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Abstract

CO, fixation by phototrophic microalgae and cyanobacteria is seen as a possible global carbon emissions reducer; however,
novel microalgae and cyanobacterial strains with tolerance to elevated temperatures and CO, concentrations are essential for
further development of algae-based carbon capture. Four novel strains isolated from the Arabian Gulf were investigated for their
thermotolerance and CO,-tolerance, as well as their carbon capture capability. Two strains, Leptolyngbya sp. and Picochlorum
sp., grew well at 40 °C, with productivities of 106.6 + 10.0 and 87.5+2.1 mg biomass L™ d', respectively. Tetraselmis sp.
isolate showed the highest biomass productivity and carbon capture rate of 157.7 + 10.3 mg biomass L' d ' and 270.8 £23.9 mg
CO, L' d7!, respectively, both at 30 °C. Under 20% CO,, the biomass productivity increased over 2-fold for both Tetraselmis
and Picochlorum isolates, to 333.8 £41.1 and 244.7 +29.5 mg biomass L' d"'. These two isolates also presented significant
amounts of lipids, up to 25.6 = 0.9% and 28.0 £ 2.0% (w/w), as well as presence of EPA and DHA. Picochlorum sp. was found to
have a suitable FAME profile for biodiesel production. Both Tetraselmis and Picochlorum isolates showed promising charac-

teristics, making them valuable strains for further investigation towards commercial applications and CO, capture.
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Introduction

Microalgae have long been investigated for various commercial
applications; however, the size of the microalgae industry is still
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very limited, in the range of 10-20 thousand tonnes of dry
biomass per year (Posten and Walter 2012; Enzing et al.
2014). This can be partly contributed to the small number of
algae species that are currently applied in large-scale econom-
ically feasible processes (Lee 2001; Spolaore et al. 2006;
Varshney et al. 2015). The most commonly cultivated strains
are Arthrospira (Spirulina) spp., Chlorella spp., Dunaliela
salina, and Haematococcus pluvialis, which are being applied
mainly for human food supplements, health food, B-carotene,
and astaxanthin production respectively (Richmond 2004;
Enzing et al. 2014). One of the major constraints in applying
novel strains is not only whether they produce economically
viable products, but also their ability to grow under industrially
relevant outdoor conditions, with seasonal and diurnal fluctua-
tions in temperature and light, and their resistance to contami-
nation (Suh and Lee 2003; Torzillo et al. 2003; Varshney et al.
2015). Additional cultivation stresses to commercially cultivat-
ed strains can include local water conditions, such as high sa-
linities and/or pH, as well as increased CO, levels and temper-
atures when coupled directly to an industrial flue gas source, or
when cultivated in closed systems (Wang et al. 2008). All in all,
robust strains are required for commercial application, and
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ideally those that can handle a wide range of cultivation
conditions.

Furthermore, productivity, which is both strain and location
dependent, is an important driving factor for the development
of a commercially feasible algae industry, as it has a large
impact on the economics of the process (Franz et al. 2012;
Tredici 2010). Tredici (2010) analyzed the global potential
productivities for algae biomass, as a function of the availabil-
ity of photosynthetic energy, and concluded that a limited
number of global locations, including the Arabian Peninsula,
can support high theoretical biomass productivities of over
200 t ha ' year '. Ruiz et al. (2016) also concluded from a
techno-economic perspective, that the Arabian Peninsula
(Saudi Arabia in particular) is a very attractive location for
algae production from a commercial perspective, as it had
one of the lowest algae production and biorefinery costs as
compared to five other analyzed locations across the world.
The large availability of non-arable land, easy access to sea-
water and easy availability of industrial flue gas rich in CO,,
makes the Arabian Peninsula one of the most promising re-
gions for commercial algae production. As of such, isolation
and characterization of strains capable of coping with the local
conditions, such as high temperatures and high solar irradi-
ances, are essential to support the further development of this
algae industry. This is not only the case for regional produc-
tion, but also for algae production in other locations; strains
which can cope with increased temperatures require less
cooling in closed cultivation systems (Ruiz et al. 2016) could
be coupled directly to industrial flue gas with elevated tem-
peratures (Brennan and Owende 2010), and are less suscepti-
ble to contamination in locations where most strains have
optima in the range of 20-30 °C (Wang et al. 2008). Ruiz
et al. (2016) even concluded that using strains adapted to
45 °C would have a higher impact on cost reduction,
as compared to improvements in harvesting or nutrient recy-
cle, and could reduce overall biomass production costs by
0.3-1.2 € kg ', depending on the cultivation system.

Unique strains are expected to be found in the environ-
ments of the Arabian Peninsula; however, only a limited num-
ber have been reported so far (Pereira et al. 2013; Al-Saif et al.
2014; Saadaoui et al. 2016). One of the most comprehensive
resources in the region is the Qatar University Culture
Collection of Cyanobacteria and Microalgae (QUCCCM),
which houses cyanobacteria and microalgae isolated from
Qatar—a peninsula located in the Arabian Gulf (Saadaoui
et al. 2016) This culture collection shows a large diversity of
strains, the potential of which still remains largely unexplored.

