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A B S T R A C T   

The mixed effects of temperature (20 ◦C, 25 ◦C and 30 ◦C), nitrate concentration (0.5 mM and 2.0 mM), pH 
buffer, and bicarbonate addition (trigger) on biomass growth and lipid accumulation were investigated in the 
environmental alga PW95 during batch experiments in standardized growth medium. PW95 was isolated from 
coal-bed methane production water and classified as a Chlamydomonas-like species by morphological charac-
terization and phylogenetic analysis (18S, ITS, rbcL). A factorial experimental design tested the mixed effects on 
PW95 before and after nitrate depletion to determine a low cost, high efficiency combination of treatments for 
biomass growth and lipid accumulation. Results showed buffer addition affected growth for most of the treat-
ments and bicarbonate trigger had no statistically significant effect on growth and lipid accumulation. PW95 
displayed the highest growth rate and chlorophyll content at 30 ◦C and 2.0 mM nitrate and there was an inverse 
relation between biomass accumulation and lipid accumulation at the extremes of nitrate concentration and 
temperature. The combination of higher temperature (30 ◦C) and lower nitrate level (0.5 mM) without the use of 
a buffer or bicarbonate addition resulted in maximal daily biomass accumulation (5.30 × 106 cells/mL), high 
biofuel potential before and after nitrate depletion (27% and 20%), higher biofuel productivity (16 and 15 mg/L/ 
d, respectively), and desirable fatty acid profiles (saturated and unsaturated C16 and C18 chains). Our results 
indicate an important interaction between low nitrate levels, temperature, and elevated pH for trade-offs be-
tween biomass and lipid production in PW95. This work serves as a model to approach and advance the study of 
physiological responses of novel microalgae to diverse culture conditions that mimic environmental changes for 
outdoor biofuel production. The most promising conditions for growth and biofuel production were identified for 
PW95 and this approach can be implemented for other microalgal production systems.   

1. Introduction 

Green microalgae (Chlorophytes) have been the focus of major ef-
forts towards sustainable biofuel production due to growth efficiency, 
ability to withstand different types of environmental stresses, and the 
capacity to produce value products for industrial applications [1]. 
Promising biofuel feedstocks have the potential to combine carbon di-
oxide uptake with the production of bio-oil in low quality water (e.g., 
coal bed methane (CBM) production water [2] or different types of 
wastewater [3,4]) for nutrient recycling [5]. Microalgal biofuel is 
derived from of triacylglycerides (TAGs) that accumulate inside the 

cells, which can be transesterified and converted to fatty acid methyl 
esters (FAMEs) [3]. FAME productivity (mg/L or mg/L/day) and profile 
(fatty acid (FA) chains) are used to assess a strain’s potential as a biofuel 
producer where higher productivities in concert with lipid profiles 
dominated by long chain FAs (16C and 18C) are highly desirable for the 
biofuel industry [6]. 

The commercial implementation of microalgae as bio-oil/chemical 
feedstock, however, has been difficult to achieve. Important biological 
factors, such as algal strain selection, culturing strategies, the quantity 
and type of produced FAMEs, and the inverse relation between biomass 
productivity and lipid content [7] can limit production processes and 
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subsequent economic viability. Frequently, green microalgal strains 
from culture collections such as Chlorella sp. [8] and Botryococcus braunii 
[9] are used to explore maximization of biodiesel potential. However, 
studies using native algal strains that might respond more robustly to 
variable growth conditions (e.g., temperature, sunlight, invasion during 
outdoor cultivation) are required in order to assess the viability of these 
biodiesel producers in different regions. The exploitation of native 
microalgae exposed to different physical stresses in situ that can tolerate 
a variety of water qualities, nutrients, and weather conditions will 
contribute to the advancement of microalgal biofuel systems. These 
environmental isolates have the potential to lower cultivation costs and 
increase lipid production through acclimation to local/regional fluctu-
ating environmental conditions with low nutrient availability [1,2]. 

The isolation of a novel green microalga, designated strain PW95, 
from a CBM production wastewater pond in the Powder River Basin 
(northeastern Wyoming and southeastern Montana) was previously re-
ported [2]. PW95 was shown to grow in supplemented CBM production 
water and to produce elevated levels of lipids for potential biofuel 
production but did not, however, accumulate significant levels of lipid 
when grown in a standardized growth medium [2]. Previous studies 
have demonstrated that temperature [10,11], pH buffer [12], nutrient 
limitation [13,14], and the addition of inorganic carbon sources such as 
bicarbonate [15] can have significant effects on biomass and lipid yields 
in different microalgae. Moreover, bicarbonate addition (i.e., trigger) 
has been shown to induce and/or accelerate TAG accumulation in 
different algae [15,16]. 

This study aimed to determine an optimal combination of culture 
conditions for low cost, sustainable biofuel production using a factorial 
experimental design, where growth, biofuel potential, and productivity 
were assessed in nitrogen replete and deplete conditions under different 
temperature levels (20, 25 and 30 ◦C), nitrate concentrations (0.5 and 
2.0 mM), pH (with and without buffer) and bicarbonate addition (with 
and without bicarbonate trigger). The approach uses an environmental 
algal isolate (PW95) with a factorial experimental design that allows the 
evaluation of physiological responses of microalgae to diverse culture 
conditions (24 combinations of treatments) that mimic environmental 
changes for outdoor biofuel applications. Results from this study expand 
the knowledge of native algal isolates for use in algal biomass and lipid 
production systems. 

2. Methods 

2.1. PW95 isolation and culture maintenance 

Water samples were collected from a CBM production water pond in 
the Powder River Basin in northeastern Wyoming (44◦ 52.613′N 106◦

54.700′W; mean pH of 8.4 and temperature 15 ◦C at time of pond 
sampling), and plated on Bold’s Basal Medium (BBM) for growth at 20 
◦C in a light incubator using a 14:10 h light:dark cycle (7872 lx, cool 
white fluorescent) and constantly shaken (125 rpm) [2]. Isolated algal 
colonies were transferred to liquid BBM to stimulate biomass increase. 
To screen for bacterial contamination, cultures were analyzed via DNA 
sequence analysis (SSU rRNA gene sequences). The PCR amplicons were 
prepared for sequencing according to the “16S Metagenomics 
Sequencing Library Preparation” Illumina protocol for paired-end 
sequencing (Illumina, San Diego, CA, USA) and sequencing was car-
ried out using an Illumina MiSeq v3 platform. The sequence reads were 
processed, and bacterial operational taxonomic units identified with the 
MiSeq SOP pipeline of the MOTHUR software package [17]. Cultures of 
PW95 without bacteria were stored as stock cultures, maintained in 
liquid BBM at pH 8.4–8.5, and routinely checked for bacterial contam-
ination using R2A agar plates incubated in the dark at 20 ◦C to check for 
heterotrophic growth [2]. 

2.2. Morphological and phylogenetic characterization of PW95 

Morphological characterization of PW95 was performed using elec-
tron microscopy (EM) and epifluorescence microscopy. Sample prepa-
ration for EM was performed using centrifuged cultures (5 mL at 14,500 
×g), washed and resuspended in ultrapure (18.2 Ω) deionized water 
(dH2O). The cell suspension (30 μL) was placed on an EM chip, and 
allowed to dry overnight before the chip was sputter-coated with 
iridium the next day. Gross morphology of PW95 was characterized 
using Field Emission-Scanning Electron Microscopy (Zeiss, SUPRA 
55VP, Germany). Sample preparation for epifluorescence microscopy 
was performed by staining 1 mL of culture with 4 μL of Nile Red to 
observe lipid vacuoles [18] and cell mask orange for cell structure (as 
per manufacturer instructions; Thermo Fischer Scientific, Waltham, MA, 
USA). Key intracellular markers were examined using an Epifluor-
escence Microscope (Nikon E800 Eclipse, Model 260569, Japan) with 
transmitted light and fluorescence filters (B2A, TRITC, FITC). Images 
were captured using a digital camera (Photometrics Coolsnap, MYO, 
Canada). 

