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Abstract
content and has the potential to be used as feedstock for biofuel production. In this study, photosynthetic
efficiency, biochemical profiles and non-targeted metabolic profiling were studied to compare between the
nitrogen-replete and deplete conditions. Slowed growth, change in photosynthetic pigments and lowered
photosynthetic efficiency were observed in response to nitrogen deprivation. Biochemical profiles of the
cultures showed an increased level of carbohydrate, lipids and total fatty acids, while the total soluble
protein content was lowered. A trend of fatty acid saturation was observed in the nitrogen-deplete culture
with an increase in the level of saturated fatty acids especially C16:0 and C18:0, accompanied by a decrease
in proportions of monounsaturated and polyunsaturated fatty acids. Fifty-nine metabolites, including
amino acids, lipids, phytochemical compounds, vitamins and cofactors were significantly dysregulated
and annotated in this study. Pathway mapping analysis revealed a rewiring of metabolic pathways in the
cells, particularly purine, carotenoid, nicotinate and nicotinamide, and amino acid metabolisms. Within

A freshwater green microalgae Chlorella sp., UMACC344 was shown to produce high lipid

the treatment period of nitrogen deprivation, the key processes involved were reshuffling of nitrogen from
proteins and photosynthetic machinery, together with carbon repartitioning in carbohydrates and lipids.
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1 INTRODUCTION

Microalgae are a potential feedstock for
triacylglycerol (TAG) and neutral lipids which are used
in biofuel production due to their fast growth rate, high
photosynthetic efficiency, high lipid yields and ability
to grow in a broad range of environmental conditions.
Various strategies, such as nutrient deprivation (e.g.
nitrogen starvation), temperature, salinity, pH, high
concentration of metal ion stress, and irradiation, have
been developed to improve the biomass yield and the
lipid content of microalgal cells (Sharma et al., 2012).

Nitrogen is an important building block for amino
acids, nucleic acids, enzymes and proteins. It is
assimilated into microalgal cells in the form of nitrate
or ammonium, and is involved in multiple metabolic
networks. While it is widely known that the deprivation
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of nitrogen leads to lipid accumulation in microalgae,
it also triggers many other metabolic responses in the
organisms. Nitrogen deprivation inhibits
photosynthesis by impairing photosystem II (PSII)
reaction centres, decreasing chlorophyll fluorescence
yield, and reducing synthesis of chlorophylls which
requires nitrogen-containing precursors (Yang et al.,
2013). Phaeodactylum tricornutum, a model diatom,
showed reorganized proteome profile, reduced lipid
degradation, restructured central energy metabolism
and reduced photosynthetic activity under nitrogen
deprivation  (Longworth et al, 2016). In
Chlamydomonas reinhardtii, nitrogen starvation
affected the respiratory metabolism, protein and
pigment content, RNAs in chloroplast and
photosynthetic activity (Schmollinger et al., 2014).

Nitrogen starvation leads to a complex metabolic
network rewiring in the cells. A systems biology
approach, including transcriptomics, proteomics and
metabolomics, was used to study the response of
Chlamydomonas reinhardtii to nitrogen deprivation
(Park et al., 2015). Lipid accumulation mechanisms
of Chlorella protothecoides was proposed by
integrating data from its genome, transcriptome and
proteome. The flow of carbon and nitrogen were
regulated by nitrogen regulatory protein PII and
glutamate synthase in nitrogen assimilation and TCA
cycle (Gao et al., 2014). Metabolome and lipidome
profiles of Pseudochoricystis ellipsoidea revealed
that under nitrogen stress, the amino acids in nitrogen
assimilation and N-transporting metabolisms were
decreased to 1/20 compared to the nitrogen-rich
condition (Ito et al., 2013).

Chlorella sp., UMACC344 is a local strain with
promising potential as feedstock for biofuel production.
This study aimed to investigate and provide an
overview of the response of UMACC344 to nitrogen
deprivation. Cultures subjected to nitrogen-replete and
deplete conditions were compared in terms of growth,
pigment  content,  photosynthetic  efficiency,
biochemical and metabolic profiles.

2 MATERIAL AND METHOD

2.1 Microalgae culture maintenance

The green microalga Chlorella sp. (UMACC344)
was obtained from the University of Malaya Algae
Culture Collection (UMACC) and cultured in Bold’s
Basal Medium (Nichols and Bold, 1965). The cultures
were maintained in the exponential growth phase on
an orbital shaker (1xg) under the illumination of

15 pmol photons/(m*s) with 12 h:12 h light:dark
cycles at 25+1°C.

2.2 Stress treatment

The inoculum was prepared by growing the
cultures under continuous aeration and cool white
fluorescent lamps (30 umol photons/(m?:s)) on 12 h:
12 h light:dark cycles at 25+1°C for 6 d. Cultures in
the exponential growth phase were washed once with
BBM deprived of NaNO; to remove nitrate from the
cultures prior to treatment. Subsequently, 100 mL
(10%) of the inoculum (approximately 2x10° cells/
mL) was cultivated in 900 mL of BBM with full
composition (the control: nitrogen-replete, N+ group)
or BBM deprived of NaNO; (the treatment: nitrogen-
deplete, N- group). Effects of nitrogen deprivation on
microalgae were assessed on day 0, 1, 2 and 4. The
experiments were carried out in batch culture method.
For every time point, three biological replicates, each
with the total volume of 1 000 mL, was used to carry
out the experiments for all assays.