As isolation and characterization of novel strains, in partic-
ular from extreme desert environments, is paramount to im-
proving the overall feasibility of commercial algal processes,
this research focused on the characterization of four novel
marine strains from the Arabian Gulf. The strains were eval-
uated for biomass productivity under elevated temperatures
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and CO, concentrations, as well as for their carbon capture
and commercial potential, through biomass analysis, with as
aim to identify a promising strain for commercial application
in tropical and sub-tropical regions.

Materials and methods
Strain isolation and molecular identification

Environmental samples (water, rock, and sand) were collected
between 2010 and 2012 from various marine environments
around the Qatar Peninsula, as per Table 1. Isolation and mo-
lecular identification occurred as per the methods described
previously by Saadaoui et al. (2016). After isolation, all strains
were maintained on BG11 supplemented agar seawater media
in environmental test chambers (Sanyo, Japan) at 28 °C, a
photon flux density of 100 umol photons m s ' and a
12:12 h light:dark cycle. For QUCCCM 51 and QUCCCM
127, protocols and primers for molecular identification were
applied as per Saadaoui et al. (2016); however, for strains
QUCCCM 26 and QUCCCM 56 (cyanobacteria), some mod-
ifications to the molecular identification protocol were made;
increased duration of both the cell lysis step (from 30 min to
4 h), and the DNA precipitation step (from 10 min to over-
night incubation at — 20 °C). For strains QUCCCM 26 and 56,
the 16SrDNA gene was amplified via PCR using primers
BSIF 5 GATCCTKGCTCAGGATKAACGCTGGC3’ and
CPL10R 5° GCCGGCTCTTCAAC3’. The internal primers
5" TTTGCGGCCGCTCTGTGTGCCTAGGTATCC3’, 63F
5> CAGGCCTAACACATGCAAGTC-3’, and 1389R 5°-
ACGGGCGGTGTGTACAAG-3' were applied for sequenc-
ing of the cyanobacterial strains. The assembled sequences
corresponding to the four strains under investigation were
submitted in GenBank (BankIT), and the accession numbers
are cited in Table 1. The phylogenetic analysis was performed
using Clustal X 2.0 (Larkin et al. 2007).

Toxicity analysis

The two cyanobacterial strains were subjected to molecu-
lar toxicity investigation via PCR amplification using
three primer couples to determine the presence or absence
of genes specific to cyanotoxins microcystin,
cylindrospermopsin, and saxitoxin, followed by agarose
gel electrophoreses of the PCR products, as per Yilmaz
and Phlips (2011). Furthermore, freeze-dried biomass
samples were also extracted for paralytic shellfish toxins
(PSTs), microcystins (MCs), nodularins, anatoxins, and
cylindrospermopsins (CYNs), and analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS,
Cawthron Institute, New Zealand).
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Table 1 Isolated strain collection date, location, and environmental characteristics
Strain no. Collection date Collection location Environment Average temperature GenBank accession no.
characteristics

QUCCCM 26 28-Mar-2011 N25 59,167 Sandy beach 222 °C MG022133
E51 01293

QUCCCM 51 8-Sep-2012 N25 24,152 Sandy beach 343 °C MGO022131
E050 45,237

QUCCCM 56 2-Oct-2010 N25 24,882 Mangrove 31.0 °C MG049742
E050 45,237

QUCCCM 127 20-Dec-2013 N24 47,175 Sandy Beach 18.9 °C MG022132
E050 51,562

Growth characterization
Growth medium

Seawater supplemented growth medium was used for all ex-
periments. Medium was prepared using locally sourced sea-
water, with a salinity of 40.0 ppt, filtered (VWR 0.45 pm
PES), autoclaved, and supplemented with the following:
NaNO;, 4.71 mM; KH,PO,, 0.23 mM; NaHCOs, 2.4 mM;
Na,EDTA, 2.56x10 2 mM; FeSO,-7H,0, 1.44x10> mM:;
MnCl,-4H,0, 1.41x10"* mM; ZnS0,4-7H,0,
3.06x107° mM; Co(NO3),-6H,0, 3.21x10°° mM;
CuS0,4-5H,0, 1.28x10°® mM; and Na,Mo0O,-2H,O0,
1.33x10"> mM. Medium composition was designed as such
that the amount of nitrogen added was sufficient to support
growth of an estimated 1.0 g L' of biomass based on the
conventional biomass composition of COg 48H; g3No.11Po.01
(Chisti 2007). For the CO, tolerance experiments, no inorgan-
ic carbon (NaHCO3) was added to the media.

