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ARTICLE INFO ABSTRACT
Keywords: The overwhelming response towards algal biodiesel production has been well-recognized recently as a sus-
Microalgae tainable alternative to conventional fuels. Most microalgae cannot grow well at acidic pH. The present study,
Non—.acid'ophiles therefore, investigated whether non-acidophilic microalgae Desmodesmus sp. MAS1 and Heterochlorella sp. MAS3
A,Cd;mat,lonl can be acclimated to extreme-acidic pH for sustainable production of biomass and biodiesel. Growth analysis
fimicdsemlca response indicated that both the microalgal strains possessed a passive uptake of CO, at pH 3.0 with biomass production
Bil: diesel of 0.25 g dry wt. L ™! in Desmodemus sp. and 0.45 g dry wt. L™ ! in Heterochlorella sp.. Flow-cytometry analysis for
reactive oxygen species, membrane permeability and neutral-lipids revealed the capabilities of both strains to
adapt to the stress imposed by acidic pH. Lipid production was doubled in both the strains when grown at pH
3.0. In-situ transesterification of biomass resulted in 13-15% FAME yield in the selected microalgae, indicating
their great potential in biofuel production.
1. Introduction fixation, contaminant reduction and production of biomass as a pro-
mising feedstock for biofuel. As ubiquitous primary producers, micro-
Microalgae significantly contribute to the environment through CO, algae are crucial to the ecological biota. Recent research widely
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acknowledged the influence of extreme environments such as ocean
acidification and acid mine drainage on microalgal communities
(Sassenhagen et al., 2015; Abinandan et al., 2018a). The most common
phenomenon is the extent of pH that plays a critical role in algal growth
dynamics. Several studies combined the effect of pH, nutrient starvation
or cultivation modes for enhancing algal biomass preferably for in-
creased biofuel production (Abinandan et al., 2018b). For instance, the
addition of molasses (9.82 gL_l) to serve as an organic carbon source
at pH 6.7 resulted in higher yield (2 g .” ') of microalgal biomass (Kose
Engin et al., 2018). Cheirsilp and Torpee (2012) observed increased
lipid content at a circumneutral pH upon exposure of microalgae to
higher concentrations of glucose. Huang et al. (2017) demonstrated
that microalgae turned the medium acidic with glucose when ammo-
nium was predominantly present.

Most of the microalgae cannot survive at low pH (< 6.0) as the
transporters become inactive (Perez-Garcia et al., 2011). Several studies
indicated that exogenous supply of pure CO, or flue gas to enhance
microalgal biomass productivity is favorable only at controlled pH
maintained with bicarbonate availability (Ma et al., 2017). Jiang et al.
(2012) reported that microalgae non-adapted to acidic conditions could
not survive at pH 3.0, indicating that acid adaptation is imminent for
survival. Also, microalgae, when grown at pH 4.0, exhibited a drastic
decline in the biomass, suggesting the significant toxicity of pH (Khalil
et al., 2010). Interestingly, even pH 4.5 inhibited 50% of growth in
acid-tolerant microalgae (Nalewajko et al.,, 1997). El-Ansari and
Colman (2015) also reported that acid-tolerant microalgae could not
grow at pH 3.0 due to a decrease in intracellular pH. Thus, acid-tolerant
microalgae are also sensitive to low pH, implying that only acidophiles
are capable of growth under such extreme conditions due to the gene
inheritance through evolutionary response (Hirooka et al., 2017).
Sassenhagen et al. (2015) noted that microalgae could grow under a
wide range of environmental conditions due to high phenotypic plas-
ticity. An exogenous supply of carbon source (organic or inorganic) may
be imminent for biofuel production (Kose Engin et al., 2018). Ma et al.
(2017) suggested that pH of the medium (irrespective of carbon source)
should be maintained at near neutral for microalgal cultivation. But,
addition of hydroxides is required for maintenance of neutral pH and is
not cost-effective (Abinandan et al., 2018b). However, available in-
formation suggests that non-acidophilic microalgae can withstand
naturally-occurring acidic events such as ocean acidification by ex-
pressing high phenotypic plasticity or through adaptation process
(Jiang et al., 2012).

