Accepted Manuscript

The influence of photoperiod and light intensity on the growth and photosynthesis of
Dunaliella salina (chlorophyta) CCAP 19/30

Yanan Xu, Iskander M. Ibrahim, Patricia J. Harvey

Pl S0981-9428(16)30191-7
DOI: 10.1016/j.plaphy.2016.05.021
Reference: PLAPHY 4552

To appearin:  Plant Physiology and Biochemistry

Received Date: 2 March 2016
Revised Date: 16 May 2016
Accepted Date: 16 May 2016

Please cite this article as: Y. Xu, .M. Ibrahim, P.J. Harvey, The influence of photoperiod and light
intensity on the growth and photosynthesis of Dunaliella salina (chlorophyta) CCAP 19/30, Plant
Physiology et Biochemistry (2016), doi: 10.1016/j.plaphy.2016.05.021.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.plaphy.2016.05.021

10

11

12

13

14

The influence of photoperiod and light intensity on the growth and photosynth&xisaifella

salina(chlorophyta) CCAP 19/30

Yanan Xu, Iskander M. lbrahim, and Patricia J. Harvey*

University of Greenwich, Faculty of Engineering and Science, Centradu&ye&Chatham Maritime,

Kent, ME4 4TB, UK

*Author for Correspondence: Prof. Patricia J. Harvey, University of Greenwich,tFacul
Engineering and Science, Central Avenue, Chatham Maritime, Kent, ME4 4TB, UK
Tel: +44-20-8331-9972

E-mail: p.j.harvey@greenwich.ac.uk



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Abstract
The green microalgBunaliella salinasurvives in a wide range of salinities via mechanisms
involving glycerol synthesis and degradation and is exploited for large amounts oéuatitialc
carotenoids produced under stressed conditions. In this fudglinaCCAP 19/30 was cultured
in varying photoperiods and light intensities to study the relationship of light widhetit growth
measurement parameters, with cellular contents of glycerol, staglataeotenoids, and with
photosynthesis and respiration. Results show CCAP 19/30 regulated cell volume oviieg gr
under light/dark cycles: cell volume increased in the light and decreased inkhardhthese
changes corresponded to changes in cellular glycerol content. The détmekeolume in the
dark was independent of cell division and biological clock and was regulated by the plodtoperi
the light/dark cycle. When the light intensity was increased to aboveyt@6i0photons - i - s,
cells displayed evidence of photodamage. However, these cells also neairited maximum level
of photosynthesis efficiency and respiration possible, and the growth rate eétcasadgght intensity
increased. Significantly, the intracellular glycerol content also ase@, >2-fold compared to the
content in light intensity of 50@mol photons - /- s', but there was no commensurate increase in
the pool size of carotenoids. These data suggest that in CCAP 19/30 glycerol dtdimlize
photosynthetic apparatus for maximum performance in high light intensit@s, @ormally

attributed to carotenoids-

Keywords. Dunaliella salinaCCAP 19/30, glycerol, light intensity, photoperiod, photosynthesis,

stress



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

1. Introduction

Microalgae are a source of a variety of natural products (Priyadaehdiath, 2012;
Spolaore et al., 2006) including high value nutraceuticals, the exploitation of whield stathe
1970’s, with the use ddunaliella salinafor the production of-carotene, an antioxidant and a
precursor of vitamin A (Raja et al., 2008). Carotenoids are essential for photesymtiiein algal
chloroplasts: they are involved in both the light harvesting and photoprotecting pspecesbi
stabilizing the structure of photosynthetic pigment-protein complexes and aidhmgri function
(Mimuro and Akimoto, 2003; Mulders et al., 2014). The halotoleamtaliella genus comprises
green microalgae that have been intensively studied for the producflecaoftene as a valuable
compound for the health food industry (Ben-Amotz et al., 1982a; Davidi et al., 2014; Tafreshi and
Shariati, 2009)Dunaliella algae differ from many green algal species as their cells laclkda rigi
polysaccharide cell wall and are bounded only by a cytoplasmic membrane, Wduehtaem to
adjust their volume and shape rapidly in response to hypo- or hyper-osmotic chadgase($4.,
1989; Zelazny et al., 1999)unaliella also produces glycerol in a salt medium via photosynthesis
and the level of intracellular glycerol has been found to be proportional to theedtea salt
concentration, reaching above 50 % of the dry cell weight (Ben-Amotz et al., 1982b).

In the natural environment, all life is exposed to a daily cycle of light and detkdition of
light intensities and seasonal oscillation of daylight length as a result @ftétieon of the planet.
Eukaryotic and prokaryotic cells have evolved to respond to the rhythmic changes in eentadnm
conditions and synchronize their cellular processes to the most appropriaté tiaelay (Dixon
et al., 2014; Duanmu et al., 2014). Research on the green mic@dayaydomonas reinhardtii
shows that a wide range of biological processes including cell division, photataamsotaxis, cell
adhesion, and nitrogen metabolism can be regulated by the natural clock and envabnment
conditions (Matsuo and Ishiura, 2011). Apart from the regulation of biological prodestethe
yield and the composition of algal biomass are dependent on environmental light conditions. For

example, starch synthesis and degradation in the marine mic@stiggcoccus taushowed a
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diurnal pattern with maximum starch content obtained towards the end of the day vitesdcul
under a 12 h light/12 h dark cycle (Sorokina et al., 2011).