2.3 Growth parameters and pigments extraction

Growth was monitored based on optical density at
620nm (ODg,,,,) and cell countusing ahemocytometer
(improved Double-Neubauer). Biomass productivity
was calculated based on dry weight over 4d of
treatment. For dry weight, 50 mL of culture was
filtered onto an oven-dried pre-weighed GF/C (0.45 um
glass fibre cellulose, GF/C- 47 mm filter paper),
followed by drying in an oven at 70°C for 24 h.

Chlorophyll (Chl) a, b and carotenoid
concentrations were determined using acetone
extraction method. Samples (10 mL) were collected
on GF/C filter papers and extracted with 10 mL of
analytical grade 100% acetone overnight. Supernatant
was obtained by centrifugation (1 900%g, 5 min).
Optical densities of the supernatant at 452 nm,
630 nm, 645 nm and 665 nm were used to determine
pigment concentrations using the spectrophotometric
equations in Strickland and Parson (1972). Data were
presented as the ratio of carotenoids to chlorophylls
as an estimation for the photooxidative state of
microalgae (Millan-Oropeza and Ferndndez-Linares,
2017).

2.4 Pulse amplitude modulation (PAM) fluorometer
measurement

Photosynthetic parameters were measured using a
Water-PAM (Walz, Germany) (Ng et al., 2014).
Briefly, each sample was dark-adapted for 15 min
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before exposure for each light level for 10 s in the
measurement chamber. Maximum quantum efficiency
(FJ/F,) 1s a parameter used to indicate the
physiological state of microalgae. F, refers to the
variable chlorophyll fluorescence and F, refers to the
maximum chlorophyll fluorescence, the ratio was
used as an indicator of photosynthetic efficiency of
photosystem II (Yang et al., 2014).

2.5 Total soluble protein and carbohydrate content

For total soluble protein content analysis, 50 mL of
filtered algae cells on GF/C was homogenized with 10 mL
0.5 mol/L NaOH and subsequently incubated for
20 min in an 80°C water bath. The sample was then
centrifuged at 1 430xg for 10 min. To determine total
soluble protein content of each sample, 5 pL of the
supernatant was mixed with 250 uL Bradford reagent
(Bio-Rad Laboratories, USA) in a 96-well microplate
and incubated for 5 min. The absorbance readings
were measured using a microplate spectrophotometer
at 595 nm (BioTek Epoch, USA). Standard solutions
with known concentrations of bovine serum albumin
(BSA) were prepared to generate calibration curves.

The total carbohydrate content was determined
using the phenol-sulfuric acid method (Dubois et al.,
1956). Fifty millilitres of filtered algae cells on GF/C
was homogenized in 10 mL 2 mol/L HCI, incubated
in a water bath for 1h at 80°C and centrifuged at
1430xg for 10 min. For each reaction, 20 uL
supernatant, 20 uL 10% phenol and 200 pL
concentrated sulfuric acid were mixed and incubated
for 30 min. The absorbance value of the product was
measured at 485nm using a microplate
spectrophotometer. Standard solutions with known
concentrations of glucose were prepared to generate
calibration curves.

2.6 Lipid and fatty acid analysis

2.6.1 Lipid extraction

Lipids from microalgae were extracted according
to Bligh and Dyer (1959). Briefly, 50 mL filtered algal
samples were homogenized in a hand-homogenizer
followed by centrifugation at 1 430xg for 10 min at
4°C. The supernatant was mixed with 2 mL of
chloroform and distilled water, vortexed and
centrifuged again. The lower lipid layer was carefully
drawn out, transferred to a pre-weighed glass vial and
blown dry in gentle stream of nitrogen gas. The vials
were then later placed in a desiccator and weighed
until a constant weight was obtained.

Vol. 37

2.6.2 Transesterification of fatty acid and gas
chromatography-mass  spectrometry  (GC-MS)
analysis

Lipid samples were trans-esterified in 1% sulphuric
acid in methanol (Chu et al., 1994) and analysed using
the QP-2010 Ultra GC-MS with A20i autosampler
(Shimadzu, Japan) and Rt-2560 column (100 mx
0.25 mmx0.20 um) (Supelco, USA). 99.9% helium
was used as the carrier gas with the column flow rate
of 20 cm/s and the pre-column pressure of 49.7 kPa.
The column temperature regime was 140°C for 2 min,
followed by a 2°C/min ramp up to 225°C, held for
5 min, subsequently a 2°C/min ramp to 240°C and
followed by a 20-min-hold. The injection volume was
1 pL, the injection temperature was 250°C and the
split ratio was 100:1.

The mass spectrometer was operated in ionization
energy of 70 eV. The ion source temperature was set
at 200°C and the interface temperature were set at
250°C. FAME (fatty acid methyl esters) peaks were
identified by comparison of their retention times and
ion spectra with authentic standards by GC-MS post
run analysis, and quantified via multi-point external
calibration curve of individual fatty acid methyl esters
standard from Supelco 37 component FAME mix
(Sigma-Aldrich, USA). All fatty acid methyl contents
were represented in percentage of total fatty acid
content (% TFA).

2.7 Metabolic profiling

2.7.1 Sample preparation and metabolite extraction

At the end of incubation, 500 mL of cultures was
collected and cell pellets obtained by centrifugation at
1 900%g for 5 min. The cells were subsequently snap-
frozen using liquid nitrogen, freeze-dried overnight at
-50°C and ~300 mbar and stored at -80°C until
extraction.

