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A B S T R A C T

Singlet oxygen (1O2) is an interesting candidate for study due to the widely held opinion that it plays a key role in photoinhibition of photo system II (PSII). Many
studies have been conducted to elucidate the exact role of singlet oxygen (1O2) in photo-damage/repair, photoprotection, oxidative protection, and signaling.
However, few studies have addressed the potential role of singlet oxygen as a marker for resilience to excess light environments. In the present study, we focus on the
question of whether singlet oxygen resilience correlates with a strain's robustness in excess light environments. In order to address this question, two Nannochloropsis
oceanicamutant strains, RB2 and RB113, both selected for heightened resilience to Rose Bengal (RB), a singlet oxygen (1O2) photosensitizer, were characterized. This
included the characterization of the photosynthetic apparatuses and specific growth rate in relation to photosynthetic photon flux density (PPFD) in the growth
media.
Both of the RB resistant mutants showed higher photosynthetic capabilities when grown in high PPFD environments relative to the wild type (WT) strain. This was

evident by higher photosynthetic capacity (namely 27% higher in the RB113 mutant and 94% higher in the RB2 mutant) relative to the WT strain when grown in an
optimal temperature and an excess light environment (25 °C and 500 photons μmol s−1m−2). In addition to the increase in photosynthetic capacity in the excess light
environment of 25 °C and 500 photons μmol s−1m−2, mutant strains also showed higher specific growth rates reflected by a 38% and 48% increase in the RB113 and
RB2 mutant strains respectively. These results lead us to propose that Rose Bengal resilience in Nannochloropsis may serve as a marker for selecting species or strains
better suited for growth in high light environments.

1. Introduction

Over the past few decades there has been increasing interest in
micro algae and their biotechnological implications with the aim of
using alga biomass as a resource for the production of commercial
products, waste water treatment, and biofuel production. Species inside
the Nannochloropsis genus, including N. oceanica, which are part of the
Eustigmatophyceae class in particular have shown industrial potential
due to their fast growth rates and high lipid concentrations under
certain growth conditions [1–4].

The significance of strain selection for productivity in outdoor cul-
tivation is universally acknowledged, however relatively few papers
have actually addressed the issue of strain selection as a tool for im-
proved productivity in cultivation. Instead, most of the research has
focused on methodologies for improved production of desirable com-
pounds [5]. In a recent in-depth review of the scaling up process of algal
cultivation by Borowitzka and Vonshak, light was postulated as an
important factor. This is due to the fact that light, in addition to tem-
perature and nutrition, is a key factor governing the growth of photo-
autotrophic cultures as it provides the energy needed to drive their
metabolism [5,6].

In outdoor mass cultivation facilities, light intensity is governed by
diurnal and seasonal patterns, thus causing large fluctuations in the
light intensity reaching the growth culture. Furthermore, the light in-
tensity inside the culture is not evenly distributed as algae near the
surface of the culture are fully exposed to the full light intensity of the
sun, while algae near the bottom of the culture are in near complete
darkness [5,7,8]. These factors make it extremely difficult and costly to
control light reaching the growing algae cells in outdoor facilities [6].
Therefore, when judging fitness of micro alga for outdoor cultivation, a
key element to consider is resilience to a spectrum of light intensities
including excess light and photoinhibitive light. Excess light refers to a
situation in which the photo-apparatus absorbs a greater amount of
light than it can utilize.

Photo damage to the photo system II (PSII) is often considered an
operational cost of PSII activity, as photoinhibition of PSII is influenced
by both the net rate of photo damage and the net rate of PSII repair. Both
photo-damage rate and the repair rate of PSII are influenced by light
intensity in an excess light environment. It has been suggested that the
net PSII repair rate plateaus and may even decrease while damage rates
increase as light intensity in the environment increases, in turn leading to
a net decrease in PSII activity; i.e. PSII photoinhibition [9–14].
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A strain's robustness to an excess light environment could be central
to its resilience to a range of abiotic stresses. Previous studies have
indicated that abiotic stress, such as sub-optimal temperatures and
salinity, increase the susceptibility of the PSII to photoinhibition
[9,11,15]. It has been postulated that the main effect of abiotic stress on
the photosynthetic apparatus is the suppression of carbon fixation
which in turn leads to excess light environments occurring in lower
light intensities [11]. In excess light environments, the amount of
electrons reaching the photosynthetic electron chain exceeds the pro-
cessing capacity of the Calvin cycle regardless of whether or not abiotic
stress was a contributing factor. In turn, the photosynthetic transport of
electrons and excitation energy on the light harvesting antennas of PSII
result in the increased production of ROS as a by-product of photo-
synthesis [11,16].

