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Abstract 

 Oleaginous algae is an attractive feedstock to relieve reliance upon fossil fuels in an 

environment-friendly manner. Research areas such as nutrient cost and lipid enhancement 

needs great consideration and improvement for algae biofuels to become a commercial 

reality. The strategy which can simultaneously support high biomass with enhanced lipids 

under natural light (sunlight) with nutrient regulation approach has been successfully 

deployed under current investigation. The growth dynamics of green microalga Chlorella 

saccharophila with employment of urea as a nitrogen source was studied under natural light 

(NL)with irradiance reaching up to 1500µmol photons m-2s-1. Concurrent increase in lipid 

productivity (0.10 g L-1 d-1) along with biomass productivity (0.33 g L-1 d-1) and lipid content 

(30.6%) was achieved with 0.25 g L-1 of urea compared to other urea concentrations of 0.1 g 

L-1and 0.5 g L-1without compromising biomass. Further, the widely reported two-stage 

cultivation strategy of nitrogen starvation for microalgal lipid enhancement was compared 

with one-stage acclimated stress strategy. Results dictated the potential of one-stage 

acclimated stress strategy deployed under natural light regime as a suitable approach for C. 

saccharophila lipid enhancement with maximum lipid productivity of 0.12 g L-1 d-1. C16:0 

and C18:1 rich fatty acid profile indicated the candidature of species as an oleaginous 

feedstock for bio fuels. 

 

Keywords: Chlorella saccharophila, natural light, urea, photophysiology, acclimated stress, 

FAMEs, biofuels 

 
Introduction 

Oleaginous microalgae have been known for their tremendous potential as next 

generation fuel, however its commercial viability has been limited due to multiple factors. 

These challenges include strain improvement, nutrient management, photo bioreactor design 

and economics of entire process (Hu et al., 2008, Hannon et al., 2010).In addition, one of the 
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major challenges has been to deploy strategies in order to develop oleaginous feedstock in a 

sustainable manner. Among the strategies studied for algal lipid enhancement, biochemical 

engineering (BE) and nutrient-starvation/stress, classically involving two stage cultivation are 

the most commonly employed approaches (Li et al., 2010, Rodolfi et al., 2009). In case of 

BE, the strategies are based on variations in cultivation conditions, such as nutrient type and 

concentration, light quality and intensity, temperature, salinity, CO2 availability, and 

photoperiod (Courchesne et al., 2009). It has been extensively advocated that two stage 

cultivation strategies enhance lipid content by inducing nitrogen starvation, nutrient stress, 

salinity stress etc. However, it has also been realized that the outcome of these approaches is 

increase in oil content at the expense of biomass which in turn decreases the overall lipid 

productivity. In addition, studies for lipid enhancement in algae are mainly evaluated under 

controlled laboratory conditions with few exceptions and are difficult to translate during 

outdoor cultivation. During outdoor cultivation with high light intensity, algae experience 

additional abiotic stress and thus channelize energy flux towards protective mechanisms to 

cope with the same. Therefore, employment of traditionally promoted stress-strategy to 

increase oil content would also induce additional stress on cellular metabolism leading to loss 

of biomass and thus inevitably affects lipid productivity. Moreover, these conventional two 

stage practises are tedious, cost and labour intensive to be implemented at large scale and 

thus are limited to laboratory studies. This limitations demand a strategy which does not 

involve two-stages and can be deployed with one-stage cultivation for generation of 

oleaginous feedstock in a cost effective and sustainable manner. 

Knowing the role of stress induction in improvement of oil content, any approach 

which induces acclimated stress than acute can positively achieve the high lipid productivity. 

According to He etal., 2015, fluctuating light intensities under outdoor conditions can be 

economic and effective approach for oleaginous feedstock generation. Thus judicious 

exploitation of available solar insolation may offer advantages for developing one stage 

cultivation strategy. Further, such strategy deployment demands paradigm shift in the 

approach where in moderate to high lipid content is achieved without compensating biomass 

density and in turn improve the chances of translation and scalability. The acclimated stress 

induced by combined effect of high light and nutrient limitation at the end of the growth 

phase may yield higher lipid productivity.  

In the light of aforementioned background, the current research work has directed 

towards deployment of a one-stage lipid enhancement strategy which is low in operative cost, 
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easily scalable and importantly support high oil productivities as opposed to the limitations of 

two-stage cultivation using a oleaginous green microalga Chlorella saccharophila under 

natural high light irradiance (up to 1500 µmol photons m-2 s-1). Further, the alga was studied 

for its photosynthetic performance under different growth conditions in order to evaluate the 

strategies which can lead to improved overall lipid productivity. 

