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It has become more evident that many microal-
gae respond very differently than land plants
to diverse stimuli. Therefore, we cannot reduce
microalgae biology to what we have learned from
land plants biology. However, we are still at the
beginning of a comprehensive understanding of
microalgae biology. Microalgae have been posited
several times as prime candidates for the devel-
opment of sustainable energy platforms, making
thus the in-depth understanding of their biolog-
ical features an important objective. Thus, the
knowledge related to the basics of microalgae
biology must be acquired and shared rapidly, fos-
tering the development of potential applications.

Semi-abstract illustration of the inside of a

biorreactor containing microalgae cells (green  Microalgae biology has been studied for more
dots), products (red dots) and gas bubbles than forty years now and more intensely since
(white dots). the 1970’s, when genetics and molecular biology
Image by Flavia Vischi Winck approaches were integrated into the research pro-
grams. Recently, studies on the molecular physiology of microalgae have provided evidences on
the particularities of these organisms, mainly in model species, such as Chlamydomonas rein-
hardtii. Of note, cellular responses in microalgae produce very interesting phenotypes, such as
high lipid content in nitrogen deprived cells, increased protein content in cells under high CO2
concentrations, the modification of flagella structure and motility in basal body mutant strains,
the different ancient proteins that microalgae uses to dissipate the harmful excess of light energy,
the hydrogen production in cells under sulfur deprivation, to mention just a few. Moreover, sev-
eral research groups are using high-throughput and data-driven technologies, including “omics”
approaches to investigate microalgae cellular responses at a system-wide level, revealing new
features of microalgae biology, highlighting differences between microalgae and land plants.

It has been amazing to observe the efforts towards the development and optimization of new
technologies required for the proper study of microalgae, including methods that opened
new paths to the investigation of important processes such as regulatory mechanisms, signa-
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ling crosstalk, chemotactic mechanisms, light responses, chloroplast controlled mechanisms,
among others.

This is an exciting moment in microalgae research when novel data are been produced and applied
by research groups from different areas, such as bioprocesses and biotechnology. Moreover,
there has been an increased amount of research groups focused in the study of microalgae as a
sustainable source for bioremediation, synthesis of bioproducts and development of bioenergy.
Innovative strategies are combining the knowledge of basic sciences on microalgae into their
applied processes, resulting in the progression of many applications that hopefully, will achieve
the necessary degree of optimization for economically feasible large-scale applications.

Advances on the areas of basic microalgae biology and novelties on the essential cellular processes
were revealed. Progress in the applied science showed the use of the basic science knowledge
into fostering translational research, proposing novel strategies for a sustainable world scenario.

In this present e-book, articles presented by research groups from different scientific areas showed,
successfully, the increased development of the microalgae research. Herewith, you will find arti-
cles ranging from bioprospecting regional microalgae species, through advances in microalgae
molecular physiology to the development of techniques for characterization of biomass and the
use of biomass into agriculture and bioenergy production.

This e-book is an excellent source of knowledge for those working with microalgae basic and
applied sciences, and a great opportunity for researchers from both areas to have an overview
of the amazing possibilities we have for building an environmentally sustainable future once
the knowledge is translated into novel applications.

Citation: Winck, E V., Riano-Pachén, D. M., Franco, T. T., eds. (2016). Advances in Microalgae
Biology and Sustainable Applications. Lausanne: Frontiers Media. doi: 10.3389/978-2-88945-014-5
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The Editorial on the Research Topic
Advances in Microalgae Biology and Sustainable Applications

The further development of our societies will undoubtedly face many challenges, but currently
we have the capacity, and the duty, to look for environmentally sustainable solutions to these
challenges. In order to do so we must dedicate efforts toward the development of processes
for the sustainable production of chemicals and energy. Microalgae are receiving increasing
attention as candidates to develop sustainable processes; they have been proposed as feedstock
for several purposes, such as energy production, biosynthesis of nutraceuticals, animal feed
and bioremediation, to mention just a few (Skjanes et al., 2013; Wijffels et al., 2013). Recent
understanding of diverse aspects of microalgae biology have revealed important differences at the
cellular level between them and land plants (Perez-Garcia et al., 2011; Liu and Benning, 2013).
The microalgae characteristics of unicellularity and mixotrophy, are of special interest for potential
industrial applications (Lowrey et al., 2016). All of the above, is positioning microalgae as a viable
solution for the sustainable production of fuels and chemicals (Skjanes et al., 2013; Moody et al.,
2014).

Within this Frontiers research topic, we aimed to show important advances in the understanding
of microalgae biology and the opportunities to translate basic knowledge into sustainable
applications.

The articles making this collection highlight how different scientific areas should come together
for the successful use of microalgae biomass in sustainable applications. Here you will find
articles ranging from bioprospecting regional microalgae species, through advances in microalgae
molecular physiology to the development of techniques for characterization of biomass and the use
of biomass into agriculture and bioenergy production.

In this special research topic, Duong et al. tapped into the biodiversity of microalgae in aquatic
Australian environments, resulting in the identification of the growth and lipid content in 16 novel
isolates, from five different species (Duong et al.).

The further understanding of how microalgae cells can survive on aquatic environments
implies understanding the mechanisms of nutrient assimilation. This was what Sanz-Luque
et al. exemplified to us in a review of nitrate assimilation and its regulation in microalgae
(Sanz-Luque et al.).

Notably, the study presented in Eitzinger et al. highlighted the identification of over 40 novel
proteins that make part of the eyespot, i.e., a specialized optical device, and a complex pool
of methylated proteins, in Chlamydomonas reinhardtii, contributing to a better understanding
of the primordial visual system of microalgae and its possible connection to light responses
(Eitzinger et al.).
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Further research revealed candidate metabolic pathways
sensitive to changes on the availability of carbon dioxide, as
demonstrated by Winck et al. in a genomic scale modeling
approach (Winck et al.), that suggested an important role
of mitochondria and enzymes of the photorespiratory
pathway during cell response to high availability of carbon
dioxide.

Additionally, Steinbeck et al. described a detailed study of
the sustainable light-driven production of Hydrogen in the
model microalgae Chlamydomonas. The team of researchers
demonstrated the importance of double mutation of proton-
gradient regulation genes for hydrogen production, with
increased oxygen consumption by the mutant strains and faster
achievement of anaerobiosis and activation of hydrogenases in
Sulfur deprivation conditions.

Therefore, the discovery of candidate genes and biological
pathways and networks can foster the bioengineering of
biological routes for enhanced biosynthesis of biomass and
compounds of biotechnological interest. This is shown in the
article by Ouyang et al. where they performed the functional
analysis of the enzyme glycerol-3-phosphate acyltransferase from
the oleaginous green microalgae Lobosphaera incisa, revealing
that alterations on the gene sequence was important for increase
the enzyme activity and phospholipid content when heterologous
expressed in Yeast (Ouyang et al.).

However, novel methodological approaches to facilitate the
characterization of microalgae biomass have to be developed
and optimized and this is what we can see in the work of
Shen et al. The authors performed the global profiling of lipids
in microalgae for depicting fatty acids that can be applied as
characteristics ones for measurement purposes, enabling lipid
assessment in several strains (Shen et al.). A detailed analysis
of several processes of microalgae dewatering (which could be
understood as harvesting) methods, performed by Soomro et al,
discussed an important problematic in the use of microalgal
biomass as feedstock; the energy and financial costs associated to
the production of microalgae biomass. The authors performed
a life-cycle assessment analysis and proposed a combination
of selected dewatering technologies for reducing costs and
increasing biomass recovery (Soomro et al.).
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One example of novel applications for the sustainable use
of microalgae biomass residues generated by a global future
microalgae industrial application was shown by Maurya et al.
The authors performed the analysis of the sustainable use of
microalgae biomass residues as substitute nitrogen fertilizer on
Zea mays (maize) cultures, showing the possibility to substitute
up to 75% of the total chemical nitrogen fertilizers provided to
the plants.

Well succeed applications of microalgae biomass are now
on the market, such as the production of Astaxanthin by
the microalgae Haematococcus pluvialis. Astaxanthin is a
potent antioxidant molecule, and a comprehensive review
of Haematococcus pluviallis and the many aspects of the
Astaxanthin properties, production and applications was
provided by Shah et al.

The production of microalgae biomass for industrial scale
applications is still been developed; however, as shown by Xiao
et al. large amounts of biodiesel from microalgae biomass may be
produced in a controlled process.

Besides the many challenges ahead on the development
of massive production of microalgae biomass it has been
demonstrated that human resources are available to achieve this
goal, and to improve the capacity and diversity of applications of
microalgae for sustainable applications worldwide.

Scientists from different fields of research, from basic science
to applied science, are indeed contributing to the understanding
of microalgae diversity, their complex cellular responses and
phenotypes, which will certainly contribute to generate novel
solutions for the development of microalgae-based sustainable
applications, which are very much needed in present times.
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Growth and lipid accumulation of
microalgae from fluctuating brackish
and sea water locations in South
East Queensland—Australia

Van Thang Duong, Skye R. Thomas-Hall and Peer M. Schenk *

Algae Biotechnology Laboratory, School of Agriculture and Food Sciences, The University of Queensland, Brisbane, QLD,
Australia

One challenge constraining the use of microalgae in the food and biofuels industry is
growth and lipid accumulation. Microalgae with high growth characteristics are more
likely to originate from the local environment. However, to be commercially effective, in
addition to high growth microalgae must also have high lipid productivities and contain
the desired fatty acids for their intended use. We isolated microalgae from intertidal
locations in South East Queensland, Australia with adverse or fluctuating conditions,
as these may harbor more opportunistic strains with high lipid accumulation potential.
Screening was based on a standard protocol using growth rate and lipid accumulation as
well as prioritizing fatty acid profiles suitable for biodiesel or nutraceuticals. Using these
criteria, an initial selection of over 50 local microalgae strains from brackish and sea water
was reduced to 16 strains considered suitable for further investigation. Among these
16 strains, the ones most likely to be effective for biodiesel feedstock were Nitzschia
sp. CP3a, Tetraselmis sp. M8, Cymbella sp. CP2b, and Cylindrotheca closterium Slic,
reaching growth rates of up to 0.53 day~" and lipid productivities of 5.62 wg mL~day~".
Omega-3 fatty acids were found in some strains such as Nitzschia sp. CP2a, Nitzschia
sp. CP3a and Cylindrotheca closterium Sl1c. These strains have potential for further
research as commercial food supplements.

Keywords: biodiesel, diatom, fatty acids, microalgae, omega-3 fatty acids

Introduction

Microalgae grow in most natural environments, typically aquatic and marine systems, but they
are also found in soil, ice, rock pools or in volcanic water that can have extreme environmental
fluctuations (Duong et al., 2012). Microalgae suffering from adverse or fluctuating conditions often
have the ability to accumulate higher contents of biochemical products for survival, such as lipid,
starch, protein or carotenoid contents (Lim et al., 2012). Microalgae can produce a variety of lipids
that can be used by the food and biofuel industry (Huerlimann et al., 2010). For the production
of biodiesel, fatty acids with a chain length of 14-18 carbons are preferable. Saturated fatty acids
C14, C16, and C18 and unsaturated fatty acids such as C16:1, C16:2, C18:1, and C18:2 are the most
important for producing good biodiesel quality (Schenk et al., 2008). This is because the other
unsaturated fatty acids with 3 or 4 double bonds have reduced stability in storage (Knothe, 2006;
Chisti, 2007).
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Characterization of Australian coastal microalgae

The components of fatty acids, including saturated and
unsaturated fatty acids produced by microalgae, differ for
different species and strains (Renaud et al., 1994; Salama et al.,
2013). The accumulation of fatty acid components can be
controlled by environmental conditions such as temperature,
nutrient availability and salinity (Renaud et al., 2002; Huerlimann
et al,, 2010). Alternatively, the necessary fatty acids can be
developed using a chemical process. For example, unsaturated
fatty acids from microalgae, especially fatty acids with 3 or 4
double-bonds, can be easily hydrogenated under partial catalysts
(Jang et al., 2005), but it is preferable to identify and propagate
microalgae that do not require secondary treatment to modify
their fatty acid profile. Growth temperature is a major factor
that dramatically influences lipid accumulation in general or
lipid composition in particular. For instance, a higher growth
temperature can stimulate lipid accumulation in microalgae or
a lower growth temperature can lead to increased saturated fatty
acid composition (Renaud et al., 2002).

The screening of microalgae is not limited to those suitable
for biodiesel production, because microalgae also offer multiple
bio-products that can be used in a variety of industry (Schenk
et al., 2008; Huerlimann et al., 2010). For instance, unsaturated
fatty acids containing more than three double bonds, including
omega-3 fatty acids, are not preferable for biodiesel but they
can be useful as nutritious food or feed supplement. These
compounds currently have a high value and could compete with
fish oil in terms of productivity and environmental sustainability
(Adarme-Vega et al., 2014).

Although microalgae are known to produce considerable
amounts of lipids this it is not true for all microalgal strains.
The purpose of our research was to screen microalgal isolates
collected from brackish and sea water and identify those with
the highest growth and lipid production with desirable fatty acid
composition. As lipid accumulation capacity of algae changes
when subjected to adverse external factors, such as nutrient
supply and environmental conditions (Huerlimann et al., 2010;
Chen et al., 2011), the research focused on microalgae from sites
that have known adverse or fluctuating environmental conditions
(e.g., intertidal rock pools; Underwood, 1984). After isolating
pure algal cultures, growth and lipid production were compared
to establish which strains are most stable and productive and
most likely to be effective as a feedstock source for biofuel
production. In addition, strains which produce fatty acids
suitable for the health food industry were identified.

Materials and Methods

Microalgae samples were collected from a variety of sites in
the lower reaches of the Brisbane River, Stradbroke Island,
and Sunshine Coast in South East Queensland—Australia. The
samples represent different environmental conditions of tidal
brackish river water (50 cm depth), rock pools and beaches. Two
species from the Australian National Algae Culture Collection
from the Commonwealth Scientific and Industrial Research
Organisation (CSIRO) were used to compare growth and lipid
production with the strains that were isolated from the field
(Table 1). The microalgae were intentionally gathered from

different environments to provide a diverse taxonomy, stored in
a cold box and transferred to the laboratory for analysis.

Isolation and Preliminary Screening

Microalgae were cultured in f/2 medium at 25 + 1°C with a
12/12h light/dark photoperiod at a light intensity of 120 pmol
photons m~2s7! from fluorescent lights (Osram L36W/840)
and constant bubbling conditions (LP-100 air pump, Shen-Zhen
Xingrisheng Industrial Co. Ltd) in a temperature-controlled
environment room. Single cells were isolated by a micropipette
on an inverted microscope and grown in 96 wells plates before
transferring to 100 mL flasks for pure cultivation as described
previously (Duong et al., 2012). The isolation procedure was
conducted with sterilized equipment and in the laminar flow.
Single cells were isolated by the micromanipulation method
and the pure culture was checked regularly for the presence
of contaminating algae or high abundance of bacteria during
inoculation and growth experiments. It should be mentioned that
the cultures in this study are not axenic. While it can be excluded
that they contain other microalgae or protists, they still contain
associated bacteria. This was considered desirable as microalgae-
associated bacteria often provide improved growth (Amin et al.,
2012). Algal strains were then provisionally screened based on
their ability for rapid growth and lipid fluorescence using Nile
red staining as described by Lim et al. (2012).

Classification by DNA Sequencing

Microalgal biomass was collected at the late exponential phase of
cultivation for DNA extraction. DNA extraction was performed
using a phenol:chloroform method. After extraction, genomic
DNA within the 18S rRNA region was amplified on a PCR
machine by using the following primers: Forward 5-GCGGTA
ATTCCAGCTCCAATAGC-3' and Reverse 5-GACCATACT
CCCCCCGGAACC-3'. The process followed was developed
by Lim et al. (2012). PCR templates were then purified by
using a Wizard SV Gel PCR Clean-Up System (Promega). For
sequencing preparation, 5 L of a 25 ng pL~! PCR product were
combined with 1L of a 10 uM solution of each of the above
primers. The reaction was topped up to 12 wL with Millipore
water in a 1.5mL tube and sent to the Australian Genome
Research Facility (AGRF) at The University of Queensland for
sequencing and analysis. The DNA sequence data was compared
with Genbank entries for classification.

Standard Protocol for Growth Experiments

After obtaining pure cultures, all isolated strains were grown in
f/2 medium following a cultivation protocol that used bubbling
for aeration and mixing. The standard protocol can be briefly
described as follows: All strains were inoculated with 5mL from
a recently grown master culture and cultured in 150 mL f/2
medium until the end of the exponential growth phase was
reached (less than 10% cell density increase/day) before starting
the standard growth experiment. This culture was then used
as the inoculum at a ratio of 1/10 for 300 mL f/2 medium in
400 mL bottles that were connected to a bubbling system and
exposed to 12/12h light/dark photoperiod at a light intensity
of 120 umol photons m~2s~!. Cells were counted daily by
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TABLE 1 | Sources and accessions of microalgae used in this study.

Species GPScoordinates Species origin and collection time Site status Genbank accession
number

Achnanthes sp. BR22.5_3 27°29/29.00S153°00'48.00E  Brisbane River (11.40 am 22/05/2012) Brackish water KF 360813
Bacillariophyta sp. B3 26°48/12.115153°08'50.86E  Bullcock Beach (3 pm 12/06/2011) Tidal rock pool KF 360815
Bacillariophyta sp. Sl1a 27°26'14.235153°30'51.08E Stradbroke Island (8 pm 07/07/2011) Brackish rook pool KF 360816
Chlorella sp. BR2 - Brisbane River Lim et al., 2012 Brackish water -
Cylindrotheca closterium SI1ic ~ 27°26/14.235153°30'51.08E  Stradbroke Island (3 pm 07/07/2011) Brackish rock pool KF 360818
Cymbella cistuliformis CP2c 24°59/19.96S153°21/04.74E  Frazer Island, Champagne Pools (10 am 1/4/2012) Tidal rock pool KF 360819
Cymbella sp. CP2b 24°59/19.965153°21/04.74E  Frazer Island, Champagne Pools (10 am 1/4/2012) Tidal rock pool KF 360820
Dunaliella tertiolecta - CSIRO Tasmania (CS-175/8) - -

Navicula sp. BR22.52 27°29/29.00S153°00'48.00E Brisbane River (11.40 am 22/05/2012) Brackish water KF 360822
Navicula sp. CP6a 24°59/19.965153°21/04.74E  Frazer Island, Champagne Pools (10 am 1/4/2012) Tidal rock pool KF 360823
Navicula sp. Sl2d 27°25/33.825153°31/45.70E  Stradbroke Island (3 pm 07/07/2011) Tidal rock pool KF 360824
Nitzschia sp. CP2a 24°59/19.965153°21/04.74E  Frazer Island, Champagne Pools (10 am 1/4/2012) Tidal rock pool KF 360825
Nitzschia sp. CP3a 24°59'19.965153°21/04.74E Frazer Island, Champagne Pools (10 am 1/4/2012) Tidal rock pool KF 360826
Phaeodactylum tricornutum - CSIRO Tasmania (CS-29/8) - -
Tetraselmis sp. M8 - Rock Pool Maroochydore, Lim et al., 2012 Tidal rock pool JQ 423158
Thalassiosira rotula Sl2a 27°25/33.825153°31/45.70E  Stradbroke Island (3 pm 07/07/2011) Tidal rock pool KF 360828

using a hemocytometer. Nitrate concentrations were monitored
daily until the nutrient levels reached zero (below detection).
Nitrate was determined by using a colorimetric assay (API test
kit) and measured on a spectrophotometer at a wavelength
545 nm. Growth rates were calculated by the following equation
(Levasseur et al., 1993)

Ny
o lan
th —h

where N; and N, equal cell counts at time 1 (t;) and time 2 (t3),
respectively. Doubling time was also calculated once the specific
growth rate was known.

. In2
Doubling time = —
K/
Microalgae were cultured for another 3 days after the nitrate
concentration in the medium became undetectable to induce
lipid biosynthesis.

Fatty Acid Methyl Esters (FAME) Analysis

Samples for FAME analysis were collected when lipid
accumulation reached its peak, after 3 days of starvation. A
total of 4 mL of microalgal culture was collected and centrifuged
at 8000 x g for 5min. Biomass was collected and dried by a
vacuum pump for 30 min. Lipids in the microalgal pellet were
hydrolyzed and methyl-esterified in 300 nL of a 2% H,SO4 and
methanol solution for 2 h at 80°C. Prior to the reaction, 50 pg of
heneicosanoic acid (Sigma, USA) was added as internal standard.
After the esterification step, 300 iL of 0.9% (w/v) NaCl solution
and 300 pL of hexane were added and mixed for 20 s. To separate
the phase, samples were centrifuged at 16,000 x g for 3min. A
total of 1 LL of hexane layer was injected into an Agilent 6890 gas
chromatograph (GC) coupled to a 5975 MSD mass spectrometer

(MS). The running conditions were described by Agilents RTL
DBWax method (Brown, 1991).

Results

Growth of Selected Microalgal Strains

Out of 50 microalgal strains that were isolated, 16 were shortlisted
based on their rapid growth and high lipid fluorescence following
Nile red staining (Figure 1 shows an example). Strains were
then compared in standard growth and lipid accumulation
assays to determine the most suitable strains as feedstock
for biodiesel and/or nutraceuticals. The growth of microalgal
strains in the collection is presented in two groups for easier
comparison: diatoms and green microalgae. The fastest growing
strain Thalassiosira rotula SI2a grew 5.3 times faster than the
slowest growing strain Bacillariophyta sp. B3 (Table 2). Among
the diatomaceous species, Thalassiosira rotula SI2a’s cell density
was 2.47 x 10° cells mL~! and this strain exhibited the highest
growth rate and lowest doubling time, achieving 0.64 day~!
and 1.09 days, respectively. The cell density of Phaeodactylum
tricornutum reached 6.97 x 10° cells mL ™! and grew more after
the standard assay’s completion. The growth rate and doubling
time of this strain was 0.49 day~! and 1.42 days, respectively.
Cylindrotheca closterium SI1c’s growth reached a peak of 1.89 x
10° cells mL~1. Bacillariophyta sp. SIla, Bacillariophyta sp. B3,
and Navicula sp. SI12d grew slowly and reached peaks of 3.18 x 10°
cells mL~%, 4.5 x 10* cells mL~! and 1.18 x 10° cells mL~},
respectively.

Dunaliella tertiolecta, Chlorella sp. BR2 and Tetraselmis sp.
M8 were the fastest growing green algal strains. Cell density of
three strains increased gradually and peaked after 7 to 9 days. The
cell density peaks for Chlorella sp. BR2, Tetraselmis sp. M8, and
Dunaliella tertiolecta were 2.46 x 10% cells mL™!, 2.62 x 10° cells
mL~!, and 2.67 x 10° cells mL~!, respectively. These strains had
similar growth rates and doubling times (Table 2).
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FIGURE 1 | Cymbella sp. CP2b after Nile red staining under
fluorescence microscopy. Yellow droplets show lipid containing
triacylglycerides and orange droplets show autofluorescence from chlorophyll.
Cymbella sp. CP2b displayed fast growth rates and one of the highest lipid
productivities (4.51 ug mL~1 day~7).

Nitrogen and phosphorous concentrations changed during
the cultivation of the strains. Nitrate concentration in the
medium decreased dramatically from day 3 to day 5 and nitrogen
depletion occurred from day 5 to day 7 of the experiment.
The concentration of phosphate decreased gradually over the
experimental period. A depletion of phosphate occurred from
day 7 to day 10. Nitzschia sp. CP2a and Nitzschia sp. CP3a
consumed most nutrients among the strains tested (Figure 2).

Lipid Contents in Microalgae Collection

The result from GC/MS showed that all selected microalgal
strains can produce fatty acids. Eighteen different fatty acids were
detected, however not all strains produced all 18 fatty acids. There
was no detection of some unsaturated fatty acid with 3 or 4
double bonds such as hexadecatrienoic acid, hexadecatetraenoic
acid, and stearidonic acid in Nitzschia sp. CP2a, Cymbella sp.
CP2b, Cymbella cistuliformis CP2c, Nitzschia sp. CP3a, and
Navicula sp. CP6a. Total FAMEs ranged from 9.27 to 50.53 pg
mL~!. The highest FAME content was achieved for Nitzchia
sp. CP3a and the lowest was measured for Chlorella sp. BR2
(Figure 3). Palmitic acid and stearic acid were dominant among
the total fatty acids. The percentage of palmitic acid ranged from
19.83 to 37.65% in most of the strains, except for Bacillariophyta
sp. SIla, Cylindrotheca closterium Sl1c, Thalassiosira rotula S12a,
and Navicula sp. SI2d. Stearic acid that accumulated in the strains
ranged from 14.81 to 57.73%, except for Nitzschia sp. CP2a,
Cymbella sp. CP2b, and Nitzschia sp. CP3a.

Interestingly, omega-3 eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) were found in most of the strains.
The highest EPA percentage of total FAMEs reached 30.85% for
Phaeodactylum tricornotum, 14.49% for Nitzschia sp. CP3a, and

TABLE 2 | Growth characteristics of the isolated strains in f/2 medium
during the duration of the standard assay.

Species Mean growth  Doubling Maximum
rate (n day“) time (days) cell density
(x10% cells mL~1)
Achnanthes sp. BR22.5_3 0.13 5.48 28.50
Bacillariophyta sp. B3 0.12 5.96 6.17
Bacillariophyta sp. Sl1a 0.32 2.16 31.83
Chlorella sp. BR2 0.45 1.54 245.83
Cylindrotheca closterium Sl1c 0.53 1.31 189.00
Cymbella cistuliformis CP2¢c 0.26 2.65 28.67
Cymbella sp. CP2b 0.53 1.31 108.17
Dunaliella tertiolecta 0.46 1.51 266.83
Navicula sp. BR22.52 0.34 2.05 24.50
Navicula sp. CP6a 0.39 1.80 42.33
Navicula sp. Sl2d 0.29 2.40 11.83
Nitzschia sp. CP2a 0.22 3.08 298.33
Nitzschia sp. CP3a 0.17 3.99 123.83
Phaeodactylum tricornutum 0.49 1.42 696.67
Tetraselmis sp. M8 0.43 1.60 262.17
Thalassiosira rotula Sl2a 0.64 1.09 247.00

Shown are mean values from three separately-grown cultures each.

12.46% for Nitzschia sp. CP2a. DHA reached 1.11 and 1.36%
for Nitzschia sp. CP3a and Nitzschia sp. CP2a, respectively. On
average, saturated fatty acids were the major FAMEs in most
strains; the highest values were found in Thalassiosira rotula SI2a
(62.18%), Bacillariophyta sp. B3 (71.9%) and Navicula sp. CP6a
(71.61%). However, total unsaturated fatty acids were higher than
total saturated fatty acids in strains such as Dunaliella tertiolecta
(62.08%), Cylindrotheca closterium Sllc (61.65%), and Nitzschia
sp. CP3a (60.47%).

Discussion

All strains in the study were collected from estuary, coastal
waters and rock pools where environmental conditions change
frequently, especially changes of temperature, salinity, light
exposure, and nutrients. The changes require microalgae to
adapt and/or produce more biochemical products to ensure
their survival (Lim et al., 2012). Lipid is one of the biochemical
products that microalgae can produce along with starch under
nutrient deprived conditions in the light (Schenk et al., 2008).
Lipid productivities were highest for Nitzschia sp. CP3a (5.62 |Lg
mL~! day™!), Tetraselmis sp. M8 (529g mL~' day™!),
Cymbella sp. CP2b (4.51 g mL™! day™'), and Cylindrotheca
closterium SI1c (3.93 ug mL™! day™!). The value for Tetraselmis
sp. M8 was higher than the lipid productivity previously reported
for this strain when grown under laboratory conditions (2.1 pug
mL~! day~!; Lim et al,, 2012). Tt is interesting to note that all of
these strains have been isolated from coastal rock pools subjected
to tides. Their high lipid productivities suggest that these
microalgae may be more opportunistic than others from more
stable environments (e.g., stationary lakes or open ocean). A
future study comparing the growth rates and lipid productivities
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of microalgae isolated from stable and unstable environments
may further substantiate this notion. High growth rates of these
microalgae lead to rapid production of biomass while their high
lipid accumulation capability is likely to assist in higher survival
rates during adverse conditions. Interestingly, divergent from
this trend is Nitzschia sp. CP3a which despite its high lipid
productivity had a very slow growth rate. Further studies should
be conducted to test the survival rates of these strains and if these
correlate with their cellular lipid and/or starch contents.

Diatoms can survive in harsh environments (Seckbach, 2007)
and usually produce more lipids in harsher environments (Lim
et al., 2012). For this research, the difference of environmental
conditions between natural habitats and the laboratory may
have created a harsh environment that impacted on growth and
chemical accumulation of microalgae tested. Many of the strains
in this study adapted to their new environment and grew well
under laboratory conditions. For instance, Cymbella sp. is a
diatom that usually requires multi nutrients and minerals from
natural sources (Tarapchak et al., 1983; Takeda, 1998). However,
this strain grew well in /2 medium and displayed one of the best
growth rates (Table 2). The indoor growth experiments were set
up for conditions similar to the natural habitats (temperature,
nutrients, light). However, the indoor conditions are not identical
to the natural conditions and the adaptability of the selected
microalgae to the laboratory condition is a useful indicator
of microalgae’s ability to adapt to different external conditions
which also will be encountered when grown at large scale for
commercial purposes.

In addition, nutrient availability also affects diatom growth.
For example, silica is the main components of the diatom
cell wall. Changing nutrient availability may directly influence
the structure of silica composition in the cell wall and affect
diatom growth (Tarapchak et al., 1983). Thus optimizing nutrient
availability can also substantially affect growth rates and biomass
production. For example, increasing of nutrients or nitrogen
leads to an increase of growth rate (Converti et al., 2009; Chen
et al., 2011; Borowitzka and Moheimani, 2013). However, to
enable a direct side-by-side comparison, a standard assay with
unoptimized parameters was used in the current study. Clearly,
higher growth rates and lipid productivities are achievable
after careful cultivation optimization. For example, this has
been achieved for Tetraselmis sp. M8 (Sharma et al., 2014). A
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comparison of growth rates among the fastest growth strains
between the study and other publications has been undertaken.
It showed that the growth of the strains in the present study
was similar or faster to those in other studies for Chlorella sp.
BR2, Tetraselmis sp. M8 (24.5 and 18.6% increase, respectively,
compared to the study by Lim et al., 2012) or slightly lower for
Thalassiosira rotula (23.4% reduction compared to the study by
Doan et al., 2011). The difference may be due to a difference
of strains used and growth conditions, such as air and nutrient
supply, temperature, culture systems and photosynthesis periods
(Renaud et al., 2002; Converti et al., 2009).

Total FAME:s results from GC/MS analysis showed that all 14
microalgal strains tested were lipid producers under the standard
conditions used (Table 3). Nitzschia sp. CP3a was the highest
lipid producer, followed by Tetraselmis sp. M8, Cymbella sp.
CP2b, Nitzschia sp. CP2a and Cylindrotheca closterium Sllc. The
lipid content produced by Tetraselmis sp. M8 was similar to the
results of Lim et al. (2012). The proportion of saturated fatty
acids reached more than 50% for most of the diatom strains
and was dominated by myristic acid, palmitic acid, and stearic
acid. These fatty acids are the main desirable components for
biodiesel production (Schenk et al., 2008). Based on the above
properties, we conclude that the two diatoms, Cymbella sp. CP2b
and Cylindrotheca closterium Sllc, are potential strains that can
be used to develop microalgal biofuel production.
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and its regulation in microalgae

Emanuel Sanz-Luque, Alejandro Chamizo-Ampudia, Angel Llamas, Aurora Galvan and
Emilio Fernandez *

Department of Biochemistry and Molecular Biology, University of Cordoba, Cordoba, Spain

Nitrate assimilation is a key process for nitrogen (N) acquisition in green microalgae.
Among Chlorophyte algae, Chlamydomonas reinhardftii has resulted to be a good model
system to unravel important facts of this process, and has provided important insights
for agriculturally relevant plants. In this work, the recent findings on nitrate transport,
nitrate reduction and the regulation of nitrate assimilation are presented in this and several
other algae. Latest data have shown nitric oxide (NO) as an important signal molecule in
the transcriptional and posttranslational regulation of nitrate reductase and inorganic N
transport. Participation of regulatory genes and proteins in positive and negative signaling
of the pathway and the mechanisms involved in the regulation of nitrate assimilation, as
well as those involved in Molybdenum cofactor synthesis required to nitrate assimilation,
are critically reviewed.

Keywords: nitrate assimilation, nitrate/nitrite uptake, green algae, nitric oxide, nitrogen metabolism,
Chlamydomonas

INTRODUCTION

The macroelement Nitrogen (N) is an essential component in key molecules of living mater.
However, dinitrogen, the most abundant form either in the atmosphere or dissolved in waters, can
only be used by fixing bacteria but is inaccessible to eukaryotic algae in general. Nevertheless, an
uncommon symbiotic process between a unicellular cyanobacteria and a single-celled eukaryotic
alga was described (Thompson et al., 2012). N can be incorporated in eukaryotic organisms from
either organic or inorganic forms. The availability and concentrations of inorganic N sources, which
in general are small, change depending on environments (Giordano and Raven, 2014) and usually
limit growth and productivity. NH,, NO;, and NOj the most frequent inorganic N sources
assimilated by photosynthetic organisms show a different spatial distribution in oceans. In the
euphotic zone of ocean waters (the area closer to the surface, which receives enough light for
photosynthesis to be carried out), the estimated mean concentration of nitrate is about 7 LM being
those of ammonium and nitrite much smaller, 0.3 and 0.1, respectively. Whereas in the aphotic zone
(just below the euphotic zone and unable to support photosynthetic or autotrophic growth) these
values are 31, 0.01, 0.006 for nitrate, ammonium, and nitrite, respectively (Gruber, 2008). However,
in the soil nitrate concentrations can be very variable from 10 uM to 100 mM (Crawford, 1995). In
natural surface waters, nitrate concentration is usually <1 wM, but it can increase several orders of
magnitude specifically in underground waters mainly due to contamination from plant fertilizers

Abbreviations: Fd,eq, Reduced ferredoxin; GOGAT, Glutamine oxoglutarate amino transferase or glutamate synthase; GS,
Glutamine Synthetase; HATS, High affinity transporters; Moco, Molybdenum cofactor; N, Nitrogen; NiR, Nitrite Reductase;
NO, Nitric Oxide; NOS, Nitric oxide synthase; NR, Nitrate Reductase; sGC, soluble guanylate cyclase.
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or animal farms. Depending on colonized environments,
microalgae own different adaptations for a proper N assimilation.

Interest of using Chlamydomonas in
Nitrate Assimilation Studies

In this review, we will focus on nitrate assimilation in microalgae,
which has generated basic knowledge and contributed
significantly to the understanding of the pathway in crop plants
(Ho and Tsay, 2010; Chardin et al., 2014; Krapp et al., 2014).
Algae are a group of polyphyletic organisms, which evolved
along different endosymbiotic events, thus the several species
developed different and distinctive cell structures, grouping
organizations, and metabolisms. Here, we will only refer to algae
whose ancestors derive from a primary endosymbiotic event (de
Clerck et al., 2012). They correspond to individuals from the
group of Glaucocystophytes, Rhodophytes, and Chlorophytes.
This latter group of chlorophytes is phylogenetically closely
related to plants. Other algae groups add new layers of
complexity, since they come from secondary and tertiary
endosymbiotic events, with plastid loss, replacement, and gene
transfers (Douglas, 1998; Keeling, 2010). Among those algae
Chlamydomonas reinhardtii (referred herein as Chlamydomonas)
has emerged as a very relevant experimental system, mostly due
to the development of molecular and genetic tools useful
in many different studies, such as the flagella structure and
function, photosynthetic apparatus, chloroplast evolution,
metabolism, or regulation under different stress conditions
(Harris, 2009). Advances achieved in understanding of nitrate
assimilation in this system (Fernandez and Galvan, 2007, 2008)
were extrapolated to other algae and mostly to plants leading to
remarkable progress (Xu et al., 2012; Bittner, 2014; Krapp et al.,
2014). Many of the methodological tools in Chlamydomonas rely
on its efficient transformation system, development of vectors
(Kindle, 1990; Leon-Banares et al., 2004; Neupert et al., 2012) and
the sequencing of its genome (Merchant et al., 2007). In other
algae, transformation methodology has been set up (Sun et al,,
2006; Lerche and Hallmann, 2009, 2013, 2014; Hirata et al., 2011;
Qin et al,, 2012; Rathod et al., 2013; Talebi et al., 2013; Yamano
et al, 2013), which will allow efficient techniques to appear
as in Chlamydomonas. We will refer here to 10 Chlorophytes
(using Chlamydomonas as a reference), two Rhodophytes, and
a Glaucophyte, for which their genomes are sequenced and
available in the public databases.

NITRATE ASSIMILATION

Overview of Nitrate Assimilation

The nitrate assimilation pathway from nitrate to amino acid is
relatively simple at structural level. By contrast, its regulation to
ensure the efficient assimilation of nitrate coupled to that of other
environmental factors, is complex.

Overview in Chlamydomonas/Algae

In photosynthetic eukaryotes, nitrate assimilation is performed
by two transport and two reduction steps: First, nitrate is
transported into the cell, then a cytosolic Nitrate Reductase

(NR) catalyzes nitrate reduction to nitrite, which subsequently
is transported into the chloroplast, where the enzyme Nitrite
Reductase (NiR) catalyzes its reduction to ammonium (Guerrero
et al, 1981; Fernandez and Galvan, 2007, 2008). Finally,
ammonium is incorporated to carbon skeletons by rendering
glutamate, through the glutamine synthetase/glutamine
oxoglutarate amino transferase or glutamate synthase
(GS/GOGAT) cycle (Miflin and Lea, 1975). First, ammonium
is incorporated as the amide group of glutamine in a reaction
involving glutamate and ATP (catalyzed by GS); then, the amide
group is transferred reductively to a-oxoglutarate to form two
molecules of glutamate.

Figure 1 summarizes the organization of enzymes/proteins
for nitrate assimilation in Chlamydomonas. The assimilation of
nitrate begins with its entry into the cell. The transport of nitrate
and nitrite into the cell is a regulated and complex process in
Chlamydomonas as suggested from the high number and types
of proteins that participate (Fernandez and Galvan, 2007). The
transporters are classified, based on their substrate specificity,
affinity and expression characteristics, in: specific or bispecific,
high and low affinity, constitutive and inducible transporters.
From the structural point of view three families of proteins are
involved in nitrate and/or nitrite transport in Chlamydomonas.
They are NRT1 (NPF), NRT2, and NAR1 (Crawford and Glass,
1998; Forde, 2000; Galvan and Fernandez, 2001; Forde and Cole,
2003; Fernandez and Galvan, 2007, 2008).

NRT1 Transporters Function

The NRT1 transporters belong to the PTR transporters (Peptide
TRansporters), now renamed NPF for NRT1/PTR Family (Léran
et al., 2014). There is a wide representation of these transporters
in plant genomes (Krapp et al., 2014), however its presence in
algal genomes is in low number if any. Most of the plant NRT1
genes encode low-affinity nitrate transporters (Tsay et al., 2007).
The best-studied one is CHL1 from Arabidopsis (AtNRT1.1
or AtNPF2.6) and represents a paradigmatic protein. In fact,
AtNRT1.1 is considered a transceptor with sensor and carrier
functions (Tsay et al, 2007; Ho et al, 2009; Gojon et al,
2011). AtNRT1.1 is a dual affinity nitrate transporter that
switches from high to low-affinity for nitrate, depending on the
nitrate conditions and the phosphorylation/dephosphorylation
of the threonine T101. At low nitrate conditions, AtNRT1.1 is
phosphorylated by a CIPK23 protein kinase and functions as a
high-affinity transporter. At high nitrate conditions AtNRT1.1
is dephosphorylated and is a low-affinity transporter (Liu et al.,
1999; Ho et al., 2009). In addition AtNRT1.1 is involved in plant
auxin transport and nitrate efflux (Tsay et al., 2007; Ho et al.,
2009; Gojon et al., 2011).

NRT2 Transporters Function

The NRT2 proteins correspond to the NNP (Nitrate Nitrite
Porter) family and belongs to the superfamily MFS (Major
Facilitator Superfamily; Pao et al, 1998). NRT2 genes are
present into genomes of organisms able to assimilate nitrate
like plants, algae, fungi, yeast and bacteria (Forde, 2000). The
NRT2 proteins can transport nitrate or nitrite and some of them
are two-component systems, which require a second protein,
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FIGURE 1 | General scheme of proteins involved in nitrate assimilation and molybdenum cofactor biosynthesis in Chlamydomonas. Those steps
symbolized in gray lines are not empirically demonstrated. Proteins that mediate these hypothetic steps are represented in the most probable localization. Different
colors are used for each family of transporters. Numbers on the transporters identify each family member.

NAR2, to be fully functional. NAR2 appears to be anchored
to the membrane by a transmembrane domain (Quesada and
Fernandez, 1994; Tong et al., 2004; Okamoto et al., 2006;
Orsel et al., 2006). In Chlamydomonas there are six NRT2
members but NAR2 is only required for functionality of
NRT2.1 and NRT2.2 but not for other NRT2 transporters
(Quesada and Fernandez, 1994; Galvan et al., 1996). Thus, in
Chlamydomonas NRT2.1/NAR2 constitutes a bispecific high-
affinity nitrate/nitrite transporter and NRT2.2/NAR2 is a high-
affinity nitrate transporter (Fernandez and Galvan, 2007).

NAR1 Transporters Function

The family NAR1 (Nitrate Assimilation-Related component
1) is formed by transporters related to proteins called FNT
(Formate Nitrite Transporters; Peakman et al., 1990; Suppmann
and Sawers, 1994; Rexach et al, 2000). Chlamydomonas has
six NARI genes (NARI.1-6; Mariscal et al., 2006). NAR1.1 is

a nitrite transporter to the chloroplast (Rexach et al., 2000),
and NAR1.2 (LCIA) shows NO; and HCOj3 transport activity
when expressed in Xenopus oocytes (Mariscal et al., 2006). More
recently, it has been demonstrated that NAR1.2 (LCIA) is a
chloroplast envelope HCO; transporter and part of a CO,-
concentration mechanism (CCM) operating at very low CO,
(Wang and Spalding, 2014; Yamano et al, 2015). The CCM
is essential to accumulate CO, close to RUBISCO and make
efficient photosynthesis in aquatic microalgae.

Nitrate Reductase Function

The enzyme NR catalyzes the reduction of nitrate to nitrite with
electrons from NAD(P)H. In eukaryotes, NR is a homodimeric
protein with subunits of about 100-120kDa containing each
one three prosthetic groups: FAD, bss; heme and Molybdenum
cofactor (Moco) (Zhou and Kleinhofs, 1996). Algae typically
contain a single gene encoding NR (Fernandez et al., 1989;

Frontiers in Plant Science | www.frontiersin.org

October 2015 | Volume 6 | Article 899 | 18


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Sanz-Luque et al.

Nitrate assimilation in algae

Fernandez and Galvan, 2007) that, in addition to its physiological
activity of nitrate reduction, has also two other activities.
These partial activities can be assayed separately in vitro. The
first one is the NAD(P)H-dehydrogenase or diaphorase, which
catalyzes the transfer of electrons from pyridine nucleotides to
artificial electron acceptors such as ferricyanide, dichlorophenol
indophenol, or cytochrome c. This activity does not require
the Moco domain. The second is the terminal activity, which
catalyzes the transfer of electrons from artificial electron donors
as flavins, bromophenol blue, or viologens (chemically reduced
with dithionite) to nitrate (Solomonson et al., 1986; Caboche and
Rouzé, 1990). This activity mostly requires the Moco domain.

Nitrite Reductase Function

Nitrite reduction to ammonium occurs in the stroma of
chloroplasts and is catalyzed by the enzyme nitrite reductase
(NiR). Reduced ferredoxin (Fd,.q) generated as a consequence of
the photosynthetic electron transport is the electron donor for
nitrite reduction. In the dark, nitrite reduction can also occur
from NADPH, generated in the oxidative pentose phosphate
cycle, by mediation of Fd-NADP™ oxidoreductase (Jin et al.,
1998). Algal NiR, like in cyanobacteria and plants, is a monomer
of approximately 63 kDa containing a [4Fe-4S] grouping and a
siroheme as prosthetic groups. NiR is encoded by a single gene
in Chlamydomonas, which is clustered with other genes essential
for nitrate/nitrite assimilation (Guerrero et al., 1981; Lopez-Ruiz
et al., 1991; Quesada et al., 1993).

Incorporation of N into Amino Acids

Inorganic N is incorporated finally in form of organic N
as glutamate by the action of GS/GOGAT (see above).
Chlamydomonas contains four GS (GLN) (two cytosolic and two
plastid-targeted), and two plastidic GOGAT, one dependent on
NADH and the other on Fd ,¢q (Cullimore, 1981; Cullimore and
Sims, 1981a,b; Fischer and Klein, 1988; Chen and Silflow, 1996).
GLN1 and GLN2 from Chlamydomonas have high sequence
conservation and a similar octameric structure (Florencio and
Vega, 1983a; Chen and Silflow, 1996). Chen and Silflow (1996)
found three forms of GS in Chlamydomonas, but the sequencing
of its genome detected four (Merchant et al., 2007). However,
function and localization of these two additional GS (GLN3 and
GLN4) have not been studied in detail.

In addition to GS/GOGAT, under certain stress conditions
glutamate dehydrogenase (GDH) seems to be the predominant
enzyme for ammonium incorporation in Chlamydomonas,
catalyzing a reductive reaction of ammonium and a-oxoglutarate
to yield glutamate (Mufioz-Blanco and Cardenas, 1989). GDH
is encoded by two genes (GDHI and GDH2) and has three
isoenzymes located in the mitochondria, resulting very probably
from combination of the two different subunits (Moyano et al.,
1992; Vallon and Spalding, 2009). Under stress conditions such
as N-starvation or high ammonium, the aminating activity of
GDH varies inversely to that of GS. The GDH function seems
to be related to the maintenance on glutamate levels in the cell
when GS/GOGAT is ineflicient, appearing to be more connected
to carbon than to nitrogen metabolism (Mufioz-Blanco and
Cérdenas, 1989; Moyano et al., 1995). Since GDH is related to

ammonium assimilation, which is not the topic of this review, it
will not be mentioned any further.

Genes for Nitrate Assimilation in Algae

Table 1 (more details in Table S1) shows the genes and number
of genes involved in nitrate assimilation in several Chlorophytes,
Rhodophytes, and Glaucophytes algae with sequenced genomes.

The NRTI (NPF) genes are represented in high number in
plant genomes. In contrast, the algal genomes contain a very
low number, two, one, or even none. For example, Arabidopsis
has 53 NRT1 (NPF) but the number in plants varies between
51 (in Capsella rubella) and 139 (in Malus domestica; Crawford
and Glass, 1998; Williams and Miller, 2001; Léran et al,
2014). Chlamydomonas has a unique NRTI, like most of the
algal genomes analyzed. Coccomyxa subellipsoidea and Chlorella
NC64A contain two, but the NRTI gene was not found in the
microalgae Micromonas pusilla or Chlorella paradoxa (Table 1).
This is relevant since, provided that the analyzed genomes
are complete, it suggests that along evolution some important
function mediated by NRT1 has been maintained in the different
algae species, and that in plants, the complexity of the new tissues
that were appearing required new functions, which were assumed
by this family of proteins.

The NRT2 proteins, responsible for high affinity nitrate/nitrite
transport (HATS), are present in all algal species. However,
NAR?2, which with NRT2 forms the two-components HATS
appears in Chlorophytes algae, like in plants, but not in
Rhodophytes or Glaucophytes (Table 1), suggesting that in these
latter algae one-component nitrate HATS might be efficient
enough to guarantee cell growth and performance. NAR2 is
highly conserved between Chlamydomonas and Volvox but
show a lower conservation with the other Chlorophytes. So
far, Chlamydomonas is the alga with the highest number of
NRT2 genes, likewise for NARI genes (six of each). Like
NAR2, NARI was not found in the genomes of Rhodophytes
or Glaucophytes, and the number of NARI genes is just
one in species of Micromonas, Ostreococcus, and Bathycoccus
prasinos. This is interesting because in Chlamydomonas two
members of this NARI family have specialized functions. NAR1.1
is a nitrite transporter to the chloroplast clustered with the
nitrate assimilation genes. The gene encoding this transporter is
expressed in the presence of nitrate under the control of NIT2,
which is the major regulatory gene for nitrate assimilation. All
this suggests a role of NAR1.1 in nitrate assimilation (Fernandez
and Galvan, 2007, 2008). On the other hand, NARI1.2 (LCIA) is
not nitrate-regulated nor NIT2-dependent (Mariscal et al., 2006).
NARI1.2 is expressed under low CO; conditions and is a HCO3
transporter to the chloroplast (Wang and Spalding, 2014; Yamano
et al., 2015). The function of CrNARI1.3-6, as that of the single
NARI in other microalgae species, has to be solved. The high
number of these genes, NRT2 and NARI1, in Chlamydomonas
might reflect an optimization in the utilization of those nutrients
under many diverse environmental conditions.

Single genes encode NR and NiR in algae, excepting some
particular cases as Coccomyxa subellipsoidea C-169, which has
two NRs in its genome (Table 1). It is interesting to point out
that in Cyanidioschyzon merolae, which lacks NiR gene (NIII),
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TABLE 1 | Nitrate and molybdenum assimilatory proteins in microalgae.

Chlorophytes Rhodophytes Glaucophytes
)
g &
g 3 < 3
5 3 P 2 3 s 4
= ) o Q £ 3 s e
g T §' S g i E 3 § g 3 ~§
£ & & 3 E % 3 § 5 % g g g
g 3§ 3 & 5§ g 2= F & & & 2
($) ~ (¢} s N ) [¢) o o o (¢} (S} (Y
1 1 2 NF 1 2 1 1 1 1 NF
6 3 1 1 3 2 1 1 1 1 1 1 2
6 5 2 1 1 3 1 1 1 1 NF NF NF
1 1 1 1 2 1 1 1 1 1 NF NF NF
1 1 2 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 2 1 1
4 4 3 1 1 2 1 1 1 1 1 1 2
2 2 2 2 2 2 1 1 1 1 1 1
1 1 NF NF NF NF NF NF NF NF NF NF NF
1 NF 1 NF 1 1 1 1 1 1 NF NF 2
2 2 2 2 2 2 2 2 2 2 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 2 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 NF NF NF
1 1 1 1 1 1 1 1* 1* 1 1 1 NF
1 1 1 1 1 1 1 1* 1* 1 1 1 1
1 1 1 NF 1 1 NF NF NF 1 NF NF NF

We have used the specific genome databases for each organism. Some proteins were already identified and annotated and others were found using BlastP
and TBlastN. Chlamydomonas reinhardtii: Phytozome 10.2 (http.//phytozome.jgi.doe.gov/pz/portal.html), for NAR1(192094) we used JGI v4 (http://genome.jgi-psf.org/).
Volvox carteri, Coccomyxa subellipsoidea, Micromonas pusilla, Micromonas RCC299 and Ostreococcus lucimarinus: Phytozome 10.2. Chlorella NC64A, Ostreococcus
RCC809 and Ostreococcus tauri: JGI. Bathycoccus prasinos: Genome.jp (www.genome.jp/kegg-bin/show_organism?org=bpg). Cyanidioschyzon merolae: Cyanidioschyzon
merolae Genome Project (http://merolae.biol.s.u-tokyo.ac.jp/blast/blast.html). Galdlieria Sulphuraria: (http://genomics.msu.edu/cgi-bin/galdieria/blast.cgi). Cyanophora paradoxa:
(http://cyanophora.rutgers.edu/cyanophora/blast.php). Identified proteins are NRT1, NRT2, and NART, nitrate/nitrite transporters; NAR2, required component for high affinity nitrate
transport; NR, Nitrate Reductase; NiR, Nitrite Reductase; GLN, Glutamine synthetase; GSN/GSF, Glutamate synthase; MCFE, a Moco Carrier Protein; MOT1 and MOTZ2, Molybdate
Transporters; Cnx2, Cnx3, Cnx5, Cnx6, Cnx7, Cnx1G, Cnx1E, and ABA3, Proteins of Molybdenum cofactor biosynthesis; Accession numbers of all these proteins are provided in Table
S1. In Table S1 those proteins encoded by clustered genes are also indicated. (NF) indicates that proteins were not found in that organism. The asterisk (*) indicates that CNX1G and
CNX1E are fused into a single chimeric gene in those algal species.

one sulfite reductase gene CmSiRB of the two annotated in its ~ competitors. They might have appeared by horizontal gene
genome, CmSiRA and CmSiRB, encodes really a nitrite reductase  transfer (Slot and Hibbett, 2007; Wisecaver and Rokas, 2015). In
(Sekine et al., 2009). Sulfite reductase and nitrite reductase have  plants, metabolic gene clusters are more common than suspected
common structural and functional features (Crane and Getzoff,  since the seminal work of Osbourn et al. (2012). However,
1996). The nitrite reduction function of CmSiRB was deduced  the reasons for this clustering are not yet understood, but
from its high NiR vs. its very low sulfite reductase activity, high it is probable that this physical proximity of genes facilitates
expression in nitrate medium, and low in ammonium medium  the coordination of their regulation and inheritance (Osbourn
in contrast to CmSiRA, which is not affected by the presence of et al, 2012; Mugford et al., 2013; Niitzmann and Osbourn,
ammonium or nitrate. In addition, in the genome CmSiRB maps ~ 2015). The clustering of nitrate assimilation genes in algae
between a nitrate transporter and the NR genes (Sekine et al.,  is analyzed in Table S1 and Figure 2. Though the particular
2009). genes clustered change in its role, order or orientation from

Clustering of nitrate assimilation genes appears commonly  species to species, it is interesting to point out that most of
in fungi, cyanobacteria and algae (Johnstone et al., 1990; Frias ~ Chlorophytes have a complete set of genes for nitrate assimilation
et al., 1997; Fernandez and Galvan, 2008; McDonald et al,  (NRT2/NAR2/NIA1/NII1/NARI) with the exception of Chlorella
2010; Maruyama and Archibald, 2012). In fungi the metabolic ~ sp. NC64A, which has three NARI but none within the nitrate-
gene clusters are often associated with fungal virulence, and  cluster and Cocomyxa subellipsoidea in which genes are scattered
evolutionarily with pathways conferring some advantage over  in the genome. A curiosity is that Chlorella sp. NC64A, even
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FIGURE 2 | Clusters of nitrate assimilation genes in microalgae. N/A7 and NII7 (genes encoding NR and NiR) are the only genes conserved in all clusters
represented. All clusters have been arranged to show NIAT gene fixed in the middle of the figure. All the genes represented are involved in nitrate assimilation and
molybdenum metabolism with exception of Cytb5R whose relationship with nitrate metabolism is unknown. *In Micromonas RCC299 NIAT and NART are overlapped.
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having a complete set of all the genes needed for nitrate
assimilation (transporters, reductases and Moco genes), has
developed an alternative adaptation strategy to acquire N. This
Chlorella strain is endosymbiotic with Paramecium bursaria
and can use ammonium or amino acids but not nitrate or
nitrite (Kamako et al., 2005). In this alga NiR and not NR
activity is considerably stimulated by nitrate but the mechanisms
responsible for this silencing of nitrate utilization are unknown.

Another curiosity is that Ostreococcus species contain in
addition to genes for nitrate/nitrite transporters and reductases
others for molybdate transport (MOTI) and metabolism
(CNX2 and CNX5). Thus, the complete cluster in Ostreococcus
tauri is: NARI-NIAI-NII1-Cytb5R-NAR2-NRT2-MOT1-CNX2-
CNX5 (Derelle et al., 2006). In Chlamydomonas two gene
clusters are present: one consists on NIII-NRT2.2-NRT2.1-
NAR2-NIA1-NARI and in the other NRT2.3-AOX1 (AOXI
encodes a mitochondrial alternative oxidase) (Quesada et al,,
1998a,b). In Micromonas species two different clusters were
described: CNX2-NARI-NII1-NAR2-NRT2-NIAI (in M. pusilla
CCMP1545), and NRT2.1-NAR2.1-NIII-NARI-NIA1-NAR2.2-
NRT2.2 (in RCC299) (McDonald et al.,, 2010). A comparison
between the different gene clusters for nitrate assimilation in
microalgae is shown in Figure 2. It is remarkable how essential
genes for nitrate assimilation have been maintained clustered
during the different genetic events needed to configure the
present organization.

Molybdate transporter genes (MOT), are present in the algal
genomes highlighting the importance of this anion for a proper
assimilation of nitrate (Table1). Accordingly, the complete
set of genes for Moco biosynthesis is represented in all the
species analyzed. Interestingly, the CNXI gene, encoding the two
domains (E and G) protein in plants, is split into two genes each
one encoding a domain, CNX1G and CNXIE. However, some
exceptions are found in Ostreococcus tauri, Ostreococcus RCC809,
and Bathycoccus prasinos where these domains are merged in
a single gene. By fusing those two genes from Chlamydomonas
reinhardtii in chimeric constructions CNXIE-G or CNXIG-E,

it is shown that the orientation of the domains CNXI1E and
CNXI1G does not affect the functionality of the chimeric CNX1
proteins (Llamas et al., 2007). This finding suggests that the fact of
having two genes CNX1E and CNXIG, or just one CNX1 with the
orientation E-G as in plants, or G-E as in mammals is irrelevant.
In contrast to other Moco genes, ABA3 (Abscisic acid deficient
3, in plants; Bittner et al., 2001) is not generally present in the
analyzed algae (Table 1). ABA3 is required for functionality of
the Mo-hydroxylases, Xanthine Dehydrogenase, and Aldehyde
Oxidase, by the transfer of a sulfur atom to the Mo-center
(sulfuration step). Thus, it will be interesting to understand what
is the effect of this lack in the metabolism of those algae. Similarly,
MCP encoding a Moco Carrier Protein (Ataya et al., 2003; Fischer
et al., 2006) seems to be involved in an efficient mechanism of
Moco storage and protection. MCP has a significant conservation
with MBP (Moco Binding Protein) from plants (Kruse et al,
2010), but it is only present in Volvocales and not in the other
algal genomes analyzed (Table 1).

Additionally, it is interesting to point out that the CNX5 gene
for Moco biosynthesis was differentially conserved in the studied
algae. CNX5 from Chlamydomonas and Volvox are closely related
but markedly different from CNX5 genes from the other algae,
which show a significant conservation among them. The reasons
for this diversification are not clear.

Concerning the ammonium incorporation to amino acids,
the corresponding genes were analyzed in algae (Ghoshroy
and Robertson, 2015). GS (GLN) genes are well-represented in
Volvocales in a number of 3 or 4. However, their particular
role and localization has only been studied in Chlamydomonas
(Florencio and Vega, 1983a; Chen and Silflow, 1996; Vallon and
Spalding, 2009). The four GS genes encode cytosolic glutamine
synthetases of type 1 (GLN1, GLN4) and plastidic GS of type 2
(GLN2, GLN3). The two isoforms of GS2 are highly conserved,
and their genes located head to head in the genome suggesting
a recent event of gene duplication in both Chlamydomonas and
Volvox (Chen and Silflow, 1996; Vallon and Spalding, 2009). In
the species of Ostreococcus and C. merolae, the single GLN gene
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is more related to bacterial GLN than to plant-type GLNs present
in other algae (Table 1). Genes for the plastidic NADH-GOGAT
and Ferredoxin-GOGAT appear in Chlorophytes, however in
Mamiellales, Rhodophytes, and Glaucophytes there appears only
one (Ferredoxin-GOGAT).

REGULATION OF NITRATE ASSIMILATION

The regulation of nitrate acquisition is a complex process
involving a network of proteins, many of them scarcely known.
Majority of data available has been attained in Chlamydomonas.
Below, we review some relevant regulatory aspects reported in
microalgae.

In general, nitrate and ammonium have opposite effects over
nitrate assimilation genes, which are referred to as positive
(nitrate) and negative (ammonium) signals. Ammonium is the
preferred N source due to its reduced state and energetically
favorable assimilation. It is well-established that ammonium has
a negative effect on nitrate assimilation at both transcriptional
and posttranscriptional levels in Chlamydomonas (Fernandez
and Galvan, 2008), especially in high CO, conditions. NR gene
(NIAI) expression, widely studied in many algal species, is
induced in nitrate medium and strongly repressed in ammonium
medium (Loppes et al., 1999; Cannons and Shiflett, 2001; Llamas
et al., 2002; Imamura et al., 2010). Also nitrate transporters are
expressed after ammonium depletion in Micromonas (McDonald
et al, 2010). In Chlamydomonas, when both positive and
negative signals are present together, repression appears as
a quantitative process that is not strictly sensitive to the
ammonium concentration but to the nitrate/ammonium (N/A)
balance (Llamas et al, 2002; de Montaigu et al, 2011). A
determined ammonium concentration is less repressive in
conditions of high nitrate (mM) than in low nitrate (LWM).
Nevertheless, in medium without ammonium, NIAI is similarly
induced by low and high nitrate concentrations. This pattern
points out to a finely tuned regulation mediated by the N/A
balance. How this balance regulates NIAI is scarcely known
and a complex network of proteins and signal molecules are
starting to be unraveled in Chlamydomonas. To understand these
positive and negative signaling pathways, an insertional mutant
collection of about 22,000 mutants was obtained and screened
for aberrant sensing of nitrate or ammonium. The selection of
these phenotypes was possible because the mutagenized strain
bears a reporter gene that responds positively to nitrate and
negatively to ammonium (pNIAIARS, a chimeric gene: promoter
of NIAI fused to the arylsulfatase gene; Gonzalez-Ballester
et al,, 2005). For the ammonium insensitive phenotype (AI),
a broad range of insensitiveness is shown depending on the
mutant but none of them is completely insensitive to ammonium
(de Montaigu et al., 2011). The numerous mutants isolated
together with the absence of a mutant totally insensitive to
ammonium highlight a regulation mechanism that probably
involves several independent pathways. In contrast, the nitrate
insensitive mutants (NI) reveal a master gene, NIT2, needed for
nitrate assimilation genes expression (Camargo et al., 2007). In
addition, a number of NI mutants with partial phenotypes are

identified that also illustrates the complexity of nitrate regulation
(Higuera et al., 2014).

Positive Regulation of the Nitrate

Assimilation Pathway

In photosynthetic organisms nitrate is not only an N source
but also a signaling molecule (Crawford, 1995; Krapp et al,
2014). Nitrate induces expression of genes responsible for its
assimilation. Proteins involved on nitrate sensing are scarcely
known in microalgae. Several major transcription factors were
identified in plants, fungi, yeast, and in some green and red algae.
In Chlamydomonas the transcription factor NIT2 is essential for
a proper upregulation of the main genes for nitrate assimilation
(NIII, NRT2.1, NRT2.2, NRT2.3, NAR2, NIAl, NARI.1, and
NARI.6; Quesada et al., 1993, 1994; Mariscal et al., 2006). Indeed,
nit2 mutants are unable to grow in nitrate medium. The NIT2
gene is also repressed by ammonium and induced in nitrate
and N-free medium, highlighting that other yet unidentified
transcription factors work upstream to NIT2 (Camargo et al,
2007).

