), and four of them fall into
the robust group (Fig. 4). It is important to note that motility and
mixotrophy are closely related traits, in that all species identiﬁed as
mixotrophic are also motile, and there are only three motile species that
are not mixotrophic. The advantage that motility might confer is less
readily obvious. Some studies have found that exposure to crude oil can
in fact limit motility, though much of this data comes from the haptophyte Isochrysis galbana (Garr et al., 2014; Pérez et al., 2010). In the
natural environment, motile cells may be able to move away higher
concentrations of oil and thus avoid toxic eﬀects, but it is less likely that
this is the case in a culture environment.
Importantly, the ﬁve traits tested could only account for, at most,
around a third of the variance observed (see Table 3), which suggests
that there may be other traits and trait interactions that are more important in predicting sensitivity to oil in microalgae. Exposure to crude
oil can cause damage to genes in some diatoms (Deasi et al., 2010), and
thus the ability to quickly repair DNA might be a trait of particularly
resistant species. Cell morphology can also impact responses to environmental changes (Alves-de-Souza et al., 2008), and the dominant
morphology of entire phytoplankton communities can change in response to seasonal variability (Stanca et al., 2013). It is possible that
cells that are more tolerant are better able to adjust their surface areato-volume ratio, but this data was not collected during these experiments. The production of polysaccharides and other organic materials
might also be related to oil tolerance. It is well established that phytoplankton release extracellular polymeric substances (EPS) into the
surrounding seawater during times of stress (Kahl et al., 2008). Suppression of chrysolaminarin synthesis, a polysaccharide produced by
many phytoplankton groups, resulted in increased sensitivity to WAF
exposure in T. pseudonana (Kamalanathan et al., 2019). The role that
polysaccharide and EPS production play in the oil response of marine
algae is uncertain, though several studies have observed an increase in

Table 3
Traits listed in order of importance for determining response (integrated biomass) in each treatment. The coeﬃcients were calculated by ﬁtting the data to a
linear regression model.
Treatment

Model P-value

Adjusted R2

Variable

Coeﬃcient

WAF

0.0016

0.30

DCEWAF

0.104

0.10

CEWAF

0.0012

0.31

Size
Mixotrophy
Cell wall
Taxon
Motility
Motility
Size
Mixotrophy
Taxon
Cell wall
Mixotrophy
Taxon
Motility
Size
Cell wall

38.875⁎
21.816
−10.982
2.453
2.374
42.444⁎
−21.161
6.076
4.643
4.163
119.443⁎
20.777
9.333
1.951
−0.567

⁎

Signiﬁcant predictor variables (p < 0.05).

so, there are other species that are not sensitive to oil and dispersant
exposure, such as D. tertiolecta and S. elongatus, that do not possess cell
walls. Thus, the presence of a cell wall does not necessarily always
predict resistance to crude oil or dispersant exposure.
Both mixotrophy and motility were identiﬁed as important factors
for determining sensitivity to CEWAF and DCEWAF respectively
(Table 3). Mixotrophy has been observed in all ﬁve of the species grown
in the present study (Fig. 4). The ability to rely on sources of organic
carbon to grow may help to deal with oil toxicity. Some species in the
Ochromonas genus have been reported to utilise organic compounds
that are sometimes found in oil, such as phenols (Semple and Cain,
1996), which could explain the success of Ochromonas sp. in all the
treatments. While there is no evidence that members of the Tetraselmis
genus are able to utilise such compounds, it has been described in other
7

Marine Pollution Bulletin 153 (2020) 110906

L. Bretherton, et al.

EPS and aggregate formation following oil exposure (Passow et al.,
2017; Yan et al., 2016). EPS production is also inﬂuenced by algaeassociated bacteria (Gutierrez et al., 2013), and algae in turn can alter
these bacterial communities through the production of organic compounds (Kamalanathan et al., 2019). As such, bacterial associations
may also be an important factor for predicting oil resistance.
The phytoplankton response to oil and dispersants is highly variable
and can be explained by the fact that diﬀerent taxa possess diﬀerent
traits that contribute diﬀerently to the way they deal with hydrocarbons. However, this is confounded by the fact that phytoplanktons
are highly variable between species, and even intra-speciﬁc variability
in the oil response has been observed. As such, the traits we analyzed
here (cell wall, motility, mixotrophy, cell size) can only explain a
portion of the variability, and it is likely that more data from a broader
range of species is required to better predict what traits are ideal for
resistance to oil and dispersant exposure.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.marpolbul.2020.110906.
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