While perusing the literature on remediation of acid mine drainage
(AMD) by microalgae-bacteria biofilms, it was hypothesized that ac-
climation of non-acidophilic microalgae to acidic conditions might be a
better option than applying acidophilic counterparts for reclamation of
AMDs (Abinandan et al., 2018a). This is because under different en-
vironmental pressures such as acidic conditions, only limited strains of
non-acidophilic microalgae could phenotypically adjust to thrive and
grow (Abinandan et al., 2018a). To validate this hypothesis, four mi-
croalgae isolated from natural habitats of soil and lake waters with near
neutrality exposed to pH 3.0 to investigate the microalgal growth re-
sponse to acclimation at this acidic condition. Subsequently, two mi-
croalgal strains capable of growth at pH 3.0 were selected to assess the
potential for sustained production of biomass under the environmental
pressures imposed by extreme acidic conditions following flow cyto-
metry, and yield of biodiesel following FTIR-based microalgal fatty acid
methyl esters (FAME) analysis. The present study reports for the first
time on acclimation of non-acidophilic microalgae to extreme acidic pH
for the sustainable production of biomass and biodiesel.

2. Materials and methods
2.1. Microalgal strains and determination of growth rate

Microalgae were isolated from local soil and lake water samples by
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streaking onto agar with modified Bold’s basal medium (BBM) with low
phosphate. Cell sorting (BD FACSAria Ilu) was done to obtain axenic
cultures of the isolates. Briefly, log phase cells were sampled to measure
chlorophyll dependent autofluorescence (FL3, 670 nm LP). The channel
estimates at log scale and the sensitivity was set at 300mV.
Measurements of 10,000 events and 10° cells were sorted in sterile BBM
and plated subsequently. The cells took nearly two weeks to develop
axenic colonies. These isolates were grown at pH 3.0 (experimental)
and pH 6.7 (control) in 30 mL BBM contained in 100 mL conical flasks
under continuous illumination of 60 ymolm~™2s~! at 23 + 1°C with
100 rpm shaking. The pH of the culture medium was monitored using
LAQUA PC1100 pH meter (Horiba scientific, Japan).

Genomic DNA from algal strains was isolated using microbial DNA
isolation kit (Mo Bio Laboratories, Inc.) as per the instructions pro-
vided. The DNA was amplified with 18S universal primers, the ampli-
cons were cleaned using PCR and Gel kit (Bioline Laboratories, Inc.),
and sequenced at Ramaciotti Centre, UNSW, Australia. The preliminary
sequence identification was carried out for three isolates of microalgae
using the NCBI Blast nucleotide search tool and a phylogenetic tree was
constructed using MEGA 5.0 (Kumar et al., 2016). Phylogenetic analysis
obtained from 1000 replicates as per the bootstrap test of clustal muscle
alignment indicated that two of the microalgal isolates belong to the
genus, Desmodesmus, with a slight difference of 3% similarity among
nucleotides and hence designated as Desmodesmus sp. MAS1 and Des-
modesmus sp. MAS2 (Fig. 1a). Since the third isolate is closely related to
the genus, Heterochlorella, it has been designated as Heterochlorella sp.
MAS3 (Fig. 1b). A well-studied Chlorella sp. MM3 (Ramadass et al.,
2017; Subashchandrabose et al., 2017a,b; Ganeshkumar et al., 2018),
obtained from in-house Phycology laboratory, was used in the present
study as a reference microalga.

Microalgal growth, in terms of cell density, was determined in tri-
plicate samples every alternate day using Neubauer hemocytometer
(Bright line, Hausser Scientific, USA) under a light microscope
(Olympus CX31, Japan). The growth rate was calculated using data at
the exponential phase following the equation:

_ InN—InN,
[—To

where Ny, Ny are the final and initial cell densities, and T,, Ty are the
times taken, in days.

2.2. Determination of growth response

Triplicate samples from microalgal cultures were withdrawn every
week for determining the activity of carbonic anhydrase (CA), chlor-
ophyll, biomass and metabolic biomarkers such as carbohydrates,
proteins and total lipids. After sonicating the microalgal cell suspen-
sion, the activity of CA was measured in terms of esterase activity (Ores
et al., 2016), and expressed as UL ™. One unit (U) of enzyme activity is
defined as the quantity of enzyme needed to release 1 umol of p-ni-
trophenol min~"! in the assay conditions. Total chlorophyll and carbo-
hydrates were estimated after methanol extraction (Chen and
Vaidyanathan, 2013). Bradford bioassay was carried out to determine
proteins using Bio-Rad kit (Bio-Rad Protein Assay Dye Reagent Con-
centration; Protein Standard II), and the color intensity was read in a
spectrophotometer (Orion AquaMate 7000, Thermofisher Scientific,
USA). Chloroform from the extracts was dried before gravimetric ana-
lysis of total lipids. Chlorophyll, carbohydrates and total lipids are ex-
pressed as mg g~ ! dry wt. respectively. Microalgal biomass, in triplicate
samples, was determined by the gravimetric method and expressed as g
dry wt.L™1.