Structural characteristics of NIT2 show an RWP-RK domain
(so called by the consensus sequence) within a leucine zipper
domain; this motif may serve in dimerization and DNA binding
(Camargo et al, 2007). This domain is also found in algal
minus dominance (MID) proteins (Lin and Goodenough, 2007)
and transcription factors from plants as the NIN-like proteins
(NLP), some of them having a key role in regulating responses
to nitrate availability (Konishi and Yanagisawa, 2013; Chardin
et al., 2014). Actually, NLP7 seems to be a major player in the
primary response to nitrate (Castaings et al., 2009; Marchive et al.,
2013). Transcription factors containing RWP-RK domains are
numerous in green algae but many of them have an unknown
function. Proteins with significant homology to NIT2 have
not been identified. However, it is noteworthy an RWP-RK
transcription factor along the cluster of N metabolism related
genes in Micromonas pusilla. Though clustering is not a strong
evidence for its function, this gene is a good candidate to study
in future experiments in this alga. Furthermore, other RWP-
RK transcription factors that are upregulated in N starvation in
Chlamydomonas (RWP1 and RWP10) have an expression that
correlates with those of LAOI (encoding L-Amine Oxidase) and
CNXIE, respectively (Gargouri et al., 2015). In addition to the
RWP-RK domain, NIT2 shows a GAF domain at the N-terminal
region of the protein. This motif could bind small molecules
such as cGMP, NO or a-oxoglutarate (Little and Dixon, 2003;
Rybalkin et al., 2003; Biisch et al., 2005). However, the function
of this domain remains poorly studied, although it is known
that it does not bind nitrate and is not involved in DNA
binding (Camargo et al., 2007). Additionally, NIT2 possesses a
glutamine-rich domain involved in protein-protein interactions,
essential for NIT2 functionality, and a nuclear export sequence
(NES) (Camargo et al., 2007). How NIT2 senses the nitrate
signal for binding to different gene promoters is unknown.
Nevertheless, a NES domain appears in the transcription factor
NIRA involved in nitrate induction in Aspergillus (Narendja
et al, 2002) and in NLP7 in Arabidopsis (Marchive et al,
2013). This NES sequence is involved in NIRA and NLP7
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exportation to the cytosol in the absence of nitrate (Bernreiter
et al,, 2007; Marchive et al, 2013). In Chlamydomonas the
NES domain of NIT2 is close to the GAF motif, thus binding
of small molecules to GAF domain might expose or hide the
NES domain facilitating its nuclear exportation. However, in
Chlamydomonas NIT2 is important to activate nitrate-inducible
genes and to upregulate genes in nitrate plus ammonium
medium, a condition under which the nitrate assimilation genes
are repressed, as the truncated hemoglobin THBI (Sanz-Luque
et al., 2015). Therefore, a nuclear export would not be favorable
in those conditions. Furthermore, NIT2 is also involved in the
repression of genes downregulated by nitrate like the ammonium
transporter AMTI1.1 (Gonzalez-Ballester et al., 2004). It would be
expected to find new proteins interacting with NIT2 to integrate
the nitrate/ammonium balance and proportionate the specificity
for a proper gene expression/regulation on each N condition.

In other green microalgae apart from Chlamydomonas,
transcription factors involved in upregulating the nitrate
assimilation genes are unknown. Nevertheless, in Chlorella
vulgaris a unique GATA site is present in the promoter region
of the NR gene (Dawson et al., 1996). This sequence works
as a nitrate response element (NRE) and can bind specifically
a Neurospora crassa NIT2 zinc-finger domain/glutathione
S-transferase fusion protein. Thus, similar GATA-binding
transcription factors could be responsible for the transcriptional
regulation in this alga (Cannons and Shiflett, 2001). In the red
alga Cyanidioschyzon merolae an R2R3-type MYB transcription
factor, MYBI, has a key role in the nitrate upregulation of
the main N assimilation genes (NIAI, NIII, NRT2, AMT,
GLN). MYBI, as CrNIT2, is upregulated in nitrate and N-free
medium and the transcription factor encoded binds directly to
the promoter of all of these genes activating their expression
(Imamura et al., 2009, 2010). This class of transcription factors
is numerous in green algae but it has not been related
to N metabolism. Nonetheless, two R2R3-type MYB type
transcription factors directly bind to the promoter region of the
glutamine synthetase gene in Pinus sylvestris (Gomez-Maldonado
et al., 2004) and some MYB proteins are differentially regulated
by the N source in Arabidopsis (Scheible, 2004). Thus, we could
expect that MYB proteins would be also involved in N regulation
in some algae.

In addition to NIT2, other regulatory protein NZF1 (nitrate
zinc finger 1) involved in nitrate positive signaling was
recently identified in Chlamydomonas. This is a tandem zinc
finger protein CCCH-type that regulates NIT2 expression and,
indirectly, the nitrate assimilation genes (Higuera et al., 2014).
NZF1 is proposed to have a role in NIT2 polyadenylation. The
nzfl knockout mutant shows aberrant forms of polyadenylated
NIT2 mRNAs, which are not present in the wild type strain in
nitrate medium. Thus, this nzfl mutant has decreased levels of
wild type NIT2 transcript. Analogous transcription factors were
not found in other algae, but a posttranscriptional regulation
related to the mRNA stability is reported for the NR gene in
Chlorella vulgaris (Cannons and Cannon, 2002). In this case,
two different mRNAs are synthesized in response to short and
long times of induction in nitrate. The long mRNA is less stable
than the short version, which is induced in minutes when the

repressor (ammonium or derivatives) is removed or when the
inductor (nitrate) appears. Differences between these mRNAs are
located in the 5UTR. This supposes a strategy to perform a rapid
adaptation to the changing environmental conditions.

Transcriptomics analysis showed other transcription factors
that are upregulated in N starvation. One of them is NRRI,
which encodes a SQUAMOSA promoter-binding protein, SBP,
responds early to N starvation, and has a relevant role
in TAG accumulation. NRR1 is hypothesized as a “master”
transcriptional regulator for reprogramming gene expression
of N metabolism during N deprivation (Schmollinger et al.,
2014; Gargouri et al., 2015). However, more transcriptomic and
proteomic studies in nitrate medium would be required to shed
light about new regulatory factors.

Negative Regulation of the Nitrate

Assimilation Pathway

Nitrate assimilation is quickly blocked by ammonium addition.
This is a common effect in the green algae studied. In fact,
in higher plants, nitrate is essential to induce transcription of
NR independently of ammonium. However, in algae removal
of the repressor, or at least a shift in the balance N/A toward
nitrate, is needed for induction (Cannons and Pendleton, 1994;
de Montaigu et al., 2011). This repression is carried out at
transcriptional (Quesada et al., 1993, 1998b; Berges, 1997; Loppes
et al.,, 1999; Cannons and Shiflett, 2001; Imamura et al., 2010;
de Montaigu et al., 2010) and posttranslational level (Florencio
and Vega, 1983b; Franco et al, 1988; Galvan et al, 1991,
1996). Some of the main players involved in transcriptional and
posttranslational negative regulation of the nitrate assimilation
pathway are briefly represented in Figure 3.

Transcriptional Regulation

Genes  encoding the NR  and  high  affinity
nitrate/nitrite/transporters are repressed by ammonium but
the mechanisms and the players involved are starting to be
uncovered in Chlamydomonas. In this alga 40 ammonium
insensitive mutants were isolated (Gonzalez-Ballester et al.,
2005) and some of them studied. One of them, the cyg56 mutant,
is affected in a soluble guanylate cyclase (sGC) important for the
ammonium-dependent repression (de Montaigu et al.,, 2010).
These enzymes produce cGMP from GTP and are activated
when NO binds to their heme group, which is found in the
HNOB domain (Heme NO Binding; Iyer et al., 2003; Poulos,
2006). CYG56 is a key enzyme in ammonium sensing and the
cyg56 mutant is less sensitive to NO donors than wild type strain
(704) and responds similarly to cGMP addition. Pharmacological
approaches, using different NO and ¢cGMP donors and GC
and phosphodiesterase inhibitors, highlight cGMP and NO as
important signal molecules, and sGC as a relevant player for the
repression of genes that respond negatively to ammonium. Some
genes repressed by the NH; -NO-CYG56-cGMP mechanism
are NIAI, NRT2.1, AMTI1.1, and AMTI1.2. Guanylate cyclase
activity is poorly studied in photosynthetic organisms because
in higher plants the canonical sGC does not exist. Nevertheless,
c¢GMP is gaining a significant role in many processes in plants
(Maathuis, 2006) and some proteins without homology to GCs
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like kinases and hormone receptors have shown GC activity
(Ludidi and Gehring, 2003; Kwezi et al., 2007; Meier et al., 2010).
Unlike plants, in the Chlorophyta phylum canonical sGC can
be found. The Chlamydomonas reinhardtii and Volvox carteri
genomes encode two vast families of 57 and 63 adenylyl/guanylyl
cyclase domains, respectively, with several soluble GC among
their members. This huge amount of cyclase domains highlights
the importance of cyclic nucleotides in these algae, with a close
phylogenetic relationship. Other chlorophytes used in this work
have none or few canonical cyclase domains encoded in their
genomes as C. subellipsoidea (1), M pusilla (1), Micromonas sp.
RCC299 (1), O. tauri (2), and O. lucimarinus (1).

How cGMP regulates gene expression is unknown. A
possibility is that cGMP binds to GAF domain of NIT2 (Camargo
et al., 2007) and regulates its structure and binding to specific
promoters, but deeper studies have to be performed to address
and clarify this mechanism. Due to the similarity observed in
the components of the nitrate assimilation pathway and similar
patterns of regulation, we could expect that cGMP would have

an important role in ammonium-mediated repression of nitrate
assimilation genes in most of these algae. However, we propose
that non-canonical GC, similar to those in plants, could have a
relevant role in algae with few guanylate cyclase domains.
CYG56 expression is down-regulated in other AI mutants (de
Montaigu et al., 2011). One of these strains (20.40) has a genome
deletion affecting to nine putative genes; however, one of them
was down-regulated in other AI mutants and is considered as
a candidate for the AI phenotype. This gene codes a protein
that shares homology with phosphofructokinases. In plants, these
enzymes are regulated by 14-3-3 proteins (Kulma et al., 2004),
like NR and GS (Finnemann and Schjoerring, 2000; MacKintosh
and Meek, 2001), and may play a role in the cross-talk between
nitrogen and carbon metabolisms. This mutant shows a high
expression of NIAI, NRT2.1, and AMTI1.2 in nitrate medium,
suggesting that this protein could be a general regulator rather
than a specific player in ammonium sensing. Other relevant
AT mutant (54.10) is affected in a gene, unidentified yet, that
controls the expression of CYG56 and CDP]I, two genes that are
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independently involved in ammonium sensing. CDP1I also shows
higher expression in ammonium media and codes a cysteine-rich
protein. CDP1 has a very low conservation in photosynthetic
eukaryotes and do not show homology with known proteins.
Nevertheless, a well-conserved CDP1 is found in Volvox. These
mutants as well as new players and their relationships, albeit
poorly characterized at molecular level, are bringing out new
knowledge about the complex network working in this alga for
a proper ammonium sensing.

Concerning regulatory mechanisms in other green algae, few
data have been reported. In Chlorella sorokiniana, NRT2.1 gene
encoding nitrate transporter is induced by nitrate involving
phosphorylation/dephosphorylation events (Koltermann et al.,
2003), however, the players that mediate this regulation are
unknown.

Posttranslational Regulation

The ammonium-mediated negative effect over NR and nitrate
transport was reported more than three decades ago. Ammonium
addition, in cells induced with nitrate, inhibits in seconds the
nitrate uptake (Florencio and Vega, 1982) and in minutes the
NR activity (Franco et al., 1987). However, the mechanisms
involved remain scarcely known. In plants, NR is regulated
by phosphorylation of a serine residue, within a hinge region
between the Moco and heme binding domains, followed by
the binding of a 14-3-3 protein (MacKintosh and Meek, 2001;
Lillo et al., 2004; Lambeck et al., 2012). Nevertheless, this serine
residue is only conserved in higher plants and not in mosses nor
algae (Medina-Andrés and Lira-Ruan, 2012). This points out that
posttranslational regulation in microalgae should be different to
that in plants and probably common with the most basal land
plants, the mosses. Now, we are starting to understand how NR
is post-translationally regulated in Chlamydomonas. NO not only
triggers a cascade to repress transcription of the NIAI gene (see
above, de Montaigu et al., 2010) but also partially inhibits the
enzyme activity in a reversible way (Sanz-Luque et al., 2013). NO
does not seem to interact directly with NR because the inhibitory
effect appears when intact cells are treated but not when cell
extracts or the in vitro recombinant NR are used. Recently, we
have shown that the cytosolic truncated hemoglobin, THB1, has
an important role in regulating NR activity (Sanz-Luque et al,,
2015). This hemoglobin has NO dioxygenase activity (NOD)
and takes up electrons from the FAD group of NR (diaphorase
activity) to reduce its heme group. In the presence of NO,
the reduced and oxygenated globin (THB1-Fe; -0,) catalyzes
NO conversion to nitrate and decreases nitrate reduction by
removing the reducing power available for NR. THB1 could also
work with other reductase enzymes and probably mediate the
control of other processes in the cell. However, due to its N-
dependent transcriptional regulation we suggest that NR might
be one of its most relevant partners. Curiously, two microalgae
belonging to the class Raphidophyceae have the NR gene fused
to a truncated hemoglobin (Stewart and Coyne, 2011). Authors
hypothesize that this fusion confers a significant advantage to use
the NO produced during bloom conditions as N source. These
algae would be able to efficiently convert NO into nitrate by the
NOD activity and subsequently to carry out the nitrate reduction.

In addition, other phosphorylatable serine residue, located in
the hinge region 2 of NR between the FAD and heme domains, is
highly conserved in both higher plants and algae. In Arabidopsis,
MAPKG6 phosphorylates this serine in NIA2 increasing the NR
activity and NO production (Wang et al., 2010, 2014b).

Additionally, NO inhibits in a fast and reversible way the
high affinity nitrate/nitrite transport (Sanz-Luque et al., 2013).
Nitrate and nitrite uptakes of nitrate-induced cells are quickly
halted after NO addition at low concentration, and normal rates
of uptake recover after a few minutes, when NO disappears.
In plants, two ways of regulation are described for nitrate
transporters. NRT1.1, which is regulated by phosphorylation
(Tsay et al., 2007; Ho et al., 2009) and some NRT2, which require
association with the NAR2 protein to be active (Quesada et al.,
1994; Zhou et al., 2000; Okamoto et al., 2006). Even so, the
mechanisms and the players that connect the signal sensing with
the posttranslational modification are unclear. NO could trigger
cascades to phosphorylate or to modify directly the transporter
or the accessory protein by S-nitrosylation.

Unlike NR and high affinity nitrate/nitrite transporters, NiR
does not seem to be regulated by NO (Sanz-Luque et al., 2013).
Regulatory mechanisms are unknown for NiR, although its
activity depends on the reduced ferredoxin pool, which can be
affected if photosynthesis decreases. That makes sense from a
physiological point of view because this coordination avoids N
loss, due to nitrite excretion, and possible toxic effects derived
from nitrite accumulation. Under low photosynthetic activity
rates NiR activity is low (Jin et al, 1998), resulting in the
uncoupling of NR and NiR activities. Then nitrite production by
NR can be higher than nitrite reduction to ammonium by NiR.
Under this condition cells do not store the overproduced nitrite,
which is excreted as an emergency strategy (Navarro et al., 2000).
This excretion would entail loss of N and reducing power used for
nitrate reduction. However, Chlamydomonas has a mechanism,
which avoids such a disadvantage. In this alga one of the main
NO sources is nitrite (Sakihama et al., 2002), and so, when nitrite
accumulates, NR is able to synthetize NO with the subsequently
inhibition of nitrate uptake and reduction until NR and NiR
activities are coupled again (Figure 3).

The ammonium-dependent transcriptional and
posttranslational regulation could be directly mediated by
ammonium itself or by an ammonium derivative metabolite
such as glutamine. Indeed, CrAMT1.1 transcription (Gonzalez-
Ballester et al., 2004) or nitrite uptake (Galvan et al., 1991), which
are repressed and inhibited, respectively, by ammonium, are
partially released of ammonium negative signaling by methione
sulfoximine (MSX), an specific glutamine synthetase inhibitor.
Glutamine has been described as an important N status
reporter in many bacteria but in photosynthetic eukaryotes
glutamine sensing is poorly understood. In many organisms
glutamine is sensed by the PII protein, which is one of the most
widespread signaling proteins in nature. These proteins are
present in different kingdoms of life from bacteria to plants
(Chellamuthu et al.,, 2013) and recently are reported in green
algae as Chlamydomonas (Ermilova et al, 2013), Chlorella
(Minaeva and Ermilova, 2015), and Micromonas (McDonald
et al., 2010). Nevertheless, PII proteins are not conserved in
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all photosynthetic algae, genome analysis failed to reveal any
obvious PII homologs in the red alga Cyanidioschyzon merolae
and diatoms (Uhrig et al., 2009).

PII proteins are responsible for the integration of N and
carbon metabolisms as well as of the cellular energy status
by regulating transcription factors, membrane transporters and
metabolic enzymes (Uhrig et al, 2009). In bacteria there
exist at least four recognized PII proteins and several targets
identified. However, in most cyanobacteria, microalgae and
higher plants the number of PII proteins seems to be reduced
to one and its functionality is barely known (Ninfa and Jiang,
2005; Ermilova et al., 2013). In Chlamydomonas, like in the
other photosynthetic organisms, PII protein (GLB1) is localized
in the chloroplast (Ermilova et al., 2013) and activates N-
acetyl-L-glutamate kinase (NAGK), a key enzyme of arginine
biosynthesis (Chellamuthu et al., 2014). CrGLB1 binds glutamine
at millimolar concentration and then interacts and activates
NAGK. If a-oxoglutarate concentrations are high the complex
is inhibited and NAGK activity decreases. Therefore, when N/C
balance is shifted to N the arginine biosynthesis is enhanced.
Thus, in these conditions arginine could be used as N-storage
molecule or as NO precursor by a putative NO Synthase activity
(NOS). Curiously, Arabidopsis PII mutants show higher nitrite
uptake to the chloroplast than wt (Ferrario-Méry et al., 2008).
Nevertheless, the PII role in algae and plants is starting to be
unraveled. Recently, RNA-seq data have shown that CrGLBI is
overexpressed in N starvation (Schmollinger et al., 2014) but
its role in this condition is unknown. Additional studies will
be necessary to elucidate the PII participation in the regulatory
processes of the N assimilation pathway.

NO Metabolism

In the last years NO has emerged as an important signal molecule,
which regulates many processes in plants and algae. A huge
amount of publications have related it with essential roles in
plant growth, development, defense (Delledonne et al., 1998;
Corpas et al., 2004; He et al.,, 2004; Ferndndez-Marcos et al.,
2011) and nitrate metabolism in plants and algae (Du et al,
2008; Jin et al., 2009; de Montaigu et al., 2010; Rosales et al.,
2011; Sanz-Luque et al., 2013). Nevertheless, and despite the
fact of being an important signal molecule involved in a vast
number of processes, our knowledge about its synthesis and
turnover in photosynthetic organisms is poor. Related to the
synthesis, two different pathways are possible, the oxidative one
from arginine, polyamines, or hydroxylamines, and the reductive
one from nitrite (Wilson et al., 2008; Moreau et al., 2010;
Gupta et al., 2011a). In photosynthetic organisms the main NO
source described is NR that reduces nitrite to NO in vivo and
in vitro using NAD(P)H as electron donor. This activity has
been described in both plants (Yamasaki and Sakihama, 2000;
Rockel et al., 2002) and algae (Mallick et al., 2000; Sakihama
et al,, 2002). Although the molecular basis of this enzymatic
activity is not well-characterized, there exists a growing number
of physiological processes regulated by a NR-dependent NO
synthesis in plants and algae (Zhao et al, 2009; Hao et al,
2010; Lozano-Juste and Ledn, 2010; Horchani et al., 2011; Wei
et al,, 2014; Sun et al, 2015). The NO synthesis by NR has

been estimated as 1% of the nitrate reducing capacity (Rockel
et al,, 2002). Thus, due to the higher affinity for nitrate than for
nitrite, the NO production would require a low nitrate/nitrite
balance. Indeed, experiments without nitrate are used to measure
this activity (Sakihama et al., 2002), and when nitrate is added
a significant delay is observed (Yamasaki and Sakihama, 2000)
supporting the importance of a shifted nitrate/nitrite balance in
NO synthesis by NR. As described above, NR-dependent NO
synthesis would inhibit nitrate uptake and reduction with the aim
of avoiding the accumulation of toxic nitrite and/or its excretion
when NR and NiR are uncoupled.

In addition to NR, other reductive pathways for NO synthesis
in photosynthetic organisms were described. Recently, a NR-
independent NO source has been reported in Chlamydomonas,
where nit2 mutants, with no expression of NR, showed NO
increase in N-free medium after 20h (Wei et al., 2014). Several
of the alternative NO sources in plants are a plasma membrane-
bound nitrite:NO reductase (Stohr et al, 2001), which has
been mainly studied in tobacco, and mitochondrial (Tischner
et al., 2004; Gupta and Igamberdiev, 2011) and plastidic (Jasid
et al., 2006) nitrite reduction. This reduction could be mediated
by molybdoenzymes, as Amidoxime reducing component, of
unknown function (Yang et al., 2015), Xanthine oxidoreductase
in plants and animals (del Rio et al., 2004; Gupta et al., 2011a) or
Aldehyde oxidase (Li et al., 2009) and Sulfite oxidase (Wang et al.,
2014a) reported only in animals albeit they could own a similar
activity in plants. Finally, chemical apoplastic nitrite reduction to
NO at acidic pHs has also been described (Bethke et al., 2004).

The oxidative production of NO in plant-like organisms
is poorly known at molecular level. Arginine-dependent NO
synthesis is mediated by NOS, but no protein with homology
to animal and bacterial NOS has been found in plants. Even so,
an arginine-dependent NO production has been physiologically
described (Corpas et al, 2006, 2009; Moreau et al., 2010).
Surprisingly, only two photosynthetic organisms bearing genes
that encode animal-type NOS enzymes in their genomes have
been reported up to date, the small algae Ostreococcus tauri and
Osteococcus lucimanirus (Foresi et al., 2010, 2015). The recently
released genome of Bathycoccus prasinos (Moreau et al., 2012),
other small alga from the Mamiellales clade of prasinophyceae
as Ostreococcus, also has a gene encoding a NOS enzyme
with 62% of similarity to O. tauri NOS (Kumar et al., 2015).
Curiously, these primitive algae are species with small genomes
and high horizontal gene transfer. In fact, a phylogenetic study
suggests that around 5% of the Bathycoccus prasinos genome
was originated by horizontal gene transfer (Moreau et al,
2012). This may explain why Bathycoccus and Ostreococcus are
exceptional algae having genes that encode animal-type NOS
enzymes.

Inhibition of nitrate reduction and uptake when nitrite
concentration increases can be mediated by NO produced in
a NR-dependent way; however, the NO source that performs
the ammonium repression seems to depend on an arginine-
dependent process in Chlamydomonas. Experiments with L-
NAME (N,,-Nitro-L-arginine methyl ester), an analog of arginine
used as inhibitor of NOS, show a partial release of the ammonium
repression of NIAI and other genes induced by nitrate and

Frontiers in Plant Science | www.frontiersin.org

October 2015 | Volume 6 | Article 899 | 26


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Sanz-Luque et al.

Nitrate assimilation in algae

repressed by ammonium (de Montaigu et al., 2010). Nevertheless,
arole of NR in ammonium repression cannot be discarded.
Other important aspect of NO metabolism is its fast
removal to avoid unspecific reactions producing toxic effects.
Hemoglobins (Hb) have arisen as relevant proteins involved in
NO scavenging. In plants, non-symbiotic Hbs have shown to
have this role (Perazzolli et al., 2004; Gupta et al., 2011b). In
algae, as described above, truncated Hbs are relevant players
in this task. In Chlamydomonas a vast family of 12 truncated
hemoglobins are found (Hemschemeier et al., 2013) and some
of them were related to different physiological processes. Two
of them THBI1 and THB2 are differentially expressed by the N
source, showing high transcription levels in nitrate and nitrate
plus ammonium, and under the control of NIT2 (Johnson et al.,
2014; Sanz-Luque et al., 2015). However, opposite responses to
NO are observed for THBI, which is upregulated, and THB2,
which is downregulated. In addition, as stated above, THBI
has NOD activity working with NR and using reducing power
from NAD(P)H. Other recently studied truncated hemoglobins
in Chlamydomonas are THBS, which is required for hypoxic
survival in a process involving NO (Hemschemeier et al., 2013),
or THB7, THB10, and THB11 that are overexpressed in the dark
(Huwald et al., 2015). Some of these proteins (THB1-2-4-7-10-
11) are biochemically characterized but our knowledge about
their functions is poor (Ciaccio et al., 2015; Huwald et al., 2015;
Rice et al., 2015). Therefore, in the last years this microalga has
become an interesting organism to study the NO metabolism
and functionality of these proteins. Truncated hemoglobins have
also been identified in other Chlamydomonas species as well as
in Volvox carteri, Chlorella sp. NC64A and Micromonas pusilla
(Vazquez-Limon et al., 2012; Hemschemeier et al., 2013).
Additionally, other reactions that mediate NO scavenging
are: spontaneous oxidation to nitrite; reaction with glutathione
to store it as nitrosoglutathione (GSNO), which is the main
NO reservoir in vivo in photosynthetic organisms (Wang,
2006); reaction with other ROS as superoxide anion to produce
peroxynitrite, which works as a signal molecule in protein
modification and, finally, reaction with metals as iron of heme
groups (Moreau et al., 2010; Gupta et al., 2011a; Mur et al,, 2013).
Nevertheless, these mechanisms are less studied in algae.

Future Perspectives/Conclusions

The nitrate assimilation pathway is a relative simple process
conserved in the majority of microalgae. This conservation
highlights the importance of this pathway in the central
metabolism of these organisms. This pathway owns an uptake
step to incorporate nitrate into the cell, a first NR-mediated
reduction followed by nitrite incorporation to chloroplasts
and a second reduction step mediated by NiR. Finally N
is incorporated into carbon skeletons by GS/GOGAT cycle.
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Flagellate green algae possess a visual system, the eyespot. In Chlamydomonas
reinhardtii it is situated at the edge of the chloroplast and consists of two carotenoid
rich lipid globule layers subtended by thylakoid membranes (TM) that are attached to
both chloroplast envelope membranes and a specialized area of the plasma membrane
(PM). A former analysis of an eyespot fraction identified 203 proteins. To increase the
understanding of eyespot related processes, knowledge of the protein composition of
the membranes in its close vicinity is desirable. Here, we present a purification procedure
that allows isolation of intact eyespots. This gain in intactness goes, however, hand
in hand with an increase of contaminants from other organelles. Proteomic analysis
identified 742 proteins. Novel candidates include proteins for eyespot development,
retina-related proteins, ion pumps, and membrane-associated proteins, calcium sensing
proteins as well as kinases, phosphatases and 14-3-3 proteins. Methylation of proteins
at Arg or Lys is known as an important posttranslational modification involved in, e.g.,
signal transduction. Here, we identify several proteins from eyespot fractions that are
methylated at Arg and/or Lys. Among them is the eyespot specific SOUL3 protein that
influences the size and position of the eyespot and EYE2, a protein important for its
development.

Keywords: ATP synthase, Chlamydomonas reinhardtii, EYE2, eyespot proteome, phototaxis, protein methylation,
SOUL heme-binding protein 3

INTRODUCTION

Many motile algae exhibit a peculiar photo-behavior: movement toward or away from the light
source depending on the light intensity and quality. This behavior is known as positive or
negative phototaxis. To allow such precise movement responses, many flagellate algae of all major
phylogenetic lineages have developed specialized optical devices (eyespots), which are antennae
that determine the direction of incident light (Foster and Smyth, 1980; Kreimer, 1994, 2009).
In some warnowiid dinoflagellates, this structure is extremely complex and called ocelloid. Its
ultrastructure bears apparent resemblance to camera-type eyes of some animals and has recently
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been shown to be composed of different specialized cell
organelles such as plastids, mitochondria, and vesicles. The
ocelloid is probably homologous to simpler dinoflagellate
eyespot types, most of which involve parts of the chloroplasts
(Dodge, 1984; Kawai and Kreimer, 2000; Gavelis et al., 2015;
Hayakawa et al., 2015). In green algae, the functional eyespot
is also a composed “organelle”, involving local specializations
from different subcellular compartments and highly ordered

carotenoid-rich globules inside the chloroplast. It is peripherally
located in the cell and readily observable by bright-field
microscopy as an orange- to red-colored spot (Melkonian and
Robenek, 1984; Kreimer, 2009). In Chlamydomonas reinhardtii,
the eyespot typically consists of two highly ordered layers of
such globules, each subtended by a thylakoid (see Figure 1A
for a schematic drawing). The outermost globule layer is
attached to specialized areas of both the chloroplast envelope

First gradient

First gradient

FIGURE 1 | Schematic drawing of the eyespot in Chlamydomonas reinhardtii and distribution of different fractions enriched in eyespots after

Final gradient

flotation on discontinuous sucrose gradients. (A) Schematic longitudinal section through the eyespot in the region of the four stranded microtubular root (D4),
which is important for eyespot positioning. The functional eyespot consists of local specializations of different compartments. The part of the plasma membrane (PM)
overlying the eyespot globules (EG) is thickened and in close association with the inner and outer chloroplast envelope (IM/OM). The EG are in contact with the
thylakoid membrane (TM) and arranged in layers, the outermost being also in contact with the chloroplast envelope. The possible link between plastoglobules (PG)
and EG is indicated. (B) Separation of the cell homogenate in the first gradient using the established eyespot isolation method by Schmidt et al. (2006).

(C) Separation of the cell homogenate in the first gradient using the here described (see Materials and Methods) modified cell rupture method for an extended (“e”)
eyespot fraction; separation of fraction 2 (F2¢) from these gradients in fraction 2A (F2A¢) and 2B (F2Bg) in the final gradient. Note the increased amount of F2¢ and
the decreased amount of F1¢ and thylakoid debris in comparison to the original cell rupture method.
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and the adjacent PM. The globule layers modulate the light
intensity reaching the photoreceptors in the PM patch as
the cell rotates around its longitudinal axis during forward
swimming. They function as a combined absorption screen
and quarter-wave interference reflector. Thereby, the contrast
at the photoreceptors is increased up to eightfold, making the
whole optical system highly directional (Foster and Smyth, 1980;
Kreimer and Melkonian, 1990; Harz et al., 1992; Kreimer et al,,
1992). Beside its function as a sensor for light direction and
quality, the eyespot might have potential additional roles mainly
for chloroplast function. There is, e.g., increasing evidence from
both, ultrastructural and proteomic data, for a link between
eyespot globules (EG) and plastoglobules (PG) and thereby for
a more general role in chloroplast metabolism such as the
biosynthesis of prenylquinones and carotenoids (Kreimer, 2009;
Nacir and Bréhélin, 2013; Davidi et al., 2015). Whereas PG are
directly connected with the thylakoids via the outer lipid leaflet
of the TM (Austin et al., 2006), it is currently not known whether
this is also true for the globules of the eyespot. Methods for the
isolation of PG from green algae as well as EG and fragments are
established (Kreimer et al., 1991; Renninger et al., 2001; Schmidt
et al., 2006; Davidi et al., 2015).

Until 2005, only six proteins relevant to the structure
and function of the eyespot of C. reinhardtii were identified,
mainly based on genetic approaches. These included EYE2 and
MINI, two proteins important for eyespot assembly (Roberts
et al, 2001; Dieckmann, 2003), two splicing variants of the
abundant retinal binding protein COP, and the two unique seven-
transmembrane domain photoreceptors, Channelrhodopsinl
(ChR1), and ChR2 serving as basis for the development of
optogenetics (Deininger et al, 1995; Fuhrmann et al., 2001;
Nagel et al., 2002; Sineshchekov et al., 2002; Suzuki et al,
2003; Hegemann and Nagel, 2013). As an in depth knowledge
of the protein composition of this complex organelle is one
prerequisite to understand its function at a molecular level,
also proteomic approaches to a fraction strongly enriched in
eyespot fragments were applied. Thereby, 203 different proteins
covered with at least two different peptides were identified
and some of them were shown to be phosphorylated (Schmidt
et al,, 2006; Wagner et al., 2008). Based on these proteomic
approaches, recent functions in eyespot development have been
demonstrated for SOUL3, one of the five SOUL heme-binding
proteins in C. reinhardtii (Merchant et al., 2007; Schulze et al.,
2013), Casein kinase 1 and the blue-light receptor Phototropin
(Schmidt et al, 2006; Trippens et al, 2012). Additionally,
evidence for a specialized localization of the alpha- and beta-
subunit of the chloroplast ATP synthase and thereby probably
function within the eyespot was found (Schmidt et al., 2007). The
eyespots used in the proteomic approach by Schmidt et al. (2006)
retained, however, only small parts of the eyespot membranes.
Thus, it is well feasible that core membrane-associated eyespot
proteins were not identified in this study. To further increase the
understanding of eyespot related signaling processes in depth,
knowledge of the protein composition of the membranes in its
close vicinity is desirable. We thus developed a method that
allows isolation of intact eyespots containing the two layers
of lipid rich globules still associated with large parts of the

eyespot membranes and the adjacent PM as well as chloroplast
envelope areas and analyzed this fraction by a proteomic
approach.

Beside phosphorylation, protein methylation is an important
posttranslational modification involved in the regulation of
protein stability, localization, activity, and protein—-protein
interactions (Reinders and Sickmann, 2007; Biggar and Li, 2015).
The importance of protein methylation at Arg and Lys residues in
regulating protein activity is also becoming apparent in vascular
plants and algae (e.g., Deng et al., 2010; Blifernez et al., 2011;
Werner-Peterson and Sloboda, 2013). Recently, Arg and Lys
methylation was reported for several chloroplast proteins (Alban
et al., 2014). We therefore assigned protein methylation sites
in the previous and currently analyzed eyespot fractions. In
this study, we identify 742 proteins of the extended eyespot
fraction, including numerous membrane-associated proteins as
intended beside other candidates for eyespot development and
signaling. We also assign protein methylation sites on two
proteins with already demonstrated important functions for
the eyespot (SOUL3 and EYE2; Roberts et al, 2001; Boyd
et al,, 2011; Schulze et al, 2013) and on 23 other proteins
from the eyespot fractions, among them the alpha-, beta-
and I-subunits of the chloroplast ATP synthase and a 14-3-3
protein.

MATERIALS AND METHODS

Isolation of the Different Eyespot

Fractions

Growth of 20 L C. reinhardtii strain cwl5 to late log-phase and
isolation of fraction 1 (Figure 1B) enriched in eyespot fragments
was done as previously described (Schmidt et al., 2006). The
isolation of a fraction enriched in largely intact eyespots (F2A. in
Figure 1C) was achieved by reducing the power and duration of
the ultrasonic treatment (Bandelin Sonopuls HD2070, Microtip
HS 73) to 16% output and seven cycles (15 s each interrupted by
15 s of cooling) during cell rupture. In addition, the submersion
depth of the sonotrode tip was reduced to 1.5 cm. Eyespot
fragments were separated by discontinuous sucrose gradients
buffered with gradient stock solution (GSS) consisting of 12.5 mL
sample brought to 42% (w/v) sucrose, 10 mL 31.8% (w/w), and
10 mL 20.5% (w/w) sucrose, overlaid with 5.5 mL GSS. After
centrifugation (100,000 g, 105 min, 4°C), the orange-green bands
(F2. in Figure 1C) at the interface of 20.5 and 31.8% sucrose were
collected and brought to 35% (w/v) sucrose. Fraction F2. was
further purified by flotation centrifugation (100,000 g, 60 min,
4°C) on discontinuous sucrose gradients (15 mL sample, 3 mL
31.8% [w/w] sucrose, 18 mL 25% [w/w] sucrose, and 2 mL 20.5%
[w/w] sucrose). The yellow-orange 20.5% sucrose fractions
(F2A) were collected and brought to 32% (w/v) sucrose. For
concentration, 10 ml of this fraction were layered on 26 mL
42% (w/w) sucrose overlaid by 2 mL GSS and centrifuged again
(100,000 g, 45 min, 4°C). The concentrated fraction F2A. was
collected from the top of the gradient, directly extracted with
chloroform:methanol:water (4:8:3) and the precipitated proteins
were washed several times with methanol:chloroform (2:1, v/v)
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to remove lipids and pigments before they were dissolved in
2x SDS sample buffer. Cell harvesting, buffers and all other
treatments were otherwise done as described by Schmidt et al.
(2006).

Crude Extract Preparation and
Electrophoretic Methods

Log phase cultures were supplemented directly prior to cell
harvesting with 1 mM phenylmethylsulfonyl fluoride (PMSEF).
Cells were harvested by centrifugation (2000 g, 10 min, 4°C), and
pellets were suspended in TNED buffer (20 mM Tris, 80 mM
NaCl, 1 mM EDTA, and 1 mM DTT, pH 7.5) supplemented with
1 mM PMSF and complete protease inhibitor cocktail (Roche),
according to the instructions of the supplier. In the case of the
cell-wall less strain cwl15, aliquots (300 pl) of the suspended cells
were directly mixed with methanol:chloroform (2:1, v:v; 1200 L)
for parallel protein precipitation and lipid/pigment removal. Cell
wall-possessing strains were homogenized by sonication. Protein
solubilization, SDS-PAGE and protein staining with silver or
colloidal Coomassie were conducted as described by Schmidt
et al. (2006). Gel loading based on equal protein content and
immunoblot analyses followed standard techniques. Incubations
with the monoclonal anti-modified (monomethyl, asymmetric
dimethyl, and symmetric dimethyl) methyl-arginine antibody
7E6 (anti-Rm; company Covalab SAS, France, 1:2,500) were done
overnight at 4°C.

Electron Microscopy

For fixation, aliquots of F2A. were diluted 1:1 with ice-cold 40%
(w/v) BSA in GSS and mixed with cold glutaraldehyde (final
concentration 3.1 or 6.3 %). The BSA/F2A. gel pieces were sliced
in small pieces and fixed overnight in 25 mM Hepes/NaOH
(pH 7.8) and 3.5% glutaraldehyde at 4°C. Samples were washed
three times for 10 min with 25 mM Hepes/NaOH (pH 7.8)
prior to a 2 h incubation at 4°C with osmium tetroxide (1%
in 25 mM Hepes/NaOH, pH 7.8), followed by four washing
steps with Millipore water. Dehydration, embedding in Epon and
staining of ultrathin sections with uranyl acetate/lead citrate was
done as described (Reynolds, 1963; Renninger et al., 2001). EM
negatives were scanned and processed with Photoshop (Adope
Systems).

Mass Spectrometry (MS) Analysis

In-Gel Digestion and Nano HPLC Electrospray
lonization Tandem MS (LC-ESI-MS/MS)

The gel was dissected into 50 bands and each gel slice was
subjected to a washing procedure followed by an in gel digestion
with trypsin as previously described (Schmidt et al., 2006). The
pellets containing the tryptic peptides were resuspended in 5 pL
5% (v/v) acetonitrile/0.1% (v/v) formic acid and subjected to
nano LC-ESI-MS using an UltiMate™ 3000 nano HPLC (Dionex
Corporation) with a flow rate of 300 nL/min coupled on-line with
a linear ion trap electrospray-ionization (ESI) mass spectrometer
(FinnigianTM LTQ™ Thermo Electron Corp.) as described
previously (Schmidt et al., 2006). The mass spectrometer was
cycling between one full MS and MS/MS scans of the four

most abundant ions. After each cycle, these peptide masses were
excluded from analysis for 3 min.

Data Analysis

Data analysis was done using the Proteome Discoverer software
(Version 1.4) from Thermo Electron Corp. including the
SEQUEST algorithm (Link et al., 1999). Searches were done for
tryptic peptides allowing two missed cleavages. The software
parameters were set to detect lysine modifications (+14.016 for
monomethyl, 4-28.031 for dimethyl, and 4-42.047 for trimethyl)
and arginine modifications (414.016 for monomethyl and
+28.031 for dimethyl) with a maximum of four modifications of
one type per peptide. Further, detection of variable methionine
oxidation (+15.995) was enabled. Peptide mass tolerance was set
to 1.5 Da in MS mode. In MS? mode, fragment ion tolerance was
set up to 1 Da. The parameters for all database searches were set
to achieve a false discovery rate (FDR) of not more than 1% for
each individual analysis (Veith et al., 2009). All spectra used for
the assignment of protein methylation were in addition manually
validated and checked for the presence of the b- and/or y-type
ions representing the methylation sites. In case that a methylation
site is present on the first amino acid at the N-terminus of the
peptide and therefore not present in the b- and y-type ions, these
methylation sites were considered only when all other possible
methylation sites in the peptide were validated as methylated
or non-methylated, respectively. In case of trimethylated Lys
residues, spectra were additionally screened for the presence
of neutral loss events of trimethylamine (59 Da), which is a
signature for trimethylation (Zhang et al, 2004; Erce et al,
2012). Data were searched against the C. reinhardtii database
(Vs. 5.3.1), hosted by Phytozome (Vs. 9.1)", the mitochondrial
database available from NCBI (NC001638, [gi:11467088]) and
the chloroplast database’. Data from all runs were combined
and further evaluated using an in house developed program. The
peptide sequences of the gene models were compared to the NCBI
protein database using BLAST (Altschul et al., 1997). For positive
identification of both, protein and functional domain prediction,
an internal cut-oft E-value of le-05 was used. Transmembrane
domain information was based on predictions by the programs
TMHMM (Krogh et al,, 2001), TMpred (Hofmann and Stoffel,
1993), and TopPred (von Heinjne, 1992). The GRAVY index
was determined with ProtParam (Gasteiger et al., 2005). The
mass spectrometry (MS) proteomics data have been deposited
to the ProteomeXchange Consortium® via the PRIDE partner
repository (Vizcaino et al., 2013) under the project description
“Extended eyespot proteome and methylated proteins in the
eyespot of C. reinhardtii strain cw15 (ID: PXD003254)”.

Miscellaneous

Protein content was determined according to Neuhoff et al.
(1979) with BSA as standard. Chlorophyll and carotenoids were
determined as described by Lichtenthaler (1987). Spectra were
recorded in 90% methanol with an Ultrospec 2100 pro (GE

'http://www.phytozome.net/chlamy.php
“http://www.chlamy.org/chloro/default.html
Shttp://proteomecentral.proteomexchange.org
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Healtcare Life Science). Images of gradients, gels and blots
were captured with a Coolpix 990 (Nikon) and processed with
Photoshop (Adobe Systems).

RESULTS

Isolation and Characterization of a

Fraction Enriched in Intact Eyespots

Based on a previously established method for the isolation of
eyespot fragments from C. reinhardtii (Schmidt et al., 2006), we
developed a procedure that allows the isolation of largely intact
eyespot apparatuses. They contain the two layers of lipid rich
globules with large parts of the eyespot associated membranes
and adjacent PM areas. As a visual marker for enrichment
of eyespots within the sucrose gradients, we first used the
conspicuous yellow/orange to red color of the EG (Figures 1B,C).
We noticed a deep orange-red fraction enriched in highly purified
eyespot fragments (named F1; Schmidt et al, 2006), as well
as an additional weak yellow-orange fraction (F2) apart from
the bulk of the cell and chloroplast debris. F2 accumulates at
the interface between 20.5 and 31.8% sucrose. At these sucrose
concentrations, enrichment of largely intact eyespots with a high
proportion of eyespot-associated membranes was described for
the green alga Spermatozopsis similis (Kreimer et al., 1991). Thus,
it seemed possible that the Chlamydomonas F2 fraction that was
always present only in minute amounts may also bear intact
eyespots. We therefore tried to optimize the yield of fraction F2
by variation of the ultrasonic treatment used for cell rupture.
Best results were obtained upon a 50% reduction of the output
power and cycle number (32 to 16% and 14 to 7 cycles) in
combination with a reduction of the submersion depth of the
sonotrode tip to 1.5 cm. For a clear differentiation between
the different eyespot preparations, all fractions obtained by this
modified cell rupture/purification strategy are characterized by
the subscripted “e”, which stands for extended eyespot. Although
these reductions result in a clear loss in general cell rupture and
thereby total yield of Fl., the relative amount of F2,, as judged
by its color, was increased compared to the standard procedure
(Figures 1B,C). F2. was further purified by an additional gradient
centrifugation step to reduce contamination by thylakoids and
other cell organelles. In this subsequent gradient, F2. splits up
into two fractions: an orange-yellow (F2A.) and a greenish-
yellow (F2B.) fraction (Figure 1C, final gradient). F2A. was
finally concentrated by a floating centrifugation step. The total
protein yields of F2A, varied between 28 and 46 jug when starting
with 20 L of culture.

To verify enrichment of eyespots and to judge their intactness
and purity, F2A. was analyzed by transmission electron
microscopy (Figure 2). Indeed, a significant number of well-
defined eyespots with intact globule layers are enriched in this
fraction (Figures 2A-D). The close packing of the globules is
largely preserved and the layers are still subtended by a thylakoid.
The average size of the globules in these layers is well in the in situ
range of 80-130 nm (Melkonian and Robenek, 1984). Analyses of
100 globules from different eyespots and sections yielded values
of 114 + 28 nm for the width and 121 + 30 nm for the height,

respectively. Only a few EG were enlarged, probably by fusion.
In addition, large parts of the chloroplast envelope, the PM and
a fuzzy appearing material observed between the chloroplast
envelope and the PM in the eyespot region in situ were frequently
present (Figures 2B,C; Melkonian and Robenek, 1984; Kreimer,
2009). Additionally, less well-preserved eyespots predominantly
with enlarged, possibly fused, globules were also observed
(Figure 2A). Along with the intact eyespots, still possessing all
eyespot membranes, varying amounts of the adjacent PM and
chloroplast envelope were co-isolated (Figures 2B,C). Depending
on their length, these membranes partially enwrapped the
isolated eyespots as well as cell components not belonging to
the functional eyespot, but located in situ in its close proximity
like, e.g., grana thylakoids and ribosomes (Figure 2C). Major free
contaminants were individualized fused globules associated with
membranes, membrane vesicles of unknown origin as well as
stroma and grana thylakoids (Figures 2A,F). Occasionally, also
mitochondrial fragments were detected (Figure 2E). In summary,
transmission electron microscopy confirmed enrichment of
intact eyespots associated with all eyespot membranes. The gain
in intactness of eyespots seems, however, accompanied by an
inevitable increase of non-eyespot contaminants.

Spectral analysis of the pigments in fraction F2A. was
performed for further characterization. The visual appearance of
F2A. already indicates that carotenoids are strongly enriched. In
vegetative cells of C. reinhardtii, carotenoids are found in the
thylakoids, the chloroplast envelope and EG, whereas chlorophyll
is solely present within thylakoids. A comparison of the amount
of chlorophyll present in the crude extract (CE) with the amount
of chlorophyll in fraction F2A. revealed that 0.015% of the total
chlorophyll applied to the gradients remained there. The average
carotenoid:chlorophyll ratio measured as the absorbance ratio
478 to 680 nm was 40 £ 12.6. These values indicate effective
removal of the majority of free thylakoids not associated with
the EG layers. Compared to fraction 1, however, these values are
significantly higher (<0.0005% and 60-70; Schmidt et al., 2006).
Spectra of methanol extracts of fraction F2A. were identical
to those of fraction F1 in the range between 350 and 525 nm
and revealed a typical carotenoid spectrum (Figure 3A). Major
absorption peaks where at 446 and 470 nm and a shoulder at
423 nm.

The above analyses clearly shows that eyespot purity of the
extended eyespot fraction F2A. was reduced compared to that of
fraction F1 (Schmidt et al., 2006). Nonetheless, the significantly
increased amount of eyespot associated membranes as well as
of membrane areas adjacent to them in fraction F2A. offers the
possibility to identify novel putative eyespot proteins and those
present in close vicinity to this visual system via a proteomic
approach. To get a first impression of possible differences in
the protein patterns of the eyespot fractions, a comparative
SDS-PAGE analysis was conducted (Figure 3B). As expected,
the general protein pattern of the fractions enriched in eyespot
fragments (F1) and intact eyespots (F2A.) were similar to
some extent indicating an overlap of a majority of proteins.
In the complex protein patterns, however, also subtle but clear
differences were resolved (see, e.g., the molecular mass ranges
between 35 and 45 kDa and below 25 kDa). Their protein patterns
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FIGURE 2 | Characterization of the extended eyespot fraction 2A (F2A.) by transmission electron microscopy revealed enrichment of intact
eyespots. Overview (A) and details (B-F). (A) Black arrows indicate well-preserved eyespots, whereas the white arrow indicates structurally less well-preserved
eyespots with fused EG; scale bar: 600 nm. (B,C) Cross-sections through isolated, double-layered eyespots associated with eyespot and other membranes. The
globule layers are subtended by a thylakoid (black asterisk). Small arrowheads: plasma membrane area overlying the EG. Note the close association with the
chloroplast envelope membranes and the thickened, electron-dense appearance of the plasma membrane in this region. In addition, the fuzzy fibrillar material
typically observed in situ between the plasma membrane and chloroplast envelope in the region of the eyespot apparatus (Kreimer, 2009) is preserved. Small arrows
point to normal plasma membrane regions tending to enwrap the globule layers and not eyespot-associated structures like a thylakoid stack (white asterisk) or
ribosomes (large arrowheads); scale bars: 150 nm. (D) Tangential section through a globule layer. Arrowheads indicate membranes enclosing the eyespot; scale bar:
250 nm. (E,F) Co-isolated free mitochondrial fragment (E) and free thylakoid stack (F); scale bars: 400 nm.

clearly differed also from those fractions with higher chlorophyll
content (F2. and F2B,). The protein pattern of fraction F2A. was
highly reproducible in independent purifications [Supplemental
Figure S1A (Data Sheet 1)].

The Proteome of the Extended Eyespot

To identify proteins of the enriched F2A. eyespot fraction by
MS/MS, proteins from two independent eyespot isolations were
combined, separated by SDS-PAGE and the gel was sliced into
50 pieces [Supplemental Figure S1B (Data Sheet 1)]. Following
in-gel digestion with trypsin, the generated peptide fragments
were subjected to LC-ESI-MS/MS analyses using a linear ion
trap mass spectrometer (see Materials and Methods). In total,
742 proteins were identified with at least two different peptides
and a FDR of <1. The majority of the 203 proteins identified
in the former fraction F1 with at least two different peptides
(Table 1 in Schmidt et al., 2006) were positively confirmed to be

present in the extended eyespot of F2A. [Supplemental Table S1
(Data Sheet 3) along with the currently identified peptides
and values]. Supplemental Table S2 (Data Sheet 4) lists the 27
missing candidates, 10 of them (category ribosomes, translation,
and DNA related) being obvious contaminants. Reasons for the
differences are discussed later.

A selection of promising novel candidates with regard
to eyespot development, signal transduction as well as
membrane association and transporters is presented in Table 1.
This selection is based on current knowledge about the
eyespot apparatus, including its different complex associated
subcellular structures as well as signaling pathways important
for photoorientation, its development including mutant analysis
as well as information on PG. Detailed information for all
identified peptides of these selected candidates is given in
Supplemental Table S3 (Data Sheet 5). We think that these
categories enclose the primarily most interesting candidates to be
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FIGURE 3 | Spectral analysis and SDS-PAGE of the different eyespot fractions. (A) Normalized absorption spectra of fractions F1 and F2A. in 90% methanol
in comparison to that of a crude cell extract (CE). (B) Comparison of the protein patterns of fractions F1, F2Ag, F2Be, and F2¢. Total proteins (10 pg) of the different
gradient fractions were separated by SDS-PAGE (11%) and stained with silver. The positions of molecular mass markers are indicated on the left in kilodaltons.
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studied functionally in the future. Supplemental Table S4 (Data
Sheet 6) lists all further identified novel proteins along with their
peptides from F2A. including also the putative contaminants.
Among the novel candidates (Table 1), a protein involved in
eyespot assembly, the Ser/Thr kinase EYE3 (Boyd et al,, 2011), a
retinal pigment epithelial membrane receptor as well as a protein
with homologies to the eye pigment precursor transporter
protein family (Vopalensky et al., 2012) were found. Moreover,
two SOUL heme-binding proteins (SOUL2 and SOULS5)
were identified. The so far known SOUL3 eyespot protein
influences size and position of the eyespot (Schulze et al., 2013).
Excitation of the ChR photoreceptors initiates a Ca?*-based
signaling cascade toward the flagella in the eyespot (reviewed by
Hegemann and Berthold, 2009). Further, rapid reversible protein
phosphorylation in isolated eyespots is strongly affected by free
Ca?* concentrations between 108 and 1077 M (Linden and
Kreimer, 1995) and both ChRs as well as SOUL3 are targets of
kinases (Wagner et al., 2008). Therefore, the identification of
six novel calcium-sensing and binding proteins as well as 11
different kinases and four phosphatases could be of high interest
for understanding the signaling cascade network in the eyespot.
Notably, a Ca?>*-dependent protein kinase 1 was identified with
11 different peptides. Moreover, two 14-3-3 proteins that interact
with phosphorylated proteins and are key regulators in many
vital cellular processes including signal transduction (Denison
et al,, 2011) were identified with eight and ten different peptides,
respectively. Of note is also the fact that some of the kinases
belong to the ABCI kinase family such as EYE3 (Table 1).
Homologs of two members of this family identified in the
proteome of eyespot fraction F1 are present in PG of Arabidopsis
thaliana and the beta-carotene PG of Dunaliella bardawil
(Ytterberg et al, 2006; Lundquist et al., 2012; Davidi et al,
2015). Two of the newly identified ABC1 kinases with an AarF
domain from the F2A. fraction [Cre09.g407800.t1.3 (AKC1),

Crel3.g570350.t1.3 (AKC4)] are also present in Arabidopsis PG
(Lundquist et al., 2012). Additionally, AKC1 has a homolog
in the plastoglobule proteome of D. bardawil (Davidi et al.,
2015).

Among the novel candidates in the group of membrane
associated/structural proteins are three PAP-fibrillin domain-
containing proteins. Eight proteins of this group important for
stabilization of PG and EG (Renninger et al.,, 2001; Ytterberg
et al., 2006) were already identified in our previous analysis
(Schmidt et al., 2006). In addition, Vesicle inducing protein in
plastids (VIPP1) that is involved in the biogenesis of thylakoids
(Riitgers and Schroda, 2013) has been also found with 11 different
peptides (Table 1). VIPP1 was detected recently in an algal
plastoglobule proteome and it was postulated that PG evolved
from eyespot lipid droplets (Davidi et al., 2015). In addition,
two fasciclin-like proteins with three and four FAS1 domains,
respectively, might be of interest. FAS1 domains are present in
many secreted, membrane-anchored proteins. Five transporters
were found as well, underlining the enrichment of eyespot
associated membranes (Table 1). In this group, identification of
three P-type PM ATPases and a PM type Calmodulin-binding
Ca**-transporting ATPase is of special interest. These types of
proteins may be important for the resting membrane potential
at the PM and thereby eventually also affect the excitation of the
cell through the ChRs. As the currents of these photoreceptors are
carried by Ca®*, its extrusion in the eyespot region following ChR
excitation will be important for signaling and adaptation. Due to
the extreme close vicinity of the PM and the chloroplast envelope
in the eyespot, also the chloroplast K*/H"-efflux antiporter
2 (KEA2) might affect the resting membrane potential in the
eyespot region. KEA2, as one of the PM-type H'-ATPases,
was found with 11 different peptides. These different types
of transporters thus might probably have important indirect
functions in the context of eyespot related signaling.
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TABLE 1 | Functional categorization of newly identified proteins from the extended eyespot fraction F2A,.

Transcript name (Phytozome) No. of different peptides Function and/or homologies TMDs?
Proteins important for eyespot development/retina related proteins

Cre02.9105600.t1.3 4 Eyespot assembly protein EYE3, ABC1 kinase family (+)
Cre12.g547300.t1.3 3 Eye Pigment Precursor Transporter (EPP) family protein +
Cre12.g488350.t1.3 2 Retinal pigment epithelial membrane receptor (+)
SOUL heme-binding proteins

Cre13.9566850.11.2 2 Similar to SOUL2 (+)
Cre06.g292400.t1.3 2 Similar to SOUL5 (+)
14-3-3 proteins

Cre12.g559250.t1.2 10 14-3-3 protein -
Cre06.9257500.t1.2 8 14-3-3 protein -
KinasesP

Cre17.9g705000.t1.2 11 Calcium-dependent protein kinase 1 (+)
Cre09.g407800.t1.3 10 ABC1/COQ8 ser/thr kinase with an AarF (predicted unusual kinase) domain (+)
Cre16.g663200.t1.3 10 Cyclic nucleotide dependent protein kinase (+)
g8097.11 9 Predicted protein with AarF (predicted unusual protein kinase) domain +)
g8097.12 © 5 Predicted protein with AarF (predicted unusual protein kinase) domain (+)
Cre13.g570350.11.3; 6 ABC-1-like kinase with an AarF (predicted unusual protein kinase) domain +
Cre13.g570350.t2.1

g13907.t1 4 Predicted protein with AarF (predicted unusual protein kinase) domain (+)
Cre06.g307100.t1.3 3 ABC1/COQ8 ser/thr kinase with an AarF domain (+)
Cre16.g657350.t1.2 3 Protein with catalytic domain of serine/threonine protein kinases (+)
Cre03.g168150.t1.2 2 Protein with catalytic domain of tyrosine kinase (+)
Cre13.g571700.t11.3 2 Protein with catalytic domain of serine/threonine protein kinases (+)
g17359.t1 2 Protein with catalytic domain of serine/threonine protein kinases (+)
Phosphatases®

Cre06.9292550.t1.2 3 Protein phosphatase 1 -
Cre09.9388750.t1.2 3 Phosphoinositide phosphatase +
Cre06.9257850.t1.2 2 Serine/threonine protein phosphatase -
Cre01.9030200.t1.2 2 Protein phosphatase 2C-like protein -
Calcium-sensing and binding proteins

Cre11.9468450.11.2 6 Similar to centrin -
Cre14.g615750.t1.1 4 Protein with EF-hand, calcium binding motif (+)
Cre12.g559450.11.3 4 Protein with a C2 domain (found in kinases and membrane trafficking proteins) +
Cre03.g150300.t1.2 3 Protein with EF-hand, calcium binding motif -
Cre03.g178150.t1.1 2 Similar to calmodulin -
Cre15.g641250.t1.2 2 Protein with EF-hand, calcium binding motif -
Membrane-associated/structural proteins, proteins with PAP-fibrillin domain

Cre13.9g583550.11.2 1 VIPP1, Vesicle inducing protein in plastids 1 -
Cre03.g197650.t1.2 8 Protein with PAP-fibrillin domain (+)
Cre12.g502250.t1.2 4 Protein with PAP-fibrillin domain +
Cre12.g492600.t1.2 3 Fasciclin-like protein +
Cre12.9492650.t1.2 2 Fasciclin-like protein +
Cre11.g478850.t1.2 2 Protein with PAP-fibrillin domain (+)
Transporter

Cre10.g459200.t1.2 11 Plasma membrane-type proton ATPase +
Cre04.9220200.t2.1; 11 K*/H*-efflux antiporter 2 (KEA2, chloroplast inner envelope) +
Cre04.g220200.t1.2;

Cre04.9220200.t3.1

Cre09.9388850.t1.1 4 Calmodulin binding calcium-transporting ATPase (P-type/plasma membrane) +
Cre03.g164600.t1.2; 4 Plasma membrane hydrogen ATPase +
Cre03.9165050.t1.2 2 Plasma-membrane proton-efflux P-type ATPase +

atransmembrane domains, predictions done with TMHMM, TMpred, and TopPred (+, TMDs predicted by all three programs; (+), TMDs predicted by two programs; —,
TMDs predicted by only one or no program); ®Kinases and phosphatases that are putative signaling related; ©Splice variant of g8097.t1. Function and/or homologies of
depicted proteins were determined by NCBI BLASTp.
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Assignment of Protein Methylation

In recent years, increasing evidence points to the importance
of diverse posttranslational protein modifications beside
reversible phosphorylation in the regulation of protein stability,
localization, activity and protein-protein interactions in
cell organelles (e.g., Lehtiméki et al., 2015). One of them is
methylation. In a recent study, 23 chloroplast proteins have
been shown to be methylated at Lys and/or Arg residues (Alban
et al., 2014). Methylation of these amino acids increases their
basicity and hydrophobicity without altering their charge (Rice
and Allis, 2001). As a part of the functional eyespot involves
local specializations of the chloroplast (Figure 1A), it was of
interest to find out whether methylated proteins are present in
the eyespot fractions. Prior to an analysis via MS, we checked
with a commercially available anti-methyl-Arg specific antibody
recognizing monomethyl, asymmetric dimethyl, and symmetric
dimethyl-Arg whether methylated proteins are still detectable
after the isolation of eyespots (Figure 4). Immunoblot analysis
of the proteins from fraction F1 with this antibody revealed four
clearly and several weakly labeled protein bands. This result
demonstrates that methylated proteins are still present in the
eyespot fraction after the isolation procedure. Position, number,
and intensity of labeled bands in a CE clearly differed, indicating
that a specific subset of methylated proteins may occur in the
eyespot fractions.

Mass spectrometry analysis of the peptides from both
eyespot fractions resulted in the identification of 25 methylated
proteins (Tables 2 and 3) where the methylation sites could
be specified after additional manual evaluation of the spectra
[Supplemental Figure S2 (Data Sheet 2), Supplemental Table S5
(Data Sheet 7)]. These proteins were characterized by 36 different
methylated peptides and nine additional overlapping peptides
having variations in the methylation status and/or sites and/or
in oxidized versus non-oxidized Met. Six proteins are methylated
at Lys and Arg residues, 17 proteins only at Lys residues, and
two only at Arg residues. In total, we detected 10 Arg sites
(nine mono and one dimethyl) and 42 Lys methylation sites
(23 mono-, 14 di-, and 8 trimethylations; two of the residues
were found mono- as well as dimethylated and one further
residue di- as well as trimethylated; Tables 2 and 3). It should
be mentioned that the identification of trimethylated Lys sides
by LC-ESI-MS/MS is hampered by the fact that modification by
acetylation is very close in mass (42.04695 vs. 42.01056 Da; Alban
et al, 2014). Identification of neutral loss of trimethylamine
(59 Da) being specific for trimethylation allows to discriminate
(Zhang et al.,, 2004; Erce et al, 2012; Alban et al., 2014). All
seven peptides (Tables 2 and 3) with potential trimethylated
sites were therefore screened for neutral loss events by analyzing
the spectra manually. In all corresponding spectra, b- and
y-type ions of neutral loss fragments were found [Supplemental
Figure S2 (Data Sheet 2)], indicating that there is trimethylation
and not acetylation. Moreover, 14 methylated proteins were
identified that are nucleic acid-related or considered as obvious
contaminants. They are listed in Supplemental Table S6 (Data
Sheet 8).

Interestingly, two proteins connected to eyespot development
and positioning, EYE2 and SOUL3, as well as one of the

F1 CE

F1 CE
kDa

116 — -

66.2—

45 —

el

35 —

25 —

18.4 —

Anti-Rm Coomassie

FIGURE 4 | Western blot analysis of proteins from the eyespot fraction
F1 and a CE with the anti-methyl-arginine specific antibody 7E6.
Proteins (8 g) were separated by 11% SDS-PAGE, transferred to a PVDF
membrane, and either analyzed with a monoclonal anti-methyl-arginine
antibody (Anti-Rm; 1:2,500) or stained with Coomassie Birilliant Blue R250
(Coomassie).