The phylogeny of PW95 was determined by amplification, 
sequencing (Sanger) and comparisons of the SSU rRNA gene sequences 
(18S), internal transcribed sequences (ITS), and (ribulose-1,5-bisphos-
phate carboxylase/oxygenase (RuBisCO) large subunit (rbcL) sequence 
against the BLAST database (Basic Local Alignment Search Tool) [19]. 
Total genomic DNA was extracted using a Fast DNA SPIN Kit for Soil (MP 
Biomedicals, Irving, CA, USA). The SSU rDNA gene was amplified by 
PCR using the full-length primers 1-21F (5′-WACCTGGTTGTT-
GATCCTGCCAGT-3′) and 1741-1798R (5′-GATCCTTCYGCAGGTT-
CACCT-3′) and the internal primers NS3-F (5′- 
GCAAGTCTGGTGCCAGCAGCC-3′) and NS8-R (5′-TCCGCAGGTTCACC-
TACGGA-3′) [20]. Both ITS sequences were amplified as a contig with 
the primers ITS-1F (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS-4R (5′- 
TCCTCCGCTTATTGATATGC-3′) [20]. The rbcL was amplified with the 
following primers: forward (5′ GATGATGARAAYATTAACTC 3′) and 
reverse (5′ ATTTGDCCACAGTGDATACCA 3′). PCR was performed using 
the following program: an initial denaturation at 94 ◦C for 2 min; 30 
cycles at 94 ◦C for 30s, 57 ◦C for 1 min and 72 ◦C for 1.15 min; and a final 
extension at 72 ◦C for 7 min. The same program was used for the ITS and 
rbcL gene amplification with an increase in annealing temperature to 60 
◦C for the ITS and a decrease to 52 ◦C for rbcL due to the corresponding 
primer melting temperature (Tm). The size of each PCR amplicon was 
confirmed using agarose gel electrophoresis. Assembly and editing to 
build consensus sequences of both genes were carried out by comparing 
the direct and reverse chromatograms using Geneious R8 (https://www. 
geneious.com). The SSU rRNA gene sequence was trimmed according to 
sequence quality to a partial sequence (1060 bp out of 1798 bp); the ITS 
sequence did not require editing, and the rbcL sequence was trimmed for 
quality. Alignments for the 18S rRNA gene were conducted with the web 
BLASTN (Basic Local Alignment Search Tool-Nucleotide databases, 
https://blast.ncbi.nlm.nih.gov) and 47 DNA sequences from green algae 
were selected for phylogenetic analysis based on high percentages of 
identity (>90%) and query coverage. Botryococcus braunii sequences 
were selected as the rooted outgroup after testing tree topology and 
resolution with other groups of algae. The multiple sequence alignment 
was generated with SSU-ALIGN v0.1.1 (http://eddylab.org/software/ss 
u-align/) [21] based on the conserved secondary structure and sequence 
of the SSU rRNA and TrimAl v1.2 (http://trimal.cgenomics.org) [22] 
was used for automated trimming (gap threshold = 0.5). Bayesian 
Inference (BI) was used for phylogenetic analysis and the tree was 
constructed using MrBayes 3.2 (http://nbisweden.github.io/ 
MrBayes/index.html) [23] with the following parameters: General 
Time Reversible (GTR) model with 8 gamma categories and 2 parallel 
runs, 4 chains, 2 million iterations and 0.25 burn-in fraction. iTOL 
v4.4.2 (Interactive Tree of Life, https://itol.embl.de) [24] was used for 
tree viewing, editing and annotation. To construct a BI phylogenetic tree 
with the ITS consensus sequence and the rbcL sequence, the same 

L. Corredor et al.                                                                                                                                                                                                                                

https://www.geneious.com
https://www.geneious.com
https://blast.ncbi.nlm.nih.gov
http://eddylab.org/software/ssu-align/
http://eddylab.org/software/ssu-align/
http://trimal.cgenomics.org
http://nbisweden.github.io/MrBayes/index.html
http://nbisweden.github.io/MrBayes/index.html
https://itol.embl.de


Algal Research 53 (2021) 102148

3

procedure was followed as described for the 18S sequence, except the 
alignment was constructed with Mafft v6 [25] (BI parameters specified 
in Figs. S1 and S2). 

2.3. Experimental design 

A randomized factorial experimental design was used to determine 
the effect of temperature, nitrate concentration, buffer and bicarbonate 
addition on PW95 growth and lipid production. All experiments were 
performed using two independent biological replicates (repeatedly 
sampled every day during the duration of the growth curves) and a total 
of 24 treatment groups were evaluated. The experiments evaluated 
combinations of temperature (20, 25 and 30 ◦C), initial nitrate con-
centrations (0.5 and 2 mM), pH (with and without buffer) and bicar-
bonate addition (with and without bicarbonate trigger). Each treatment 
group has a label format consisting of all of the aforementioned factors, 
e.g., 20◦C_0.5 Nitrate_Buffer_No Trigger, indicating the combination of 

temperature at 20 ◦C, 0.5 mM of initial nitrate, buffer and no bicar-
bonate addition (Fig. 1). 

2.4. Experimental growth conditions 

PW95 stock cultures in the exponential phase of growth, grown using 
identical concentrations of nitrate (0.5 or 2 mM) and environmental 
conditions as the experimental cultures, were used as inocula (10% of 
total culture volume). PW95 batch experimental cultures were grown in 
duplicates in conical flasks containing 200 mL of BBM with 0.5 or 2.0 
mM nitrate. Nitrate concentrations were selected according to pre-
liminary experimental trials in the laboratory. To test the effect of pH 
buffering, a mixture of analytical grade Trizma-Base and Trizma-HCl 
(Sigma-Aldrich, St Louis, MO, USA; Technical Bulletin No⋅106B) was 
added to provide a medium with an initial pH of 8.5 (identical to the pH 
of the unbuffered treatment). To test the effect of the bicarbonate 
addition, analytical grade sodium bicarbonate (NaHCO3, Sigma-Aldrich, 

Fig. 1. Experimental design for the characterization of growth and lipid production in this study. Using a factorial design, 24 groups of treatments were evaluated 
and compared. All the experiments were performed using two independent biological replicates and 6 independent experiments. 
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St Louis, MO, USA) was added at a final concentration of 50 mM 
immediately before nitrate depletion as previously reported with 
Chlorella vulgaris [26]. Cultures were inoculated and grown under con-
stant shaking (125 rpm) with gas exchange membranes as covers and a 
14:10 h light/dark cycle. Light (7872 lx, cool white fluorescent) in-
tensity was 145 μmol photons m−2 s−1, as measured with a photosyn-
thetically active radiation (PAR) meter (light spectra 400–700 nm, LI- 
COR, Lincoln, NB, USA). 