Temperature optima

Strains were sub-cultured in flasks (250 mL working volume),
and incubated in an illuminated Innova 44 Shaker Incubator
(New Brunswick Scientific) at 150 rpm, 30 °C, 60 pmol pho-
tons m 2 s ', and 12:12 h light:dark cycle. After 2 weeks,
cultures were used to inoculate six photobioreactors
(DASGIP parallel bioreactor system, Eppendorf, Inc., USA),
with a culture volume of 1200 mL, to an initial biomass con-
centration of 60-90 mg L. Strains were cultivated at 30, 35,
40, and 45 °C. Illumination was provided by three internal
DASGIP LED Sticks, with a 3-channel emission-spectrum
(channel A, 660,780 nm; channel B, 572,625,640 nm; channel
C, 453 nm). Set points were 2.00, 1.244, and 2.00 pwmol pho-
tons's ' for channels A, B, and C respectively, which is equiv-
alent to approximately 150—242 pmol photons m s ', under
a 12:12 h light:dark cycle. The coupled DASGIP MX4/4 gas
mixing system provided air blended with CO, at a gas-flow
rate of 3.0 L h™!, with the CO, concentration controlled to
maintain a pH of 8.0. Mixing was set to 200 rpm (pitch-blade

impeller). Bi-daily absorbance measurements at 680 and
750 nm were used to monitor the growth of the culture, and
the reactors were stopped once the stationary phase was
reached (7,,,,). QUCCCM 26 did not reach a stationary phase,
and 7,,,; was set at 17 days. Dry weight determinations were
performed at time of inoculation (¢y) and at time of harvesting
to determine biomass productivities. Each experiment was
performed in biological duplicate. Total nitrogen (TN) in the
media was monitored (LCK138 total nitrogen 1-16 mg TN
L~" and DR3900 VIS Spectrophotometer, Hach-Lange, USA)
for QUCCCM 26 isolate as it showed interesting characteris-
tics in regard to nitrogen consumption.

CO, tolerance screening

The CO, screening was performed in 24 micro-well plates
(Corning Costar CLS3526, 2 mL culture volume), covered
with transparent sterile gas-permeable membranes (Breathe
Easy, Diversified Biotech, USA) and incubated in clear zip-
lock bags filled with air mixed with CO, at concentrations of
0.004 (air only), 5, 10, 20, or 30% CO, (Liu et al. 2013; Van
Wagenen et al. 2014). Strains were incubated in environmen-
tal test chambers (Sanyo, Japan) at 30 °C, 200 pmol photons
m % s ' and 12:12 h light:dark cycles. Each strain was culti-
vated in quadruplicate for each CO, concentration; three wells
were used for daily optical density measurements (OD7s,
Synergy H4 Hybrid Reader, USA), one well was used for
weekly pH measurements (Orion Star A325, Thermo
Scientific, USA). The pH was not controlled. The gas in the
zip-lock bag was refreshed daily with the initial CO, concen-
tration. Dry weight was determined for the inoculum (¢y) as
well as for the final biomass in the wells upon reaching the
stationary growth phase (.,,.)-

Biomass dry weight determination

The biomass concentration was determined according to Zhu
and Lee (1997). Duplicate samples (unless stated otherwise)
of'between 2 and 15 mL (depending on biomass density) were
filtered through and pre-dried (24 h, 95 °C) and pre-weighed
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glass microfiber filters (Whatman GF/C @ 47 mm) under a
constant vacuum. The filters were then washed with a double
volume of 0.5 M ammonium formate, followed by DI water,
dried (24 h, 95 °C), cooled in a desiccator (> 30 min), and
weighed. The biomass dry weight was determined as the dif-
ference between the weight of the dried filters prior to and
after biomass filtration and drying.

Kinetic parameters

Volumetric biomass productivity, P (mg L' d ') was obtained
using the following equation:

Xena=X
pP— end 0 ( 1)

fend—l0

where X4 is the biomass concentration (mg LY atz,,, and
X at ty (de Morais and Costa 2007). ¢y and f.,q were defined as
the time of inoculation and the time at which the growth rate
decreased respectively. The carbon capture rate, Rco, (mg
CO, L' d") was determined using the following equation:

MCOz
Reo, = CeP( =52 2
co, = Cc <Mc) (2)

where C is the carbon content of the strain (%, w/w), and
M co, and M the molecular weights of CO, and carbon, re-
spectively (Tang et al. 2011).

Biomass harvesting and composition analysis

Biomass was harvested by centrifugation (5000 rpm for
15 min), washed with 0.5 M ammonium formate solution,
followed by a subsequent centrifugation step. The pellet was
freeze-dried over 48 h and stored at —80 °C until further
analysis. Total lipids were extracted using a modified Folch
method (Folch et al. 1957), and fatty acid methyl esters
(FAMESs) were extracted using a one-step transesterification
method, both as described by Saadaoui et al. (2016).
Carbohydrates were extracted and quantified according to
Dubois et al. (1956), and protein content was estimated ac-
cording to Lourengo et al. (2004). Biomass samples were an-
alyzed for total nitrogen (TN) and carbon (TC) content using a
Thermo Scientific Flash 2000 Organic Elemental Analyzer
coupled to a CHNS-O analyzer (Germany). Aspartic Acid
STD (Thermo Scientific, Germany) was used as a standard
(C=36.09%, N=10.52%).

Statistical analysis
All experiments were performed in duplicate, unless stated

otherwise. The reported values are the mean of the individual
samples, while the error bars represent the range. One-way
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ANOVA was used to determine significance difference (o =
0.05%) between the means of independent conditions.

Results and discussion
Strain identification and toxicity analysis

16SrDNA and 18SrDNA sequencing for the cyanobacterial
and microalgal strains, respectively, followed by phylogenetic
analysis, showed that microalgae isolates QUCCCM 51 and
QUCCCM 127 most closely corresponded to Tetraselmis
subcordiformis and Picochlorum maculatum, respectively,
and cyanobacteria isolates QUCCCM 26 and QUCCCM 56
corresponded to Chroococcidiopsis sp. and Leptolyngbya sp.,
respectively (Fig. 1). These findings were confirmed by mor-
phological analysis (Fig. 2).