14-3-3 proteins were detected among the methylated proteins.
In the 14-3-3 protein, a methylated Arg and a dimethylated
Lys residue were detected. As in the chloroplast of Arabidopsis
(Alban et al, 2014), the Chlamydomonas chloroplast ATP
synthase subunits alpha and beta both contain methylation
sites. In addition, subunit I of the CFy membrane part of ATP
synthase bears a trimethylation site. Also, other TM associated
components bear methylation sites such as photosystem I
and II components or the light harvesting complex protein
Lhca7. N-terminal methylation of core light-harvesting complex
proteins was shown before in purple photosynthetic bacteria
(Wang et al., 2002). Furthermore, the photosystem I assembly
protein Ycf4 was methylated at one Lys residue. In addition,
methylated peptides of Ycfl0, a transporter of the inner
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TABLE 2 | Functional categorization of identified methylated proteins from the eyespot fractions F2A. and F1 (Schmidt et al., 2006).

Transcript name Function and/or homologies Methylated peptide z Xcorr x-times
(Phytozome) found
Proteins important for eyespot development
Cre16.g666550.t1.2 SOUL3 QRQAFIMNDTCRmMFLATDLKmM?2 3 3.80 2
—>QRQAFIMONDTCRMFLATDLKmM?2? 3 3.51 1
Cre12.g509250.t1.1 EYE2, no eyespot LTDDELIALVNSDPDLDKm® 2 4.40 1
14-3-3 proteins
Cre12.g559250.t1.2 14-3-3 protein DNLTLWTSDMoQDPAAGDDRMEGADMo 3 4.37 2
Km?VEDAEP2
Photosynthesis/electron transport/light harvesting
Cp genome AtpB, ATP synthase subunit beta FLSQPFFVAEVFTGSPGKmM?YVSLAETIEG FGK2P 3 5.97 6
—>FLSQPFFVAEVFTGSPGKmMYVSLAETIE GFGKm? 3 3.81 1
ELQDIIAILGLDELSEEDRmMP 2 3.51 2
GMEWDTGKmM2PLSVPVGK2 2 2.91 1
—>GMOoEVWDTGKPLSVPVGKmMP 2 3.09 1
—>GMOEVWDTGKmMPLSVPVGKP 2 2.81 1
TVLIMOELINNIAKmMP 2 2.73 1
Cp genome AtpA, ATP synthase subunit alpha SYLANSYPKmM2YGEILR? 2 2.93 1
SVYEPLATGLVAVDAMOolPVGRmP 2 3.38 1
Cp genome Atpl, CFg ATP synthase subunit | YVEPAAFLLPINVLEDFTKm3PLSLSFR? 3 3.1 1
Cre06.g261000.t1.2 10 kDa PS Il polypeptide GKmM2GYGVYRP 1 2.26 2
YEDKMYGANVDGYSPIYTPDLWTESGDSYTLGTK? 3 7.16 1
Cp genome PetA, Cytochrome f KmYSEMVVPILSPDPAKm® 2 2.60 1
—>YSEMoVVPILSPDPAKmP 2 2.60 1
Cre16.g687900.t1.2 Lhca?, light-harvesting protein of PS | NPGSQADGSFLGFTEEFKmM? 2 3.48 5
Cp genome PsbD, PS Il D2 protein AAEDPEFETFYTKm? 2 3.40 1
Cp genome PsaB, PS | P700 chlorophyll a apoprotein A2 GYWQELIETLVWAHEKMTPLANLVYWKmM? 3 3.40 1
Cp genome Ycf4, PS | assembly protein EIEKMQASELANFLQVSLEAP 2 2.77 1
Transporter
Cp genome CemA (Ycf10), inner envelope protein FLKmM3QLFSDVDNLVIQEYR? 3 3.10 1
GSLDSIKmNKmADISK2 3 3.00 1
gl11711.t1 Similar to ATPase components of ABC LQTTKIGMLSEGQKm?2SR?2 2 3.28 1
transporters
Ferredoxin and thioredoxin-related proteins
Cre11.g476750.t1.2 Ferredoxin-NADP reductase KmMGLCSNFLCDATPGTEISMoTGPTGK® 2 3.61 1
—>KmMGLCSNFLCDATPGTEISMTGPTGK? 2 3.42 1
IPFWEGQSYGVIPPGTKmMINSKm?22 3 3.82 1
—>IPFWEGQSYGVIPPGTKINSKm®32 3 3.84 1
(Lipid) Metabolism
g11946.11, g11946.12 Similar to Cytochrome b5 reductase APDYSQGEVSGLLKm?2 2 3.32 3
Cre07.g349700.t1.2 Similar to 3-beta hydroxysteroid ALVRDVSKmMATSGSGLLAGVGSTTEVVRP 3 3.93 2
dehydrogenase/isomerase —>ALVRMDVSKATSGSGLLAGVGSTTEVWR? 3 3.70 1
Cre01.g017100.t1.3 Similar to proteins with a WFESFGAVKASPMAAFRm2LLR2 3 3.87 1

acylglycerol/acyl-transferase domain

Km, methylated Lys; Km?, dimethylated Lys; Km3, trimethylated Lys (b and y ions of trimethylamin neutral loss events were found in the corresponding spectra indicating
that trimethylation rather than acetylation is present); Rm, methylated Arg; RmZ, dimethylated Arg; Mo, oxidized Met. If a peptide is marked with an arrow, the peptide
above shows overlapping or identical sequences, but the number and/or status of methylation sites may be different or an oxidized Met may be present. @Peptide was
identified in an analysis for methylated proteins from the extended eyespot fraction F2Ae. Peptide was identified in an analysis for methylated proteins from the published
eyespot proteome (Schmidt et al., 2006). Function and/or homologies of depicted proteins were determined by NCBI BLASTp.

chloroplast envelope possibly involved in H' extrusion into
the cytosol in algae (Spalding, 2008), and the Ferredoxin-
NADP reductase were found. This enzyme of C. reinhardtii
was already characterized earlier as a methylated protein
(Decottignies et al., 1995). It possesses three methylated Lys
residues (Lys109, 115, and 161; as the first 26 amino acids

were missing in the study from 1995, position of the Lys
residues were changed according to the actual sequence of the
protein). These positions are remarkably similar to those we
obtained (Lys113, Lys162) and coincide in one case (Lys109).
Additionally, several proteins of yet unknown functions bear
methylation sites (Table 3). One protein, Cre01.g000900.t1.2
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TABLE 3 | Methylated proteins of unknown function from the eyespot fractions F2A. and F1 (Schmidt et al., 2006).

Transcript name Function and/or homologies Methylated peptide z Xcorr x-times
(Phytozome) found
Cre06.9263250.11.3 No significant hit in NCBI BLASTp AAVADATGAASSAAADAKmM?2 2 5.71 7
AAVADATGAASSAATDAKM?2 2 4.20 3
Cp genome ORF1995 unknown protein MALEDLSKm3WKm32:2 2 2.71 5
SFDITSMTTTLPFYAGWDESLKm?2 2 4.61 3
—>SFDITSMoTTTLPFYAGWDESLKm?2 2 3.59 1
Cre01.g000900.t1.2 Similar to conserved plant/cyanobacterial LATVAGQLGVSAATAPLEELSRm?° 2 4.03 4
proteins of unknown functions, contains two FKDDSLDDTNNLVQLLQGSSSVGEVLDLTVRm® 3 4.35 1
DUF1350 domains
Cp genome ORF2971 unknown protein VAMOLAELSLSNLSAKM3LDMITDLLVIIDSVRmM? 3 3.31 1
MoGQRMKmMSQITLLEKmM? 2 2.52 1
92947 11 No significant hit in NCBI BLASTp ADGAAATATTAATGVLGAGFAKMADEAA 3 3.67 1
ASATTAATGVLGAGFAKm?2
g14174.11 No significant hit in NCBI BLASTp GLGDVVGMKm3GPAAEINNGR? 3.33 1
Cre10.g438450.11.3 No significant hit in NCBI BLASTp GWGKmM?LPDSGAALPAFLYKmHVLKmM? 3.13 1

Km, methylated Lys; Km?, dimethylated Lys; Km3, trimethylated Lys (b and y ions of trimethylamin neutral loss events were found in the corresponding spectra indicating
that trimethylation rather than acetylation is present); Rm, methylated Arg; Mo, oxidized Met. The peptide that is marked with an arrow shows an identical sequence, but
an oxidized Met is present. @Peptide was identified in an analysis for methylated proteins from the extended eyespot fraction F2Ae.PPeptide was identified in an analysis
for methylated proteins from the published eyespot proteome (Schmidt et al., 2006). Function and/or homologies of depicted proteins were determined by NCBI BLASTp.

with two DUF1350 domains, was methylated only at Arg
residues.

DISCUSSION

The functional eyespot apparatus involves parts of numerous
subcellular compartments including different membranes,
proteins for its development and positioning, as well as proteins
known from PG that seem to be involved in its structural
organization and preservation. In addition, proteins involved
in signaling, adaptational responses, and biochemical pathways,
like, e.g., retinal biosynthesis, are part of this light sensitive
organelle. Due to its high ultrastructural complexity and its
diverse associated processes, selection criteria for proteins
associated specifically with the eyespot cannot be derived on
the basis of a simple routine workflow procedure. Moreover,
conserved targeting sequences for the eyespot are not evident
so far and some proteins in the eyespot also occur in additional
compartments such as Casein kinase 1 or Phototropin (Schmidt
et al., 2006; Trippens et al, 2012). Comparable green algal
eyespot proteomes (beside the one in Schmidt et al., 2006)
are still missing, but algal lipid droplets and higher plant
plastoglobule proteomes are known and can be used for
comparison (e.g., Lundquist et al., 2012; Davidi et al., 2015).
Moreover, mutant screens for the eyespot are available (e.g., Boyd
et al., 2011). All these literature based information has been used
for the selection of highly favorable candidates for the extended
eyespot proteome listed in Table 1. Thereby, we cannot exclude
that we have missed certain components or that some false
positives were included. For example, light signaling includes
reversible phosphorylation, but it is hard to judge if a predicted
kinase or phosphatase (without any further information) may
be due to a contamination. Thus, additional functional studies

as they were done for Casein kinase 1 (Schmidt et al., 2006)
and Phototropin (Trippens et al., 2012) that is also present in
the cytosol and flagella of C. reinhardtii, or the eyespot-specific
SOUL3 (Schulze et al, 2013) and the newly identified EYE3
(Table 1; Boyd et al, 2011) are crucial. The present listed
candidates in Table 1 provide, however, a good basis for starting
such functional tests.

Eyespot components involved in signal transduction are
mainly in connection with the light signaling pathway. In
the phototactic response of C. reinhardtii extracellular Ca**
and Ca?" fluxes are intricately involved. Both ChRs are
directly light gated ion channels, which conduct Ca?" under
physiological conditions. Their excitation initiates fast inward-
directed complex currents in the eyespot region, which finally
produce a Ca?>* dependent alteration of the flagella beating and
thereby leads to the steering of the cell toward or away from
the light source (for reviews, see Witman, 1993; Hegemann
and Berthold, 2009; Kreimer, 2009). Both ChRs as well as
SOUL3, a protein important for the size and position of the
eyespot, are targets of kinases (Wagner et al., 2008). Furthermore,
in isolated green algal eyespots an increase in the free Ca?*
concentration from 1078 to 107 M is known to affect protein
phosphorylation and two protein phosphatases with PP2Cc
domains are among the dominant proteins in the eyespot
proteome (Linden and Kreimer, 1995; Schmidt et al., 2006).
Thereby, reversible phosphorylation as well as Ca?* signaling
in the eyespot region are primary events after excitation of the
ChRs. In this context, the increase in kinases and phosphatases
as well as in calcium sensing components in the extended
eyespot proteome is of high interest for future studies. Especially
the identification of the Calcium dependent protein kinase 1
(CDPK 1) is noteworthy, as no CDPKs have been detected
in the core eyespot proteome (Schmidt et al, 2006). The
Chlamydomonas genome encodes 14 CDPKs; three of them (1,
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3, and 11) are found in the flagellar proteome (Pazour et al.,
2005; Liang and Pan, 2013). Although CDPKI1 has important
functions in the flagella, it is also strongly present in the cell body
(Liang et al., 2014; Motiwalla et al., 2014). A similar situation is
found for Casein kinase 1. This kinase is specifically enriched
in both, flagella and the eyespot, and has been shown to be
involved in circadian phototaxis as well as in different flagella
functions (Schmidt et al., 2006; Wirschell et al., 2011; Boesger
et al., 2012). Similarly, the identification of additional members
of the ABC kinase family in the extended eyespot proteome
could be of interest for eyespot function and development. One
of them, EYE3, is already known to be important for eyespot
development. Mutants in EYE3 lack a visible eyespot (Lamb et al.,
1999; Boyd et al., 2011). Four members of this group found in
the eyespot proteomes (Crel3.g581850.t1.2; Cre03.g158500.t1.1;
Cre09.g407800.t1.3; Crel3.g570350.t1.3) have homologs in PG
of A. thaliana. Two of them, which were newly identified in
the extended eyespot proteome, are known as AKCI and AKC4.
In higher plants, six of in total eight members of the ABCI-
like kinases found in chloroplasts are associated with PG. They
play a role in regulation of phylloquinone biosynthesis, redox
recycling under high light and probably have other not yet
known regulatory functions (Ytterberg et al., 2006; Lundquist
et al., 2012; Martinis et al., 2013; Spicher and Kessler, 2015).
With two 14-3-3 proteins, which interact with phosphoproteins,
members of another protein group often involved in diverse
signaling networks including those related to light perception
were identified. For example, in higher plants 14-3-3 proteins
interact with the blue light receptor Phototropin 1 (Sullivan
et al,, 2009). In this context, it is interesting that Phototropin in
C. reinhardtii has recently been shown to affect eyespot size, the
content of ChR1 as well as the sign of phototaxis (Trippens et al.,
2012).

The procedure for purifying intact eyespots resulted also in
an increase in transporters and membrane-associated proteins.
Especially the presence of three P-type PM ATPases and a PM
type Calmodulin-binding Ca? " -transporting ATPase is of special
interest, as, e.g., activation of PM ATPases could affect the
speed of recovery of the resting membrane potential following
excitation of the ChRs. This might be important for, e.g.,
desensitization and dark recovery of the cell (Govorunova et al.,
1997). Also lowering of the cytosolic free Ca** concentration in
the eyespot region following activation of the ChRs is important
for signaling and adaptation. The function of the Ca?*-ATPase
might be complemented by light-induced Ca’* uptake into
the chloroplast, which has been demonstrated for isolated
chloroplasts and appears to be important for the regulation of
the sign of phototaxis in C. reinhardtii (Kreimer et al., 1985;
Takahashi and Watanabe, 1993). Additionally, the discovery of
two fascilin-like proteins with four (Crel2.g492650.t1.2) and
three (Crel2.g492600.t1.2) FAS1 domains might be functionally
relevant. These are thought to represent ancient cell adhesion
domains. As the MORN-repeat motif, which has a critical
role in several proteins with functions in the organization of
membranous and cytoskeletal structures, these domains may be
important for the close contact of the different membrane types
in the eyespot region. A MORN-repeat protein is present in

the proteomes of both eyespot fractions (Schmidt et al., 2006).
It should, however, be noted that for all proteins discussed so
far, a role in eyespot development, ultrastructure, positioning or
eyespot related signaling needs to be proven experimentally in the
future. While the extended eyespot proteome revealed numerous
novel eyespot proteins, some were also “lost” compared to the
already published one (Schmidt et al., 2006). Thereby, one
should consider that the former bioinformatics analysis of the
proteome data was based on a so-called probability score. In
the current analysis, we are applying a FDR of <1%, which
is more restrictive. On the other hand, several of the missing
candidates (10 out of 27) are putative contaminants. It may also
be that the different cell rupture and eyespot isolation methods
yielding either eyespot fragments (Schmidt et al., 2006) or the
intact structure (present study), have different contaminants
associated.

In the past years, it turned out that cellular signal transduction
is not only frequently mediated by phosphorylation at Tyr, Ser
and Thr but also by methylation at Arg and Lys (Biggar and
Li, 2015). Protein methylation is meanwhile considered as an
integral part of cellular biology. Protein Lys methyltransferases
(PKMTs, often containing a so-called SET domain) and protein
Arg methyltransferases (PRMTs) have been well characterized,
while Lys and Arg demethylases are less well studied so far or
still under debate in case of Arg demethylases (Alban et al,
2014). In A. thaliana, six of the SET-domain containing PKMT’s
are known or predicted to be targeted to the chloroplast
(Table 1 in Alban et al, 2014). A search for homologous
PKMTs in the C. reinhardtii genome, which was based on
the Arabidopsis candidates, revealed five putative protein
Lys methyltransferases. They have either a Rubisco-lysine
N-methyltransferase domain [Crel6.g661350.t1.2 (RMT1),
Crel2.g524500.t.1.2 (RMT2), and Cre12.g503800.t1.1 (RMT5)], a
SET domain (Crel6.g649700.t1.1) or both (Crel2.g541777.t1.1).
In case of the ATXR5 protein in Arabidopsis, which is
supposed to be a histone-lysine methyltransferase, only a
limited number of proteins with a very weak homology was
found in the C. reinhardtii genome. None of them has a
methyltransferase domain or a SET domain. Another distantly
related group of PKMT’s predicted for Arabidopsis chloroplasts
(Table 1 in Alban et al, 2014) belongs to the seven-beta
strand methyltransferases. One is a ribosomal protein L11
methyltransferase-like protein (PrmA-like) and is also found in
Chlamydomonas (Cre09.g396735.12.1). The other is a S-adenosyl-
L-methionine-dependent ~methyltransferase (CaMKMT-like)
and has only very limited homology (E-value: 5.6E~°) to a
putative N2,N2-dimethylguanosine tRNA methyltransferase
(Cre07.g347800.t1.1) in Chlamydomonas. In the case of the
PRMT’s, five enzymes are known in C. reinhardtii (summarized
in Werner-Peterson and Sloboda, 2013). PRMTs 1, 2, 3, and 6
are Type I enzymes, which produce asymmetric dimethyl Arg
residues, whereas PRMT5 is a Type II enzyme and produce
symmetric dimethyl Args. While PRMT1 is known to be
localized in flagella (Werner-Peterson and Sloboda, 2013),
nothing is known about the cellular localization of the other
proteins. In Arabidopsis (Alban et al., 2014), only PRMT?7 is
predicted to be localized in the chloroplast. In C. reinhardtii,
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the closest two homologs to this protein are an uncharacterized
PRMT (Cre02.g14626.t1.1) and a Protein/Histone-arginine
N-methyltransferase [Cre.g558100.t1.2 (PRMT2)]. It seems
likely that the methylation events of eyespot proteins located
within the chloroplast part of this structure are catalyzed by
chloroplast localized methyltransferases. This may even hold
true for the methylated 14-3-3 protein, since members of this
protein group are also reported to be present in the chloroplast
(Sehnke et al., 2000, 2002).

In this context, methylation of known eyespot proteins
and proteins forming complexes with eyespot proteins is of
interest. Remarkably all of these proteins are localized in
chloroplast parts of the eyespot. EYE2 is localized in the
chloroplast envelope and important for the formation of the
EG layer (Boyd et al, 2011). The photosystem I assembly
protein Ycf4, which was found to be methylated at one Lys
residue, is known to be in a complex with the eyespot protein
COP2 (Ozawa et al., 2009) as well as certain PSI subunits
including PsaB, which was also identified as a methylated
protein in our analysis. Also the ATP synthase subunits alpha
and beta, which are part of the soluble CF1 subunit, are of
interest. Both subunits were found as methylated proteins in
the chloroplast of Arabidopsis (Alban et al., 2014) and they
are also present as methylated proteins in the Chlamydomonas
eyespot. Former studies (Schmidt et al., 2007) showed that
the alpha and beta subunits present in the eyespot fraction
of Chlamydomonas are resistant against thermolysin treatment,
which is not the case for the thylakoid-localized alpha and
beta subunits of the ATP synthase and other membrane-
associated proteins in the eyespot fraction. Therefore, it was
assumed that a significant proportion of these ATP-synthase
subunits have a specialized localization and function within
the eyespot, possibly between the EG. Blue native PAGE
of thermolysin-treated eyespots followed by SDS-PAGE even
revealed that the alpha and beta subunits are present in
conjunction with the gamma-subunit in a thermolysin resistant
complex (Schmidt et al,, 2007). Thus, methylation of these
subunits is of special interest with regard to the conservation of
methylation sites compared to Arabidopsis chloroplasts but also
with regard to potential special functional features of methylation
within the eyespot. In Arabidopsis, the alpha subunit reveals
a methylation site on Argl4l. In Chlamydomonas eyespots,
we detected two methylation sites in this highly conserved
protein at Argl6l and Lys470. Although an Arg is present
at position 161 in Arabidopsis, it is not methylated there. On
the other hand, at position 141 in C. reinhardtii also a non-
methylated Arg is present. The methylated Lys at position
470 is not conserved in Arabidopsis. For the beta subunit,
we identified six methylated residues in C. reinhardtii (Lys96,
Lys104, Lys191, Arg418, Lys447, and Lys460) compared to
two sites in the A. thaliana chloroplast (Alban et al., 2014).
For three positions (Lys96, Lys104, Lys460) the corresponding
Lys residues are not conserved in A. thaliana. Lys191 and
Arg418 are conserved, but not methylated in Arabidopsis. One
of the methylation sites (Lys447), however, fits exactly to
one of the two methylation sites that were identified in the
ATP synthase subunit beta in the chloroplast of A. thaliana

(Lys447, Arg52; Alban et al., 2014). It remains to be studied
in the future whether the higher methylation status and rather
distinct methylation pattern (with one exception) of these
two subunits in the eyespot compared to the thylakoids is
possibly related to their specialized location in the eyespot.
The increased hydrophobicity without altering the charge of
the methylated amino acid residues (Rice and Allis, 2001)
might be beneficial for their localization between the highly
hydrophobic EG.

Among the methylated proteins found in the eyespot fractions
is also the SOUL heme binding protein SOUL3 that is localized
at the EG and important for a correct positioning of the eyespot
and its size (Schulze et al., 2013). It was shown before that SOUL3
is phosphorylated at two sites (Wagner et al., 2008). A crosstalk
between methylation—phosphorylation events has been recently
found (reviewed in Biggar and Li, 2015). If the methylation and
phosphorylation sites are neighbored, this is called “methylation-
phosphorylation switch”. Moreover, a methylation-methylation
crosstalk has been described. In case of SOUL3, a “methylation-
phosphorylation switch” seems rather unlikely as the relevant
sites are not directly neighbored. A methylation-methylation
crosstalk, however, may exist. SOUL3 methylation sites are at
Arg95 and Lys102 while the phosphorylation sites are at Thr42
and Ser44. Notably, both posttranslational modifications are
situated at the N-terminal part of SOUL3 while the SOUL/HBP
domain is situated at the C-terminus. Methylation of SOUL3 may
be involved in regulation of protein-protein interactions. For
example, dimethylation of p53 promotes its association with the
co-activator protein p53-binding protein 1. Lys methylation can,
however, also block protein—protein interactions as demonstrated
for the MAPK kinase kinase 2 and its interaction with the
serine/threonine protein phosphatase 2A complex (reviewed
in Hamamoto et al, 2015). SOUL3 (approximately 45 kDa)
has been found to be present in complexes during the day
(approximately 100 kDa) and the night phase (approximately
270 kDa) over a circadian cycle (Schulze et al., 2013). It has to
be investigated whether methylation affects complex formation
of SOUL3 and whether its methylation status changes over a
circadian cycle.

The knowledge about the protein composition of the eyespot
proteomes as well as about posttranslational modifications
such as methylation and phosphorylation provides now an
efficient basis for further functional studies. For example,
potential effects of protein methylation on protein-protein
interactions, protein stability, or subcellular localization can
now be put under focus. Signaling components such as
EYE2, a protein of the thioredoxin superfamily, or the 14-3-
3 protein might recruit interaction partners or induce/inhibit
signaling pathways upon methylation. As mentioned before
for the ATPase, it is also well visible that eyespot proteins
may rely on methylation to increase their hydrophobicity
profile especially when situated in between the EG. These
emerging functional possibilities will need further attention
in future approaches in order to understand this highly
complex primordial visual system of a unicellular organism
in depth with regard to its structural properties and signaling
pathways.
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The development of microalgae sustainable applications needs better understanding of
microalgae biology. Moreover, how cells coordinate their metabolism toward biomass
accumulation is not fully understood. In this present study, flux balance analysis (FBA)
was performed to identify sensitive metabolic pathways of Chlamydomonas reinhardtii
under varied CO» inputs. The metabolic network model of Chlamydomonas was
updated based on the genome annotation data and sensitivity analysis revealed CO»
sensitive reactions. Biological experiments were performed with cells cultivated at
0.04% (air), 2.5, 5, 8, and 10% CO, concentration under controlled conditions and
cell growth profiles and biomass content were measured. Pigments, lipids, proteins,
and starch were further quantified for the reference low (0.04%) and high (10%)
CO», conditions. The expression level of candidate genes of sensitive reactions was
measured and validated by quantitative real time PCR. The sensitive analysis revealed
mitochondrial compartment as the major affected by changes on the CO» concentrations
and glycolysis/gluconeogenesis, glyoxylate, and dicarboxylate metabolism among the
affected metabolic pathways. Genes coding for glycerate kinase (GLYK), glycine cleavage
system, H-protein (GCSH), NAD-dependent malate dehydrogenase (MDH3), low-COo
inducible protein A (LCIA), carbonic anhydrase 5 (CAH5), E1 component, alpha subunit
(PDC3), dual function alcohol dehydrogenase/acetaldehyde dehydrogenase (ADH1), and
phosphoglucomutase (GPM2), were defined, among other genes, as sensitive nodes in
the metabolic network simulations. These genes were experimentally responsive to the
changes in the carbon fluxes in the system. We performed metabolomics analysis using
mass spectrometry validating the modulation of carbon dioxide responsive pathways and
metabolites. The changes on CO» levels mostly affected the metabolism of amino acids
found in the photorespiration pathway. Our updated metabolic network was compared to
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previous model and it showed more consistent results once considering the experimental
data. Possible roles of the sensitive pathways in the biomass metabolism are discussed.

Keywords: flux balance analysis, chlamydomonas, biomass, carbon uptake, biotechnology, microalgae,

bioenergy, systems biology

INTRODUCTION

The increase of air emissions originated from the burning of
fossil fuels and the continuous rising of the demands and
prices of energy have been an issue of world impact and socio-
economic importance (O’Neill and Oppenheimer, 2002; Hoegh-
Guldberg and Bruno, 2010). Microalgae-based technologies
focused in the bioremediation of air emissions coupled to
biomass production represents a potential alternative way for
reducing levels of air contaminants, creating new sources of
renewable biomass that can be used for bioenergy production,
or even for the accumulation of other bioproducts (Li et al.,
2010; Packer et al., 2011; Scranton et al., 2015). Microalgae can,
through photosynthesis, capture CO, and accumulate biomass,
reducing the net emission of CO, during the biofuel production,
contributing to protect the environment through sustainable
applications, including the development of third generation
biofuels (Singh and Olsen, 2011; Singh et al., 2011; Behera et al,,
2014). Therefore, microalgae have attracted more attention as
suitable organisms with potential to be a sustainable source
of biocompounds important for a number of areas such as
nutrition, aquaculture, pharmaceuticals, and biofuels. Thanks
to the advances in microalgae biology, bioengineering, and
molecular biology, a better understanding of metabolic routes,
gene expression regulation, and cellular mechanisms is being
achieved, which may contribute to further improve microalgae
capabilities toward sustainable applications (Rosenberg et al.,
2008).

Since the efficiency to derive biofuels from microalgae seems
to be comparable to those derived from crops plants (such as
soy and canola), there is a great interest to develop research in
biofuel production through maximizing biomass accumulation
and improving derivatization processes (Savage, 2011). Biomass
can be transformed into fuels by conversion of carbohydrates to
ethanol, transesterification of lipids into biodiesel, gasification of
biomass to syngas, cracking of hydrocarbons, and isoprenoids
to gasoline (Matsumoto et al., 2003) and the direct synthesis of
hydrogen gas (Carvalho et al., 2006).

Among the many species of microalgae, Chlamydomonas
reinhardtii has been extensively considered as a model organism
to the study of different cellular mechanisms under distinct
environmental conditions (Harris, 2001). This knowledge may
be applied to improve specific features and could be in some
cases extrapolated to close evolutionary relative species. For
example, it has been found that, although Chlamydomonas is
not considered a good lipid-storing species, under N-starvation
this capability is favored (Scranton et al., 2015). Additionally,
several reports have indicated that by changing the cultivation
conditions, such as carbon source, light intensity, nitrogen,
sulfur, and microelements availability, the biomass production

could have significant improvement in microalgae cultivation
(Rosenberg et al., 2008).

However, it is important to generate strategies that improve
our capacity to predict the cellular behavior or to precisely
identify the biological pathways that have an important
role on determining biomass accumulation. Uncovering these
pathways may allow us to perform permanent optimization of
the capabilities of microalgae to accumulate biomass. An in
silico method useful to analyze cell behavior under different
growth conditions or disturbances and simulate metabolic
changes occurring in microalgae cells consists of Flux Balance
Analysis (FBA). This approach takes in consideration a linear
programming strategy to solve and describe the fluxes in a
systems at steady state (Orth et al., 2010).

FBA has emerged as a mathematical tool to study metabolic
networks and has been successfully tested in prokaryotes
including genus Escherichia (Edwards et al., 2002), Lactobacillus
(Dishisha et al., 2014), Nitrosomonas (Perez-Garcia et al., 2014),
to mention a few examples. In many of these studies, FBA
was applied to detect main metabolic pathways, growth rates
at specific genetic and environmental conditions, and revealed
possible candidate genes for improvement of specific strains
(Edwards et al., 2002). In Chlamydomonas, the FBA approach
was previously employed to predict metabolic fluxes based on
primary metabolism (Boyle and Morgan, 2009). Furthermore,
FBA was used to estimate the cell growth rate at different photon
flux inputs in an improved metabolic network (Chang et al.,
2011).

From the perspective of the CO, uptake by microalgae
and biomass production, the strategies of cell survival at
low CO;, have been well described with the characterization
of the Carbon Concentrating Mechanism (CCM) (Badger
et al, 1980). Through the understanding of the CCM, it
is possible to explain, at least partially, the mechanisms
by which microalgae are able to keep their photosynthesis
performance and mitigate the stress caused by low CO; supply.
Basically, cell machinery elevates the CO, concentration at the
site of RubisCO (ribulose-bisphosphate carboxylase/oxygenase)
enzyme by increasing the cellular inorganic carbon (Ci) pools
favoring the carboxylase activity of RubisCO; thus, carbon
fixation through photosynthesis. Moreover, some Ci transporters
located in the plasma membranes and chloroplast have been
suggested as main proteins on the carbon uptake process (Wang
etal, 2011).

Since CCM is not fully activated at high CO, concentration
and considering the fact that increasing the Ci concentration
inside the cell alone does not guarantee full and effective
carbon fixation due to reaction saturation problems, a deeper
investigation of this process through in silico analysis is still
needed. Moreover, the knowledge about the metabolic limitations
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of microalgae to accumulate and fixate CO; even under high
CO; concentrations is still incomplete. It has been previously
suggested that some microalgae species are not able to fixate all
carbon that is supplied to its growth and a possible saturation
on the carbon fixation may occur (Melo et al, 2014). The
identification of the pathways and biochemical routes that
contribute to this saturation on the carbon fixation will continue
to improve our understanding of the molecular control of the
biomass accumulation.

Therefore, in the present study we investigated the effects
of high CO, concentration in a metabolic perspective. We
disclosed novel routes and genes related to CO, uptake and
fixation through genomic scale metabolic network modeling.
Our modeling strategy took in consideration the metabolic
reconstruction reported by Chang et al. (2011) which was
further updated and extended through homology-based
sequence analysis on the annotated genome of the microalgae
C. reinhardtii. Biomass production in this species was selected
as the optimization function and evaluated under different CO,
concentrations, ranging from 0.04 to 10%, using experimental
data of biomass content as model constrains. The results from
both models were compared, sensitive genes were selected,
and their relative expression experimentally validated by
quantitative real-time PCR. In addition, metabolome analysis
was performed for the relative quantification of primary
metabolites. Together, the detection and validation of sensitive
genes and pathways under high CO, conditions through FBA,
gene expression analysis and metabolomics, indicated that
CCM, photorespiration and mitochondrial related processes
have important roles in the control of biomass accumulation in
C. reinhardtii. Our work revealed potential candidate pathways
and genes for future maximization of microalgae biomass
production.

MATERIALS AND METHODS

Metabolic Network Reconstruction

The iRC1080 model from Chang et al. (2011) was supplemented
by genomic information and gap filling using metabolic
databases. All the annotated protein sequences for C. reinhardtii
(14,414 sequences) were retrieved from NCBI database (Sayers
et al., 2009) and served as input for previous scripts developed
in our research group that identify enzymes based on homology
analysis by using BLASTp from NCBI. This analysis identified a
total of 1632 enzymes (Supplemental Table 1). The recognized
proteins were then used to extract all the metabolic reactions
associated according to the KEGG database (Kanehisa and Goto,
2000) (Supplemental Table 2). An improved manual curation was
performed due to the appearance of new reactions, substrates,
and products that required new connections. Manual inspection
was also needed to avoid generic metabolites and repeated
reactions. The directionality of the new reactions was defined
by the criteria of the free Gibbs energy at 27°C and pH 7 and
calculated by the group contribution method as described in
Mavrovouniotis (1990). Compartmentalization was needed to
guarantee the placement and viability of the reaction according

to Chang et al. (2011), literature and databases based on
signal peptide (Petersen et al., 2011). Exchange reactions were
included in order to connect the new metabolites in the cellular
compartments ensuring origin and consumption of reagents.
Special attention was required for lipids and carbohydrates
because generic or general names were found in KEGG database
hindering the integration of new reactions.

Sensitivity Analysis

The two metabolic networks, the iRC1080 model given by
Chang et al. (2011) and our complemented model, were
reconstructed into the stoichiometric matrix and the fluxes of
the transport reactions adjusted to represent autotrophic growth
conditions. Light condition was fixed at cool-white fluorescent
(57.54 mE/gDW_h, equivalent to 400 wE-m~2.s71) and the CO,
fluxes modified to evaluate the effects of different conditions of
CO; supply at the steady state of the cell metabolism and other
parameters were established as previously described (Melo et al.,
2014). In both cases, the Biomass function was not modified and
was implemented as proposed by Chang et al. (2011). The lower
and upper bounds of the new reactions were fixed according to
standard values. The optimization problem was resolved using
Xpress IVE® by setting constraints as follows:

maXZch(l)
subject to Sv = 0
LB<v<UB

FerR|c'=[000...1...000] pos(1) = Biomass reaction

veR"
SeRme’l
LBeR"

Where § is the stoichiometric matrix, v is the flux vector, LB:
lower bound, UB: Upper bound, ¢ is a vector of zeros that sets
the objective function, m is the number of metabolites, # is the
number of reactions, pos(1) is the objective function (biomass).

The definition of candidate metabolic pathways and genes
that could play an important role in CO, level response was
performed through the identification of reactions affected under
different CO; fluxes through FBA simulations. FBA was resolved
at five different CO, conditions (0, 2.5, 8, 5, and 10% CO;) and
the resulting magnitudes defined the CO,-sensitive reactions by
the flux variation coeflicient p [set to be significant when p > 0.01
(Melo et al., 2014)]. Experimental data of total biomass content
were considered as model constrains for calculating the CO,
fluxes, as previously described (Melo et al., 2014). The results
from both models were compared to analyze the effects of the
metabolic networks on the sensitivity of FBA.

Results from metabolomics analysis were used to further
verify our sensitive reactions and support the FBA analysis.
Thus, metabolites relatively quantified by metabolomics were
compared to check compatibility between overexpression and
knock-down according to our FBA results. For this, all the FBA-
sensitive reactions for one specific metabolite were grouped with
their calculated fluxes at low and high CO, concentrations. A
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net flux was then calculated by adding production reactions,
subtracting consumer reactions, and a rate between the net flux
at low CO; over the net flux at high CO, was finally considered.

Cell Strain and Culture Conditions

The C. reinhardtii strain CC503 cw92mt+ (Chlamydomonas
Resource Center University of Minnesota, USA) was cultivated in
HSM medium at 27°C in autotrophic growth conditions, under
different CO; concentrations [0.04 (air), 2.5, 5, 8, and 10% CO;]
in a RALF Plus solo 6.7 L bioreactor (Bioengineering, Inc., USA)
in constant and continuous illumination with cool-white LED
(average 400 LE-m~2.s7!). The cultures remained in a batch
mode with starting culture volume of 4 L, in open system with
automatic controlled CO; gas flow in air, no pH control and
continuous stir at 60 rpm. Cell inoculation was carried out with
a 10 mL pre-inoculum taken from a sample at steady state. Cells
were harvested by centrifugation at the late exponential phase of
cell growth (O.D.750nm = 0.9) for biomass characterization.

Cell growth monitoring was performed daily with
measurements of O.D. at 750nm and cell counting using
Neubauer chamber. Growth rates were calculated as previously
described (Sorokin and Krauss, 1958).

Total Biomass Measurement

Cell pellets from 50-mL cell culture aliquots at the late
exponential phase were washed three times with 2mL of de-
mineralized water to remove inorganic salts and the final cell
suspension was transferred to previously weigh empty Petri
dishes. Plates containing the biomass were kept overnight at
90°C, and the dry weight was measured. Three (0.04 and 10%
CO; conditions) or two biological replicates (2.5, 5, and 8%
CO; conditions), each one with three technical replicates, were
considered for statistical analysis.

Protein, Lipid, Pigment, and Starch

Measurements

Cells at low (0.04%) and high CO, (10%) were harvested in
50-mL aliquots (three biological replicates and three technical
replicates per sample) and centrifuged at 3000 x g in a swing
rotor bench centrifuge for 5min at 4°C. Cell pellets were kept
at —80°C until further processing. Frozen cell pellets were
macerated until conversion into a light green powder. Protein
extraction was performed using a buffer containing 100 mM Tris
pH 7.5, 4mM EDTA, 5mM 2-mercaptoethanol, 10% glycerol,
and 0.05% Triton X-100. Protein content was determined by
Bradford assay (Bradford, 1976). Pigments were extracted using
ethanol and quantified using Kaczmar equations (Henriques
et al., 2007). Lipids and carbohydrates were extracted using
chloroform:methanol:water (1:2:0.8) mixture, and the resulting
chloroform layer, which contains the lipids, was evaporated
in a vacuum oven at 30°C for 24h. The total lipid content
was calculated by dry weight. Starch content was determined
in the insoluble fraction after the chloroform:methanol:water
extraction and solubilized in 0.1 M NaOH for 30 min at 95°C.
After neutralization, starch was digested to glucose by the
addition of amyloglucosidase and a-amylase at 37°C overnight.
Determination of the glucose released by the enzymatic digestion

of starch was assayed enzymatically by coupling to reduction of
NADP+ to NADPH in a microplate reader (Stitt et al., 1989).

Gene Expression Analysis by Quantitative
RT-PCR

Based on our results on the sensitivity analysis using FBA
approach on the model described by Chang et al. (2011)
and literature review, 40 sensitive genes related to CO;
changes [low CO; (0.04%; air) and high CO, (10% CO)]
were selected to further gene expression analysis through the
relative quantification by qRT-PCR. These candidate genes were
previously annotated to the following routes and mechanisms:
CCM, Calvin cycle, Glycolysis/Gluconeogenesis metabolism, and
Glyoxylate/dicarboxylated.

Cells for RNA extraction were harvested in 2-mL aliquots by
centrifugation for 2 min, 3000 x g, at 4°C, and the cell pellets
were immediately frozen and kept at —80°C until further use.
Total RNA extraction was performed using the RNeasy Plant
Mini Kit (Qiagen, Hilden, Germany) as previously described
(Winck et al., 2013). Total RNA samples were treated with
TURBO DNAse (Ambion, Darmstadt, Germany) as indicated
by the manufacturer. Absence of genomic DNA contamination
was accessed by qRT-PCR using primers annealing to an
intergenic region of chromosome 16 (IGR1, IGR2). Primers were
designed using QuantPrime tool (www.quantprime.de) following
the criteria as follows: Tm = 60 + 1°C, length 18-25 bases,
preferentially on exon-exon junctions. When possible, primers
were designed to have a GC content of 45-55%, generating a
single PCR product sizing between 60 and 150 bp. Primers were
synthesized by Macrogen (Macrogen, Korea).

Three micrograms of total RNA were used for cDNA synthesis
employing the SuperScript IIT First Strand System (Invitrogen,
Darmstadt, Germany) according to the manufacturer’s
instructions, using oligo-(dTy) as primer for the synthesis
of the first complementary DNA strand. Two genes [Actin
(ACT) and Ubiquitin protein ligase (UBQ)] were selected
as reference genes. All the cDNA samples were amplified in
96-well plates in an Applied BioSystems ABI7500 FAST system.
The qPCR reaction was carried out in 10 L containing 1 uM
primers and SYBR Green qPCR Master Mix (Roche). The primer
sequences used in this study are presented in Supplemental Table
3. Real-time PCR reaction parameter settings were as follow:
2min at 50°C, 10 min at 95°C, followed by 40 cycles of 155 at
95°C and 1min at 60°C. Amplicons which dissociation curve
resulted in double melting temperatures or doubled products in
a 4% gel electrophoresis were discarded from further analysis.
The relative expression ratio for each gene was calculated as
previously described (Pfaffl, 2001). The PCR efficiency for each
reaction was calculated based on the profile of the emitted
fluorescence in the exponential phase (Rutledge and Stewart,
2008; Rutledge, 2011). Three biological replicates, each one with
one technical replicate for the two conditions analyzed (0.04 and
10% CO,) were performed.

Metabolomics Analysis
Aliquots of 50-mg pellet from cell culture were taken in the
stationary phase (OD75p ~ 0.9) at low (0.04%) and high CO,
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concentration (10%). Metabolites were extracted with methanol-
chloroform-water HPLC grade (2.5:1:1.4) mixture and three
biological replicates for low CO; (0.04%) and two biological
replicates for high CO, (10%) were considered. Samples were
immediately frozen in liquid nitrogen and lyophilized for storage.
Extraction and derivatization of metabolites were performed
as outlined previously (Lisec et al., 2006). GC-TOF-MS data
were obtained using a PAL-Combi XT autosampler (PAL
System http://www.palsystem.com/), coupled to an Agilent 7890
A gas chromatograph—Leco Pegasus HT time-of-flight mass
spectrometer (LECO, St. Joseph, MI, USA; http://www.leco.
com/). Identical chromatogram acquisition parameters were
used as those previously described (Weckwerth et al., 2004).
Chromatograms were exported from Leco ChromaTOF software
(version 4.51.6.0) to R software. Peak detection, retention
time alignment, and library matching were obtained using the
TargetSearch package from bioconductor (Cuadros-Inostroza
et al,, 2009). Data obtained from GC-TOF-MS analysis were
normalized by cell number, followed by sample total ion content
(TIC) as described previously (Giavalisco et al., 2011).

RESULTS

Metabolic Reconstruction Revealed Novel

Reactions

Inspections through different metabolic databases [GoFORSYS—
ChlamyCyc (http://chlamycyc.mpimp-golm.mpg.de/) or PMN
(http://pmn.plantcyc.org/CHLAMY/) that report proteins and
curated metabolic data, showed that only a small group
of enzymes of Chlamydomonas has been discovered and
functionally characterized. Considering this, our homology
analysis was performed comparing all annotated proteins in

KEGG database to identify the EC numbers and the associated
reactions. In order to simplify the reconstruction, only the
reactions with reported reactants in Chang et al. (2011) were
considered.

A total of 1632 enzymes were found by BLASTp analysis
using our script and a total of 2599 reactions (without
compartmentalization) were associated. After removing the
reactions that already exist in the work of Chang et al. (2011),
1803 new reactions were identified. By following the proposed
criteria, considering only the reactions with identified reactants
described by Chang et al. (2011), we detected 1380 new
compartmentalized reactions based on the homology analysis
with KEGG database (Supplemental Table 2). Some products
had to be connected by gap filling with manual inspection in
KEGG database taking the shortest pathway for FBA purposes.
The reactions were compartmentalized ensuring availability
of substrate within the 10 compartments and a total of 87
reactions were defined as reversible based on Gibbs energy
evaluation and previously reported studies. Figure 1 depicts
the percentage contribution of the main reaction categories,
including substrates, and products for the updated of the
metabolic network.

We found that some reactions and metabolites have generic
names in KEGG database, especially those associated to lipid
and starch metabolism. This inconsistent information provides
new reactions and metabolites that cannot be interconnected
affecting viable results from the FBA analysis. Gaps within
the different pathways were observed when looking at the
rows of the stoichiometric matrix and manual interconnection
had to be assumed to consume products based on metabolic
maps. Furthermore, unlikely reactions were found associated
to homology parameters, reactions belonging to penicillin, and
cephalosporin biosynthesis were rejected because no information
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was confronted with Chlamydomonas. These results indicated
that manual curation is still necessary and mandatory to
guarantee feasible models.

Curation Level of the Network Affects FBA
Sensitivity Analysis

In a previous work, we have identified a total of 87 sensitive
reactions solving the biomass function (Melo et al, 2014).
A comparison of these sensitive reactions was performed
against the previous model proposed by Chang et al. (2011),
and 155 sensitive reactions were identified in our current
complemented network (Supplemental Table 4). The percentage
distribution of the annotation of the metabolic pathways
corresponding to the sensitive reactions is shown (Figure 2).
Data tendency is highly conserved between both models:
reactions associated to mitochondrial transport, chloroplast
transport, glycolysis/gluconeogenesis, and TCA cycle are both
subjected to regulation under different CO, input fluxes.
However, in our complemented reconstruction, more, and
novel sensitive reactions appeared related to the amino acid
metabolism of alanine, threonine, tryptophan, and propionate
metabolism (resulting in production of valine and alanine)
(Supplemental Table 5). Other reactions belonging to starch,
sucrose, and methane metabolism were also glimpsed. Over
25 genes remained sensitive in both reconstructions and new
ones were identified (Table 1). Our results showed that larger
networks may lead to different results on the sensitive analysis
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FIGURE 2 | Distribution of the metabolic pathways affected on
sensitive analysis from the both metabolic models evaluated. FBA
analysis was performed for the different CO» inputs in the system at
autotrophic conditions. The same biomass function was established in both
models and sensitive reactions were identified based on the flux variation
coefficient. Metabolic pathways affected on sensitive analysis were annotated
and the number of sensitive reactions is indicated.

and may contribute to disclosing new candidate sensitive
reactions.

Our sensitive analysis revealed that mitochondria is the
most sensitive cellular compartment and showed the highest
number of reactions affected by varying CO, concentrations,
mainly related to amino acid transporters, carriers (phosphate,
dicarboxylate), and transport of compounds such as ethanol,
ammonia, and O,. The mitochondria is important to the
maintenance of intracellular redox gradients, impacting the rates
of photorespiration, and efficiency of photosynthesis (Aratjo
et al., 2014). Therefore, our results of the sensitive analysis
pointed to a possible role of mitochondria in modulating the
biomass production in microalgae. In order to validate our
results from the FBA analysis, the biomass objective function was
compared with the experimental data on biomass production. As
we have previously shown (Melo et al., 2014), the magnitudes of
the growth rates in our simulations were similar to experimental
values. However, in silico data showed a linear increment of
biomass production that does not represent the saturation
trends observed in our experimental conditions. High CO,
concentration enhances biomass production through non-linear
trend.

Cell growth was measured daily (Figure 3A) and a significant
increase in the total dry weight biomass was evident at high
CO; concentrations (above 0.04% CO,), reaching the highest
content when evaluated at 10% (Figure 3B). Therefore, there
was a biomass increment of at least 300% in the cell culture in
high CO, concentrations compared to cells cultured under low
CO; concentration (air); this information corroborate previous
results (Chang et al., 2011). The amount of proteins (Figure 4A),
pigments (Figure 4B), lipids (Figure 4C), and dry weight (DW)
(Figure 4D), quantified per cell and compared between the low
CO; (0.04%) and high (10%) CO; conditions, showed a positive
increase at high CO, concentration. However, no significant
changes were found for starch (about 17 umol/g or mg/dDW =+
2.5 atlow CO; and 16 wmol/dDW = 4.0 at high CO,, p > 0.05).
Moreover, we observed that cell culture at 5% CO, produced
similar amounts of total biomass than cells cultured at 10% CO,,
suggesting the existence of a saturation trend in the biomass
production once cells are cultivated in CO; concentration higher
than 5%.

Furthermore, the cell growth curves observed on high CO,
conditions (2.5, 5, 8, and 10% CO;) showed similar profiles but
cellular density was higher and statistically different from those
cell cultures under low CO; (0.04%). Thus, the exposure to high
CO;, lead to an increased number of cells per culture volume
and enhanced cellular capability to accumulate biomass, likely
affecting mitosis-related cell cycle and energy metabolism.

Gene Expression Analysis Revealed

Candidate Sensitive Genes

The experimental validation of our results on the identification
of CO; sensitive metabolic reactions included gene expression
analysis of selected genes and a metabolomics approach focused
in the identification and relative quantification of the main
metabolites of primary metabolism.
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TABLE 1 | Sensitive genes from FBA analysis of the complemented network.

Biological processes

Sensitive genes*

Transport, mitochondria

Phenylalanine tyrosine and tryptophan
TCA cycle/COy fixation

Valine, leucine, and isoleucine degradation

Pyruvate metabolism; Glyoxylate metabolism

Alanine and aspartate metabolism; glycerine, serine, and
threonine

Carbon fixation

Glycolisis, Gluconeogenesis, Valine, Leucine, and isoleucine
degradation

Transport, extracellular
Pentose phosphate pathway
Glycine, serine, and threonine metabolism

Transport, chloroplast

Butanoate metabolism
Oxidative phosphorylation
Propanoate metabolism
Nitrogen metabolism

MITC14/MITC18/PTB8/PTB7/PTB1/PTB12/PTB4/PTB2/CRv4_Aub5.213.94507 .11
AST4/HIS5
ACH1/IDH3/SDH1/SDH2/0GD1

CRv4_Aub.s4.911844.t1/Crv4_Aub.512.93863.t11/CRv4_Aub.s6.913618.t1/CRv4_Aub.s12.
93863.t1/g1910.t1

HYDA1/MFDX/HYDA2/PFL1/ACK2/AACK1/ACK1/PAT1/PAT2/CRv4_Aub.s6.913230.t1/CRv4_
Aub.s2.99723.t1

AST3/AST1

AAT1/AAT2/MME3/MMEG/MDH5/MME2

DLDH1/PDC2/PDH2/ALSS1/ALSL1/PYK1/PYK5/PHG1/GAP3/GAP1/PGM2/PGM5/PGM1B/
PGK1/TPIC/FBA1/FBA2/PGI1/GPM2

NAR1.6/NAR1.3/NAR1.4
TAL1/TRK1/RPE1/RPI1
Crv4_Aub.s10.g124.t2/THD1/SHMT3

AOC6/A0CS5/A0T7/DAT1/OMT1/ACT5/FBB13/NART.5/NAR1.2/NAR1.1/AAAB/AAAT/CRv4_
Aub.514.95515.t1/CRv4_Aub5.515.g5921.t1/CRv4_Au5.9g14736.t1/MOT20/MIP1/MIP2

CRv4_Aub.s7.914479.t1/CRv4_Aub.s16.96952.t1
NDA3/NUO11/NUO10/NUO13/NUO21/NUO3/NUO5/NUOE/NUOS/NUOY/IPY1/IPY3
PFL1

CGL77/IBA57/GCST

*Bold type names represent common sensitive genes present in both metabolic reconstructions of Chang et al. (2011) and our present complemented reconstructed network.
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In Figure 5A, the relative expression levels of genes encoding
carbonic anhydrases (CAHs) are shown. Carbonic anhydrases
can catalyze the reversible interconversion of carbon dioxide
to carbonic acid in order to increase the carbon uptake and
availability in the site of photosynthesis at the chloroplast. The
analysis of these genes was included because there were previous
evidences that CO, related mechanisms may be determinant
to biomass accumulation and CAHs play an important role on
cellular carbon uptake (Fang et al., 2012; Winck et al., 2013).
Our results showed that gene transcripts for CAH1, CAH4,
CAHS5, and LCI1 were found to be more abundant in low CO,
concentration (0.04%). Similar results were shown by previous
studies on the Carbon Concentrating Mechanism (Brueggeman
et al,, 2012). Moreover, our updated FBA sensitivity analysis

revealed that metabolic pathways of glycolysis/gluconeogenesis,
glyoxylate, and dicarboxylate metabolism are affected by the
changes in CO, concentration. Genes coding for glycerate
kinase (GLYK), glycine cleavage system, H-protein (GCSH),
NAD-dependent malate dehydrogenase (MDH3), low-CO,
inducible protein A (LCIA), low-CO;-inducible protein 23
(LCI23), mitochondrial pyruvate dehydrogenase complex, E1
component, alpha subunit (PDC3), fructose-1,6-bisphosphate
aldolase (FBA2), glyceraldehyde-3-phosphate dehydrogenase
(GAP1), dual function alcohol dehydrogenase/acetaldehyde
dehydrogenase (ADH1), and phosphoglucomutase (GPM2),
were defined as sensitive nodes in the metabolic network
simulations and found to be responsive to the changes in the
carbon fluxes in the system.
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As discussed previously, the sensitivity analysis may generate
different outputs depending on the completeness of the metabolic
network used as input for simulation. Genes coding for GLN1,
CIS1, ATP2, PRK1, and FBP1, which were found to be sensitive in
Chang et al. (2011), showed low variation in the gene expression
levels in our network model (Figure5B). These genes are
involved in different metabolic processes such as carbon fixation,
glutamate metabolism, and fructose metabolism, as previously
shown (Melo et al., 2014). Moreover, genes coding for glycerate
kinase (GLYK), phosphoglucomutase (GPM2), fructose-1,6-
bisphosphate aldolase (FBA2), and glyceraldehyde-3-phosphate
dehydrogenase (GAP1), sensitive in both metabolic network
models compared, showed variations at the gene expression
levels. This may suggest that our proposed network model could
give complementary and valuable insights considering the results
of transcriptional changes.

Metabolites are Affected by Changes on

CO, Concentration Levels
The identification of sensitive reactions through FBA guided us
to perform a quantitative analysis of the metabolites of cells

cultured in low (0.04%) and high (10%) CO; concentrations. The
metabolomics analysis performed using GC-TOF-MS permitted
the quantification of 67 metabolites in the two compared CO,
concentrations (Supplemental Table 6).

We further explored the CO; sensitive reactions of 13 out
of the 67 metabolites identified. Our model was able to predict
the behavior of these 13 metabolites at high and low CO,
concentrations regarding the amount and presence within the
cells, being consistent with experimental results at the two growth
conditions, except for the measurements of glycine, isocitrate,
and sucrose, which were not good represented by the FBA.

Other 50 metabolites quantified did not show significant
differences between the two growth conditions (0.04 and 10%
CO3;) and 50% of these did not show any alteration through FBA.
From this perspective, it is shown that the model assumptions
in general terms seem to be consistent with real behavior
of maximizing biomass. However, others mechanisms may be
activated resulting in saturation trends for CO, processing and
constraints.

We observed that the amino acids glycine, proline, b-alanine,
phenylalanine, asparagine, and lysine are the ones that suffered
the most prominent alterations in abundance in response to
high CO, concentration (Figure 6) (Supplemental Table 7).
Relative levels of sucrose have been significantly reduced and the
amount of xylose increased in the cells cultivated at 10% CO,
concentration. This is an important indication of the cellular
metabolic shift at low and high CO, concentrations. We also
observed that glycerate was more abundant in cells at 10%
CO,, Moreover, xylose, a potential inhibitor of photosynthesis,
was more than five-fold more abundant in cells at 10% CO,
(Figure 7). These results suggest that photorespiration or an
alternative pathway with similar substrates and products may be
modulated in cells at high CO, concentration, possibly leading
to the saturation trend in the biomass accumulation observed in
cells under this condition.

FBA analysis indicated that at low and high CO,
concentrations the metabolic routes related to photorespiration
may remain at least partially activated (it was not completely
off) in order to satisfy the model constraints. The magnitude
of the fluxes are >0 and are contributing to maximize the
biomass function. Special attention to those magnitudes were
taken into account for glycine transport from chloroplast
to mitochondria, serine transport from mitochondria to
chloroplast, hydroxypyruvate production, glycerate, and
3-phospoglycerate production in the chloroplast. All these
processes may be related to photorespiration and showed
positive fluxes in both Chang et al. and our complemented
metabolic network models. Although genomic-scale restriction
was not considered in the FBA, it is shown that these routes
contribute to maximize biomass production.

DISCUSSION

In the present work, we compared the effects of varying CO,
concentrations in the biomass composition of C. reinhardtii
cells. Moreover, we identified candidate genes sensitive to
the variations on the CO, concentrations through the use
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of FBA in an extended metabolic network model presented
here. Further experimental validation through gene expression
analysis and metabolomics was performed. Our experimental
results suggested that cells at high CO, have increased capability
toward biomass production. However, it also indicated that cells
cultivated at CO, concentrations higher than 5% achieved a
saturation trend on total biomass accumulation. Although our
FBA model was unable to describe this saturation trend, the
magnitudes of the growth rate values were consistent between the
different CO, concentrations compared. This may be explained
by the fact that the model was resolved using linear optimization
and a change in input values, such as any external metabolite,
represents a proportional increase in the objective function.

Our results on the FBA sensitivity analysis of the two
metabolic showed a significant increase
of flux in metabolic routes occurring in the chloroplast
and mitochondria transport systems, including TCA cycle,
glycolysis/gluconeogenesis, and amino acids biosynthesis in
cells under high CO, concentrations. For the new sensitive
routes and genes identified by our FBA, it was noted that
many reactions were associated with energy metabolism. These
sensitive routes have a number of genes which expression
may be affected. Therefore, these genes may be interesting
candidates on further biotechnological applications focused in
the enhancement of biomass production. Reactions associated to
the transport of amino acids, pyruvate, and carboxylate species
into the mitochondria and chloroplast were shown to be the
most sensitive ones. Moreover, mitochondria resulted as the
most sensitive compartment as most reactions detected in our
sensitive analysis may occur inside this organelle. Mitochondria
presents a fundamental role in growth and biomass production,
through its role on energy metabolism.

reconstructions

TABLE 2 | Candidate CO; sensitive genes which were identified as
differentially expressed in a transcriptome dataset previously published
comparing cells at high vs. low CO, concentrations using RNA-seq*.

Metabolic pathway or
biological process
Description

Candidate CO5 sensitive genes

Complemented
network (present work)

Chang et al., 2011

Mitochondrial transport MIT28
PTB12
PTB4
PTB2
Phenylalanine, tyrosine, and AST4
tryptophan biosynthesis
Carbon fixation MDH5 RBCS1
Pentose phosphate pathway TAL1 RPE1
RPE1
RPI1
Transport, chloroplast DAT1
NAR1.2
Oxidative phosphorylation NDAS3
IPY1
IPY3
Glycolysis, gluconeogenesis, PGK1 PGK1
valine, leucine, and isoleucine
degradation
Extracellular transport PTA3
PTA4
Glycine, serine, and threonine GCSP
metabolism THSH
Glyoxylate metabolism GLYK
Prphyrin and chlorophyll GSA

metabolism

*Transcriptome dataset previously published (Fang et al., 2012).

Sensitivity analysis also revealed a high dependence on the
metabolic network quality and completeness on the identification
of key routes. These routes can vary in differing models making
it difficult to achieve consistent results; however, consensus in
some main nodes were found and validated by qRT-PCR. Thus,
our results revealed novel biochemical routes and candidate
genes that may be relate to biomass production, through the
modulation of the rate of biosynthetic processes.

The changes observed in the metabolite profiles of cells at
low (0.04%) and high CO, (10%) concentrations suggest that
high CO; concentration in microalgae cell culture may trigger
mechanisms that are able to control the carbon fixation by the
alternative synthesis of compounds that may have an inhibitory
effect on the photosynthesis, or may enhance energy losses
through photorespiration. These processes may have a role in
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the control of the cell biomass content and microalgae cell
population, even under non-limiting availability of CO,. Further
experiments are now necessary to provide more evidences of
these effects.

Experimental validation also confirmed variations in the
gene expression profiles of selected genes when cells are
cultivated at different CO, concentrations. It was observed
that many CCM-related genes are overexpressed at low CO,
indicating, as expected, that cells change their metabolism to
produce enzymes involved in enhanced carbon uptake and
carbonic acid conversion, instead of redirecting energy to
build biomass precursors. A previous transcriptomics analysis
compared Chlamydomonas cells at high (5%), low (0.05%), and
very low (0.02%) CO, concentrations (Fang et al.,, 2012) and
revealed that the wild type strain cc125 vs. a cia5 mutant strain
cc2702 showed at least 345 genes differentially expressed from
low vs. high CO; and 696 genes from very low vs. high CO, in
wild type cells. Several of those genes were found in our list of
sensitive genes as it is summarized in Table 2.

Our results on the gene expression of carbonic anhydrases and
genes related to CCM were consistent with previous findings.
It was confirmed that the expression of CCMI1 (or CIA5)
itself does not depend on the CO, level (Fang et al.,, 2012).
Previous studies have shown that proteins CAH1, CAH3, CAH4,
CAH5, and CAH6 are responsive to variations on the CO;
concentration. Moreover, protein LCIA, reported as induced
at low CO;, encodes a format/nitrite transporter that increase
HCO3- transport in the stroma (CIA) was found highly expressed
at low CO; concentration (Fang et al., 2012).

Besides the identification and validation of the expression
of the main CAs under low and high CO, conditions, we
further compared which metabolites were modulated in the two
CO; concentrations (0.04 and 10%). Our metabolomics analysis
indicated that the concentration of metabolites possibly related
to photorespiration or other alternative route is modulated in
response to high CO; concentration.

Our results on the experimental biomass characterization
showed that the pigment content per cell is the most sensitive
component and its amount is almost duplicated at high CO,
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Regulation 5 (PGR5) and PGR5-Like
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Continuous hydrogen photo-production under sulfur deprivation was studied in the
Chlamydomonas reinhardftii pgrb pgrl1 double mutant and respective single mutants.
Under medium light conditions, the pgr5 exhibited the highest performance and
produced about eight times more hydrogen than the wild type, making pgr5 one of
the most efficient hydrogen producer reported so far. The pgrb pgri1 double mutant
showed an increased hydrogen burst at the beginning of sulfur deprivation under high
light conditions, but in this case the overall amount of hydrogen produced by pgr5 pgrl1
as well as pgr5 was diminished due to photo-inhibition and increased degradation of
PSI. In contrast, the pgr/1 was effective in hydrogen production in both high and low
light. Blocking photosynthetic electron transfer by DCMU stopped hydrogen production
almost completely in the mutant strains, indicating that the main pathway of electrons
toward enhanced hydrogen production is via linear electron transport. Indeed, PSI
remained more active and stable in the pgr mutant strains as compared to the wild type.
Since transition to anaerobiosis was faster and could be maintained due to an increased
oxygen consumption capacity, this likely preserves PSII from photo-oxidative damage in
the pgr mutants. Hence, we conclude that increased hydrogen production under sulfur
deprivation in the pgr5 and pgr/1T mutants is caused by an increased stability of PSI|
permitting sustainable light-driven hydrogen production in Chlamydomonas reinhardtii.