2.5. Physiological response analyses 

Samples were collected every 24 h immediately prior to the end of 
the light cycle and used for the analysis of physiological parameters. 
Culture pH was measured using a standard pH meter (Sension+PH1 
Portable pH meter, Hach, Loveland, CO, USA). Growth performance was 
evaluated manually by cell counts in duplicate, using an optical hemo-
cytometer (ThermoFisher Scientific, Waltham, MA, USA) and through 
chlorophyll concentration measurements. Chlorophyll was extracted 
using cold 100% methanol before pipetting an aliquot of the supernatant 
containing the extracted chlorophyll into a 96 well plate in triplicate. 
Chlorophyll absorbance was measured at emission wavelengths of 775 
nm, 652.5 nm and 665 nm using a Synergy H1 hybrid fluorometer/ 
spectrophotometer reader (Bio-Tek, Model H1MF, Winooski, VT, USA) 
[2]. Total chlorophyll concentrations (Chl-a plus Chl-b) were calculated 
according to Ritchie [27]. Culture (1 mL) was collected (in triplicate), 
centrifuged (10,625 ×g, 10 min, 4 ◦C) and the supernatant fraction was 
stored at −80 ◦C for water chemistry analysis [28]. The exogenous ni-
trate concentration was measured by Ion Chromatography using an 
AS22 Anion-Exchange Column (DIONEX ICS-1100, Dionex, Sunnyvale, 
CA, USA) with a 4.5 mM NaHCO3/1.4 mM Na2CO3 buffer as eluent at a 
1.2 mL flow rate with an ASRS 4 mm suppressor. A Chromeleon Chro-
matography Management System was used to determine the concen-
tration of nitrate in each sample throughout the growth curve. 

2.6. Lipid content analysis 

Lipid content in the form of triacylglycerides (TAG) was estimated 
using Nile Red (NR) fluorescence as previously described [18]. Briefly, 4 
μL of NR was added to 1 mL of culture and incubated for 10 min (optimal 
exposure time was determined using a time-course assay as reported by 
Chen et al. [29]). Total NR fluorescence was determined at an excitation 
wavelength of 530 nm and an emission wavelength of 575 nm with a 
Synergy H1 hybrid fluorometer/spectrophotometer reader (Bio-Tek, 
Model H1MF, Winooski, VT, USA) and Gen5 software. 

To assess the biodiesel potential (weight of FAME/weight of biomass; 
w/w) of PW95, biomass samples were taken before and after nitrate 
depletion (Fig. S3) and before and after bicarbonate addition to examine 
the effect of nitrate levels and bicarbonate on PW95 lipid accumulation. 
Lyophilized biomass was subjected to direct in situ transesterification 
[30] to convert TAGs into a mixture of FAMEs or biodiesel, as follows: 
PW95 cultures were transferred to 50 mL sterile Falcon tubes and 
centrifuged (4800 ×g for 10 min at 4 ◦C). Pellets were washed twice in 
ultrapure deionized water (dH2O). The supernatant was discarded, and 
the biomass was flash frozen at −80 ◦C until the samples were lyophi-
lized. After lyophilization, biomass was weighed in glass tubes and 1 mL 
of toluene and 2 mL of sodium methoxide was added to the biomass. The 
samples were vortexed and placed in a 90 ◦C oven for 30 min (vortexed 
every 10 min). Samples were allowed to cool to room temperature and 2 
mL of 14% boron trifluoride in methanol were added to each sample and 
vortexed. Samples were again incubated for 30 min at 90 ◦C and vor-
texed every 10 min. Samples were allowed to cool to room temperature 
and 0.8 mL of hexane and 0.8 mL of 15% NaCl were added to each 
sample. Samples were incubated for 10 min and centrifuged (2500 ×g 
for 2 min). The organic phase (top layer containing the FAMEs) was 
removed for quantification by Gas Chromatography–Mass Spectroscopy 
(GC–MS, Agilent 6890 N GC and Agilent 5973MSD, Santa Clara, CA, 

USA). The samples were analyzed to determine lipid concentration and 
composition with parameters determined by Lohman et al. [31]. 

2.7. Statistical analysis 

Statistical analyses were performed using Minitab® Statistical Soft-
ware v18 (http://www.minitab.com). To compare averages among the 
experimental conditions, a Linear Mixed Effects Model (LMM) [32,33] 
was fit to the data for each response separately (log10(cells/mL), pH, 
chlorophyll accumulation, NR fluorescence and nitrate depletion) with: 
random effects for biological replicate (in a separate flask) and experi-
ment; a covariate for time; and interactions with the fixed effects of 
temperature, initial nitrate, pH buffer and bicarbonate trigger. The 
model tested for the impact of the fixed effects after accounting for the 
variability among days for each biological replicate, the variability 
among different biological replicates, and the variability among 
different experiments. Tukey’s follow-up tests (95% family-wise signif-
icance level) assessed all pairwise comparisons of the mean response 
among the treatment groups. 

In cases when the linearity assumption (with respect to time) was 
violated, time (days) was included as a fixed effect in which case rates 
were not compared. Results of statistical analyses are shown as the 
means and standard error over multiple days of data from two inde-
pendent biological replicates (i.e., flasks) and at least six independent 
experiments. The linearity, constant variance and normality assump-
tions of the LMM models employed were assessed by residual plots [33]. 
Assessing the constant variance assumption was crucial for our study 
[33]. When the data have constant variance, then the two data in each 
experimental group can be pooled to provide a more confident estimate 
of the variance and increase the power of the resulting comparisons 
among the means of the groups [33]. This is a common statistical 
approach to analyzing microbiological growth data showing high levels 
of variability [34]. 

3. Results and discussion 

3.1. Morphological characterization of PW95 

PW95 is a unicellular green microalga, and vegetative PW95 cells 
have thick cell walls, one nucleus and no flagella as observed in a variety 
of culture conditions (Fig. 2). NR fluorescence was used to demonstrate 
the accumulation of lipids (Fig. 2B), and cells showed cell-to-cell vari-
ability. PW95 is non-motile, coccoid and can be unicellular or colonial 
(aggregates; Fig. 2C and D). Small structures similar to cells can be 
observed in aggregates and based upon position and appearance, are 
considered to be spore-like structures or aplanospores, a form of asexual 
reproduction with thick cell walls and no flagella (Fig. 2E and F) [35]. 

3.2. Phylogenetic characterization of PW95 

Algal phylogeny is complex and new isolates and sequences continue 
to improve the understanding of phylogenetic relatedness of eukaryotic 
photoautotrophs, contributing to the advancement of biofuel production 
systems. Bayesian phylogenetic inference using the SSU rDNA gene 
sequence (Fig. 3) and the ITS consensus sequence (Fig. S1), revealed that 
PW95 is closely related to Chlamydomonas-like species and members of 
the genera Neospongiococcum, Chlamydopodium and Chlorococcum, 
placing PW95 in the order Chlamydomonadales and grouped with non- 
motile coccoid green algae. Although Chlorococcum species show 
morphological similarities to PW95 vegetative cells, the SSU rRNA gene 
phylogenetic tree shows longer average branch lengths between Chlor-
ococcum sequences and the PW95 sequence, hence a greater phyloge-
netic distance with Chlorococcum species. Further analysis using the rbcL 
fragment also indicated the closest relative to be a Chlamydomonas 
species (Fig. S2), confirming PW95 as a Chlamydomonas-like microalga. 
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3.3. PW95 growth using different combinations of temperature, initial 
nitrate concentration, pH buffer addition, and bicarbonate addition 

Given the novelty of the organism, we employed a factorial experi-
mental design that allowed for a practical assessment of multiple growth 
and lipid production responses. We investigated each of the 24 experi-
mental conditions with 2 independent biological replicates tested over a 
minimum of 4 days resulting in a minimum of 144 samples collected 
from a total of 48 biological replicates over 6 independent experiments 
(Fig. 1). Although technical replicates tend to exhibit lower variability 
(i.e., receive the same inoculum and are tested side-by-side on the same 
day), we purposely used more variable independent biological replicates 
over independent experiments to better reflect and account for the 
variability to be expected by other researchers, and predict the outcomes 
of future biological replicates in future experiments. The effects of 
temperature (20, 25 and 30 ◦C), initial nitrate concentration (0.5 and 2 
mM), and the addition of a buffer (buffer vs. no buffer) on PW95 growth 
and chlorophyll production were evaluated (Figs. 4, 5 and 6). In an 
attempt to induce TAG accumulation, a bicarbonate ‘trigger’ (addition 
vs. no addition) was added to different experimental cultures prior to 
nitrate depletion and compared to the unamended cultures (Figs. 4, 5 
and 6). 