Molecular investigation of the toxicity of isolates
QUCCCM 26 and 56 showed no presence of putative genes
responsible of the biosynthesis of microcystin,
cylindrospermopsin, and saxitoxin. Furthermore, no presence
of PSTs, MCs, nodularin, or anatoxins was found though LC-
MS/MS (supplemental data).

Effects of temperature on biomass productivity
and composition

All four strains were subjected to productivity screening under
various temperatures, ranging from 30 to 45 °C (Fig. 3). The
highest productive strain was 7. subcordiformis QUCCCM
51, with a biomass productivity of 157.7+10.3 mg L™ d™'
at 30 °C, an insignificant decrease in productivity for increas-
ing temperature (p > 0.05), and no growth at 40 or 45 °C. The
same was observed for Chroococcidiopsis sp. QUCCCM 26,
with biomass productivities of 112.2+10.8 and 96.0 +
0.24 mg L' d°! at 30 and 35 °C respectively. Both
Leptolyngbya sp. QUCCCM 56 and P. maculatum
QUCCCM 127 were able to grow at temperatures up to
40 °C, with similar productivities (p > 0.05) over the different
conditions, ranging from 91.4+9.6 to 106.6 +10.0 mg bio-
mass L' d' and 87.5+2.1 t0 98.3 + 8.4 mg biomass L' d*
for both strains respectively. None of the strains were able to
grow at 45 °C; however, it should be noted that under this
temperature, the biomass density (OD7sq) of Leptolyngbya
sp. QUCCCM 56 did increase over the first 24 h, and was
constant between 24 and 48 h of cultivation, prior to decreas-
ing (data not shown).

Tetraselmis is one of the main microalgae species applied
as aquaculture feed around the world (Borowitzka 1997);
however, to the best of the author’s knowledge, there are no
reported thermotolerant isolates of this genus, which limits its
application in tropical and sub-tropical regions. Most studied
isolates have temperature optima around 20-25 °C, and no
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Fig. 1 Phylogenetic trees of a
investigated QUCCCM isolates; 0.013 QUCCCM 26 (MG022133)
A) Cyanobacteria, including 0.039 0.019
QUCCCM 26 and QUCCCM 56, 01 Xenococcus sp. PCC 7307 (AB074510.1)
and B) Microalgae including 0.019 e
h . CCMP14. AJ344. 1
QUCCCM 51 and QUCCCM Chroococcidiopsis sp. CC 89 (AJ344556.1)
127. Distances within the tree QUCCCM56 (MG049742)
were constructed using neighbor —[
joining method with ClustalW. 0.047 Leptolyngbya sp. 0BB19S12 (AJ639895.1)
Horizontal lengths are Nodosilinea nodulosa (KF307598.1)
proportional to the evolutionary 0.041
distance - Synechococcus elongatus (D83715.1)
0.01
b
0.039 Chlamydomonas cribrum (AF517099.1)
N | 0.028 Mychonastes timauensis (GQ477055.1)
0.029 Scenedesmus obliquus (FR865721.1)
QUCCCM127 (MG022132)
Picochlorum oklahomensis (AY422073.1)
Picochlorum maculatum (KU561155.1)
0.009
Nannochloris sp. KMMCC C-192 (GQ122358.1)
Nannochloropsis oculata (KY054987.1)
0.010 Chlorella vulgaris (KJ756813.1)
0.011 |: Chlorella sorokiniana (JX910111.1)
Tetraselmis apiculata (K1756817.1)
0.031 |_ S
|- Tetraselmis chuii (MG022661.1)
0.009 Tetraselmis subcordiformis (KU561160.1)
0.005 ) ,

growth at temperatures above 30 °C was found reported
(Molina et al. 1991; Abu-Rezq et al. 1999; Wei et al. 2014).
Even though 7. subcordiformis QUCCCM 51 was unable to
grow at 40 °C, this is the first known report of a Tetraselmis
species showing a significant growth at temperatures of 30 °C
and higher, which could be promising for commercial cultiva-
tion in warmer climates.

Both Leptolyngbya sp. QUCCCM 56 and P. maculatum
QUCCCM 127 were able to grow at 40 °C, making them
interesting strains from a thermotolerance perspective. Singh
etal. (2014) reported a Leptolyngbya strain which was capable
of growing at temperatures up to 45 °C; however, 30 °C was
reported as the optimum temperature. Regardless, the biomass
productivity of QUCCCM 56 was found to be 35% higher at
40 °C, as compared to the highest productivities found by
Singh et al. (2014) at 30 °C, and 18% higher compared to
Choix et al. (2017) at 28 °C. One consideration which should
also be taken into account is that in non-temperature con-
trolled cultivation systems (open and closed), the temperature
will fluctuate over the course of a diurnal cycle, and even
under extreme conditions, continuous temperatures of 45 °C
are not expected. Leptolyngbya sp. QUCCCM 56 was able to

QUCCCMS51 (MG022131)

grow over the first 24 h, and survive over the first 48 h, of
exposure to a constant temperature of 45 °C. As of such, it is
expected that the strain would be resistant to temporary tem-
perature peaks of 45 °C and perhaps higher; however, the
duration of these temperature peaks and subsequent produc-
tivities would need to be investigated.