For each biological replicate, 5 mg freeze-dried
algal powder was extracted with 1 mL cold 80%
methanol containing 10 pg/mL Fmoc-GLY-OH as the
internal standard. Lysing matrix E containing ceramic
spheres, silica spheres and glass bead (MP
Biochemicals, USA) were used to homogenize the
samples in a bead ruptor (Omni International, USA).
The bead-rupting process was performed at high
speed for 20 s and 7 times. Samples were kept cool in
ice throughout the process to prevent degradation.

The samples were centrifuged at 15 000xg and 4°C
for 7 min. The supernatant was subjected to sample
clean-up using Captiva Non-Drip Lipid plate (Agilent
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Technology, USA) with vacuum applied to facilitate
filtration. The filtrates were collected and stored at
-80°C prior to injection.

2.7.2 LC-MS data acquisition

Data was acquired using an Infinity 1290 binary
ultrahigh  performance liquid chromatography
(UHPLC) system coupled to a 6550 electrospray
ionisation quadrupole time-of-flight mass
spectrometer (LC-ESI-QTOF) (Agilent, USA).
Protonated purine (m/z 121.050 9) and protonated
hexakis (m/z 922.009 8) were selected as the reference
masses for positive mode. Mass spectral source
parameters were as follows: fragmentor voltage,
100 V; sheath gas temperature, 350°C; sheath gas
flow, 9 L/min; nebulizer pressure, 25 psi; capillary
voltage, 2 000 V; nozzle voltage, 1 500 V; drying gas
temperature, 250°C; drying gas flow, 9 L/min. MS
data was collected in centroid mode and positive
ionization within the mass range of 50—1 000 m/z.
Auto MS/MS method was used with collision energy
set at 20 and 40 eV. Sample injection sequence was
randomized to avoid systematic bias.

For each sample, 5 pLL was injected onto the column
at a flow rate of 0.2 mL/min. The C18 column (Zorbax
2.1x100 mm, 1.8 um) was held at 50°C. Solvent A
composed of 0.1% formic acid in ultrapure water and
solvent B composed of 0.1% formic acid in
acetonitrile. In the first 5 min, solvent B maintained at
5% and subsequently a linear gradient (5% to 95%
solvent B) was applied for 10 min. Solvent B
maintained at 95% for 5 min before returning to 5% at
21.5 min to 22 min. Post time was 3 min. Total time
for each sample was 25 min. All samples were
maintained in the auto-sampler tray at 8°C throughout
the run.

2.7.3 Data processing, multivariate analysis and
metabolite annotation

Agilent’s MassHunter Qualitative  software
(version B.06.00) was used to visualize different
chromatograms. Agilent raw data (.d) files were
converted to . mzXML cross-platform open file format
using the freely available MSconvert/Proteowizard
software. The .mzXML files were uploaded to XCMS
Online (http://xcmsonline.scripps.edu) for feature
detection, retention time (RT) alignment, metabolite
annotation and statistical analysis (Gowda et al.,
2014). The data were analysed as pairwise job with
the following settings: centWave feature detection at
15%x10° maximal tolerated m/z deviation in

consecutive scans, obiwarp retention time correction
with 1 m/z step size (profStep) was used to generate
the profiles and the feature alignments with allowable
retention time deviation of 5 s. An unpaired parametric
t-test (Welch #-test) was performed with a P-value
threshold of 0.05 and fold-change (FC) of more than
1.5 to identify significant features. Annotation of
significant features was performed by searching
accurate masses of features against the METLIN
database (http://www.metlin.scripps.edu) with mass
tolerance of +£10x10°.

Result tables generated from XCMS Online were
also analysed by SIMCA 14 software to generate
score plots of principal component analysis (PCA)
and orthogonal partial least squares discriminant
analysis (OPLS-DA). Pareto scaling was used for
data normalization before multivariate data analysis
(MVDA). PC1 and PC2 scores were used for the PCA
models to reflect the main variation and separation in
data (Worley and Powers, 2013).

MetaboAnalyst  (http://www.metaboanalyst.ca/)
was used to perform pathway analysis using the
Arabidopsis thaliana library, hypergeometric test and
relative-betweenness centrality algorithms. Pathway
mapping was performed by searching against the
Chlorella variabilis database in Kyoto Encyclopedia
of Genes and Genomes (KEGG).

2.8 Statistical analysis

All data for growth parameters, photosynthetic
efficiency and biochemical profiles were expressed as
mean valuetstandard deviation (SD). To determine
statistical significance between N+ and N- condition
over time, repeated measures ANOVA (analysis of
variance) was performed with Bonferroni confidence
interval adjustment test using the SPSS (version 22)
statistical software (IBM, USA).

3 RESULT

3.1 Effect of nitrogen deprivation on growth and
photosynthetic efficiency

Daily growth of the culture was monitored based
on optical density (OD) and cell density. Significant
difference between N+ and N- culture in OD could be
observed on day 2 of the stress condition. Under
N-replete condition, cell density increased more than
12-fold at day 4 compared to day 0 (Fig.1a). In
contrast, cell density in N- culture only increased by
6-fold after 4 d, suggesting a lower rate of cell
division.
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Photosynthetic pigment content was highly affected
by nitrogen availability. Nitrogen-deplete culture
turned yellowish-green in colour as the amount of
chlorophyll a and b decreased, while the carotenoids
increased. The Car:Chl(a+b) ratio of N- group were
significantly higher than the N+ group (Fig.1b).