In industrial algal cultivations, illumination conditions such as continuous light or a light
dark cycle, the length of the photoperiod and the light intensity affect both the growttro&igae
and the biomass composition (Wabhidin et al., 2013). Continuous illumination in a photobioreactor
system is often used to maximize the biomass production; however, excess lightleatecannot
be converted into chemical energy induces photoinhibition damage to the algal photosynthetic
apparatus, and inhibits the growth of algal cells (Baroli and Melis, 1998; Mulders2§i1al). The
provision of appropriate light and dark periods is therefore likely to be essentallicthe growth
of D. salinaand optimum yields of target products. So far, despite the fact that intensivehresear
has been carried out on the response of various Dunaliella strains to changes in enal@atent
concentrations (Alkayal et al., 2010; Goyal, 2007a; 2007b; Lin et al., 2013; Zhao et al., 2013),
limited information has been reported on the stiaisalinaCCAP 19/30 in terms of its growth
under varying light cycles and intensities.

To explore the effect of light period and light intensity on the regulation of growth,
photosynthesis and biomass composition of CCAP 19/30, cells were cultured under a range of
light/dark periods within a 24 h cycle and different light intensities and diffemarkers of growth
compared with those under continuous light. Photosynthesis of the cells was monitolatbim re
to light conditions along with the cellular content of photosynthesis-related $sscroenpounds
including chlorophyll, carotenoids, protein, glycerol and starch. Understanding hoatiegolf
light conditions and diurnal control helps to improve the production of algal biomass and desired
bioproducts will guide treatment with suitable stressors and determine théotitneatment or

harvesting of the algal biomass.

2. Material and methods

2.1 Algal strain and cell cultures
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Green microalg®unaliella salinaCCAP 19/30 was obtained from the Culture Collection
of Algae and Protozoa (CCAP, Scotland, UK). Our previous study has shown the str&n CCA
19/30 grows best in medium with the salinity of 0.5 M NaCl and identical growth cueres
obtained when carbon sources were provided by either 10 mM Nald@i@ medium or
continuous supply of 5 % GOTherefore in this study algae were cultured in Modified Johnsons
Medium (J/1) (Borowitzka, 1988) containing 0.5 M NaCl and 10 mM Nakl@ith pH adjusted to
7.5 by 10 mM Tris-buffer. Algae were maintained on 2 % agar plates in a tempecatuodied
growth chamber at (20 £ 2) °C. Illumination was provided under a 12 h light, 12 h dark cycle by
cool white fluorescent lamps with a light intensity of +800ol photons - f - s'. Small stock
cultures with ~25 ml medium were grown to mid-log phase by inoculation from algaieslon
agar plates. Stock cultures were then diluted 1 in 50 (v/v) as inoculum for largerscuitaaeh
experiment. For algal cultivation, Erlenmeyer flasks containing 500 ml medicimaeae
maintained at 25 °C with continuous shaking (100 rpm) in an ALGEM Environmental Modeling
Labscale Photobioreactor (Algenuity, UK), which enables algae to grow undehctontrolled
conditions of light, temperature and mixing level. LEDs located at the bottom bidtteactor
chamber support the photosynthetic growth of algae by providing white, red orgbluat i
controlled light intensities.

To explore the effect of various photoperiods, a stock culture was set up under 12 h light/12
h dark condition (LD) in the Algem at 25 °C with continuous shaking (100 rpm). This stock culture
was maintained for three days, and at the end of the dark period, 10 ml of the culturecwiased
into 1 litre flask containing 490 ml of the medium. Six cultures were inoculated and grown unde
various cycles over a 24 h period: continuous light (LL), 4 h light and 20 h dark (4/20 LD), 8 h light
and 16 h dark (8/16 LD), 12 h light and 12 h dark (12/12 LD), 16 h light and 8 h dark (16/8 LD) and
20 h light and 4 h dark (20/4 LD). Under LL and 12/12 LD conditions, cell growth undegea oén
light intensities (50, 100, 200, 500, 1000 and 1p@®! photons - /M - $*) was compared. Each
growth condition was set up at least in triplicate. Cell growth was monitorechatitally in the

bioreactor by recording the value obtained for light scatter at 725 nm in OD utlits, tvhe

5
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interval of 1 h between measurements during the culture period. Cell concentiaidetermined
by counting the cell number in culture broth using a haemocytometer.

Specific growth ratep() and doubling time (J) of all cultures were calculated according to

values of OBR.shmrecorded using the data output of the photobioreactor in order to characterize the

cell growth at various conditions. The specific growth rajeof the algal growth and doubling
time (Tq) were calculated according to:

K = (INOD - INODy)/At,

Tq = IN2M4,

where OR and OD) refer to optical density at time t (h) and time zero respectively.