Biomass composition

The biomass composition of each strain, cultivated at 30, 35,
and 40 °C, was analyzed for total lipids, carbohydrates and
protein, data of which is shown in Fig. 4. Both microalgae
strains showed the highest amounts of total lipids, at 28.0 &
2.0% and 25.6 = 0.9% (w/w) for P. maculatum QUCCCM 127
and T. subcordiformis QUCCCM 51, respectively. The lipid
content variation of these strains roughly followed the bio-
mass productivity, with the highest total lipid amounts found
where biomass productivity was the highest. This is consistent
with the results found by Wei et al. (2014), where the lipid
content of Tetraselmis subcordiformis first increased and then
decreased with increasing temperature—displaying the
highest lipid content at 20 °C, which was consistent with the
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Fig. 2 Morphological study of
QUCCCM isolates by light
microscope; A)
Chroococcidiopsis sp. QUCCCM
26; B) Tetraselmis subcordiformis
QUCCCM 51; C) Leptolyngbya
sp. QUCCCM 56; D)
Picochlorum maculatum
QUCCCM 127

optimal temperature for growth. The highest total lipid amount
found by Wei et al. (2014) was 22.25% at 20 °C, compared to
25.6% found in the current study. The total lipid content found
for T subcordiformis QUCCCM 51 was also significantly
higher as compared to the 12.97-17.57% found by Das et al.
(2016) for a different Tetraselmis sp. also isolated from Qatar.
Chroococcidiopsis sp. QUCCCM 26 showed an opposite
trend, with increasing values of lipids, carbohydrates, and
proteins, for decreasing productivities and increasing temper-
ature. Leptolyngbya sp. QUCCCM 56 showed a stable total
lipid content for all temperatures, of around 15%. There was
however a clear correlation between the carbohydrate content
and temperature, with increasing carbohydrate values of 14.8

Fig. 3 Biomass productivities 1800 7

(mg L 'd"ofthe investigated
strains at 30 °C (W ), 35°C (),
and 40°C (m ). Data shown is the
meanzrange, n=2

160.0 -

140.0 A

120.0 A

100.0

Biomass Productivity (mg-L-d?)
o]
o
o

Chroococcidiopsis sp.  T. subcordiformis
Qucccm 26
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96.0

+4.5,17.5+3.0, and 22.5 +2.3% for increasing temperatures
of 30, 35, and 40 °C, respectively.

When comparing the biomass compositions found for
Leptolyngbya sp. QUCCCM 56 to other Leptolyngbya sp.
described in literature, differences were found especially in
regard to protein contents. Choix et al. (2017) and Kim et al.
(2015) found protein values of 11.4 and 52.6% for
Leptolyngbya sp. CChF1 and Leptolyngbya sp. KIOST-1, re-
spectively, compared to 44-46% found in the current work. It
is thought that the large differences are mainly due to different
protein extraction and analysis methods applied (Fleurence
1999; Legler et al. 1985; Lourenco et al. 2004). In terms and
lipids and carbohydrates, the results found in the current work

W 30°C
359C
W 40°C

157.7

125.5

#N/A #N/A

T T

P. maculatum
Quccem 127

Leptolyngbya sp.

QuCCCM 51 QUCCCM 56



J Appl Phycol (2019) 31:2231-2243

2237

Fig.4 Lipid (m ), carbohydrate (")

and protein (1 ) content (% w/w) 100
of the 4 investigated strains 90
cultivated at 30, 35 and 40°C. Data
shown is the mean+range, n=2

% (w/w)

30°C 35°C 40°C

Chroococcidiopsis
sp. QUCCCM 26

are similar to the two studies. The minor differences in carbo-
hydrate and lipid contents are thought to be linked to temper-
ature and salinity, respectively, as increased temperatures were
found to increase the carbohydrate content (current study),
and increased lipid contents were found for decreased salin-
ities (Singh et al. 2014). As of such, if higher lipid contents
would be desired for Leptolyngbya sp. QUCCCM 56, it could
be considered to investigate the effect of salinity.

FAME analysis

The FAME profile for the tested strains at the different tem-
peratures is shown in Table 2. For Chroococcidiopsis sp.
QUCCCM 26, over 85% of all FAMEs were 16C.
Increasing temperature showed a decrease in SFAs, and an
increase in MUFAs. In T subcordiformis QUCCCM 51, the
FAME profile showed that 50.79 +3.22 and 44.45 £2.37% of
FAMESs were C20:1, with the second most significant FAME
being C16:0 at 22.41+£0.92 and 25.21 £0.53%, both for 30
and 35 °C, respectively. Furthermore, presence of both EPA
(C20:5) and DHA (C22:6) was found for 7. subcordiformis
QUCCCM 51, with highest concentrations of 0.53 +0.09 and
2.29 +0.46%, respectively, for cultivation at 30 °C. Compared
to Wei et al. (2014), who also studied a 7. subcordiformis
strain, QUCCCM 51 showed significantly higher amounts
of 20C FAMEs (52% and 45% as compared to 17-20%),
and lower concentrations of both 16C and 18C FAME:s.
Furthermore, Wei et al. (2014) did not find any DHA, but
the amounts of EPA were higher as compared to the results
found in this study. Wei et al. (2014) did find that the EPA
concentration increased significantly (almost 2-fold) with de-
creasing temperature, and similar observations were made for
T subcordiformis QUCCCM 51 for both EPA and DHA.
Further investigation is necessary to determine whether fur-
ther decrease in temperature could increase the omega-3 con-
tent of this strain.