Changes on photosynthetic pigment content are
highly related to the photosynthetic efficiency in
microalgae. Maximum quantum efficiency (F./F},) is
used to represent light harvesting complex and
photosystem II (PSII) activity, and to indicate the
physiological state of the cells under stress condition
(Ng et al., 2014). During the 4-day incubation, the
F,/F, values of N+ condition maintained between
0.75 and 0.83, indicating that the cultures were in a
healthy state. On the contrary, the F,/F, values of N-
condition decreased significantly as early as day 1

(Fig.1c).

3.2 Effect of nitrogen deprivation on biochemical
composition

Nitrogen is a key element in microalgae as the
building block for macromolecules such as lipids,
proteins and carbohydrates. Hence its availability had
greatly influenced the biochemical composition of
Chlorella sp. Removal of nitrate from the growth
media significantly decreased the protein content in
Chlorella sp. to 3.58+0.83, 2.27+0.78 and 1.80+
0.06 pg/million cells at day 1, 2 and 4 (Fig.2). Higher
carbohydrate content was observed in N- culture at
day 1, 2 and 4 respectively. On day 4, the carbohydrate
content in N- group accounted for 29.14% of the
biomass compared to 12.32% in N+ group.

The results showed that the cells started to
accumulate lipid at day 1 under N- condition. Lipid
content at day 2 and 4 was similar for cells grown in
N- media and significantly higher than the content in
N+ media. The amount of lipid exceeded 50% of the
biomass at day 2 and 4 in nitrogen-depleted cells.
Total fatty acid (TFA) content remained similar
between N+ and N- conditions during the first two
days of nitrogen deprivation and increased
significantly under N- condition at the last day of
culture, approximately 3-fold higher than the TFA
content of N+ condition.

To analyze the changes in fatty acid composition,
lipids in the cells were extracted, trans-esterified and
quantified using GC-MS. The profiles of saturated
fatty acid (SFA), monounsaturated fatty acid (MUFA)
and polyunsaturated fatty acid (PUFA) were expressed
in the form of percentage of total fatty acid content
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Fig.1 Changes in physiological parameters of Chlorella sp.
under nitrogen-deprivation over time

a. growth curve based on cell density; b. carotenoid to chlorophylls
ratio; ¢. maximum quantum yield of photosystem II (F,/F,) for
N-replete (N+) and N-deplete (N-) conditions. Each data point is
an average of three biological replicates and error bars represent
standard deviation. Statistical significance between N+ and N-
group are indicated by asterisks (* P<0.05; ** P<0.01).



No.1 YONG et al.: Chlorella sp. metabolism under nitrogen stress 191

—_
by
=)

Ju—
N
(=]
!

_.
o
o

*
=)
.

S
=
T

b
o

N
o
T

ok
* *
-

e
o

OCarbohydrate OProtein  MLipid

3k
sk

Biochemical composition of Chlorella sp. (ng/million cells)

N+ N-

Time (d)

N+ N- N+ N-
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Each data point is an average of three biological replicates and error bars represent standard deviation. Significant difference between N+ and N- conditions

are indicated by asterisks (* P<0.05; ** P<0.01).
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Fig.3 Proportion of saturated fatty acid (SFA),
monounsaturated fatty acid (MUFA) and

polyunsaturated fatty acid (PUFA) presented as
percentage of total fatty acids (% TFA)

Each data point is an average of three biological replicates and error
bars represent standard deviation.

(%TFA) (Fig.3). Nitrogen-deprivation led to an
increase in SFA and decrease in MUFA and PUFA
levels. SFA level in N- culture was 2-fold higher
compared to N+ culture. MUFA level of N- culture
was lower than N+ culture at all time points. PUFA
was significantly lower in N- than N+ at day 1, 2 and
4 especially on day 4 where PUFA level was 6-fold
lower in N- culture compared to N+ culture. The fatty
acid profiles between N+ and N- culture were
drastically different at day 4. In N+ culture, SFA
constituted  45.37%+5.6%, MUFA constituted

15.68%=+2.67% and PUFA constituted 38.64%+8.26%
of total fatty acids, whereas in N- culture, SFA
constituted  83.97%+3.02%, MUFA constituted
10.01%+2.48% and PUFA constituted 5.32%+0.92%
of total fatty acids.

Individual profiles of 18 fatty acids were presented
in Table 1. Palmitate (C16:0) and stearate (C18:0)
were the major SFA detected in this study. C16:0 was
present in high abundance on day 2 and day 4 in N-
culture compared to N+ culture. C18:0 was notably
higher (~2-fold) in N- culture than N+ culture at day
4. Other SFA (C14:0,C17:0,C21:0,C22:0 and C24:0)
were also higher under nitrogen deprivation
throughout the treatment period. For MUFA, the
proportions of C16:1, C17:1 and C18:1 were lower in
N- cultures. C22:1 was unable to be quantified at day
0 and 1, but significantly decreased at day 2 and
increased at day 4 under nitrogen deprivation. For
PUFA, C18:2 and C18:3 were significantly decreased
while the proportion of C20:2 increased in N- culture
across the experiment compared to N+ culture.