Temperature shifts beyond optima could have inhibitory effects on 
growth. Lower temperatures can decrease growth rate and higher than 
optimal growth temperatures have been reported to cause growth 
retardation and heat stress that can lead to culture collapse [36]. Pre-
vious experiments with PW95 at 15 ◦C and 35 ◦C showed poor growth 
and morphological evidence of stress regardless of nitrogen concentra-
tion (data not shown). These results indicated that optimal temperatures 
for PW95 would be above 15 ◦C and below 35 ◦C in accordance with 
extensive scientific literature in which the optimum temperature range 
for most algal species is 20–30 ◦C [1]. Based upon previous results [2], 
lipid production was higher when 0.5 mM nitrate was used for growth. 
Preliminary studies in the laboratory using different nitrate concentra-
tions (3 mM (standard BBM concentration), 2 mM, 1 mM and 0.5 mM) 
showed that growth was similar between 3 and 2 mM nitrate under the 
tested conditions and that 0.5 mM performed better than 1 mM (the in 
situ CBM water had very low nitrate levels; data not shown). Therefore, 
0.5 and 2 mM initial nitrate levels were selected as the experimental 
conditions. 

To identify statistical differences among treatment groups, the means 
of log10(cell/mL) during the first 4 days of growth before the trigger 
were compared, as well as the means during the days after the trigger. 
Table 1 shows the ranking of the treatments according to this criterion, 

Fig. 2. Morphological characterization 
of PW95 native alga cultured in Bold’s 
medium. Transmitted light microscopy 
(A) and the corresponding epifluor-
escence microscopy image using Nile 
Red stain (B), show different levels of 
lipid accumulation inside the cells 
(shown by yellow fluorescence, white 
arrow). Epifluorescence microscopy (C) 
using Cell Mask Orange (CMO), a 
membrane-specific dye (green), shows 
vegetative mature and young cells of 
coccoid body shape with large nuclei 
and thick cell walls. Images B and C also 
show chlorophyll auto-florescence in 
red. Images A, B and C at 60× show a 
35 μm scale bar. FE-SEM (D) image at a 
318× magnification with 10 μm scale 
bar, showing a cell aggregate of PW95 
and gross cell morphology. Epifluor-
escence microscopy (E) using SYBR 
green, nucleic acid specific dye (green/ 
yellow) and chlorophyll auto- 
florescence in red, shows vegetative 
mature and young cells with coccoid 
body accompanied by an aplanospore 
(white arrow), thick cell walls are 
observed in cells and spore at 20 μm 
scale. (F) Algal aggregate showing large 
vegetative cells and small aplanospores 
with different levels of SYBR green in-
tensity at 10 μm scale. (For interpreta-
tion of the references to color in this 
figure legend, the reader is referred to 
the web version of this article.)   
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and the treatments that do not share a letter are significantly different. 
Before the trigger, three statistically significant differences were 
observed: 30 ◦C_0.5 Nitrate_No Buffer and 30 ◦C_2.0 Nitrate_No Buffer 
had the most growth, and 25◦C_2.0 Nitrate_No Buffer had a mean 
significantly higher than 25◦C_0.5 Nitrate_Yes Buffer. After the trigger, 
there was only one single statistically significant difference: 30 ◦C_0.5 
Nitrate_No Buffer had a larger mean than 25◦C_2.0 Nitrate_No Buffer. 
Additionally, biological differences in growth were compared across 
treatments during the exponential growth phase based upon growth 
rate, doubling time and maximum daily cell density (Table 2). The top 
performing treatments exhibited the highest growth rates and maximum 
daily cell density: 30 ◦C_0.5 Nitrate_No Buffer_No Trigger (0.8 d−1, 5.30 
× 106 cells/mL, p < 0.05), 30 ◦C_0.5 Nitrate_No Buffer_Trigger (0.96 
d−1, 5.33 × 106 cells/mL, p < 0.05), 30 ◦C_2.0 Nitrate_No Buffer_No 
Trigger (1.38 d−1, 6.54 × 106 cells/mL, p < 0.05; Fig. 4) and 25◦C_2.0 
Nitrate_No Buffer_No Trigger (1.02 d−1, 1.80 × 106 cells/mL, p < 0.05). 
The latter, at 25 ◦C, stands out showing a fast growth rate (1.02 d−1) but 
the overall performance of the culture was poor, as growth declined 
after day 3 (Fig. 5B). In contrast, cultures that displayed poor growth 
(25◦C_0.5 Nitrate_Buffer_No Trigger: 0.40 d−1, 6.81 × 105 cells/mL, p <
0.05 and 25◦C_2.0 Nitrate_ No Buffer_Trigger: 0.43 d−1, 2.44 × 106 cells/ 
mL, p < 0.05) appear to have high biomass production according to the 

maximum daily cell density (showing a sudden spike in daily growth) 
but the overall performance of the culture was poor with longer 
doubling times (17.85 h and 16.93 h, respectively; Table 2, Fig. 5A and 
B). The use of biological replicates across all treatments provided higher 
degrees of freedom that allowed the identification of statistically sig-
nificant differences in means. Both the biological descriptors (Table 2) 
and the statistical analysis (Table 1) show that the treatments at 30 ◦C 
had the most growth and 30 ◦C_0.5 Nitrate_No Buffer_No Trigger was the 
top performing treatment in terms of growth. The other tested treat-
ments had similar means (shared grouping, A and B) without statistically 
significant differences (p > 0.05; Table 1). 

Temperature has been shown to influence algal growth, as it affects 
cellular metabolic rates, enzymatic activities, respiratory and photo-
synthetic electron transport, and other important aspects such as 
membrane fluidity and structure [10,37]. Overall, mesophilic temper-
ature (30 ◦C) appeared to have a positive effect on PW95 growth 
regardless of the amount of initial nitrate (p < 0.05; Figs. 4A, B, 5A, B, 
6A and B). At 30 ◦C, PW95 had a greater increase in cell numbers, a 
shorter lag phase (1 day) and faster growth rates in comparison with 
treatment groups at 20 and 25 ◦C (Table 2). Previous studies by Han 
et al. [11] observed optimum daytime temperature for Chlorella pyr-
enoidosa at 30 ◦C for maximum biomass and lipid production between 