2.3. Assay of reactive oxygen species (ROS), membrane permeability and
neutral lipids

Aqueous stock solution (0.5 mg mL~1) of DCFH-DA (Sigma, USA)
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Desmodesmus sp. (MG243592.1)
Desmodesmus sp. (JF835993.1)
Desmodesmus sp. (JQ315186.1)
Desmodesmus cf. armatus (KF144195.1)
Desmodesmus subspicatus (KX389312.1)
Desmodesmus sp. (JF835994.1)
Desmodesmus sp. (JF835992.1)
Klebsormidium subtilissimum (AF408241.1)
Desmodesmus sp. MAS2

Desmodesmus sp. MAS1

Desmodesmus sp. (JF835991.1)

Choricystis parasitica (KX139548.1)
Picochlorum atomus (AB080305.1)
Botryococcus braunii (KM068034.1)
Leptochlorella corticola (HE984579.1)
Kollielopsis inundata (AY518591.1)

[ Heterochlorella sp. MAS3
100 Heterochlorella luteoviridis (KF981997.1)

Klebsormidium flaccidum (M95613.1)
Dictyosphaerium ehrenbergianum (LC172264.1)
Actinastrum hantzschii (LC192144.1)

Chlorella sp. (KF746937.1)

Fig. 1. Bootstrap consensus phylogenetic trees showing the evolutionary relationships of (a) Desmodesmus sp. MAS1 and Desmodesmus sp. MAS2, and (b)

Heterochlorella sp. MAS3.

was used to determine ROS as described by Yilancioglu et al. (2014).
Briefly, to 1 mL microalgal cell suspension, in triplicates withdrawn at
desired intervals, 5uL of dye solution was added and incubated for
20 min in the dark prior analysis. DCFH-DA, which is nonfluorescent,
would pass inside the cells and converted into dichlorodihydro-
fluorescein (DCF) due to the activity of cellular esterase. Fluorescence
of DCF formed was measured using a 488 nm laser and a 556LP 585/42
filter set on a BD FACSCanto Flow Cytometer.

Membrane permeability was measured using the staining dye,
fluorescein diacetate (Sigma Aldrich, St. Louis, MO, USA), dissolved in
acetone (1000 ppm, w/v) as per the method described by Chae et al.
(2016). Intensities of fluorescein were measured in a BD FACSCanto
Flow Cytometer fitted with a FITC filter (530/30), and the values were
used to quantify cell permeability of each algal species. Non-stained
cells were used as a negative control in both the channels to get the
images for the samples stained. Data were evaluated using FlowJo Ver.
7.6.1 (Tree Star, Inc.).

Harvested microalgal suspensions were stained with 15mM Nile
Red (Sigma) to determine neutral lipids following a modified protocol
of Dempster and Sommerfeld (1998). Aliquots of 50 pL solution of NR
in acetone (0.1 mg mL ™) were added to 1.0 mL suspension with gentle
vortexing and incubated for 10 min at 37 °C in the dark. The uptake of
NR in triplicate samples was monitored using a BD FACSCanto Flow
Cytometer (Becton Dickinson Instruments) equipped with a 488 nm
argon laser. The optical system used in the flow cytometer collects
yellow and orange light (560-640 nm) that corresponds to neutral li-
pids. For the flow cytometry analysis, a positive control (heat-killed
algal cells treated with the dye) and a negative control (untreated algal
cells) were used, and the data were expressed in terms of fluorescence
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intensity as well as cell count.

2.4. FAME analysis

Analysis of FTIR-based FAME (Mathimani et al., 2015) from mi-
croalgal biomass was carried out by in-situ transesterification (Laurens
et al.,, 2015) followed by gravimetric quantification. In brief, algal
biomass in triplicates, harvested after three weeks was dried overnight
at 40 °C and transesterified using 0.3 mL of HCI-MeOH blend (5%, v/v)
for one h at 85 °C. The mixture was washed with water and chloroform
to allow debris to be separated in the methanol layer and biodiesel in
chloroform layer. Controls were maintained without the algal biomass.
FT-IR spectroscopy was employed through Agilent Technologies Cary
660 FT-IR system working in mid-IR energy range (4000-400 cm ') in
ATR mode to determine FAME. All the measurements were made
through multi-bounce ZnSE ATR prism by placing FAME dissolved in
chloroform. Solvent alone served as control. A total of 16 scans ob-
tained for each sample were co-averaged to improve signal-to-noise
ratio at a resolution of 8 cm ™! using air-cooled DTGS detector. All the
spectra acquired are processed through Agilent IR Resolutions Pro
software. Simultaneously, triplicate samples were analyzed for the yield
of total lipids to make a comparison with the FAME yield.