Despite the high consensus that singlet oxygen is an important
player in photoinhibition [17–19], there exist divergent models as to its
exact role and origin(s). Some models such as the acceptor side [20]
and charge recombination models hypothesize that the reaction center
of PSII, or more specifically the D1 protein of the reaction center, is
directly damaged by singlet oxygen produced during charge re-
combination in the reaction center [18,21]. On the other hand, some
models suggest that singlet oxygen plays a role in the recovery of PSII
during photoinhibition by inhibiting D1 expression [10,19]. While
questions still exist involving the exact role(s) of singlet oxygen in the
photoinhibition process, it is highly recognized as an important player
during photoinhibitory events, therefore isolating it as a potential
marker for photoinhibition and excess light resilience.

The objective of this research was to evaluate the hypothesis that
algae strains found to be resilient to singlet oxygen also have photo-
synthetic apparatuses resilient to excess light. Furthermore, we hy-
pothesized that a photosynthetic apparatus which is resilient to excess
light environments allows for an increased specific growth rate of the
resilient strains in excess light environments. Singlet oxygen is an in-
teresting ROS due to its suspected role in the photoinhibitory processes.
Many studies have explored the role of singlet oxygen in photo damage,
recovery, and signaling in addition to mechanisms of oxidative pro-
tection, however, the use of singlet oxygen as a marker for selection of
strains has been primarily ignored.

2. Materials and methods

2.1. N. oceanica (WT) and two Rose Bengal resistant mutants strains
(RB2+RB113)

Nannochloropsis sp.; strain CCALA 804 [ZMORA/1995, Culture
Collection of Autotrophic Organisms (CCALA), Institute of Botany,
Academy of Sciences of the Czech Republic].

Two mutant strains of N. oceanica (WT) were isolated in our la-
boratory by use of the chemical mutagenesis agent ethyl methane-
sulfonate (EMS) in order to create mutations. N. oceanica cells were
cultivated in an RSE solution with 40 μgml−1 EMS at 25 °C in complete
darkness for 1 h. The N. oceanica culture was then washed and fresh
RSE medium was added. The culture was then left to grow for two days
at 25 °C and 70 μmol photonsm−2 s−1 in a shaker. The culture was then
spread on agar plates, with the addition of RSE and 4000 μg l−1 Rose
Bengal (RB). RB is a photosensitizer that produces singlet oxygen (1O2)
in light. Five agar plates were placed on a light shelf, 40 μmol pho-
tons m−2 s−1 at 25 °C and left to grow for three weeks. 23 mutant
strains were isolated after the three-week growth period on agar plates.
RB2 and RB113 are mutant strains isolated by this process and were
randomly selected from the mutant strains to be the subjects for in-
vestigation in this study.

Isolated mutant colonies were transferred to 250ml Erlenmeyer
flasks containing 100ml of RSE media. Cultures were then allowed to
grow for three weeks in a shaker at 25 °C and 70 μmol photons m−2 s−1.
After this scaling-up event of isolated mutant lines, each strain was

tested for resilience against bleaching caused by RB. Cultures were
grown inside growth wells, with each well containing 2ml solution of
RSE medium with a starting chlorophyll concentration of 10 μgml−1.
The picture of the Rose Bengal (RB) experiment (Fig. 1) was taken seven
days after the start of the experiment.

2.2. Growth medium

The RSE medium: 34 g L−1 Reef Salt (Seachem™, Madison, GA,
USA), 2 g L−1 KNO3, 70mg l−1 KH2PO4, 1ml l−1 A5+Co micro-
elements solution, 1ml l−1 Fe-citrate mixture and 0.5ml l−1 vi-
tamin solution.
A5+Co microelements solution: 0.77 μM ZnSO4·7H20, 46.3 μM
H3BO3, 0.31 μM CuSO4·5H2O, 1.61 μM Na2MoO4·2H2O, 9.15 μM
MnCl2·4H2O and 0.172 μM Co(NO3)2·6H2O Fe-citrate solution:
9 g l−1 ferric citrate and 9 g l−1 citric acid.
Vitamin solution: 1 g l−1 vitamin B12, 1 g l−1 biotin and 200mg l−1

thiamine HCL. All solutions and media were made in a ddH2O so-
lution.