2.2 Cell volume analysis

Cell number and cell size distribution of cultures under LL or 12/12 LD conditions were
measured with a BD AccuriTM C6 flow cytometer (BD biosciences, USA) sxgited by (Barker
et al., 2012). Cell size can be quantitatively obtained by accurately meaberfiogitard-angle
light scatter (FSC) signals of the algal culture broth and compare theR8€awalues obtained
from samples and calibrating beads of known diameters. Images of cells grownannules light
intensities were taken using a cell counter (Celeromics Technologies b3d@cted to a
microscope and analyzed to calculate the average cell volume of eachocoditeast 100 cells
were taken in the image of each culture condition and the average cell volalhmeasurements
was taken. The cell volume was calculated based on the method described by Sun(@od &nd
Liu, 2003). By assuming Dunaliella cells have a geometric shape of prolateidptiee
biovolumes of CCAP 19/30 cells cultured under various light intensities were t¢taétatacording
to the equation:
V= /6 * d* * h,
where d is the diameter of cross section and h is the diameter of apical seatsrbepherical

body.
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2.3 Biomass analysis

Cells were harvested at 3 h intervals over a 24 h period to determine the celitéat of
the target products: glycerol, chlorophyll and carotenoids. Based on our previoussligdy,
harvested by centrifugation at 3000 G would not be damaged and glycerol remainedehetsl|
(Xu et al., 2015), therefore, 1 ml of culture samples were taken and centrifuged at @@
to get the cell pellets. The pellets were then resuspended in 1 ml of distitexdawa 200 pl of
chloroform and vigorously vortexed to extract the glycerol. The water phasénaayiglycerol
was separated from chloroform by centrifugation at 10,000 G for 10 min and the glycerol
concentration in the water phase was determined according to the following praq@ahdieli
and Bella, 2005): A series of glycerol standards with various concentrationsrejeaequl first to

generate standard curves. Each working standard and the samples westeniitbat.2 ml of a 10

mM sodium periodate solution and shaken for 30 seconds. Each solution was then treated with 1.2

ml of a 0.2 M acetylacetone solution, placed in a water bath at 70 °C for 1 minute add stirre
manually. The solutions were immediately placed in cold water to stop thi®neaad the
absorbance was measured using a UV/Vis spectrometer at wavelength of 410 nm.

Cellular protein content was determined using the Total protein kit, Micro Lowry
Peterson’s Modification (Sigma-Aldrich Co. LLC.) according to manufactiinstructions.
Cellular starch content was measured using Total Starch Assay KitZ{jegalreland) according
to the manufacturer’s instructions.

Pigments were extracted from harvested biomass using 80 % (v/v) acetone.ofharates
of acetone extract without cell debris was measured at wavelength of 480 totalfoarotenoids.
The content of total carotenoids was calculated according to Strickland & PéBsacidand and
Parsons, 1972):

Total Carotenoids (g - Ml = 4.0 * AbSisonm
where Abgsonmis the absorbance of 80 % acetone extract measured at 480 nm.
Chlorophyll a, b and total Chlorophyll were evaluated by measuring the absedfahe

acetone extract at 664 nm and 647nm and calculated according to Porra et alt @ort8&9):

v
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Chla (ug - mh) = (12.25 * Abggsnm) — (2.55 * AbSa7nn);
Chl b (ug - mf) = (20.31 * Abga7nn) — (4.91 * AbSeann),
Total Chl (ug - mb) = Chl a (ug - mt) + Chl b (ug - mb),
where Absgs7nmand Absgsanmrefer to the absorbance of the 80 % acetone extract measured at 664
nm and 647 nm respectively.

A sine wave equation trend-line was fitted to the data for cell size, gedirgl content and
cell starch content using Microsoft Excel 2013 solver to optimise A, f and k by simgithe sum
of the square of the differences between the results derived from the expatitda¢a and those
calculated from the equations, for the sine wave described by equation:

y = Asin(2nft + k) + B
Where is A is the amplitude, f is frequency (day-1), t is time (day), k is a phdiseonstant and B

is the overall average value.

2.4 Oxygen evolution and dark respiration

Cells were harvested during the exponential growth phase and Nav&#3dded to a final
concentration of 10 mM 5 minutes before the start of each measurehimentate of net ©
evolution and dark respiration were measured as described by BratdleyBrindley et al., 2010)
at 25°C by a Clark-type electrode (Hansatech)(Delieu and Walke83)L Q evolution was
induced with 150Qumol photons - A - s* actinic light. After an initial period of 30 minutes of
dark adaption, @ evolution was measured for 5 minutes followed by dark respiratior2@or
minutes. The average net rate of photosynthesis was then deteframdtie oxygen gradient over
5 minute, d@/dt. Dark respiration was determined by following the same proceéexcept that it
was calculated using the data from the last 5 minutes of tineir2@xperiment. Sodium dithionite

was used to calibrate the electrode.

2.5 Room temperature fluorescence
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The maximum quantum vyield of photosystem Il was measured usingla WAM 101
fluorometer with the 101-ED emitter-detector unit. Walz Optidait ED-101US was used for cell
suspension. All samples were grown to an,&F, of ~0.5. Actinic light for state-2 to state-1
transitions was provided by Flexilux 150 HL white light behind @webCorning 4-96 glass filter.
Prior to measurement cells were dark-adapted for 5 minutes. NhmiffuorescenceFHy) was
determined by illuminating with measuring light (0.@inol photons - M - s%. Maximum
fluorescence K, for dark-adapted state was determined with 0.8 second longtsatu(6500
umol photons - M - s%) pulse delivered from a Schott KL 1500 white light source. The actinic light
was then turned on and a second saturation pulse was applied after 28 riipjit At the end of
state transitions measurement, actinic light was turn aibtainF’o. The maximum quantum vyield
of PSIl F./Fn) was calculated as-{-Fo)/ Fn; The effective quantum yield of PSi#gs;) was
calculated asK—F)/ Fm; Photochemical quenchingRjjwas calculated ag=(,— F)/(F n—F0)

(Genty et al., 1989).