2.5. Statistical analysis

The averages and standard deviations of the experimental data were
identified using Graphpad Prism 7 software, and the statistical sig-
nificance of means was determined by t-test using IBM SPSS Statistical
Software (ver.24).
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3. Results and discussion
3.1. Growth response of non-acidophilic microalgae to acidic pH

Initially, three different cell densities (1 x 104, 1 x 10°,
5 x 10°cellsmL™1) of all the four microalgal strains were used to
screen for assessment of tolerance and growth at pH 3.0. All the four
microalgae at both the cell densities of 1 x 10* and 1 x 10°cells mL !
could not survive after 12 days (Supplementary Data). However, Des-
modesmus sp. MAS1, Desmodesmus sp. MAS2 and Heterochlorella sp.
MAS3 at the cell density of 5 X 10°cellsmL™! grew well during this
incubation period. Interestingly, Chlorella sp. MM3 that was used as a
control did not survive even at this higher cell density. Thus, these
results clearly indicate that Desmodesmus sp. MAS1, Desmodesmus sp.
MAS2 and Heterochlorella sp. MAS3 with good phenotypic plasticity
could withstand acidic conditions (Sassenhagen et al., 2015). Such a
tolerance in non-acidophiles to stress mediated by acidic conditions is
unique since most of the microalgae are reported to be neutrophils as
they grow ideally at circumneutral pH (Hirooka et al., 2017). Fur-
thermore, Desmodesmus sp. MAS2 exhibited more than ten days of lag
phase (data not shown) when compared to other two microalgae,
confirming that the strain MAS2 is distinct from MAS1 (Fig. 1b). Based
on these observations, only two cultures, viz., Desmodesmus sp. MAS1
and Heterochlorella sp. MAS3, were used for further studies on growth
and metabolic activities.

The maximum specific growth rates for Heterochlorella sp. MAS3 and
Desmodesmus sp. MAS1 at pH 6.7 were 0.20 and 0.15day ™, and 0.19
and 0.13day ! at pH 3.0, respectively (Fig. 2). Similarly, an acid-
ophilic microalga, Coccomyxa onubensis, achieved an approximate
growth rate of 0.16day™' at pH 2.5 under light intensity of
50 pmolm ™25~ ! (Vaquero et al., 2014). On the other hand, the dou-
bling times when grown at pH 6.7 for Heterochlorella sp. MAS3 and
Desmodesmus sp. MAS1 were 3.4 and 4.6 days, respectively, and the
corresponding values at pH 3.0 were 3.6 and 5.5 days. Thus, the growth
rates observed for both the microalgal strains are much lower than
those reported for other microalgae found growing abundantly in acidic
pH environment (Sassenhagen et al., 2015), suggesting that the mi-
croalgae used in the present study are non-acidophiles that grow nor-
mally at circumneutral conditions. The possible reason for the lower
growth rate in non-acidophilic microalgae could be due to culture
conditions and low-level expression of proteins under acidic conditions
(Hirooka et al., 2017). Since microbial acid tolerance is indicative of an
adaptive response that results in enhanced tolerance to pH 3.0, both the
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microalgae used in the present study can be considered as ‘acid-tol-
erant’ strains. Again, Heterochlorella sp. MAS3 is a better acid-tolerant
strain than Desmodesmus sp. MAS1.

The response of the two microalgae to acidic conditions (pH 3.0)
was studied employing three growth parameters such as the activity of
CA, chlorophyll content and biomass production. The growth of mi-
croalgae in autotrophic conditions is primarily dependent on carbon
concentration mechanisms (CCMs) through CA activity and passive
diffusion uptake of CO,. The activity of CA depends upon the presence
of bicarbonate ions (HCO3;™ ) in the culture medium that regulates
overall microalgal growth. Since CA activity can serve as an indicator of
growth in photoautotrophs, this enzyme was also considered to assess
the response of selected microalgal strains to acidic pH. In general, CA
activity in the present study significantly declined when both the strains
were grown for three weeks at pH 6.7 (Fig. 3a). Thus, the reduction in
enzyme activity in Heterochlorella sp. MAS1 was 53% while it was 21%
in the case of Desmodesmus sp. MAS3. A similar trend in decline of CA
activity was observed in the cultures grown at pH 3.0. However, par-
ticularly after two weeks of growth at pH 3.0, the enzyme activity in-
creased by 31 and 247% in Heterochlorella sp. MAS3 and Desmodesmus
sp. MASI, respectively, over the activities of CA observed at pH 6.7.
This differential activity of CA over incubation period indicates that
CCM is species-dependent. Also, the increase in CA activity corresponds
to the bicarbonate transport, which is probably active as growth pre-
cedes with an increase in pH (Moroney and Ynalvez, 2007). Further-
more, this observed trend of increase in CA activity may be due to the
adaptive response to the bicarbonate availability in microalgae.