2.3. Growth in multi-cultivator

For all experiments, strains were grown in a multi-cultivator
(MC1000-OD, Photon Systems Instruments, Drasov, Czech Republic,
WWW.psi.cz). 80ml cultivation tubes were immersed in a temperature-
controlled water bath. The water bath was kept at a constant tem-
perature of 25 °C which is considered the optimal temperature. CO2
enriched air, 20,000 ppm CO2 content, was continuously bubbled into
the cultivation tubes.

Each cultivation vessel could independently be adjusted to a specific
PPFD. Cool white LED illumination was used to illuminate the culti-
vation tubes. For the growth rate experiment conducted at optimal
temperature (25 °C), six PPFDs were used: 20, 50, 100, 200, 300 and
500 μmol photons m−2 s−1.

Fig. 1. Effect of RB concentrations on WT strain and two N. oceanica mutant
strains, RB2 and RB113. Numbers in picture represent concentration of RB in
μmol l−1. Picture was taken after seven days of incubation.
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2.4. Growth characterization in multicultivator

All cultures were grown in a batch growth for at least ten days, with
a starting chlorophyll content of 2 μgml−1; cultures were sampled
daily. The logarithmic phase of the growth curve was assessed visually
in a semi-logarithmic graph. Data points between 48 and 96 h were
assessed as to whether they were within the logarithmic phase for all
experiments and then were used to calculate specific growth rate (μ).
Three independent repetitions of batch growth curves were carried out
(n=3) for all experiments.

2.5. Shot-term very high PPFD experiment

All strains were grown in the multi-cultivator at optimal growth
temperature (25 °C) and 200 μmol photons m−2 s−1. Very high PPFD
treatment was carried out three days after the start of the experiment.
All cultures were diluted to a concentration of 10 μg chlorophyll ml−1,
put into a 10ml glass chamber, kept at room temperature, and illumi-
nated with a PPFD of 3000 μmol photons m−2 s−1 for a duration of
20min. Rates of photosynthetic oxygen evolution as a function of ir-
radiance (P vs. I curve) were calculated before and after very high PPFD
treatment on cultures with a concentration of 5 μg chlorophyll ml−1,
with a Clark-type oxygen electrode (DW2/2 Oxygen Electrode,
Hansatech Instrument Ltd., Norfolk, UK). Three independent repetitions
were carried out (n= 3).

2.6. Calculation of chlorophyll a content

Samples were centrifuged for 5min at 13,400 rpm. The supernatant
was removed leaving only a pellet of cells. Cells were re-suspended in
1ml dimethyl sulfoxide (DMSO). The solution was then vortexed and
heated for 3min at 70 °C. The mixture was then centrifuged again for
5min at 13,400 rpm. Chlorophyll concentration was measured by a
Cary 50 BIO spectrophotometer (Varian, USA) and chlorophyll content
was calculated according to the equation μgml−1=OD665 11.49 [22].

2.7. Calculation of chlorophyll a content

Cultures were diluted to a concentration of 0.5 · 106 cells ml−1 to
2 · 106 cells ml−1 and then vortexed for 30 s. Cells were then counted on
a Luna™ Dual Fluorescence Cell Counter, Logos Biosystems, Korea,
www.logosbio.com.

2.8. Photosynthesis vs. irradiance curve (P-I curve)

Rates of photosynthetic oxygen evolution as a function of irradiance
(P vs. I curve) and of dark respiration (Rd) measured after 5min of dark
acclimation were measured with a Clark-type oxygen electrode (DW2/2
Oxygen Electrode, Hansatech Instrument Ltd., Norfolk, UK) connected
to a Hansatech Oxylab control box. 2ml algal samples of known
chlorophyll concentration (5 μgml−1) were inserted into the water-
jacketed, temperature-controlled chamber (25 °C), and mixed by mag-
netic stirrer. Using Oxygraph Plus software (or O2ViewXP) software
(Hansatech Instrument Ltd., Norfolk, UK), the oxygen exchange rate
was recorded. One sample was used to perform an entire P-I curve,
starting from dark respiration and then incrementally raising the PPFD.
Each PPFD lasted for 1min. 13 PPFDs were used altogether 0, 20, 30,
40, 50, 75, 100, 150, 200, 300, 500, 700, 100 μmol photons m−2 s−1.
Rates obtained directly from the software were normalized to the
chlorophyll concentration of the sample. All oxygen evolution rates are
presented in units of: μmol O2 evolvedmg chl−1 h−1. All measurements
were conducted 3 days after inoculation.