3. Results
3.1 Growth of CCAP 19/30 under continuous light and light/dark cycles with various photoperiods
To investigate the effect of different photoperiod on the growth of CCAP 19/30, cultures
were exposed to 24 h light/dark (LD) cycles with different photoperiods and alsouou light
(LL). Results are shown in Fig. 1 (see also Supplementary Material [Jablee light periods were
4, 8,12, 16, 20 and 24 hours in every 24 hours (4/20 LD, 8/16 LD, 12/12 LD, 16/8 LD, 20/4 LD
and LL respectively) with the light intensity of 2(fhol photons - M - s'. The data show that
cultures grown under different light conditions showed different overall groates over the six
days monitored. The longer the photoperiod that the cultures were exposed to, thiedapgtamth
rates and the higher the cell densities that could be obtained. Moreover, differetht igites were
obtained in the light periods and the dark periods for cultures grown in LD cycles gdgwn in
all LD cycle conditions presented a clear rhythmic oscillation in theamtensity of the culture

broth (Fig. 1). Light scatter at 725 nm was used as a measure of the biomass cancehtrs

9
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cultures and increased in all light periods but decreased in all dark periods. TlEs@sm the
optical density was absent in cultures grown under continuous light. Besides, thas@sevas
found to respond exactly to the rhythmic changes of the light conditions in allllides despite

the length of the photoperiods (Fig. 1).
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Fig. 1. Growth of CCAP 19/30 exposed to various 24 h cycles with different phatdpdd/20 LD,
8/16 LD, 12/12 LD, 16/8 LD, 20/4 LD and LL). All cultures were grown at 25 °C with continuous
shaking (100 rpm). The light intensity during the light periods of all conditions wasr26I0

photons - 1§ - §*. Cultures in each condition were set up at least in triplicate and shown in figure

are means of the measurement + standard deviation.

3.2 Cell volume of CCAP 19/30 is controlled by light/dark cycles

The cell density, optical density and cell volume of CCAP 19/30 cultures wereoneohit
over a 48 h period when cultured under 12/12 LD conditions with the light intensity afrt8l0
photons - i3 - $*during the light periods. As shown in Fig. 2A, over the 48 h period monitored, the
optical density of the respective cultures showed clear oscillations andsedna the light periods

and decreased in the dark periods. However, in Fig. 2B cell number of the cultures slightly
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increased both in the light and dark periods. If the total biovolume is evaluated Iplymgtthe
average cell volume with the cell number, it can be concluded that the average ce#l nalatn
also decrease in the dark period in order for the optical density to decreksthevkell number
increases. As a result, the decrease in optical density suggests eitheistbe of mother cells into
smaller daughter cells or an actual reduction in the cell volume. Cell divsidd explain why the
optical density remained relatively unchanged during the dark in the first fesndien the cell
density was low. However, after cell density increased, the optical denditydignificant
decrease during the dark period despite the length of the photoperiods (Fig. lfiinmdeih
division was not the main reason that cells in the dark had smaller cell volumes. Ehatpr
explanation was that algal metabolism during the LD cycle caused ascglat the cellular
content of osmolytes such as glycerol, which further induced the oscillation inltheleme over
the cycle. Cultures under continuous light were changed to LD conditions at the end of the log
phase and the optical densities started to show the oscillation once the culterpkoed in the
dark (data not shown), confirming that the decrease in optical density was ordg bsessence
of light.

Flow cytometry was used to monitor cell numbers and measure the cell diame@kPf C
19/30 cells grown under 12/12 LD cycles in order to find out whether the oscillation aidsom
density (optical density of the culture broth) was caused by changes in celegsoBynrunning a
series of calibrating beads sizing from 1 to 15 um in diameter, it can be Sethe tmean forward-
angle light scatter (FSC-A) signal is in a high linear relationship Wwelparticle size (Fig. 2D).
Thus the FSC-A values of cultures grown over the 48 h LD cycles as shown in Figv2CGhat

the cell diameter increased during the light periods and decreased in the dark periods

11
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Fig. 2. (A) Changes in the optical density of CCAP 19/30 cultures within 48 h period whemgrowi
under 12/12 LD conditions. (B) Changes in the cell density of CCAP 19/30 cultures within 48 h
period when growing under 12/12 LD conditions. (C) Changes in the mean forward-ghgle li
scatter (FSC-A) signals of CCAP 19/30 cells within 48 h period when growing underiR/
conditions monitored by flow cytometer. (D) Standard curve of mean FSC-A sigpaiticle size
showing that mean FSC-A signal is highly correlated with particle sizeukures were grown at

25 °C with continuous shaking (100 rpm). The light intensity during the light periods of all
conditions was 20fimol photons - /- s*. Cultures in each condition were set up at least in

triplicate.

3.3 Cellular glycerol and starch content increased in light and decreased in dark
Glycerol is one of the most important osmolytes in Dunaliella cells thatateghle changes

in cell volume. Dunaliellspecies are able to accumulate a significant amount of intracellular
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glycerol in response to the extracellular osmotic pressure (Ben-Amotzvaod, A981; Chitlaru
and Pick, 1991). In the present study, extracellular osmotic conditions were heé&htcansd
consequently the changes of cell volume during the LD cycles should redieatar oscillation in
the cellular glycerol content so as to maintain constant intracellular isstoatitions. As shown
in Fig. 3A, cellular glycerol content of CCAP 19/30 grown under 12/12 LD cycles showed a
oscillation changing within the range of 1.7 to 9.3 pgcdlhe cellular glycerol content increased
overall in the light periods tending to reach the maximum level around the end of theligtis pe
In the dark, glycerol content per cell decreased, then increased a few Hotedheelight period.