Keywords: PGR5, PGRL1, hydrogen production, PSII stability, sulfur deprivation
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INTRODUCTION

Solar fuels are an important motive for the development of
future renewable energy systems with zero CO, emission. This
development is necessary to meet one of the most urgent
challenges of our society today, to counter the problems of
global warming, fossil fuel depletion, concurrent increasing
energy demand, and consequently the maintenance of economic
and political stability (Organisation for Economic Co-operation
and Development (OECD)/International Energy Agency (IEA),
2011). Among other fuels, hydrogen is considered to be one
of the most effective and clean fuels (Hankamer et al., 2007).
Solar-driven H; production by photosynthetic microorganisms,
particularly cyanobacteria and microalgae, is a promising
complement to clean and sustainable technologies of hydrogen
production beside chemical techniques.

Photobiological hydrogen production was first discovered by
Gaffron and Rubin, 1942. In this process, electrons and protons
from water splitting are directed via photosynthesis toward
specific H-evolving enzymes, the hydrogenases. The algal Fe-
Fe hydrogenase is very efficient compared to other hydrogenases
(turnover rate in thousands per second, 100-fold higher than
other hydrogenases; Volgusheva et al., 2013; Lubitz et al., 2014).
However, direct light-to-hydrogen conversion efficiency is very
low, because hydrogenase activity is extremely sensitive to oxygen
(Ghirardi et al., 1997; Rupprecht et al., 2006; Stripp et al., 2009),
thus oxygenic photosynthesis cannot easily be directly coupled
to hydrogen production in green algae. Therefore, hydrogen
production is a transient phenomenon in nature and stops after a
few minutes of illumination (Bishop and Gaftron, 1963).

Melis et al. (2000) proposed an experimental protocol
for prolong H, evolution based on sulfur deprivation that
circumvents this limitation. This method allows the separation
of photosynthetic oxygen evolution and hydrogen production by
a two stage process: In the first phase of cell cultivation, oxygenic
photosynthesis drives production of biomass and carbohydrate
stores in the presence of acetate as an additional carbon source.
Shifting cells to sulfur depleted medium in sealed flasks induces
the switch to the second anaerobic stage, inducing hydrogenase
expression and sustainable H, production for several days.
During acclimation to this nutrient stress, cells stop dividing and
undergo morphological changes (Zhang et al., 2002). Both light
and dark reactions of photosynthesis are down-regulated, with
the amounts of Rubisco being substantially reduced within the
first 24 h of sulfur starvation (Zhang et al., 2002). Photosystem
IT activity drops gradually, attributed to an impaired PSII repair
cycle due to the restricted de novo synthesis of the D1 reaction
center protein (which contains methionines and cysteines) by
S-limiting conditions, driving down O, evolution (Wykoff et al.,
1998). When O, consumption overtakes O, evolution, anaerobic
conditions are established. However, active PSII in the first hours
of S-depletion was shown to be essential for H, generation, as no
hydrogen evolution could be observed when the PSII inhibitor
DCMU was added directly after transfer to S-free medium
(Fouchard et al., 2005; Hemschemeier et al., 2008). Indeed,
PSII activity was reported to contribute a substantial amount of
electrons from water oxidation at PSII to hydrogen production

(Antal et al., 2003; Kosourov et al., 2003). Beside this direct
PSII-dependent pathway, electrons toward the hydrogenase can
also derive from an indirect pathway that relies on non-
photochemical reduction of PQs from metabolites such as starch
(Fouchard et al., 2005; Jans et al., 2008; Chochois et al., 2009).
Starch is massively accumulated during the first hours of -S
conditions and is subsequently degraded (Zhang et al., 2002).
The direct sunlight to hydrogen pathway has nevertheless the
potential for higher energy conversion efficiency.

The improvement in hydrogen production by the method
of sulfur deprivation implicated the highest efficiency for
photobiological systems reported by then (Rupprecht et al.,
2006). Yet, this H, production efficiency has still to be
advanced to reach economic profitability. Optimization of
the electron supply to the hydrogenase appears to be a
critical issue. Since the majority of electrons toward the
hydrogenase have been shown to derive from PSII activity,
but O, evolution by PSII has to be prevented not to inhibit
hydrogenase activity, possible solution scenarios involve either
a more O tolerant hydrogenase or a more efficient oxygen
scavenging system. Engineering resulting in a decrease in
the O, sensitivity of the Fe-Fe hydrogenase has not been
reported yet. Among some other Chlamydomonas reinhardtii
mutant strains, the state transition 6 (stm6) mutant lacking
the mitochondrial respiratory chain assembly factor mocl,
and the proton gradient regulation like 1 (pgrll) mutant
displayed the highest improved hydrogen production rates
(Kruse et al.,, 2005; Tolleter et al., 2011). The PGRL1 protein
was first discovered in Arabidopsis (DalCorso et al., 2008)
as an essential component of the PGR5 (proton gradient
regulation 5) dependent cyclic electron flow (CEF) pathway
(Munekage et al., 2002). Moreover, PGRL1 has been suggested
to operate as the elusive ferredoxin-plastoquinone reductase
(Hertle et al., 2013). In Chlamydomonas, PGRL1 is also required
for effective CEF (Petroutsos et al., 2009; Tolleter et al,
2011) and suggested to be a functional component of a CEF-
supercomplex formed under CEF promoting conditions (Iwai
et al., 2010; Terashima et al., 2012). A pgr5 mutant has recently
been characterized in Chlamydomonas (Johnson et al., 2014),
which revealed that PGR5 deficiency leads to a diminished
proton gradient across the thylakoid membrane accompanied
with less effective CEF capacity. The proton gradient across
the thylakoid membrane was shown to restrict electron flow
toward the hydrogenase in pgrlI, and also proton uncouplers like
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP)
and nigericin increased hydrogen evolution (Antal et al., 2009;
Tolleter et al.,, 2011). Interestingly, both stm6 and pgril share
the characteristic of an increased respiration rate (Kruse et al.,
2005; Petroutsos et al., 2009; Dang et al., 2014). Enhanced
H, production in stm6 was recently linked to prolonged PSII
activity under sulfur starvation (Volgusheva et al.,, 2013). In
this study, we investigated hydrogen production under similar
conditions in the PGR5-deficient mutant and a pgr5 pgrll double
mutant in comparison to the pgrll mutant. These mutants also
exhibit enhanced hydrogen production and higher PSII stability
under -S conditions. Since blocking PSII activity by DCMU
abolished hydrogen production almost completely, we conclude
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that electrons for enhanced hydrogen production mainly derive
from PSII. Anaerobiosis and therefore hydrogenase activity can
still be maintained due to a higher oxygen consumption capacity
in the mutants.

MATERIALS AND METHODS

Strains and Growth Conditions

The Chlamydomonas reinhardtii pgrll (Tolleter et al.,, 2011)
mutant was back-crossed four times with the wild type (wt)
strain CC124 (137¢, nit2~, mt™) and then mated to pgr5 (137c¢
background; Johnson et al, 2014) in order to obtain pgr5
pgrll double mutants in the 137c background. Zygotes were
germinated on paromomycin plates (10 mg mL~!) and progeny
was screened for both insertion of the AphVIII resistance marker
within the PGRLI coding sequence (primers AphVIII_Fwl,
5-TCGGGCCGGAGTGTTCC-3" and PGRL1_Rev, 5'-TTACGC
AGCGGCCTTAGCC-3) and deletion of the PGR5 locus
(primers PGR5 FW2, 5-CTACTCGCAGCCAAAACACA-3
and PGR5 REV2, 5-GGAAACCAGTGTGCAAGTCA-3').
Mating type of the isolated clones was assessed with primers
MID_Fw (5'-ATGGCCTGTTTCTTAGC-3'), MID_Rev (5'-CTA
CATGTGTTTCTTGACG-3), FUS1_Fw (5-ATGCCTATCTT
TCTCATTCT-3') and FUS1_Rev (5-GCAAAATACACGTCT
GGAAG-3').

Wild-type, pgrll, pgr5, and the pgr5 pgrll double mutants
were maintained on TAP medium (Harris, 1989), pH 7.0,
solidified with 1.2% (w/v) agar at 25°C and 50 pE m~2 s~!
photosynthetically active, constant irradiance, and in case of
the mutants supplemented with paromomycin (5 pg mL™!).
Strains were cultured in standard TAP medium at 25°C under
continuous light of 50 jLmol photons m~2 s~! on a rotary shaker
(120 rpm).

Long-term Hydrogen Production

Long-term hydrogen production was measured under conditions
of sulfur deficiency (Melis et al, 2000). Cultures grown in
TAP medium to a chlorophyll concentration of 20-25 mg L~}
were washed twice and resuspended (2500 x g 5 min) in
sulfur-deprived medium. Sealed in 250-ml glass flasks (Schott,
conventional measuring system) or 1000-ml flasks (BlueSens gas
measuring system) at a final chlorophyll concentration of 14-
15 mg L1, cells were incubated at room temperature, constant
stirring and under continuous one-side illumination at medium
light (60 WE m=2 s 1) or high light (200 pE m=2 s ). If
indicated, DCMU (10 wM final concentration) or Lincomycin
(2 mM final conc.) were added 48 h after sealing. For the
conventional measuring system, the gas phase was removed
daily, with H, and O; concentrations analyzed from a
0.2 ml gas sample each day by gas chromatography (GC-
2010, Shimadzu). Liquid samples (1 ml) were taken for
immunoblot and pulse-amplitude modulated (PAM) chlorophyll
fluorometry analysis. For the BlueSens gas measuring system,
the gas phase was constantly removed and analyzed every
20 s with online gas sensors (BCP, BlueSens gas sensor
GmbH).

Chlorophyll Fluorescence Measurements

Fluorescence was measured at room temperature using a Maxi-
Imaging PAM chlorophyll fluorometer (Heinz Walz GmbH).
Samples were dark adapted for 20 min to maximally oxidize Qa
before each measurement. The effective photochemical quantum
yield of PSII was measured as PSII yield [Y(II) = (Fy/ - F)/Fu].

Immunoblot Analysis

Whole cell samples (50 pg total protein, measured by Pierce®
BCA™ Protein Assay Kit) were analyzed by discontinuous
13% SDS-PAGE according to Laemmli (1970) and transferred
to nitrocellulose membrane (Hybond ECL membrane, GE
Healthcare), which was incubated with antibodies against PSAD
(1:1000, Naumann et al., 2005), ATPB CF1 (1:10 000, Agrisera)
and PSBA D1 (1:2500, Agrisera) as described (Hippler et al.,
2001; Naumann et al., 2005). Secondary antibody was anti-rabbit
(Invitrogen) and signal detection was by enhanced chemical
luminescence (ECL).

Mass Inlet Membrane Spectroscopy

(MIMS) Analysis of O, Exchange

Mass Inlet Membrane Spectroscopy (MIMS) analysis was
performed as described in Johnson et al. (2014) and a detailed
description of the protocols for analyzing MIMS data are
provided in Cournac et al. (2002). For O, exchange experiments,
cultures were grown in TAP at 10 wmol photons m~2 s~!
illumination. They were then centrifuged and resuspended in
Minimal media and incubated for 24 h in 120 pmol photons
m~2 57! of light with 2% CO, in an INFORS. Cells were then
centrifuged and resuspended in fresh minimal medium without
the addition of HCO3~ to a concentration of 10 mg mL™!
chlorophyll and left in the dark for 30 min before performing the
experiments; 1.5 mL of the concentrated culture was added to the
MIMS cuvette. Cells were incubated in the dark in the cuvette
until the oxygen isotopes were in equilibrium and then exposed
to a single light intensity at a time for around 10 min.

RESULTS

The depletion and/or absence of the PGRL1 induced increased
hydrogen production under sulfur-deficiency in Chlamydomonas
reinhardtii (Tolleter et al., 2011). Here, we investigate hydrogen
production under similar conditions in a PGR5-deficient mutant
and a pgr5 pgrll double mutant.

Generation of the pgr5 pgri1 Double

Mutant

Both pgr5 (Johnson et al, 2014) and pgrll (Tolleter et al,
2011) were obtained by insertional mutagenesis with the AphVIII
cassette, conferring resistance to the antibiotic paromomycin.
In pgr5, integration of this cassette resulted in a complete
deletion of the PGR5 locus, a phenomenon already observed
in other insertional mutants (Peers et al., 2009; Johnson et al.,
2014). In pgril, on the other hand, insertion of the AphVIII
cassette occurred at the level of the first exon, resulting in
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lack of accumulation of the PGRL1 protein (Tolleter et al.,
2011; Kukuczka et al, 2014). We took advantage of these
genetic differences to screen for pgr5 pgrll double mutants.
Primers spanning the first 500 bp of the PGR5 locus were used
to differentiate wt-like (band) from pgr5 (no band) progeny
(Supplementary Figure S1). To select for absence of the PGRL1
protein in this pgr5 background, we assessed integration of the
resistance cassette inside the first exon of the PGRLI gene by
AphVIII- and PGRLI-specific primers. Successful amplification
of a ~800 bp fragment represents the signature of the pgril
mutant background (Supplementary Figure S1). From this
screening, three independent pgr5 pgrll double mutants were
isolated, two in the mating type minus (mt-) and one in the
mating type plus (mt+). The mt- pgr5 pgrll double mutant
#15 was further characterized at the physiological level, since it
revealed the highest H, production rates in a pre-screening test.

Enhanced Long-term Hydrogen
Production in the pgr Mutants under
Different Light Conditions

Continuous hydrogen production under sulfur deprivation was
measured with two independent measuring systems over a period
of up to 14 days (Figures 1A and 2). The first approach
used sealed flasks with a gas collection apparatus similar to
that previously reported (Tolleter et al., 2011; Figure 1) from
which gas was removed on a daily basis and analyzed using gas
chromatography. Second, a continuous gas measuring system
(BCP, BlueSens gas sensors GmbH) attached to the culture
flasks was tested (Figure 2). Data collected with the BlueSens
gas sensor system agreed well with data collected using the
conventional apparatus, with a slight decrease in hydrogen
production volumes (Figures 1A and 2B). Continuous gas
measurements have the ability to dissect more accurately the
different phases of sulfur deprivation: (i) the O, evolution phase,
(ii) the O, consumption phase, (iii) the anaerobic phase, and (iv)
the H; production phase. All four phases could be observed with
the continuous BlueSens gas measuring system in the wild type,
with a short transition from anaerobiosis to hydrogen production
(Figure 2C), while the transition from oxygen consumption to
complete anaerobiosis toward the onset of hydrogen production
was less discrete using the conventional apparatus (Figure 1D).
Both experimental setups, however, independently showed that
oxygen consumption capacity was increased in the pgr mutants
(Figures 1D and 2C). Therefore, they reached anaerobiosis faster
and started producing hydrogen earlier than the wild type, and
stayed anaerobic during the remaining time of sulfur deprivation
(Figures 1A,D and 2B,C). This was especially pronounced in the
pgr5 mutant under medium light conditions.

The pgr mutants showed enhanced hydrogen production with
four times higher maximal production rates than the wild type
(7 ml L™! culture per hour, Figures 1A and 2). The pgr5 mutant
produced 7-10 times more hydrogen than the wild type in
continuous medium light (Figures 1A and 2B). With an overall
volume of more than 800 ml hydrogen per liter (at 15 pug ml~!
chlorophyll, Figure 1A), pgr5 exceeded the hydrogen production
of the pgrll mutant by about 1.5 times (Figure 1A). Total
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FIGURE 1 | Continued

Continues hydrogen production is enhanced in pgr5, pgri1, pgr5 pgri1
compared to the wild type. (A) Long-term hydrogen production of pgr5,
pgri1, pgr5 pgrl1 and wild type under sulfur deprivation illuminated at 60 wmol
photons m~2 s~ (n = 4). (B) Total hydrogen volumes produced by pgr
mutants and the wild type after 9 days of sulfur deprivation in the presence of
DCMU (10 pM final conc.) or lincomycin (2 mM final conc.) compared to the
control (n = 2). (C) Fv/Fm values measured after dark acclimation for 20 min
of 200 L aliquots from the S-deprived cultures (n = 4). (D) O (left axis) and
Ho (right axis) concentrations of the gas phase of the cultures measured daily
by gas chromatography. Concentrations remained constant after cells
reached complete anaerobiosis on day 4 (n = 3). Data show mean =+ SD.

hydrogen volumes by pgrll of 600 ml L~=! culture correspond
to ~1.6 wmol H, ug~! chlorophyll and were therefore in good
agreement with previous published results (Tolleter et al., 2011).
The pgr5 pgrll double mutant was as effective in hydrogen
production as the pgrll mutant under medium light.

Under elevated light conditions, oxygen evolution in pgr5 and
pgrll was increased compared to medium light (Figures 2C,E),
leading to a longer oxygen evolution phase. In contrast,

the double mutant reached the anaerobic phase even faster
(Figure 2E) and showed an increased hydrogen burst at the
beginning of sulfur deprivation (Figure 2D). However, it stopped
producing hydrogen much earlier compared to medium light
conditions. Also pgr5 produced less hydrogen when exposed
to high light, while pgrll remained effective in H, production
in both light settings (Figure 2, Supplementary Figure S2).
Fractionation of whole cells by SDS-PAGE and immunoblotting
using anti-PSAD and anti-PSBA antibodies revealed differences
in the stability of the two photosystems (Figure 3). After 5 days
of high light exposure under sulfur deprivation, the PSI complex
in pgr5 was severely degraded as indicated by the strong decrease
in the PSAD immunoblot signal (~70%). In the absence of both
PGR5 and PGRLI, this effect was even greater, since by day
4, PSI levels were already low and the double mutant stopped
hydrogen production completely by day 5. At the same time,
levels of PSII, which is known to be prone to degradation under
sulfur deprivation (Melis et al., 2000), remained comparably
stable up to day 5. Thus the observed decrease in hydrogen
production in pgr5 and the double mutant can be attributed
to increased photosensitivity of PSI in the absence of PGRS.

medium light

medium light

time (d) time (d)
high light E high light
30 r100
25 )
20 I
e - 60 ~
e 15 L 2
4 o — WT L 40 T
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FIGURE 2 | Long-term hydrogen production under sulfur deprivation at different light conditions acquired with the continuous BluSens gas

measuring system. (A) Picture of the BlueSens 1 L-photobioreactor (PBR) gas measuring system. (B,D) represent continuous hydrogen production of pgr5, pgri,
pgrs pgrl1 and the wild type at medium light (60 pmol photons m=2s~ ', n=1)and high light (200 wmol photons m2s ', n=1,2 for pgr5 pgri1), respectively.
(C,E) show the corresponding Oo (left axis, dotted line) and Hy (right axis, solid line) concentrations of the gas phase of the cultures measured every 20 s for medium
and high light, respectively. Since gas concentrations remained constant after day 8, data are only shown till day 9 here (n = 1).

Frontiers in Plant Science | www.frontiersin.org October 2015 | Volume 6 | Article 892 | 65


http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

Steinbeck et al.

Enhanced H, production in pgr5 and pgri1

PSII maximum efficiency measurements are shown in Supplementary Figure S2.

day 0 day 1 day 2 day 3 day 4 day 5
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FIGURE 3 | Immunoblot analysis of the PSlI-subunit PSBA D1 and the PSI-subunit PSAD during 5 days of sulfur deprivation in the wild type, pgri1,
pgr5, and pgr5 pgri1 mutant strains under high light conditions reveal that PSAD is severely degraded in pgr5 pgrl1 and pgr5. ATPase subunit CF1
served as loading control. Samples represent 50 g total protein extract from high light exposed sulfur deprived cells. The corresponding hydrogen production and

Moreover, the augmented decrease in PSI in the absence of PGR5
and PGRL1 indicate an additive effect between these two gene
products, which are known to interact physically (DalCorso et al.,
2008).

The pgr Mutants show Prolonged PSII
Activity and Increased Oxygen
Consumption Capacity under Sulfur
Deprivation Leading to Increased
Hydrogen Production

Sustainable hydrogen production under continuous light
requires low oxygen concentrations due to the extremely oxygen
sensitive Fe-Fe hydrogenases. Sulfur deprivation was reported
to achieve anaerobiosis by down-regulating the activity of PSII
(Melis et al., 2000). However, the maximum efficiency of PSII
photochemistry, measured as the Fv/Fm values after 20 min of
dark adaption (Baker, 2008), remained significantly higher in
the pgr mutants under such sulfur limiting conditions compared
to the control (wild type -S, Figure 1C). Despite this, pgr cells
became anaerobic after 2 days of S deprivation, two times faster
than the wild type (Figures 1D and 2D). This suggests that
in the pgr mutants, the driving force behind the more rapid
attainment of anaerobiosis is not primarily the loss of PSII
activity but instead is mediated by higher rates of respiration
and light-dependent oxygen uptake, as demonstrated for pgril
by Petroutsos et al. (2009), Tolleter et al. (2011), and Dang et al.
(2014). This leads to a greater capacity to consume oxygen,
even though some loss of PSII activity does occur. To test
whether oxygen uptake is also increased in the pgr5 mutant,
we applied a MIMS technique that uses isotopic oxygen to
differentiate between the rates of oxygen uptake in the light
and photosynthetic oxygen evolution. Oxygen evolution (E) at
different light intensities is similar between the wild type and
pgr5 showing that photosynthetic rates are not affected in pgr5
under the conditions used (Figure 4, dotted lines). In contrast,
oxygen uptake (U) rates in the light are higher at all light
intensities in the pgr5 strain compared to the wild type (Figure 4,
solid lines). This is clearly demonstrated by the oxygen uptake
in the light plotted as a percentage of total oxygen exchange
(U/E 4+ U = U/T): while wild type U/T is around 40%, the
pgr5 mutant is around 60%, with the highest tendency at the

lowest light intensity. This supports the idea that respiratory
and/or light induced oxygen photo-reduction pathways are
considerably more active in the pgr5 mutant than in the wild
type.

The decline in Fv/Fm is similar between pgr mutants and wild
type up to 1.5 days of sulfur deprivation. By the time the wild type
reached complete anaerobiosis after 3.5 days of sulfur starvation,
PSIT activity already dropped to 10% (Figures 1C,D and 2D).
In contrast, PSII activity in the pgr mutants remained at ~60-
85% of the starting cultures by the time they reached anaerobiosis
and remained higher compared to the wild type throughout the
entire period of sulfur deprivation (Figure 1C). Thus, higher
oxygen consumption capacities in the pgr mutants lead to faster
induction and maintenance of anaerobiosis, thereby preserving
PSIT activity under -S conditions.

To test whether the electrons for increased hydrogen evolution
could be derived from residual PSII activity in the pgr mutants,
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FIGURE 4 | Gas exchange analysis of competing O, flows in the light
comparing the wt and pgr5 strains. The left y-axis shows the rate of Oz
Evolution (E) or Oy Uptake in the Light (U), normalized to the chlorophyll
content of the cells. The right y-axis shows a ratio (U/T) between O, Uptake in
the light (U) and Total Oy exchange (U + E = T):. The x-axis shows the actinic
light intensities used to excite photosynthesis in the cuvette. Data show

mean £+ SD (n = 3).
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the inhibitor 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU)
was added to the cultures after 2 days of sulfur starvation to
block linear electron transfer at the level of the Qp side of PSII.
This time point was chosen to be able to distinguish between the
contribution of the PSII-direct and indirect pathway of electrons
toward the hydrogenase (Fouchard et al., 2005; Hemschemeier
et al., 2008). The link between photosynthetic water oxidation
and hydrogen production, and the mechanism behind it,
is important for understanding photobiological hydrogen
production and its further development (Volgusheva et al.,
2013). Indeed, addition of DCMU blocked hydrogen production
immediately (Figure 1B). Hydrogen volumes displayed in
Figure 1B were mainly produced prior to addition of DCMU,
with a residual amount of only 1% produced after adding
DCMU. This indicates that electrons from linear photosynthetic
electron transfer driven by the residual PSII activity contribute
to hydrogenase-mediated H,-production, with elevated oxygen
consumption being responsible for driving down O, levels to
achieve rapid anaerobiosis.

While the chlorophyll content remained stable in all strains,
the chlorophyll a/b ratio of the wild type increased by 20%
from 2.3 to 2.8 within 5 days of sulfur starvation. In contrast,
the chlorophyll a/b ratio remained constant at 2.35 in all pgr
mutants, an indication that PSII could be less degraded. In
agreement, the PSBA amounts as revealed by the immunoblots
analyses of sulfur-deprived cells showed a higher stability than
the wt at certain time points in the pgr mutants (Figure 3).
To further investigate whether PSII is more stable in the
thylakoid membranes of the pgr mutants, the effect of the
prokaryotic translation inhibitor lincomycin on PSITI activity and
hydrogen production was investigated (Figures 1B,C). Inhibiting
chloroplast translation at day 2 of sulfur starvation reduced
the PSII activity of the mutants as well as the wild type in
a similar manner with 50% decreased Fv/Fm levels by day 5
compared to the sulfur deprived control samples (Figure 1C).
The decrease in hydrogen production by 33% =+ 10% was also
similar between strains (Figure 1B). However, Fv/Fm levels
and hydrogen production rates still remained higher in the pgr
mutants compared to the wild type. This supports the conclusion
that a substantial amount of electrons for hydrogen production
in the pgr mutants derived from PSII. Moreover, as lincomycin
had a similar effect on wild type as well as the pgr mutants,
it can be assumed that the larger residual PSII activity under

sulfur-deficiency is sustained due to the absence of PGR5 or
PGRLI. However, it cannot be distinguished whether this is due
to an altered repair cycle or a higher stability of PSII in the
membrane.

DISCUSSION

In the present study, we investigated pgr5 and pgr5 pgrll double
mutants in comparison to a PGRL1 deficient mutant and wild
type in their capacity of light-driven hydrogen production. As
already reported earlier for PGRL1 deficiency in C. reinhardtii
(Tolleter et al., 2011), the absence of the pgr5 gene product also
increased the capacity of hydrogen production as compared to
wild type significantly. Importantly, the pgr5 mutant is, with
hydrogen volumes of up to 10 times higher than the wild type,
one of the highest hydrogen producers reported to date. The
maximum amounts of 850 ml L~! culture (at 15 pg ml~!
chlorophyll referring to 2.4 jumol H, pug™! chlorophyll) exceed
reported volumes of pgrll and other high hydrogen producers
like stm6, stméglcd, LO1, or the PSII D1 mutant LI159I-N230Y
(see Table 1, Kruse et al., 2005; Doebbe et al., 2007; Torzillo
et al, 2009; Oey et al., 2013). Our data indicate that (i) the
ability to maintain linear photosynthetic electron flow rates
under S deplete conditions in conjunction with (ii) an increased
oxygen consumption capacity explains the increased hydrogen
production in the pgr mutants.

Elevated Hydrogen Production in the pgr
Mutants: Interplay between Capacities of
Photosynthetic Electron Transfer and
Oxygen Consumption

It is known that the hydrogenase is extremely sensitive to
oxygen (Ghirardi et al., 1997; Stripp et al., 2009). On the other
hand, linear electron transfer will produce oxygen. Compared to
maximal wild type rates, the hydrogen amounts produced per
hour were four times higher in the pgr mutants with maximal
rates of 7 ml L™! culture per hour over a period of 2-3 days
(Figure 1A). The wild type stopped producing hydrogen slightly
earlier than the mutants (Figures 1A and 2B). After 2 days of
sulfur deprivation (time point of DCMU addition, Figure 1B),
the wild type produced already 46% vs. only 12% of hydrogen
produced by the pgr mutants compared to the total hydrogen

TABLE 1 | Comparison of hydrogen amounts produced by different Chlamydomonas mutants.

Mutant Hz volume (ml/L culture) Chlorophyll (ng/ml) Hz volume (rmol H2/.g chl) PBR size (ml, @ in cm) Reference

pgrs 850 15 2.4 250, 6.5

pgrl1 580 15 1.6 250, 6.5 Also Tolleter et al., 2011
pard pgrl1 610 15 1.7 250, 6.5

stm6 540 26 0.9 500, 8.0 Kruse et al., 2005
stmé6 glc4 150% of stm6 26 1.3 500, 8.0 Doebbe et al., 2007
LO1 400 15 11 500, 8.0 Oey et al., 2013
L1591-N230Y 504 12 1.75 1000, 5.0 Torzillo et al., 2009

Absolute Ha volumes are taken from specified publications. For a better comparison, Ho amounts are equalized to chlorophyll content (column 4). Photobioreactor (PBR)
sizes are given as one possible factor introducing some variance between studies due to differences in experimental set-ups.
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amounts produced over 9 days. This time point correlates with
the drop in PSII activity in the wild type (Figure 1C). Thus,
PSII activity of the pgr mutants remained higher until the late
phase of sulfur deprivation (Figures 1C and 3) suggesting that
linear electron flow from PSII is responsible for the prolonged
and significantly higher hydrogen production rates in the pgr
mutants.

Why the hydrogenase is not inhibited by elevated PSII
activity in the pgr mutants? This is because anaerobiosis can
be maintained in the pgr mutants due to an increased oxygen
consumption rate, as oxygen is removed much faster from the
measuring system compared to wild type (Figures 1D and 2C,E).
This is further supported by the fact that light-induced oxygen
uptake is increased in the pgr5 mutant (Figure 4). Increased
respiration rates were already reported for the pgril ko and kd
lines (Petroutsos et al, 2009; Tolleter et al., 2011). Recently,
Dang et al. (2014) reported increased mitochondrial cooperation
and increased O photo-reduction in the pgrll mutant and also
in Arabidopsis pgr5, this cooperation was enhanced (Yoshida
et al., 2007). Metabolic shuttles such as the malate-oxaloacetate
shuttle can export reducing power from the stroma to the
mitochondria (Scheibe, 2004; Shen et al., 2006). This cooperation
is particularly enhanced under stress conditions, where ATP
demand is increased (Lemaire et al., 1988). Mitochondrial
inhibitors induced a drop in the PSII yield in pgrll (Dang
etal, 2014). Also light-dependent O, uptake and the abundance
of flavodiiron proteins were higher in the mutant, indicating
an increased capacity of Mehler-like reactions and possibly
photorespiration. High antioxidant capacity was reported for
Arabidopsis pgr5 (Suorsa et al., 2012). A recent study showed an
up-regulation of those proteins in the early acclimation phase
of sulfur deprivation, suggesting an involvement of flavodiiron
proteins in acclimation to anoxia during hydrogen production
(Jokel et al., 2015). In addition to the very similar phenotype
of the pgrll and pgr5 mutants in regard to CEF impairment,
NPQ reduction and PSI photo-inhibition (Tolleter et al., 2011;
Johnson et al., 2014; Kukuczka et al,, 2014), O, consuming
mechanisms are also up-regulated under S-deplete mixotrophic
conditions in pgr5 (Figures 1D, 2D,E and 4) and participate in
a faster anaerobic induction at the onset of sulfur deprivation
(Figures 1D and 2D,E). This is in line with the conclusion, that
increased oxygen consumption rates allow higher PSII activity
under anaerobic -S conditions leading to increased hydrogen
production in the pgr mutants. Interestingly, in a recent study
using the stm6 and PSII-D1 L159I-N230Y mutant (see also
Table 1), the authors reported very similar phenotypes under
sulfur deprivation as is shown here for the pgr mutants: the
mutants reached anaerobiosis faster and increased hydrogen
production was mainly achieved by an increased electron supply
from PSII toward the hydrogenase due to an increased respiration
rate (Torzillo et al., 2009; Scoma et al., 2012; Volgusheva et al,,
2013).

The contribution of the indirect pathway of electrons from
starch via NAD2 toward the hydrogenase to H, production
has been reported to be variable, depending on experimental
conditions and particularly on the phase of the sulfur
deprivation process (Kosourov et al., 2003; Fouchard et al,

2005; Hemschemeier et al., 2008; Jans et al., 2008). It might
also contribute to increased hydrogen production in the pgr
mutants. Starch breakdown was reported to be faster in the
pgrll mutant (Tolleter et al., 2011) and from a study with a
starch deficient mutant and the inhibitor DCMU and proton
uncoupler FCCP, it was concluded that the proton gradient
generated by cyclic electron flow around PSI inhibits the indirect
pathway of electrons from starch to the hydrogenase (Chochois
et al,, 2009). Tolleter et al. (2011) reported hydrogen production
rates in pgrll are enhanced compared to the wild type, and
to a similar extent independent of the presence of DCMU.
However, H, production was 10 times lower than in the
absence of DCMU (Tolleter et al., 2011). In our hands, the
hydrogen production in the presence of DCMU was even lower
(Figure 1B), possibly because DCMU was added with a 1-day
delay (48 h vs. 24 h of sulfur deprivation). Therefore, since
blocking the PSII-dependent direct pathway by DCMU had such
a dramatic effect on hydrogen production, the contribution of
the indirect pathway to hydrogen production in the pgr mutants
should be relatively small compared to the PSII-dependent
pathway.

Deletion of PGRL1 and PGR5 Sustains
PSII Activity under -S Conditions

The mechanisms contributing to the inhibition of photosynthetic
O, evolution in S depleted conditions and their relative
importance are still a matter of debate (Ghysels and Franck,
2010). Sulfur deprivation has a general effect on the transcription
of the chloroplast (Irihimovitch and Stern, 2006; Irihimovitch
and Yehudai-Resheff, 2008). It is well described that acclimation
to sulfur deficiency is highly controlled and induces a down-
regulation of photosynthesis, particularly of PSII (Davies et al.,
1996). The absence of down-regulation of photosynthetic
activity, as observed in the sacl mutant (Davies et al., 1996),
is deleterious. It has been suggested that sulfur limitation
will result in a general decrease in protein synthesis, which
in turn would impact the capacity of D1 turn-over and
repair cycle (Wykoft et al., 1998; Zhang et al, 2002). Hence,
under low sulfur and in the absence of efficient PSII-repair,
high activity of photosynthetic electron transfer would likely
result in damage due to the production of reactive oxygen
species, which could not be sustained by DI1-repair. In the
pgr mutants, however, PSII photochemistry efficiency remained
high (Figure 1C) and amounts of the D1 protein in the
mutants showed some stability compared to the wild type
during sulfur starvation (Figure 3), at which PSII activity in
the wild type had already dropped to 10% (Figure 1C). The
inhibitory effect of chloroplastida translation by lincomycin
on PSII activity and H, production further indicates that a
substantial amount of PSII remains functional under sulfur
deprivation (Figures 1B,C). Thus, the absence of PGRLI and
PGR5 sustained PSII activity under sulfur deprivation. How
could this be explained?

The increased oxygen consumption capacity in the mutants,
and the faster transition to anaerobiosis is, in its own
right, sufficient to explain PSII preservation, via at least two

Frontiers in Plant Science | www.frontiersin.org

October 2015 | Volume 6 | Article 892 | 68


http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

Steinbeck et al.

Enhanced H, production in pgrb and pgri1

mechanisms. First, rapid attainment of anaerobiosis leads to
early induction and high activity of the hydrogenase, the final
electron acceptor of linear electron flow in -S conditions. This
is important because CO; fixation is lost during S deprivation,
which normally limits LEF by slowing down the reoxidation
of its main final electron acceptor NADP™: Rubisco is affected
even earlier than D1 and declines by about 80% in the first
24 h of S deprivation, becoming undetectable after 60 h
of starvation (Zhang et al., 2002). Loss of CO,-fixation has
been reported to slow down the D1 repair cycle and was
therefore predicted to stimulate the loss of PSII activity during
S deprivation (Takahashi and Murata, 2005, 2006). In summary,
early anaerobiosis releases acceptor side limitation of LEF faster
due to an earlier activation of the hydrogenase (Figures 1D and
2D). Second, faster induction of anaerobiosis at the onset of
sulfur starvation and induction of hydrogenase activity preserves
existing PSII from photo-oxidative damage, as it reduces the
amount of oxygen available to cause potential damage at PSII.
All strains show an initial decline in Fv/Fm, which slows
after the system becomes anaerobic, but as this occurs much
later in the wt, the corresponding damage to PSII is much
worse.

Under High Light Exposure, pgr5 pgri1
shows an Increased Hydrogen Burst at
the Beginning of Sulfur Depletion and
PSI becomes Photo-inhibited in the pgr5

and pgr5 pgri1 Mutants

In this study, we report the generation of a pgr5 pgril double
mutant. This double mutant displays a similar phenotype
compared to its respective single mutants, confirming that PGR5
and PGRL1 both act on the same pathway as earlier proposed
(DalCorso et al., 2008; Johnson et al., 2014). However, pgril
and pgr5 differ in the severity of one particular phenotype:
While PSII remained stable in sulfur limiting conditions, PSI
was degraded much faster in the pgr5 and pgr5 pgrll mutants
when they were exposed to additional stress of high light
(Figure 3), reducing the amount of hydrogen produced (Figure 2;
Supplementary Figure S2). In contrast, pgrll remained effective
in hydrogen production also in high light and PSI was not
degraded at the same rate (Figures 2 and 3). Although PGR5
was previously not detectable by western blot analysis in the
pgrll mutant (Johnson et al,, 2014), the different phenotype of
the pgr5 pgrll and pgr5 mutant compared to the pgril single
mutant suggests that the PGR5 protein is present in the pgril
mutant, though below the limit of detection of immunoblot
analysis, which could detect about 50% of PGR5 wild type
protein amounts (Johnson et al., 2014). High light sensitivity
has already been reported for pgr5 under photoautotrophic
conditions (Johnson et al., 2014). In pgri1, PSI becomes photo-
inhibited under high light exposure (Kukuczka et al, 2014),
although not degraded as severely as in pgr5. In the absence
of both PGR5 and PGRLI, PSI becomes even more affected,
indicating an additive role of these two proteins in terms of PSI
protection and suggesting that both proteins operate in the same
pathway.

PSI photo-inhibition in high light was also described in
a Chlamydomonas stt7-1 mutant locked in state 1 (Bergner
et al., 2015). However, this phenotype was less severe than
in the pgr5 and pgrll mutants (Johnson et al., 2014; Bergner
et al., 2015). Furthermore, the stt7-1 mutant displayed high
CEF rates and enhanced formation of a CEF-supercomplex
(Bergner et al., 2015). A non-successful acclimation to high
light was recently also linked to altered dephosphorylation
patterns of LHCII proteins in Arabidopsis pgr5 (Mekala
et al, 2015). These findings indicate a regulatory link
between the PGR5/PGRL1 pathway, phosphorylation and
dephosphorylation dynamics and the susceptibility of PSI to
photo-inhibition.

In high light, the thylakoid lumen becomes acidified, which
down-regulates linear electron flow and induces dissipation
of excess energy at PSII in the form of heat. This so called
non-photochemical quenching (NPQ) requires the induction
of the LHCSR3 protein in algae (Peers et al., 2009) and
acidification of the thylakoid lumen (Petroutsos et al., 2011).
Both pgr5 and pgrll have reduced levels of NPQ due to a
reduced proton gradient across the membrane, while LHCSR3
levels are unaltered in the mutants (Tolleter et al, 2011;
Johnson et al., 2014). Without a sufficient proton gradient,
linear electron flow is not down-regulated and the acceptor side
of PSI becomes over-reduced. An indication that an increased
electron drive toward the hydrogenase occurs under elevated
light conditions is the enhanced hydrogen burst at the beginning
of the hydrogen production phase in the pgr5 pgrll mutant
(Figure 2C). Hydrogen production at PSI was proposed to
act as a safety valve to protect the photosynthetic electron
transport chain from over-reduction under natural conditions
by safely disposing of excess electrons from PSI (Melis and
Happe, 2001; Happe et al.,, 2002; Hemschemeier et al., 2009).
Now, the deletion of PGR5 and/or PGRLI is deleterious for PSI
under high light conditions. Thus, while PSII stability under
sulfur deficiency is more affected in wild type, PSI integrity is
most affected in the absence of PGR5 and/or PGRLI; a topic
that certainly requires additional work for a more in-depth
understanding.

CONCLUSION

Enhanced hydrogen production rates in the pgril, pgr5, and
the pgr5 pgrll double mutant under S deplete conditions
lead to the highest continuous photobiological produced
hydrogen amounts of eukaryotic cells reported so far. These
rates are achieved by a prolonged residual PSII activity
providing an increased electron supply toward the hydrogenase.
PSII activity can be maintained in the mutants without
inhibiting the oxygen sensitive hydrogenase, because the
oxygen consumption capacity is increased. Our results suggest
that respiration and light-dependent O,-uptake rates are
higher in the pgr mutants, and that this is responsible
for the faster transition to anaerobiosis, especially when the
greater residual PSII activity of the mutants is taken into
account.
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Site-Directed Mutagenesis from
Arg195 to His of a Microalgal
Putatively Chloroplastidial
Glycerol-3-Phosphate
Acyltransferase Causes an Increase
in Phospholipid Levels in Yeast

Long-Ling Ouyang’, Hui Li?, Xiao-Jun Yan3, Ji-Lin Xu® and Zhi-Gang Zhou'*

" College of Aqua-Life Science and Technology, Shanghai Ocean University, Shanghai, China, ? Department of Biology and
Food Engineering, Bengbu University, Bengbu, China, ° Key Laboratory of Applied Marine Biotechnology, Ningbo University,
Ningbo, China

To analyze the contribution of glycerol-3-phosphate acyltransferase (GPAT) to the first
acylation of glycerol-3-phosphate (G-3-P), the present study focused on a functional
analysis of the GPAT gene from Lobosphaera incisa (designated as LIGFPAT). A full-length
cDNA of LIGPAT consisting of a 1,305-bp ORF, a 1,652-bp 5'-UTR, and a 354-bp 3'-
UTR, was cloned. The ORF encoded a 434-amino acid peptide, of which 63 residues at
the N-terminus defined a chloroplast transit peptide. Multiple sequence alignment and
phylogeny analysis of GPAT homologs provided the convincible bioinformatics evidence
that LIGPAT was localized to chloroplasts. Considering the conservation of His among
the G-3-P binding sites from chloroplastidial GPATs and the substitution of His by Arg
at position 195 in the LIGPAT mature protein (designated mLiGPAT), we established
the heterologous expression of either mLIGFPAT or its mutant (Arg195His) (sdmLIiGFAT)
in the GPAT-deficient yeast mutant gat7A. Lipid profile analyses of these transgenic
yeasts not only validated the acylation function of LIGPAT but also indicated that the
site-directed mutagenesis from Arg'®® to His led to an increase in the phospholipid
level in yeast. Semi-quantitative analysis of mLIGPAT and sdmLiGPAT, together with
the structural superimposition of their G-3-P binding sites, indicated that the increased
enzymatic activity was caused by the enlarged accessible surface of the phosphate
group binding pocket when Arg'9® was mutated to His. Thus, the potential of genetic
manipulation of GPAT to increase the glycerolipid level in L. incisa and other microalgae
would be of great interest.

Keywords: Lobosphaera incisa H4301, glycerol-3-phosphate acyltransferase (GPAT), plastid, site-directed
mutagenesis, UPLC-Q-TOF-MS, glycerolipid
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Ouyang et al.

Identification of a Plastidial GPAT

INTRODUCTION

In plants, de novo biosynthesis of fatty acids occurs exclusively
in chloroplasts. The fatty acids generated are either directly
metabolized into glycolipids and PG within the chloroplast or
exported across the envelope to the ER to form phospholipids
and neutral lipids. To synthesize these glycerolipids in both
chloroplast and ER, glycerol-3-phosphate acyltransferase (GPAT,
E.C. 2.3.1.15) is first required to acylate fatty acids in the
glycerol backbone of G-3-P. This enzyme localized in ER was
demonstrated to be crucial for cutin, suberin, or storage oil
biosynthesis in Arabidopsis thaliana (Zheng et al., 2003; Gidda
et al., 2009), Ricinus communis (Cagliari et al., 2010) and Brassica
napus (Chen et al., 2010). In addition, it was found that a
deficiency in the chloroplastidial GPAT activity could cause a
reduction (10-25%) in the PG content of Arabidopsis (Kunst
et al.,, 1988; Xu et al., 2006). Thus, GPAT has been found to
play a pivotal role in initiating all glycerolipid biosynthesis in
higher plants. In comparison, functional analyses of GPAT from
microalgae are rare.

To understand the features of the first step of glycerolipid
biosynthesis catalyzed by GPAT in microalgae, we attempted
to identify one cloned GPAT gene from an oleaginous green
microalga, Lobosphaera incisa Reisigl (designated as LiGPAT).
This microalga possesses a high content of photosynthetic
membrane lipids as suggested by a large incised chloroplast
with many parallel thylakoid membranes (Merzlyak et al., 2007;
Ouyang et al., 2012, 2013b), and it has the ability to accumulate
TAG to form oil bodies in cells, especially under nitrogen
starvation (Khozin-Goldberg et al., 2002; Zhang et al., 2002;
Tong et al, 2011; Ouyang et al, 2013b). Thus, the study of
the function of the GPAT gene from L. incisa might indicate
the role of GPAT in microalgae. Given that GPAT in plants
can localize to the chloroplast or the ER, the subcellular
localization of the encoded protein LiGPAT was analyzed by
bioinformatics technique. Heterologous complementation in a
GPAT deficient mutant of yeast, gatIA (Zheng and Zou, 2001),
was used to validate the function of LiGPAT, and the yeast
lipids were analyzed by lipidomic approaches using UPLC-
ESI-Q-TOF-MS and multivariate data analysis. Surprisingly,
we found that the conserved His in the G-3-P binding
sites from chloroplastidial GPATs was substituted by Arg at
position 195 in this chloroplastidial LiGPAT mature protein,
and site-directed mutagenesis at this site of LiIGPAT improved
the phospholipid level in yeast. These findings help us to

Abbreviations: AA, arachidonic acid; CDD, Conserved Domain Database;
CIJFjk, jack-knifed confidence interval; ¢TP, chloroplast transit peptide;
CV-ANOVA, cross-validated analysis of variance; DAB, diaminobenzidine;
ER, endoplasmic reticulum; G-3-P, Glycerol-3-phosphate; GPAT, Glycerol-3-
phosphate acyltransferase; LPAAT, lysophosphatidic acid acyltransferase; m/z,
mass-to-charge ratio; NC, nitrocellulose; OPLS-DA, orthogonal projection
to latent structures with discriminant analysis; PC, phosphatidylcholine;
PCA, principal components analysis; PE, phosphatidylethanolamine; PG,
phosphatidylglycerol; PI, phosphatidylinositol; PLS-DA, projection to latent
structures with discriminant analysis; PS, phosphatidylserine; RT, retention
time; SDS-PAGE, SDS polyacrylamide gel electrophoresis; TAG, triacylglycerol;
TAP, Tris acetate phosphate; UPLC-ESI-Q-TOF-MS, ultra performance liquid
chromatography-electron  spraying ionization-qadrupole-time-of-flight-mass
spectrometry; VIP, variable importance in the projection.

understand the characteristics of a putatively chloroplastidial
GPAT in L. incisa and thus provide a strategy for genetic
engineering to improve the microalgae-based production of
biofuels.

MATERIALS AND METHODS

Strains, Medium and Growth Conditions

Lobosphaera incisa, deposited in the Culture Collection of Algae
of Charles University in Prague under ID H4301 was cultivated
in BG-11 medium (Stanier et al., 1971) in 500-mL glass flasks as
described previously (Ouyang et al., 2013b). During culture, the
flasks were shaken several times a day by hand at regular intervals.

Cloning of cDNA and DNA Encoding

LiGPAT

A pair of degenerate primers (G1 and G2) (Supplementary Table
S1) for the LiGPAT gene cDNA cloning were designed based
on the amino acid sequences of GPAT from Ostreococcus tauri
(GenBank Accession Number 116061306) and Chlamydomonas
reinhardtii (GenBank Accession Number 159473711). Total
RNA isolated by TRIzol reagent (Invitrogen) from L. incisa
was used to synthesize cDNA with a Reverse Transcribed Kit
II (TaKaRa). The full-length cDNA of LiGPAT was amplified
by a SMART™ RACE cDNA Amplification Kit (Clontech).
Two gene-specific primers (NGSP5-1 and GSP5-2) for the
first 5'-RACE reaction, one gene-specific primer (GSP5-4) for
the second 5'-RACE reaction, and two gene-specific primers
(NGSP3-1 and GSP3-2) for the 3'-RACE reaction were designed
(Supplementary Table S1). Genomic DNA extracted by the CTAB
method from L. incisa (Dellaporta et al., 1983) was used to
amplify both the coding region and the untranslated region of
LiGPAT with four pairs of primers (Supplementary Table S1).
All PCR products of the expected size were cloned into the
pMD19-T cloning vector (TaKaRa). The resulting constructs
were transformed into Escherichia coli DH5a and verified by
sequencing. The BLAST Server' was used to annotate the cloned
sequences.

Southern Blot Analysis of LIGPAT

Genomic DNA of L. incisa was double digested with Xhol/NotI
or HindlIII/NotI restriction endonucleases at 37°C for 4—6 h.
The digested DNA samples were fractionated on a 1.0% agarose
gel and then transferred to a NC filter membrane (Millipore).
A pair of primers was designed based on the conserved
domain of GPAT (Supplementary Table S1). A 311-bp biotin-
labeled DNA sequence was prepared to use as a probe with a
North2South® Biotin Random Prime Labeling Kit (Thermo
Scientific). Subsequently, the hybridization was detected by
the standard Southern blot procedure (Sambrook and Russell,
2001) with a North2South Chemiluminescent Hybridization
and Detection Kit (Thermo Scientific). Signals were visualized
by exposure to XBT-1 film (Kodak) at room temperature for
60—120 s.

'http://blast.ncbi.nlm.nih.gov/
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Bioinformatics Analysis

The intron and exon regions from LiGPAT were analyzed
using Spidey’. Signal peptide sites of the amino acid sequence
of LiGPAT were predicted by the SignalP 4.1 Server’, and
the transit peptide sites were predicted by the TargetP 1.1
Server* and the ChloroP 1.1 Server’. Conserved domains
were searched in NCBI’s CDD (Marchler-Bauer et al.,, 2011).
The PredictProtein program® was applied to predict protein
structural and functional features (Rost et al., 2004). Protein
structures were performed with I-TASSER’ (Roy et al., 2010).
The superimposed images of the LiGPAT tertiary structure
were obtained from SuperPose 1.0° (Maiti et al, 2004)
and displayed with UCSF Chimera 1.10 (Pettersen et al,
2004).

Multiple Sequence Alignment of GPAT

Homologs

The available chloroplastidial GPAT amino acid sequences of
Arabidopsis thaliana (GenBank Accession Number Q43307),
Auxenochlorella protothecoides (GenBank Accession Number
KFM22407), Chlamydomonas reinhardtii (GenBank Accession
Number XP_001694977), Coccomyxa subellipsoidea C-169
(GenBank Accession Number XP_005643353), Cucurbita
moschata  (GenBank  Accession Number BAB17755),
Cyanidioschyzon merolae Strain 10D (GenBank Accession
Number XP_006587606), Glycine max (GenBank Accession
Number XP_006587606), Micromonas pusilla CCMP 1545
(GenBank Accession Number XP_003060587), Micromonas
sp. RCC299 (GenBank Accession Number XP_002505030),
Ostreococcus  lucimarinus (GenBank Accession Number
ABO94442),  Ostreococcus  tauri (GenBank  Accession
Number CAL52024), Phaeodactylum tricornutum (GenBank
Accession Number XP_002184838), Ricinus communis
(GenBank Accession Number XP_002518993), Thalassiosira
pseudonana (GenBank Accession Number XP_002292905),
and Volvox carteri f. nagariensis (GenBank Accession Number
XP_002950506) were retrieved from GenBank. The amino
acid sequences of the ER-bound GPAT isoform 4 (GenBank
accession number Q9LMMO), isoform 5 (GenBank Accession
Number NP_187750), isoform 6 (GenBank Accession Number
NP_181346), and isoform 8 (GenBank Accession Number
NP_191950) from Arabidopsis thaliana, and ER-bound GPAT
from Medicago truncatula (GenBank Accession Number
AES79440) and Ricinus communis (GenBank Accession Number
XP_002511873) were also obtained from GenBank. Multiple
sequence alignment of the chloroplastidial GPATs and the
ER-bound GPATs were performed with the ClustalX program
(Thompson et al., 1997). The web-based BLAST2 program
(Altschul et al., 1990) at NCBI was employed to generate pairwise

Zhttp://www.ncbinlm.nih.gov/spidey/
3http://www.cbs.dtu.dk/services/SignalP/
*http://www.cbs.dtu.dk/services/TargetP/
Shttp://www.cbs.dtu.dk/services/ChloroP/
Chttp://www.predictprotein.org
"http://zhanglab.ccmb.med.umich.edu/I- TASSER/
8http://wishart.biology.ualberta.ca/SuperPose/

similarity scores of the aligned sequences. The Multiple EM for
Motif Elicitation (MEME) program (Bailey et al., 2006) was used
to identify conserved sequence motifs.

Phylogeny Inference

The amino acid sequences of GPAT as well as LPAAT from
higher plants and microalgae were retrieved from GenBank.
Three GPATs from Nitrosococcus halophilus, Bradyrhizobium
japonicum, and Ralstonia pickettii DTP0602 were chosen as an
arbitrary outgroup. All accession numbers are presented in the
phylogeny tree. All of the conserved domain sequences annotated
by searching CDD were also aligned with the ClustalX program
(Thompson et al., 1997). Phylogenetic analysis was conducted
using maximum likelihood (ML) methods with MEGA 6.0
(Tamura et al,, 2013) by using the most appropriate model
(LG + G 4 I') determined by ProtTest v3.3 (Darriba et al., 2011).
Branch points were tested for significance by bootstrapping with
1,000 replications (Felsenstein, 1985; Tamura et al., 2013).

Construction of mLiGPAT and

sdmLiGPAT Expression Plasmids

To construct a bacterial plasmid, the 1,131-bp of the LiGPAT
mature protein coding gene (designated as mLiGPAT) with
BamHI/Xhol digestion sites was amplified with a pair of primers
(EcBamF and XhoR) (Supplementary Table S1). The PCR
products were sticky-ended and subcloned into the BamHI/Xhol
sites of pET 28a to obtain the plasmid pET-mLiG.

For heterologous expression in yeast, mLiGPAT and the site-
directed mutation (Argl95His) of mLiGPAT (designated
as sdmLiGPAT) expression plasmids were constructed.
An approximately 1.2 kb cDNA fragment containing the
BamHI/Xhol digestion sites of mLiGPAT was amplified with
the primers ScBamF and XhoR (Supplementary Table SI).
Site-directed mutagenesis by splicing overlap extension PCR
(SOE-PCR) (Ge and Rudolph, 1997) was performed to generate
sdmLiGPAT with BamHI/Xhol digestion sites using four primers
ScBamE MuScR, XhoR, and MuScF (Supplementary Table
S1). The PCR products of mLiGPAT and sdmLiGPAT were
sticky-ended and subcloned into the BamHI/Xhol sites of pYES2
(Invitrogen) to obtain the plasmids pY-mLiG and pY-sdmLiG,
respectively. Prior to transforming the resulting plasmids into
host cells, the correct orientation and in-frame fusion of all of the
inserts was verified by sequencing.

Heterologous Expression of LIGPAT
To obtain soluble, recombinant mLiGPAT protein, the plasmid
pET-mLiG and the vector pET 28a as a control were introduced
into E. coli BL21 (DE3) pLysS (designated pmLiG/BL and
pET/BL), respectively. Single colonies of pmLiG/BL or pET/BL
were inoculated in LB medium. After incubation at 37°C for
12 h, the cells were collected and resuspended in LB medium with
1 mM IPTG to obtain an OD600 of 0.6. After incubation at 18°C
overnight (Schein and Noteborn, 1988), soluble recombinant
protein with a His-tag was expressed and detected by SDS-PAGE.
To express mLiGPAT and sdmLiGPAT in yeast for functional
identification, we chose the GPAT deficient yeast mutant,
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gatlA (BY4742, Mata, his3A1, leu2A0, lys2A0, ura3AO0,
YKRO67w::kanMX4) as described by Zheng and Zou (2001).
This strain was purchased from EUROSCARF’. Single colonies
carrying pYES2 (plasmid-only as a control) or pY-mLiG or
pY-sdmLiG (designated gPY, gmLiGPAT, and gsdmLiGPAT,
respectively) were inoculated into SC-uracil medium with 2%
glucose. The parental strain of gat1 A, BY4742 (Mata, his3A1,
leu2 A0, lys2A0, ura3A0), was used as a positive control, while
gatl A was used as a negative control. After incubation at 30°C for
30 h, cells of gat1 A, gPY, BY4742, gmLiGPAT, and gsdmLiGPAT
were collected by centrifugation and resuspended in SC-uracil
medium with 2% galactose. After incubation at 30°C for 12 h to
reach to the logarithmic phase, the yeast cells were transferred
to 16°C and incubated for another 48 h. Cells were harvested by
centrifugation at 4°C. For preparation of the yeast homogenates,
the cell pellets were washed with 10 volumes of distilled H,O
and then immediately frozen in liquid nitrogen and stored
at —80°C until use. For total lipid extraction, the cell pellets
were lyophilized and stored at —20°C until use. Each sample
was collected in duplicate. Colony PCR of each sample was
accomplished using the primers pYF and pYR (Supplementary
Table S1) to ensure the insertion of the target gene.

Polyclonal Antibody Preparation and

Purification

Soluble recombinant mLiGPAT protein was purified by Ni-
affinity column chromatography (Bio-Rad) and verified by
HPLC-MS. New Zealand rabbits were immunized for LiGPAT
polyclonal antibody preparation. The purified mLiGPAT protein
was electrophoretically transferred from SDS polyacrylamide
gels to NC membranes (Millipore) for polyclonal antibody
preparation (Smith and Fisher, 1984). Next, the NC blots were
incubated for 1 h in 3% BSA in PBS before an additional
incubation in the prepared LiGPAT polyclonal antibody for 16 h
at 4°C. Afterward, the blots were washed several times with PBS
and eluted with 0.2 M glycine-HCI (pH 2.3) for 20 min. The eluate
was immediately neutralized by the addition of 1 M Tris-HCl and
PBS and stored at —20°C until use.

Western Blot Analysis

Fresh cells of L. incisa were ground in liquid nitrogen,
resuspended in 50—100 pL breaking buffer (25 mM Tris-HCI,
pH 6.5, 50 mM NaCl, 2 mM p-mercaptoethanol) and vortexed.
Frozen cell pellets of yeast were resuspended in 500 L breaking
buffer (50 mM PBS, pH 7.4, 1 mM EDTA, 5% glycerol, 1 mM
PMSF) and lysed by shear force using acid-washed glass beads
according to the user manual (Invitrogen). Frozen cell pellets of
E. coli were resuspended in 0.1 M PBS buffer and then sonicated
on ice with a probe sonicator until the suspension was partially
clear.

The lysed cells were centrifuged at 20,000 x g at 4°C, and the
supernatant was collected and stored at —80°C until use. The
protein concentration was determined by the Bradford protein
assay (Bradford, 1976).

“http://web.uni-frankfurt.de/fb15/mikro/euroscarf/

Crude proteins from L. incisa, E. coli or yeast were
electrophoretically transferred to NC membranes (Millipore)
as described above, and the Western blots were performed
according to the standard protocol (Sambrook and Russell, 2001).
The purified LiGPAT polyclonal antibody and the secondary
antibody, peroxidase-conjugated goat anti-rabbit IgG (Shanghai
Youke Biotechnology Co., Ltd.), were appropriately diluted.
Immunoreactive bands were visualized by the addition of
DAB according to the manufacturer’s manual (Tiangen). The
levels of mLiGPAT and sdmLiGPAT expressed in yeast were
semi-quantified by measuring the band intensity on their
corresponding blots with Image]J software'.

Total Lipid Extraction and Fractionation
Total lipid from yeast was extracted according to Bligh and Dyer
(1959) with minor modifications. Acid washed glass beads with
a diameter of 0.4—0.6 mm (Omega Bio-Tek) were used to break
the cell walls. The extent of lysis was observed with a microscope,
keeping the degree of breakage of each sample the same as far as
possible.

Phospholipids from the extracted total lipids of approximately
50 mg lyophilized yeast were separated using solid-phase
extraction (Christie and Han, 2010). A 500 mg cartridge of
silica gel (CNW) was first conditioned by elution with 5 mL of
chloroform, and the total lipids from yeast were then applied to
it. Elution with 10 mL of methanol yielded the phospholipids.
This fraction was concentrated under a stream of nitrogen gas
and then weighed.

UPLC-ESI-Q-TOF-MS Analysis

Reversed-phase analysis of lipids was performed on a Waters
ACQUITY UPLC system using an ACQUITY UPLC BEH C8
analytical column (i.d. 2.1 x 100 mm, particle size 1.7 pm). The
temperature of the sample chamber was set at 4°C, the column
temperature was set at 40°C, and the injection volume was 4 pL
for each analysis. A 1:4 split of the column effluent was used
to achieve a flow rate of approximately 0.35 mL/min into the
ESI source. To produce ions that could be readily fragmented,
0.001% lithium acetate and 0.1% formic acid were added to the
mobile phase as the electrolyte. For efficient separation of the total
lipids, water/tetrahydrofuran (3:1, v/v) was used as the mobile
phase A and acetonitrile/methanol/tetrahydrofuran (2:1:1, v/v/v)
as the mobile phase B. The initial composition of the mobile
phase B was changed from 40 to 70% in 10 min and held for
7 min, then increased to 100% in 6 min and held for 1 min, and
finally returned to the initial 40% in 1 min and equilibrated for
10 min. MS analysis was performed in a negative ion mode on
a Waters Q-TOF Premier mass spectrometer. The mass range
was from 100 to 1,200 with a scan duration of 0.3 s and an
interscan delay of 0.02 s. High-purity nitrogen was used as the
nebulizer and drying gas at a constant flow rate of 50 L/h, and
the source temperature was set at 120°C. The capillary voltage
was set at 2.6 kV, and the sampling cone voltage was set at the
ramp of 35-80 V. MS/MS analysis was performed at a collision
energy range of 25—35 V with argon as the collision gas. The

10¢sb.info.nih.gov/ij/
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FIGURE 1 | Multiple sequence alignment and phylogeny analysis of GPAT homologs. Identical amino acids are indicated by “*”, and the important catalytic
sites are boxed. (A) ClustalW alignment of the N-terminal sequences and four acyltransferase domain sequences from chloroplastidial GPATs. The identified GPAT_N

Lewin et al.

domain is indicated by a dashed line box. The secondary structure assigned for the GPAT_N domain is represented by a cylinder (a-helix). A filled down arrow (¥)
indicates the cleavage site of LIGPAT. The putative prokaryotic membrane lipoprotein lipid attachment site is indicated above the aligned sequences. Motifs |-V
were predicted by the MEME program. (B) ClustalW alignment of four acyltransferase domain sequences from ER-bound GPATs. Blocks |-IV were suggested by
(1999). (C) Phylogeny inference based on GPAT and LPAAT amino acid sequences. The phylogeny tree was inferred by the Maximum Likelihood (ML)
method based on LG + G + TI'. The tree with the highest log likelihood (—6,958.7325) is shown. Bootstrap analysis was based on 1,000 re-samplings, and only
support values higher than 60% are shown in the phylogeny. All accession numbers are presented in the phylogeny tree.