The present observation also suggests that both the microalgae
survived in the first week at pH 3.0 through passive diffusion uptake of
CO,, rather than CA activity. Similarly, El-Ansari and Colman (2015)
observed that an acid-tolerant microalga, Chlorella kessleri, grew well at
pH 4 under continuous illumination (50 umol m~2s~') by maintaining
near neutral internal pH through passive diffusion of CO,. The passive
diffusion of CO, is seemingly more in Heterochlorella sp. MAS3 than in
Desmodesmus sp. MAS1. Thus, Heterochlorella sp. MAS3 must have
maintained growth at acidic pH similar to that at pH 6.7 through the
accumulation of CO, in high concentrations at the active site of Rubisco
as suggested by El-Ansari and Colman (2015). Interestingly, both the
strains showed low CA activity after three weeks probably due to in-
crease in pH by triggering carbonate (CO5? ) synthesis from HCO3 ™. In
all, the above results indicate that the two microalgae grew at pH 6.7
through CCM involving CA activity while both the mechanisms (passive
diffusion uptake of CO, followed by CA activity) were used at pH 3.0.

14 21 28

Incubation (days)

Fig. 2. Growth of Desmodesmus sp. MAS1 and Heterochlorella sp. MAS3 at pH 6.7 and 3.0. Error bars represent standard deviation (n = 3).
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Fig. 3. (a) Carbonic anhydrase (CA) activity, (b) Chlorophyll and (c) Biomass in
Heterochlorella sp. MAS3 and Desmodesmus sp. MAS1 after growth at pH 6.7 and
3.0. Error bars represent standard deviation (n = 3).

The chlorophyll content in Heterochlorella sp. MAS3 grown at pH 6.7
for one week was 8.08 mgg~' whereas the corresponding value in
Desmodesmus sp. MAS1 was 9.08mgg~ ' (Fig. 3b). Interestingly,
chlorophyll decreased significantly after three weeks of incubation and
reached a concentration of 4.05mg g~ *. Such a decrease in chlorophyll
content is expected since nitrogen depletion even at pH 6.6 after
20 days may impair the photosynthetic activity thereby decrease the
pigments like chlorophyll as in case of a red microalga, Porphyridium
cruentum (Zhao et al., 2017). Overall, the growth response in terms of
chlorophyll content at pH 3.0 was also like that observed with biomass
productivity. However, there was a drastic decrease (9-fold) in chlor-
ophyll of Desmodesmus sp. MAS1 at pH 3.0 after the first week, in-
dicating impairment of photosystem and the contribution of nitrogen
pool mostly for survival rather than chlorophyll metabolism (Jiang
et al.,, 2011). But, the concentration of chlorophyll increased from
0.33mg g~ ! (dry wt.) to 3.48 mg g~ ! in strain MAS1 after three weeks
of incubation at pH 3.0. Vaquero et al. (2014) showed that microalgae
growing at pH 2.5 with a high inoculum density and light intensity of
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400 pmol m ™25~ ! accumulated higher concentrations of lutein rather
than chlorophyll without compromising biomass productivity.

When grown at pH 3.0 for one week, there was no change in bio-
mass of Heterochlorella sp. MAS3 while a significant decrease was evi-
dent in Desmodesmus sp. MAS1 (Fig. 3c). Thus, the reduction in biomass
of the strain MAS1 after one week of growth at pH 3.0, when compared
with that at pH 6.7, was 50% and was 43% at the end of two weeks.
However, after three weeks of incubation at pH 3.0, the decrease of
biomass in Desmodesmus sp. MAS1 was 40%, whereas the reduction in
case of Heterochlorella sp. MAS3 was only 28% during this period. Jian
et al. (2012) also observed > 1-fold decrease in biomass production in
non-adapted Scenedemus dimorphus grown at pH 3.0. Similarly, Eibl
et al. (2014) reported low biomass production (0.5gL™!) even in
acidophilic microalgae after 35days. However, the overall yield of
biomass in Heterochlorella sp. MAS3 decreased in acidic medium con-
tinuously for three weeks, while there was a significant increase in
biomass of Desmodesmus sp. MAS1, clearly suggesting that the accli-
mation response in the latter strain was higher when compared with the
former strain. However, the data also indicate that both the microalgal
strains produced higher biomass at pH 3.0 when compared with those
acidophilic microalgae grown in the presence of 15-20% CO, (Neves
et al., 2018), suggesting that microalgae potential for biomass pro-
duction even in hostile environments such as AMDs.