It has been reported that the carbon source for glycerol synthesis in Dangloe salt stress is
contributed by both photosynthesis and starch degradation (Goyal, 2007b), so celldlarostamat
of CCAP 19/30 grown under 12/12 LD cycles was measured as shown in Fig. 3B. Cellalar st
content over the LD cycles shows a similar pattern to cellular glycersran CCAP 19/30,
namely, it increased in the light, then decreased in the dark and then increased ssrbefocaur
return of the light period. The decrease then increase in the dark period in stargjtard gl
contents per cell is noteworthy. As shown in Fig 3 (C) and (D), each of cell sizeslkak c
glycerol and starch contents varied over time in a sinusoidal manner, with the effisme on
each dependant variable being statistically significant (P<0.001). Whenaheeata fitted to a
sine wave function the time periods of the wave for each data set were edl@as&4.9 hours and
23.3 hours for cell size and cellular glycerol content respectively, but only 20.7 hoceddtar
starch content. Clearly many effects including additional dark-relamtd®such as membrane
lipid breakdown releasing glycerol may be involved in modulating starch anddlpo&i sizes in
the dark. Nevertheless, overall the data suggest that the diurnal cycle of photisyrttie
respiration under 12/12 LD conditions would appear to play a major role in regulaticyrtaef

cellular glycerol and starch content.

13
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Fig. 3. Changes of (A) cellular glycerol content and (B) total starch conten€aPCL9/30 cells
grown under 12/12 LD over a 48 h period. (C) and (D): Sine wave equation trend-lin&ehofi

the data for cell size and cellular glycerol content (C), and cell@ashstontent (D). Cultures were
grown at 25 °C with continuous shaking (100 rpm) and the light intensity during the light periods
was 200umol photons - i - s*. All cultures were set up at least in triplicate and shown in figure

are means of the measurement + standard deviation.

3.4 Growth of CCAP 19/30 under light/dark cycles with different light intensities

Comparing the growth of CCAP 19/30 under continuous light and various LD cycles in Fig.
1, it is apparent that under continuous light, algal growth rate is significerghpved since the
carbon assimilation rate is higher with more light energy received bgliselacreasing the light
intensity should therefore increase the algal growth rate. As shown ih, Migen increasing the
light intensity from 50 to 150@mol photons - /- %, the growth rate of CCAP 19/30 increased

rapidly with the increase in light intensity in both LD and LL light conditiong. #ialso shows that

14
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during the dark periods (12-24 h and 36-48 h), the optical densities of cultures grown under the LD
cycles decreased markedly in contrast to the situation for cultures grown antleuaus light,
which is consistent with the result shown in Fig. 1.

Table 1 compares the doubling times, obtained by calculating the maximumcsgexifth
rate, for CCAP cultures grown either under a period of either continuous lighteaediffight
intensities or under the LD cycle. Since the growth rate in the light peffedsdrom that in the
dark phase only the light period growth rates were used. These data together wiih fEingpsé
show that although under continuous light, cultures could reach high cell densities in retisheyte
which means a faster overall growth rate, cultures grown under LD @atlesly grew slightly
faster in the light period than cultures under continuous light, indicating that aells gra LD
cycle condition are fine-tuned to carry out photosynthesis more efficiently than wmteuous

light.

Table 1. Doubling times for cultures grown in either a continuous or a light/dagwitbl
different light intensities from 50 to 15@@nol photons - i - s*. All samples were taken at mid
log phase of the cultures and at the end of the light periods. Data are meanastftatde

experiments + standard deviation.

Light intensity Doubling time

(wmol photons —= el ous — Lightdark

JUBRED light period

50 198.0 (+ 19.1) 63.0 (+ 11.2)
200 28.0 (x2.8)  23.3(x2.1)
500 7.5 (£ 0.1) 6.4 (+0.2)
1000 7.2 (£0.2) 5.0 (+0.2)
1500 6.5 (+ 0.3) 4.2 (+0.1)
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Fig. 4. Growth of CCAP 19/30 under (A) 12/12 LD and (B) LL conditions with various light

intensities during the light periods of 50, 200, 500, 1000 and (L@ photons - i - s*. Cultures

were maintained at 25 °C with continuous shaking (100 rpm). Cultures in each condition were set

up at least in triplicate shown in figure are means of the measurement #ctedation.

3.5 Major biomass compositions of CCAP 19/30 grown under various light intensities
Dunaliella species have been found to be carotenoid-accumulating strains such that the
carotenoids/chlorophyll ratio significantly increases upon high light streise present study, the
pigment composition (total chlorophyll and carotenoids) of CCAP 19/30 grown under 12/12 LD
cycle with light intensities from 50 to 15@@nol photons - M - s'was determined. As can be seen
in Table 1, with increasing light intensities, the cells appeared to be incigadnegsed based on
the reduction in content of both chlorophyll and carotenoids. Furthermore, the
carotenoids/chlorophyll ratio of CCAP 19/30 only slightly increased from low lgghigh light
(Table 2). By contrast, cellular glycerol content increased. Shown in Tablegy¢beol content
of CCAP 19/30 cultures growing in LD conditions under various light intensities wagared
during the mid-log phase of growth and at the end of the light period during a 24 h period when
glycerol reaches the maximum level. At low light when the light intensiteze 50, 200 or 500
umol photons - M - s%, the cellular glycerol content was maintained at similar levels (, however

when the light intensity increased to high light (1000 and 1%06! photons - - s%), the cellular
16
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glycerol content increased >2-fold compared to the values at low light (Tablal®e Cellular
glycerol content, total starch and protein content of CCAP 19/30 cells grown under vighous |
intensities remained constant when increasing the light from 50 tob86iphotons - M - ' as

shown in Table 2.