 

Materials and Methods 

Algal strain and culture medium 

Chlorella saccharophila (UTEX # 247)was procured from the culture collection of 

algae, University of Texas, USA. The alga was cultured in modified BG-11 (MBG-11) 

medium with the following composition: Na2CO3 (20 mg L-1), NaNO3 (750 mg L-1), Na2Mg 

EDTA (1 mg L-1), ferric ammonium citrate (6 mg L-1), citric acid.H2O (6 mg L-1), 

CaCl2.2H2O (36 mg L-1), MgSO4.7H2O (75 mg L-1), K2HPO4 (30.5 mg L-1), H3BO3 (2.86 mg 

L-1), MnCl2.4H2O (1.81 mg L-1), ZnSO4.7H2O (0.222 mg L-1), CuSO4 .5H2O (0.079 mg L-1), 

COCl2.6H2O (0.050 mg L-1), NaMoO4.2H2O (0.391 mg L-1). The culture was maintained 

under light intensity (~55 µmol photons m-2 s-1) in an incubator with temperature (28-30°C). 

 

Experimental set up 

With the aim to investigate the effect of urea on biomass and lipid productivity, 

studies were conducted under natural light regime. Prior to experimentation, the strain was 

acclimatized for two weeks under natural light (NL; ~1500 µmol photons m-2 s-1) condition. 

The cultures were exposed to the photoperiod (12:12h light:dark), temperature (28-30°C) and 

mixed by purging ambient airin an environmental laboratory housing algal cultures with 

access to sunlight (Fig.1).C. saccharophila cultures adapted to natural light regime in 

exponential phase was inoculated in 1 L tubular polyethylene reactors containing urea 

concentrations of 0.1, 0.25, and 0.5 g L-1 by keeping other nutrients unchanged of MBG-11. 

Culture grown in MBG-11 with sodium nitrate as a nitrogen source was treated as a control. 

The run was conducted in triplicates. Urea uptake was monitored on daily basis and the 

samples were processed to determine the biomass and lipid productivity after 10 days of 

cultivation. 
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Fig.1 Experimental set up for algal cultivation(a) Environmental laboratory facility at DBT-

ICT-CEB, Matunga, Mumbai(b) Polythene tubular photobioreactors (1L) used for cultivation  

 

In order to study the impact of different lipid enhancement strategies under NL 

regime, the C. saccharophilacultures grown up to late exponential phase were subjected to 

respective lipid enhancement strategies at urea deplete stage (day 7). This stage would ensure 

the complete consumption of supplemented urea to achieve maximal growth. Further the 

impact of stress induction in cultures with induced (two-stage starvation) and acclimated 

(one-stage starvation) on lipid biosynthesis was assessed as shown in Fig. 2.  

 

Effect of nutrient starvation on lipid production 

In order to study the effect of nutrient starvation on lipid production, the culture at 

urea deplete phase (day 7) was harvested and subjected to nitrogen stress by suspending the 

desalted biomass in MBG-11 medium devoid of nitrogen source (two-stage cultivation). The 

culture of N deplete phase (day 7) grown continuously upto 15 days (one-stage cultivation) 

was set as control. The lipid content and productivity were determined at day 7, 12 and 14. 

 

 

 

 

 

 

Fig. 2Diagrammatic representation of nitrogen starvation strategy 
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Analysis of Growth parameters 
Growth and dry weight determination  

Measurements of culture density were made spectrophotometrically by reading 

absorbance at 750 nm using a Shimadzu UV 2550 UV-Vis spectrophotometer at regular time 

interval of 24 hrs. Cultures were diluted suitably if absorbance exceeded a value of 1.0.  

For determination of dry weight, the 25 mL of culture was centrifuged and pellet was 

desalted with repeated washes of distilled water. Biomass was dried at 60° C till three 

constant readings of weight were obtained. Biomass productivity was determined in terms of 

g L-1 d-1. 

 

Nitrate uptake study 

 The nitrate consumption was estimated as method described by Carvalho et al., 1998. 

In brief, one ml culture was centrifuged for 5 min at 10000 rpm to pellet down the cells. 

Absorbance of supernatant was measured at 220 nm using a Shimadzu UV 2550 UV-Vis 

spectrophotometer. Nitrate estimation was performed at regular time interval of 24 hrs to 

assess nitrogen-deprived phase wherein medium nitrogen content was less than 50 ppm. 