3.2. Biochemical and stress response in microalgae to acidic pH

The impact of acidic pH on biochemicals, viz., total proteins, car-
bohydrates and lipids in microalgae are very crucial in understanding
the changes in metabolism. Heterochlorella sp. MAS3 accumulated high
concentrations (nearly 3-fold) of carbohydrates while Desmodesmuts sp.
MAS] recorded a significant decrease (23%) (Fig. 4a) when grown at
pH 6.7 for three weeks. Such a differential response among the mi-
croalgal strains even at neutral pH could be due to sharp changes in
nutrient status of the medium. For instance, Rizza et al. (2017) ob-
served low levels of carbohydrates in Scenedesmus sp. under limited
conditions of nitrogen. Although carbohydrate accumulation in Het-
erochlorella sp. MAS3 decreased by 50% at pH 3.0 after one week; there
was > 5 and > 7-fold increase at the end of two and three weeks of
incubation, respectively. On the other hand, the accumulation of car-
bohydrates increased by 48% in Desmodesmus sp. MAS1 after two weeks
when grown at pH 3.0, but significantly decreased (2-fold) after three
weeks. Khalil et al. (2010) also reported such a decrease in Dunaliella
bardawil and Chlorella ellipsoidea since endogenous carbohydrates are
used for survival at pH 4.0. Contrary to the response of carbohydrates,
the extent of protein accumulation in the selected microalgae was en-
tirely different. Thus, even at pH 6.7, the protein increases in Desmo-
desmus sp. MAS1 after a week was 3.5-fold when compared with Het-
erochlorella sp. MAS3 (Fig. 4b). Interestingly, there was a significant
decrease over time in strain MAS1 and increase in strain MAS3. The
observed decline in Desmodesmus sp. MAS1 could be ascribed to ni-
trogen limitation since Yilancioglu et al. (2014) perceived that certain
microalgae shift to accumulate higher lipid and less protein especially
under nitrogen starvation at a near neutral pH. It has been well es-
tablished in the literature that the response to limitation and con-
sequent depletion of nitrogen results in a decrease in photosynthetic
pigment as well as protein content and an increase in lipid content of
microalgae (Vo et al, 2018). Overall, protein accumulation sig-
nificantly increased after three weeks in both the strains when grown at
pH 3.0. Thus, the increase in protein content after three weeks in Het-
erochlorella sp. MAS3 was 34% as against to 58% enhancement in
Desmodesmus sp. MAS], indicating that protein-coding genes may have
been upregulated in acidic pH. The total lipids increased significantly in
Desmodesmus sp. MAS1 as compared to Heterochlorella sp. MAS3 after
one week at pH 6.7 (Fig. 4c). Incubation of the strain MAS1 for two
weeks at pH 3.0 significantly increased (119%) the protein content, but
the increase declined to only 15% at the end of three weeks. Some
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reports indicated that nitrogen deprivation caused lipid induction even
in acidic algae (Hirooka et al., 2014; 2017). Eibl et al. (2014) observed
a three-week lag phase and appearance of green to yellow color in
microalgae isolated from mine environment (pH 3.0) and correlated
this change to the synthesis of lipids. There was a two-fold increase in
lipid content of Desmodemsus sp. MAS1 at pH 3.0 while the increase was
only one-fold in Heterochlorella sp. MAS3 after two weeks of incubation.
The above results indicate that Desmodesmus sp. MAS1 yields proteins
and total lipids better than Heterochlorella sp. MAS3 under acidic con-
ditions.

Since it is also essential to understand the stress response to extreme
environmental fluctuations (Yilancioglu et al., 2014), advocates for the
use of flow cytometry analysis in the present study. Thus, ROS, mem-
brane permeability and neutral lipids were used as the criteria for stress
response in microalgae. The ROS (Fig. 5a) profile showed that the stress
was apparent only in Desmodesmus sp. MAS1. After the first week, there
was a 2-fold increase in ROS at pH 3.0 but dropped at the end of the
second week, and the microalga was relieved entirely from stress after
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three weeks. Eibl et al. (2014) also observed identical pattern of in-
creased stress after one week in an acidophilic microalga, Scenedesmus
sp. Lig 290, isolated from a waterbody with pH4.5. On the contrary,
there was no stress in Heterochlorella sp. MAS3 even after two weeks,
indicating its high potential in adapting quickly to the changed pH. The
data presented in Fig. 5b indicate changes in the membrane perme-
ability of the non-acidophilic microalgae when grown in acidic condi-
tions. Desmodesmus sp. MAS1 exhibited a significant (> 2-fold) de-
crease in fluorescence signal at pH 3.0 when compared to its growth at
neutral pH, indicating the low permeability of the dye into the cells in
acidic conditions. However, the fluorescence signal gradually increased
in Heterochlorella sp. MAS3 upon growth at pH 3.0. These differences in
membrane permeability observed because of structural and physiolo-
gical changes in both the strains grown at pH 3.0 corroborate with the
results on ROS. Similarly, neutral lipid profile (Fig. 5c) indicates a
tremendous increase in fluorescence intensity in Desmodesmus sp. MAS1
is grown at pH 3.0. Thus, the observed 3.3-fold increase in neutral lipids
in the first week corroborates with the enhancement of membrane
permeability and ROS production noticed during this period. This in-
crease in lipid was also observed even after two weeks, which may be
due to the limitation of nutrients, especially nitrogen. Yao et al. (2016)
also found an increasing trend in the lipid content of Dunaliella salina
under osmotic shock through Nile red fluorescence. Thus, the present
results on neutral lipids in Desmodesmus sp. MAS1 suggest that the
microalga during acclimation to extreme acidic conditions changed its
metabolic pathway to protein and lipid, especially higher neutral lipid
faction, synthesis resulting in decreased carbohydrate reserves. In
contrast, Heterochlorella sp. MAS3 did not show significant changes in
lipid profile, a response similar in case of ROS production.