Table 2. Cellular content of chlorophyll, carotenoids, glycerol, starch and protein and acelage
volume of CCAP 19/30 cultures grown under 12/12 LD with different light intensites $0 to
1500umol photons - M - s* during the light periods. All samples were taken at mid log phase of
the cultures and at the end of the light periods. Data are means of at leastglreeents +

standard deviation.

Light intensity Carotenoid Chlorophyll

Carotenoids Glycerol (pg Starch (pg Protein (pg Average cell

(umol photons s (pg cel') (pgcellY)  / Chlorophyll cell®) cell®) cell®) volume (um)
. m? . s
50 0.81+0.11 3.23+0.45 0.25%0.00 8.97+166 20.16+0.67 22.51+224 175.60+46.44
200 0.78+0.13 3.65%x0.61 0.21+0.00 12.06 +3.17 23.71+0.85 2244 +1.41 190.03 +£56.48
500 0.58+0.01 2.25+0.11 0.26%0.01 751+1.05 20.64+3.67 2221+2.03 179.32+48.33
1000 0.56+0.02 183+0.10 0.31%+0.01 23.26 +3.94.86 + 2.55 26.63+4.08 202.19+41.29
1500 0.53+0.02 154+0.07 0.34%+0.01 21.14+402 20.72+1.06 19.28+2.39 210.72 +55.39

11

12 3.6 Photosynthetic activities of CCAP 19/30 acclimated to various light intensities

13 Prolonged exposure to high light is known to induce photodamage, resulting in less functional

14  photosystems and decrease in the photosynthetic yield (Baroli and Melis, 1998; Melisy&999)

15

16

17

18

using OO2snmmeasurement, CCAP 19/30 appeared to grow optimally at high light intensities of
1000 and 150@mol photons - M - s*: these levels of light are normally considered to be
photodamaging for higher plants and other photosynthetic microorganisms (Haehu2@00). In

order to gain more insight into the photosynthetic health of cells that had beeactililgated to
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light intensity ranging from 50 to 15@0nol photons - M - %, the quantum yield of photosystem
Il (PSII), photochemical quenching, and oxygen evolution were investigated.

The quantum yield of PSIl is measured by the ratio of Fv/Fm, and represemisxineum
potential quantum efficiency of PSII if all capable reaction centres a@n. Fig. 5 shows that the
Fv/Fm value decreased with increase in light intensity from ~0.55 at 50 apar20@hotons - M
. ', and reached a constant low value of between 0.3-0.4 for light intensities above 500 pmol
photons - 15 - §* (Fig. 5). In parallel, @evolution rate decreased from 50 to 500 pmol photons -
m? - $' when normalized to cell number (Fig. 6A) or was unchanged when normalized to total
chlorophyll (Fig. 6B); remarkably, however, @volution rate increased to a maximum level for

those cells acclimated to 1000 and 156l photons - /M - §* (Fig. 6A and 6B).

1.0 -
Lo
—_ I
3 08
&
§ 0.6 { _ 1200
g A I “ 500
@ 04 - 1000
: a
S | %1500
T o2
0.0 —A—H—h‘-u—-—hj—.ﬁ-'
Fv/Fm ®PSII qP

Fig. 5. Pulse-modulated chlorophyll fluorescence measurements of quantum yi&t o$ Hght

intensities. Photochemical quantum yi€ldF,, for dark-adapted state was determined with cultures

acclimated to different light intensity. Fv/Fm was calculated~gasHp)/Fr. The effective quantum
yield of PSII @ps;) and photochemical quenching (qP) were calculateB as~)/ F mand € m—

F)/(F m—F’0), respectively.
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Fig. 6. Oxygen evolution and dark respiration rates. Oxygen evolution (A and B) and dark
respiration (C and D) rates with cells acclimated to different light iitemsneasured as in method
and material section. A and C are normalized to cell number and B and D are narhoalize

chlorophyll. Each data point is the mean of three measurements + standardwleviati

Photosynthetic efficiency is often calculated from fluorescence nezasut as the product
of effective quantum yield of open PSII centép§;) and fraction of PSII centres in the open state
(gP). Despite the decrease in the Fv/Fm with light intensity, other photosyiéuetioeters such as
effective®pgand qP were relatively unchanged with increase in the light intengitysS)f Shown
in Fig. 6C and 6D, dark respiration rate first decreased from 50 tar@6Dphotons - f - s*, then
increased from 200 to 15@@nol photons - /- s* (Fig. 6C and 6D). Shown in Fig. 7, the decrease
in both photosynthesis and respiration from 50 to 286! photons - M - s'was accompanied by

glycerol synthesis and the cellular glycerol content increased. From 800 finol photons - i -
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s' the increase in respiration rate with the decrease in photosynthesis coupled natl the
declining cellular glycerol content suggested that cells started @iyeszol for respiration at 500
umol photons - M - s*. From 500 to 100Qmol photons - f - s*, both photosynthesis and
respiration increased remarkably, paralleling the increase in callytzrol concentration; while
from 1000 to 150@umol photons - i - s*, photosynthesis became saturated and respiration
continued to increase, most likely at the expense of glycerol, which declinexddantration.
Taken together with the growth data, these data suggest that CCAP 19/3adjoslisheir
photosystems to achieve maximum photosynthesis even when they are exposeddbthigh li
intensity and suffering photodamage. The link between photosynthetic efficienglyaarbl
synthesis is shown clearly in Fig. 7, and suggests that glycerol plays amantpole along with

carotenoids (Table 1) in protecting cells from oxidative damage.