TOF analyzer was used in a V mode and tuned for maximum
resolution (>10,000 resolving power at m/z 1,000). Prior to the
experiment, the instrument was calibrated with sodium formate,
and the lock mass spray for precise mass determination was set
with leucine enkephalin at a concentration 400 ng/jL, generating

n [M-H]™ ion at 554.2615 Da in ESI™ mode. The lock spray
frequency was set at 10 s.

Lipidomics Data Processing

The original data from the ESI™ mode were acquired by the
UPLC-Q-TOF-MS system and analyzed by a MassLynx 4.1
data processing system (Waters). The MarkerLynx matrices
with peak numbers [based on the RT and mass-to-charge ratio
(m/z)], sample names, and normalized peak intensities were
exported to SIMCA-P+ 12.0 (Umetrics) and analyzed by PCA,
PLS-DA, and OPLS-DA. The quality of the models PLS-DA
and OPLS-DA was evaluated by two parameters, R%Y(cum)
and Q2%(cum). R®Y(cum) is the cumulative fraction of the
sum of squares of all Y-variables that the model can explain
using the latent variables, indicating the explanative ability of
the model. Q?*(cum) depicts the cumulative fraction of the
total variation that can be predicted using the model via
sevenfold cross-validation, indicating the predictability of the

model. In general, R*Y(cum) and Q?(cum) values close to
1.0 indicate an excellent fit to the model, and the difference
between these two values should be less than 0.3 (Wiklund,
2008). If the value of the Q2(cum) is higher than 0.9, the
model is considered an excellent one (Wiklund, 2008). CV-
ANOVA was systematically performed based on the PLS-DA
model to rule out the non-randomness of the separation
between groups. Generally, in permutation tests with 999
iterations, the intercept value of Q> > 0.05 indicates over-
fit in the original model (Kang et al, 2008; Lu et al,
2012).

Identification of Lipid Metabolites

Variables meeting two criteria, specifically, high VIP and CIJFjx
excluding zero, were selected as potential lipid biomarkers,
which contributed to the separation between groups (Eriksson
et al, 2006; Cai et al, 2015). The lipid metabolites were
identified by the RT, m/z, and the characteristic fragment
ions deduced by MS/MS (Yan et al, 2010). In addition,
some public databases including HMDB'!, LIPID MAPS", and

Mhttp://www.hmdb.ca
Phttp://www.lipidmaps.org
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FIGURE 2 | Multivariate data analysis of lipidomics data from transgenic (gPY, gmLiGPAT, and gsdmLiGPAT), GPAT-deficient (gat1A), and parental
(BY4742) yeasts in negative ion scan mode. (A) PCA score plot of data from gat7 A, gPY, gmLIGPAT, gsdmLiGPAT, and BY4742 for the first two components.
(B) OPLS-DA score plot of data from the wild-type group (gmLIGPAT, gsdmLiGPAT, and BY4742) versus the deficient group (gPY and gat7A). (C) PLS-DA score plot
of data from the wild-type group versus the deficient group. (D) Validation plot of PLS-DA analysis with the number of permutations equaling 999. R? (filled triangle) is
the explained variance, and Q? (filed square) is an estimate of the predictive ability of the 7 models.
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METLIN" were also used to help elucidate the putative ion
structures.

RESULTS

Cloning and Characterization of the
LiGPAT Gene

Based on the amino acid sequences of GPAT proteins available
from Ostreococcus tauri and Chlamydononas reinhardtii, a pair of
degenerate primers (Supplementary Table S1) was designed, with
which a 321-bp cDNA fragment was amplified from L. incisa.
BLAST analysis revealed that this sequence was a GPAT homolog,
and so it was designated LiGPAT. Subsequently, a 3,278-bp full-
length cDNA of this gene, consisting of a 1,305-bp ORF, a 1,619-
bp 5-UTR, and a 354-bp 3’-UTR was obtained by the RACE
technique. The nucleotide sequence of LiGPAT was identical to
the unique annotated GPAT gene from the transcriptome of
L. incisa (Ouyang et al, 2013a). A comparison of the cDNA
sequence with its corresponding DNA sequence (Supplementary
Figure S1A) revealed that the gene contained seven introns. The

Bhttp://metlin.scripps.edu

introns, 279, 371, 404, 145, 307, 211, and 745 bp beginning
from the 5'-end, contained splice sites that all conformed to
the GT-AG rule. Both the ¢cDNA and the DNA sequences
of LiGPAT were deposited in GenBank under the accession
numbers KM670441 and KM670442, respectively. Southern blot
analysis of the genomic DNA digested by either Notl/Xhol
or Notl/HindIll using a 311-bp specific probe suggested that
LiGPAT was a single copy gene in L. incisa (Supplementary Figure
S1B). The same result for nucleus-encoded chloroplastidial GPAT
genes was observed in a number of angiosperm families (Ishizaki
et al., 1988; Kunst et al., 1988; Weber et al., 1991; Nishida et al,,
1993; Bhella and Mackenzie, 1994).

The ORF of LiGPAT encoded a 434-amino acid peptide,
in which the domains GPAT_N (GenBank Accession Number
cl20739) and LPLAT_GPAT (GenBank Accession Number
cd07985) were annotated by searching CDD. A structural motif
similar to a prokaryotic membrane lipoprotein lipid attachment
site (Leu® — Cys'®) was identified by the PredictProtein program
(Figure 1A). This motif was also identified in a chloroplastidial
form of the acetyl-CoA carboxylase of pea (Shorrosh et al,
1996) and a chloroplastidial NEF1 of Arabidopsis thaliana
(Ariizumi et al., 2004). Neither the transmembrane domain
nor the signal peptide in LiGPAT was predicted, whereas the
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N-terminal sequence of 63 residues was identified as a cTP
(Figure 1A) as predicted by both the TargetP 1.1 Server and
the ChloroP 1.1 Server. Characteristics of this ¢TP, including a
high content (14.28%) of hydroxylated residues (Ser and Thr),
a high content (19.05%) of hydrophobic residues (Ala and Val),
the absence of the acidic residues (Asp and Glu), and very
few Pro and Gly among the first 10 residues, were consistent
with previously described cTP sequences (von Heijne et al,
1989). These results suggested that the LiGPAT might be a
chloroplastidial GPAT.

Alignment and Phylogeny Analysis of
GPAT Homologs

To ascertain the features of chloroplastidial GPAT amino acid
sequences, a pairwise sequence alignment and a complete
multiple sequence alignment were carried out separately. The
results of the pairwise alignment showed a higher similarity
among chloroplastidial GPAT proteins from higher plant
species (67—74%) than from microalgal species (33—79%).
LiGPAT was more conserved with GPATs from other
Trebouxiophyceae species (Coccomyxa subellipsoidea and
Auxenochlorella  protothecoides) and Chlorophyceae species
(Chlamydomonas reinhardtii and Volvox carteri) (56—60%)
than with Mamiellophyceae species (Ostreococcus lucimarinus,
Ostreococcus tauri, Micromonas pusilla, and Micromonas sp.)
(42—43%), Stramenopiles species (Thalassiosira pseudonana
and Phaeodactylum tricornutum) (36—43%), and Rhodophyta
species (Cyanidioschyzon merolae) (33%).

The complete multiple sequence alignment identified 39
fully conserved residues that corresponded to only 8.8% of the
average 430 residues. The GPAT_N domain identified in LiIGPAT
was also found in GPATs from Coccomyxa subellipsoidea,
Chlamydomonas reinhardtii, Volvox carteri, Auxenochlorella
protothecoides, Cucurbita moschata, Glycine max, Ricinus
communis, and Arabidopsis thaliana (Figure 1A). The length of
the domain GPAT_N was similar (74—78 amino acid residues)
except for that from Auxenochlorella protothecoides, due to the
incomplete sequence, but its sequence was different from others
(Figure 1A). In contrast, four motifs predicted by using the
MEME program were relatively conserved (Figure 1A). The
H(X)4D motif in Motif I was a conserved consensus sequence
among many glycerolipid acyltransferases. The residues Lys,
His, Arg, and Arg in Motif III and IV in chloroplastidial GPATSs
(Figure 1A) were considered to form a positive pocket to bind
the phosphate group of G-3-P (Lewin et al., 1999; Turnbull et al.,
2001). It is worth noting that these four G-3-P binding sites were
well conserved except for the His residue, which was replaced by
Argin L. incisa and Coccomyxa subellipsoidea (Figure 1A).

The ER-bound GPATs were aligned, and four acyltransferase
domains were identified (Figure 1B). Interestingly, these
acyltransferase domains were significantly different from those
of chloroplastidial GPATSs, except the His and Asp residues from
the H(X)4D motif in Block I (Figure 1B). The Gly residue in
Block IIT and the Pro residue in Block IV, both of which were
suggested to be catalytically important sites (Lewin et al., 1999),
were completely conserved (Figure 1B). In addition, the residues

Argin Block IT and Glu and Ser in Block III were invariant among
the cytoplasmic GPATS for G-3-P binding (Figure 1B).

Although the previously defined conserved domains of GPAT
were similar to those of LPAAT (Heath and Rock, 1998; Lewin
et al., 1999; Slabas et al., 2002), the phylogenetic tree showed
an apparently different phylogenetic support between lineages
of GPAT and LPAAT except that the GPAT isoform 9 from
Arabidopsis thaliana was in the LPAAT clade (Figure 1C). The
ER-bound GPATs and the mitochondrial GPATs formed a cluster
apart from the chloroplastidial one comprising both higher plants
and microalgae (Figure 1C), and this result was in agreement
with a previous report (Cagliari et al., 2010). This separation
could be explained by the differences in the G-3-P binding
and catalytically important sites between the cytoplasmic and
the chloroplastidial GPATs as mentioned above. The phylogeny

TABLE 1 | Identification of the top 35 metabolites contributing to
differences between the wild-type group (gmLiGPAT, gsdmLiGPAT, and
BY4742) and the deficient group (gat1A and gPY).

No RT m/z VIP Identification
1 1.1 835.5368 38.3386 18:1/16:0-PI
2 10.09 807.5041 27.1032 16:0/16:1-PI
3 6.82 339.2300 20.1118 Unknown
4 6.82 163.1099 16.6411 Unknown
5 10.30 807.5040 14.8547 16:1/16:0-PI
6 10.98 719.4896 11.6084 16:0/16:1-PG
7 9.97 781.4892 11.0091 12:0/18:0-PI
8 10.16 781.4890 8.2496 18:0/12:0-PI
9 10.72 833.5218 8.22112 18:1/16:1-PI
10 3.96 299.2570 8.06764 16:1/16:1-PE
1 11.66 835.5358 8.06364 18:0/16:1-PI
12 13.44 863.5690 6.98515 18:1/18:0-PI
13 11.04 821.5210 6.50701 16:0/17:1-PI
14 11.23 686.4771 5.83435 16:1/16:1-PE
15 10.98 745.5063 5.28594 18:1/16:1-PG
16 9.97 717.4710 5.25232 16:1/16:1-PG
17 10.16 717.4707 51447 16:1/16:1-PG
18 13.96 760.5160 5.11763 18:1/16:0-PS
19 13.63 760.5144 5.00298 16:0/18:1-PS
20 12.45 688.4934 412377 16:0/16:1-PE
21 2.80 271.2242 4.03169 Unknown
22 13.27 863.5690 4.02396 18:1/18:0-PI
23 9.33 753.4565 3.96868 16:0/12:0-PI
24 11.02 807.5054 3.78887 16:1/16:0-Pl or
14:1/18:0-PI
25 4.60 353.2115 3.77584 Unknown
26 10.84 7745312 3.75723 18:1/17:0-PS
27 19.04 1114.7429 3.68253 Unknown
28 11.36 833.5210 3.562542 16:1/18:1-Pl
29 12.85 714.5086 3.37159 16:1/18:1-PE
30 12.06 835.5378 3.33699 16:0/18:1-PI
31 21.81 710.6666 3.1069 Unknown
32 10.00 793.4881 3.02204 16:0/15:1-PI
33 9.63 805.4902 2.82583 16:1/16:1-PI
34 10.14 722.4961 2.74706 12:0/16:0-PC
35 3.35 478.2912 2.59477 18:1-lysoPE
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also suggested a sister group relationship between the subclade,
consisting of diatoms and red algae, and the one comprising
higher plants and green microalgae (Figure 1C), which was
consistent with the sequence similarity among these species.

These multiple-sequence alignments and phylogeny indicated
that LiGPAT possessed the sequence features that conformed to
those of chloroplastidial GPATS, providing further evidence that
LiGPAT was localized in L. incisa chloroplasts.

Functional Identification of LiIGPAT in a

gat1A Mutant of Yeast
Multiple sequence alignment (Figure 1A) showed that the Arg!®>
in mLiGPAT was different from His, which was considered one
of the G-3-P binding sites in most chloroplastidial GPATs. When
this residue His was mutated to Ser, the biological activity of
squash chloroplastidial GPAT decreased (Slabas et al., 2002).
Accordingly, it was inferred that the catalytic ability of this
LiGPAT might be different from (probably lower than) the
one with His at position 195. Thus, to identify the function
of LiGPAT, heterologous expression of mLiGPAT as well as
its mutant (Argl95His) sdmLiGPAT generated by site-directed
mutagenesis was performed in the GPAT-deficient yeast strain
gatlA.

To identify the function of GPAT in yeast, the activity of
this enzyme was determined in vitro, for example, by routinely

using '*C-labeled G-3-P as described by Zheng and Zou (2001).
Because of the inconvenience in other ordinary laboratories
without any protection from irradiation, a metabolomics
approach by using UPLC-ESI-Q-TOF-MS and multivariate data
analysis (Fiehn et al., 2000; Wiklund et al., 2005; Van Assche et al.,
2015) was employed in this study.

A PCA model with two-components was constructed, which
showed that gsdmLiGPAT (site-directed mutated) clustered with
the parental yeast strain BY4742 (this group was designated
as the wild-type) but was clearly separated from the gatlIA
(GPAT-deficient) and plasmid-only control yeast gPY (this group
was designated as deficient) (Figure 2A). In this PCA model,
which could not be well validated, gmLiGPAT (mLiGPAT-
transformed) did not significantly separate from the deficient
group. In comparison, both the OPLS-DA [R2Y(cum) = 0.992
and Q*(cum) = 0.964] and the PLS-DA [R?Y(cum) = 0.961 and
Q%(cum) = 0.922] models with high R*Y(cum) and Q*(cum)
values could provide reliable support for the separation of
gmLiGPAT and the wild-type group from the deficient group
(Figures 2B,C). Validation of the PLS-DA model with the
number of permutations equaling 999 generated intercepts of
R? = 0.54 and Q* = —0.112 (Figure 2D), giving an additional
proof of the statistically valid and well fit model because
the intercept of Q2-point regression line was below zero.
These statistical analyses indicated that lipid compositions of
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gmLiGPAT and gsdmLiGPAT indeed significantly differed from
those of gat1 A and gPY but were similar to those of the parental
strain BY4742. It was concluded that the deficiency of GPAT in
the mutant gatI A was corrected by the introduction of LiGPAT,
thus confirming the acylation function of the GPAT protein from
L. incisa.

To understand which lipid mainly contributed to the
separation of the wild-type group from the deficient group, 35
potential lipid biomarkers (VIP ranged from 38.34 to 2.59 with
an average of 7.80) (Table 1) were selected according to both
VIP values and the corresponding 95% confidence interval based
on a jack-knife procedure (Eriksson et al, 2006). A total of
29 of these selected biomarkers were subsequently identified to
be (PI, lyso-PI, PG, PS, PC, and PE (Table 1). Among these
metabolites, PI accounted for 55.17% (16-29) and possessed
relatively high VIP (ranging from 2.83 to 38.34 with an average
of 9.613) (Table 1), indicating that this phospholipid was the
main contributor to the separation. The relative abundance of
most PI species from the wild-type group was higher than
from the deficient group (Figure 3). This result was roughly
consistent with the previous report (Redon et al., 2011) that the
main increase of PI was observed when the yeast strain was
cultured under low temperature. Therefore, the total relative
abundance of PI species in the wild-type was compared with that
in the deficient group. All of the PI species, 21 in total, were
subsequently identified (Table 2), and the relative abundance was

TABLE 2 | List of identified Pl species in the ESI~ model.

No RT m/z Identification
1 6.72 723.4066 16:1/10:0-PI
2 7.68 725.4233 16:0/10:0-PI
3 9.32 753.4564 16:0/12:0-PI
4 9.00 753.4598 12:0/16:0-PI
5 9.57 779.4742 14:1/16:0-Pl or
14:0-16:1-Pl or
12:0/18:1-PI
6 10.15 781.4889 18:0/12:0-PI
7 9.97 781.4892 12:0/18:0-PI
8 10.00 793.4881 16:0/15:1-PI
9 9.61 805.4915 16:1/16:1-Pl
10 10.30 807.504 16:1/16:0-PI
10.21 807.5042
10.58 807.5052
11.01 807.5056
11 10.09 807.5059 16:0/16:1-PI
12 10.14 819.5068 16:1/17:1-PI
13 11.03 821.5215 16:0/17:1-PI
14 11.35 833.5210 16:1/18:1-PI
15 10.70 833.5219 18:1/16:1-PI
16 11.66 835.5358 18:0/16:1-PI
17 11.11 835.5367 18:1/16:0-PI
18 12.06 835.5378 16:0/18:1-PI
19 12.47 861.5568 18:1/18:1-PI
20 13.43 863.5687 18:1/18:0-PI
13.27 863.5690
21 10.01 875.4960 16:0/21:2-PI

compared. The results showed that the total relative abundance of
PI from gmLiGPAT was higher, although not significantly higher
(P > 0.05), than from gatIA and gPY, whereas the total relative
abundance of PI from gsdmLiGPAT was significantly higher
(P < 0.01) than from gmLiGPAT, gatIA, and gPY, but there was
no significant difference (P > 0.05) from BY4742 (Figure 4C). It
was thus predicted that the site-directed mutagenesis of LIGPAT
Argl95His might enhance the catalytic activity of this protein
and result in an increase in the phospholipid level in yeast.
The subsequent measurement of phospholipid content showed
that the phospholipid level from gsdmLiGPAT was higher than
from gmLiGPAT or BY4742 (Figure 4D), thus supporting the
prediction.

DISCUSSION

Plastid-Localized GPAT from L. incisa

Glycerol-3-phosphate acyltransferases targeting the chloroplast,
cytoplasm, and mitochondrion have been recognized in plants.
The chloroplastidial GPAT localized in the stroma is a soluble
protein, and it can utilize acyl-(acyl-carrier protein) as the acyl
donor (Joyard and Douce, 1977). In contrast, the cytoplasmic
form targeted to the ER is hydrophobic, and it is able to
utilize acyl-CoA as the acyl donor (Frentzen et al, 1990).
Genes of both chloroplastidial and ER-bound GPAT from
several higher plants have been cloned, a total of 10 from
Arabidopsis (Zheng et al., 2003; Xu et al., 2006; Gidda et al,
2009; Cagliari et al, 2010; Chen et al., 2010; Yang et al,
2012), 9 from Ricinus communis (Cagliari et al, 2010), and
at least 2 from Glycine max (Eskandari et al, 2013), for
instance. Examination of the algal genomes indicated that
the microalgae Chlamydomonas reinhardtii, Ostreococcus tauri,
Cyanidioschyzon merolae strain 10D, Phaeodactylum tricornutum
CCAP 1055/1, and Thalassiosira pseudonana CCMP1335 were
missing the recognizable extraplastidial GPAT homologs (Lykidis
and Ivanova, 2008). It was suggested that the GPATs in these
microalgae might have dual localization in both chloroplast and
ER (Lykidis and Ivanova, 2008).

The present study provides the convincible bioinformatics
evidence that one GPAT from the green microalga L. incisa
is localized to chloroplasts (Figures 1A,C). In the latest NCBI
database, there were deposited putative green microalgal GPATS,
which were similar to the ER-bound GPAT9 from Arabidopsis.
Therefore, it was inferred that the GPATs from L. incisa and
the above-mentioned microalgae might be only localized to
chloroplasts. Obviously, this idea would be more convincing and
significant with analysis of accurate subcellular localization of
the chloroplastidial GPATs and function of the cytoplasmic ones
from these green microalgae.

Site-Directed Mutagenesis of LiGPAT
Resulted in an Increase of the

Phospholipid Level in Yeast
The phospholipid level of the yeast transformed with the site-
directed mutated LiGPAT (Argl95His) was higher than that
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of yeast transformed with the original LiGPAT (Figure 4D),
indicating that the catalytic ability of LIGPAT was improved by
site-directed mutagenesis. To explore whether this improvement
resulted from an increased level of protein expression or
an increased enzymatic activity, semi-quantitative analysis of
LiGPAT introduced into yeast was performed using western
blots with purified LiGPAT polyclonal antibody. The reliability
of this antibody was supported by western blot analysis of
the total proteins extracted from L. incisa and transformed
E. coli pmLiG/BL (Supplementary Figure S2). Comparison of
the band intensity on the blots indicated that the expression
levels of mLiGPAT and sdmLiGPAT were not significantly
difference (P > 0.05) (Figures 4A,B), suggesting that the site-
directed mutagenesis from Arg!®® to His had no effect on
protein expression level but could enhance the enzymatic activity
of LiGPAT. This prompted us to investigate the relationship
between protein structure and enzymatic activity of LiGPAT
because the mutated residue Arg is situated in the G-3-P binding
pocket (Figure 1A).

The crystal structure of squash chloroplastidial GPAT
protein (PDB entry 1K30) was the only structure solved
with high-resolution that elucidated the structure-function
relationship of GPAT (Heath and Rock, 1998; Turnbull
et al, 2001; Tamada et al, 2004). Accordingly, 3D models

of mLiGPAT and sdmLiGPAT (Figure 5) were developed by
using the I-TASSER server, which was an integrated platform
for automated protein structure and function prediction
based on the sequence-to-structure-to-function paradigm
(Roy et al.,, 2010). The secondary structural elements of the
mLiGPAT and sdmLiGPAT proteins were organized into two
domains (Figure 5A), which were found well conserved in
Cucurbita moschata, Chlamydomonas reinhardtii, Arabidopsis
thaliana, and Glycine max (Turnbull et al, 2001; Misra
and Panda, 2013). Domain I is the GPAT_N, and it forms
a four-helix bundle (consisting of the 39 helix linking
residues 7-10 and helices al-3) with a simple square,
right-handed up-down-up-down topology (Figures 1A
and 5A). A loop region called the “interlinking loop” linked
the small Domain I and the large Domain II. Domain II
comprises the alternating o/p secondary structural elements
(Figure 5A) and positively charged residues, which constitutes
a positively charged pocket for binding the phosphate group
of G-3-P. These residues were well conserved in most plants,
except that the His residue at position 195 in mLiGPAT was
substituted by Arg (Figure 1A). However, this replacement
did not change the charge property and secondary structure
of the pocket from mLiGPAT compared to that from its
site-directed mutant sdmLiGPAT (Figure 5A). Structural
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superimposition of the binding sites for the phosphate group
of G-3-P from mLiGPAT and sdmLiGPAT was illustrated by
atom (Figure 5B) and surface (Figure 5C). The modeling
indicated that the side-chain conformation of residues at
positions 195 and 238 were different between these two
proteins, suggesting a smaller accessible surface of the
phosphate group binding pocket from mLiGPAT than from
sdmLiGPAT. Therefore, changes of the side-chain conformation
might be responsible for the difference in the enzymatic
activity of mLiGPAT and sdmLiGPAT when they function in
yeast.

In brief, acylation by GPAT is considered to be the rate-
limiting step in the glycerolipid synthesis pathway and to
regulate fatty acid flux through the pathway (Coleman and
Lee, 2004; Wendel et al., 2009). In Arabidopsis, RNAi of
the chloroplastidial GPAT in the atsI-1 mutant background
led to small leaves (Xu et al., 2006). Thus, it was inferred
that the low growth rate of L. incisa (Ouyang et al,
2013b) might be partially associated with the relatively low
enzymatic activity of LiGPAT. Recently, a modification
of the GPAT-coding gene together with four other genes
has been documented to improve the TAG content in
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FIGURE 5 | Superimposition of 3D structure models of the LiGPAT mature protein (red) and its mutant (Arg195His) (green). (A) Schematic ribbon
representation showing the arrangements of a-helices, B-sheets, and loops. Domain | (left) and Domain Il (right) are separated by the dashed line. The “interlinking
loop” region is indicated by arrow. Residues composing the positively charged G-3-P binding pocket are in yellow. Atom (B) and surface (C) representation
displaying the superimposition of the positively charged G-3-P binding pocket.
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Chlorella minutissima UTEX 2219 (Hsieh et al., 2012). Hence,
genetic manipulation of the G-3-P binding sites of GPAT could
be taken as a breakthrough to increase the growth rate and
glycerolipid content of L. incisa and other microalgae.
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The fatty acid profiles of lipids from microalgae are unique. Polyunsaturated fatty acids
are generally enriched in polar lipids, whereas saturated and monounsaturated fatty
acids constitute the majority of fatty acids in triacylglycerols (TAG). Each species has
characteristic fatty acids, and their content is positively or negatively correlated with
TAGs. The marine oleaginous diatom Phaeodactylum tricornutum was used as the
paradigm to determine the quantitative relationship between TAG and characteristic fatty
acid content. Fatty acid profiles and TAG content of Phaeodactylum tricornutum were
determined in a time course. C16:0/C16:1 and eicosapentaenoic acid (EPA, C20:5n3)
were identified as characteristic fatty acids in TAGs and polar lipids, respectively. The
percentage of those characteristic fatty acids in total fatty acids had a significant linear
relationship with TAG content, and thus, the correlation coefficient presenting r¢ were
0.96, 0.94, and 0.97, respectively. The fatty acid-based method for TAG quantification
could also be applied to other microalgae such as Nannochloropsis oceanica in which
the r2 of C16:0 and EPA were 0.94 and 0.97, respectively, and in Chlorella pyrenoidosa
r’-values for C18:1 and C18:3 with TAG content were 0.91 and 0.99, repectively. This
characteristic fatty acid-based method provided a distinct way to quantify TAGs in
microalgae, by which TAGs could be measured precisely by immediate transesterification
from wet biomass rather than using conventional methods. This procedure simplified the
operation and required smaller samples than conventional methods.

Keywords: microalgae, triacylglycerols, neutral lipids, characteristic fattyacids, biofuels

INTRODUCTION

Microalgae are potential triacylglycerol (TAG) resource for biofuel production (Chisti, 2007;
Williams and Laurens, 2010). Despite analyses indicating that biofuels may be able to substitute for
petroleum-derived transport fuels in the future (Chisti, 2008; Sander and Murthy, 2010), biofuels
from microalgae have not yet been commercialized due to high cost (Williams and Laurens, 2010).
Increasing lipid production, especially TAGs, is critical to reduce the cost of microalgae-based

Meng Y-Y, Wu P-C and Xue S (2016)
Identification of Characteristic Fatty
Acids to Quantify Triacylglycerols in
Microalgae. Front. Plant Sci. 7:162.

doi: 10.3389/fpls.2016.00162

biofuels. Therefore, a suitable method to quantify the lipid content in microalgae is necessary.

Oil content in microalgae is commonly assessed using a gravimetric method. Oil in microalgae is
extracted with organic solvents, using the general rule of “like dissolves like” (Bligh and Dyer, 1959;
Ryckebosch et al., 2012; Axelsson and Gentili, 2014). However, many cellular components, such as
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pigments and unknown molecules, may be co-extracted with
lipids due to their similar polarity, and these components
may fluctuate during cultivation. Therefore, this method
is unsuitable for assessing lipid production (Wang et al,
2009). Furthermore, this method requires a relatively large
amount of sample, usually approximately 100 mg, and prevents
conducting a time-course metabolic study of microalgae.
Thin-layer chromatography (TLC) followed by capillary gas
chromatography-flame ionization detection (GC-FID) is another
method used to quantify lipids. This method separates lipids
into individual classes by TLC after extraction from the cell
using organic solvents. The lipids are then converted into
fatty acid methyl esters (FAMEs) by GC-FID quantification.
Due to the sensitivity of GC-FID, a few milligrams are
sufficient for quantification. However, the method is time and
labor intensive (Chen et al., 2009). High-performance liquid
chromatography-mass spectrometry (HPLC-MS) has been used
to detect lipids directly (MacDougall et al., 2011; Kind et al,
2012), but this approach is not routinely done due to the
complex sample compositions. In addition, mutant screening is
a powerful method to acquire an in-depth understanding of lipid
metabolism (Doan and Obbard, 2012; Li et al., 2012; Manandhar-
Shrestha and Hildebrand, 2013). Development of convenient and
high-throughput methods to quantify lipids in microalgae has
garnered increasing attention due to the labor-intensive nature
of mutant screening (Terashima et al., 2015).

Lipids can be categorized into neutral and polar lipids, and
neutral lipids are primarily referred to as TAGs. The fatty acid
profiles in both microalgae and plants are unique to specific
lipid classes. Neutral lipids mainly contain saturated (SFAs) and
monounsaturated fatty acids (MUFAs), such as C16:0, C16:1,
and C18:1, and more than 50% of C18:1 and C16:0 fatty acids
that accumulate in the model algae Chlamydomonas reinhardtii
are in the TAGs (Siaut et al., 2011). Contrarily, the neutral
lipids in Chlamydomonas reinhardtii, polyunsaturated fatty acids
(PUFAs), are enriched in polar lipids, such as C16:4, C18:3, and
eicosapentaenoic acid (EPA, C20:5n3). C16:4 and C18:3 comprise
the bulk of fatty acids in monogalactosyldiacylglycerols (MGDG),
which account for more than 80% C16:4 and C18:3 of the total
fatty acid content of Chlamydomonas reinhardtii (Zauner et al.,
2012). In the model plant Arabidopsis thaliana, C16:3 and C18:3
comprise the majority of MGDG and the main fatty acids in
TAGs are C16:0, C18:0, and C18:1 (Fan et al., 2013). The total
fatty acid profiles depend on the distinct fatty acid composition
of the lipids. A strong correlation (> = 0.986) has been reported
between the 16:0/16:4 ratio in FAMEs derived directly from algal
cells and the TAG/total acyl group ratio in Chlamydomonas
reinhardtii (Liu et al., 2013). More recently, we have reported
that the neutral lipid content in Isochrysis zhangjiangensis can
be quantified based on the C18:1 or C18:4 content (Wang et al,,
2014). Therefore, we propose that TAG content can be quantified
using specific fatty acids.

Here, the marine microalgae Phaeodactylum tricornutum,
which was an ideal candidate for producing biodiesel, was
studied as an example to support this hypothesis. First,
the principles of characteristic fatty acid identification were
discussed based on an analysis of the fatty acid profile of

individual lipid in Phaeodactylum tricornutum. Subsequently,
the relationship between the characteristic fatty acids and the
TAG content was analyzed. This procedure was also applied to
different microalgal species, such as Nannochloropsis oceanica
and Chlorella pyrenoidosa, to expand its application.

MATERIALS AND METHODS

Strains and Culture Conditions

The marine microalgae Phaeodactylum tricornutum was
provided by Dr. Weidong Liu of the Liaoning Institute of
Marine Fisheries. The marine microalgae Nannochloropsis
oceanica IMET1 was provided by Dr. Jian Xu of the Qingdao
Institute of Bioenergy and Bioprocess Technology, Chinese
Academy of Sciences. Chlorella pyrenoidosa was obtained from
the Freshwater Algae Culture Collection of the Institute of
Hydrobiology, Chinese Academy of Sciences.

To identify the characteristic fatty acids, enriched f/2 medium,
which contained three-fold the concentration of all ingredients,
was inoculated with Phaeodactylum tricornutum as described by
Feng et al. (2011). The medium was supplemented with sodium
nitrate (N+), and the algae were stressed by omitting sodium
nitrate (N—).

To correlate the characteristic fatty acids with neutral
lipids, Phaeodactylum tricornutum and Nannochloropsis oceanica
IMET1 were cultured under N— (Meng et al., 2015). Chlorella
pyrenoidosa was cultured in BG11 medium without sodium
nitrate to generate the N— condition.

Total fatty acid profiles and TAG content of three species were
determined in a time course. The sampling time of the three
species were 0, 6, and 18 h of Phaeodactylum tricornutum; 0, 2,
4,7,9, 12, and 14 h of Nannochloropsis oceanica IMET1; and 0,
1, 5, 6, and 8 days of Chlorella pyrenoidosa, respectively. Three
replicates were taken for each time point. Each data point was a
biological replicate (n = 3).

An average irradiance of 70 jLmol photons m~2 s~! was
provided by continuous illumination with cool white fluorescent
lamps. Temperature was maintained at 25 &+ 2°C.

Lipids Extraction and Fatty Acids Analysis
Cells were collected by centrifugation, and lipids were extracted
according to the method described by Wang and Benning
(2011) with slight modifications. A 300-LL aliquot of extraction
solvent composed of methanol, chloroform, and formic acid
(20:10:1, v/v/v) was added to approximately 5mg biomass
(dry weight). After shaking vigorously for 5min, 150 pL of
0.2 M phosphoric acid and 1 M potassium chloride were added
and vortexed for 1min. Phase separation was achieved after
centrifugation at 12,000 x g at room temperature for 5min;
the lipids dissolved in the lower chloroform phase were spotted
onto TLC silica plates. Glycolipids (GL) and phospholipids (PL)
were separated using a solvent system of acetone:toluene:water
int the ration 91:30:7.5 mL, respectively. TAGs were separated
with hexane:diethyl ether:acetic acid in the ratio 85:15:1, v/v/v,
respectively.

The lipids separated by TLC or a microalgal biomass was
added to methanol (2% H;SO,) and incubated for 1h at 70°C
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to prepare the FAMEs. After methylation, deionized water and
hexane were added to extract the FAMEs. C17:0-TAG was added
as an internal standard for quantification. The FAMEs were
identified qualitatively by mass spectroscopy and quantitatively
by gas chromatography with a FID. The FAMEs of samples were
detected on a 7890B gas chromatograph with a DB-23 capillary
column (30m x 0.32mm x 0.25pm; Agilent Technologies,
Santa Clara, CA, USA) and a FID. The injector temperature was
260°C with a split ratio of 50:1. The initial column temperature
was 130°C and was maintained for 1 min. The temperature was
then increased to 170°C at a rate of 10°C min ™!, followed by an
increase to 215°C at a rate of 2.8°C min~!. The temperature was
then maintained at 215°C for 1 min.

Statistical Data Analysis

Correlation coeflicients between characteristic fatty acids and
TAG content were calculated using Origin Pro software, version
8.0 (Origin Lab, Hampton, Massachusetts, USA). Statistical
significance in each result was calculated using the Two-tailed by
SPSS 18.0 for windows (IBM, Armonk, New York City, USA),
where the significance P < 0.01.

RESULTS

Identification of Characteristic Fatty Acids

in Phaeodactylum tricornutum

Characteristic fatty acids were present in different classes of
lipids, and it was necessary to identify the characteristic fatty
acids to accurately quantify TAGs. The fatty acid profiles of
different lipid classes and TAG content were determined under
both N+ and N— to identify the characteristic fatty acids. The
total lipids (TLs) extracted from Phaeodactylum tricornutum cells
were separated into GLs, PLs, and TAGs by TLC. All lipids except

for TAGs were polar lipids. The fatty acid profile of individual
lipid and TLs that were extracted from cells cultured under N+
and N— were analyzed (Table 1). PUFAs were the main fatty
acids in GLs and PLs both under N+ and N—. EPA was the
most abundant fatty acid in GLs and PLs and accounted for
approximately 25% of the total fatty acids from these lipids.
Therefore, EPA was the characteristic fatty acid of the polar lipids.
TAGs were enriched with SFAs and MUFAs rather than PUFAs,
such as C16:0, which was identified as a characteristic fatty acid.
C16:1 almost evenly distributed across the aforementioned lipid
classes and constituted 32-36% of the fatty acids in all lipid classes
under N+. TAGs were specifically enriched with C16:1 under
the N—, which was the most abundant fatty acid, accounting
for almost 50% of fatty acid content. Although C16:1 content
in PLs decreased dramatically, it remained largely unchanged
in GLs and accounted for about 30% of its total fatty acids.
Therefore, C16:1 was not specific to TAGs and could not serve
as a characteristic fatty acid of TAGs.

The fatty acid distributions were determined in different lipid
classes to evaluate the contributions of each FAME to the total
fatty acid profiles (Table 2). EPA was present in polar lipids
under the N+, and more than 70% of the EPA was detected
in polar lipids under the N—, despite the decreased amount of
EPA compared with that detected under the N+. Only about
20% of the C16:0 was detected in TAGs under the N+, but this
proportion increased to 80% under the N—. Because most of
the EPA was found in polar lipids, the variation in polar lipids
could be represented by the proportion of characteristic fatty
acids of total fatty acids. Given the inverse relationship between
polar lipids and TAGs, EPA was negatively correlated with TAG
content. Similar to the characteristic fatty acids of polar lipids,
the proportion of TAG-characteristic fatty acids also represented
changes in TAG content.

TABLE 1 | Fatty acid profiles of different lipid components (means % SD, n = 3) in Phaeodactylum tricornutum under nitrogen replete (N+) and nitrogen

deplete (N-) were obtained by capillary FID-GC.

Lipids TL GL PL TAG

Medium N+ N- N+ N+ N- N+ N-—
C14:0 3.0+0.3 4.24+0.1 3.1+0.7 5.4+0.6 29+0.5 3.2+03 2.8+0.2 4.1+0.0
C16:0 11.3+0.4 27.5+0.6 9.0+0.2 17.8+0.3 11.94+1.0 16.7+0.3 23.3+1.9 32.4+0.1
C16:1n7 35.5+1.3 41.9+£1.0 35.0+1.3 32.5+0.3 37.1+£11 16.9+0.7 33.8+2.6 48.9+0.3
C16:2n4 5.84+0.1 1.9+0.1 72+0.2 4.2+0.0 0.8+0.1 0.2+0.1 12.3+0.6 1.5+0.1
C16:3n4 8.4+0.2 2.7+0.1 13.6+£0.3 10.6+0.5 0.7+0.2 0.4+0.1 0.3+0.4 0.6+0.0
C18:0 25+0.5 1.6+0.4 0.8+0.3 1.7+0.8 1.3+0.6 21+0.5 16.4+25 1.56+0.2
C18:1n9 21+0.2 4.5+0.1 0.5+0.1 1.0+£0.2 5.6+0.7 17.0+0.8 1.7+04 3.5+0.1
C18:1n7 0.9+0.3 1.1+00 0.5+0.1 0.8+0.1 2.0+£0.5 1.8+£0.1 0.5+£0.0 1.1+£0.0
C18:2n6 1.6+0.0 0.7£0.3 0.5+0.0 0.3+£0.2 3.8+£0.1 29+0.2 1.0£0.1 0.4+£0.3
C18:3n6 0.3+0.0 0.4+0.0 0.3+0.0 0.0+0.1 0.5+0.0 1.0+£0.1 0+0 0.4+0.0
C18:3n3 0.3+0.0 0.0+0 0.2+0.0 0+0 0.7+0.1 0+0 0.1+0.2 0.1+0
C18:4n3 0.4+0.1 0.2+0.0 0.4+0.0 0.4+0.0 0.4+0.1 0.1+0.1 0.2+0.2 0.24+0.0
C18:5n3 1.2+0.2 0.7+0.2 1.1+£0.2 1.9+0.7 09+0.2 1.1+£04 2.6+0.2 0.3+0.1
C20:5n3 243+0.6 11.8+0.8 269+1.2 23.4+04 256.5+0.9 33.1+£0.3 52422 4.7+0.1
C22:6 24+0.4 0.8+0.1 0.9+0.2 0.1+0.1 59+0.8 4.7+0.1 0.8+0.6 0.4+0.0

TL, total lipid; GL, glycolipid; PL, phospholipid; TAG, triacyiglycerol.
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TABLE 2 | Fatty acids distribution in different lipid classes (means + SD, n = 3) in Phaeodactylum tricornutum under nitrogen replete (N+) and nitrogen

deplete (N-).

Lipids GL PL TAG

Medium N+ N-— N+ N- N+ N—
C14:0 61.0£9.9 26.9+2.6 29.8+8.5 84+20 9.1+1.4 64.8+3.2
C16:0 48.1+£2.7 13.9+1.4 31.5+3.4 6.24+1.0 20.3+1.6 79.9+24
C16:1n7 59.3+2.4 16.6+1.7 31.2+1.8 4.44+0.9 9.4+0.6 79.0+25
C16:2n4 74.7+15 46.9+1.7 4.3+0.3 1.2+09 21+1.2 51.9+26
C16:3n4 97.1+0.6 84.1+0.7 2.6+0.8 1.7+04 0.3+0.4 14.2+11
C18:0 21.2+7.7 21.5+6.3 14.7+6.7 13.7+1.7 64.1+12.8 64.8+7.9
C18:1n9 13.4+£1.0 4.9+0.8 78.7+0.8 412437 8.0+0.9 53.9+4.0
G18:1n7 31.6+2.0 154427 62.7+2.5 17.8+2.8 57+0.5 66.8+5.4
C18:2n6 20+1.9 75+53 73.4+£1.1 57.4+23.0 6.6+0.7 35.2+17.7
C18:3n6 53.2+0.9 1.8+2.6 46.8+0.9 27.3+3.7 0+0 70.9+3.6
C18:3n3 34.0+2.25 0+0 63.1£3.2 0+0 2.8+4.0 100.0+0
C18:4n3 63.8+7.0 36.2+0.2 325+24 4.6+6.5 3.6+5.2 59.2+6.3
C18:5n3 55.2+1.2 545+1.9 22.7+24 18.0+£7.9 222434 27.5+6.7
C20:5n3 66.5+1.2 42.3+0.3 31.3+0.3 30.4+2.6 22412 27.3+29
C22:6 22.3+2.4 2.7+3.8 74.3+£0.2 64.0+5.0 3.3+2.4 33.3+4.2

TL, total lipid; GL, glycolipid; PL, phospholipid; TAG, triacylglycerol.

Correlations between Tag Content and
Characteristic Fatty Acids in

Phaeodactylum tricornutum

Characteristic fatty acids had positive or negative correlations
with TAGs in microalgae. The fatty acid profiles of TLs and
TAG content were determined over time after nitrogen depletion
in Phaeodactylum tricornutum to quantify the relationship
between the characteristic fatty acids and TAG content. A
correlation analysis revealed that fatty acid levels were highly and
significantly correlated with TAG content (Figure 1). Specifically,
the correlation coeflicients of C16:0, C16:1, and EPA with the
TAG content were 0.96, 0.94, and 0.97, respectively. The linear
relationship between the characteristic fatty acids and the TAG
content revealed that characteristic fatty acids could be used to
quantify TAG content.

DISCUSSION

Principles to Identify Characteristic Fatty
Acids

As some fatty acids were correlated with TAGs in microalgae,
identifying the characteristic fatty acids was the first step to
quantify TAG content. In order to quantify the characteristic
fatty acid accurately, there was a threshold in the amount of
characteristic fatty acids. Therefore, the proportion of fatty acids
of TLs was a key rule for identifying characteristic fatty acids.
Almost all C16:3 were found in GLs under the N— and N+
(Table 2). However, low total fatty acid content (Table 1) made it
unsuitable to quantify TAGs. The correlation coeflicient between
the C16:3 content in total fatty acids and TAG content was
only 0.798. We set 10% as the minimum content criterion for
identifying characteristic fatty acids, therey considering a 10%
variation in the percentage of each fatty acid determined by
immediate transesterification of wet biomass (Liu et al., 2015),
and C16:3 accounted for less than10% of total fatty acids in
Phaeodactylum tricornutum. A significant change of cellular TAG

accumulation was another key point when to determine the
characteristic fatty acids, and the minimum fold-change was set
to 1.5. Although C16:1 was increased in the TAGs under the
N-—, the ~1.2-fold change in C16:1 of the total fatty acids was
insufficient for quantification. Taken together, 10% total fatty acid
content and a 1.5-fold change were the thresholds for defining the
characteristic fatty acids.

Expanding the Characteristic Fatty

Acid-based Method to Other Microalgae
Chlorella  pyrenoidosa (Chlorophyta) and Nannochloropsis
oceanica (Eustigmatophyceae) were chosen as examples to
expand the characteristic fatty acid-based method to other
taxa. The fatty acid profiles of total lipids and TAG content
were determined in a time course after nitrogen depletion in
Nannochloropsis oceanica (Table 3) and Chlorella pyrenoidosa
(Table 4), as described for Phaeodactylum tricornutum. The
principles discussed above were used to identify the characteristic
fatty acids in the two species. C16:0 and EPA were determined
to be characteristic fatty acids in Nannochloropsis oceanica.
The linear relationship between the characteristic fatty acids
and TAG content was shown in Figure2. The correlation
coefficients of C16:0 and EPA with TAG content were 0.94
and 0.97 in Nannochloropsis oceanica, respectively. Similar to
Nannochloropsis oceanica, C18:1 and C18:3 were determined
to be characteristic fatty acids in Chlorella pyrenoidosa. The
correlation coefficients of C18:1 and C18:3 with TAG content
were 091 and 0.99 in Chlorella pyrenoidosa, respectively
(Figure 3). The high correlation coefficients between the
characteristic fatty acids and TAG content demonstrated that
the characteristic fatty acid-based method could accurately
measure TAG content. In addition, two types of characteristic
fatty acids, such as EPA and C18:1, were detected that were
negatively or positively correlated with TAGs, respectively,
because they were from GLs or TAGs, which were different
sources.
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TABLE 3 | Fatty acid profiles of total lipids (means + SD,n = 3) in
Nannochloropsis oceanica under nitrogen replete (N+) and nitrogen
deplete (N-) were obtained by capillary FID-GC.
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FIGURE 1 | Correlations between characteristic fatty acids and
triacylglycerol (TAG) content in Phaeodactylum tricornutum. The
r2-values for C16:0, 16:1n7, C16:3n4, and eicosapentaenoic acid (EPA,
C20:5n3) were 0.96, 0.94, 0.80, and 0.97, respectively. The sampling time of
Phaeodactylum tricornutum was 0, 6, and 18 h. Each time point was made
with three replicates, which represent biological replicates (n = 3). The points
were drawn from individual result rather than the average of the three
replicates. Statistical significance in each result was calculated using the
Two-tailed, P < 0.01.

This idea was further supported by the statistical analysis of
the microalgal fatty acid profiles under favorable and stressed
conditions across eight phyla. The candidate characteristic fatty
acids were shown in bold (Supplementary Material). Due to the
diversity of microalgae, both fatty acid profiles and their response
to the N— were species dependent. All species accumulated SFAs
or MUFAs as TAG content increased in the same manner as in
Phaeodactylum tricornutum, except in Porphyridium cruentum
and Spirulina platensis, which accumulated C18:2n6. The level of
PUFAs decreased in all microalgae following the accumulation
of neutral lipids, such as C18:3n3 in Chlamydomonas sp. JSC4,
C18:4n3 in Rhodomonas sp., and C18:5n3 in Gymnodinium sp.

The accumulation of SFAs or MUFAs coupled with the
decrease in the level of PUFAs was also observed under high-
light or salinity stress. Chlorella zofingiensis accumulated a large
amount of C18:1 when exposed to high-light conditions, whereas
the level of the PUFA C16:3 decreased by approximately 50% (Liu
et al., 2012). The level of C18:1 increased from 17.8 to 39.4% in
Sphenolithus obtusus XJ-15 under salinity stress (Xia et al., 2013).
These results revealed that a linear relationship between specific
fatty acids and TAG content may also be applicable to microalgae
under stress conditions.

There were some microalgae of which PUFAs such as
arachidonic acid (AA, C20:4n6), EPA, and docosahexaenoic

Lipids TL

Medium N+ N-
C14:.0 55+0.1 5.3+0.0
C16:0 21.6+0.0 44.0+0.3
C16:1n9 55+0.4 21+£0.2
C16:1n7 24.0+0.0 242+04
C16:2n4 0.5+0.0 0.3+0.0
C18:0 0.4+0.0 1.5+0.1
C18:1n9 1.8+0.0 2.9+01
C18:1n7 0.2+0.0 0.4+0.0
C18:2n6 20+0.2 1.7+£0.0
C18:3n6 0.3+0.0 0.4+£0.0
C18:3n3 0.6+£0.1 0.0
C20:4n6 4.0+£0.1 3.0£0.0
C20:5n3 30.5+0.3 14.2+0.2
TL, total lipid.

TABLE 4 | Fatty acid profiles of total lipids (means + SD, n = 3) in Chlorella
pyrenoidosa under nitrogen replete (N+) and nitrogen deplete (N-) were

obtained by capillary FID-GC.

Lipids TL

Medium N+ N-
C16:0 20.4+0.0 25.6+0.0
C16:1n7 1.1+0 0.6+0
C16:3 14.2+0.0 7.6+0.0
C18:0 3.2+0 9.0+0.0
C18:1n9 5.6+0.0 21.5+0.1
C18:1n7 0.1+0 1.0+£0
C18:2n6 36.7+0.0 25.5+0.1
C18:3n3 18.6+£0.0 9.1+0.0
TL, total lipid.

(DHA, C22:6n3) were accumulated in TAGs under stress
condition. For example, the unicellular green alga Parietochloris
incise (Trebuxiophyceae, Chlorophyta) accumulated TAGs with
over 90% of total AA under nitrogen deprivation (Cohen et al.,
2000; Khozin-Goldberg et al., 2002; Merzlyak et al., 2007). In the
marine Haptophyte Pavlova lutheri, 55 and 67% of the overall
cellular EPA and DHA content were attributed to the cellular
TAG accumulation triggered by bicarbonate addition under
nitrogen starvation (Guiheneuf and Stengel, 2013). In the red
microalgae Porphyridium cruentum (Cohen et al., 1988) and
Gracilaria (Gracilariales, Rhodophyta) (Araki et al., 1990), TAGs
were predominantly constructed of AA and EPA. In this case,
TAG content still could be quantified with the corresponding
PUFAs, firstly to determine the quantitative correlation between
them.

Advantage of the Characteristic Fatty
Acid-based Method

The approach we have proposed differed from conventional
approaches. All lipid quantification data presented previously
relied on “like dissolves like” with many uncertain compounds,
whereas quantification of TAGs in the proposed method relied
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FIGURE 2 | Correlations between characteristic fatty acids and
triacylglycerol (TAG) content in Nannochloropsis oceanica IMET1. The
r2-values for C16:0 and eicosapentaenoic acid (EPA, C20:5n3) were 0.94 and
0.97, respectively. The sampling time of Nannochloropsis oceanica IMET1 was
0,2,4,7,9,12,and 14 h. Each time point was made with three replicates,
which represent biological replicates (n = 3). The points were drawn from
individual result rather than the average of the three replicates. Statistical
significance in each result was calculated using the Two-tailed, P < 0.01.

on the characteristic fatty acids, which was much easier to
quantify than the entire TAG class because only one compound
needs to be determined. Furthermore, the characteristic fatty acid
content in total fatty acids could be determined by immediate
transesterification from wet biomass. Therefore, drying the
biomass and extracting the lipids could be omitted. Hence, this
approach simplified sample preparation and lipid determination
procedure. Furthermore, less than 5 mg of biomass is necessary
due to the high sensitivity of the capillary GC-FID analysis,
which is 20-times less than the amount required for conventional
gravimetric determination methods. Therefore, this procedure
could be used to monitor variations in lipids throughout a
culture. Our procedure saved time and labor when quantifying
TAGs.

In conclusion, our procedure used characteristic fatty acids
to obtain lipid content and provided a unique way to quantify
TAGs. The significant feature of this procedure was indirect
quantification of lipids by direct detection of the individual
characteristic fatty acid. Total fatty acid content of 10% and a
1.5-fold change during TAG accumulation were set as criteria
to define the characteristic fatty acids. A significant linear
relationship was observed between the characteristic fatty acids
and TAG content. This characteristic fatty acid-based method
provided a new method to quantify TAG content in different
microalgal species.
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FIGURE 3 | Correlations between characteristic fatty acids and
triacylglycerol (TAG) content in Chlorella pyrenoidosa. The r2-values for
G18:1n9 and C18:3n3 were 0.91 and 0.99, respectively. The sampling time of
Chilorella pyrenoidosa was 0, 1, 5, 6, and 8 days. Each time point was made
with three replicates, which represent biological replicates (n = 3). The points
were drawn from individual result rather than the average of the three
replicates. Statistical significance in each result was calculated using the
Two-tailed, P < 0.01.
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Even though microalgal biomass is leading the third generation biofuel research,
significant effort is required to establish an economically viable commercial-scale
microalgal biofuel production system. Whilst a significant amount of work has been
reported on large-scale cultivation of microalgae using photo-bioreactors and pond
systems, research focus on establishing high performance downstream dewatering
operations for large-scale processing under optimal economy is limited. The enormous
amount of energy and associated cost required for dewatering large-volume microalgal
cultures has been the primary hindrance to the development of the needed biomass
quantity for industrial-scale microalgal biofuels production. The extremely dilute nature
of large-volume microalgal suspension and the small size of microalgae cells in
suspension create a significant processing cost during dewatering and this has raised
major concerns towards the economic success of commercial-scale microalgal biofuel
production as an alternative to conventional petroleum fuels. This article reports an
effective framework to assess the performance of different dewatering technologies as
the basis to establish an effective two-stage dewatering system. Bioflocculation coupled
with tangential flow filtration (TFF) emerged a promising technique with total energy
input of 0.041 kWh, 0.05 kg CO, emissions and a cost of $ 0.0043 for producing
1 kg of microalgae biomass. A streamlined process for operational analysis of two-
stage microalgae dewatering technique, encompassing energy input, carbon dioxide
emission, and process cost, is presented.

Keywords: microalgae, dewatering, biomass, biofuels, bioprocess

INTRODUCTION

The depletion of fossil resource reserves, climate change as well as the increasing price of crude
oil are amongst the challenging problems of the world today, hence the search for alternative fuels
is imperative (Shirvani et al., 2011). Biofuels, such as biodiesel and bioethanol, are considered as
alternatives to fossil based fuels. They have much more advantages over fossil fuels as they have
relatively low toxicity, high biodegradability, low net CO,, are renewable and sustainable, and
contains less or no sulfur (Zheng et al., 2012). Biofuels are currently produced from biological
materials including sugar, corn, vegetable oils, plants, animal fats, woody biomass, and bio-wastes.
However, due to competition with human food chain and the significant pretreatment operational

Frontiers in Plant Science | www.frontiersin.org

February 2016 | Volume 7 | Article 113 | 93


http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://dx.doi.org/10.3389/fpls.2016.00113
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.3389/fpls.2016.00113
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2016.00113&domain=pdf&date_stamp=2016-02-11
http://journal.frontiersin.org/article/10.3389/fpls.2016.00113/abstract
http://loop.frontiersin.org/people/305732/overview
http://loop.frontiersin.org/people/291669/overview
http://loop.frontiersin.org/people/177199/overview
http://loop.frontiersin.org/people/260714/overview
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

Soomro et al.

Two-Stage Microalgae Dewatering

costs associated with woody biomass and bio-wastes, the
search for new biomass sources has been a major research
endeavor globally. Microalgal biomass is considered as an
attractive feedstock for biofuel production due to its several
significant advantages such as rapid growth rate, high lipid and
carbohydrate contents, limited competition with food crops
for arable land, and the great potential for carbon capture
and biosequestration (Vandamme et al., 2011). However, high
energy inputs and operational cost during the production
of biomass are major limitations associated with microalgal
biofuels development (Pienkos and Darzins, 2009; Wijftels
and Barbosa, 2010). It has been reported that one of the most
energy and cost intensive steps in algal biomass production
process is the harvesting and dewatering or drying of microalgae
suspension (Uduman et al, 2010; Rawat et al., 2013), this is
due to the low concentration in the culture medium and the
microalgae small cell sizes (a few micrometer) (Vandamme et al.,
2011). Microalgal culture dewatering techniques commonly
used are classified as chemical, mechanical, electrical, and
biological. These methods can be applied as a single technique
or combined (Danquah et al, 2009b). Chemical dewatering
methods are mostly flocculation induced by inorganic or organic
polyelectrolyte (polymer) flocculants. Mechanical techniques
include centrifugation, filtration, natural sedimentation,
flotation, and foam separation. Electrical dewatering techniques
are based on electro-coagulation process. Biological dewatering
techniques include auto-flocculation occurring at high pH,
flocculation caused by secreted biopolymers, and microbial
flocculation (Christenson and Sims, 2011). Though not fully
developed for commercial application, biological dewatering
techniques have recently gained research attention as low-cost
sustainable techniques because of the absence of synthetic
chemicals and minimal energy consumption (Christenson and
Sims, 2011). It is imperative to find an efficient, cost effective
and environmentally friendly harvesting and dewatering
technique for commercializing biofuels from microalgal biomass.
For biofuels production, the main objective of dewatering
is to concentrate the dilute microalgae suspension of about
0.02-0.06% to 5-25%, and this is achievable in a two-step
dewatering process where the primary stage is aimed at 2-
7% and the secondary stage produces 15-25% of microalgae
slurry (Uduman et al., 2010). However, with the introduction
of innovative dewatering systems, the concentration of the
slurry my exceed 25% in the secondary dewatering stage.
The combination of two dewatering techniques has also
been found to significantly improve the process by reducing
the energy demands and/or total emissions (Khoo et al,
2011; Beach et al, 2012; Bilad et al., 2012; O’Connell et al,
2013; Weschler et al, 2014). The environmental impact
analysis of the dewatering technique is a critical aspect in the
assessment of microalgae as a potential biofuel feedstock. This
is necessary to ensure reduced carbon footprint in the life
cycle assessment (LCA) of the microalgal biofuel production
process (Sander and Murthy, 2010; Uduman et al., 2010). The
LCA illustrates the significance of dewatering to the scale up
of microalgae-to-biofuels process engineering, hence there is
a need for techno-economic and performance improvements

to make microalgae biofuels less energy intensive and more
commercially viable (Uduman et al,, 2010). This study will
assess the performances of a wide range of technologies
currently applied for microalgae dewatering through a
comparative study of key process parameters as a basis for
the development of two-stage microalgae dewatering systems.
The complete performance and economic assessments of
the two-stage dewatering systems are presented with an
attempt to determine the most viable two-step dewatering
technique.

CONVENTIONAL UNIT TECHNOLOGIES
FOR MICROALGAE DEWATERING

Electrocoagulation

Electrocoagulation is described as environmentally friendly,
highly selective, and potentially cost effective microalgae
dewatering technique. Table 1 presents some results on the
performance and energy input of different electrocoagulation
technologies reported as a means of microalgae dewatering.
The main drawbacks associated with this technique are the
cost of electricity, fouling of cathodes and periodic change of
the anode materials (Uduman et al., 2011; Vandamme et al,,
2011; Granados et al., 2012). The electrocoagulation process
is influenced by many different factors such as the electrode
material type, current density, temperature, pH, and any other
coexisting ions (Gao et al., 2010). The electrocoagulation process
is achieved by the combination of metal cations with negatively
charged microalgal cells in the suspension carried towards the
anode by electrophoretic motion (Mollah et al., 2004; Bukhari,
2008; Uduman et al.,, 2010). The amount of electricity which
passes through the electrolytic solution determines the amount
of metal dissolved into the solution (Mollah et al., 2004; Azarian
et al., 2007; Bukhari, 2008).

Flocculation

Flocculation occurs once the solid particles in suspension
collide and adhere to each other (Uduman et al., 2010). This
dewatering process works well in separating algae cells from
culture suspensions (Chen and Yeh, 2005; Knuckey et al., 2006;
Henderson et al., 2008; Vandamme et al., 2010; Wyatt et al., 2012).
The performance and energy input of some reported flocculation
systems for microalgae dewatering are presented in Table 2.
In the suspension, algae cells are stabilized by negative surface
charge at wide pH values (Wyatt et al., 2012). Flocculation targets
the development and sedimentation of flocs.

Theories on flocculation of microalgae have been described
though some contradict (Schlesinger et al., 2012). Some of these
theories state that flocculation occurs because the alkaline nature
of the flocculants neutralizes surface charge of cells which could
enable coalescence to larger flocs. Such theories are based on the
assumption that electrostatic flocculation increases with increase
in flocculant dosage in linear stoichiometric relations. This makes
flocculation technology an expensive process as the performance
hinges significantly on the amount of flocculant present.
Contrary to the electrostatic flocculation theory, Schlesinger et al.
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TABLE 1 | Performance and energy input of microalgae dewatering by electrocoagulation systems.

Electrocoagulation system Process performance Energy (kWh/m?) Reference
Electrocoagulation-Flocculation Microalgal recovery efficiency: 80-95% 0.15-1 Vandamme et al., 2011
Electrolytic flocculation Not precised 0.331 Coward et al., 2013
Electrocoagulation and electroflotation Microalgal recovery efficiency: 99% 0.3 Weschler et al., 2014
TABLE 2 | Performance and energy input of microalgae dewatering by flocculation systems.

Mode of flocculation Process performance Energy (kWh/m?3) Reference

Alum flocculation Harvesting efficiency: 99.01% 0.1 Weschler et al., 2014
Polymer flocculation in conjunction with Alo(SO4)3 Suspended solids (%) in concentrate: 15 14.81 Danqguah et al., 2009a

FeCls — induced flocculation
Flocculation by Tanfloc and pH variation

Flocculation efficiencies: >90%
Flocculation efficiencies: >96%

Not determined Whyatt et al., 2012

Not determined Selesu et al., 2016

(2012) proposed that the amount of alkaline flocculants is a
function of the logarithm of microalgae cell density with dense
culture requiring an order of magnitude less base than dilute
suspensions at low flocculation pH values. The principle of how
flocculants work is based on the premise that the microalgae
particulates have identical surface charges which repel them
from each other. However, Chen et al. (2013), achieved effective
flocculation for harvesting the microalgal cells of Scenedesmus sp.
by simply increasing the pH of the culture without introducing
any flocculants. Different types and flocculant dosage influence
both the extent and the rate of flocculation. Both parameters
are critical in the flocculation process, therefore extensive
study should be undertaken to determine optimal flocculants
dosage and sedimentation time (Schlesinger et al., 2012). Initial
microalgal biomass concentration is one of the factors that
influence flocculation efficiency. It has been found that a linear
relation exists between the dosage needed and initial microalgal
biomass concentration. The amount of suspended microalgal
cells increases with increasing biomass concentration, thus higher
flocculants dosages are required to interact with the surface
charges of the microalgal cells (Kim et al., 2011).

Filtration

Filtration process consists of a permeable medium which
restrains the movement of solid particles and allows liquid
to pass through (Uduman et al., 2010). There are different
types of filtration processes that are applicable for microalgae
dewatering. These include magnetic filtration, vacuum filtration,
pressure filtration, tangential flow filtration (TFF), and cross-
flow filtration (Show et al, 2013). The performances and
energy input of different filtration systems for microalgae
dewatering have been studied extensively as depicted in Table 3.
Filtration as a microalgae dewatering technology have many
advantages. These include: high efficiency, low energy input
(Danquah et al., 2009b), low cost, water recycle and reuse
(Greenwell et al., 2010; Mata et al., 2010). However, it is
generally difficult to filter biological feed because of the
compressible nature of the biomass cake. The tendency of
fouling with biological cells is high as biological feedstock
may consist of mixtures of organic materials of different sizes,
shapes and compressibility (Rios et al., 2012). Microalgae cause

significant fouling to filtration membranes through the release
of extracellular organic matter which significantly increases
the cake resistance and this is independent on the membrane
material, however, it is negligible at low feed concentrations.
It however increases exponentially with microalgae deposition
rate. Also the effect of trans-membrane pressure on cake
resistance indicates that microalgal cake deposit is compressible
and fouling of membrane by microalgae is proportional to
the amount of organic polymers released (Babel and Takizawa,
2010).