Fig. 3. Phylogenetic relations of PW95 alga (indicated in bold) based on nuclear-encoded 18S SSU rDNA sequence comparisons. 47 sequences longer than 1000 bp 
were used for the analysis and the phylogenetic tree was constructed using Bayesian Inference. All Bayesian posterior probabilities are shown with colored dots on the 
branches. The global average standard deviation of split sequences was 0.008. Botryococcus braunii was chosen as outgroup (sequences shown as a collapsed clade). 
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daytime and nighttime production. Nogueira et al. [38] described higher 
growth rates at higher temperature when comparing growth in marine 
algae at 20 and 30 ◦C but reported no difference in overall cell density 
when exposed to different light intensity in combination with temper-
ature. A similar trend was observed in Chlorella minutissima under 
minimum irradiance in which maximum growth rate increased from 
0.12 d−1 at 10 ◦C to 0.66 d−1 at 30 ◦C [39]. For PW95, the interaction 
between higher temperature and low initial nitrate concentration was a 
stimulating factor for faster growth rates and maximum daily cell den-
sity (Table 2). For example, in treatments with no buffer and no trigger 
with 0.5 mM of initial nitrate, the growth rate increased from 0.03 d−1 at 
20 ◦C to 0.8 d−1 at 30 ◦C and from a maximum daily cell density of 5.2 ×
105 to 5.3 × 106 cells/mL (No Buffer_No Trigger). The lower tempera-
tures evaluated in this investigation (20 and 25 ◦C) did not show sig-
nificant increases in cell numbers at 0.5 mM of nitrate (Figs. 4A and 5A). 
At 2 mM of nitrate, an uptrend in exponential growth was observed 

(starting at day 5) in all the treatments at 20 ◦C (Fig. 4B) and these re-
sults may suggest an interdependence of nitrate utilization and tem-
perature when nitrate and temperatures are lower. Optimum 
temperature for growth can be species-specific [40,41], and PW95 
accumulated cells and chlorophyll the fastest at 30 ◦C (Fig. 6B and F). In 
addition, at 2 mM nitrate, a higher biomass yield (cells) was obtained at 
30 ◦C compared to 20 ◦C (6.54 × 106 versus 3.49 × 106 cells/mL, 
respectively). Menegol et al. [14] showed a similar trend in Hetero-
chlorella luteoviridis with an increase in biomass accumulation at higher 
temperatures (27 and 32 ◦C compared to 22 ◦C) in combination with the 
highest concentrations of nitrate tested by the authors. 

Chlorophyll and biomass production are highly dependent on 
external nitrogen availability, and chlorophyll accumulation has been 
used previously to monitor culture health and as an alternative method 
for measuring biomass accumulation in different algae [42]. In addition, 
rapid declines in chlorophyll have been associated with nitrogen 

Fig. 4. Comparison between the treatment groups evaluated at 20 ◦C at two different concentrations of initial nitrate in terms of growth (cells/ml; A & B), media pH 
(C & D) and chlorophyll production (E & F). Not all the cultures arrived at nitrate depletion at the same time point, so nitrate depletion is depicted as a time frame 
with the shaded region in all graphs. Bicarbonate trigger, if employed, was added just prior to the onset of nitrate depletion. Filled symbols represent the combination 
of treatments that included the use of a buffer and the open symbols represent treatments without buffer. Treatments with trigger are represented by squares and 
without trigger with circles. The mean of two independent biological replicates with the standard error of the mean (error bars) is displayed in each graph. 
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starvation [12]. As expected, PW95 had higher chlorophyll levels in 
cultures with 2 mM initial nitrate (2–6 mg/L chlorophyll) in comparison 
with the 0.5 mM cultures (1–4 mg/L chlorophyll), and similar results 
have been reported for PW95 in CBM production water [2] as well as for 
P. cruentum [43], P. tricornutum [12,44], N. oleoabundans [45] and other 
algal cultures [46]. At 0.5 mM nitrate, the 30 ◦C cultures had slightly 
higher chlorophyll levels than the cultures at 20 and 25 ◦C (Fig. 4E). In 
addition, there were not significant differences (p > 0.05) that could be 
associated with differences in growth and chlorophyll levels (Fig. 4B vs 
F), and these results suggested that there was no significant correlation 
between overall biomass and chlorophyll as has been previously re-
ported for other alga [46]. Moreover, there was an inverse relationship 
between cell density and chlorophyll production, and these results 
indicated that chlorophyll was not a good index for growth and cell 
production for PW95 under the tested conditions. For example, the two 
treatment groups with the best growth performance at 0.5 mM nitrate 

(30◦C_0.5 Nitrate_No Buffer_No Trigger and 30 ◦C_0.5 Nitrate_No Buf-
fer_Trigger; Fig. 4A) had very low levels of chlorophyll production. In 
contrast, the buffered treatments showed less growth (with or without 
trigger) but the highest chlorophyll. The use of chlorophyll as an 
intracellular nitrogen pool can occur during nitrogen deprivation and 
has been previously reported in N. oleoabundans [45], P. tricornutum 
[44], and in plants where chlorophyll degradation pathways have been 
discovered and are considered vital for leaf senescence and fruit 
ripening [47]. Additionally, low chlorophyll levels can be associated 
with an increase in antioxidants as a possible response to reactive oxy-
gen species (ROS) after prolonged nitrogen starvation, as reported for 
Chlorella sorokiniana [48], but the physiological responses to oxidative 
stress during photosynthesis in PW95 are not known. At low initial ni-
trate (0.5 mM), an increase in chlorophyll production started during 
nitrate depletion (day 3) for treatment groups with added buffer across 
temperatures, regardless of the presence or absence of bicarbonate 

Fig. 5. Comparison between the treatment groups evaluated at 25 ◦C at two different concentrations of initial nitrate in terms of growth (cells/ml; A & B), media pH 
(C & D) and chlorophyll production (E & F). Not all the cultures arrived at nitrate depletion at the same time point, so nitrate depletion is depicted as a time frame 
with the shaded region in all graphs. Bicarbonate trigger, if employed, was added prior to the onset of nitrate depletion. Filled symbols represent the combination of 
treatments that included the use of a buffer and the open symbols represent treatments without buffer. Treatments with trigger are represented by squares and 
without trigger with circles. The mean of two independent biological replicates with the standard error of the mean (error bars) is displayed in each graph. 
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(Figs. 4, 5 and 6). Although this change was not statistically significant 
(p > 0.05), it can be argued that resources were being allocated as a 
reserve for a potential ‘persistent state’ in response to the nitrogen (N) 
depletion. Green algae, such as Chlamydomonas and Volvox, produce 
morphologically distinct spores for this purpose [49]. PW95 is an 
environmental isolate that could possibly have a sporulating resting 
stage triggered by specific environmental conditions, such as pH level 
and nutrient starvation. Further work is needed to better understand the 
role of spores in the life cycle of PW95 and how different sporulating 
green alga overall respond and survive nutrient deprivation in terms of 
biomass accumulation. 

Previous studies have shown that bicarbonate supplementation in 
combination with nitrogen starvation at lower temperatures (20–25 ◦C) 
can enhance cell division, increase biomass and desired biochemical 
composition in marine algae [12] and chlorophytes such as Scenedesmus 
sp. [50] and Chlamydomonas reinhardtii [15]. However, bicarbonate did 

not significantly affect PW95 growth and biomass accumulation under 
the tested conditions. Treatments at 2 mM nitrate and 25 ◦C with and 
without buffer exhibited higher cell counts (Fig. 5B), but the comparison 
with no bicarbonate counterparts revealed no significant difference (p >
0.05; Table 2). The presence of bicarbonate after nitrate depletion did 
not appear to have a positive effect on growth and biomass accumula-
tion, and further work is needed to investigate inorganic carbon utili-
zation in PW95 and elucidate the potential activation of carbon (C) 
concentrating mechanisms when bicarbonate is present in the medium. 