H ipids

Carbohydrates M Proteins

14.0 7.2 9.0

30°C 35°C 40°C

1494 15
30°C 35°C 40°C 30°C 35°C 40°C

P. maculatum
Quccem 127

T. subcordiformis
Qucccm 51

Leptolyngbya sp.
QuUCCCcM 56

The fatty acid composition of Leptolyngbya sp. QUCCCM
56 showed clear trends with regard to temperature and subse-
quent productivities: increasing temperatures caused a shift
from C20 FAMEs to C16 and C18. Furthermore, SFAs in-
creased with increasing temperature, while MUFAs and
PUFASs decreased, which is consistent with conclusions from
Hu et al. (2008). P. maculatum QUCCCM 127 showed an
opposite trend to productivity (not temperature), with de-
creased levels of C16 and C18 FAMESs and SFAs for increased
productivities. This is in accordance with previous observa-
tions by Roleda et al. (2013), who concluded that cultivation
under optimal conditions resulted in a decrease in saturation
levels, and an increase in fatty acid chain length; however, the
opposite was found for Leptolyngbya sp. QUCCCM 56, sug-
gesting that the effect is strain dependent.

According to Ramos et al. (2009), who created a predictive
model for which FAME compositions would satisfy European
standards when converted to biodiesel, all four of the tested
strains would satisfy the limit of cetane number and iodine
value. However, only P. maculatum QUCCCM 127 cultivated
at 35 °C had sufficient levels of MUFAs to satisfy the cold
filter plugging point (CFPP) requirements as well, making this
strain optimally suitable for biodiesel purposes.
T subcordiformis QUCCCM 51, being second best, lacked
sufficient MUFAs to satisfy all requirements; however, as de-
creasing temperatures showed an increase in MUFAs, this
could be further investigated.

Biomass nitrogen requirements

Total nitrogen (TN) analysis of the strains showed that both
T subcordiformis QUCCCM 51 and Chroococcidiopsis sp.
QUCCCM 26 had the lowest total nitrogen content at 5.54
+0.61 and 4.36 £ 0.07% respectively, both at 30 °C (Table 3).
The total nitrogen content of these two strains was inversely
correlated to the biomass productivity, with higher productiv-
ities coupled to lower total nitrogen levels. The low total
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Table3  Total Carbon (TC) and Total Nitrogen (TN) content (% w/w) of
the 4 investigated strains cultivated at 30, 35 and 40°C. Data shown is the
mean+trange (n=2)

Strain Temp. TN TC
% (Ww) % (Ww)

Chroococcidiopsis sp. 30 °C 436 £ 0.07 35.86 £ 0.77
QUCCEM 26 35°C 6.05+038  39.68 +0.80
T. subcordiformis 30 °C 5.54 £0.61 46.85 + 1.08
QUCCEM 51 35°C 706078  47.56 + 120
Leptolyngbya sp. 30 °C 9.19 £ 0.32 44.15 + 0.53
QUCCEM 56 35°C 9.62+2.04  47.00 + 1.08

40 °C 955+£032  47.79 + 037
P maculatum 30 °C 1149 £0.16 5058+ 1.19
QUCCCM 127 35°C 11.49 + 033 5124 + 036

40 °C 12.17 £0.07 5095+ 129

nitrogen content is promising from a commercial perspective,
as it requires less nutrients per unit of biomass produced,
which in turn can reduce the biomass production costs.

Both Leptolyngbya sp. QUCCCM 56 and P. maculatum
QUCCCM 127 showed high total nitrogen percentages, rang-
ing from 9.2-9.6% and 11.5-12.2% for the two strains, re-
spectively. The total nitrogen content of P. maculatum
QUCCCM 127 in particular was significantly higher than
the standard assumed 6.6% TN (w/w) derived from the mo-
lecular formula for microalgae biomass generally applied
(Chisti 2007), and should be taken into account when custom-
izing a growth media for this strain.