3.3 Changes in metabolic profile in response to
nitrate deprivation

To assess the metabolic difference at various time
points, PCA and OPLS-DA model were used to
discriminate the two sample groups (N+ and N-)
using the first two principal components. Distinct
clustering was observed in the data of day 2 and day 4
(Fig.4). The parameters of R’X, R?Y and Q” revealed
high discriminative and predictive stability of the
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a. day 1: R?X(cum)=0.668, 0*(cum)=0.502; day 2: R°X(cum)=0.601, Q*(cum)=0.352; day 4: R*X(cum)=0.776, O*(cum)=0.636; b. OPLS-DA score plot
displaying the degree of separation of the model. Day 1: R2X(cum)=0.732, R?Y(cum)=0.999, 0*(cum)=0.933; day 2: R*X(cum)=0.654, R*¥(cum)=0.999,
*(cum)=0.937; day 4: R*X(cum)=0.81, R*Y(cum)=0.999, 0*(cum)=0.953.

Table 1 Fatty acid profiles (expressed as %TFA) under N-replete (N+) or N-deplete (N-) conditions at different time points

Day 1 Day 2 Day 4
Fatty acid Day 0
N+ N- N+ N- N+ N-
C12:0 0.024+0.002 0.066+0.017 0.073+0.022 0.237+0.068 0.090+0.006* 0.090+0.039 0.128+0.002
C14:0 0.985+0.193 0.625+0.070 0.510+0.142 0.785+0.117 0.840+0.109 0.470+0.011 0.83040.037**
Cl4:1 0.380+0.069 0.186+0.028 0.176+0.068 0.076+0.032 0.095+0.028 0.057+0.022 0.052+0.012
C15:0 0.297+0.039 0.172+0.035 0.206+0.060 0.275+0.015 0.209+0.016%* 0.131£0.020 0.172+0.003*
Cl15:1 0.413+0.059 0.145+0.018 0.187+0.063 0.068+0.008 0.076+0.028 0.032+0.008 0.060+0.025
C16:0 47.485+2.539 44.12+0.811 56.83542.412%* 50.943+1.269 62.730+£0.776** 33.538+3.444 60.975+2.441**
Cl6:1 0.098+0.001 0.892+0.093 0.42140.057** 3.366+0.949 0.233+0.036** 0.768+0.122 0.24440.093**
C17:0 0.955+0.039 0.684+0.015 1.00240.082** 0.660+0.032 0.911£0.028** 0.383+0.113 0.91040.066**
C17:1 0.12340.021 0.165+0.084 0.127+0.055 0.126+0.022 0.071+£0.009* 0.059+0.002 0.166+0.070*
C18:0 42.686+2.325 28.316+3.623 32.751+2.753 22.2442.438 26.648+0.840* 10.277+2.154 20.04740.623**
C18:1 0.879+0.050 2.669+0.093 0.30940.071%** 6.509+2.039 0.607+0.163* 14.611£2.762 9.020+2.416
C18:2 0.220+0.033 9.525+1.851 0.21440.090%** 7.22440.539 0.041+0.001** 25.860+5.608 1.97940.334%**
C18:3 0 9.618+1.412 0.24440.022%** 5.167+0.748 0.126+0.057** 12.643+2.746 0.36540.052%**
C20:2 1.2524+0.084 0.399+0.017 4.492+0.408%** 0.277+0.060 5.172+1.700%** 0.135+0.060 2.977+0.632%*
C21:0 0.374+0.036 0.108+0.018 0.140+0.038 0.088+0.020 0.087+0.021 0.024+0.005 0.078+0.004**
C22:0 2.37140.251 1.299+0.145 1.277+0.107 0.841+0.060 0.923+0.048 0.273+0.050 0.53440.071%**
C22:1 0 0 0 0.304+0.083 0.019+0.008** 0.153+0.039 0.469+0.142*
C24:0 0.157+0.014 0.177+0.018 0.204+0.029 0.201+0.035 0.312+0.014%** 0.181+0.024 0.30040.012%**

Data are presented as mean+SD (n=3). Significant difference between N+ and N- conditions are indicated by asterisks (* P<0.05; ** P<0.01).

model. From over a thousand features aligned in
XCMS online, only 59 were selected and annotated
using METLIN database based on statistical analysis

(P<0.05, fold change>1.5) and their biological roles
in Chlorella sp. Overall, the metabolites belonged to
several classes, namely amino acids, lipids and fatty
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acids, nucleic acids, organic acid, phytochemical
compounds, vitamins and cofactors. The heat map in
Table 2 shows the fold change between N+ and N-
condition at day 1, 2 and 4. The annotated metabolites
were classified using the KEGG BRITE mapping
tool.

Protein and amino acid biosynthesis is highly
affected by nitrogen deprivation. L-arginine was
down-regulated for ~34-fold at day 2 in N- condition.
S-adenosylmethioninamine, an intermediate in the
polyamine biosynthesis pathway, was ~43-fold lower
inN- condition. Argininosuccinic acid, an intermediate
in urea cycle, was also down-regulated to channel
nitrogen for other cellular functions. Phospholipids
such as phosphostidylcholine (PO),
phosphatidylglycerol (PG), phosphatidylinositol (PI),
phosphatidic acid (PA) and phosphatidylserine (PS)
were annotated in this study. PG increased 2.1 and
1.8-fold on day 1 and day 2 of nitrogen deprivation.
Malic acid, an intermediate of tricarboxylic acid
(TCA) cycle, increased for 2.39-fold at day 4.