Magnetic Separation

The principle of magnetic separation is based on the fact that
materials with differing magnetic moments experience different
forces in the presence of magnetic field gradients, thus an
externally applied field can be used to drive a selection process
(Svoboda and Fujita, 2003; Yavuz et al., 2009). Due to its
attractive advantages such as low cost, energy efficient and simple
operation, high permeation fluxes, small land area utilization,
no clogging and fouling problems, magnetic separation process
has been used in microalgae removal from freshwater using
functionalized magnetic particles (Gao et al., 2009; Liu et al., 2009;
Bucak et al., 2011; Toh et al., 2012). The technology presents the
main drawback of low adsorptive capacity, also the high cost of
nano magnetic particles should be considered while deciding on
the magnetic separation system (Franzreb et al., 2006; Liu et al.,
2009). The performance of different magnetic separation systems
as reported by different researchers is presented in Table 4.
The energy consumption during magnetic separation was not
determined, thus not presented in the Table 4. In a mixture
with a magnetic component, the magnetic material could be
easily separated with electro-magnets or permanent magnets.
Adsorption occurs due to electrostatic attraction between the
magnetic particles and microalgae cells, and this is affected by the
stirring speed, pH of the suspension, magnetic particle dosage,
hydrodynamic resistance, magnetic field strength and the flow
rate (Xu et al., 2011). Medium concentration, pH and particle
concentration are critical to achieving high separation efficiencies
(Cerftet al,, 2012). During their studies on harvesting microalgae
cells by magnetic separation, Cerff et al. (2012) reported that the
presence of cations and anions in the medium could increase

Frontiers in Plant Science | www.frontiersin.org

February 2016 | Volume 7 | Article 113 | 95


http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

Soomro et al.

Two-Stage Microalgae Dewatering

TABLE 3 | The performance and energy input assessment of microalgae dewatering by filtration.

Filter type Process performance Energy (kWh/m?) Reference

Natural filtration Suspended solids (%) in concentrate: 1-6 0.4 Uduman et al., 2010

Pressure filtration Suspended solids (%) in concentrate: 5-27 0.88 Uduman et al., 2010

Tangential flow filtration (TFF) Suspended solids (%) in concentrate: 2.5-8.9 0.2-2.6 Danquah et al., 2009a,b; Weschler et al., 2014
Vibrating screen filter Harvesting efficiency: 89% 0.4 Weschler et al., 2014

Chamber filter Harvesting efficiency: 89% 0.88 Coward et al., 2013

Belt filter press Harvesting efficiency: 89% 0.5 Weschler et al., 2014

Vacuum filters Suspended solids (%) in concentrate: 18 5.9 Coward et al., 2013

Submerged microfiltration Recovery efficiency: 98% 0.25 Bilad et al., 2012

TABLE 4 | The performance and energy input assessment of microalgae
dewatering by magnetic separation.

Magnetic separation system Algal cell removal Reference

efficiency (%)

High gradient and low gradient >90 Toh et al., 2012
magnetic separation

High gradient magnetic >95 Cerff et al., 2012
separation

In situ magnetic separation >08 Xu et al., 2011
Magnetic polymer separation 99 Liu et al., 2009
Coagulation-magnetic >99 Liuet al., 2013a

separation

the separation efficiency by five folds, however extensive studies
should be undertaken on different media to substantiate the
finding. Other research reports have established that lower pH
and increase in magnetic particle dosage favor high recovery
efficiency depending on the type of microalgae (Xu et al., 2011).

Flotation

Flotation as a separation technique was firstly applied in mineral
industry, and recently have been found effective for removing
algae from suspension (Phoochinda and White, 2003; Csordas
and Wang, 2004; Phoochinda et al., 2004; Wiley et al., 2009).
Flotation have many advantages such as less energy consumption
than centrifugation (Wiley et al., 2009; Coward et al., 2013), and
can achieve high efficiency at short operation time (Coward et al.,
2013).

Flotation process is induced by bubbles generated from air
or gas transformation within a solid-liquid suspension, the
bubbles adhere to the particles to be separated carrying them
at the top of the separator where they are collected (Pragya
et al., 2013). Apart from microalgae harvesting, flotation is
potentially applied in other fields for the recovery of valuable
end-products such as oils (Al-Shamrani et al., 2002; Li et al,
2007; Hanotu et al., 2013), proteins (Aksay and Mazza, 2007;
Jiang et al, 2011; Liu et al, 2013b), water and wastewaters
remediation (Christenson and Sims, 2011). Table 5 presents
the performance and energy requirement of some reported
flotation systems. Even though flotation is believed favorable
for microalgae harvesting, there is a number of limitations
associated with this technology including the use of surfactants
or collectors at different dosage to improve the performance,

which requires additional separation units and thus subsequently
increasing the process cost. More studies in this area are still
needed such as the use of natural surfactants or collectors,
and non-consumable electrodes materials (for electroflotation
systems) in order to render flotation processes more applicable
in commercial microalgae harvesting.

Centrifugation

Microalgae centrifugation involves a phase separation of
microalgal cells from the suspension by the application of
centrifugal force, and it is dependent on the particle size and
density of the medium components (Uduman et al, 2010;
Rawat et al., 2013). Centrifugation is an advantageous microalgae
dewatering technique as it is rapid, easy and effective (Molina
Grima et al,, 2003). However, the exposure of microalgae cells
to high gravitational and shear forces can lead to cell disruption
and structural damage (Knuckey et al., 2006), and considering
the processing of large volumes of microalgal cultures combined
with increased energy consumption, centrifugation process is
time consuming and economically unattractive (Rawat et al.,
2013). Different centrifugation systems have been reported for
microalgae dewatering (Table 6).

Bioflocculation

Bioflocculation refers to naturally induced flocculation due to
secreted biopolymers of either the microalgal or bacterial cells.
Microalgae dewatering costs could be greatly reduced with
bioflocculation because no chemical costs are incurred with
little to no energy consumption (Christenson and Sims, 2011).
Table 7 presents the performances of some reported microalgae
bioflocculation methodologies. The addition of bioflocculants or
bacterial microorganisms that naturally produce flocculants, to a
culture of microalgae has been shown to enhance bioflocculation
processes and the harvesting efficiency of multiple microalgal
species (Christenson and Sims, 2011). Some fungi, for instance,
have positively charged hyphae that can interact with the
negatively charged microalgal cell surface and cause flocculation
(Su et al,, 2011; Van Den Hende et al.,, 2011; Zhang and Hu,
2012; Zhou et al, 2012). The dewatering of microalgae with
bioflocculation using bacteria or fungi as a flocculating agent
in co-cultivation with microalgae presents the main drawback
of microbiological contamination, and possible interference
with food or feedstock applications of the microalgal biomass.
Naturally occurring microbial flocculants have been used to
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TABLE 5 | The performance and energy input assessment of microalgae dewatering by flotation.

Mode of separation Process performance

Energy (kWh/m?3) Reference

Foam flotation

Foam fractionation Harvesting efficiency: >90%
Dissolved air flotation Harvesting efficiency: 99.9%
Dissolved air flotation Total suspended solids (%) in concentrate: 5

Jameson cell flotation Harvesting efficiency: 97.4%

Total suspended solids (%) in concentrate: 1.4-2.4

0.015 Coward et al., 2013

Not determined Csordas and Wang, 2004
1.5 Weschler et al., 2014

7.6 Wiley et al., 2009

Not determined Garg et al., 2014

TABLE 6 | The performance and energy input assessment of microalgae dewatering by centrifugation.

Centrifuge Process performance Energy (kWh/m®) Reference

Self-cleaning plate separator Algal recovery efficiency: 95% 1 Weschler et al., 2014
Self-cleaning centrifuge Total suspended solids (%) in concentrate: 12 1 Molina Grima et al., 2003
Nozzle discharge centrifuge Total suspended solids (%) in concentrate: 2-15 0.9 Coward et al., 2013
Decanter bowl centrifuge Total suspended solids (%) in concentrate: 22 8 Coward et al., 2013
Hydrocyclone Total suspended solids (%) in concentrate: 0.4 0.3 Coward et al., 2013

harvest microalgae for aquaculture and biodiesel production
because of their high harvesting efficiency and biodegradability
(Oh et al., 2001; Manheim and Nelson, 2013).

MATERIALS AND METHODS

Life Cycle Assessment

By definition, LCA means a systematic environmental
management tool used to assess the environmental factors
associated with the product system through its life cycle stages,
and projecting the environmental performance based on selected
functional value of the products (Gnansounou et al., 2009; Khoo
et al,, 2010, 2011). The assessment takes into consideration
the relevant inputs and outputs of a system and evaluates the
potential environmental impacts associated with it (Yee et al.,
2009; Clarens et al, 2010; Sanz Requena et al., 2011). The
primary focus of the LCA investigation may be on the energy
demands (Jorquera et al., 2010) and/or CO; emissions of the
process chain (Stephenson et al., 2010), especially when LCA is
applied for comparing the bioenergy products. This study was
performed based on the principles of ISO 14040 (International
Standardization Organization [ISO], 2006). The LCA model was

TABLE 7 | The performance of microalgae dewatering by bioflocculation
systems.

Mode of bioflocculation Harvesting Reference

efficiency (%)

y-PGA broth bioflocculant 99 Ndikubwimana et al., 2014
Commercial y-PGA 90-95 Zheng et al., 2012
bioflocculant

Bioflocculant from 83 Oh et al., 2001
Paenibacillus sp. AM49

Co-cultivation of microalgae 99 Xie et al., 2013

with filamentous fungi

Fungal pelletization-assisted 100 Zhou et al., 2012

bioflocculation technology

utilized for energy input and CO, emissions assessment during
microalgae dewatering stages considered in this study.

Goal and Scope

The general goal of this study is to compare life cycle energy and
life cycle CO; of different dewatering technologies for potential
application at industrial level of algal biofuel production.
Different dewatering technologies and scenarios are evaluated
and compared for the development of a most economical,
with least energy consumption and low emissions two-stage
microalgae dewatering system. The process energy for microalgae
dewatering includes energy used directly by the dewatering
technology (e.g., for mixing), raw materials (e.g., flocculants or
electrode materials), but exclude other form of energy associated
with other process units as would be included in the traditional
cradle-to-grave life cycle assessment (LCA). The process energy
input and CO, emissions during microalgae dewatering stage
was the only elements considered in analysis. The scope of
analysis was limited in this regard to focus mainly on the
unit processes used for microalgae dewatering and avoid the
uncertainty associated with upstream and downstream process
options. The information provided by this study will serve for full
LCA study.

The functional unit selected for all dewatering scenarios
evaluated is 1000 kg of biomass harvested. Figure 1 presents a
general overview flow diagram of algae biofuel production phases
and highlights (with red dashed line) the system boundary of
the phase considered in this work. The comprehensive energy
input and CO; emissions of different dewatering techniques will
assist in finding the most efficient, economic, and environmental
friendly two-stage microalgae dewatering configuration. The

Biofuel
production

Biomass

drying

Algal production
or Cultivation

Harvesting/
Dewatering

FIGURE 1 | General flow diagram of algae biofuel production phases.
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algal cultivation is not considered in this study; also the drying
stage is omitted as some alternative downstream production
methods such as wet lipid extraction may be applied.

Energy Balance

As harvesting/dewatering is the main bottleneck for the
commercialization of microalgae based biofuel due to its high
cost resulting from high energy input, it is the stage considered in
this work. The volume (V) of the microalgae to be processed, the
energy input (EI) of a single unit dewatering process, total energy
input (TEI) of the whole dewtering system, were calculated using
Egs (1), (2), and (3), respectively.

v,= 1Y (1)
T Cx X RE

EL, = V, x E, )

TEIL, = ZEIX (3)

where, TEI: Total energy input (kWh/1000 kg dry microalgae),
EL:: Energy input for unit process x (kWh/1000 kg dry
microalgae), x: Unit process, where 1 = first stage dewatering,
2 = second stage dewatering, V,: Volume of slurry (for
x = 1, 2) in unit process x (m?), E,: Volumetric energy
consumption for unit process x (kWh/m?), FU: Functional unit
(1000 kg of biomass recovered), RE: Recovery efficiency and Cy:
Concentration of slurry entering unit process x. It is assumed that
there is no biomass lost during the downstream process.

The CO, Balance

The greenhouse gas (GHG) emissions contributing most
apparently to global warming are CO;, CHy4 and NO
(Houghton etal., 2001), whereby methane contributes almost 7%,
N,O about 0.8%, and CO, emissions make up the rest (Dones
et al., 2003). Most of LCA studies describe the CO, balance
considering the total emissions from fossil fuels and resources
consumption vs. the CO; intake by microalgae in cultivation
stage. However in this study, the CO; balance is described as the
total CO; emitted during dewatering stage based on the amount
of the energy required for each process.

System Boundaries

To facilitate the development of the analytical framework of the
process evaluation, the system boundaries is simulated according
to the following conditions and assumptions to typify a large-
scale microalgae dewatering system:

V" The case study considered in this work is dewatering stage of
a microalgae based biofuel system as presented in Figure 1.

V' As this is a comparative operational life cycle analysis, some
of the components of the full life cycle analysis framework,
such as energy production and distribution, for the different
technologies will cancel out. Thus the main LCA driving
component is the energy consumption/requirement of the
different dewatering technologies.

v The functional unit which is the measure of the performance
and functional output of the system is chosen as 1000 kg of
microalgae biomass in the final slurry.

v" The initial microalgae biomass concentration is 0.3 g/L,
which reflect the biomass concentration in open pond
cultivation systems.

v" The electricity consumed during the process is generated

from black coal with associated environmental impacts

(Norgate and Rankin, 2001).

The amount of CO, emitted was calculated based on the

amount of energy required for each process.

The operational cost calculated includes the aluminum cost

and nano particles costs.

The leakage or malfunction of the system is not taken into

consideration.

The emissions of wastewater and other air pollutants are not

covered in this study.

The treatment of wastes (such as solids or wastewater) is not

considered in this study.

S N N N

Process Development and Evaluation of
Two-Step Microalgae Dewatering

Techniques

Most existing microalgal biomass production systems use energy
intensive centrifuges for harvesting and dewatering microalgae
(Heasman et al., 2000), making harvesting and dewatering a
major fraction of the total energy demand (Molina Grima
et al, 2003; Uduman et al, 2010). The application of two-
stage dewatering techniques has been found to significantly
improve the process (Can et al, 2006). LCA is important to
assess the environmental aspects and potential impacts associated
with the technology. Classical LCA implements a ‘cradle to
grave’ principle which investigates the environmental aspects
throughout the life of the product; raw material acquisition,
product manufacturing, product use and disposal. The two-
step microalgae dewatering techniques proposed for evaluation
are presented in Figure 2 as follows: (b) electro-coagulation
with aluminum anodes coupled with centrifugation, (c) alum
flocculation coupled with centrifugation, (d) magnetic separation
coupled with TFE and (e) bioflocculation coupled with filtration.
Centrifugation (a) is used as the single-step dewatering base
scenario for the analysis since it is the most conventional
method used in the industry. All dewatering systems are assumed
to be operated in batch mode. Considering different existing
microalgae dewatering techniques, it is possible to have several
various combinations in two-step system. In this study, only four
combinations were proposed and further studies can evaluate
other combinations.

For the electrocoagulation, aluminum anodes were chosen
over steel 430 anodes as coagulation rate is faster with aluminim
anodes, maximum recovery of microalgae is obtained at shorter
run times, and smaller quantities dissolved aluminim is required
under the same electro-coagulation conditions (Uduman et al,,
2011). Moreover, Vandamme et al. (2011), realized that ECF
was more efficient with aluminum anode than with iron anode.
For the purpose of this study, aluminum metal dissolution and

Frontiers in Plant Science | www.frontiersin.org

February 2016 | Volume 7 | Article 113 | 98


http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

Soomro et al.

Two-Stage Microalgae Dewatering

Scenarios (a) ] Centrifugation Cr
—
(Single step)
Scenarios (b) o Electro(}:oagulauon Centrifugation c
—> (1% step) (2" step)
Alum flocculation Centrifugation
S i0s G § Cg
cenarios (c) (l“ step) (2"‘1 step)
Scenarios (d) G Magnetic separation Filtration (TFF) (&
t nd
(1 step) (2" step)
Bioflocculation Filtration (TFF)
Scenarios (e) Ci C
> (1% step) (2™ step —
FIGURE 2 | Block diagram of one-step (a) and two-step (b—e)
microalgae dewatering scenarios (C; and Cy initial and final
microalgae concentration, respectively).

requirement are determined based on the batch analysis, alum
flocculation dosage is determined from batch experiments, and
the electrocoagulation energy requirement is based on optimal
reported conditions (Uduman et al., 2011). Reported LCA and
experimental data are used in this study to determine the
energy requirements, carbon dioxide emissions, and cost for the
proposed dewatering techniques.

Parameters and data sources essential to carry out this analysis
are summarized in Table 8. The data presented in Table 8 are
the representative averages of different reported values of the
same unit operation. Other sources of data are: Fe3O4 nano
particles price: $ 114.2/kg (Alibaba/Beijing Dekedaoin Tech. Co.
Ltd, 2014), CO, emission rate: 1.115 kg/kWh (Dones et al.,
2003), Energy to produce Aluminum: 58.61 kWh/kg (Norgate
and Rankin, 2001), Energy to produce alum: 3.06 x 10~% kWh/kg
(Arpke and Hutzler, 2006), the cost of aluminum anodes,
flocculants and magnetic nano particles were also included in
cost calculations. Aluminum cost was taken to be $ 1.733/kg',
alum cost $ 0.2/kg’, the electricity cost was $ 0.105/kWh (The
State Grid Corporation of China/Fujian Province (2012), The
industry power price), and the industrial price of Fe3O4 nano

Uhttp://www.alibaba.com/product-detail/2012- August-Price-for-Ammonium-Alum
622064205.html

“http://www.metalprices.com/metal/aluminum/lme-aluminum- cash-official,

2014

particle, size of 20 nm (99% of purity) was 700 RMB/kg
(Alibaba/Beijing Dekedaoin Tech. Co. Ltd, 2014). The exchange
100USD = 613.2RMB’. Aluminum and
production energy requirements were included in calculations
of energy inputs for electrocoagulation and alum flocculation,
respectively.

The mixing energy required for magnetic separation was
calculated by determining the mixing power consumption of the
stirrer blades for the total mixing time (Sinnott, 2005). The shaft
power required to drive an agitator can be estimated using the
power number:

rate was: alum

N, = — )
P — D5N3p

Where D is the agitator diameter (m), N is the agitator speed
(s71), p is the fluid density (kg/m3), and P is the shaft power (w).
Equation (4) can be rearranged to solve for the shaft power. The
power number can be obtained by using the power correlation for
a single three bladed propeller and the Reynolds number (Re).

__ D?Np
8

Re

©)

Where p is the fluid viscosity (Ns/m?).

RESULTS AND DISCUSSION OF
TWO-STAGE DEWATERING SYSTEMS

After LCA calculations and process cost evaluation, the total
energy demands, CO, emissions and the costs for the different
scenarios of microalgae dewatering are presented in Table 9 and
Figure 3.

The two-step dewatering system of electrocoagulation coupled
with centrifugation emerged the most energy intensive (Table 9),
with highest CO, emissions but with relatively low cost
(Figure 3). Different studies conducted on electrocoagulation
show that it is a promising microalgae dewatering technique
due to its lower energy demand. Vandamme et al. (2011)
found that under optimal conditions, power consumption of
Electrocoagulation-Flocculation using aluminum anode, was
around 2 kWh/kg of microalgal biomass harvested for C. vulgaris
and 0.3 kWh/kg for P. tricornutum, thus authors concluded that
ECF is more energy efficient compared to centrifugation. In

3http://www.boc.cn/sourcedb/whpj/

TABLE 8 | Data sources for energy input, carbon dioxide emission, and cost analysis.

Unit Microalgae recovery (%) Energy (kWh/m?) Reference
Self-cleaning plate centrifuge 95 1 Weschler et al., 2014
Electrocoagulation 88 0.6 Vandamme et al., 2011
Flocculation 99 0.1 Weschler et al., 2014
Magnetic separation 98 Not determined* Xu et al., 2011

TFF 89 0.2 Weschler et al., 2014
Bioflocculation 99 Negligible Xie et al., 2013

*The energy input required for magnetic separation will be calculated in this study based on mixing energy.
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TABLE 9 | Energy requirements for the dewatering technologies evaluated.

Unity process Energy input (kWh)

Centrifuge Centrifugation 3508.8
Electrocoagulation/Centrifuge Al production 1722.2
Electrocoagulation 2272.7
Centrifugation 594.5
Total 4589.4
Alum flocculation/Centrifuge Alum production 0.6
Alum flocculation 336.7
Centrifugation 701.8
Total 1039.1
Magnetic separation/TFF Magnetic separation 0.038
TFF 53.5
Total 53.5
Bioflocculation/TFF Bioflocculation Negligible
TFF 40.9
Total 40.9

their study on the removal of COD from wastewater with alum
flocculation and electrocoagulation, Can et al. (2006), reported
that energy input of 1.2 kWh/kg COD and an operating cost
of $ 0.31/kg COD were necessary for electrocoagulation, while
energy requirement of 0.02 kWh/kg COD and an operating cost
of $ 0.08/kg COD are for alum flocculation. However, these
studies only accounted for the energy and costs associated with
the operation and did not consider the energy, CO, emissions
and costs associated with raw material production which is
an important parameter to consider for a complete life cycle
assessment (LCA).

The two-step dewatering systems of magnetic separation
and bioflocculation pared with TFF are almost in the same
range of energy input (Table 9), and CO; emission (Figure 3),
per 1000 kg of microalgae biomass recovered, however, the
system of magnetic separation coupled with TFF is the most
costing compared to all other microalgae dewatering systems
evaluated (Figure 3). This is due to the high cost of magnetic
nano particles. The recycle and reusability frequency of nano
particles should be evaluated in order to cut-down the cost
of magnetic separation process. Xu et al. (2011), reported
that magnetic separation was energy-saving and environmental
friendly microalgae dewatering technique but authors did not
consider the process cost effectiveness because the cost of
magnetic nano particles was not included in the study. Therefore,
for the system of magnetic separation coupled with TFF to
be cost effective, the use of cheaper and reusable magnetic
nano particles is imperative. From the analysis, the two-step
microalgae dewatering by bioflocculation pared with TFF process
is the most attractive in terms of energy consumption, CO,
emissions, and cost, showing significant low values for each
parameter compared to centrifugation as a single step and other
two-step dewatering systems considered in this study. However,
initial capital investment for TFF is greater than flocculation
as reported by Danquah et al. (2009a), but the payback period
is 1.5 years earlier than 6 years for flocculation thus greater
profits can be obtained with TFE therefore this renders the
two-step microalgae dewatering technique of bioflocculation
coupled with TFF a viable, effective and cost efficient microalgae
dewatering technique that can be applied at industrial level.
Previous alum flocculation studies have deemed it unsuitable
for microalgae dewatering due to high dosage requirement
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FIGURE 3 | Total CO, emissions (A) and total cost (B) for the dewatering technologies evaluated. (A: Centrifugation, B: Electrocoagulation coupled with
centrifugation, C: Alum flocculation coupled with centrifugation, D: Magnetic separation coupled with Tangential flow filtration (TFF), and E: Bioflocculation coupled
with filtration).
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(Buelna et al., 1990). However, from their studies on alum
flocculation of marine microalgae, Uduman et al. (2011),
reported that the alum dosage was in moderate quantities for
commercial considerations thus making alum flocculation a
possible industrial microalgae dewatering technique. Moreover,
the coupling of alum flocculation with centrifugation in a
two-step microalgae dewatering process for microalgae biomass
production is profitable with the lowest energy input and
CO; emissions compared to centrifugation as a single step
and electrocoagulation coupled with centrifugation dewatering
processes.

The results from this study demonstrate that a two-step
microalgae dewatering technique, though it requires a high
initial capital investment, is more efficient, economic viable
and environmental friendly compared to a single step. Also
Can et al. (2006), and Sander and Murthy (2010), reported
that two-step dewatering technique is more energy efficient
compared to a single step. Bilad et al. (2012), reported that the
energy consumption to dewater C. vulgaris and P. tricornutum
was 0.84 and 0.91 kWh/m?, respectively, when the submerged
microfiltration was combined with centrifugation in a two-
step dewatering system. However, the results from the present
study clearly show that bioflocculation coupled with TFF
would be the best choice for microalgae dewatering with the
lowest energy consumption. Different LCA studies have also
confirmed that the two-step microalgae dewatering is the most
efficient with low energy consumption and low emissions.
Weschler et al. (2014) compared the process energy of different
cultivation and harvesting technologies combined in various
production scenarios for the production of microalgae biomass
as a biofuel feedstock. Authors realized that the scenarios
which used open ponds for cultivation, followed by settling
and membrane filtration were the most energy efficient. Khoo
et al. (2011), during their study on life cycle energy and
CO; analysis of microalgae to biodiesel, they employed air
sparging assisted coagulation flocculation (ASACF) process
followed by centrifugation for harvesting and dewatering. They
found that on the basis of a functional unity of 1 MJ
of biofuel, the total energy demands were 4.44 M]J with
13% from biomass production, 85% from lipid extraction,
and 2% from biodiesel production. O’Connell et al. (2013)
reported the LCA of dewatering routes for algae derived
biodiesel processes. Authors performed an analysis of the
life cycle emissions associated with harvesting, dewatering,
extraction, reaction, and product purification stages for algae
biodiesel. From this base-case, they found that the total
emissions were 10,500 kg per 1 t of biodiesel with 96%
of those attributed to the spray dryer used for dewatering.
However, by evaluating different alternative cases for various
sequences of mechanical and thermal dewatering techniques,
authors realized that the best case consisted of a disk-stack
centrifuge followed by the chamber filter press and a heat
integrated dryer, which resulted in 875 kg emissions per 1 t
of biodiesel, equivalent to a 91% reduction from the base-
case.

CONCLUSION

This study provides viable information about the energy
input, environmental impact, and cost related to a two-
step microalgae dewatering technique compared to a single
step. The information provided by this study will contribute
much essentially for a full LCA of a microalgae based
biofuel process. The comparison of the two-step dewatering
processes proposed in this study, and centrifugation as
a single dewatering technique demonstrated that two-step
dewatering technique can be less energy intensive, with
low CO, emissions, cost efficiency, and high microalgae
recovery. Life cycle energy analysis and related carbon dioxide
emission revealed that bioflocculation coupled with TFF is
the most promising industrial microalgae dewatering technique
having the lowest energy consumption and carbon dioxide
emissions. Magnetic separation required low energy for its
operation as a dewatering process, but the overall process
was highly costing, due to the cost associated with the
Fe304 nano particles. Even though, a two-step microalgae
dewatering technique is promising, more work is required to
investigate process conditions required for optimal recovery
at low energy requirement, carbon emission and overall
cost of the dewatering process for a complete LCA study.
Moreover, to minimize the production cost of biofuels from
microalgae, extensive studies including strains engineering as
the dewatering might be strain dependent, further combination
of other different single dewatering technologies, optimization
of different working parameters, choice of process materials
and chemicals, and rigorous life cycle assessments are required
to develop an efficient process for large-scale microalgae
dewatering.
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High volumes of lipid extracted microalgal biomass residues (LMBRs) are expected
to be produced upon commencement of biodiesel production on a large scale,
thus necessitating its value addition for sustainable development. LMBRs of Chlorella
variabilis and Lyngbya majuscula were employed to substitute the nitrogen content of
recommended rate of fertilizer (RRF) for Zea mays L. The pot experiment comprised of
10 treatments, i.e., T1 (No fertilizer); T2 (RRF-120 N: 60 P»Os: 40 KoO kg ha™1); T3
to T6—100, 75, 50, and 25% N through LMBR of the Chlorella sp., respectively; T7
to T10—100, 75, 50, and 25% N through LMBR of Lyngbya sp., respectively. It was
found that all LMBR substitution treatments were at par to RRF with respect to grain
yield production. T10 gave the highest grain yield (65.16 g plant~"), which was closely
followed by that (63.48 g plant~") under T5. T10 also recorded the highest phosphorus
and potassium contents in grains. T4 was markedly superior over control in terms of
dry matter accumulation (DMA) as well as carbohydrate content, which was ascribed to
higher pigment content and photosynthetic activity in leaves. Even though considerably
lower DMA was obtained in Lyngbya treatments, which might have been due to the
presence of some toxic factors, no reduction in grain yield was apparent. The length of
the tassel was significantly higher in either of the LMBRs at any substitution rates over
RRF, except T6 and T7. The ascorbate peroxidase activity decreased with decreasing
dose of Chlorella LMBR, while all the Lyngbya LMBR treatments recorded lower activity,
which were at par with each other. Among the Chlorella treatments, only T5 recorded
significantly higher values of glutathione reductase activity over RRF, while the rest were
at par. There were significant increases in carbohydrate and crude fat, respectively, only
in T4 and T3 over RRF, while no change was observed in crude protein due to LMBR
treatments. Apparently, there was no detrimental effect on soil properties, suggesting
that both the LMBRs can be employed to reduce the usage of chemical fertilizers, thus
promoting maize crop production in a sustainable manner.

Keywords: Chlorella, Lyngbya, fertilizer, de-oiled microalgae, maize, soil properties, photosynthesis
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Maurya et al.

De-oiled Microalgae—A Greener Fertilizer Substitute

INTRODUCTION

The effect of climate change due to the incessant burning of fossil
fuels is now being felt across the globe (Ghosh, 2012) which has
necessitated the search for alternate sources of cleaner energy
(Ghosh et al., 2007; Ghosh, 2014). In the last few years, there
has been intensive research on microalgae as it is an attractive
feedstock for biofuel production (Chisti, 2007). Microalgae have
been reported to have much higher primary productivity as
compared to other terrestrial plants having biofuel potential
(Mata et al., 2010). Processes for conversion of microalgal oil
to biodiesel have already been developed (Mishra et al., 2012)
and it is expected that once the microalgal cultivation technology
is sufficiently optimized, adequate feedstock would be available
from large scale cultivation for biofuel production. During algal
biodiesel production, lipid is extracted from microalgal biomass
through suitable solvent and converted to biodiesel through
trans-esterification process. After lipid extraction, a huge amount
of de-oiled microalgal biomass remains left.

Algae biomass is a complex material comprising of
carbohydrates, lipids, proteins, and several potentially interesting
molecules. The biofuel sector is specifically interested in
carbohydrates (mainly C6) and lipids (mainly C16-C22), the
amount of which could vary as a function of the algae species,
strains, and the cultivation methods adopted (Chiaramonti et al.,
2015). The current worldwide algae biomass production has been
projected to be at more than 20,000 dry tons per year (Verdelho,
2013; Zittelli et al., 2013a,b; Chiaramonti et al., 2015). However,
the algae market is expected to grow as the constraints of algal
production are overcome and the cost of production is reduced.
As per Studt (2010) and Rodolfi et al. (2009), the potential oil
yield from microalgae on equal acreage basis is 5-20 times higher
than that of oil from palm species. Assuming a conservative
figure of 25% extractable oil from microalgal biomass (Chisti,
2007), for every metric ton of biodiesel manufactured, three
times the amount of lipid extracted microalgal biomass residue
(LMBR) will be produced. To make the biodiesel sustainable, it is
also necessary to valorize such biomass for various applications,
thus also offsetting the cost of biodiesel. Such value addition of
LMBRs may be by its use as feed and fertilizer; fermentation to
bio-methane and bio-ethanol; as a nutrient source for organisms;
thermo-chemical conversion into various fuels and chemicals
and as biosorbents for removal of dye and heavy metals from
wastewater (Mata et al., 2010; Scott et al., 2010; Rashid et al,,
2013; Maurya et al., 2014). Depending on the species, LMBRs are
rich in protein and therefore rich in nitrogen content besides the
presence of other essential plant macro- and micro-nutrients.
Because of low carbon-nitrogen ratio, it cannot be utilized
directly for bio-methane production, although such biomass
can be utilized as animal feed, fertilizer, or nutrient source for
organisms (Mata et al, 2010; Bryant et al.,, 2012; Gao et al,
2012). There are reports that shed light on the use of microalgae

Abbreviations: LMBR, lipid extracted microalgal biomass residues; RRE
recommended rate of fertilizer; CRD, completely randomized design; DMA, dry
matter accumulation; APX, ascorbate peroxidase; GR, glutathione reductase; SSP,
single super phosphate; MOP, muriate of potash; DAS, days after sowing; TVS, total
volatile solid; DAP, di-ammonium phosphate; ROS, reactive oxygen species.

as a potential source of nutrients and bioactive compounds
that can be utilized for sustainable plant production either
directly as an inoculum (Metting and Rayburn, 1983; Grzesik
and Romanowska-Duda, 2014), as unprocessed dried algae
(Mulbry et al, 2005), and sonicated biomass (Grzesik and
Romanowska-Duda, 2015). However, no such studies have been
reported yet that validate the use of LMBRs as a source of plant
nutrients.

Urea, which is the most commonly used chemical nitrogenous
fertilizers, is produced through very well-known Haber-Bosch
process which rely on fossil fuels (Vance, 2001; Pfromm et al,,
2011). Excessive use of chemical fertilizers is responsible for
global warming, for example, assuming a recommended rate of
150:60:40 kg N:P,05:K,0 hectare™! applied through urea, di-
ammonium phosphate (DAP) and muriate of potash (MOP) for
the cultivation of maize, ~599 kg CO; equivalents are produced
on account of fertilizer production and their transport (Singh
et al., 2015). Using carbon rich residues as a chemical fertilizer
substitute may also have other benefits such as improved soil
health, stability of soil aggregates, soil water retention, carbon
sequestration, and prevention of nutrient losses (Metting and
Rayburn, 1983; Anand et al., 2015). Enhancing the productivity
of crops in a sustainable manner without adversely affecting
soil health should be the focus of the approaches to meet the
increasing food demand (Singh et al., 2015).

In the present study, lipid-extracted biomass residues of
two microalgal species, namely, Chlorella variabilis (ATCC PTA
12198) and Lyngbya majuscula have been evaluated for its
nitrogen substitution potential for maize (Zea mays L.—a heavy
feeder of nutrients) crop in a pot experiment. Different N
substitution levels were used to evaluate their effects on crop
growth, yield, quality, and soil properties.

MATERIALS AND METHODOLOGY

LMBR Preparation and Characterization
Initially, 1kg biomass of each algae was taken for the lipid
extraction. The lipid was extracted in soxhlet extractor using 3
L n-hexane per kg dry biomass. The extraction time of five cycles
was 4 h in total. At the end of extraction, lipid, hexane, and de-
oiled biomass were recovered. The de-oiled biomass was sundried
for a day and powdered by grinding in mixture grinder (Boss
Cyclone B219, Boss Home Appliances, Mumbai, India). The
chemical composition of Chlorella and Lyngbya LMBR has been
presented in Table 1. TVS and ash were obtained by subjecting
the ovendried biomass in a muffle furnace at 575 & 25°C (van
Wychen and Laurens, 2013). Carbon, hydrogen, nitrogen and
sulfur were analyzed using a CHNS analyzer (Perkin-Elmer
Model 2 400, USA). Na and K was analyzed after wet ashing
the LMBR samples with ternary acid mixture (Jackson, 1973),
followed by their estimation using flame photometer (Toth
et al., 1948); other micro and macro elements were analyzed
by the X-Ray Fluorescence analyzer (Bruker AXS, S4 Pioneer,
Billerica, Massachusetts, USA). Crude protein was calculated
from nitrogen content using a multiplication factor of 6.25
(Jones, 1941).
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TABLE 1 | Composition of LMBRs from Chlorella and Lyngbya.

Parameters LMBR
Chlorella Lyngbya

TVS (%) 67.66 £0.071 55.82+2.58
Ash (%) 32.34£0.071 40.73+1.57
Crude protein (%) 36.31+0.98 24.75+0.28
C (%) 28.36 £2.51 23.40+1.56
H (%) 4.75+0.32 4.42+0.28
N (%) 5.810+£0.157 3.960+£0.045
S (%) 0.27 +£0.04 0.43+0.03
P (%) 0.273+£0.072 0.097 £0.004
K (%) 0.634 £0.031 0.579+£0.044
Na (%) 1.466+0.016 0.183 £ 0.005
Ca (%) 0.017 £0.002 0.007 £0.001
Mg (%) 0.07+£0.01 0.037 £0.004
Fe (%) 1.84+0.19 6.61+1.21
Mn (%) 0.05+0.008 0.27+0.08
Cu (PPM) 6+1.35 6+1.00
Zn (PPM) 31+3.88 24+4.36
Cl (PPM) 69 +8.56 64+9.27

Pot Experiment
The experiment was carried out during Rabi season in
2013-14 (i.e., cold months during November to February)
at pot culture facility of CSIR-CSMCRI, Bhavnagar, Gujarat,
India (21°44'57.6"N latitude, 72°08'39.3”E longitude). The
experimental soil was sandy clay loam in texture, slightly alkaline
(pH: 8.08 + 0.03) and non-saline (0.41 dS m™1). The soil was
low in organic carbon (0.21 £ 0.05%), medium in available
N (0.2 £ 0.06 g kg~!), and high with respect to available P
(0.027 4 0.004g kg™!) and available K (0.30 & 0.01 g kg~!).
The experiment was carried out in pots with 35kg soil in each
of them. The experiment was laid out in completely randomized
design (CRD) comprising of 10 treatments including control
(recommended rate of fertilizers through chemical means) and
absolute control receiving no nutrients at all. Random number
table was used for randomization. Each of the 10 treatments
had five replicates, each represented by an individual pot having
one plant. The recommended rate of fertilizer (RRF) application
was 120:60:40 kg N:P,05:K,0 hectare™! supplied through urea,
single super phosphate (SSP), and MOP, respectively. The test
variety employed was F1 hybrid sweet corn, variety: Sugar-
75 (Syngenta India Ltd.). This variety has very good plant
vigor, plant height and is recommended for winter sowing. The
maturity of the plant is about 90 days. The variety has long
uniform cylindrical cobs, golden yellow kernels, excellent tip
filling, high yield, and very sweet taste (16% total soluble sugar).
The treatments T; and T, represented absolute control and
RRE respectively. The treatments T3-Tg represented substitution
of 100, 75, 50, and 25% N, respectively, through Chlorella derived
LMBR. Similarly, treatments T7-Tjo represented substitution
of 100, 75, 50, and 25% N, respectively, through Lyngbya
derived LMBR. The remaining proportion of nitrogen (i.e., 0,
25, 50, and 75% of RRF) in the respective treatments was

supplemented through urea fertilizer (containing 46% N) to
accomplish RRF in all the treatments except T1. The phosphorus
and potassium inadvertently supplied through biomass were
calculated and remaining dose was supplied through SSP and
MOP to accomplish the RRF in all the treatments except T1. The
biomass and chemical fertilizers were applied to the soil on the
day of sowing according to the respective treatments. The crop
was harvested at maturity (110th day after sowing).

Recording of Growth Parameters

Observations on growth parameters [plant height at 20, 40, 60,
and 80 days after sowing (DAS), dry matter accumulation (DMA)
in leaves, stem, and roots at harvest], grain yield and yield
attributes (100-grain weight, number of kernel (grain) rows per
cob and number of kernels per row) were recorded. Chlorophyll
index of leaves at 20, 40, 60, 80, and 100 DAS was measured using
Chlorophyll meter (Opti-Sciences, CCM-200). Photosynthetic
rate was measured at 30 and 60 DAS by infrared gas analyzer
(LI-6400XT, portable photosynthesis system, LI-COR, USA).

Enzyme Assays

Enzyme assays were carried at 60 DAS, which corresponded to
10 days pre-tasseling. Any kind of environmental stresses like
nutrient or moisture deficiency at this late vegetative growth
stage greatly affects the crop performance and therefore this time
was chosen to assess any stress response due to the different
nutrient management treatments (McWilliams et al., 1999). For
carrying out enzyme assays, leaf tissues (0.1 g fresh weight) were
collected at 60 DAS and homogenized using a mortar and pestle
with liquid nitrogen. The tissue was then extracted with 50 mM
Tris extraction buffer (pH 7.5) containing 0.2% (w/v) Triton
X-100, 0.1 mM EDTA, 1 mM polymethylsulphonylfluoride, and
2mM dithiothreitol for glutathione reductase (GR) activity.
For ascorbate peroxidase (APX) assay, instead of Tris, 50 mM
potassium phosphate buffer (pH 7.0) amended with 2mM
ascorbate was used for extraction. Both the homogenates were
vortexed and centrifuged at 20,000 x g for 30 min at 4°C.
The supernatants were collected and stored at —80°C until
further analysis. Protein content was estimated according to
Bradford method (1976) using bovine albumin as a standard
and measured using UV-Vis spectrophotometer. The APX
(EC 1.11.1.1) and GR (EC 1.6.4.2) activity were measured
according to Nakano and Asada (1981) and Edwards et al.
(1990), respectively. The concentration of oxidized ascorbate
was calculated using an extinction coefficient of 2.8 mM~!cm ™!,
while GR activity was calculated using an extinction coefficient
of 6.22 M~lcm™! for NADPH. One unit of APX is defined as
1 mmol ascorbate oxidized per min per ml and expressed in units
per mg protein. One unit of GR is defined as 1 umol NADPH
oxidized per min per ml at 25°C and expressed in units per mg
protein.

Analytical Methods

The total nitrogen content in the grain was estimated by standard
semi-micro-Kjeldahl method (Thimmaiah, 1999) and expressed
in terms of crude protein using a conversion factor of 6.25 (Jones,
1941), while Na and K content was determined using flame
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photometry (Flame photometer 128, Systronics, India) according
to the method prescribed by Jackson (1973). Phosphorus (P)
content in grains was determined by the Vanado-Molybdate
yellow method (Jackson, 1973) following wet digestion with
HNO3-HCIO4 (10:4) di-acid mixture. Carbohydrate in grains
was estimated by the method of Dubois et al. (1956). Fat content
in grains was determined using petroleum ether (at 70°C) in a
Soxhlet apparatus (AACC, 1987)

The available N in soil was analyzed by alkaline permanganate
method (Subbiah and Asija, 1956). The available K in soil
was extracted by neutral normal ammonium acetate method
(Hanway and Heidel, 1952) and available P by sodium
bicarbonate as per Olsen et al. (1954) and estimated by flame
photometer (Flame photometer 128, Systronics, India) and
spectrophotometer (Varian Cary-50 Bio, Varian Inc., USA),
respectively. Organic carbon was analyzed according to the
method of Walkley and Black (1934).

Statistical Analysis

The treatments were subjected to statistical analysis by analysis
of variance (ANOVA) using InfoStat statistical software V 2012
(Di Rienzo et al, 2011). Post-hoc comparison of means was
carried out using Fisher’s Least Significant Difference (LSD) at
the probability level of 5% and presented in the tables.

RESULTS

Effects on Growth Parameters of Maize

The plant heights recorded in different treatments at 20, 40,
60, and 80 DAS are presented in Table 2. The lowest plant
height was recorded at all the growth stages under the absolute
control treatment where no fertilizer was applied (T1). Compared
to RRE the treatment receiving N nutrition equally through
LMBR from Chlorella and chemical source (T5) gave an
initial fillip to the plant height as early as 20 DAS that was
maintained significantly till 80 DAS (P < 0.001). However,
all the treatments employing LMBR from Lyngbya were at
par with RRF with respect to plant height at all the days of
observations, except T8 at 60 DAS; however, there was no

change in the number of nodes due to any of the treatments.
Interestingly, the length of the tassels formed by applying either
of the LMBRs at any of the substitution rates was markedly
higher than that formed under RRF (P < 0.05), except that
in the treatments employing the lowest level of LMBR from
Chlorella and the highest level of that from Lyngbya, where were
at par.

Leaf chlorophyll index and net photosynthetic rates recorded
at different growth stages are tabulated in Table3. The
chlorophyll index of LMBR treated plants was significantly higher
than that of RRF only at 60 DAS (P < 0.001) and that also
in the T4 and T5 treatments in which 75 and 50% chemical
N substitution was done through LMBR from Chlorella and in
T10 which replaced 25% of N. All these three treatments were
at par. The treatment T10 maintained this advantage even at
100 DAS. T5 and T10, which recorded the highest chlorophyll
index at 60 DAS using Chlorella and Lyngbya LMBR, respectively,
also recorded the significantly highest net photosynthetic rate
(P < 0.001) compared to RRF for the respective LMBR at
the corresponding time of observation. Both these treatments
recorded higher rate of photosynthesis at the early growth
stage (30 DAS) as well, however, they were at par with T4
and Té.

The DMA in stem, leaves, and roots and their total
at harvest are presented in Table4. Supplying 75% of N
through LMBR from Chlorella (T4) resulted in the maximum
DMA in stem and roots which were significantly higher
over RRF (P < 0.001). The leaf dry biomass in this
treatment was nevertheless at par with RRF. However, this
treatment recorded the significantly highest (P < 0.001)
total dry matter in the vegetative parts than that in any
of the other treatments. There was a marked decline in
the DMA in stem and root in all the treatments receiving
Lyngbya LMBR, although interestingly, none of them except
T10 showed decline in leaf dry weight compared to RRF. This,
however, resulted in overall significant decline in the total
vegetative DMA, compared to RRF. Further, all the Lyngbya
substitution treatments were found at par with respect to total
DMA.

TABLE 2 | Effect of different LMBR treatments on plant height and tassel height of maize.

Treatments Plant height (cm) Tassel height(cm)
20 DAS 40 DAS 60 DAS 80 DAS
T1 21.60+1.149 68.40 +3.85f 102.60 & 4.289 164.60 +2.07¢ 34.2042.179
™ 23.00 + 1.00° 76.00 & 2.85Pcde 151.80+7.09° 199.80 & 4.92P¢ 37.20+1.92¢d
T3 24.8040.8420 83.40 +6.352 167.60 +4.98P 203.40+7.160° 40.60 + 1.9580
T4 23.20 4 1.64° 78.40 +3.51ab¢ 164.40 & 3.36° 221.804+12.012 40.80+3.7080
T5 26.00 +1.002 80.20+3.172 177.60 +£5.942 225.40 + 8.822 42.60+2.972
T6 23.20+1.30¢ 72.60 + 5.869¢f 153.80 4 7.79° 185.40 +7.549 38.6042.97°C
T7 23.40+1.14¢ 76.20 & 2.59Pcde 150.20 4 6.76° 207.60 +10.55P 39.80+1.79abc
T8 24.20+0.84P° 77.80 + 4.40Pcd 163.60 & 4.04P 206.80 +5.76° 41.60+1.142P
T9 23.80+0.45P° 74.30+3.,07¢d 151.404+5.41° 194.40 +2.30°d 41.00+2.002P
T10 23.8041.10P¢ 72.00 +5.008f 151.804+3.70¢ 195.80 +5.63¢ 41.00 +3.0080

Values followed by different alphabets in columns are significantly different at p < 0.05 by LSD.
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TABLE 3 | Effect of different LMBR treatments on leaf chlorophyll index and photosynthesis rate of maize.

Treatments Leaf chlorophyll index Photosynthesis
(wmole CO,/m2leaf/day)
20 DAS 40 DAS 60 DAS 80 DAS 100 DAS 30 DAS 60 DAS
T 22.70+3.27¢ 31.48 +4.30° 25.38 +2.479 24.86+2.934 19.44 +4.10f 25.45+1.38° 16.63 +1.139
T2 32.90+3.658P¢ 37.08 +3.508P 36.88 4 3.60° 47.18 +3.562 34.36 4 3.68°° 34.45+2,01¢d 26.29+1.72f
T3 31.80 + 4.45Pcd 32.7242.200C 37.1243.17° 37.7244.830C 27.40+3.309 33.3240.349 29.63 + 1.389%¢
T4 34,58 +3.332P 37.22 42,7430 44,22 +5.732 36.12 +£2.480¢ 36.26 +2.5730 41.514+4.922 28.10+1.28°
T5 36.68 4+2.592 35.34 4+ 2.53°C 47.24 45,002 38.66 & 4.95°C 32.00+ 1.60° 40.95+2.162P 30.41+0.62¢d
6 31.52 & 4.69Pcd 36.42 4 4.208bc 43.48 +1.50P 41.68+4.252P 35.80 & 3.682P¢ 41.21+1.832 28.61+2.728
T7 28.04 +3.309 31.44+5.23° 36.40 + 3.63° 37.2044.350C 24,12 £2.7498 34.55 +3.06°d 35.65 4 1.54P
T8 29.14 £5.17¢d 36.54 + 4.862PC 38.80 4 4.82PC 38.58 4 6.45°C 20.54 +2.17¢f 33.73+1.469 31.51+0.85C
T9 28.20+3.18¢°d 31.62 4+ 6.63° 38.42 4 4.730° 33.2645.31¢ 27.76 4 2.859 37.354+3.07° 27.87 +0.19°f
T10 28.66 +2.78°d 41.80 4+ 4.202 45.58 4+ 4.302 40.264+2.75° 38.5243.582 37.6542.82PC 37.834+0.912
Values followed by different alphabets in columns are significantly different at p < 0.05 by LSD.
TABLE 4 | Effect of different LMBR treatments on dry matter accumulation in above-ground vegetative parts and roots of maize plant.
Treatments Dry matter accumulation (g)
Stem Leaves Root Total
T 82.00+ 4.95¢d 79.92 + 4 55Pcde 76.64 +8.78P° 238.56 +9.70%
T2 86.45 +9.02° 82.27 +3.028b¢ 85.84+7.81P 254,56 4+12.71P¢
T3 87.14+6.73P° 84.184+11.3280 76.92 +5.14PC 248.24 +18.10P°
T4 109.14 +13.572 75.57 +3.10¢de 114.74+13.122 299.45+15.102
T5 97.61+£11.340 88.71+6.162 72.16+6.00° 258.48 +18.44P
6 77.49 +5.83¢d 74.33+£5.319% 75.78+11.15°¢ 227.594+17.789
T7 81.08 +6.76°d 81.81 + 7.83abcd 44.003.664 206.89+8.16°
T8 73.13+7.169 75.25 + 4.87¢de 52.88+7.639 201.27 +14.528
T9 73.73+10.909 75.83 4 3.60¢0¢ 53.24 +4.209 202.80412.88¢
T10 79.25 +6.40°d 73.28+5.20¢ 47.62 +8.784 200.154+17.258

Values followed by different alphabets in columns are significantly different at p < 0.05 by LSD.

Stress Enzymes

Preliminary studies on LMBR treated plants also revealed
positive results with respect to the stress enzymes studied which
was carried out with a view to assess whether the application of
the LMBRs on maize plants elicit any stress response. Two key
enzymes, namely, ascorbate peroxidase (APX) and glutathione
reductase (GR) activities were assayed (Figure 1). It was found
that the treatment receiving no external nutrition recorded the
highest APX activity, which was significantly higher than that in
RRF (P = 0.011). Higher APX is suggestive of greater oxidative
stress. All the other LMBR treatments had significantly lower
activity of this enzyme (P < 0.027) than RRF except in T3,
which received N nutrition solely through LMBR of Chlorella.
Interestingly, the APX activity decreased with decreasing dose of
Chlorella LMBR. However, all the treatments employing LMBR
of Lyngbya recorded significantly lower activity (P < 0.001)
over RRE, which were at par with each other and thus was
suggestive of decreased oxidative stress. GR activity was lowest
in T1, which was, however, at par to RRF. Among the Chlorella
treatments, only T5 recorded significantly higher values of GR

activity over RRF (P = 0.015), while the rest were at par. All the
Lyngbya treatments except that utilizing LMBR solely as N source
recorded significantly higher GR activity over RREF, the highest
being in T9, which was superior to all the other nine treatments
(P < 0.001).

Effect on Yield Attributes and Grain Yield

The length, width, fresh weight as well as the dry weight of the
maize cobs with or without the outer husk remained statistically
similar in all the LMBR treatments comparable to that in the RRF.
Similarly, the same trend was found in number of kernel rows per
cob and number of kernels (grains) per row, which determine the
total number of grains formed (Table 5). Notably, T8 treatment
that substituted 75% of chemical N by Lyngbya LMBR had
significantly heavier grains compared to RRF (P = 0.008), which
however was at par with all other LMBR treatments except in
T7 where 100% of N was supplied by LMBR from Lyngbya.
The highest grain weight (65.16 g plant~!) was measured in T10
where 25% of the total N was supplied by Lyngbya derived LMBR
and rest by urea, which was closely followed by that (63.48 ¢
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plant~!) measured in T5 treatment where N was supplied to the
plants in equal proportion through Chlorella LMBR and urea.
However, both these treatments were found at par with other
levels of substitutions with LMBRs from either of the algae and
were also equivalent to RRF. The yield and its attributes were
found the lowest in the absolute control treatment where no
external nutrition was supplied.

Effect on Nutritional Quality of Maize

The carbohydrate, crude protein, and crude fat in maize grains
were determined and are presented in Table 6. The carbohydrate
content was the maximum where 75% of N was supplied through
LMBR of Chlorella. This treatment was at par to all the other
combinations of Chlorella LMBR, but was significantly superior
to RRF (P = 0.018) as well as all other Lyngbya treatments
(P < 0.021). However, all the Lyngbya treated plants were at par
with RRF treated ones. There was no change in crude protein
content in grains due to either of the two LMBR treatments as
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FIGURE 1 | Effect of LMBRSs on activities of ascorbate peroxidase and
glutathione reductase enzymes of maize at 60 DAS.

compared to that in RRF. All the algal biomass treated plants
were equivalent with respect to crude fat content, except T3
where 100% N was supplied through Chlorella derived LMBR.
With respect to nutritional quality, it was found that there was
no change in nitrogen content of the grains due to any of the
LMBR treatments when compared to RRF. Compared to RREF,
T3, and T10 had the significantly (P < 0.05) highest phosphorus
content in the Chlorella and Lyngbya derived LMBR treatments,
respectively. However, all the LMBR treatments were at par with
each other with respect to P content in grains. Compared to RRF,
there was significantly (P < 0.001) higher potassium uptake in
grains in all the LMBR treatments except where N was entirely
supplied through Chlorella derived LMBR. There was a marked
increase in sodium as well as potassium content of grains in T10
treatment when compared to that in RRF.

Effects on Physico-chemical Properties of

Soil at Harvest

The changes in physico-chemical properties brought out due to
the various treatments are presented in Table 7. It was found that
there was no significant difference in pH, EC, organic carbon,
and available N content in the LMBR treated soil when compared
to RRF treated ones. Other than the treatments supplying 100%
(T3) and 75% (T4) N through Chlorella derived LMBR, all other
treatments were at par to RRF with respect to available P content.
The two aforesaid treatments were significantly (P < 0. 006)
better than all other treatments, but at par with each other. T4
and T5 in case of Chlorella based LMBR and T8 and T10 in case
of Lyngbya based LMBR treatments recorded significantly lower
available K in soil at harvest, while all other treatments were at
par with RRF.

DISCUSSION

Among the LMBR from the two algal species, Chlorella derived
one apparently was found to be more responsive in improving
the plant height as no response was found through LMBR from
Lyngbya when compared to RRF (Table 2). Nitrogen nutrition

TABLE 5 | Effect of different LMBR treatments on yield attributes and grain yield of maize.

Treatments Grains dry weight 100 grains dry Length of kernel No of kernels No of kernels
per plant (g) weight (g) set on cob (cm) line on cob per line

T1 40.99+6.11P 8.06+1.81¢ 13.73+£2.90P 14.40+2.61° 30.47 £0.90°
T2 61.21+£10.842 8.60+0.86P¢ 18.96 +2.332 16.00 +0.0020 32.13+14.102P
T3 60.36 + 5.262 9.6340.8720 17.8241.69%0 16.80+1.102 40.40 & 4.252P
T4 59.20 +3.582 10.05+ 1.6820 17.56 42,9480 14.80 42,2880 38.80+8.1320
T5 63.48 4+ 4.452 10.02 4£0.7480 18.254+1.492 16.00 4 1.4180 39.87 +3.202P
T6 55.70+11.332 9.94+1.38%0 15.67 +3.46%0 15.60 +0.8920 34.40 4 7.952P
T7 56.29 4 13.342 9.11+0.86P¢ 16.61 +£2.85%0 16.40+1.6720 36.20 4+ 6.302P
T8 64.93 +3.682 10.68+0.722 18.25+7.382 15.60 +0.8920 32.87 +13.0180
T9 60.46 + 6.922 10,05+ 1.3280 17.62+1.8180 15.60 +1.6720 39.53+5.742P
T10 65.16 4+ 9.452 9.67 +£0.9180 18.91 +1.962 15.60+1.6720 41.00+3.542

Values followed by different alphabets in columns are significantly different at p < 0.05 by LSD.
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TABLE 6 | Effect of different LMBR treatments on nutritional quality of maize.

Treatments Carbohydrate (%) Crude protein (%) Crude fat (%) Nitrogen (%) Phosphorus (%) Potassium (%) Sodium (%)

T 57.19+2.06°d 8.73+1.46° 10.57 +0.82° 1.40+0.23° 0.28+0.06%P 0.51+0.08°° 0.089+0.014°
T2 57.97 +3.23bcd 9.02+0.918 10.63 +1.30°° 1.44 +0.158P 0.18+0.05° 0.33+0.02d 0.043+0.010°
T3 60.68 + 3.6720C 11.27 £3.762 11.824+0.982 1.80+0.602 0.39+£0.412 0.27+0.10d 0.046+0.012°
T4 63.21+ 3592 9.85+0.878P 11.26 4 0.782P¢ 1.58 +0.142P 0.28+0.032P 0.44+0.09¢ 0.048 +0.025°°
T5 61.49 +4.782 9.68 4 1.2020 11.2640.7880¢ 1.55+0.1920 0.28 £0.05%0 0.5640.0420 0.044 +0.004¢
T6 60.47 + 1.548b¢ 9.62 41,0280 11.3040.9780¢ 1.54+0.1620 0.35+£0.1280 0.58 40.06%° 0.047 +0.0040°
T7 58.08 + 3.45Pcd 9.59 +2.36%° 11.05+0.8580¢ 1.53+0.382P 0.364£0.1480 0.5840.1180 0.044 +0.005°
T8 57.02 + 4.06°d 9.31+£0.75% 11.75+0.5920 1.49+0.1280 0.300.06%° 0.52 40.0280° 0.042 +0.006°
T9 57.24 + 1.84bcd 9.71+1.8280 11.530.9080¢ 1.55 +0.2920 0.284£0.05%° 0.52 40.0280° 0.078+0.0132
T10 53.92 +3.904 10.28 +2.4780 11.07 +0.758P¢ 1.64 +0.402P 0.41+0.222 0.62+0.162 0.062 +0.004°

Values followed by different alphabets in columns are significantly different at p < 0.05 by LSD.

TABLE 7 | Effect of different LMBR treatments on physico-chemical properties of soil at harvest.

Treatments Moisture (%) pH EC (dS/m) Available N (g/kg)  Available P (g/kg)  Available K (g/kg) Organic carbon (%)
T 16.89 4 1.652 7.6940.242 11440120 0.13+0.03P 0.08+0.01¢ 0.390.062 0.2040.032
T2 13.24 £ 2.30° 7.47+£0.172 1.29+0.2480 0.1240.020 0.0540.02P 0.4040.062 0.154+0.04P
T3 13.68 4 1.822P 7.584+0.152 1.5640.272 0.13+0.05P 0.08+0.032 0.39+0.112 0.20+0.0320
T4 13.780.95%0 7.59+0.222 1.32+£0.2420 0.1340.040 0.0840.022 0.2940.01P 0.184+0.03%
T5 15.00 2.432P 7.66+0.422 1.19+0.20° 0.1540.040 0.0340.02b¢ 0.2940.05P 0.1940.03%
T6 13.83+3.75% 7.63+£0.212 1.2540.10° 0.15+0.03° 0.08+0.01b¢ 0.34+0.08%° 0.19+0.0220
T7 13.64 & 1,432 7.634+0.262 1.24+0.21P 0.16+0.10P 0.02+0.01P 0.31+0.0920 0.16+0.062°
T8 15.37 £0.8180 7.79+40.212 1.3240.38%P 0.41+0.242 0.03+0.01P 0.36+0.08P 0.18+0.022P
T9 13.44 £ 1.3920 7.764+0.232 1.29 40,2080 0.14+0.05P 0.02+0.00P 0.34+0.082° 0.17 +£0.0520
T10 14,50+ 1.2280 7.764+0.392 1.3040.278P 0.26+0.18P 0.04+0.02b¢ 0.29+0.04P 0.19+0.032°

Values followed by different alphabets in columns are significantly different at p < 0.05 by LSD.

derived equally from both organic and chemical sources seemed
to be the best balanced dose that sustained higher plant height
relative to RRF starting from as early as 20 DAS till 80 DAS. It
was observed that substitution of 100-50% of total N (T3-T5)
through Chlorella LMBR treatments maintained the plant height
at par with RRF or was even higher until 60 DAS. However, lowest
rate of substitution in T6 (25%) brought about a diminution
suggesting the role of the algal biomass toward sustained supply
of nutrients or other active factors to the plants.

With respect to total DMA in the above ground vegetative
parts and roots, contrasting results were found between LMBR
from Chlorella and Lyngbya (Table4). Whereas, 100 to 50%
N substitutions through Chlorella biomass resulted in higher
or equivalent DMA, similar levels of substitution by Lyngbya
resulted in significant decrease when compared to that in RRE,
suggesting the presence of one or more factor in the latter
that are responsible for diminution of growth. Substitution
of 25% N through either of the LMBR invariably brought a
significant decrease in the aforesaid total DMA, connoting the
requirement of Chlorella in higher amounts and confirming the
retardant activity of LMBR from Lyngbya even at lower doses
of substitution. The differential response between the two algal
LMBRs might be on the account of their composition, which thus
needs to be fully unraveled. This may indicate the presence of

some toxic ingredients in Lyngbya species that negatively affect
the plant growth. There are reports of toxicity of the microalgal
extracts affecting the growth of plants (Romanowska-Duda and
Tarczyfiska, 2002) thus validating the argument (Grzesik and
Romanowska-Duda, 2015) that untested algal residues should
not be employed for treatment on plants.

Interestingly, there was no decrease in DMA in leaf due to
the Lyngbya treatments except that in T10 where least level of
substitution (25%) was done, which was also equivalent to all
the other Lyngbya treatments. T4 fared the best among all the
treatments for total DMA which could be primarily attributed
to increase in stem and root biomass, while T5 formed the
highest leaf biomass, which was although similar to that in RRF.
The highest plant height and leaf biomass found in the LMBR
treatment using biomass of Chlorella in equal proportion as
chemical N (T5) at 60 DAS can be well-corroborated by the leaf
chlorophyll index and net photosynthetic rate recorded during
this time (Table 3), which were found to be the highest among
all the Chlorella treatments and significantly superior to RRF.
Notably, in spite of lower DMA in the vegetative biomass in
all the Lyngbya treatments, compared to RRE there was no
significant decrease in net photosynthetic rate at the leaf level,
as evident from its values recorded at 30 and 60 DAS (Table 3).
Rather, it was significantly higher than all other treatments at
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60 DAS. This treatment also showed the best chlorophyll index
among all the Lyngbya LMBR treatments at all the times and
was significantly higher than RRF before (60 DAS) as well
as after tasseling stage (100 DAS) of the plant. Grzesik and
Romanowska-Duda (2015) also similarly reported intensification
of several metabolic processes such as net photosynthesis and
other gas exchange parameters, stability of cytomembranes which
eventually led to enhanced shoot and root dry weight of willow
plants by application of sonicated biomass of two species of
Cyanobacteria (Microcystis sp. and Anabaena sp.) and one green
algae (Chlorella sp.).