The pH was monitored daily to assess changes due to carbon fixation 
[51] and the effect of pH control with buffer addition on growth and 
lipid accumulation. As expected, culture pH increased for cultures with 
significant activity most likely due to nitrate and CO2 utilization during 
photosynthesis. At each tested temperature, pH increased to between 9 
and 10 during initial growth for both nitrate levels (0.5 and 2 mM) and 
approached approximately 10.5 as nitrate was depleted for the 0.5 mM 

Fig. 6. Comparison between the treatment groups evaluated at 30 ◦C at two different concentrations of initial nitrate in terms of growth (cells/ml; A & B), media pH 
(C & D) and chlorophyll production (E & F). Not all the cultures arrived at nitrate depletion at the same time point, so nitrate depletion is depicted as a time frame 
with the shaded region in all graphs. Bicarbonate trigger, if employed, was added prior to the onset of nitrate depletion. Filled symbols represent treatments that 
included the use of a buffer and the open symbols represent treatments without buffer. Treatments with trigger are represented by squares and without trigger with 
circles. The mean of two independent biological replicates with the standard error of the mean (error bars) is displayed in each graph. 
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nitrate treatments (Figs. 4C and D). The change in pH at 0.5 mM nitrate 
is similar to previous results when PW95 was grown in CBM water 
amended with macro- and micronutrients [2]. The 2 mM nitrate treat-
ments were at pH 11 as nitrate was depleted (Fig. 4D), and the groups of 
treatments without bicarbonate trigger were significantly different (p <
0.05) from the triggered treatments. These results demonstrate a buff-
ering effect of bicarbonate in PW95 cultures, as it has been used previ-
ously for pH control in algal cultures [51]. The addition of bicarbonate 
took place pre-nitrate depletion (shaded area in Figs. 4, 5 and 6), and 

statistically significant differences (p < 0.05) were observed among 
treatment groups with bicarbonate trigger. In addition, the cultures 
showed a pH decline for unbuffered conditions and a pH increase for the 
buffered conditions (Figs. 4D, 5D and 6D). The presence of bicarbonate 
after nitrate depletion had an effect on pH levels but not growth in PW95 
cultures. Previous results reported pH control as an effective strategy for 
maintaining optimal growth of algal biomass during nitrogen replete 
conditions [51,52] but PW95 exhibited a different response. As a general 
trend, pH control using buffer (Trizma) addition to the medium had an 

Table 1 
Ranking of experimental conditions by the mean log10(cell/mL). Before the bicarbonate addition, the mean log10(cell/mL) was calculated during the first 4 days of 
growth; after the bicarbonate addition, mean log10(cell/mL) was calculated to day 8. SEM indicates standard error of the mean. Statistically significantly (p < 0.05) 
different treatments do not share a letter.  

Bicarbonate trigger Temperature (celsius) Initial nitrate (mM) pH buffer N Mean SEM Grouping 

Beforea 30 0.5 No 13 5.90 0.14 A 
30 2 No 16 5.78 0.11 A 
20 0.5 No 12 5.75 0.10 A,B 
30 2 Yes 16 5.64 0.11 A,B 
20 2 Yes 16 5.63 0.10 A,B 
25 2 No 16 5.61 0.06 A 
20 0.5 Yes 12 5.60 0.06 A,B 
20 2 No 16 5.57 0.07 A,B 
25 0.5 No 12 5.56 0.09 A,B 
30 0.5 Yes 13 5.54 0.15 A,B 
25 2 Yes 16 5.49 0.06 A,B 
25 0.5 Yes 12 5.24 0.05 B 

After 25 2 Yes 4 7.01 0.07 A,B 
30 0.5 No 5 6.90 0.12 A 
20 2 Yes 6 6.40 0.11 A,B 
30 0.5 Yes 5 6.37 0.23 A,B 
20 2 No 6 6.33 0.18 A,B 
25 0.5 Yes 6 6.22 0.12 A,B 
30 2 No 6 6.14 0.27 A,B 
30 2 Yes 4 6.14 0.05 A,B 
20 0.5 No 6 5.92 0.17 A,B 
20 0.5 Yes 6 5.89 0.07 A,B 
25 0.5 No 6 5.86 0.14 A,B 
25 2 No 6 5.43 0.18 B  

a Up to 4 days before the trigger. 

Table 2 
Comparison of growth characteristics among all treatment groups. Values are reported as the mean of two independent biological replicates with standard errors for the 
growth rate and mean cell number.  

Temp 
(celsius) 

Initial nitrate 
(mM) 

pH buffer Bicarb trigger Growth rate 
(day−1) 

Doubling time 
(hours) 

Max daily cell number 
(cells/ml) 

20 0.5 No No 0.03 ± 0.02 (n/a) 5.19E+05 ±8.8E+02   
Yes 0.09 ± 0.03 (n/a) 1.66E+05 ±8.3E+04  

Yes No −0.10 ± 0.06 (n/a) 5.51E+05 ±3.4E+04   
Yes 0.07 ± 0.02 (n/a) 7.40E+05 ±1.8E+05 

2 No No 0.45 ± 0.16 16.08 3.49E+06 ±6.7E+05   
Yes 0.37 ± 0.13 19.59 4.01E+06 ±1.3E+06  

Yes No 0.41 ± 0.15 17.44 3.22E+06 ±9.0E+05   
Yes 0.43 ± 0.15 16.72 4.80E+06 ±5.1E+05 

25 0.5 No No 0.71 ± 0.51 10.11 2.10E+06 ±8.0E+05   
Yes 0.76 ± 0.27 9.51 1.86E+06 ±4.4E+05  

Yes No 0.40 ± 0.29 17.85 6.81E+05 ±9.3E+04   
Yes 0.27 ± 0.10 26.45 1.12E+06 ±4.6E+05 

2 No No 1.02 ± 0.36 7.10 1.80E+06 ±8.0E+04   
Yes 0.43 ± 0.30 16.93 2.44E+06 ±5.3E+03  

Yes No 0.37 ± 0.39 19.54 1.78E+06 ±5.3E+04   
Yes 0.68 ± 0.48 10.64 1.87E+06 ±2.1E+05 

30 0.5 No No 0.80 ± 0.28 9.04 5.30E+06 ±1.2E+06   
Yes 0.96 ± 0.34 7.53 5.33E+06 ±3.5E+00  

Yes No 0.83 ± 0.29 8.70 1.74E+06 ±8.8E+05   
Yes 0.34 ± 0.12 21.50 1.31E+06 ±7.3E+05 

2 No No 1.38 ± 0.49 5.23 6.54E+06 ±2.9E+06   
Yes 0.76 ± 0.54 9.53 3.51E+06 ±2.3E+05  

Yes No 0.92 ± 0.32 7.88 3.69E+06 ±1.4E+06   
Yes 0.57 ± 0.20 12.74 2.76E+06 ±1.5E+06 

(n/a) stands for not applicable when the growth was not exponential, or the growth rate had a negative value. 
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inhibitory effect on PW95 growth for most of the tested treatment 
combinations, and these results corresponded to a similar response re-
ported by Mus et al. [12] when Phaeodactylum tricornutum cultures were 
buffered with TRIS at pH 8.5 and 9.0. 

The effect of bicarbonate addition during nitrogen depletion on 
buffered cultures has been previously described in Nannochloropsis 
gaditana [15] and showed lower cell density at nitrate depletion with 
additional supplementation of bicarbonate, as was the case for PW95 at 
30 ◦C regardless of initial nitrate concentration. In comparison at 20 ◦C, 
overall cell density was low with or without the use of buffer. The pre-
sented results suggest that buffer conditions could temper any possible 
benefit of bicarbonate addition. However, the response might be genus-, 
species- and even strain-dependent and further work is needed to better 
characterize the mechanisms by which dissolved inorganic carbon spe-
cies (e.g., bicarbonate) are assimilated in PW95 and other photoauto-
trophs under different conditions. 