3.3. Biodiesel production in microalgae at acclimated acidic pH

Since FTIR-based microalgal FAME (biodiesel) analysis is con-
sidered as a rapid method compared to the conventional techniques
(Mathimani et al., 2015), and this approach employed in the study to
monitor the biofuel production from algal biomass through in-situ
transesterification. FTIR spectral analysis of FAME exhibit strong peak
areas as suggested for the presence of ester molecules and the char-
acterization of biodiesel from microalgae (details can be found in the
Supplementary Data). The appearance of peaks in the region of
1730-1743 cm ™~ ! is due to C=O0 stretching vibrations from the mixture
of carboxylic acid esters, indicating the conversion of triglycerides
(Viégas et al., 2015). Again, the peak region at 1106-1114 cm ! is due
to asymmetric vibrational stretching of esters group arising from me-
thyl C—O, confirming that the biodiesel is predominantly a monoalkyl
ester (Sitthithanaboon et al., 2015). Furthermore, the bending vibra-
tional frequency of C—O as evident in the region 1232-1236cm ™!
confirms the presence of ester molecules as has been established for a
fatty acid ester derived from hydrothermal liquefaction of Dunaliella
teriolecta biomass by Zou et al. (2009). The occurrence of rich aliphatic
hydrocarbons in the present samples, as evident at 2835cm ™' and
2943-2945cm ™' through —CH,/—CHjz; symmetric and asymmetric
stretching vibrations, respectively, indicates the good quality of bio-
diesel (Mathimani et al., 2015). Interestingly, another peak has also
been observed at 1650-1652cm™! that corresponds to the C=C
stretching vibration arising from cis-olefins, suggesting a degree of
unsaturation that is found in vegetable oils (Timilsena et al., 2017). The
3D-IR image analysis for the region 1700-1800 cm ™! after deconvo-
lution of the peaks as shown in Supplementary Data confirms the
proper transesterification in both the microalgal strains. It also proves
that the conversion of triglyceride to ester is high in biomass samples
collected at pH 3.0 when compared to those grown at pH 6.7.

The yield of FAME was 11 and 13% from Desmodesmus sp. MAS1
when grown at pH 6.7 and 3.0, respectively, and the corresponding
values for FAME yield in Heterochlorella sp. MAS3 were 7 and 15%
(Fig. 6). While Laurens et al. (2012) reported 9-10% yield of FAME in
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Chlorella vulgaris and Nannochloropsis sp. under normal growth condi- higher than those reported in the literature. Recently, Souza et al.

tions, Tang et al. (2016) observed a FAME yield of 10% (on a dry weight (2017) reported a 15% oil yield in Chlamydomonas acidophila LAFIC-
basis) in Nannochloropsis sp. The results indicate that the FAME yield in 004 grown under acidic conditions. In general, the lipid to FAME yield
both the microalgal strains when acclimated to acidic conditions is was low in both the microalgae acclimated to acidic pH. Similarly,
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Fig. 6. Yield (% dry wt.) of FAME and lipids in Desmodesmus sp. MAS1 and
Heterochlorella sp. MAS3 when grown at pH 6.7 and 3.0. Error bars represent
standard deviation (n = 3).