2.9. Photosynthesis vs. irradiance curve (P-I curve) calculations

P vs. I curves were evaluated through Eq. (1) with a best fit line

calculated in R by use of the Mosaic package. Maximum rate of light-
saturated photosynthesis (Pmax) and the initial slope (α) were than
extrapolated from the equation by use of Eqs. (2) and (3). Eqs. (1), (2),
and (3) are based off the work of Eilers & Peeters in 1988 and were
slightly modified by Pierangelini et al. in 2014 [23,24]. The modifica-
tions included the factoring of the Ic parameter into Eq. (1).

= + +P (I I ) (a (I I ) b (I I ) c)c c
2

c
1 (1)

= +P (b 2 ac)max
1 (2)

= c 1 (3)

3. Results

Mutant strains of the micro alga N. oceanica were created with the
use of the mutagenizing agent EMS. Isolated colonies were then
screened for resilience to the singlet oxygen photosensitizer RB.

Two mutant strains, RB2 and RB113, were found to be highly re-
silient to RB relative to the WT strain. A representative picture can be
seen in Fig. 1. The resilience of the mutant strains, RB2 and RB113, was
especially evident in higher concentrations of RB. The WT cultures were
completely bleached in the 20 and 25 μmol l−1 concentrations of RB,
while the two RB resilient mutants resisted bleaching at these same
concentrations.

In order to evaluate the effect of light intensity on the growth of N.
oceanica strains, cultures were grown in six different PPFDs between 20
and 500 μmol photons s−1m−2. Growth was followed by daily mea-
surement of chlorophyll with specific growth rates of strains calculated
from the logarithmic phase of growth.

The two mutant strains, RB2 and RB113, had higher specific growth
rates relative to the WT strain in the PPFD regime between 200 and
500 μmol photons s−1m−2. In this light regime, the specific growth
rates of the WT strain started to level off and even decreased relative to
increases in PPFD, suggesting that the WT strain had reached an excess
light environment (Fig. 2).

Modification of chlorophyll content of alga cells is known to be a
key mechanism of light acclimation. The chlorophyll content per cell
thus serves as an easily applied indicator of the acclimative response of
cells to changes in light intensities. In order to evaluate the acclimative
effect of light intensity on N. oceanica strains, chlorophyll content per
cell was measured during the logarithmic phase of growth in six dif-
ferent PPFDs between 20 and 500 μmol photons s−1m−2.

In Fig. 3 we note that WT and RB2 strains showed similar accli-
mative behavior in terms of changes in their chlorophyll per cell ratio as
a function of PPFD. However, the RB113 mutant strain consistently
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Fig. 2. Effect of PPFD on the specific growth rate of two N. oceanica mutant
strains, RB2 (_ . .) and RB113 (_ _), and the N. oceanica WT (___) strain. Data
shown as mean ± SD, n= 3.
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maintained a higher chlorophyll per cell ratio than the other two strains
when grown in PPFDs of 200 μmol photons s−1m−2 and above.

In order to evaluate the effect of PPFD during growth on the pho-
tosynthetic apparatus of N. oceanica strains, cultures were grown in
three different PPFDs: 50, 200 and 500 μmol photons s−1m−2. The
photosynthetic apparatus was evaluated during the logarithmic phase
of growth by a Photosynthetic vs. irradiance (P-I) curve where photo-
synthetic rates were judged by oxygen evolution. Commonly used
parameters of a P-I curve were calculated to further investigate the
photosynthetic apparatus of the N. oceanica strains.