A B
30 - 18 -
16
25 o
'2 14
% 20 S$12
§ 15 510 |
3 T %]
o ® 6 1
S
) o 4 -
5 1 2 4
o “““““““““““““““““““““ 0 T T T T T T T
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Light-intensity (umol m2 s-) Light-intensity (umol m2 s1)

Fig. 7. Glycerol content was determined as in the method and material section. A aéinednto
cell number and B is normalized to total chlorophyll. Samples were taken at the badigit
periods for all measurement. Each data point is the mean of three measurenadard st

deviation.

4. Discussion
The work presented here shows thasalinaCCAP 19/30 cells alter their cell diameter in
response to a light/dark cycle of light, and that the periodicity of change uhamiéter

corresponds to change in cellular glycerol content. Results in Fig. 2atkighat the cells increase
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in volume in the light periods and decrease in volume in the dark periods. To our best knowledge,
this is the first report of cell volume oscillationin salinawhen growing under diurnal conditions.
SinceD. salinacells lack a rigid polysaccharide cell wall, their cytoplasmic mamds allow the

cells to adjust their volume and shape rapidly in response to the environmental ¢NEegsand
Thompson, 1986). Although early studies have reported rhythmic changes in cell staygie wd
gracilis (Lonergan, 1983), the mechanisntingracilisis different to that iD. salinareported in

this studyE. graciliscell shape is under direct control of the biological clock and thus even under
continuous light, the daily rhythm of cell shape remains. However, ®healinawas grown

under continuous light, the oscillation in cell shape ceased (Fig. 1), indicating shanadter the
control of diurnal change rather than circadian rhythm, or due to cell division. THatmstin cell
volume and cellular glycerol content of CCAP 19/30 is not found in severaltnatiella

species maintained in the laboratory, includhgarva D. quartolecta andD. polymorphanor in
green microalg&hlamydomonas reinhardtjdata not shown); and since no previous report has
been found, it may be a species specific property.

The synthesis or degradation of glycerol in response to osmotic pressure change is
commonly assumed to be triggered by cell volume change (Ben-Amotz and Avron, 1981y Zelazn
et al., 1995). However in this study, we show by using light/dark cycles that theeahara
volume can also be the resaftchange in cellular glycerol content. Glycerol is produced by
Dunaliella via photosynthesis and the adjustment in glycerol concentration is achieved by
regulating the carbon flux between either the synthesis of starch orajl{Gewral, 2007b; 2007a).

In the dark, there is no carbon fixed to glycerol from photosynthesis, and starghredr&es
produce energy and metabolites: the pool size of glycerol is thus reduced. Thsstiais
volume to decrease in the dark to maintain the osmotic pressure. With further timdarkthe
apparent increase in cellular glycerol and starch contents was obskiyegemingly counter-
intuitive observation may nevertheless be due to additional dark-related events theckféects of
lipid catabolism in photoautotrophic algae that have been deprived of an extelooal @ad energy

source, releasing fatty acids and glycerol.
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It is well documented that exposure of chloroplasts to high light leads to PSII phoggdama
when the rate of photodamage exceeds that of the repair cycle, leading to phoimmnduriait
reduced photosynthetic efficiency (Melis, 1999; Yokthongwattana and Melis, 2008). Faoghkee
plantArabidopsis thalianathe rate of photodamage dominates in light intensities greater than 500
umol photons - M - ! and leads to photoinhibition (Havaux et al., 2000). In our study, light
intensity at all values above 5Qfnol photons - i - s'resulted in a decrease in the ratio of Fv/Fm
by about 34 % compared to that at 2000l photons - /- $* indicating PSIl damage. The
decreased photosynthetic rate observed for cultures acclimated to lightiegesfs200 and 500
umol photons - M - s'is therefore likely to be due to photoinhibition. At higher light intensities,
however, photosynthetic rate increased to a maximum level (Fig. 6A and 6B).ntmg implies
that CCAP 19/30 might have evolved an efficient repair cycle that allows itntovierrdamaged
PSII at a much faster rate at high light intensity to allow it to maintaximmum photosynthetic
efficiency. Indeed, it has been shown thanhaliella tertiolectawas able to recover the PS |l
efficiency by 80 % from photodamage within just 1 minute of dark adaption (CasperyLamdle
Bjorkman, 1998).