Ruiz-Dominguez et al. (2015) observed that lipid to FAME yield was
low even in acidophilic microalgae. The FAME yield in Heterochlorella
sp. MAS3 at pH 6.7 was low probably because of non-optimization of
lipid to oil conversion (Ehimen et al., 2010). However, Heterochlorella
sp. MAS3 gave a higher yield of lipids and FAME than Desmodesmus sp.
MASI at pH 3.0. Likewise, Eibl et al. (2014) observed that acidophilic
microalgae are growing at optimum pH of 4.0 accumulated higher li-
pids relative to those grown at pH 7.0. Pick and Avidan (2017) showed
that microalgae under nitrogen limitation assimilated neutral lipids
made from C allocation. The present observation of a significant in-
crease in lipids and FAME indicates the stress mediated by both acidic
pH and nutrient depletion, with the former occurring initially and the
latter in the third week of microalgal growth. Such a sequential stress
response was observed earlier in acidophilic microalgae wherein they
accumulated more lipids under nitrogen limited conditions at a pH
range of 3-5 (Hirooka et al., 2014). The efficiency in conversion of lipid
to biodiesel was relatively higher in Desmodesmus sp. MAS1 than in
Heterochlorella sp. MAS3, indicating the accumulation of tranesterifi-
able lipids (triacylglycerols, TAGs) due to the stress induced by acidic
conditions. Based on the results, Desmodesmus sp. MAS1 and Hetero-
chlorella sp. MAS3 is designated as acid tolerant strain.

3.4. Practical applications and prospects of the present findings

Very recent report from NASA (Global Climate Change, 2018) in-
dicates that anthropogenic activities resulted in a relative 93% increase
in atmospheric CO, during the last 12 yrs. Also, the European Union
dedicated to cut CO, and other greenhouse gas emissions based on the
UN Framework using microalgae (CORDIS, 2013). Sequestration of CO,
by microalgae is often limited due to mass transfer in raceway ponds
and requires the specific design of photobioreactors to produce biomass
for revenue generation (Abinandan et al., 2018b). Furthermore, CO,
reacts with water to form carbonic acid resulting in very acidic pH
necessitating the addition of hydroxides to maintain the required bi-
carbonate for microalgal growth (Van Den Hende et al., 2012). These
factors cause more capital and energy investments, thus always un-
derestimating the promising values of the microalgal technology for
biomass production. It is imperative to explore and identify the mi-
croalgae as a primary indicators/tools to sequester at least the CO,
emission from industrial activities such as flue gas that contributes
about 10-20% CO,, (Sakarika and Kornaros, 2016). However, the flue
gas reaction with water creates a very acidic environment suggesting
that the acidophilus microalgae are a possible alternative for CO, se-
questration (Neves et al., 2018).

The stress for acidophilic microalgae in acidic conditions is much
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less compared to non-acidophiles and it reflects in less biofuel pro-
duction by the former group. Hence, non-acidophilic microalgae should
be bio-prospected for biomass and biodiesel production under extreme
acidic environments. Several studies that exploited microalgae to pro-
duce biofuel relied mostly on nutrient stress and varying other growth
conditions such as phototrophy, mixotrophy and heterotrophy
(Cheirsilp and Torpee, 2012; Huang et al., 2017; Ma et al., 2017; Kose
Engin et al., 2018). However, while acclimating non-acidophilic mi-
croalgae for lipid production, their response to varying nutrients needs
to be thoroughly understood. In fact, this approach would be especially
beneficial in many developing countries such as Vietnam, Laos, Cam-
bodia and Myanmar for alleviating the levels of excess nutrients in
wastewaters and probable effluents from the mine sites (Reichl et al.,
2018). For instance, wastewaters from shrimp farming in Vietnam
generate high amounts of nitrogen (159kg ™ ha~!crop™!) and phos-
phates (19.6kg™'ha™'crop™!) that can be utilized for microalgal
biofuel production (Vo et al., 2018). Also, reports suggest that acid-
tolerant microalgae produce carotenoids and lutein in response to stress
implying their applications for producing commercial nutraceuticals
(Vaquero et al., 2014). Interestingly, acidophilic microalgae found in
such extreme environments as AMDs develop tolerance to survive ra-
ther than remediating the contaminants (Abinandan et al., 2018a).
Hence, consortia of acidophilic microalgae and acid-tolerant micro-
algae obtained from non-acidophilic environments can be the best
candidates for remediation of AMDs. Future research must include a
wide array of non-acidophilic microalgae to establish their greater
potential in production of biomass and biofuel under extreme acidic
conditions.

4. Conclusions

Present investigation demonstrated that selective non-acidophilic
microalgae can grow well under acidic conditions through passive
diffusion of CO,. This acclimation could be ascribed to downregulation
of carbohydrate-pathway and upregulation of protein and lipid-path-
ways as evidenced in Desmodesmus sp. MAS1 and to a lesser extent in
Heterochlorella sp. MAS3. The FAME yield during acclimation was re-
latively high in both the strains compared to neutral conditions, in-
dicating the biofuel potential. This study provides a proof-of-the-con-
cept that non-acidophilic microalgae can acclimated to acidic
conditions for the potential use in the sustainable production of biomass
and biodiesel under extremely acidic conditions as exist in AMDs.
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