For the analysis, all strains were harvested once the station-
ary phase was reached. Chroococcidiopsis sp. QUCCCM 26,
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Fig. 5 Chroococcidiopsis sp. QUCCCM26 Biomass Concentration (e -
mg-L™") and nitrogen concentration (A - mg N L") over time at 35°C.
Data shown is the mean+range (n=2)

however, did not reach the stationary phase (Fig. 5 for culti-
vation at 35 °C). In the first 8 days of cultivation exponential
growth was observed, and after the nitrogen was depleted (day
8, tny—o ), growth continued linearly. This could indicate that
the first growth-limiting factor was nitrogen, and not light.
The total nitrogen content in the biomass was measured at
tnv—o and f.q, as well as the total nitrogen concentration in
the media, and the biomass concentration over time (Table 4).
Results show that the nitrogen content of the biomass
remained stable at 6.0% for cultivation under nitrogen-rich and
nitrogen-depleted conditions. Performing a nitrogen mass bal-
ance showed that 99.4 + 4.4 mg N L™' was incorporated into the
biomass at the end of the cultivation, which was 39.9 +5.6 mg
N L™! more than the 59.5 + 3.5 mg N L™ provided in the media
at the time of inoculation. This indicates that the strain was able
to incorporate nitrogen from an alternative source, presumably
N,. Chroococcidiopsis, which is a non-heterocystous
cyanobacteria from the Pleurocapsalean group, has previously
been reported be able to synthesize nitrogenase (Rippka and
Waterbury 1977). Nitrogenase, however, is sensitive to oxygen,
and generally nitrogen fixation in non-heterocystous bacteria
occurs under stringent anaerobic conditions (Fay 1992).
Rippka and Waterbury (1977) as well as Billi and Caiola
(1996) reported that the Chroococcidiopsis strains tested were
unable to grow photosynthetically under aerobic conditions in
the absence of a combined nitrogen source. Hayashi et al. (1994)
however did report a Chroococcidiopsis isolate to be capable of
nitrogen fixation under aerobic conditions. As the current results
were obtained under conditions with 0.21 pO,, and only an
inorganic carbon source, this indicates that the strain could be
capable of simultaneous oxygen evolving photosynthesis and
oxygen-sensitive nitrogen fixation, under aerobic conditions.

Carbon capture rate

Total carbon analysis of the strains showed that P maculatum
QUCCCM 127 had the highest carbon content of all strains at
51.2%, with no significant variation (p > 0.05) over the differ-
ent temperatures (Table 3). The carbon content of
Leptolyngbya sp. QUCCCM 56 showed a significant increase
in carbon content for increasing temperatures (p < 0.05).

Table 4 Total Nitrogen content in media and biomass, and biomass
concentration for Chroococcidiopsis sp. QUCCCM 26 for cultivation at
35°C. Data shown is the meantrange (n=2)

Time Media TN Biomass concentration Biomass TN
Day mg NL™' mgL™! % (wiw)
0 59.5+5.0 74.34+333 -

0*+0 953.50+23.00 6.03+0.23
17 - 1719.31+7.37 6.04+0.38

 Measurement below detection limit of 1 mg TN L™
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Table 5 Carbon capture rate, (mg
CO,L'd") for the investigated
strains at 30, 35, and 40°C. Data
shown is the meantrange (n=2)

Strain Carbon capture rate

mg L' day™

30 °C 35°C 40 °C
Chroococcidiopsis sp. QUCCCM 26 1474 £ 11.0 139.7 £ 3.1 -
T. subcordiformis QUCCCM 51 2709 + 239 219.1 +44.1 -
Leptolyngbya sp. QUCCCM 56 148.0 £ 17.3 181.1 + 44.0 186.8£16.0
P. maculatum QUCCCM 127 179.5 £ 21.5 184.8 £ 14.5 163.4+£82

Determination of the carbon capture rate (Rcp, ) showed that
T. subcordiformis QUCCCM 51 had the highest Rcp, at
270.8+23.9 mg CO, L™' d™' at 30 °C (Table 5). This value
is significantly higher compared to the maximum value of
111.26 mg CO, L™ d™' found by Kassim and Meng (2017)
for Tetraselmis suecica, a strain which has been researched for
its capability in carbon capture (Moheimani 2016).
Leptolyngbya sp. QUCCCM 56 showed the second-best car-
bon capture potential with 186.8+16.0 mg CO, L' d " at
40 °C. This is higher than the carbon capture rate found by
Choix et al. (2017) for Leptolyngbya sp. CChF1 of 159 +
40 mg CO, L' d'. Besides, Choix et al. (2017) based the
carbon capture rate on the hypothetical carbon content of
51.4% (Chisti 2007) which is an overestimation according to
the findings of the current study, where total carbon values of
44-47% were found for Leptolyngbya sp. QUCCCM 56.
Overall, the carbon capture rates found in this work were
on par with similar research on other strains, for example Tang
etal. (2011) found values of 288 and 260 mg CO, L™ d™* for
Scenedesmus obliquus SITU-3 and Chlorella pyrenoidosa
SJTU-2, respectively, and Sydney et al. (2010) found 252,
318 and 272 mg CO, L™' d™' for Chlorella vulgaris,

Fig. 6 Productivities in mg L ™' 4000

d! of various Qatari Marine B Ajr

strains under CO, concentrations 350.0

Spirulina platensis, and Dunaliela tertiolecta, respectively
(Huntley and Redalje 2007). It is expected that the Rcp, of
the investigated strains could be further improved; for exam-
ple, Tang et al. (2011) showed that varying CO, concentra-
tions (10% CO, compared to air) could increase the carbon
capture rate as much as 92%. This improvement was however
mainly related to an increase of biomass productivity, presum-
ably due to an increase in CO, mass transfer rate, rather than
an increase in carbon content of the strain, indicating that
biomass productivity improvement is the main determining
factor in regard to improving the carbon capture rate.