Thus, the observations recorded on plant height, leaf
chlorophyll index, net photosynthetic rate and above ground
vegetative DMA in the treatments using LMBR from Chlorella
suggest that any level of substitution resulted in either
maintaining the growth parameters or improving it in some
of the treatments. This possibly explained for the equivalent
grain yield obtained from all the Chlorella derived LMBR
treatments, compared to RRF. Besides, microalgae, which itself is
photosynthetic, have all the plant essential elements in its biomass
(Table 1) which are left in the residue after oil extraction and
upon decomposition are available to the plants fertilized with it.
Even though there was a detrimental effect on the total DMA
by using LMBR from Lyngbya (Table 4), the maintenance of
similar or higher photosynthetic rate leading to attainment of
similar leaf biomass might have resulted in better partitioning
of photosynthates to the grains, thus explaining for the similar
grain yields despite the mentioned limitations. Evidently, even
though the grain yield of maize was found similar to RRF in all
the LMBR treatments, irrespective of the species of algae it was
derived from, there were differences in the quality of grains due to
the different treatments (Table 6). Whereas, there was no change
in the protein content, T4 was nutritionally superior in terms
of carbohydrate content, while T3 was superior with respect to
fat and phosphorus content when compared over RRF. T10 was
superior in terms of P, K as well as Na content when compared
to RRF.

Strikingly, it was found that all the LMBR treatments
except T3 had marked enhancement in the potassium content.
Potassium has a prominent role in imparting stress tolerance
in plants (Zorb et al.,, 2014). Another notable observation was
that all the LMBR treatments exhibited a significantly longer
tassel compared to that in RRF except that in T6 and T7, which
were also numerically superior (Table1). A longer tassel has
been reported to be desirable under stress environment to ensure
sufficient and extended pollen availability (Sofi, 2007). Even
though the plants in the present experiment were not subjected
to any specific stress, nevertheless, plants do experience biotic
and abiotic stress, even at different times of the day during its
growth and reproductive phase when grown under uncontrolled
conditions (Layek et al, 2015). Such stress may be due to
temperature extremities during day or night, incipient wilting
during mid-day, variation in soil moisture, pest attack, etc.,
all of which could induce instantaneous production of reactive
oxygen species (ROS). The results obtained from our studies
on ROS scavengers like APX suggests that LMBRs may also be
important for imparting tolerance under environmental stress

and may be explored in the future on this aspect. The presence
of bioelicitors in the LMBRs may also be explored which can
perhaps trigger plant defense pathways in response to biotic
and abiotic stresses. Such elicitors have been reported in other
green algae like Ulva lactuca (Grzesik and Romanowska-Duda,
2015).

Evidently, no detrimental effect was found in the pH and
EC of the soil due to the various LMBR treatments (Table 7).
Although, there was no change in organic carbon content
of soil, continuous application of the carbon rich LMBR
may have a significant beneficial effect in the long run. The
treatments employing 100% (T3) and 75% (T4) N through
Chlorella-derived LMBR had a striking effect in improving
available phosphorus in soil which may be ascribed to the
improved microbial and associated biochemical activity of such
carbonaceous materials (Anand et al.,, 2015). Interestingly, T3
also had the highest P content in the grains, all of which connote
toward greater mineralization of soil phosphorus and also the
higher mobilization of phosphorus to the grains of soil, which
needs to be investigated in future. Grzesik and Romanowska-
Duda (2014) recently reported that application of microalgal
residues to corn plants significantly enhanced the activity of
phosphatase enzyme, which is responsible for distribution of P
in plants. The use of LMBR may also confer another advantage
by preventing the loss of soil nutrients by way of leaching or
volatilization, thus being a sustainable release nutrient source.
Mulbry et al. (2005) reported that only 3% of algal N was present
as plant available N in soil at the time of application of dried
algal biomass (day 0). Similar to our studies, they also found that
dried algal biomass was equivalent to fertilizer in supplying N and
P to cucumber and corn. It was further conjectured that NH3
volatilization would not occur by use of dried algal biomass as
manure in contrast to the use of chemical fertilizers.

Chemical solvent extraction is the most common method to
effectively extract lipids from algae cells, but use of solvents like
n-hexane and electric power, makes the cost of oil production
high. In our case, LMBR was produced on a smaller scale for the
purpose of conducting pot experiments. Other methods like wet
extraction (Reddy et al., 2014), supercritical fluid technologies
using CO, (Halim et al., 2011), milking extraction methods
(Kleinegris et al., 2010) are emerging as newer technologies
for lipid extraction that would considerably economize on the
cost and energy requirement. Even though efforts to extract the
microalgal lipids and recover the solvent used has been recently
demonstrated by using solar driven solvent extractor (Ghosh
et al, 2013), nevertheless, it is extremely important that the
algal residue obtained after extraction of the main product (oil)
should be used in a biorefinery approach, which was the primary
objective of the study. We found that the LMBRs deserved
proper exploitation as fertilizer substitute as they are rich in plant
nutrients. Considering the state of the art of algal production and
post-harvest technology, the current production of biofuel from
microalgae is technically feasible, but its economic feasibility is
still a major challenge (Chiaramonti et al., 2015). The results
of the present experiment applying the biorefinery concept to
valorize the LMBR as a plant nutrient source is one of the ways to
achieve economic sustainability of algal biofuel.
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In view of promising results and due to the limited
information available in the literature on this aspect of worldwide
interest, further studies are required to evaluate the effect of the
use of LMBRs on crop plants over the long term and understand
the mechanism of action as well. The effects of LMBRs on soil
microbial and biochemical properties, which have bearing on the
nutrient cycle, also need to be studied in the future. Other active
ingredients or anti-nutrients present in LMBRs also need to be
characterized.

CONCLUSION

In the present study, nitrogen-rich LMBRs of two microalgal
species, namely, Chlorella and Lyngbya were utilized to substitute
for the chemical nitrogen fertilizer requirement of maize plants
in different proportions viz., 100, 75, 50, and 25%. The grain
yield obtained using either of the LMBRs were equivalent to
that under treatment employing RRF solely through chemical
fertilizers. Even though LMBR of Lyngbya resulted in diminution
of the stem and root biomass, there was no reduction observed
in the formation of leaf biomass and photosynthetic rate as a
result of which the translocation of assimilates from the source
to sink was maintained and similar grain yields to that in RRF
were obtained using it. Substitution of 75% of the total chemical
N through Chlorella LMBR (T4) resulted in the highest DMA in
above-ground vegetative biomass and roots and this treatment
also recorded the highest grain carbohydrate content, all of which
were significantly superior to that in RRF. Among the Lyngbya
treatments, substitution at 25% level (T10) was found to be the
best in terms of grain yield production as well as phosphorus
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Many species of microalgae have been used as source of nutrient rich food, feed,
and health promoting compounds. Among the commercially important microalgae,
Haematococcus pluvialis is the richest source of natural astaxanthin which is considered
as “super anti-oxidant.” Natural astaxanthin produced by H. pluvialis has significantly
greater antioxidant capacity than the synthetic one. Astaxanthin has important
applications in the nutraceuticals, cosmetics, food, and aquaculture industries. It is
now evident that, astaxanthin can significantly reduce free radicals and oxidative
stress and help human body maintain a healthy state. With extraordinary potency
and increase in demand, astaxanthin is one of the high-value microalgal products of
the future.This comprehensive review summarizes the most important aspects of the
biology, biochemical composition, biosynthesis, and astaxanthin accumulation in the
cells of H. pluvialis and its wide range of applications for humans and animals. In
this paper, important and recent developments ranging from cultivation, harvest and
postharvest bio-processing technologies to metabolic control and genetic engineering
are reviewed in detail, focusing on biomass and astaxanthin production from this
biotechnologically important microalga. Simultaneously, critical bottlenecks and major
challenges in commercial scale production; current and prospective global market
of H. pluvialis derived astaxanthin are also presented in a critical manner. A new
biorefinery concept for H. pluvialis has been also suggested to guide toward economically
sustainable approach for microalgae cultivation and processing. This report could serve
as a useful guide to present current status of knowledge in the field and highlight key
areas for future development of H. pluvialis astaxanthin technology and its large scale
commercial implementation.

Keywords: Haematoccoccus pluvialis, astaxanthin, nutraceuticals, algae cultivation and processing, biorefinery

INTRODUCTION

“Green microalgae” comprise more than 7000 species growing in a variety of
habitats. Haematococcus pluvialis (Chlorophyceae, Volvocales) is unicellular fresh water
microalga distributed in many habitats worldwide. It is considered as the best natural
source of astaxanthin and the main producing organism of this commercial product
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(Lorenz, 1999; Ranga Rao et al., 2010). Astaxanthin (3,3'-
dihydroxy--carotene-4,4'-dione) is a bright red secondary
carotenoid from the same family as lycopene, lutein, and
p-carotene, synthesized de novo by some microalgae, plants,
yeast, bacteria, and present in many of our favored seafood
including salmon, trout, red sea bream, shrimp, lobster, and
fish eggs (Higuera-Ciapara et al, 2006; Ranga Rao et al,
2014). Astaxanthin contains two chiral centers and can exist
in three different stereoizomers, (3S, 3'S); (3R, 3’S), and (3R,
3’R). The ratio of 1:2:1 of these isomers is obtained during
chemical synthesis of this compound. H. pluvialis biosynthesizes
predominantly the 3, 3'S stereoisomer, the most valuable one
(Yang et al., 2013; Al-Bulishi et al., 2015). Astaxanthin synthesis
in H. pluvialis is directly correlated in space and time with
deposition of cellular reserves in lipid droplets under conditions
of cellular stress (Solovchenko, 2015). From biochemical
perspective astaxanthin is synthesized through carotenoid
pathway from glyceraldehyde-3-phosphate and pyruvate. Both
of these compounds are products of photosynthesis and/or
glycolysis depending on cultivation conditions. These two key
metabolic intermediates then enter non-mevalonate (MEP)
pathway to generate IPP—key intermediate for the synthesis of
all carotenoids including astaxanthin. Astaxanthin has a wide
range of applications in the food, feed, cosmetic, aquaculture,
nutraceutical, and pharmaceutical industries because of its free
radical scavenging capacity. In terms of antioxidant activity
astaxanthin is 65 times more powerful than vitamin C, 54
times stronger than P-carotene, 10 times more potent than
B-carotene, canthaxantin, zeaxanthin, and lutein; and 100 times
more effective than a-tocopherol (Miki, 1991; Borowitzka, 2013;
Koller et al., 2014; Pérez-Lopez et al.,, 2014; Cyanotech, 2015).
Currently, over 95% of the astaxanthin available in the market
is produced synthetically; while H. pluvialis derived natural
astaxanthin corresponds to <1% of the commercialized quantity
(Koller et al.,, 2014). Synthetic astaxanthin, synthesized from
asta-Cj5 -triarylphosphonium salt and the Cjo -dialdehyde in
a Wittig reaction (Krause et al, 1997), has 20 times lower
antioxidant capacity than its natural counterpart and to date
has not been approved for human consumption (Lorenz and
Cysewski, 2000; Koller et al., 2014). Moreover, there are concerns
about the safety of using synthetic astaxanthin for direct human
consumption due to both different stereochemistry and potential
carryover of synthesis intermediates. These concerns make
natural astaxanthin from H. pluvialis a preferred choice for high-
end markets (Li et al., 2011). In addition, H. pluvialis has been
already approved as a color additive in salmon feeds and as a
dietary-supplement ingredient for human consumption in the
USA, Japan, and several European countries (Yuan et al., 2011).
Nevertheless, there is no EFSA (European Food Safety Authority)
approval for the therapeutic application so far. Supercritical CO,
extracts from H. pluvialis have been granted “novel food” Status
by the UK Food Standards Agency (FSA), whilst US FDA (Food
and Drug Administration) granted astaxanthin from H. pluvialis
“GRAS” status (Generally Recognized As Safe) (Grewe and
Griehl, 2012; Capelli and Cysewski, 2013).

The increasing demand for natural astaxanthin and its high
price raises interest in efficient systems to produce astaxanthin

from H. pluvialis. Various cultivation and astaxanthin production
methods in photoautotrophic, heterotrophic, and mixotrophic
growth conditions, both indoors; in open raceway ponds or
closed photobioreactors using batch or fed-batch approach have
been reported (Kang et al., 2005, 2010; Kaewpintong et al,
2007; Ranjbar et al., 2008; Garcia-Malea et al., 2009; Issarapayup
et al, 2009; Zhang et al., 2009; Li et al., 2011; Han et al,
2013; Wang et al., 2013a,b). The most recent advances in
H. pluvialis cultivation for astaxanthin production include a
two-stage mixotrophic culture system (Park et al., 2014) and
an “attached cultivation” system using the immobilized biofilm
(Zhang et al., 2014). Along with the cultivation process, the
induction of carotenoid synthesis in H. pluvialis has a direct
correlation with the astaxanthin content of cells and total
astaxanthin productivity. The accumulation of astaxanthin is
affected by both environmental factors such as light (Saha
et al.,, 2013; Park et al., 2014); temperature (Yoo et al., 2012);
pH (Hata et al., 2001); salt concentration (Kobayashi et al.,
1993); and nutritional stresses (Boussiba et al., 1999; Chekanov
et al., 2014), as well as various plant hormones and their
derivatives (Yu et al., 2015). Attempts were made to genetically
enhance the capacity of H. pluvialis to produce astaxanthin
using both classical mutagenesis (Hu et al., 2008), and more
recently genetic engineering (Sharon-Gojman et al, 2015).
Once biomass is successfully grown and achieved high cell
density, efficient harvesting, cell disruption, dehydration, and
recovery/extraction of astaxanthin from H. pluvialis biomass
are important factors. Harvesting have been so far achieved
through a combination of passive settling and subsequent
centrifugation (Han et al., 2013; Pérez-Lopez et al, 2014), or
flotation and centrifugation (Panis, 2015). Mechanical processes
such as expeller pressing and bead milling are commonly used
cell disruption methods to enhance recovery of astaxanthin from
H. pluvialis (Razon and Tan, 2011). For the dehydration of
H. pluvialis biomass, spray drying (Li et al., 2011; Panis, 2015),
freeze drying, lyophilization, and cryodesiccation (Milledge,
2013) methods have been utilized. There are several methods
of astaxanthin extraction utilizing solvents, acids, edible oils,
enzymes, pressurized liquids (Jaime et al., 2010; Zou et al,
2013; Dong et al., 2014), supercritical carbon dioxide (SC-CO,)
(Wang et al., 2012; Reyes et al., 2014), and liquefied dimethyl
ether (DME) (Boonnoun et al., 2014). Although many studies
have explored various methods of extraction and downstream
processing of astaxanthin from H. pluvialis biomass, more
comprehensive investigation is required to take an advantage
of the biological potential of this microalga and its highly
valuable product. Since astaxanthin has a great potential in
the global market (280 mt, $447 million in 2014 for both
synthetic and natural astaxanthin) and high market value
($2500-7000/kg); (Koller et al., 2014; Pérez-Lopez et al., 2014;
Industry Experts, 2015), in depth investigation of H. pluvialis
biology, physiology, efficient culture techniques, downstream
bioprocessing, and product formation are highly desired for
further development of this sector. Even though currently
several commercial companies (Cyanotech Corporation, Mera
Pharmaceuticals Inc, Algatechnologies, Fuji Chemical Industry
Co. Ltd etc.) are involved in large scale production of H. pluvialis
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and astaxanthin, the production capacity is far beyond the global
demand of natural astaxanthin.

This review summarizes both classical knowledge and
most recent advances in the cell biology, physiological, and
biochemical characteristics, responses to environmental
stresses, and their effect on astaxanthin accumulation, genetic
engineering, growth conditions, and different cultivation
techniques, harvesting, and post harvest downstream
bioprocessing of H. pluvialis. The biorefinery concept,
global market potential, challenges, and future direction for
development of H. pluvialis and astaxanthin production in
commercial scale also are discussed.

BIOLOGY OF H. PLUVIALIS

Taxonomy and Occurrence

The freshwater unicellular biflagellate green microalgae
H. pluvialis Flotow belongs to the class Chlorophyceae, order
Volvocales and family Haematococcaseae (Bold and Wynne,
1985; Eom et al., 2006). It is also known as Haematococcus
lacustris or Sphaerella lacustris. Haematococcus was first
described by J. Von Flotow in 1844 and later in 1899 Tracy
Elliot Hazen extensively presented its biology and life cycle
(Hazen, 1899; Leonardi et al., 2011). H. pluvialis is common
in small transient freshwater bodies and widely distributed in
many habitats worldwide. It occurs primarily in temporary water
bodies like ephemeral rain pools, artificial pools, natural and
man-made ponds, and birdbaths (Czygan, 1970; Burchardt et al.,
2006). This microalga can be usually found in temperate regions
around the world and has been isolated from Europe, Africa,
North America, and Himachal Pradeslv India (Pringsheim, 1966;
Suseela and Toppo, 2006). It has been also found across diverse
environmental and climate conditions: in brackish water on
the rocks on the seashore (Chekanov et al., 2014); freshwater
basin in the rock filled with melted snow on Blomstrandhalveya
Island (Norway) (Klochkova et al., 2013); dried fountain near
Rozhen, Blagoevgrad in Bulgaria Gacheva et al., 2015, freshwater
fishpond in Bihor, Romania (Dragos et al., 2010); rooftop surface
of a building of KIOST in Seoul Korea (Kim et al., 2015). It
is well suited for survival under conditions of expeditious and
extreme in light, temperature, and salt concentration that would
be deleterious to many other microalgae, due to its ability to
encyst (become enclosed by thick membrane) in a rapid manner
(Proctor, 1957).

Cellular Morphology and Life Cycle

Cellular structure of H. pluvialis is similar to most of other
members of volvocalean unicellular green algae. The life cycle
of H. pluvialis consists of four types of distinguishable cellular
morphologies: macrozooids (zoospores), microzooids, palmella,
and hematocysts (aplanospores) (Hazen, 1899; Elliot, 1934).
Macrozooids (zoospores), microzooids, and palmella stages
are usually called “green vegetative phase” (Figures 1A,B).
Hematocysts (aplanospores) are referred as “red nonmotile
astaxanthin accumulated encysted phase” of the H. pluvialis life
cycle (Figures 1C,D). Macrozooids (zoospores) are spherical,
ellipsoidal, or pear-shaped cells with two flagella of equal length

emerging from anterior end, and a cup-shaped chloroplast with
numerous, scattered pyrenoids (Figure 1A). The macrozooid
cells are between 8 and 20 pum long with a distinct gelatinous
extracellular matrix of variable thickness. Numerous contractile
vacuoles are irregularly distributed near the protoplast surface
of the cell (Hagen et al,, 2002). These flagellated fast-growing
vegetative cells predominate under favorable culture conditions
in the early vegetative growth stage (Figure 1A) Macrozooids
may divide into 2-32 daughter cells by mitosis (Wayama
et al., 2013) (Figures 2A,B). Under unfavorable environmental
or culture conditions, macrozooids start losing flagella, and
expand their cell size. They form an amorphous multilayered
structure in the inner regions of the extracellular matrix
or the primary cell wall as they develop into non-motile
“palmella” and become resting vegetative cells (Hagen et al.,
2002) (Figure 1B). With the continued environmental stress (i.e.,
nutrient deprivation, high light irradiance, high salinity) and
cessation of cell division, “palmella” transform into the asexual
“aplanospores” (Figures 1C,D). At this stage, cells contain two
distinct structures, a thick and rigid trilaminar sheath, and
secondary cell wall of acetolysis-resistant material. Such cells
become resistant to prevailing extreme environmental conditions
(Santos and Mesquita, 1984; Boussiba and Vonshak, 1991).
Mature aplanospores; accumulate large amounts of secondary
carotenoids, particularly astaxanthin, in lipid droplets deposited
in the cytoplasm, which results in a characteristic bright red
color of these cells (Hagen et al., 2002). Some H. pluvialis
strains are reported to be capable of accumulating astaxanthin
without forming aplanospores (Brinda et al., 2004). Once
environmental or culture conditions return to optimal, red
aplanospores germinate to form flagellated zoospores to initiate
a new vegetative growth cycle (Figure 1A). In some cases,
gametogenesis may occur in aplanospores (Figures 3A-D). Such
process requires an exposure to extreme adverse conditions
(freezing, desiccation, or nutrient starvation) followed by
return to favorable culture conditions. During gametogenesis,
aplanospore cells can produce up to 64 gametes which are known
as microzooids. The microzooids are smaller in size (<10 pwm)
compared to the zoospores (20-50 pm), and exhibit high-speed
motility after their release from gametocysts. Sexual reproduction
is rarely observed in H. pluvialis, and has been largely replaced by
vegetative reproduction (Triki et al., 1997).

Ultrastructural Changes of H. pluvialis
during the Life Cycle

In H. pluvialis cells, large amount of ultrastructural changes
occurs during their life cycle which is frequently associated
with responses to stress conditions in the environment. In the
green vegetative palmella cells, a thick cell wall surrounds the
cell, and two layers of extracellular matrix present near the cell
wall (Figure 4A). Nucleus is located in the center of the cell,
and highly developed chloroplasts are located at the periphery
(Figure 4A). Few astaxanthin granules are present which located
around the nucleus (Figure 4A). Conspicuous pyrenoids with
electron-dense matrix can be found in the stroma (Figures 4A,B)
(Wayama et al., 2013). During the starting of encystment process,

Frontiers in Plant Science | www.frontiersin.org

April 2016 | Volume 7 | Article 531 | 117


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Shah et al. Astaxanthin Production from H. pluvialis

(A) (B)

FIGURE 1 | Light microscopic images of H. pluvialis cells in life cycle. (A) Green vegetative motile cell; (B) Green vegetative paimella cell; (C) Astaxanthin
accumulating palmella cell in transition to aplanospore; (D) Astaxanthin accumulated aplanospore cell. Scale bar: 10 um.
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FIGURE 2 | Life cycle of H. pluvialis. (A) Fluorescence microscopy images, showing the 1- to 32-cell stages, and the flagellated stage. DIC, differential interference
contrast image; SYBR, SYBR Green I-stained cells (green); CHL, chlorophyll autofluorescence (red); and Overlay, overlaid images of SYBR and CHL. (B) lllustration of
life cycle of H. pluvialis. Refresh, when old cultures are transplanted into fresh medium, coccoid cells undergo cell division to form flagellated cells within the mother
cell wall. Germination, Flagellated cells settle and become coccoid cells. Continuous and/or strong light accelerate the accumulation of astaxanthin during encystment
(red arrows). Figure reproduced from Wayama et al. (2013) distributed under the terms of the Creative Commons Attribution License.
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Haematococcus turned into greenish-orange cells (with some
astaxanthin accumulation) which can be referred as intermediate
stage cells. In this stage, conspicuous pyrenoids with electron-
dense matrix located in the stroma, remain surrounded by thick
starch capsules and many starch grains are located around the
pyrenoids (Figure 5). Round oil droplets with various sizes,
containing astaxanthin located around the nucleus (Figure 5). At
this stage, thylakoids become partial degraded (Wayama et al,,

FIGURE 3 | Gametogenesis in H. pluvialis. (A) C, cyst; G, gametocyst; S, a
sporocyst; (B) vegetative zoospore, F, flagella (indicated by arrow); (C):
gametocyst before releasing gametes; (D): release of gametes from
gametocyst. Reproduced with permission from Triki et al., 1997, Phycologia,
Allen Press Publishing Services. Copyright (1997) Allen Press Publishing
Services.

2013). With the gradual accumulation of astaxanthin chloroplast
reduce in volume but photosynthetic activity remains. In the
aplanosopre or cyst stage, astaxanthin accumulates and cells form
cysts. Oil droplets and astaxanthin accumulation patterns may
differ among cyst cells. For example, electron-dense astaxanthin
granules in oil droplets (Figures 6A,B) occurred in some cells. In
other cells, relatively large oil droplets occurred throughout the
cell (Figures 6C,D). Chloroplasts are degenerated and localized
in the interspace between oil droplets (Wayama et al., 2013).

BIOCHEMICAL COMPOSITION OF
H. PLUVIALIS

Because of the unique life cycle of H. pluvialis, cellular
composition of this microalga varies tremendously between its
“green” and “red” stages of cultivation (Table 1).

Protein

In green stage, during favorable growth conditions most H.
pluvialis strains are rich in protein (29-45) (Table 1), lower
protein content (23.6%) have been however observed in a
Bulgarian strain Haematococcus cf. pluvialis Rozhen-12 during
green stage cultivation (Gacheva et al., 2015). It was estimated
that proteins contribute to 21 (Kim et al., 2015) and 23% (Lorenz,
1999) of cellular content during red stage cultivation of H.
pluvialis. Amino acid composition of proteins in the red stage
indicated that proteins were mainly composed of aspartic acid,
glutamic acid, alanine, and leucine with total amino acid content
of 10.02/100 mg, 46.0% of which belonged to essential amino
acids (Lorenz, 1999; Kim et al., 2015).

Carbohydrates

In green stage, carbohydrate content approximates to 15-17%,
about a half of the red stage (Table 1). In the red stage, under
conditions of stress (e.g., nutrient starvation, light stress, high
acidity, temperature variations etc.), H. pluvialis accumulates

FIGURE 4 | Transmission electron micrographs of green vegetative cells of H. pluvialis. (A) General ultrastructure. The cell wall is surrounded by extracellular
matrix (arrowheads). Arrows indicate astaxanthin granules. (B) Chloroplast and pyrenoid. C, chloroplast; CW, cell wall; N, nucleus; P, pyrenoid. Scale bars in (A,B): 5
and 1 um, respectively. Figure reproduced from Wayama et al. (2013) distributed under the terms of the Creative Commons Attribution License.
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FIGURE 5 | Transmission electron micrograph of intermediate

H. pluvialis cell (general ultrastructure). C, chloroplast; CW, cell wall; N,
nucleus; OD; oil droplet; P, pyrenoid; SC, starch capsule; SG, starch grain.
Scale bar: 5 um. Figure reproduced from Wayama et al. (2013) distributed
under the terms of the Creative Commons Attribution License.

higher content of carbohydrates (starch), for example 38 (Lorenz,
1999), 60 (Recht et al., 2012), and 74% (Boussiba and Vonshak,
1991). Under prolonged stress conditions starch is consumed in
the cell.

Lipid

In green stage, total lipid content varies from 20 to 25%,
with approximately 10% lipids composed predominantly of
short (C16, C18) polyunsaturated fatty acids deposited in the
chloroplasts. Neutral lipids are predominant lipid class in both
green and red cells (Table 1). In red stage, prolonged stress
conditions direct larger flux toward the synthesis of neutral
lipids—triacylglycerols (TAG). Red stage cells can accumulate up
to 40% of their cell weight as cytoplasmic lipid droplets (LD),
and considerable amount of secondary metabolites including
up to 4% of the ketocarotenoid astaxanthin (Boussiba et al.,
1992, 1999; Saha et al., 2013). The phospholipid content does
not change compared to the green stage, while the glycolipid
fraction nearly doubles in red cells when compared with green
vegetative cells (Damiani et al., 2010). The total fatty acid profile
of H. pluvialis is relatively complex. Palmitic (16:0), linoleic
(18:2), and linolenic (18:3) acids are predominant components
of the profile with highly polyunsaturated species also present
in considerable amounts (Table 2). Based on the comparative
studies on fatty acids profile of two different H. pluvialis, it
was revealed that both strains varied in composition, especially
of palmitic (16:0), oleic (18:1), linoleic (18:2), and linolenic
(18:3) acids. This variation might be associated with several
factors such as culture environment, stress conditions, culture
parameters, variation of strain origin, nutrient etc. Higher lipid
content of H. pluvialis grown under nutrient starvation and

the suitable profile of its fatty acids indicate a possibility of
biodiesel production from this microalga (Damiani et al., 2010;
Saha et al.,, 2013). The massive astaxanthin accumulation in
H. pluvialis is a cellular response to stress conditions and is
accompanied by the enhanced biosynthesis of triacylglycerols
(TAG) (Zhekisheva et al., 2002, 2005; Cerdn et al., 2007), and the
reduction in photosynthetic activity of PSII, loss of cytochrome
f, and subsequent reduction in electron transport, and increased
respiration rate (Boussiba, 2000). During transition from green
vegetative cells to red aplanospores after exposure to stress
conditions astaxanthin start to accumulate as fatty acid mono- or
diesters in cytoplasmic lipid droplets (LD) (Aflalo et al., 2007). As
cells undergo transition to red stage, both chlorophyll and protein
contents drop.

Carotenoid

The carotenoid fraction of green vegetative cells consists
of mostly lutein (75-80%), B-carotene (10-20%) and others,
including chlorophyll a and b, primary carotenoids, violaxanthin,
neoxanthin, lactucaxanthin, and zeaxanthin (Renstrem et al.,
1981; Harker et al., 1996a). In the red stage, the total carotenoid
content is markedly enhanced, and the characteristic primary
carotenoid pattern of vegetative stage is replaced by secondary
carotenoids, mainly astaxanthin (80-99% of total carotenoids)
(Harker et al., 1996a; Dragos et al., 2010). The ratio of carotenoids
to chlorophylls is about 0.2 in the green stage and increases in
the red stage by an order of magnitude and reaches about 2-9.
The majority of astaxanthin is not deposited in its free form but
it exists within the cell as fatty acid esters of astaxanthin, usually
mono- or diesters of palmitic (16:0), oleic (18:1), or linoleic (18:2)
acids. This type of modification is required for the deposition
of this highly polar molecule within non-polar matrix of lipid
droplets. Approximately 70% monoesters, 25% diesters, and only
5% of the free ketocarotenoid is present in the mature “red”
cells of H. pluvialis (Zhekisheva et al., 2002; Solovchenko, 2015).
Under certain conditions of stress H. pluvialis has been shown
to accumulate up to 3-5% DW of astaxanthin (Han et al,, 2013;
Chekanov et al., 2014).

H. PLUVIALIS-DERIVED ASTAXANTHIN

H. pluvialis as a Major Source of
Astaxanthin

H. pluvialis can accumulate up to 5% DW of astaxanthin
and is considered as the best natural source of this high-
value carotenoid pigment (Wayama et al, 2013). Dietary
supplements containing Haematococcus astaxanthin has proved
to be safe to humans and widely used for over 15 years as
a nutraceutical supplement with no adverse side-effects of its
supplementation (Capelli and Cysewski, 2013; Yang et al., 2013).
Natural astaxanthin from H. pluvialis or krill oil is available in
the market as a dietary supplement in dosages from 3.8 to 7.6 mg
per day due to potential health benefits (Yang et al., 2013). As
societies nowadays are looking toward “green” solutions, natural
astaxanthin form H. pluvialis seems to be more favorable than its
synthetic counterpart due to structure, function, application, and
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FIGURE 6 | Transmission electron micrographs of H. pluvialis cyst cells. (A) General ultrastructure of cyst cells, showing small granules that contain
astaxanthin. (B) General ultrastructure of a cyst cell, showing astaxanthin accumulation in oil droplets. (C) General ultrastructure of a cyst cell, showing large oil
droplets. Chloroplasts localize in the interspace between oil droplets (arrows). (D) Some oil droplets are fused. C, chloroplast; N, nucleus; OD, oil droplet. Scale bars in
(A-D): 5 um. Figure reproduced from Wayama et al. (2013) distributed under the terms of the Creative Commons Attribution License.

security (Choubert and Heinrich, 1993; Capelli and Cysewski,
2013; Pérez-Lopez et al., 2014).

Biosynthesis of Astaxanthin in H. pluvialis

Biosynthesis of astaxanthin in H. pluvialis is a complex process
that is highly up-regulated in conditions of stress and which
coincides with the accumulation of triacylglycerols (TAGs).
Both compounds are deposited in the cytosolic lipid bodies
during the “red” stage of H. pluvialis cultivation. Astaxanthin
belongs to carotenoids, a Cy tetraterpenes, synthesized from
isoprene units. Isopentenyl pyrophosphate (IPP) is a key
intermediate of carotenoid synthesis. In principle, IPP can
originate from two dissimilar pathways: mevalonate pathway
(MVA) located in cytosol and non-mevalonate (MEP) located
in the chloroplast (Lichtenthaler et al., 1997; Lichtenthaler,
1999; FEisenreich et al., 2001). Alternative name for MEP is
DOXP, due to the formation of 1-deoxy-D-xylulose-5-phosphate
in the first stage of the pathway. Comparative transcriptomic
analysis of astaxanthin biosynthesis in H pluvialis have shown
that the key intermediate-IPP is most likely synthesized using
the DOXP pathway. H. pluvialis lacks three key enzymes of

the mevalonate pathway (MVA) catalyzing the formation of
isopentenyl pyrophosphate (IPP) from acetoacetyl-CoA (Gwak
et al, 2014). There has been numerous evidence of the full
set of enzymes required for the conversion of photosynthesis-
derived products i.e., pyruvate and glyceraldehyde-3-phosphate
into isopentenyl pyrophosphate through DOXP pathway inside
H. pluvialis chloroplasts (Gwak et al., 2014). It makes it the
most likely source of IPP in H. pluvialis cells. The process
of astaxanthin biosynthesis is presented on Figure?7. IPP
derived from DOXP pathway is an initial building block of
astaxanthin synthesis. In the subsequent step the IPP undergoes
isomerization to dimethylallyl diphosphate (DMAPP). It has
been long assumed that this conversion was catalyzed exclusively
by isopentenyl pyrophosphate isomerase (IPI) (Sun et al., 1998;
Lichtenthaler, 1999). However, recent transcriptomic studies
suggest that neither of the two ipi genes of H pluvialis (ipil
and ipi2IPI2) are up-regulated during cellular accumulation of
astaxanthin (Gwak et al., 2014). Suggestions have been made
that another enzyme of similar activity, 4-hydroxy-3-methylbut-
2-enyl diphosphate reductase (HDR) was more likely to be
responsible for catalyzing interconversion between IPP and

Frontiers in Plant Science | www.frontiersin.org

April 2016 | Volume 7 | Article 531 | 121


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Shah et al.

Astaxanthin Production from H. pluvialis

TABLE 1 | Typical composition of H. pluvialis biomass in green and red
cultivation stages.

TABLE 2 | Comparison of fatty acid composition (%) of two different
H. pluvialis strains.

Composition content (% of DW) Green stage Red stage
Proteins 29-45 17-25
Lipids (% of total) 20-25 32-37
Neutral lipids 59 51.9-63.5
Phospholipids 28.7 20.6-21.1
Glycolipids 1.5 25.7-26.5
Carbohydrates 15-17 36-40
Carotenoids (% of total) 0.5 2-5
Neoxanthin 8.3 n.d
Violaxanthin 12.5 n.d
B -carotene 16.7 1.0
Lutein 56.3 0.5
Zeaxanthin 6.3 n.d
Astaxanthin (including esters) n.d 81.2
Adonixanthin n.d 0.4
Adonirubin n.d 0.6
Canthaxanthin n.d 5.1
Echinenone n.d 0.2
Chlorophylls 1.6-2 0

Adapted from Grewe and Griehl (2012). n.d., no data.

DMAPP (Hoeffler et al., 2002; Rohdich et al., 2002; Gwak et al.,
2014). Further studies are required to assess the contribution of
these three enzymes to this key biosynthetic step of astaxanthin
formation. Elongation of the isoprenoid chain is initiated with
a molecule of DMAPP and a subsequent linear additions of
three molecules of IPP catalyzed by an enzyme geranylgeranyl
pyrophosphate synthase (GGPS) (Britton, 1993; Cunningham
and Gantt, 1998). The final step of this process is the formation
of a Cy compound, geranylgeranyl pyrophosphate (GGPP), a
shared precursor with other isoprenoids. The first committed
step of carotenoid synthesis is catalyzed by phytoene synthase
(PSY) and results in a head-to-tail condensation of two GGPP
molecules to form a C49 compound—phytoene that serves as a
precursor for astaxanthin and other carotenoids (Cunningham
and Gantt, 1998). The expression of the phytoene synthase gene
(psy) was up-regulated in Haematococcus cells stressed with high
light and undergoing transformation from “green” to “red” stage
(Steinbrenner and Linden, 2001; Vidhyavathi et al., 2008; Gwak
et al., 2014). The subsequent formation of highly unsaturated
compound—Ilycopene proceeds through four desaturation steps
catalyzed by two phytoene desaturases (PDS) and a {-carotene
desaturase (ZDS) with two plastid terminal oxidase (PTOX 1,
PTOX 2) acting as co-factors for electron transfer between
Cyo carotenoid intermediates, plastoquinone and final electron
acceptor—oxygen (Li et al., 2010; Nawrocki et al., 2015). Of the
two, PTOX 1 was found to be co-regulated with astaxanthin
synthesis in H. pluvialis (Wang et al., 2009; Nawrocki et al.,
2015). Desaturation reactions increase the number of conjugated
carbon-carbon double bonds that form the chromophore in
carotenoids and convert a colorless molecule of ¢-carotene to
a pink colored lycopene (Cunningham and Gantt, 1998). Both
termini of lycopene undergo cyclization catalyzed by lycopene

Fatty acids Haematococcus sp. H. pluvialis
KORDIO3 (Kim et al., (Lorenz, 1999)
2015)

C12:0 lauric N/A 0.1
C14:0 myristic 0.1 0.5
(C15:0 pentadecanoic acid 0.1 N/A
C16:0 palmitic 18.7 29.0
C16:1 palmitoleic 0.5 0.6
C16:2 0.4 N/A
C16:3 3.5 N/A
C16:4 3.3 N/A
C17:0 margaric N/A 0.2
C17:1 margaroleic N/A 1.3
C18:0 stearic 0.7 2.1
C18:1 oleic 4.9 25.9
C18:2 linoleic 24.9 20.8
C18:3 linolenic 39.7 12.8
C18:4 octadecatetraenoic 5.8 1.4
C20:0 arachidic N/A 0.6
C20:1 gadoleic 0.5 0.3
C20:2 eicosadenoic N/A 1.2
(C20:3 eicosatrienoic gamma N/A 0.5
C20:4 arachidonic 0.9 1.4
C20:5 eicosapentaenoic 0.6 0.6
C22:0 behenic N/A 0.4
(C24:0 lignoceric 0.3 0.2
C24:1 nervonic acid 0.1 0.1
> SFAs 15.0 33.2
> MUFAs 6.0 28.1
3" PUFAs 79.1 38.7
Total 100.0 100.0

cyclases (LCY-e and LCY-b). Cyclization is a branching point
of the carotenoid biosynthesis in most organisms, yielding a-
carotene (precursor of lutein) and B-carotene (precursor of
other carotenoids including astaxanthin). In H. pluvialis vast
majority of the carbon flux is directed into the latter (Gwak
et al,, 2014), and high level of LCY-b transcripts have been
observed under stress conditions (Lorenz and Cysewski, 2000;
Gwak et al., 2014). Final two oxygenation steps catalyzed by
B-carotene ketolase (BKT) and P-carotene hydroxylase (CrtR-
b) are rate limiting steps of astaxanthin synthesis (Linden,
1999; Steinbrenner and Linden, 2001; Vidhyavathi et al., 2008).
Although in principle the reactions catalyzed by these two
enzymes can proceed in any order, higher substrate specificity
of BKT toward p-carotene than zeaxanthin favors initial
addition of keto group before enantio-selective hydroxylation of
canthaxanthin to astaxanthin is catalyzed by CrtR-b (Lotan and
Hirschberg, 1995). Enantioselectivity of astaxanthin synthesis is
of primary importance for the nutraceuticals market and the
major advantage of H. pluvialis astaxanthin over its synthetic
counterpart. Since astaxanthin has two identical chiral centers
at the positions of 3 and 3’ it can exist in four different
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configurations which yield three different isomers: (3R, 3'S);
(3R, 3'R); (3S, 3'S) depending on the spatial orientation of
the hydroxyl (OH) groups in chiral carbon. During chemical
synthesis these isomers are present in the ratio of 2:1:1,
respectively, yielding only 25% of the naturally occurring (3S,
3'S) isoform. H. pluvialis synthesizes the (3S, 3'S) stereoisomer
of astaxanthin and is therefore a much sought-off product in the
nutraceutical market.

Effect of Small Molecules on Astaxanthin
Synthesis

Astaxanthin is a secondary metabolite, a carotenoid synthesized
by H. pluvialis in a response to stress conditions such as high
light, salinity, or carbon to nitrogen ratio (Gao et al., 2012a).
Regulation of these pathways can be affected by numerous
small molecules like plant hormones or their analogs. An array
of such molecules has been explored to modulate astaxanthin
accumulation by H. pluvialis. Plant hormones that are usually
associated with stress response mechanisms e.g., abscisic
acid (ABA), jasmonic acid (JA), methyl jasmonate (M]) or
growth regulators like gibberellic acid (GA3), salicylic acid
(SA) or brassinosteroid—2, 4-epibrassinolide (EBR) were found
particularly promising in increasing astaxanthin accumulation
in H. pluvialis (Kobayashi et al., 1997b; Gao et al, 2012a,b,
2013a,b; Yu et al, 2015). It was found that these compounds
affect numerous genes involved in astaxanthin biosynthesis
and result in their even six to 10 fold up-regulation. All of
these compounds were tested in various concentrations and
the highest improvement of astaxanthin accumulation was
achieved with salicylic acid. At relatively low concentrations
of the hormone 50mg L~! and low light 25 wmol photons
m~2 s7! the content of astaxanthin raised seven fold from
0.391mg L™! to 2.74mg L™!. Higher levels of these hormones
had however deleterious effect on both growth and astaxanthin
accumulation (Gao et al., 2012a). Correlation between mRNA
transcript levels of five key enzymes of astaxanthin synthesis
pathway (ipi, psy, pds, crtO, and crtR-b encoding respectively
isopentenyl-diphosphate 3-isomerase (IPI), phytoene synthase
(PSY), phytoene desaturase (PDS), P-carotene oxygenase
(CrtO), and p-carotene hydroxylase (CrtR-b) with alga growth
and astaxanthin production suggested a complex, multiple
regulatory mechanisms at transcriptional, translational, and
post-translational levels controlling entire process of carotenoid
synthesis in H. pluvialis (Li et al., 2010). Small molecules can
have multiple effects on the regulation of each of these genes and
more detailed investigation of the molecular responses to their
application is required for both understanding gene regulation
in H. pluvialis and enhancing its capacity as commercial
astaxanthin producer.

Genetic Improvement of H. pluvialis for

Astaxanthin Production

Green eukaryotic microalgae are among the organisms that are
notoriously difficult to genetically engineer. In principle, genetic
engineering of microalgae has been reported for over 30 strains
of various species, including Haematococcus (Rosenberg et al.,

2008; Radakovits et al., 2010; Forjan et al.,, 2015). In majority
of these reports however, only a transient transgene expression
has been achieved and a desired, stable, hereditary, and efficient
genetic modification existed only for model species such as
Chlamydomonas reinhardtii and Volvox carteri. Due to these
constrains genetic improvement of H. pluvialis strains have
been long limited to classical mutagenesis. Combination of
mutagenic treatment and various screening methods resulted in
the development of numerous interesting mutants of H. pluvialis
including those of higher astaxanthin accumulation capacity
(Tjahjono et al., 1994a; Chumpolkulwong et al., 1997; Tripathi
et al, 2001; Chen et al., 2003; Hu et al, 2008; Hong et al.,
2012; Gomez et al., 2013). Various mutagenic treatments have
been tested, and can be broadly divided into UV and chemical
mutagenesis. Chemical mutagenesis has been generally found
to be more suitable for H. pluvialis due to alga’s intrinsic
capacity to limit the damage from light. Typical chemicals
used for mutagenesis include ethyl methanesulphonate (EMS)
and N-methyl-N-nitro-N-nitrosoguanidine (MNNG). In all
studies their concentrations were adjusted to target 85-95%
cell mortality. Successful mutants are usually screened using a
combination of factors that promote identification of mutants
capable of high astaxanthin accumulation. Typically, herbicides
that affect carotenoid synthesis pathway such as norflurazon,
fluridone, nicotine, compactin, or diphenylamine are used
(Tjahjono et al., 1994a; Chumpolkulwong et al., 1997; Tripathi
et al.,, 2001; Chen et al, 2003; Gomez et al., 2013). Screening
relies on identifying colonies that are capable of surviving and/or
growing well in the presence of inhibitory concentrations of these
compounds and high illumination. Surviving strains should
in principle exhibit better capacity to synthesize carotenoids
and divert larger, or more efficient carbon flux toward these
compounds. A number of successful mutants have been isolated
this way and typical improvement of astaxanthin accumulation
ranges from several percent (Gomez et al, 2013) to two or
three fold improvement (Hu et al., 2008). In former case the
mutated strain was tested in commercial scale cultivation system
(120,000 L) and retained the improved capacity for astaxanthin
production. An alternative approach to strain improvement
relying on selection of photosensitive mutants was recently
attempted (Hong et al., 2012). Photosensitive mutant with an
ability to grow under hetero or mixotrophic conditions should
be in principle advantageous over wild type strains due to faster
growth rates and more efficient stress trigger. Screening for
successful mutants was performed in a three stage process. Since
photosensitivity is connected with impaired photosynthesis,
these impaired mutants were selected in the first screening.
Secondary screening tested for the ability of heterotrophic
growth of these photosensitive isolates. Tertiary screening
involved mixotrophic conditions with moderate illumination to
obtain mixotrophic photosensitive strain that accumulated 4.7%
(w/w) of astaxanthin under much shorter induction time (Hong
et al., 2012). The mutated strain was stable for at least 1.5 year
and is an interesting example of using classical mutagenesis for
improvement of H. pluvialis. Mutagenic strain improvement
can be expanded by breeding or creating hybrid strains from
previous genetic improvement efforts. Technique of protoplast
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FIGURE 7 | Pathway of (3S-3’S)-astaxanthin biosynthesis in H. pluvialis. Major carbon flux during the red stage of H. pluvialis cultivation is indicated with thick
arrows, minor products are indicated with thin arrows. Major intermediates of biosynthesis are indicated in large fonts, minor intermediates in small fonts. Enzyme
abbreviations are as follows: IPI, Isopentenyl pyrophosphate isomerase; HDR, 4-hydroxy-3-methylbut-2-enyl diphosphate reductase; GGPS, geranylgeranyl
pyrophosphate synthase; PSY, phytoenesysthase; PDS, phytoenedesaturase; ZDS, ¢-carotene desaturase; LCY-b, lycopene B-cyclase; LCY-g, lycopene e-cyclase;
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fusion has been successfully applied to H. pluvialis (Tjahjono  emerged and stable transformations of H. pluvialis chloroplast
et al., 1994a). Two mutagenized strains, norflurazon-resistant  (Gutiérrez et al, 2012) and nuclear genomes (Sharon-Gojman
and nicotine-resistant have been fused to create a hybrid et al, 2015) were achieved. Most recent nuclear transformation
containing genetic material of two initial strains and showed 30%  vectors are capable to transform one or two transgenes into the
higher astaxanthin accumulation than the initial wild type strain,  nuclear genome either 5 or 3’ of the endogenous dominant
when neither of the fused strains showed such characteristics  selection marker, in the absence of any additional antibiotic
(Tjahjono et al., 1994a). Till very recently H. pluvialis was one  resistance genes. The selection marker used in this system is a
of the organisms in which genetic engineering of its nuclear ~ phytoene desaturase (pds) variant that confers resistance to a
genome was considered difficult due to lack of suitable shuttle  herbicide norflurazon due to a single point mutation (L504A).
vectors and satisfactory transformation efficiencies (Sharon-  Successful transformation of H. pluvialis was obtained with
Gojman et al, 2015). A number of unsuccessful approaches  particle bombardment and numerous constructs based on
have been tried that included various transformation methods  pds selection marker were delivered and incorporated to the
(particle bombardment, electroporation, Agrobacterium),  genome showing stability of integration for over 16 months of
vectors, promoters, and strains (Sharon-Gojman et al., 2015). To  subculturing (Sharon-Gojman et al., 2015). Genetic engineering
address these limitations and open a new array of possibilities  of chloroplast genome of H. pluvialis have been also achieved
in H. pluvialis and astaxanthin biology and technology new  relatively recently (Gutiérrez et al., 2012). So far these studies are
developments were required. In recent years these developments  limited to expressing exogenous antibiotic resistance gene (aadA
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cassette) between Internal Transcribed Spacer region and 16S
gene of H. pluvialis chloroplast genome, but this technique may
in the near future have significant impact on protein production
in H. pluvialis (Gutiérrez et al., 2012) as higher protein yields are
generally obtained during chloroplast expression of transgenes in
other microalgal strains (Li et al., 2015). These new developments
in genetic engineering of H. pluvialis can open a new chapter for
the development of this organism as both industrial astaxanthin
producer and an interesting model for carotenoid synthesis and
accumulation studies.

APPLICATIONS OF H. PLUVIALIS
ASTAXANTHIN

Astaxanthin in Human Health and as

Nutraceutical

Astaxanthin possesses various human health benefits and
nutraceutical applications and plenty of published information
available with evidences, mainly from in vitro and animal
models (Guerin et al, 2003; Chew et al, 2004; Higuera-
Ciapara et al., 2006; Palozza et al., 2009; Yuan et al., 2011).
The effect of Haematococcus derived astaxanthin on various
physiological systems in animal and human subject is presented
in Table 3. Astaxanthin is considered as “super anti-oxidant”
which possesses one of the strongest known antioxidant effects.
Its unique structure allows it to span biological membranes
and act as an antioxidant by reducing and stabilizing free
radicals (Hussein et al., 2006; Liu and Osawa, 2007; Ranga
Rao et al, 2010). It is very good at protecting membrane
phospholipids and other lipids against peroxidation (Naguib,
2000). There are several studies which showed high antioxidant
activity of astaxanthin from H. pluvialis in rats supplemented
with diet (Kamath et al, 2008; Ranga Rao et al., 2010, 2013;
Augusti et al., 2012). Astaxanthin can terminate the induction
of inflammation in biological systems. It can help to fight
symptoms of ulcer disease from Helicobacter pylori (Liu and
Lee, 2003); protect against gastric lesions (ulcers), improve
gastrointestinal health (Nishikawa et al., 2005; Kamath et al.,
2008); and treat gastrointestinal discomfort (Andersen et al,
2007; Kupcinskas et al., 2008). Astaxanthin offers protection
against free radical damage to preserve immune-system defenses.
The immunomodulating capacity of astaxanthin has been
found to be superior to that of B-carotene and canthaxanthin
(Chew and Park, 2004). Astaxanthin has shown significant
effect on immune function in a number of in vitro and in
vivo assays using both animal models (Chew et al, 2004)
and humans (Park et al, 2010). Astaxanthin is a potential
therapeutic agent against atherosclerotic cardiovascular disease
(Fassett and Combes, 2011). Astaxanthin supplementation can
be beneficial for people with enhanced risk for heart attacks. It
is carried by VLDL, LDL, and HDL (high-density lipoprotein)
in human blood and protects LDL-cholesterol against oxidation
(Iwamoto et al., 2000); has a role in the reduction of blood
plasma level (Karppi et al., 2007); and increases basal arterial
blood flow (Miyawaki et al, 2008). Oxidative stress is a
causative or at least ancillary factor in the pathogenesis of

major neurodegenerative diseases (Alzheimers, Huntington’s,
Parkinson’s, and amyotrophic lateral sclerosis-ALS). Diets high
in antioxidants offer the potential to lower the associated
risks (Ferrante et al., 1997). Natural astaxanthin can cross the
blood-brain barrier in mammals and can extend its antioxidant
benefits beyond that barrier. Therefore, astaxanthin can help to
alleviate the effects of Alzheimer’s disease and other neurological
diseases. Astaxanthin can improve respiratory and sympathetic
nervous system activities (Nagata et al., 2006), inhibit the
growth of fibrosarcoma, breast, and prostate cancer cells and
embryonic fibroblasts (Palozza et al., 2009); cell death, cell
proliferation and mammary tumors (Nakao et al, 2010).
Astaxanthin supplementation can help to protect against UV-
induced photooxidation; as an oral sun-protectant; can prevent
skin thickening and reduce collagen reduction against UV
induced skin damage (Ranga Rao et al., 2013) and can improve
skin condition across its layers ie., corneocyte, epidermis,
basal, and dermis by combining oral supplementation and
topical treatment (Seki et al., 2001; Yamashita, 2002; Tominaga
et al.,, 2012). Results have shown that semen quality, pregnancy
rate and sperm velocity in human subject can be improved
(Elgarem et al., 2002; Combhaire et al., 2005) whereas idiopathic
infertility can be decreased by astaxanthin (Andrisani et al.,
2015).

Astaxanthin in Aquaculture and Poultry
Industry

During last 20 years, synthetic astaxanthin has been widely used
for pigmentation of fish. Haematococcus astaxanthin has great
potential in aquaculture industry, due to increasing consumer
demands for natural products and ability of Haematococcus
astaxanthin to provide necessary supplementation for adequate
growth and reproduction of commercially valuable fishes
(Salmonid, Red sea bream), rainbow trouts, and shrimps.
Microalgae- derived astaxanthin has been demonstrated as safe
and effective compound for flesh pigmentation of these fish
(Torrissen and Naevdal, 1984; Tolasa et al., 2005). Utilization
of H. pluvialis meal for pigmenting has resulted in significant
astaxanthin deposition in flesh and skin, flesh coloration
enhancement, enhanced antioxidant system, fish egg quality,
better growth and survival of fry of Salmonid, sea bream,
and rainbow trout (Arai et al., 1987; Sommer et al., 1991;
Choubert and Heinrich, 1993; Sheikhzadeh et al., 2012a,b),
ornamental fishes (Ako and Tamaru, 1999), and shrimp (Arai
et al., 1987; Parisenti et al., 2011). A recent study indicated
that diets supplemented with H. pluvialis can improve large
yellow croaker fish growth more than diets supplemented with
synthetic astaxanthin (Li et al., 2014). H. pluvialis-derived
natural astaxanthin has shown to be efficient in pigmentation
of egg yolks, egg production (Elwinger et al., 1997) in hen and
breast muscle tissue improvement and higher feed efficiency
in broiler chicken (Inborr and Lignell, 1997; Inbbor, 1998).
It has also been proved to improve health and fertility of
chicken and to decrease their mortality (Lignell and Inborr, 1999,
2000).
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TABLE 3 | Effect of H. pluvialis-derived astaxanthin on various physiological systems in human and animal subjects.

Physiological System Subject Effect followed Main outcome References
Anti-oxidation Rabbits Thioredoxin reductase; Paraoxonase Enhanced; No effect Augusti et al., 2012
activity
Rats Hepatoprotective and antioxidant Improved Ranga Rao et al., 2015
activity
Rats Antioxidant enzymes, catalase, Increased Ranga Rao et al., 2010,

Men (bilateral cataract)

superoxide dismutase, peroxidase,
and lipid peroxidation in plasma and
liver

Antioxidative effects through changes
in superoxide scavenging activity, and
hydroperoxides production in
aqueous humor

Enhanced; Suppressed

2013

Hashimoto et al., 2013

Eye function 18 healthy men Deep vision Improved Sawaki et al., 2002
10 healthy men Eye function Improved Iwasaki and Tawara, 2006
40 asthenopia patients Eye accommodation power Improved Keniji et al., 2005
49 healthy men Uncorrected far visual acuity Improved Nakamura et al., 2004
87 men (visual display Eye accommodation amplitude (the Improved; Nagaki et al., 2002
terminal workers) adjustment in the lens of the eye that
allows it to focus);
Eye soreness, dryness, tiredness, and Reduced Nagaki et al., 2006
blurred vision
Skin Healthy female or male Skin wrinkle, corneocyte layer, Improved Tominaga et al., 2012
epidermis, and dermis
46 healthy women Skin elasticity and moisture Improved Seki et al., 2001;

Yamashita, 2002

Immune response

Inflammation
Gastric ulcer

14 healthy women

Rats
H. pylori-infected mice
Rats

44 patients with functional
dyspepsia

Oxidative stress and inflammation
markers; Immune response

Gastrointestinal health
Bacterial load Gastric inflamation
Gastric ulcer markers

Inflammatory markers;
gastrointestinal discomfort

Reduced; Improved

Improved
Reduced
Reduced
No effect; No effect

Park et al., 2010

Nishikawa et al., 2005
Liu and Lee, 2003
Kamath et al., 2008

Andersen et al., 2007;
Kupcinskas et al., 2008

Cardiovascular system 20 adult men Blood flow time Improved Miyawaki et al., 2008
Men Blood plasma levels Reduced Karppi et al., 2007

Muscle endurance 16 non-trained men Lactic acid accumulation after run Reduced Sawaki et al., 2002
19 non-trained men Respiratory and sympathetic nervous Improved Nagata et al., 2006

20 non-trained men

system activities

Strength/explosiveness test;
strength/endurance test

No effect; Improved

Lignell, 2001

20 resistance-trained men Markers of skeletal muscle injury No effect Bloomer et al., 2005
Cancer Rats Growth of colon cancer cells Inhibited Palozza et al., 2009
Central nervous system Healthy mice Memory Improved Zhang et al., 2007
10 healthy men (50-69 Response time and accuracy of Improved Satoh et al., 2009
years) several tasks
Middle aged/elderly men Cog Health battery scores Improved Katagiri et al., 2012
and women (Nuropsychological memory test)
Male fertility 20 sub-fertile men Semen quality, pregnancy rate Improved Elgarem et al., 2002

30 sub-fertile men

24 healthy men

Sperm velocity; oxidation markers;
pregnancy rate
|diopathic infertility

Improved; Reduced;
Improved
Decreased

Comhaire et al., 2005

Andrisani et al., 2015

Metabolic Syndrome (MS)

Obese rats

Body weight; adipose tissue weight;
MS markers

Reduced; Reduced;
Improved

lkeuchi et al., 2007
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CULTIVATION AND PROCESSING OF
H. PLUVIALIS FOR ASTAXANTHIN
PRODUCTION

Culture Conditions and Requirements for

Cell Growth and Astaxanthin Formation

Optimization of the various culture parameters, such as growth
medium composition, light, pH, temperature etc. is necessary
to achieve high biomass and astaxanthin production. Most of
these parameters have different optima for biomass accumulation
and astaxanthin production. For carotenogenesis induction, the
stronger exposure to stress conditions, the higher astaxanthin
accumulation. The origins of this stress can be diverse and
successful astaxanthin accumulation has been induced with both,
high levels of one stressor, or from a combination of multiple
stress factors. In some cases, if cells are exposed to strong stress,
cells growth completely ceases and cells begin to die in a relatively
short time (Su et al., 2014). Various types of growth media are
used for cultivation of H. pluvialis. The most commonly used
media are BG- 11 (Rippka et al., 1979), BBM (Bischoff and Bold,
1963), OHM (Fébregas et al., 2000); KM1-basal medium with
organic carbon sources in the form of sodium acetate (Kobayashi
etal,, 1993), and their modifications. An ideal composition of the
medium to achieve high growth rate and biomass accumulation
is different from ideal composition for high accumulation of
astaxanthin. Sodium nitrate was found to be the most optimal
inorganic nitrogen source (Sarada et al., 2002a), alternatively
an organic source such as urea can be used. When culture
is subjected to nutrient deficiency, it leads to accumulation
of astaxanthin within the cells (Saha et al, 2013). Nitrogen
limitation leads to approximately twice the rate of astaxanthin
production than the limitation of phosphorus. It can be due to
higher cellular damage resulting from a lack of nitrogen, which
manifests in significant degradation of chlorophyll, compared to
the phosphorus starvation (Boussiba et al., 1999). Micronutrients
such as selenium and chromium result in an increased biomass
and astaxanthin production (Tripathi et al, 1999; Fibregas
et al.,, 2000; Dominguez-Bocanegra et al., 2004). Formation of
astaxanthin can also be induced by adding NaCl (0.25-0.5% w/v)
to the media. Also, when NaCl is added together with 2.2
mM sodium acetate, astaxanthin accumulation can be increased
(Sarada et al., 2002b). Addition of 0.45mM Fe?T in the form
of ferrous sulfate may significantly increase the biosynthesis
of carotenoids in cysts due to formation of hydroxyl radicals.
(Kobayashi et al., 1997b). This effect may be enhanced by
combining Fe?" treatment with an addition of sodium acetate
and high temperature exposure (Kobayashi et al., 1993; Tjahjono
etal., 1994b). According to most studies, the suitable temperature
for the growth and astaxanthin accumulation of H. pluvialis
is between 20 and 28°C (Fan et al., 1994; Hata et al., 2001;
Lababpour et al., 2005; Kang et al, 2010; Yoo et al., 2012;
Wan et al., 2014a). However, temperature above 30°C induces a
transition from green vegetative stage to red stage and formation
of red cysts can be observed within 2 days. This transition
is combined with a significant slowdown in growth, while
astaxanthin accumulation is 2-3 times higher than at 20°C.

The increased temperature is likely to affect the synthesis of
astaxanthin through stimulation of oxygen radicals formation
and their higher reactivity (Tjahjono et al., 1994b). It is preferred
that the temperature change takes place gradually, allowing
better acclimation to the new conditions (Hata et al., 2001).
pH can also significantly affect the cell growth and synthesis
of chlorophyll and carotenoids in H. pluvialis. In terms of
biomass and astaxanthin production optimal pH is within the
range of 7.00-7.85 (Hata et al., 2001; Sarada et al., 2002a). The
typical irradiation for H. pluvialis cultivation ranges between
40 and 50 pmol photons m~2s~! (Hata et al., 2001; Chekanov
et al., 2014; Park et al., 2014). Optimal irradiation to achieve
a high growth rates tend to be higher, namely 70 (Zhang
et al., 2014), 80 (Saha et al., 2013), 90 (Fan et al., 1994), or
even up to 177 wmol photons m~2s~! (Dominguez-Bocanegra
et al,, 2004). These different optimal values may be caused
by other cultivation parameters such as media composition,
temperature, or the strain of H. pluvialis. During vegetative
stage cultivation of H. pluvialis, the regular cycles of alternating
light and dark 12:12 or 16: 8 h are often used (Saha et al,
2013; Park et al., 2014), but the higher density cultures are
achieved with continuous illumination (Dominguez-Bocanegra
et al., 2004). The best practice to date appears to be white or
blue LED lighting (Saha et al., 2013) or the mixture of both
at the ratio of 3:1 at 7000 Ix (~95 wmol photons m~2s~1).
These conditions promote morphologic changes from green
vegetative cells to red cyst cells (Sun et al., 2015). Carotenogenesis
is induced in cells upon exposure to higher light intensity
than the corresponding light saturation point (LSP). However,
specific optimum value of LSP differ between studies. The lowest
intensities that have been reported utilized irradiation of around
100-150 pmol photons m~2s~! (Zhang et al., 2014) followed
by 240 (Saha et al.,, 2013), 345 (Dominguez-Bocanegra et al.,
2004), and 480 pmol photons m~2s~! (Chekanov et al., 2014).
Lower optimal irradiation was found to be influenced by other
stress conditions, such as deficiency of nutrients (Saha et al.,
2013; Zhang et al., 2014) or elevated temperature (Tjahjono et al.,
1994b). It proves that for effective induction of carotenogenesis
excessive irradiation may not be necessary if other stressors are
present. With the reduced requirements of light for cultivation
in photobioreactors, the costs of cultivation can be minimized
which is essential for astaxanthin production in an industrial
scale. Regarding the type of illumination, the highest carotenoid
content was obtained by using a continuous PAR lighting (Saha
et al., 2013). An interesting alternative to an immediate change
in the radiation intensity to induce the transition from the
vegetative phase to carotenoid production is gradually increasing
the level of lighting. Gradual increase of light intensity can
result in gradual transformation of cells to cysts and can also
contribute to better accumulation of astaxanthin, because the
cells are capable to cope with increasing higher levels of stress
(Park et al., 2014).