3.4. Lipid analysis and effect of bicarbonate trigger on PW95 lipid 
production 

Lipid analysis was performed by monitoring TAG accumulation 
using NR fluorescence (Fig. 7) and direct transesterification of TAGs into 
FAMEs (Fig. 8) to account for biofuel potential and to determine biofuel 
productivity. An increased production of lipids has been reported under 
nitrogen limitation, different temperatures, drastic fluctuations in pH 
and different combinations of these conditions [13,40]. The start of 
significant TAG accumulation has been frequently correlated with the 
onset of nitrate depletion in green algae [53,54], diatoms [44] and 
PW95 microalga in amended low quality water [2]. At 0.5 mM nitrate, 
an increase in NR fluorescence was observed at the onset of nitrate 
depletion and on the last day (maximum increase in fluorescence) of 
culturing for the following treatment groups: 30 ◦C_0.5 Nitrate_No 
Buffer_No Trigger (800 rfu), 30 ◦C_0.5 Nitrate_No Buffer_Trigger (1500 
rfu) and 20◦C_0.5 Nitrate_No Buffer_ Trigger (1000 rfu; Fig. 7A). At 30 
◦C, both treatment groups showed similar but not significant increases 
(p > 0.05). In contrast, the 20 ◦C treatment (triggered with bicarbonate) 
was statistically significant (p < 0.05; Fig. 7A). At 2 mM nitrate, 

increases in NR fluorescence were also observed for all treatments at 20 
◦C and the no buffer treatments at 30 ◦C. The treatment group 30 ◦C_2.0 
Nitrate_No Buffer_No Trigger had an increase in NR fluorescence during 
nitrate replete conditions (days 3–6) instead of nitrate depletion but was 
not statistically significant (p > 0.05). Treatments at 25 ◦C also showed 
slight increases in NR fluorescence during nitrate replete conditions 
(Fig. 7B). Even though nitrogen limitation is one of the most studied 
strategies to increase lipid accumulation [55], we also investigated lipid 
accumulation before nitrate depletion (N-sufficient). Microalgae species 
could potentially change carbon storage patterns in favor of neutral 
lipids (mainly TAGs) under N-sufficient conditions in concert with 
optimal temperatures and pH levels. This would enable biomass 
collection both at N-deplete and N-replete conditions, increasing the 
lipid yield of the algal production system. 

Previous studies have shown that the addition of different concen-
trations of bicarbonate in combination with nitrate depletion causes 
species-specific differences in lipid accumulation in Chlamydomonas 
reinhardtii [56], marine species and diatoms [42,52]. This was not the 
case for PW95, where the expected statistically significant increase in 
TAG accumulation (NR fluorescence) and FAMEs with a high concen-
tration bicarbonate addition (50 mM) was not observed. When paired 
with pH control strategies, the addition of bicarbonate, such as the one 
used in this study, improved lipid content in N. gaditana [15] but this 
was not the case for PW95. At 0.5 mM initial nitrate, the addition of 
buffer had no effect on TAG accumulation and bicarbonate addition 
appeared to only slightly increase TAG accumulation at 20 and 30 ◦C by 
the end of the growth curve. Treatment groups with 2 mM initial nitrate 
at 20 ◦C and 30 ◦C did show increases in TAG accumulation during the 
last 2 days of culturing for the conditions that had both buffer and bi-
carbonate but statistical significance (p > 0.05) was not observed for 
either case (Fig. 7). 

Direct in situ transesterification was used to determine the fatty acid 
content of the biomass and estimate the biodiesel potential without prior 
lipid extraction [6]. The total FAME levels before and after nitrate 
depletion and bicarbonate trigger were determined for the different 
treatments. In C. vulgaris [26] and other microalgae [57,58] total FAMEs 
can range between 10 and 60%. For PW95, a comparison of total FAMEs 

Fig. 7. Daily lipid accumulation estimated by NR fluorescence during growth of all the treatment groups evaluated in this study at 0.5 mM (A) or 2 mM (B) initial 
nitrate concentration. Temperatures are differentiated by color: 20 ◦C (black), 25 ◦C (blue) and 30 ◦C (orange). Not all the cultures arrived at nitrate depletion at the 
same time point, so nitrate depletion is depicted as a time frame with the shaded region in all graphs. Filled symbols represent the treatments that included the use of 
a buffer and the open symbols represent treatments without buffer. Treatments with trigger are represented by squares and without trigger with circles. The mean of 
two independent biological replicates with the standard error of the mean (error bars) is displayed in each graph. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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across treatments showed that the highest total FAME production 
(~30%) was observed at 0.5 mM nitrate and 20 ◦C without buffer or 
trigger and the lowest total FAME levels were observed for treatments at 
25 ◦C (Fig. 8). When nitrate was increased (2 mM), none of the tested 
conditions had total FAMEs above 20% (Fig. 8b). Moreover, when total 
FAME levels were compared to the rate of cell or chlorophyll accumu-
lation, chlorophyll accumulation rate was a better predictor of overall 
FAME production under unbuffered conditions (R = 0.82). These results 
suggest an important interaction between low nitrate levels, tempera-
ture, and elevated pH for trade-offs between biomass and lipid pro-
duction in PW95. Moreover, chlorophyll accumulation may be an 
indicator of resource allocation during C:N imbalance (i.e., nitrogen (N) 
storage into chlorophyll as a prerequisite to lipid accumulation during 
surplus carbon (C) and/or sufficient chlorophyll to deal with prolonged 
light stress during N starvation). 

Among the treatment groups with the highest FAME levels (20–30%; 
20◦C_0.5 Nitrate_No Buffer_No trigger, 20◦C_0.5 Nitrate_No Buffer_-
Trigger, 30 ◦C_0.5 Nitrate_No Buffer_No trigger and 30 ◦C_0.5 Nitrate_No 
Buffer_Trigger), the general trend showed that the percentage of FAMEs 
was always higher before nitrate depletion. These results indicated that 
in treatments with a bicarbonate trigger, the percentage of FAMEs is 
lower after nitrate depletion/bicarbonate trigger. The bicarbonate 
trigger had little effect on lipid accumulation in PW95 and did not result 
in statistically significant differences (p > 0.05) in any of the treatment 
groups in terms of FAME levels. These results may suggest that different 
concentrations of bicarbonate should be examined to better understand 
how bicarbonate is assimilated in PW95 and if there is a specific con-
centration and/or type of dissolved inorganic carbon species for 
improved biomass and lipid accumulation in PW95. 

Biofuel productivity (mg/L/day) was compared between tempera-
tures that showed treatments with higher biofuel potential (20 and 30 
◦C) and the results show differences in productivity between bicarbon-
ate trigger cultures versus the non- triggered counterparts with and 
without buffer (Table 3). The 20◦C_2.0 Nitrate_No Buffer_Trigger, 
20◦C_2.0 Nitrate_Buffer_Trigger, 30 ◦C_2.0 Nitrate_No Buffer_Trigger 
and 30 ◦C_2.0 Nitrate_Buffer_Trigger samples showed that the bicar-
bonate treatments (with and without buffer) increased biofuel produc-
tivity after nitrate depletion and bicarbonate addition for both levels of 

initial nitrate. A potential interaction between nitrate limitation and 
bicarbonate addition may exist for the increase in lipid productivity but 
the differences before and after the bicarbonate addition were not sta-
tistically significant (p > 0.05). Further work is needed to determine the 
optimal concentration of bicarbonate trigger to stimulate lipid accu-
mulation in nitrate deplete conditions without compromising biomass 
production in PW95. 