KEGG compound identifiers of the annotated
metabolites were analysed with the Pathway Analysis
module in MetaboAnalyst to identify the most
relevant pathways involved in nitrogen deprivation
(Fig.5). Purine metabolism was the most significant
pathway, followed by carotenoid biosynthesis,
nicotinate and nicotinamide metabolism, aminoacyl-
tRNA biosynthesis, arginine and proline metabolism,
and phenylalanine, tyrosine and tryptophan
biosynthesis (raw P<0.05, value obtained from
enrichment analysis). The nucleic acids mapped to
this pathway were hypoxanthine, adenosine
monophosphate, adenosine, adenine, guanine,
guanosine, dADP and deoxyguanosine. These
compounds were downregulated in N-deplete
condition atday 1 and 2 except dADP, which increased
4.47-fold at day 4. Carotenoid biosynthesis was the
second most relevant pathway under nitrogen
deprivation in Chlorella sp. Using the KEGG Mapper
tool, abscisate, canthaxanthin, lutein, abscisic
aldehyde, 3'-hydroxyechinenone and adonixanthin
are intermediates of the carotenoid biosynthesis
pathway of Chlorella variabilis. Metabolites mapped
into the nicotinate and nicotinamide metabolism
include L-aspartic acid, niacin and NAD.

4 DISCUSSION

This study provides an overview on the effects of
nitrogen deprivation in Chlorella sp. Removal of
nitrate in the growth media decreased growth rate,

7 @ —— Purine metabolism
@®— Carotenoid | ‘
6 biosynthesis | |
Nicotinate and nicotinamide
metabjlism
3 ® 1 4
ﬁ . Arginine and
proline metabolism
4 Aminoacyl-tRNA
2 biosynthesis
~—~ 1
X o— Phenylalanine, tyrosine and
- 3 p tryptophan biosynthesis ——
2 . —
B | o ®
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0 0.1 0.2 0.3 0.4 0.5
Pathway impact

Fig.5 Significantly dysregulated and annotated metabolites
analysed with Pathway Analysis Module in
MetaboAnalyst 3.0

x-axis refers to the pathway impact values obtained from pathway

topology analysis and y-axis displays the P-values generated from

pathway over-representation analysis. Purine metabolism was

the most relevant pathway in response to nitrogen deprivation,

followed by carotenoid biosynthesis, nicotinate and nicotinamide

metabolism and aminoacyl-tRNA biosynthesis (raw P<0.01).
photosynthetic activity and changed biochemical
profiles in the cells. A trend of desaturation in fatty
acid profile was observed with the reduction of MUFA
and PUFA and increment in SFA level, especially
C16:0 and C18:0. General remodelling of metabolism
began as early as day 1 after nitrogen deprivation. The
metabolic profile study revealed that the annotated
metabolites belonged to the following general
pathway classes: purine metabolism, carotenoid
biosynthesis, nicotinate and nicotinamide metabolism
and amino acid metabolism.

Photosynthetic activity of microalgae is greatly
influenced by nutrient availability. The decrease in
photosynthetic efficiency (£,/F,,) values was reported
to be part of the acclimation process to nitrogen
deprivation where lowered photosynthetic potential
of PSII was involved in relocating available nitrogen
to essential cellular functions and to balance
photosynthetic electron flow (Salomon et al., 2013). It
was also reported that nitrogen starvation reduced
abundance of photosystem I proteins, subunits of
oxygen evolving complex of photosystem II and the
chloroplastic  ATP  synthase subunits, which
subsequently impaired the photosynthetic efficiency
in the microalgae (Wase et al., 2014). Under N-deplete
condition, excessive electrons generated from
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Table 2 List of significantly dysregulated (fold change>1.5, P<0.05) and annotated metabolites

Heatmap Day 1 Day 2 Day 4
Compound KEGG/LMP
Day 1 Day2 Day4 FC  P-value FC  P-value FC  P-value
Amino acid
L-aspartic acid C00049 2.06 0.00239 1t
L-arginine C00062 3443 0.00010 |
L-serine C00065 497 0.00000 |
L-tryptophan C00078 212 0.02313 |
L-phenylalanine C00079 2.74 0.00302 |
L-tyrosine C00082 2.02 0.00450 1t
L-proline C00148 576 0.00051 |
S-adenosylmethioninamine C01137 - 4293 0.00255 |
Argininosuccinic acid C03406 6.01 0.01967 | 358 0.04148 |
L-pyrrolysine C16138 13.18 0.001 11 |
Lipid
Leukotriene C4 C02166 18.81 0.01200 |
Plastoquinol-1 C02185 376  0.02031 |
Taurocholic acid C05122 9.32 0.00021 |
(+)-abscisic acid C06082 320 0.00000 1t 220 0.01257 t 246 0.02507 |
Canthaxanthin C08583 1.94 0.00468 1t 699 0.00879 |
Xanthophyll C08601 8.77 0.00135 |
Gibberellin A4 C11864 18.18 0.00455 |
Phytosphingosine C12144 2.89 0.00005 1
Abscisic aldehyde C13455 499 0.00002 1 328 0.00063 | 3.55 0.00398 |
2,3-dinor-8-iso-PGF2a C14794 - 69.61 0.009 44 |
2,3-dinor-8-iso prostaglandin Flalpha C14795 9.87 0.00317 |
3’-hydroxyechinenone C15965 635 0.02411 |
Adonixanthin C15968 1.64 0.00325 t 678 0.01907 |
12-0x0-9(Z)-dodecenoic acid C16311 292 0.00106 71
87,11Z,14Z-heptadecatrienoic acid C16344 283 0.00110 t 2.11 0.00004 |
2-o0x0-7-methylthioheptanoic acid C17220 2230 0.00613 |
PC(16:1(92)/2:0) LMGP01010693 565 0.02277 t 4.00 0.00055 1t
PS(20:0/0:0) LMGP03050012 2.80 0.00607 t 222 0.00044 1t
PG(20:5(52,82,11Z,14Z,17Z)/0:0)  LMGP04050030 225 0.001 68 t 179 0.00029 1t
PI(18:4(6Z,9Z,12Z,15Z7)/0:0) LMGP06050017 231 0.00791 t 4.02 0.00098 |
PI1(22:1(11Z)/0:0) LMGP06050022 17.73 0.01792 | 439 0.00016 1
P1(22:0/0:0) LMGP06050024 5.14 0.00780 | 420 0.00028 1t
PA(20:0/0:0) LMGP10050018 4.00 0.02063 | 1.58 0.03865 |
PA(22:1(11Z)/0:0) LMGP10050029 1.71 0.01048 | 2.65 0.00700 |
PA(P-20:0/0:0) LMGP10070001 1.79  0.02482 | 16.67 0.00262 |
Nucleic acid
Adenosine monophosphate C00020 2.15 0.04003 | 249 0.00000 |
Uracil C00106 557 0.03914 |
Adenine C00147 503 0.03121 | 1.58 0.00630 |
Deoxyadenosine diphosphate (dADP) C00206 447 0.00111 1
Adenosine C00212 1277 0.02543 |
Guanine C00242 623 0.01775 | 1.81 0.00454 |
Deoxyguanosine C00330 9.77 0.00987 |
Cytosine C00380 2,66 0.01199 1t 851 0.01060 |
Guanosine C00387 568 0.03169 |