Culture Systems
Astaxanthin-producing H. pluvialis is capable of growing
in photoautotrophic, heterotrophic, or mixotrophic growth
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conditions in indoors, open raceway ponds or closed
photobioreactors in batch, fed batch, or continuous modes.

Photoautotrophic Culture

Photoautotrophic culture of H. pluvialis is mainly carried out
in open raceway ponds or closed photobioreactors. Typical
photobioreactors used for its cultivation include tubular, bubble
column and airlift photobioreactors. As the culture conditions
for maximum growth and maximum astaxanthin content are
mutually exclusive, a two-step cultivation strategy is commonly
adopted for the commercial production. The first step, green
vegetative growth phase (“green stage”) is to promote algal
growth under favorable culture conditions (e.g., low light and
nitrogen-replete) (Boussiba, 2000; Aflalo et al., 2007; Del Rio
etal.,, 2007). When high cell density is reached, the culture enters
into the second step, reddish inductive production phase (“red
stage”), where algal cells are subjected to stress conditions such
as high light intensity and nitrogen depletion, excess acetate
addition, pH or salt stress, phosphate deficiency, or the addition
of specific cell division inhibitors. These stress factors (either
one or combination of more) induce the astaxanthin production
in H. pluvialis (Fabregas et al, 2001; Torzillo et al, 2003;
Orosa et al.,, 2005; He et al,, 2007; Hu et al.,, 2008; Li et al.,
2010; Choi et al., 2011). Therefore, carotenoid induction method
has a direct correlation with both the astaxanthin content and
total astaxanthin productivity. The optimal environmental and
nutritional conditions for each stage are quite different (Del
Rio et al., 2007). The reported biomass productivities in green
stage and red stage ranged from 0.01 to 0.5g L' d~! and
0.01 to 4.8g L™' d~!, respectively. Astaxanthin productivity
and astaxanthin content ranged from 0.44 to 21mg L~! d~!
and 0.8 to 4.8% of DW, respectively (Table4). Astaxanthin
can be also produced efliciently by H. pluvialis using a simpler
“one-step strategy.” This strategy involves the administration
of nitrate starvation and specific average irradiance in the
culture medium, resulting in simultaneous algal cell growth
and astaxanthin accumulation (Del Rio et al., 2005; Del Rio
et al., 2007; Del Rio et al., 2008; Garcia-Malea et al., 2009). At
the laboratory scale and under continuous illumination, mean
astaxanthin productivity of 20.8 mg L~! d~! has been reported
for the one-step method (Del Rio et al., 2008). The technical
feasibility of this approach at a pilot scale was demonstrated in an
outdoor tubular photobioreactor, which resulted in biomass and
astaxanthin productivities of 0.7g L™! d~! and 8 mg L=! d~!,
respectively (Garcia-Malea et al., 2009). One-stage cultivation
seems attractive, since it is less complicated than the two-
stage process and the production of astaxanthin takes place
in a continuous mode. It has however two serious drawbacks.
First, the actual astaxanthin production is significantly lower
compared to the two-stage approach. Second, this cultivation
is unsuitable for outdoor setting, since it requires incessant
illumination during night as well what makes the process
too expensive (Aflalo et al, 2007). An “attached cultivation”
approach was successfully applied in the induction of H. pluvialis
for astaxanthin production. In this method green cells are
cultured in the conventional water column and then deposited on
the membrane to increase light stress surface area in the second

phase of cultivation. Under the optimized conditions, biomass,
and astaxanthin productivities in the attached cultivation system
were 2.8 (3.7g m2 d ~!) and 2.4-fold (65.8 mg m~?% d
higher than those of the suspended bioreactor, respectively (Wan
et al., 2014b). Other studies that used similar approach have
reported higher astaxanthin productivities of 124 mg m~2 d~!
(Yin et al,, 2015) and 164.5mg m~2 d~! (Zhang et al., 2014).
Attached cultivation approach is superior to suspended induction
in several aspects such as, lower water consumption and smaller
risk of contamination. This indicates that attached induction
approach can provide a promising way to boost economic
benefits and considerably reduce production cost of astaxanthin
from H. pluvialis (Zhang et al., 2014; Wan et al., 2014b). Recently,
Park et al. (2014) established a two-stage “perfusion culture”
system for H. pluvialis combining it with stepwise increase of
light irradiance. Approach is based on repeated replacement of
the growth medium. Cells are grown in a photobioreactor and are
periodically retained in the cell settling chamber whilst growth
medium is being replaced in the photobioreactor. Cells are later
recycled to the bioreactor and can efficiently utilize fresh growth
medium which is free of inhibitory metabolic by-products.
Perfusion culture can provide high biomass productivities of
0.18g L™! d~!. Under stepwise increased light irradiance (150~
450 E/m?/s), cellular density of 12.3 g L ™! of have been obtained
which is 3.09 and 1.67 times higher than batch and fed-batch
processes, respectively whilst the productivity of astaxanthin
reached 602 mg L~! (Park et al., 2014).

Heterotrophic and Mixotrophic Culture

High light irradiance is often employed for enhancing
astaxanthin formation in H. pluvialis cultures. However,
light absorption and scattering caused by mutual shading of cells
in large-scale cultures severely affects the productivity and quality
of algal biomass and products. The high cost of illumination
is another problem hindering the commercialization of
Haematococcus  products. To overcome this drawback,
heterotrophic culture approach may be considered. Under
heterotrophic growth conditions light is not needed as organic
substrates serve as carbon and energy sources for growth
and synthesis of secondary metabolites. Also, since lipid
accumulation and astaxanthin biosynthesis are connected in
space and time the effect of carbon source on lipid accumulation
can have significant effect on overall productivity. It has been
shown in Haematococcus and other microalgae lipid content
and lipid profiles of microalgae are dependent on the cultivation
conditions with various stress factors such as starvation or
salt stress are efficient triggers of lipid accumulation, and can
result in the alteration of fatty acid profiles due to cellular
adjustment to particular stressor (Damiani et al., 2010; Lei
et al., 2012; Saha et al., 2013; Chen et al., 2015). Various types
of organic carbon sources have been used for heterotrophic
cultivation and induction using acetate has been found effective
for Haematococcus encystment and initiation of astaxanthin
production (Kobayashi et al., 1991; Kakizono et al., 1992; Orosa
et al., 2000; Hata et al., 2001; Kang et al., 2005). However, unlike
many microalgae in which oversupply of easily accessible carbon
in combination with nitrogen limitation yields diversion of
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the carbon flux toward lipid accumulation (Miao and Wu,
2006; Jia et al., 2014), H. pluvialis grows at a relatively low rate
(0.22 d7!) and accumulates negligible amount of astaxanthin,
too low to be considered for commercial scale production if
single step cultivation is considered (Kobayashi et al., 1992,
1997a; Moya et al., 1997). Additionally, heterotrophic cultivation
of Haematococcus increases the risk of bacterial or fungal
contamination (Hata et al., 2001; Olguin et al., 2012). H. pluvialis
can be also produced indoors mixotrophically employing an
organic acid (e.g., acetate) or carbohydrates as an additional
carbon and energy source (Kobayashi et al., 1993). Studies
have shown that both growth and astaxanthin production can
be enhanced under mixotrophic culture conditions. A final
cell density of 0.9-2.65g L™! and a maximum astaxanthin
content of 1-2% DW were obtained from mixotrophic cultures
of H. pluvialis (Chen et al., 1997; Zhang et al., 1999; Wang
et al, 2003). A sequential, heterophotric-photoautotrophic
culture mode was also explored. Heterotrophic culture was
used in the green stage to produce algal biomass, while
astaxanthin production was induced in photoautotrophic culture
conditions. The induction of astaxanthin accumulation was
performed under nitrogen deprivation conditions and whilst
using bicarbonate or CO; as carbon sources. As a result, a very
high cellular astaxanthin content of 7% (DW) was achieved,
3.4-fold higher than heterotrophic induction whilst astaxanthin
productivity of 6.25 mg L™! d~! was obtained (Kang et al., 2005).
Results indicate that photoautotrophic induction of astaxanthin
production in H. pluvialis is more effective than heterotrophic
one. Based upon the information obtained thus far, heterotrophic
and mixotrophic culture modes are less cost-effective than the
photoautotrophic one for Haematococcus mass culture.

Microbial Contamination and Possible
Control Measures

Since interest in commercial microalgae cultivation is
increasing, microbial contaminants that hamper production
by resulting in reduced biomass yield and quality received
great attention recently. Mass culture of H. pluvialis is reported
to be contaminated by fungal parasites and zooplanktonic
predators (e.g., amoebas, ciliates, and rotifers), as well as other
microalgae and cyanobacteria (Han et al, 2013). A parasitic
chytrid/blastoclad fungus Paraphysoderma sedebokerenses is
found to be responsible for reduced astaxanthin productivity
and frequent culture collapses in commercial Haematococcus
cultivation facilities (Hoffman et al., 2008; Strittmatter et al.,
2015). Detection of contaminants is prerequisite for preventing
and controlling of microbial contamination in mass microalgal
culture. Methods of detection usually include microscopy
and staining, flow cytometry, molecular based detection
and monitoring. In order to cope with microalgae culture
contamination, the techniques that are generally used include
abiotic stresses such as NOj limitation, pH stress, temperature
stress, light stress, toxic substances, and shear forces. There are
some other techniques for parasite removal including salvage
harvest, chemical agents (abscisic acid, copper sulfate), physical
methods, biological methods (selective breeding and biological

agents) (Carney and Lane, 2014). Recently, several patent
applications relating to control of fungus P. sedebokerenses have
been developed in the USA and China to protect production
losses in commercial Haematococcus culture facilities across
the world (McBride et al., 2013; Zhang et al., 2013; Carney and
Sorensen, 2015).

Harvesting

Harvesting remains one of the most challenging issues and
a limiting factor for commercial algal biomass production.
Harvesting of H. pluvialis refers to the selection of appropriate
techniques to recover the “red” biomass, after the accumulation
of astaxanthin in the cells and also that can facilitate cost-
efficient astaxanthin extraction in the extraction phase. For the
large scale harvesting of H. pluvialis centrifugation is the most
common method and combined with other processes. Usually
haematocysts are separated from the water through passive
settling and subsequently concentrated with centrifugation
(Lorenz and Cysewski, 2000; Olaizola, 2000; Li et al., 2011; Han
etal,, 2013; Pérez-Lopez etal., 2014). Through the combination of
these processes total suspended solid of 13.5% in the algal cake is
achieved (Li et al., 2011). Flotation and disk-stack centrifugation
have been also reported as another alternative for H. pluvialis
harvest. Both showed more than 95% biomass recovery efficiency
(Panis, 2015).

Cell Disruption

Different techniques have been developed in order to disrupt
the algal cell and recover the intracellular metabolites. The
most appropriate cell disruption methods to enhance recovery
of astaxanthin from H. pluvialis at a commercial scale involve
mechanical processes and more specifically expeller pressing
and bead milling (Lorenz and Cysewski, 2000; Olaizola, 2003;
Mercer and Armenta, 2011; Razon and Tan, 2011). During
pressing (pulverization) microalgae cells are squeezed under
high pressure in order to rupture the thick sporopollenin wall.
Main advantage of expeller pressing is simple operation and
minimization of contamination from external sources. Algal oil
recovery efficiency of 75% can be achieved in a single step. Bead
milling utilizes vessels filled with tiny glass, ceramic or steel
beads that are agitated at high speeds. The dried biomass is fed
in these vessels, where continuous exposure of biomass to the
grinding media (beads) leads to cell-wall rupture, and subsequent
release of intracellular compounds. This method is most effective
when biomass concentration in the algal cake after harvesting is
between 100 and 200 g/l (Greenwell et al., 2010). Both methods
are reliable and widely applied for the H. pluvialis cells disruption
at a commercial scale.

Dehydration

In commercial scale astaxanthin production, dehydration
(drying) ensures the quality of the pigment and leads to the
formulation of the final product (Mata et al, 2010; Li et al,,
2011). After algal cell walls have been disrupted, biomass must
be processed rapidly within few hours to avoid spoilage. Thus,
dehydration is a process applied prior to recovery of the desired
metabolite, in order to extend the shelf-life of the algal biomass
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(Mata et al., 2010). The most known dehydration techniques
that have been employed on microalgae are solar drying, spray
drying, and freeze drying (Molina Grima et al., 2003; Brennan
and Owende, 2010; Milledge, 2013). Spray drying has been
considered as the most appropriate method to dry high-value
microalgal products including H. pluvialis astaxanthin (Leach
et al., 1998; Brennan and Owende, 2010; Li et al.,, 2011; Han
et al,, 2013; Milledge, 2013; Panis, 2015). The recovery efficiency
of dry biomass (in powder) using this method exceeds 95% and
in some occasions may approach 100% (Leach et al., 1998). After
spray drying, the moisture content in “red” biomass is lowered to
about 5% (Pérez-Lopez et al., 2014). The main drawbacks of spray
drying include high operational costs and the risk of microalgae
pigments deterioration (Molina Grima et al., 2003). Freeze drying
(lyophilization or cryodesiccation), involves the freezing of algal
cake, the technique causes less damage than spray drying, but it is
even more expensive, especially on a commercial scale (Milledge,
2013).

Recovery of Astaxanthin

Once the cell wall is disrupted and the biomass is fully dried,
the recovery of the desired product is possible. Astaxanthin is
a lipophilic compound and can be dissolved in solvents and
oils. There is an abundance of astaxanthin extraction methods
from H. pluvialis utilizing solvents, acids, edible oils, supercritical
carbon dioxide (SC-CO;) as well as microwave-assisted and
enzyme-assisted approaches. Among the recovery methods used
solvent extraction and supercritical carbon dioxide (SC-CO,)
extraction are considered as the most efficient, compatible, and
widely used methods for astaxanthin extraction from H. pluvialis.
The summary of various extraction methods of astaxanthin
from H. pluvialis with recent updates is presented in Table 5
Supercritical carbon dioxide (SC- CO;) extraction has been
widely used for industrial applications due to its many processing
advantages. Due to low critical temperature of carbon dioxide,
the SC- CO; system can be operated at moderate temperatures,
preventing the degradation of valuable substances (Machmudah
et al., 2006). Several studies have reported experiments on
supercritical CO, extraction for the recovery of astaxanthin
from H. pluvialis. Considering astaxanthin quality as the most
important criterion, supercritical CO, extraction is the most
favorable option. Supercritical CO, provides shorter extraction
time and limits the use of toxic organic solvents. By contrast
to most solvents, CO, is relatively cheap, chemically inert,
non-toxic, and stable (Guedes et al., 2011). Supercritical fluid
extraction has also been tested with Haematococcus, aiming at
improving the extraction efficiency. For instance, supercritical
carbon dioxide (SC- CO;) coupled with ethanol or vegetable oil
as a co-solvent can further increase the extraction efficiency of
astaxanthin (80-90%) (Nobre et al., 2006; Krichnavaruk et al.,
2008). There is an array of alternative approaches that can
assist astaxanthin extraction from H. pluvialis such as solvents,
acids, edible oils, enzymes, or pressurized liquids (Sarada et al.,
2006; Kang and Sim, 2008; In, 2009; Jaime et al., 2010; Zou
et al, 2013; Dong et al, 2014) Pressurized liquid extraction
has several advantages over traditional solvent extraction. PLE
requires shorter time, can be automated, uses less solvent, and

retains the sample in an oxygen-free and light-free environment
in contrast to traditional organic solvent extraction (Jaime et al.,
2010). Recently, a simple method for the direct extraction of
lipids from high moisture H. pluvialis microalgae was successfully
achieved using liquefied dimethyl ether (Boonnoun et al., 2014).

BIOREFINERY APPROACH FOR
H. PLUVIALIS

Microalgae have been often proposed as third generation
feedstock for biofuel production that does not compete
for freshwater or land resources (Daroch et al., 2013a).
However, despite significant advances in recent years it
becomes apparent that cultivation of microalgae for the sole
purpose of biofuel production is unlikely to be possible
unless a major low-energy breakthrough technologies in algae
cultivation, dewatering, and harvesting are developed (Li et al.,
2015). In the meantime, microalgae are extremely important
producers of many high-value nutraceutical compounds such
as polyunsaturated fatty acids or astaxanthin that can justify
high cost of microalgae cultivation and processing technologies.
Integration of simultaneous production of numerous compounds
within one system maximizing the benefits and limiting the costs
is called biorefining (Li et al., 2015). Taking into consideration
these findings H. pluvialis emerges as a very useful organism
for the development of a dedicated microalgal biorefinery. It
fits numerous requirements of for the development of first
microalgal biorefineries especially the “high value product first”
principle (Li et al., 2015). First, H. pluvialis is the best-known
producer of astaxanthin-high value product worth in excess of
several thousand US § per kilogram. This product itself can
easily justify expensive cultivation systems required for this
organism. Second, H. pluvialis grown under nutrient starvation
conditions induces both carotenogenesis (astaxanthin formation)
and deposition of storage materials (triglycerides). It has been
shown that these two responses are closely related and coincide in
both space and time and triglycerides are essential for deposition
of astaxanthin inside lipid bodies to confer its protective function
(Solovchenko, 2015). In traditional approaches of microalgae to
biofuels starvation-induced lipid accumulation is considered as
significant challenge for commercialization of these systems as
the overall lipid productivity of culture can drop significantly due
to impaired growth rates under starvation conditions (Daroch
et al., 2013b). In case of high value product like astaxanthin
this drop becomes much less of the burden as the high value
of the main product will compensate for this delay in final
product formation. Due to the coexistence of astaxanthin and
triglycerides in space and time it is possible to simultaneously
obtain high value product (astaxanthin) and a biofuel feedstock
(triglycerides) from a single algal feedstock. Since fatty acid
content in the astaxanthin-containing ‘red’ cells can be as high
as 30-60% of algae dry weight (Solovchenko, 2015) making
H. pluvialis a very good candidate for biorefining strain. The
fatty acid profiles of the alga have been evaluated by several
studies and are summarized in Table 2, indicating that fatty
acid profiles of the algae are suitable for biodiesel production
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TABLE 5 | Summary of astaxanthin extraction methods from H. pluvialis.

Astaxanthin Extraction/Purification method

Astaxanthin yield/Extraction efficiency References

SC-CO, at 20 MPa, 55°C and13% (w/w) ethanol for 120 min of extraction time.

CO» expanded ethanol (50% %w/w ethanol), 7 MPa, 45°C, 120 min of extraction time.

SC- CO» at at 20 MPa, 60°C, 2 ml of ethanol for 1 h of extraction time

SC- COy, co-solvent 0.154-1% (v/v) ethanol, 7-34 MPa, 30-80°C, 0-100 min
SC- COy, co-solvent 1.25-8.75% (v/v) ethanol, 30-50 MPa, 35-75°C, 210 min
SC- COy, co-solvent 0-12% (v/v) vegetable oils, 30-50 MPa 50-80°C 300 min
SC- COy, co-solvent 30-50 MPa 40-80°C 60-240 min

SC- COy, co-solvent,1.67-7.5% (v/v) ethanol 20-565 MPa 40-80°C, 240 min
SC- COy, co-solvent 0, 10% (v/v) ethanol 20-30 MPa, 40-60°C

SC- COy, co-solvent 0, 9.4% (w/w) ethanol, 30 MPa at 60°C

Cell germination (12 h), lonic liquid (1-ethyl-3- methylimidazolium ethylsulfate) (24 h),
Direct extraction using liquefid dimethyl ether (DME) at 0.59 MPa and 25°C, without

drying, cell disruption, or heating,
HCl:acetone (5:5), 70°C, 20 min

Ultrasound in solvent (EtOH and EA),16 min, 41°C, 40 kHz, 200 W, EtOH: ethyl acetate

(20:1)
Grinding three repetitions, pressurized hexane (10.3 Mpa)
Treating with enzymes (Viscozyme, Alcalase) at 50°C, 2 h

Dodecane mixing 48 h, saponification with methanolic NaOH (0.02 M), sedimentation in

darkness at 4°C, 12 h.
Acid digestion, 2 N HCI, 70°C. Acetone extraction for 1 h
NaOH 30 min, Acetone (16 h)

40% (v/v) acetone for 2 min at 80°C, followed by lyophilization or treatment with specific

lytic enzymes

83% recovery Reyes et al., 2014
Reyes et al., 2014

Fujii, 2012

Pan et al., 2012

Wang et al., 2012
Krichnavaruk et al., 2008
Thana et al., 2008
Machmudah et al., 2006

Nobre et al., 2006
Valderrama et al., 2003

124.2% recovery
2.45mg/g DW
74% recovery
87.4% recovery
51% recovery
84% recovery
80% recovery
90% recovery
97% recovery

32.5 pg/cell Praveenkumar et al., 2015
1 (mg/g cell) Boonnoun et al., 2014
19.8 mg/g cell Dong et al., 2014

28 (mg/g) Zou et al., 2013

Jaime et al., 2010
In, 2009
Kang and Sim, 2008

35 (mg/g cell)
2649 + 359 ng/g cell
85% efficiency

Sarada et al., 2006
Mendes-Pinto et al., 2001
Kobayashi et al., 1997¢

87% efficiency
7 (mg/g cell)
70% recovery

SC, supercritical; EA, ethyl acetate.

(Damiani et al., 2010). Third, H. pluvialis have been found
to be a mixotrophic alga what is highly advantageous for
development of microalgae biorefineries. H. pluvialis is capable
of utilizing carbon dioxide, carbonates, and carbohydrates as
carbon sources, this opens a possibilities of lowering cultivation
costs and/or speeding up the cultivation of the strain through
using various waste streams like flue gasses or waste streams
containing carbon and nutrient compounds (Wu et al., 2013).
Auto-, hetero-, and mixo-trophic cultivation modes require
energy and nutrients, both of which can be to an extent
recycled from anaerobic digestion process. Carbon sources vary
depending on cultivation mode. Photoautotrophic cultivation
requires CO, that can be recycled from energy production
at anaerobic digestion stage. Heterotrophic cultivation requires
reduced carbon source—such as carbohydrates or acetate which
need to be supplied from alternative source. These compounds
can also originate from waste streams. For example, food
industry is rich in carbohydrate-rich waste streams that can be
used in heterotrophic cultivation of H. pluvialis (Wang, 2014).
Mixotrophic cultivation can take advantage of both sources
of carbon. After simultaneous extraction of both high value
product-astaxanthin and biofuel product-triglycerides algal cake
composed of residual biomass can be utilized as a supplementary
feedstock for biogas production using anaerobic digestion that
would further assist in extraction of residual energy from this
integrated bioprocess. These three features of H. pluvialis make
it a suitable strain for the development of algal biorefineries

producing high value product (astaxanthin) and biofuel molecule
(biodiesel and/or biogas). The proposed biorefinery scheme
is presented on Figure8 and employs a classical two stage
cultivation of H. pluvialis in green and red stage.

CURRENT GLOBAL MARKET AND
MARKET PLAYERS OF H. PLUVIALIS
ASTAXANTHIN

Synthetic astaxanthin dominates current commercial market, of
the total value exceeding $200 million, corresponding to 130
metric tons of product per year (Li et al, 2011). According
to recent reports, microalgae-derived astaxanthin corresponds
to less than 1% of the commercialized quantity due to much
lower price of synthetic astaxanthin and technological problems
associated with large-scale algae cultivation (Koller et al., 2014;
Pérez-Lopez et al., 2014). In recent years, there has been
a growing trend toward using natural ingredients in food,
nutraceutical, and cosmetic markets, resulting from increasing
concerns for consumer safety and regulatory issues over the
introduction of synthetic chemicals into the human food chain.
The demand for natural astaxanthin derived from H. pluvialis
in the global market has been “sky-rocketing” in recent years
owing to increasing consumer awareness of its health benefits.
Global market for both synthetic and natural source astaxanthin
in aquaculture feed, nutraceuticals, cosmetics, and food and
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FIGURE 8 | Scheme of two stage cultivation H. pluvialis biorefinery producing high value compound astaxanthin and either edible oil or biofuel
compound-biodiesel. Green stage of cultivation can be performed using either photoautotrophic cultivation (deep green section) or hetero/mixotrophic cultivation
(pale green section) systems. Red stage cultivation (red section) takes place after green stage of H. pluvialis cultivation and is aimed to maximize astaxanthin content
Recycling of waste is performed through anaerobic digestion process. Following annotations are used: solid arrows—subsequent steps; dashed arrows—optional
steps; double lines—final products; double arrows—inputs; dotted lines —opportunities for recycling resources.

beverages is estimated at 280 metric tons valued at $447 million
in 2014. It is further projected to reach 670 metric tons
valued at $1.1 billion by 2020 (Industry Experts, 2015; Panis,
2015). Synthetic astaxanthin, astaxanthin rich Phaffia yeast, and
Paracoccus bacteria are predominantly used in the aquaculture
sector, while the astaxanthin derived from H. pluvialis is the
main source for human applications such as dietary supplements,
cosmetics, and food and beverages. Nowadays, the estimated
market value of astaxanthin depending on products’ purity
varies from $2500-7000/kg to about $15,000/kg pigment from
H. pluvialis in some cases (Borowitzka, 2013; Koller et al., 2014;
Pérez-Lopez et al., 2014; Industry Experts, 2015), while the
production cost is estimated at about $1000 per kg of astaxanthin
from H. pluvialis (Li et al., 2011). Natural astaxanthin is three
to four times more valuable than the synthetic alternative in
nutraceutical and pharmaceutical markets (Han et al.,, 2013).
Since there is growing market demand for natural astaxanthin
for specific commercial applications (e.g., the nutraceuticals
market) to replace the synthetic astaxanthin, mass cultivation of
H. pluvialis in industrial scale has great potential and attractive
business opportunity. However, current market demand for
natural astaxanthin is not met. It is expected that in the
foreseeable future after the optimization of the production
technology, the production costs of the natural astaxanthin from
H. pluvialis should be more competitive to these of the synthetic
alternative (Pérez-Lopez et al., 2014). Since the mid 1990, several
leading companies are successfully producing H. pluvialis at
commercial scale and marketing natural astaxanthin from H.
pluvialis worldwide. The list of the leading companies with their

products is presented in Table 6. The size of the nutraceutical
astaxanthin market is growing day by day and this market is
very attractive to Haematococcus astaxanthin producers since
the price of these products is significantly higher than those
of feed applications. Haematococcus producers need to invest
their attention for increasing astaxanthin production capacity to
meet the global demand. It is worthy to mention that several
manufacturers already have doubled the cultivation capacities
in recent years. Apart from an increase in existing players’
capacities, new producers, such as BGG in China, have entered
the market with significant production capacities.

MAJOR CHALLENGES FOR THE
IMPROVEMENT OF H. PLUVIALIS
BIOMASS AND ASTAXANTHIN
PRODUCTION

There are many challenges and problems for the development
of large scale production of biomass and astaxanthin from
H. pluvialis. Due to these obstacles the productivity can be
hampered and in some cases a failure of the production system
can make the production process economically unsustainable.
Following issues are considered as most important challenges
for the development of H. pluvialis astaxanthin production
process:

e Lack of effective solution to prevent or treat microbial
contaminations of mass cultures in a commercial scale.
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TABLE 6 | Leading commercial companies and their H. pluvialis-derived astaxanthin and related products in the world market.

Company Name Country Brand Name Product particulars
Cyanotech Corporation USA BioAstin® Astaxanthin extract packaged in soft gel,
(www.cyanotech.com) beadlets; dietary supplement
Naturose™ Algae meal; pigmentation source for
ornamental fish and animals
Mera Pharmaceutigals Inc. USA AstaFactor® Astaxanthin packaged as soft gel; dietary
(www.merapharma.com) supplement
Stazen Inc. (www.stazen.com) USA Stazen® Dietary supplement containing algae crushed
and dried algae meal
Valensa International USA Zanthin® Astaxanthin extract, soft gel, beadlets
(www.valensa.com)
Algatechnologies Ltd. Israel AstaPure™ Dry algal biomass, astaxanthin beadlets, and
(www.algatech.com) oleoresin
Fuji Chemical Industry Co. Ltd. Japan, Sweden, USA AstaREAL® Astaxanthin oleoresin products, water
(AstaReal Co Tlid) dispersible, and soluble powders
(www.fujichemical.co.jp;
www.astareal.com)
BioReal (Sweden) AB Sweden Astaxine® Dietary supplement containing algae crushed,
(subsidiary of Fuji Chemical) AstaCaroxe® and dried algae meal
(www.bioreal.se)
AstaEquus® Astaxanthin extract feed supplement for
horses
Novaasta® Astaxanthin extract feed supplement for
animals
Britannia Health Products Ltd. UK Britaxan® Astaxanthin complex with other carotenoids
(www.britanniahealth.co.uk) packaged as capsule- dietary supplement
Supreme Biotechnologies NZ Ltd. New Zealand AstaSupreme® Algal biomass, Oleoresins, beadlets, and soft
(www.supremebiotech.com) gels of Astaxanthin
Atacama Bio Natural Chile Supreme Asta Qi Oleoresin for food, nutraceutic, and cosmetic
(www.atacamabionatural.com) Supreme Asta powderTM products, and powder for animal feed
supplement
Jingzhou Natural Astaxanthin Inc. China NaturAsta™ Dry algal biomass and astaxanthin soft gel
(www.asta.cn)
Kunming Biogenic Co. Ltd. China AstaBio® Algal biomass, oleoresins, beadlets, and soft
(www.bgenic.com) gels of Astaxanthin
Beijing Ginko Group (BGG) Biological China AstaZine® Astaxanthin oil, powder, and beadlets
Technology Co. Ltd.
(www.gingkogroup.com.cn)
Wefirst Biotechnology Co. Ltd. China AstaFirst™ Dried algal powder, Astaxanthin oleoresin, and
(www.astawefirst.com) soft gel
Algaetech International SDN BHD Malaysia Astaxanthin Premia-Ex Algae biomass, oleoresin, and soft gel
(www.algaetech.com.my)
Parry Nutraceuticals Ltd. (EID Parry) India Zanthin® Astaxanthin oleoresins, beadlets, and soft gel

(www.eidparry.com/)

e Slow cell growth rate, sensitivity of the cells to hydrodynamic
stress, and changes in cell morphology under various
environmental conditions.

e Inadequate and cost ineffective cultivation, drying, and
astaxanthin extraction technologies at the commercial scale.

e Unavailability of genetically improved/engineered strains of
H. pluvialis and genetic transformation tools for engineering
astaxanthin biosynthesis pathways in this organism for
improved astaxanthin production.

e Lack of sufficient number of skilled workers in production
farms and insufficient collaboration between universities and
commercial enterprises.

e Lack of adequate scientific research on the economic
performance and viability of commercial scale astaxanthin
production process.

CONCLUSION AND PERSPECTIVES

This review provides an insight about the latest scientific
and technological advancements in various aspects of
astaxanthin-producing microalga H. pluvialis such as cell
biology, reproduction, biosynthesis pathway, stress mechanism,
biomass production, and downstream processing. It also
contemplates a broader image including potential benefits,
global market opportunities and integration of astaxanthin
production into biorefining. In recent years there is an
increased interest for natural astaxanthin from green microalga
H. pluvialis. Wide ranges of scientific improvements have been
achieved during the last decade in terms of productivity and
bioprocessing in order to obtain a refined astaxanthin product.
Yet its commercial production, especially for low-end markets is
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too expensive for mass adoption of natural astaxanthin over its
synthetic counterpart. H. pluvialis has been shown to be cultured
in photoautotrophic, heterotrophic or mixotrophic growth
conditions in various culture systems. Research have been
conducted on the optimization of the various culture parameters,
such as growth medium composition, light, pH, temperature
etc. to achieve high biomass and astaxanthin production. Most
of these parameters have been optimized and found different
for biomass accumulation and astaxanthin production. Little
can be done to address this limitatiation as it is funadamentally
connected with the life cycle of this microalgae. We believe there
exist three key areas where further improvements are required
and interesting novel approaches have been recently developed:
cultivation efficiency and cost; good cultivation practice and
predator control; and astaxanthin isolation and purification.

First, due to complex life-cycle of H. pluvialis it is important
to maximase cell densities of alga at “green stage” of cultivation to
maximize astaxanthin yield from the “red stage.” We think that
a number of recent developments can make significant impact
in maximizing cell densities. Especially attached cultivation
approach and a two-stage “perfusion culture” system can be
considered most promising due to the capability of producing
several fold higher biomass and astaxanthin productivity and
some other benefits such as lower water consumption and smaller
risk of contamination. These improvements may boost economic
benefits and reduce production cost of astaxanthin from H.
pluvialis (Park et al., 2014; Wan et al., 2014b; Zhang et al., 2014).
Alternatively, utilization of supplementary carbon source and
adoption a two-stage sequential heterotrophic-photoautotrophic
approach could improve biomass and astaxanthin production.
Especially utilization of waste carbon and nutrient sources
in biorefinery setup could help to decrease cultivation costs.
Unfortunately, these researches are still in laboratory stage and
need to be tested in large-scale commercial production for further
validation.

Second, control of contaminants, parasites, and predators
remains to be primary concern for Haematococcus growers and
major issue in culture stability and astaxanthin productivity.
Since there is very little that can be done once contamination
takes place it is important to limit the possibility of such
disruption and identify it as soon as possible, and avoid spreading
to other parts of culture. Traditional detection methods such as
microscopy and staining can be used to visualize algal parasites,
however this technique may be too labor intensive to perform
on a routine basis for most commercial operations. For routine
detection, more automated systems such as flow cytometry
would be ideal. Alternatively, molecular-based techniques that
are considered as the most informative and sensitive for the
detection and identification of parasites. Following techniques
are worth further exploring DNA sequencing (Sanger, shotgun,
or next generation) and then monitoring for these specifically
using qPCR or phylochip technology. Decreasing costs of next
generation DNA sequencing can make DNA sequencing for
culture diagnostic purposes more accessible in the near future.

Third, combination of low cell densities and robust trilayer
cell walls of astaxanthin-containing aplanospores make isolation
of astaxanthin difficlut and expensive. Currentlly harvesting by
centrifugation, cell wall disruption by expeller pressing and

bead milling are the most common described methods for
commercial scale astaxanthin production from H. pluvialis. After
cell walls disruption, biomass is usually processed by spray
drying or freeze drying. A number of astaxanthin extraction
methods such as (solvents, acids, edible oils, supercritical carbon
dioxide, microwave-assisted, and enzyme-assisted approaches
have been reported for H. pluvialis and supercritical carbon
dioxide (SC- CO;) extraction has been widely used for industrial
applications. Two recently developed methods allow efficient
extraction of astaxanthin-containing lipids from wet biomass
at yields comparable to conventional drying-solvent extraction
method. Efficient extraction of astaxanthin from wet H. pluvialis
biomass was achieved with liquefied dimethyl ether (Boonnoun
etal., 2014) and also cell germination process in conjunction with
ionic liquids treatment (Praveenkumar et al., 2015).

Despite significant advances in research and development
of H. pluvialis astaxanthin production is still in laboratory
stage and often faces difficulties to become implemented
in large-scale commercial production. There is a number
of other areas of improvement that will contribute to the
expansion of Haematococcus production capacity, lowering
the production cost, and increasing market penetration at
low end applications. These include: next-generation culture
systems along with advanced management practices; better
understanding of astaxanthin biosynthesis, metabolic pathways
and their regulation, genetic engineering, and omics-scale
understanding of astaxanthin accumulation; development of
genetic manipulation toolbox; exploration of integration of
H. pluvialis cultivation with other processes. Yet, we firmly
believe that three key areas of focus should be: cultivation
efficiency and cost; good cultivation practice and predator
control; and astaxanthin isolation and purification. Further
developments in these fields can have a profound effect on the
commercial deployment of H. pluvialis astaxanthin products and
can act as a catalyst for the development of an entire microalgae
industry in the near future.
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Microalgae-derived biodiesel has been regarded as a promising alternative for fossil
diesel. However, the commercial production of microalgal biodiesel was halted due to its
high cost. Here, we presented a pilot study on the industrial production of algal biodiesel.
We began with the heterotrophic cultivation of Auxenochlorella protothecoides in a 60-m?
fermentor that produced biomass at 3.81 g L= day~" with a neutral lipid content at 51%.
Next, we developed plate-frame filter, natural drying, and ball milling methods to harvest,
dry, and extract oil from the cells at low cost. Additionally, algal biodiesel was produced
for a vehicle engine test, which indicated that the microalgal biodiesel was comparable to
fossil diesel but resulted in fewer emissions of particulate matter, carbon monoxide, and
hydrocarbon. Altogether, our data suggested that the heterotrophic fermentation of A.
protothecoides could have the potential for the future industrial production of biodiesel.

Keywords: microalgae biodiesel, Chlorella, heterotrophic cultivation, cost assessment, diesel engine test

INTRODUCTION

We will eventually have to face the time when all fossil fuels, i.e., petroleum, natural gas, and coal,
run out. Even before that time, climate change might destroy the entire planet if we continue to
rely heavily on fossil fuels as we have, and we are now already experiencing warming of over 1°C
(http://news.yahoo.com/not-run-fossil-fuels-op-ed-231243174.html). Recent advances in drilling
and hydraulic fracturing technology to explore shale gas (Weber and Clavin, 2012) are exciting and
may relieve concerns about fossil fuels for some time. However, even this resource may eventually
be exhausted, as it is still not infinite. Meanwhile, concerns are rising due to its potential damage to
the environment, especially land and habitat fragmentation, and its impact on air and water quality
(Entrekin et al., 2011; Olmstead et al., 2013; Vidic et al., 2013). Therefore, there continues to be
interest in developing new technologies to utilize other renewable and sustainable energy sources,
such as solar, wind, geothermal, and biomass (Hidy, 2012).

Due to their faster growth rate, higher lipid content and less impact on food security than agri-
culture-based feedstocks, algae have attracted increasing amounts of attention for biofuel production
in recent years (Brennan and Owende, 2010; Weyer et al., 2010). However, projections have largely
depended upon small-scale experimental data. Most open pond systems and photobioreactors have
been used to culture microalgae for high-value products but not for biodiesel due to the limitations of
the lipid content under such cultivation conditions and the high cost for biomass (Rawat et al., 2013).
To simultaneously achieve fast cell growth and high lipid content, the heterotrophic cultivation of
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Auxenochlorella protothecoides has been developed (Miao and
Wu, 2006; Xiong et al., 2008; Ceron-Garcia et al., 2013). After
optimization, the lipid productivity of A. protothecoides could
reach 11.8 g L' day™" (Xiong et al.,, 2010), much higher than
that of photoautotrophic algae [0.2 g L™ day™' as reported by
Rodolfi etal. (2009)]. It could, therefore, potentially be applicable
for the commercial production of microalgal biodiesel. In addi-
tion, a previous study to evaluate microalgal biodiesel prepared
from an 11-ton bioreactor suggested that it was comparable to
conventional fossil fuels and complied with the US biodiesel
standard (Li et al., 2007). Lately, many improvements at the lab
scale for biodiesel preparation from algal lipids or directly from
dry and wet cells using chemical or enzymatic approaches have
been made to increase the efficiency of transesterification and to
obtain high quality final products (Miao and Wu, 2004; Johnson
and Wen, 2009; Levine et al., 2010). However, due to the difficulty
in obtaining enough biomass for industrial production of micro-
algal biodiesel, only a few studies in recent years have been able
to apply algal biodiesel to original or unmodified vehicle engines
(Haik et al., 2011; Al-Lwayzy and Yusaf, 2013).

With the aim to produce microalgal biodiesel for commercial
application, we report here the first large-scale trial of an algal
biodiesel manufacturing and evaluation process, including the
step-wise enlargement of biomass production, cell harvesting and
drying, and biodiesel preparation by transesterification followed
by quality assessment. After generating enough algal biodiesel
for application tests, combustion experiments in a four-cylinder
vehicle diesel engine were conducted, and several main features,
including engine torque and emission, were monitored.

MATERIALS AND METHODS

Microalga Strain and Basal Culture
Medium

The microalga A. protothecoides strain was originally obtained
from the Culture Collection of Algae at University of Texas
(Austin, TX, USA) and screened in the Laboratory of Microalgae
Fermentation and Bioenergy at Tsinghua University, Beijing,
China. The basic culture media were the same as reported previ-
ously (Xiong et al., 2008).

Production and Harvest of
Microalga Biomass

The production of A. protothecoides biomass was carried out at
North China Pharmaceutical Huasheng Co., Ltd., and the scaling-
up fermentation was divided into three steps (Figure 1). First, the
seed cultivation was performed in three 700 L stirred tank bio-
reactors containing 300 L basal medium with turbine impellers.
Two liters of A. protothecoides cells at the exponential stage was
inoculated into each fermentor, for which the temperature, pH,
aeration rate, and agitation speed were initially set at 28 + 0.5°C,
6.3 + 0.1, 25 m* h™" (1:1 vvm), and 360 rpm, respectively. The
pressure of the inner fermentor was kept at 0.04 Mpa except for
the 60-m’ fermentor, which was kept at 0.2 Mpa. After 10 days of
cultivation, the cells were partly inoculated into an 11-m? fermen-
tor containing 5 m* of medium and kept at the same conditions

A

700L ' ’ /

\ 4

11, 000L y .

H

=

60, 000L 6

-————

40, 000L

FIGURE 1 | Mass production strategy of heterotrophic

A. protothecoides biomass in 700 L (Tanks 1-3, with 300 L medium
each), 11 m? (Tanks 4 and 5, with 5 m® medium each), and 60 m® (Tank
6, with 40 m® medium) industrial fermentors. S1-S4 are supplemental
tanks for feeding glucose, nitrogen, NaOH, and antifoam, respectively.

as those of the 700 L fermentors. Finally, cells at the exponential
stage from the 11-m’ fermentor were completely inoculated
into a 60-m’ fermentor with 40 m? of medium. We followed the
optimized concentration of nitrogen and carbon source accord-
ing to our previous published paper (Xiong et al., 2008). During
fermentation, the cells were sampled every 6 h to determine
their glucose concentration by the dinitrosalicylic acid (DNS)
method (Miller, 1959) and the organic nitrogen concentration by
the Nessler’s reagent method (Thompson and Morrison, 1951).
Concentrated glucose solution (40%), corn steep liquor (0.3%),
and antifoam solution (10%) were fed depending upon the sub-
strate consumption. Five molar KOH was injected continuously
to keep the pH at ~6.0.

Cell Growth Estimation
To monitor the cell growth, 10 mL cell suspensions were col-
lected. After centrifugation followed by twice washing with
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distilled water, the cells were oven dried until constant weight to
determine the cell density (dry cell weight g L™).

At the end of the fermentation, the cells were harvested by
filtration at 0.05-0.12 MPa using plate-frame vertical pressure
filters with 32 pieces of cloth for 12 h and were then spread on the
open ground under sunlight for 2 days to dry. The water fraction
of the algal biomass, represented by the moisture content (MC),
was calculated as

MC =(W, =W, )/ W, x100% (1)

where W, is the weight of the completely dried cells using a frozen
vacuum dryer and W, is the weight of the biomass (W,, — W, was
the water left in the biomass).

Oil Content Determination and Extraction
For the oil content (OC) determination, 10 g freeze-dried
cells was hand-ground with silica in a mortar. The oil was
extracted with n-hexane by the Soxhlet extraction method for
72 h. The n-hexane was subsequently evaporated, and the OC
(weight of oil/weight of biomass X 100%) was calculated. For
large-scale oil extraction, 30 kg dry cells, 30 kg steel grinding
balls (3-5 mm in diameter) and 30 L isopropyl alcohol (IPA)
were loaded into a 100-L steel ball mill machine (an industrial
piece of equipment used in the food, oil and mining industries,
XQM-100, Tianchuang Powder Equipment Co., Ltd., China)
and ground at 200 rpm for 1 h. After recovering the milling
balls using a stainless steel screen with a mesh size of 2 mm,
the solution was filtered by a plate and frame filter. The oil-IPA
miscella was vacuum distilled to recover the IPA. The crude
oil was refined, and the oil extraction efficiency (OEE) was
calculated as follows:

OEE =OW,_ /(BW, xOC)x100% )

where OW; is the weight of the oil extracted with the ball milling
process and BW, is the weight of the dried biomass.

To investigate the effects of the ball mill machine on cell
breakage and OEE, the microstructure of the broken cells (after
oil extraction) was examined by scanning electron microscopy
(Oberkochen, Germany). Both intact and broken cells were dehy-
drated sequentially with 50, 75, 90, and 100% ethanol (volume
fraction) for 1 h each. After natural volatilization, the samples
were spread on conductive tape, coated with gold powder and
subjected to microscope examination.

Preparation of Microalgal Biodiesel

The transesterification of the microalga oil was catalyzed by liquid
lipase (12,000 U g™, Sichuan Habio Bioengineering Co., Ltd,,
China) with the volume fraction of catalyzer:methanol (batch
addition):oil at 1:10:100. The reaction was carried out in a 50-L
bioreactor under constant stirring at 180 rpm and a temperature
of 50°C for 8 h. The processes of methanol feeding and product
separation were conducted according to a previous report (Li
etal., 2007). After washing and distilling the remaining methanol,
catalyst, and glycerol, the crude biodiesel at the top layer was
rectified to obtain high quality biodiesel in a 100-L distillation

tower with a maximum temperature at 220°C and vacuum degree
at 0.1 Pa.

Components and Quality Analysis of
Algal Biodiesel

The biodiesel components were analyzed by gas chromatogra-
phy-mass spectroscopy (GC-MS) (Thermo, USA). A dual-stage
quadrupoles GC apparatus was equipped with a Varian VF-5 ms
column (30 m X 0.25 mm ID DF = 0.25 pm), and the GC was
manipulated with a flow rate at 10 mL min~". The physical and
chemical properties of the biodiesel were determined accord-
ing to ASTM D6751 standards at the Institute Analysis Center,
SINOPEC CORP. The petroleum diesel (PD) on the market was
used for comparison.

Vehicle Diesel Engine Test

Three types of fuel samples (100 L each) including 100% algal
biodiesel (MBD100), 20% algal biodiesel blended with 80% PD
(MBD20), and 100% PD were fueled and tested separately in
a 3.0 L vehicle diesel engine (ZD-30, Nissan Motor Company,
Japan) for their dynamic properties and emissions. The stationary
bench tests were conducted in the National Key Laboratory of
Automotive Engineering in Tsinghua University, Beijing, China.
To apply load on the vehicle diesel engine, a dynamometer
(GW300, Hunan Xiang Yi Dynamic Test Instrument Co., Ltd.)
was used. The dynamometer was modified by adding a load cell
and digital monitor to measure the engine speed (r min™') and
torque (Nm) to calculate the power (kW). The engine thermal
efficiency was calculated as follows:

n=3.6x10°/(bxH) 3)

where 1, b, and H are the engine efficiency, brake-specific fuel
consumption (BSFC), and heat value of the fuels, respectively.

A gas analyzer (BEA 460 Bosch, Combustion Products Group,
Ltd., UK) was used to monitor the engine exhaust gases for
carbon monoxide (CO), hydrocarbon (HC), and nitrogen oxides
(NOx). Particulate matter (PM) was measured by a 5-1000 nm
particulate analyzer (DMS500, Combustion Products Group,
Ltd., UK). Prior to the test, the device was subjected to main-
tenance and calibration by the manufacturer followed by daily
standard calibration.

RESULTS

Production of Heterotrophic

A. protothecoides Biomass

The cell growth, pH, and glucose and nitrogen content in the
60-m’ fermentor were monitored throughout the fermentation
process, and concentrated glucose solutions (40%), corn steep
liquors (0.3%), and antifoam solutions (10%) were batch-fed
accordingly (Figure 2). The pH was controlled at ~6.0 + 0.2 to
ensure optimal cell growth conditions. The amount of glucose
and residual nitrogen in the container, which are critical to main-
tain the heterotrophic growth of A. protothecoides, were carefully
controlled. According to our previous trials (data not shown),
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when cells escaped from the lag phase, a low residual concentra-
tion of glucose below 10 g L™" in the culture medium could avoid
the inhibition of cell growth, especially when both the glucose
consumption rate and glucose feeding rate were high. Therefore,
after 84 h, when the glucose content dropped to near 10 g L', the
glucose feeding was initiated but was carefully regulated to ensure
a residual concentration between 5 and 10 g L~'. Meanwhile, the
amount of residual nitrogen was maintained at ~1.5 + 0.2 g L,
enough for the cells to proliferate.

After 216 h of fermentation in the 60-m’® fermentor, the
final cell density reached 33.14 g L', with an average biomass
productivity at 3.81 g L™ day'. Notably, before the cell density
reached 30 g L™ in the initial 144 h, the biomass productivity
was above 6.87 g L™! day™'. However, the cell growth was greatly
inhibited after that, resulting in the biomass productivity in the
last 48 h being <2.5 g L™" day~". This result suggested that under

this fermentation condition, the cells may enter a stationary
phase once the density is over 30 g L™'. Therefore, it becomes
uneconomical to continue the fermentation process. In the
future, we can either stop this fermentation or initiate the semi-
continuous fermentation process at this time point. The biomass
productivity in this 60-m’ fermentation was more than twice that
(1.71 g L' day™) in an 11-m® fermentor in a previous study and
10 times more than that in outdoor photobioreactors (on average
0.30 g L' day™) (Rodolfi et al., 2009).

Sugar-Lipid Conversion Ratio in a

60-m? Fermentor

The total glucose consumed in the 60-m® fermentation was
5120 kg, and the yield of dry biomass was 1540 kg, indicating
that the conversion ratio of glucose to biomass was ~0.301 kg/kg.
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Within these cells, the OC was determined to be 51%. Therefore,
the total oil yield per fermentation was 739.5 kg, the oil produc-
tivity was 82.16 kg day™’, and the conversion ratio of glucose to
oil was 0.154 kg/kg. However, during the oil production through
carbon metabolism, glucose is first converted to pyruvate via
glycolysis and is then transformed to acetyl-CoA. The theoreti-
cal maximum conversion ratio of glucose to oil is 51.1% (mass
fraction, i.e., 66.7% mole fraction) (Xiong et al., 2010). However,
a previous study indicated that the conversion ratios in 5 L and

11 m’ fermentors were 31.2 and 27%, respectively (Li et al., 2007),
suggesting that the increased volume may reduce the conversion
rate. Additional studies should be performed to increase the
conversion rate, especially in larger fermentors.

Algal Harvest, Drying, and Oil Extraction

The processes to harvest and dry the microalgae biomass and
to extract oil from the cells are the other important energy- and
labor-consuming steps in microalgal biofuel production and
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could account for a significant fraction of the total cost (Islam
et al,, 2014). In the laboratory, centrifugation is commonly used
to collect the algal biomass followed by freeze or spray drying (Xu
et al., 2011; Wang et al,, 2012), and the method of Soxhlet was
generally used to extract oil (Yan et al., 2011; Mohan and Devi,
2014). However, these methods require either high-cost equip-
ment or high energy consumption, and their processing capacity
is only limited to a small amount of biomass. Therefore, it is not
feasible to apply these methods in commercial production.

To handle the large volume of final fermented suspension from
a 60-m® fermentor and simultaneously avoid the high energy and
high-cost centrifugation process, we developed a filtering method
that enables us to obtain wet biomass by gravity supplemented
with vertical pressure (0.05-0.12 MPa) through the plate-frame
filter with 32 pieces cloth (a patent filter device, Chinese patent
application No. 201310285550.8). This method could recover
~98% of algae, and the medium after filtering could theoretically
be recycled and used for another round of fermentation. The MC
showed that the wet biomass from the plate-frame filter contained
66% water, which could be further dried. In addition, there are
several recent reports on direct oil extraction using wet biomass
(Islam et al., 2014), and similar processes could potentially be
applied here. Meanwhile, we tested two different methods to
dry the cells. One method is using a commercial oven to bake
the wet algae, and the other is to simply expose the wet biomass
on the open ground under natural sunlight. We found that both
methods worked well by reducing the MC to 0 or 5% after 48 h,
respectively. However, when the cells were taken out of the oven,
they formed a solid plaque that was very hard to break and pre-
vented the subsequent oil extraction process. However, the cells
dried under natural sunlight remained as a soft powder and could
be easily processed. In addition, natural drying also avoided an
extra electricity cost, and we, therefore, think it is a better method
for cell drying. Furthermore, we also tested if the naturally dried
cells could potentially affect the oil extraction process and found
no difference between normal dried cell samples (Figure 3A).
Overall, the energy consumption for the plate-frame filter was
calculated as 0.014 MJ kg™". Compared with that using centrifuge
and freeze or spray drying, which required at least 80.9 MJ kg™
(Xu et al.,, 2011), the method presented in this study was eco-
nomical and feasible for industrial application.

Oil extraction from algal cells is another challenge for the
commercial production of biofuel. The laboratory-scale Soxhlet
method is not applicable, as it could only deal with a very small
amount of dried cells (generally <100 g) and took a long time
(generally 3 days). To overcome this problem, we tested whether
oil could be directly extracted by organic solvent when cell
disruption was performed simultaneously in a 100-L steel ball
mill machine, which allowed us to process a biomass of ~360 kg/
day. Considering the lipid composition of heterotrophic A. pro-
tothecoides and also safety issues, IPA was used due to its high
boiling point and low toxicity. As shown in Figure 3A, the OEE
was 65.89 + 1.31% after immersing the dry algal cell (MC at 2%)
in IPA for 1 h without physical disruption. However, when the
cells were subjected to ball milling in IPA, the OEE increased
up to 97.12 + 1.84%. In addition, we also tested whether we can
directly extract oil from the aforementioned wet algal cells (MC

TABLE 1 | Comparison of the properties of microalgae biodiesel, 0#
petroleum diesel, and ASTM biodiesel’s standard.

Properties Unit Microalgae o# ASTM D6751

biodiesel petroleum Standard
diesel®

Flash point °C 160 75 >130.0

Viscosity mm? s 4.354 1.9-41 1.9-6.0

Density kg m= 876.9 838 820-900

Acid number mg(KOH) g~ 0.2 <0.5 <0.50

Cetane - 52.6 40-51 >47

number

Copper strip Class 1 1 <1

corrosion

Cold filter °C 1 <4 Report

plugging point

Heat value MJ kg™ 38.25 40-45 Report

90% recovery °C 341.0 NA <360

temperature

Oxidation h 1.2 NA >3

stability

Water content mg kg™ 26 NA <50

Sediments - None None None

Sulfated ash % Mass 0.005 NA <0.02

10% Carbon % Mass 0.09 NA <0.3

residue

H/C ratio % Mass 1.81 1.81 Report

Total glycerol % Mass 0.02 NA <0.24

content

Oxygen % Mass 10.66 NA Report

content

Sulfur content % Mass 8.3x 10° 0.95 <0.02

2The data for diesel fuel are from published studies; NA indicates not available.

at 66%). We found that it required a longer processing time and
had a lower OEE than when using the dried cells (Figure 3A). To
further confirm the effect of the ball milling method, a scanning
electron microscope (SEM) was used to evaluate the cell integrity.
We found that before ball milling, all algal cells were intact but
shriveled due to dehydration (Figures 3B,C). After ball milling,
the cells were almost completely crushed into tiny fragments
(<0.2 pm) (Figures 3D,E). Most of the oil and intracellular
constituents were taken into the IPA.

Properties of the Algal Biodiesel

Given that enough crude oil could be obtained through above
processes, we next carried out enzymatic transesterification
to produce algal biodiesel and analyzed its composition. We
found that the overall quality of the biodiesel was similar to
what has been previously reported (Miao and Wu, 2006). A
comprehensive evaluation of the derived algal biodiesel was
conducted by comparing its chemical and physical properties
with PD and the ASTM D6751 Standard. As shown in Table 1,
the algal biodiesel was characterized by a flash point of 160°C,
viscosity of 4.354 mm?*s™', density of 876.9 kg m~, acid number
of 0.2, and heat value of 38.25 MJ kg™'. These properties satis-
fied most ASTM D6751 standards, except that the oxidation
stability exceeded the designated range and could be improved
(Schober and Mittellbach, 2004). The cetane number at 52.6
indicated that the microalgal biodiesel would combust better
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than number 0 fossil diesel. Overall, our study suggested that
the microalgal oil derived from cells in a 60-m? industrial fer-
mentor could be used as feedstock for the production of high
quality biodiesel.

Application of Microalgal Biodiesel

for Vehicle Engine Operation

Biodiesel has been tested in direct-injection engines or diesel
tractors. For example, Dorado et al. (2003) tested biodiesel from
olive waste cooking oil in a direct-injection engine. For micro-
algae-derived biodiesel, a recent report (Al-Lwayzy and Yusaf,
2013) suggested that it could satisfy the requirement in a diesel
agriculture tractor engine, in which 20% microalgal biodiesel
was used. However, there are still no reports if pure microalgal
biodiesel (100%) could be used and how it will perform in a
direct-injection engine.

As a single 60-m® fermentor could produce 1540 kg dry
biomass with an OC over 50%, it enabled us to prepare enough
algal biodiesel for 24 h combustion to test multiple parameters.
Number 0 diesel, 20% microalgal biodiesel (B20), and 100%
microalgal biodiesel (B100) were tested in a vehicle diesel engine
to compare the BSFC, engine torque, thermal efficiency, NOx
and PM emissions between these different fuels. The maximum
torques was found at an engine speed of 2600 r min~" for PD,

MBD?20, and MBD100 (Figure 4A). The engineering efficiency
did not change significantly among PD, MBD20, and MBD100
at different speed (Figure 4B). The average dynamics reached
~98 and 90% of the peak values with MBD20 and MBD100,
respectively, indicating no significant differences between PD
and MBD20 at a speed of 2600 r min~" at the peak torque. The
BSFC (Figures 4C,D) was observed to increase with a higher
proportion of algal biodiesel in the blend compared to PD at all
engine speeds. No significant difference was found between PD
and MBD?20 in the entire load range, suggesting that MBD20
could be an optimal biodiesel blend.

Emissions of gas and PM are the other important parameters
to evaluate in biodiesel. When the air supply was insufficient at
a low engine speed and load, carbon monoxide (CO) was the
main pollutant in the exhaust gas. We found that the CO emis-
sions were 35 and 53% lower from the combustion of MBD20
and MBD100, respectively, than that from PD when the engine
speed was below 1900 r min~" and the engine load was below 20%
(Figures 5A,B). This indicates better combustion for MBD20 and
MBD100, which potentially resulted from the extra oxygen in the
biodiesel. With increasing engine speed up to 2000 r min™" or
engine load up to 25%, the CO emission decreased greatly and
did not subsequently show differences among PD, MBD20, and
MBD100 (Figures 5A,B).
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Hydrocarbon, as one of the main greenhouse gases that nega-
tively impacts the formation of ozone, is another pollution gas
from fuel combustion. The lowest HC emission at 0.03 g k Wh™!
was recorded at 2200 r min~' for MBD100, which was only one-
third of that for PD (Figure 5C). HC emissions for MBD20 were
close to PD, which decreased significantly with increasing engine
load (Figure 5D). In general, MBD100 produced less HC did PD
and MBD20 under most conditions.

In addition, NOx, including NO and NO; as pollution gases
from fuel combustion, were detected in the engine test. No
significant difference was observed among BMD 100, BMD 20
and PD for the test fuels (data not shown). In contrast, the PM
emissions detected showed that the PM emissions from both
MBD20 and MBD100 were obviously lower than those of PD
under different engine speeds and loads (Figure 6). Compared
with PD, the PM emission reduced from 37 to 42% in the
MBD20 test and 57 to 75% in the MBD100 test, respectively.
As a bio-oil derived fuel, the 10.66% oxygen content in the
biodiesel molecules and the low sulfur content (mass fraction of
8.3 X 107°) may contribute to a complete fuel oxidation, causing
a significant decrease in the PM concentration. When the engine
load doubled or the speed increased, the PM emissions were
clearly reduced (Figure 6) as the formation of soot from the
exhaust emission was proportional with the change of combus-
tion temperature.

DISCUSSION

At the moment, it is still not economically viable to industrially
produce microalgal biofuel, despite the potential for microal-
gae to be a sustainable and green bioenergy resource, largely
because of limitations on microalgal productivity (Pienkos and
Darzins, 2009; Davis et al., 2011). Several technologies have been
developed to reduce the cost, including strain improvement,
cultivation optimization, and chemical treatment (Specht et al.,
2010; Scranton et al., 2015). Here, we extended the heterotrophic
cultivation of A. protothecoides for biomass production from
a laboratory to an industrial scale (Miao and Wu, 2006; Xu
et al., 2006; Li et al., 2007). A 60-m? fermentor of A. protothe-
coides was established, which produced microalgal biomass at
3.81 g L' day™' on average and an OC of ~51%, comparable to
what we previously obtained on a smaller scale (Miao and Wu,
2006; Xu et al., 2006; Li et al., 2007).

Plate-frame filter, natural drying, and ball milling methods were
developed as subsequent energy-saving processing technologies.
The plate-frame filter and natural drying procedure could replace
the commonly used, high-cost centrifugation, which requires not
only a large investment in equipment but also significant energy
consumption. In addition, our study suggested that the ball mill
disruption method could also be a feasible and scalable process
to meet the industrial requirement for oil extraction besides its
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application in the recovery of bioproducts from cyanobacteria
(Balasundaram et al., 2012). Compared with high-pressure single
solvent (hexane) extraction (Islametal.,2014), ball mill disruption
consumes less energy and has low requirements for equipment.

Subsequently, the vehicle diesel engine test indicated that the
microalgal biodiesel is comparable to fossil diesel but produces
fewer emissions of PM, carbon monoxide, and HC emissions.
Two types of biodiesel (MBD 20 and MBD 100) performed
well and resulted in an acceptable increment of the volumetric
fuel consumption in an unmodified vehicle diesel engine with
fewer emissions of carbon monoxide, HC, and PM, which could
potentially reduce damage to the environment.

Finally, based on a previous study on the commercial
production process of biodiesel, the cost of crude oil feedstock
contributes to 88% of the overall production cost (Haas et al.,
2006). Accordingly, the cost of our microalgal biodiesel could be
estimated at 18.73 US$/kg, which is equivalent to 15.70 US$/L
(density of algal biodiesel measured at 0.838 kg/L). Although the
minimum production cost of algal biodiesel in this study was
higher than the current petrol diesel price in China (1.2 US$/L), it
was much lower than the reported microalgae biodiesel produced
from an outdoor photobioreactor (73.5 US$/L) (Lam and Lee,
2014), suggesting that the fermentation process could become
competitive in the future once the production costs are further
reduced. Several approaches could be adapted to cut the costs in
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