Among all tested conditions, the highest biofuel productivity was 
observed in the 30 ◦C_0.5 Nitrate_No Buffer_No trigger treatment before 
(16.4 mg/L/day) and after (15.1 mg/L/day) nitrate depletion, with the 

Fig. 8. Percentage of total FAMEs before and after nitrate depletion and bicarbonate trigger. The concentration of nitrate in the samples was measured daily to 
predict the time of nitrate depletion for biomass collection and subsequent transesterification. For treatments with bicarbonate trigger, addition of bicarbonate took 
place prior to the onset of nitrate depletion and biomass for transesterification was collected before and after the bicarbonate addition. The means of two independent 
biological replicates with the standard error of the mean (error bars) are displayed in each graph. 

Table 3 
Biofuel productivity comparison between treatments at 20 ◦C and 30 ◦C. 
Average biofuel productivity is calculated under replete conditions (prior to 
nitrate depletion) and deplete conditions (post nitrate depletion) and bicar-
bonate trigger taking into account the number of culturing days up to biomass 
sampling.  

Temperature 
(C) 

Initial nitrate 
(mM) 

pH 
buffer 

Bicarb 
trigger 

Average biofuel 
productivitya (mg/ 

L/day) 

Replete Deplete 

20 0.5 No No 14.4 4.8   
Yes 12.3 12.5  

Yes No 7.1 14.1   
Yes 7.6 4.0 

2 No No 7.4 2.5   
Yes 2.8 14.5  

Yes No 5.9 7.4   
Yes 8.2 15.2 

30 0.5 No No 16.4 15.1   
Yes 9.3 5.2  

Yes No 13.2 8.6   
Yes 5.2 12.7 

2 No No 4.9 5.5   
Yes 5.2 15.9  

Yes No 5.6 6.3   
Yes 5.1 15.0  

a The biofuel productivity was using the equation for biodiesel content [12] 
divided by the number of culturing days up to the day of biomass collection. 
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added value of producing high cell numbers at a fast growth rate, high 
biofuel productivity, as well as one of the highest biofuel potentials 
(both before and after nitrate depletion; Table 4). Although, there were 
other treatments with just as high biofuel potential at 20 ◦C, the pro-
ductivities were lower in comparison with 30 ◦C_0.5 Nitrate_No Buf-
fer_No trigger and there was a strong correlation between high biofuel 
potential and very low biomass productivity at 20 ◦C and 0.5 mM initial 
nitrate. Cell density for the treatment groups 20◦C_0.5 Nitrate_No Buf-
fer_No trigger and 20◦C_0.5 Nitrate_No Buffer_Trigger was low (Fig. 4A 
and Table 4) but showed the highest percentage of total FAMEs, 33% 
and 29%, respectively (Fig. 8A and Table 4). This inverse relation be-
tween biomass and lipid accumulation has been frequently reported in 
the literature [7], and these results suggest that biomass accumulation 
was inhibited for the production of energy storage molecules. In 
contrast, at 30 ◦C and 0.5 mM nitrate, PW95 showed the highest cell 
density during growth (Figs. 4, 5 and 6 and Table 4) in concert with high 
lipid production. The percentage of total FAMEs for 30 ◦C_0.5 Nitrate_No 
Buffer_No trigger was 27% (Fig. 8A and Table 4), indicating a positive 
interaction between a low concentration of initial nitrate and higher 
temperature. Table 4 shows a summarized comparison of the afore-
mentioned treatments and 30 ◦C_0.5 Nitrate_No Buffer_No trigger was 
the best performing treatment under the tested conditions, producing 
high levels of biomass and lipids in a short period of time. 

Lastly, when PW95 lipid profiles were compared between the 20 and 
30 ◦C treatments at 0.5 mM nitrate before and after nitrate depletion and 
bicarbonate trigger, the dominant species of FAMEs were saturated and 
unsaturated C16 (hexadecanoic) and C18 (octadecanoic) FAMEs 
(Fig. 9). Hodgskiss et al. [2] determined that PW95, when grown in CBM 
water amended with 0.5 mM of initial nitrate, produced a higher amount 
of C:18 unsaturated acids and lower amounts of C:16 FAMEs in com-
parison with other reported algae. These results indicate that the FAME 
profile of PW95 can be manipulated with changes in culture conditions. 
Moreover, in comparison with other oleaginous algae that contain 
substantial amounts of lighter (C12–C14) and heavier (C20–C22) spe-
cies, PW95 TAGs appear to be dominated by C16 and C18 fatty acids that 
are more common to profiles of vegetable oil fatty acids profiles from 
conventional biofuel producers [58]. These results suggest that PW95 
could be a potential source of C16/C18 feedstock. 

4. Conclusions 

PW95 is a novel sporulating green microalga that can grow and 
produce lipids with limited input resources, and this is the first report of 
this type of environmental isolate for biomass and biofuel applications 
with standardized growth medium. The present study indicated that the 
most promising condition for growth and biofuel production was the 

Table 4 
Comparison between the best performing treatments in terms of lipid accumulation at 20 ◦C and 30 ◦C. Total biofuel potential and productivity are calculated under 
replete and deplete nitrate conditions and bicarbonate trigger. Total biofuel potential is expressed in percentage of FAMEs.  

Temp 
(celsius) 

Initial nitrate 
(mM) 

pH 
buffer 

Bicarb 
trigger 

Max daily cell number 
(cells/mL) 

Growth rate 
(day−1) 

Biofuel potential 
(%) 

Biofuel 
Productivitya (mg/ 

L) 

Biofuel 
Productivityb (mg/ 

L/d) 

Replete Deplete Replete Deplete Replete Deplete 

20 0.5 No No 5.19E+05 0.03 33 11 43 19 14 5   
Yes 1.66E+05 0.09 29 16 25 56 12 13 

30 0.5 No No 5.30E+06 0.80 27 20 41 60 16 15   
Yes 5.33E+06 0.96 25 5 23 23 9 5  

a The biofuel productivity as concentration was calculated using equation for biodiesel content [12]. 
b Biofuel productivity as a function of time was calculated using the number of culturing days up to the day of biomass collection. 

Fig. 9. PW95 FAMEs profile comparison between 20 ◦C 
and 30 ◦C for treatments at 0.5 mM. The x-axis labels 
make a distinction between FAMEs before (designated B) 
and after nitrate depletion and bicarbonate trigger 
(designated A). Treatments that included the use of a 
buffer and the bicarbonate trigger are represented by the 
plus sign (+). Treatments without buffer and bicarbonate 
trigger are represented by the negative sign (−). Bicar-
bonate trigger, if employed, was added just prior to the 
onset of nitrate depletion. Error bars represent the stan-
dard error of the mean of two biological independent 
replicates.   
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combination of higher temperature (30 ◦C) and lower nitrate level (0.5 
mM) without the use of a buffer or bicarbonate trigger. These results 
suggest an important interaction between low nitrate levels, tempera-
ture, and elevated pH for trade-offs between biomass and lipid pro-
duction in PW95. The culture condition 30 ◦C_0.5 Nitrate_No Buffer_No 
trigger showed a fast growth rate (0.80 d−1), high maximum daily cell 
number (5.30 × 106 cells/mL) in 4 days of cultivation, elevated total 
FAMEs before and after nitrate depletion (27% and 20%) and the highest 
biofuel productivity (16 mg/L/day and 15 mg/L/day, respectively). 
Under these conditions, PW95 produced predominantly the optimal FA 
species (saturated and unsaturated C16 and C18) for biofuel applica-
tions. As previously reported, PW95 accumulates lipids in amended low- 
quality water at 20 ◦C and the present study demonstrated that PW95 
can accumulate lipids at 20 and 30 ◦C in standardized media with low 
initial concentrations of nitrate (~17% of standard BBM) and no buffer 
or bicarbonate addition. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.algal.2020.102148. 
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