Both mutants showed higher photosynthetic activity than the WT
strain in their Pmax and α parameters for cultures grown in
500 μmol photons s−1m−2. However, the RB113 mutant strain seemed
to be more resilient to high PPFD environments, reflected by the fact
that no significant decrease in photosynthetic efficiency, α parameter,
or Pmax was observed in cultures grown in 500 μmol photons s−1m−2

versus 200 μmol photons s−1m−2. In contrast, the WT strains displayed
a decrease in both Pmax and α parameters in the same environment. The
RB2 mutant strain seemed to show less resilience to 500 μmol pho-
tons s−1m−2 growth environments, as compared to the RB13 strain,
showing a decrease in α. However, the RB2 mutant strains showed
overall elevated photosynthetic activity in excess light environments.
The RB2 mutant strain had higher Pmax and α values than both the WT
and RB113 strains in 200 and 500 μmol photons s−1m−2 environments,
and a lower photosynthetic activity in light limited environments,
which was reflected by the Pmax and α values for cultures grown in
50 μmol photons s−1m−2. This suggests that the RB2 mutant's photo
apparatus showed an increased acclimative response to increases in
PPFD.

It is also worth noting that there was an increase in dark respiration
as PPFD treatment increased for all strains. In contrast to the mutant
strains, the WT cultures showed a higher increase in respiration due to
increases in PPFD in the growth conditions. This phenomenon was
especially evident when comparing the increase in respirations between
cultures grown in environments of 200 μmol photons s−1m−2 versus
500 μmol photons s−1m−2.

In order to evaluate whether there are any differences between the
strains in regard to their resistance to a very high light, relative changes
of P-I curve parameters due to a short-term very high PPFD (20min
PPFD treatment of 3000 μmol photons m−2 s−1) were examined.

The short-term very high PPFD treatment lowered the α parameter
by about 25% for both the WT and RB2 mutant strains, while the RB113
mutant strain showed almost no change in its α parameter, which
suggests an increased resilience of the RB113 strain to short-term very
high PPFD relative to the WT and RB2 strains. The short-term very high
PPFD treatment had little to no impact on the Pmax parameter of the

RB2 and WT strains and a slight increase can be seen for the RB113
mutant strain. Additionally, the very high PPFD treatment increased the
Rd parameters for all strains.

4. Discussion

The objective of this research was to evaluate the hypothesis that
algae strains found to be resilient to singlet oxygen have photosynthetic
apparatuses resilient to excess light environments. Furthermore, we
hypothesized that a resilient photosynthetic apparatus to excess light
environments would be accompanied by an increased specific growth
rate in environments where non-resilient strains would be in excess
light environments. In order to test our hypotheses, RB resilient mutant
strains of the micro alga N. oceanica were created with use of the mu-
tagenizing agent EMS. RB was chosen because it is a singlet oxygen
photosensitizer, meaning singlet oxygen is produced when RB is ex-
posed to light in the 450–580 nm range.

We chose RB as an appropriate choice for evaluating the role of
singlet oxygen in N. oceanica for a number of reasons. Firstly, RB is
nontoxic to cells (excluding its product singlet oxygen) and is taken up
into cells efficiently [25,26]. More importantly, the bulk of the RB
taken up by cells congregate in the chloroplast and cause damage si-
milar to the damage seen in photoinhibition, thus mirroring the impact
of endogenously produced singlet oxygen [27].

A large spectrum of PPFDs was used in order to compare the strains
in both light-limited and excess light environments. This was necessary
in order to evaluate our hypothesis that the difference between the WT
strain and the mutant strains would be evident not in light-limited but
rather in light-saturated environments. Specific growth rates, which are
calculated based on data in the logarithmic phase of growth, was used
to assess growth of strains. The logarithmic phase of growth is im-
portant because acclimative effects along with nutrient limitations and
light limitations brought about by shading are thought to be negligible.
Thus, by limiting the effects of these parameters, conditions allow for a
functional relationship to exist between PPFD and specific growth rate
of micro alga [28,29]. In light-limited environments, specific growth
rate and PPFD are often considered to have a linear relationship – the
specific growth rate increases as PPFD increases. In excess light en-
vironments however, specific growth rates do not increase with in-
creasing PPFD and may even decrease due to the photoinhibitory effects
of light [30]. In Fig. 2 we note that the mutant strains entered excess
light conditions at higher PPFDs and had higher maximum specific
growth rates than the WT. However, all three strains showed similar
specific growth rates in light-limited environments. These results sug-
gest that resilience to singlet oxygen is an important growth factor in
excess light environments.