CO, tolerance

Biomass productivities and tolerance of the four strains, under
increased concentrations of CO, in the gas phase, were studied
for CO, concentrations ranging from 5 to 30% (v/v). For certain
strains, Chroococcidiopsis sp. QUCCCM 26 and Leptolyngbya
sp. QUCCCM 56 in particular, the optical density measure-
ments showed to be unreliable as large variances occurred with-
in the triplicate samples, which is thought to be due to the nature
of these strains, which exhibited aggregation and/or biofilm
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formation in the wells due to the lack of agitation during culti-
vation (data not shown). For this reason, optical density mea-
surements were used solely for growth-phase monitoring, and
productivities were based on biomass dry weights. The dry-
weight-based biomass productivities of the four strains under
various CO, concentrations are shown in Fig. 6.

With productivities of 53.7+16.1, 162.2+7.6, 333.8+
41.1, and 312.8+18.1 mg L' d™! for 5, 10, 20, and 30%
CO,, respectively, T. subcordiformis QUCCCM 51 showed
that significant productivity increases could be obtained with
increased CO, concentrations (p < 0.05). The maximum pro-
ductivity was obtained at 20% CO,. Assuming the same C as
reported above (Table 3), the estimated Rcp, for
T. subcordiformis QUCCCM 51 under 20% CO, was calcu-
lated at 573.4+16.5 mg CO, L' d”', which is an 112%
increase compared to the R¢p, found above (Table 5).
P maculatum QUCCCM 127 showed a similar trend of in-
creasing productivities for increasing CO, concentrations up
to 20%, with productivities of 67.1 0.3, 160.5 +30.9, 244.1
+£29.5, and 219.9+22.1 mg L' d' for 5, 10, 20, and 30%
CO, respectively. The estimated Rcp, for P. maculatum
QUCCCM 127 under the optimal CO, concentration of
20%, assuming the same Cc as reported in Table 3, was
3889+19mgCO, L' d".

Both cyanobacteria, Leptolyngbya sp. QUCCCM 56 and
Chroococcidiopsis sp. QUCCCM 26, did not show a similar
productivity increase when exposed to higher CO, concentra-
tions. Leptolyngbya sp. QUCCCM 56 even showed no signifi-
cant difference in productivities for CO, concentrations ranging
from 5 to 30% (p > 0.05), and Chroococcidiopsis sp. QUCCCM
26 showed stable productivities at 5, 10, and 20% CO,
(p>0.05), and no growth at 30% CO,. The latter is similar to
what was found by Hayashi et al. (1995), who showed that high
CO, concentrations inhibited growth of Chroococcidiopsis.

A possible reason for the varying CO,-incited responses of
the strains could be the difference in the CO, concentrating
mechanisms (CCM) of the prokaryotic cyanobacteria versus
the eukaryotic microalgae. Generally speaking, cyanobacteria
possess high-affinity CCMs, well adapted to environments
with low low-inorganic carbon concentrations, and high pH,
such as algal blooms. Microalgae on the other hand are gen-
erally known to possess low-affinity but high-flux CCMs, and
are expected to out-compete cyanobacteria in high inorganic
carbon environments (Beardall and Raven 2017). The possi-
ble presence of a high-affinity low-flux CCM in the
cyanobacteria in this study could have limited the rate at
which inorganic carbon was transferred over the cell-mem-
brane, which could explain why the productivity of these
strains did not improve with increased CO, concentrations.
Even under elevated CO, conditions, where intracellular
CO, concentrations are high due to passive diffusion over
the cell-membrane, the conversion of this CO, into HCO; ™

by NADPH-dependent reactions facilitated by NDH-1 com-
plexes can be rate limiting in the supply of HCO; ™ to Rubisco
(Price 2011). An additional theory which would explain the
difference in behavior is the pH. Under the experimental con-
ditions, for both cyanobacteria the pH decreased from 9.5 to
6.6 for CO, concentrations of 0.04—30%, respectively. For
both microalgae, the pH difference was significantly smaller,
decreasing from 9.6 to 9.2 and 8.9 to 8.0 for 0.04-20% CO,
for T. subcordiformis QUCCCM 51 and P. maculatum
QUCCCM 127, respectively. The pH is considered an impor-
tant factor in competitiveness of cyanobacteria over
microalgae, as it influences the CO,/HCO; ratio, and
cyanobacteria generally have been found to prefer high pH
environments (Caraco and Miller 1998; Beardall and Raven
2017). As here, the high CO, concentrations lead to a reduc-
tion in pH; it should be further investigated whether higher
productivities could be obtained under high pH conditions
concurrent with high inorganic carbon concentrations.

Conclusion

Four novel isolates from the Arabian Gulf were characterized
for productivity under elevated temperatures and CO, concen-
trations, two industrially relevant conditions. Picochlorum sp.
grew well under elevated temperatures up to 40 °C as well as
showed increased productivity with increased CO, concentra-
tions. Tetraselmis sp. showed the highest productivity, how-
ever was not able to grow at 40 °C. Both strains were found to
be rich in lipids, with FAME profiles indicating suitability for
biodiesel and omega-3 fatty acid production. Further investi-
gation into these strains is necessary to identify conditions
which increase product productivity, and the capability of di-
rect coupling to industrial flue gas.
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