The enhanced rate of photosynthesis at high light intensities in this studyetaario the
tolerance of CCAP 19/30 to photodamage. The rate of photodamage is dependent rgowxQ
state, occurring at low probability when, 3 oxidized and excitation energy is utilized in the
electron transport chain at a much faster rate (Melis, 1999). Increasepimotiosynthetic rate
therefore leads to rapid oxidation of the PQ-pool, which in turn drains electrons at éastec
rate from the @ site of PSII, reducing the possibility of PSll-photodamage. The abiliy eélina
to enhance photosynthetic activity under stressed conditions has been previousid tepbiska
et al. (Liska et al., 2004). In their study, the enhanced photosynthesis was found butetdri
salinity tolerance ob. salinaand cells grown at high salinity showed enhancement gf CO
assimilation, starch mobilization as well as up regulated key enzymes in photesynthe

When exposed to high light, tlmunaliellacells are reported to use the carotenoid synthesis

pathway as a protective mechanism against photodamage (Kim et al., 2013 sMtialer2014;

22



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

Park et al., 2013; Salguero et al., 2003). Diffef2mbaliella strains may vary significantly in their
response to light stress and show different sensitivity to the light intensitithis study, the strain
CCAP 19/30 only shows a slight increase in the carotenoids/chlorophyll ratio whitlsdrotenoids
and chlorophyll content decreased due to photoinhibition (Table 1). This suggests tleatoodrot
synthesis in this strain may not be the main functioning mechanism to protedtarallhigh light
stress. Instead, the >2-fold increase in cellular glycerol contentralidiing indicates glycerol may
act as a chemical chaperone to maintain photosynthetic efficiency atdhigHria previous study
by Yilancioglu et al. (Yilancioglu et al., 2014), a strong correlation betwieerg| production and
the maximum and effective photosynthetic yield parameters showed thetafjiglays an
important role not only in regulating the osmotic balance but also determininglitheryd

biochemical composition of the biomass under oxidative stress.

Glycerol synthesis iDunaliella species as a response to osmotic stress has been intensively

studied. Upon hyperosmotic streBsginaliella cells respond immediately by reducing their cell
volume due to water efflux across the cell membrane (Chen and Jiang, 2009).rRéambrane
sterols sense the cell volume change and trigger the synthesis of g(¥etaahy et al., 1995). In
the present study, increasing cellular concentration of glycerol cedegasitively with
photodamage to the cells cultured under different light intensities, as indicatesl lbyFm values
(Fig. 5). At the same time results in this study show that with high light splestosynthesis is
enhanced and that the increase in photosynthesis was accompanied by an increase in dark
respiration rate (Fig. 6C and 6D) and glycerol synthesis (Fig. 7A and 7B)a3tee §rowth rate in
high light (Fig. 4) shows energy demand is higher, and was probably met by énefakbn
assimilation and respiration (Fig. 6). These findings accord with a previoysvgtizh found that
Dunaliella cells contained higher glycerol contents at higher light intensitiesg@awal., 2015).
The higher cellular glycerol content of cells grown at high light intezssdlso indicates larger cell
diameters at high light, as shown in Table 1, the average cell volume of celld imcieases with
the light intensity, which is in line with the study BnsalinaCCAP 19/18 by Park et al. (Park et

al., 2013). However, despite the significant increase in cellular glycerarntaatt1000 and 1500
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umol photons - M - s* (about 2-fold of that at 50, 200 and 5080l photons - /M - %), the cell
volume did not show such a significant increase with light (Table 1), indicatingybata
functions as more than an osmolyte to balance the osmotic pressure in CCAP 19/30, but also a

protecting mechanism when under high light stress.
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Fig. 8. A schematic diagram showing the working model of CCAP 19/30 carrying out higher

photosynthetic efficiency at high light intensity via increased glycgraghesis and respiration.

In Fig. 8 we propose a working model in which CCAP 19/30 uses glycerol in metabolic
homeostasis because glycerol synthesis is able to reduce the possiphibyanhibition by
draining electrons from the Zite from photosynthesis (Fig. 7). Thus in light, dihydroxyacetone
phosphate (DHAP), the precursor of glycerol is isomerised rapidly anditdyeyy triose
phosphate isomerase from glyceraldehyde-3-phosphate (GAP), the export pfadacdtalvin
cycle in photosynthesis placing an energy demand on the cell, whilst glygetteésis from DHAP
requires reducing equivalents (NADH or FARHor glycerol phosphate dehydrogenase
functionality. The parallel increase in respiration (Fig. 6C and 6D) sughestsynthesized
glycerol might be used for anabolic metabolism via oxidative respiration usingtthehondrial

citric acid cycle. The actual pool size of glycerol however could be atrefierf multiple survival
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strategies under high light intensity since glycerol can also be used fdraren{triglyceride)
regeneration, or stored in the form of starch. In some lipid-storing green(&lgmbe et al., 2015;
Yilancioglu et al., 2014) oxidative stress either caused by nitrogen depletigregptisure to
excess light or by application of exogenou®klis correlated with an increase in triglycerides
content (but also see (Ben-Amotz et al., 1985)). Glycerol can also serve asragdaibble solute or
chemical chaperone to assist in refolding damaged proteins (Lamitina2€0&l), Clearly glycerol
has multiple functions that serve to protect and maintain growth of CCAP 19/30 cellsyniot onl

conditions of high salinity but also under high light intensities.
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Highlights

» Cdll volume oscillates with the light/dark cyclein D. salina CCAP 19/30

* Cell volume and glycerol oscillations are under diurnal control

«  Glycerol increased >2-fold when light intensity doubled to 2000 pmol photons m?s™*
» Glycerol stabilized the photosynthetic apparatus in high intensity light
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