In addition to being a powerful physiological tool for investigation,
the relationship between PPFD and specific growth rate is an interesting
parameter to consider for judging a strain's performance and serves as a
potential indicator for its productivity under outdoors cultivation con-
ditions. This assumption is supported by the findings of Sandnes in
2005, where it was shown that specific growth rates of N. oceanic are
highly indicative of a strain's performance in outdoor mass cultivation
[31].

A common acclimative response of photosynthetic organisms to
changing light in their environment is the modification of chlorophyll
content per cell. This crucial acclimative mechanism allows for the
optimization of the photosynthetic apparatus by influencing the
amount of photons reaching a given photosystem in a given environ-
ment [32]. There exist two main mechanisms to achieve this chlor-
ophyll dilution. The first mechanism is a reduction in the number of
photosystems per cell and the second mechanism is the reduction of the
antenna size per photosystem. For the genus Nannochloropsis there are
conflicting reports as to the main mechanism driving chlorophyll di-
lution in high light acclimated cultures. Some reports suggest shrinking
antenna size is responsible [33] while others suggest a reduction in the

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 100 200 300 400 500

ch
lo
rp
hy
l l
to

ce
l l
(A
/A
o)

Light (µmol photons s-1 m-2)

Fig. 3. Effect of PPFD on the chlorophyll content of the WT (___) strain and the
two mutant strains, RB2 (_ . .) and RB113 (_ _), of N. oceanica. Data shown as
mean ± SD, n= 3.

A. Ben Sheleg, et al. Algal Research 41 (2019) 101562

4



number of photosystem units per cell is the main driving force [34,35].
It should be noted that the WT and RB2 strains showed similar behavior
in terms of changes in their chlorophyll per cell ratio as a function of
PPFD (Fig. 3). However, the RB113 mutant strain consistently main-
tained a higher chlorophyll per cell ratio in higher PPFD environments.
Furthermore, it has been observed that the rate of modification of
chlorophyll content per cell increases in excess light environments [36].
This slower rate of chlorophyll dilution of the RB113 mutant strain
relative to the WT strain in high PPFD environments further supports
our finding in Fig. 2 that the RB113 mutant strain entered excess light
conditions at higher PPFDs compared to the WT strain.

The performance of the photosynthetic apparatus was evaluated by
a photosynthesis versus Irradiance (P-I) curve with photosynthetic rates
judged by oxygen evolution. Oxygen evolution, unlike fluorescence
methodologies for photosynthetic analysis, measures a direct byproduct
of photosynthesis.

An increase of photosynthetic capacity, as reflected by an increase
of the Pmax parameter, is a common response to acclimation to high

light [37]. This increase in photosynthetic capacity has been attributed
to increases in electron flow sinks such as the Calvin cycle. Multiple
studies have shown an increase in RUBISCO in response to acclimation
to high light intensity in Nannochloropsis cells [38,39]. However, it has
also been shown that in cases where excess light environments bring
about photoinhibition, there are decreases in RUBISCO content [39].

The RB113 and RB2 mutant strains both showed peaks in their Pmax
parameters for cultures grown at 500 μmol photons s−1m−2 while the
WT strain's Pmax parameters peaked in cultures grown at
200 μmol photons s−1m−2, Fig. 4 and Table 1. These results concurred
with our results from Fig. 2, showing a later peak of the specific growth
rate of the mutant strains relative to the WT strain. Together these re-
sults paint a picture that mutant strains have enhanced photosynthetic
functioning in high PPFD growth environments leading to enhanced
growth in these environments.

The RB2 mutant strain showed an altogether different acclimative
response of its photosynthetic apparatus to changing PPFD than the WT
strain. In low PPFD condition, 50 μmol photons s−1m−2, the RB2 mu-
tant strain had a lower Pmax than the WT strain. However, in high PPFD
of 200 and 500 μmol photons s−1m−2, the RB2 mutant strain showed a
higher Pmax than the WT strain. These results seem to suggest a stronger
acclimative response of an electron sink such as the Calvin cycle in the
RB2 mutant strain which is very responsive to PPFD in its environment
(Table 2).