Colours on heat map represent fold change between N-replete (N+) and N-deplete (N-) condition at day 1, 2 and 4 respectively. Colour intensity from red to

green represent the scale of down to up-regulation.

To be continued
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Table 2 Continued

Heatmap Day 1 Day 2 Day 4
Compound KEGG/LMP
Day 1 Day2 Day4 FC  P-value FC  P-value FC  P-value
Organic acid
Malic acid C00149 239 000212 1
Phytochemical compound
Hypoxanthine C00262 511 0.00001 |
6-hydroxynicotinic acid C01020 1.71  0.03948 1
All-trans-heptaprenyl diphosphate C04216 2.02 0.00971 |
N-methyltryptamine C06213 - 45.15 0.00266 |
Strigol C09190 36.85 0.00131 |
Phaseic acid C09707 1.64 0.00584 1
5-deoxystrigol C18037 3.00 0.01217 |
Germacrene A acid C19678 6.40 0.02044 |
Vitamin and cofactor
I\g;‘ii’]‘:xfz fﬁi‘]‘)‘;e €00003 10.34 0.00595 1
Heme C00032 - 38.66 0.01765 1 3.70 0.00003 |
Glutathione C00051 1.78 0.01266 | 2.76 0.03020 |
Niacinamide C00153 3.74 0.00086 |
Niacin (nicotinic acid) C00253 3532 0.02789 |
Pyridoxamine C00534 3484 0.00255 |

photosynthesis result in over-reduction of the
photosynthetic electron transport chain and production
of cytotoxic reactive oxygen species. Pigments such
as carotenoids and other secondary metabolites with
antioxidant property were synthesized to protect the
cells from oxidative damage. The lack of nitrogen in
growth media reduced biosynthesis and promoted
degradation of chlorophylls to provide nitrogenous
resources for continuous survival (Msanne et al.,
2012). The ratio of carotenoids to chlorophylls was
also reported to correlate to the build-up of total fatty
acids (TFA) percentage under nitrogen deprivation
due to the predominant channelling of photosynthates
to the biosynthesis of neutral lipids as a form of
energy storage (Solovchenko et al., 2009). Impaired
photosynthetic efficiency negatively impacted on
carbon fixation and availability to form energy storage
products (Li et al., 2015).

Total lipid content increased significantly on day 4
of nitrogen deprivation. During nutrient limitation,
excess carbon resources are channelled to provide
carbon resources in TAG or fatty acid biosynthesis as
a survival strategy of algal cells under stress (Msanne
et al., 2012). Upon onset of stress conditions, FAs are

stored transiently as TAG and subsequently recycled
to form plastidic lipids. In the event of severe stress
conditions, TAG would be metabolized to sucrose as
part of the adaptation mechanism. Cells enter into a
cellular quiescence that is characterized by cessation
of growth to conserve energy and nutrients (Allen et
al., 2015). Limitation of nitrogen and phosphorus
shifts the lipid metabolism from membrane (polar)
lipid synthesis to neutral lipid storage (Juneja et al.,
2013). Redistribution of major FA classes in Chlorella
sp. over nitrogen deprivation was observed based on
the results. The increase in proportion of SFA,
presumed to be due to de novo fatty acid biosynthesis,
accompanied by decrease in MUFA and PUFA
suggested a trend of fatty acid saturation in the cells.
The increase in fatty acid saturation is favourable as
an energy sink because storage lipids in the form of
TAGs are predominantly consisted of SFA (Sharma et
al., 2012). In terms of application, this change is
favourable as SFA are the preferred feedstock for
biofuel production due to its oxidative stability
(Stansell et al., 2012).