Dark respiration, or the Rd parameter, is known to increase due to
greater light intensity [37] with some signaling models suggesting that
light directly influences the expression of key respiratory enzymes
while other models give light a more indirect involvement [40]. In any
case, the role of said increase in respiratory activity can at least par-
tially be explained by the fact that respiratory activity may play a role
in photo-protection. For example, the Alternative Oxidase (AOX)
pathway is thought to protect the photosynthetic apparatus by
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Table 1
Effect of PPFD, μmol photons s−1m−2, on P-I curves during cultivation of N.
oceanica WT strain along with the two RB mutant strains, RB2 and RB113.
Values were normalized to chlorophyll content with data shown as mean ± SE,
n=3. The units for the P-I curve parameters are Rd, Pmax: μmol O2 Chl
(mg)−1 h−1, α: μmol O2 Chl(mg)−1 h−1 (μmol photons s−1m−2)−1. The P-I
curves are based off the work of Eilers & Peeters in 1988 and were calculated as
follows P= (I− Ic) (a (I− Ic)2+ b (I− Ic)+ c)−1. Maximum rate of light-
saturated photosynthesis (Pmax) and the initial slope (α) were than extrapolated
from the equation by use of equations Pmax= (b+ 2√ac)− 1 and α= c−1

respectively. Dark respiration (Rd) is the respiration rate after a five-minute
dark acclimation period.

Strain PPFD α Pmax Rd

WT 50 1.56 ± 0.02 279.94 ± 14 5.66 ± 3.2
200 1.41 ± 0.08 312 ± 12 17.02 ± 3.7
500 1.22 ± 0.05 252.35 ± 13 74.69 ± 2.5

RB2 50 1.05 ± 0.05 129 ± 8 9.69 ± 3.4
200 2.16 ± 0.5 479.65 ± 10 15.42 ± 4.7
500 1.76 ± 0.18 489.15 ± 17 53.72 ± 7.4

RB113 50 1.7 ± 0.11 221.66 ± 14 7.48 ± 2.7
200 1.47 ± 0.02 294.61 ± 9 11.89 ± 1.1
500 1.45 ± 0.08 321.83 ± 6 42.45 ± 6.8

Table 2
Relative change of P-I curve parameters due to a 20minute very high PPFD
treatment of 3000 μmol m−2 s−1 in cultures grown in a 200 μmol pho-
tons s−1m−2 environment. P-I curve parameters are based on the Eilers &
Peeters model with data shown as mean ± SE, n=3.

Strain α (A/A0) Pmax (A/A0) Rd (A/A0)

WT 0.75 ± 0.08 0.97 ± 0.01 3.4 ± 2.3
RB2 0.77 ± 0.13 1.02 ± 0.11 2.4 ± 0.8
RB113 1.05 ± 0.15 1.18 ± 0.12 3.6 ± 1.9
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dissipating excess reducing equivalents that have been exported out of
the chloroplast by malate [41]. In the current study the WT cultures
showed a sharper increase in respiration due to increases of PPFD in the
growth conditions. This phenomenon was especially evident when
comparing the increase in respirations between cultures grown in en-
vironments of 200 μmol photons s−1m−2 versus 500 μmol pho-
tons s−1m−2 and may suggest that the WT cultures were under more
oxidative stress in the excess light environment than the mutant strains.

5. Conclusions

Evaluation and selection of strains fit for outdoor mass cultivation
can be a tedious and expensive process, thus limiting the number of
strains that can be evaluated. For this reason, a quick screening process
that can accurately point to strains likely to succeed in outdoor culti-
vation could have large industrial implications.

The objective of this study was to characterize the RB resistant
mutant strains of the marine algae N. oceanica. The rationale of this
objective was to evaluate the hypothesis that selection for strains re-
silient to singlet oxygen could serve as a method for obtaining algal
strains more resistant to excess light environments. Both of the mutant
strains tested, RB2 and RB113, showed increased photosynthetic ca-
pacity in excess light environments compared to the WT strain. In turn,
the increased photosynthetic capacity of the mutant strains resulted in
increased specific growth rates of the mutant strains in excess light
environments relative to the WT strain. Our work suggests that
screening strains of N. oceanica for RB resistance can be used as a tool
for selecting strains better fit for growth in high PPFD.

We suggest that RB screening may be a useful tool for selection of
strains for outdoor cultivation and possibly a wide range of additional
photosynthetic organisms. However, further work would be needed to
be conducted in order to test these suggestions.
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