Expression levels of the metabolites related to the
lipid and fatty acid biosynthesis pathway were also
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greatly influenced by the stress condition. Under
various sub-optimal conditions, microalgal cells
shifted carbon partitioning into the synthesis of starch
and neutral lipids as the favourable energy storage
products for cell survival and proliferation (Msanne
et al., 2012). Phospholipids, the key components of
cell membrane involved in microalgal cell-to-cell
communication, were reported to be involved in stress
response and photosynthesis (Lu et al., 2013).
Phosphatidic acid, a central metabolite of cellular
processes, plays an important role in TAG synthesis
and also contributes as a substrate in the synthesis of
PC (Hu et al., 2008). In this study, the level of PG was
up-regulated at day 1 and 2 of nitrogen deprivation in
the metabolic profile possibly to improve the
incorporation of DI proteins into the thylakoid
membrane. Phosphatidylinositol, a lipid precursor of
signalling molecules, was also up-regulated in
Chlamydomonas nivalis in response to nitrogen
deprivation (Lu et al., 2013). Phosphatidylglycerol,
an eicosapentaenoic acid with five double bonds, is a
common element in algal oil associated with
chloroplast lipids (Martin et al., 2014). Overall,
phospholipid content in microalgae were highly
affected by nitrate levels in the culture. This finding is
consistent with the observation in the nitrogen-
limiting culture of Vischeria stellate (Gao et al.,
2016).

Key metabolites containing nitrogen such as
purines, pigments and various amino acids were
mostly down-regulated in the N- condition to
contribute and compensate nitrogen for protein
synthesis (Park et al., 2015). In terms of the pathways
involved, aminoacyl-tRNA biosynthesis, a major
pathway reported in this study, was classified as a
genetic information processing (translation) pathway.
Arginine and proline metabolism, as well as
phenylalanine, tyrosine and tryptophan biosynthesis
were categorised under amino acid metabolism in
KEGG. Purine metabolism is important for growth
and development of plants as the precursors for
nucleic acids, polysaccharides, phospholipids and
secondary metabolites (Stasolla et al.,, 2003).
Degradation of purine during N-deprivation in
Chlamydomonas reinhardtii was proposed to be
sourced from RNA breakdown to compensate the
limiting nitrogen content required for protein
synthesis (Park et al., 2015).

Malic acid, an intermediate of tricarboxylic acid
(TCA) cycle, increased for 2.39-fold at day 4. It was
reported that wunder N-deprivation, malate is
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transported into chloroplast for de novo fatty acid
biosynthesis (Recht et al., 2014). Nitrogen deprivation
was reported to increase expression of malic enzymes,
which generates NADPH through NADP+ reduction
upon conversion of malate to pyruvate. The pyruvate
generated was transformed into acetyl-CoA, a
precursor for subsequent lipid synthesis. Up-
regulation of malic enzyme results in significant lipid
accumulation (Li et al.,, 2014). Algal cells were
reported to use starch as a short-term carbon and
energy storage product. In Haematococcus pluvialis
cells exposed to nitrogen starvation, degradation of
starch, increased activity of TCA cycle supply and
carbon skeletons were redistributed to be utilized as
precursors for fatty acid biosynthesis (Recht et al.,
2014). Carotenoid biosynthesis was one of the
significantly dysregulated pathways annotated in this
study. This pathway is heavily involved in consuming
electrons and thus contribute to cell protective
mechanisms by scavenging free electrons or the
damaging reactive oxygen species (Li et al., 2013).
Among the metabolites involved, niacin (nicotinic
acid) is a water-soluble vitamin while NAD is a
coenzyme in biological systems. NAD was up-
regulated in 10.36-fold at day 1. This may be due to
reduction of NADPH to NAD while providing
electrons to fatty acid synthesis.

Overall, the changes in metabolic profile might be
time-dependent as observed from the metabolic
heatmap. Chlamydomonas reinhardtii, a model green
alga, was reported to use different approaches in early
and prolonged nitrogen deprivation. In early
deprivation, chlorophyll biosynthesis was down-
regulated and the genes involved in pathways such as
nitrogen and acetate assimilation, starch and sugar
alcohol accumulation and remodelling of lipid
membranes were increased. After prolonged nitrogen
stress, genes directly involved in the TAG metabolism
and intracellular lipid droplets were increased
dramatically (Gargouri et al., 2015; Park et al., 2015).
Differences in gene expression at different stages of
nitrogen stress might be responsible to the changes in
metabolic profile of Chlorella sp. at different time
points.

5 CONCLUSION

This study provides an overview on the effects of
nitrogen deprivation in Chlorella sp. Removal of
nitrate in the growth media decreased growth rate,
photosynthetic activity and changed biochemical
profiles in the cells. A trend of desaturation in fatty
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acid profile was observed with the reduction of MUFA
and PUFA and increment in SFA level, especially
C16:0 and C18:0. General remodelling of metabolism
began as early as 24 h after nitrogen deprivation. The
metabolic profile study reveal that the annotated
metabolites belong to the following general pathway
classes: purine metabolism, carotenoid biosynthesis,
nicotinate and nicotinamide metabolism and amino
acid metabolism. Taken together, findings of this
study suggest that key processes involved are
reshuffling of nitrogen from proteins and
photosynthetic machinery, coupled with carbon
repartitioning between carbohydrate and lipid
molecules. It is hypothesised that Chlorella sp.
redirect their photosynthetically fixed carbon toward
lipids, while synchronously channelling their limiting
nitrogen resources toward the nitrogen assimilation
machinery (Levitan et al., 2015). For further studies,
targeted metabolomics, combination of systems
biology, bioinformatics and multiple gene targeting
might be applied to reconstruct the key regulatory
biomarkers in the response. This would provide more
potential targets for metabolic engineering to improve
biofuel production and productivity in Chlorella sp.
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