 

Urea uptake study 

 Urea consumption is analysed with modification in the protocol described by the 

manual of methods of analysis of foods(Government of India., 2012). Urea concentration was 

estimated using dimethyl amino benzaldehyde (DMAB) solution (0.8 g DMAB dissolved in 

50 ml ethyl alcohol; 5 ml concentrated hydrochloric acid added to form clear yellowish 

solution). 0.5 ml of DMAB solution was mixed with 0.5 ml culture supernatant and incubated 

at room temperature for 10 min. Absorbance was measured at 420 nm using a Shimadzu UV 

2550 UV-Vis spectrophotometer. 

 

Extraction of total lipid content  

Total lipid content was estimated by the method of Ryckebosch et al., 2012 with some 

modifications. In brief, 50 mg of dry algal biomass (finely powdered) was incubated in 

chloroform: methanol (1:1) at 60°C for 30 min. After cooling samples, 5 ml water was added 

to set CHCl3: CH3OH: H2O (1:1:0.5) ratio. Phases were separated in a separating funnel. 

Chloroform phase containing lipid was separated and solvent was evaporated using rotary 

vacuum evaporator at temperature (<60°C). Lipid content was estimated gravimetrically 

using formula :Total Lipid content (%) = (Weight of lipid residue/Weight of biomass) ×100 



JOURNAL OF INTERNATIONAL ACADEMIC RESEARCH FOR MULTIDISCIPLINARY 
Impact Factor 3.114, ISSN: 2320-5083, Volume 5, Issue 1, February 2017 

 

114 
www.jiarm.com 

Characterization of fatty acid profile 

In order to determine the fatty acid profile, algal lipids extracted as per the 

aforementioned protocol were transesterified to corresponding FAMEs by method described 

by Morrison and Smith., 1964. For the reaction, 50 mg of total lipid sample was incubated 

with methanol and BF3-methanol (HPLC grade) at 100°C for one hour. Resulting FAMEs 

were extracted with hexane (HPLC grade) and their profile was determined with a gas 

chromatograph (Agilent 6850 series) equipped with mass spectrometer as a detector. 

Analytes were separated on HP-5 MS column using a temperature program of 100°C with 1 

min followed by a first temperature ramp of 25°C per minute to 200°C for 1 minute and 

second temperature ramp of 5 °C per minute to 250°C for 7 min. Helium gas flow was set at 

1.0 mL min-1. Sample sizes of 1µL were injected with a split ratio 5:1. Sample peaks were 

identified by comparing retention times with FAME standard (37 component FAME mix) 

purchased from Supelco-sigma and compounds were identified by matching mass spectra 

with MS library. 

 

Photo-physiology study 

Chlorophyll fluorescence was measured non-invasively using the Dual-PAM-100 

(Hienz Walz Gmbh, Effeltrich, Germany). Sample was dark-adapted for 15 min prior to 

initial (F0) and maximum (Fm) fluorescence level measurements. The following chlorophyll 

fluorescence parameters were calculated using Saturation Pulse method. The maximum and 

effective quantum yields of PSII were calculated as Fv/Fm=(Fm-F0)/Fm and Y(II)=(Fm
’-F)/Fm

’, 

respectively. Nonphotochemical quenching (NPQ) which dictates heat loss was calculated as 

(Fm-Fm’)/ Fm’. The regulated and non-regulated energy dissipation Y(NPQ) and Y(NO) was 

calculated as, Y(NPQ)=F/Fm’-F/Fm and Y(NO)=F/Fm(Klughammer and Schreiber., 2008). 

 

Statistical analysis 

All the experiments were performed in triplicates. Experimental data are presented as 

± standard deviation (SD) calculated using Microsoft excel. 

 
Results and Discussion 
Effect of varying urea concentrations on growth profile andurea uptake 

byC.saccharophila 

The study involves assessment of effect of different urea concentrations on growth 

performance of C. saccharophila. As shown in Fig. 3 (a),C. saccharophilashowed 



JOURNAL OF INTERNATIONAL ACADEMIC RESEARCH FOR MULTIDISCIPLINARY 
Impact Factor 3.114, ISSN: 2320-5083, Volume 5, Issue 1, February 2017 

 

115 
www.jiarm.com 

compromised growth when grown with 0.1 g L-1 and 0.5 g L-1 of urea. Maximum growth was 

observed in cultures grown with 0.25 g L-1 urea and was found to be higher than control. 

Cultures grown with 0.25 g L-1 urea were exposed to same nitrogen concentration on weight 

basis (0.12 g L-1 of nitrogen) as that of cultures grown with 0.75 g L-1 of sodium nitrate 

(control). The increase in growth was noted despite of supplementation of same nitrogen 

concentration which could be attributed to the organic constituent of urea. The growth 

promoting role of 0.25 g L-1of urea compared control to MBG-11 could be explained with the 

studies of Sharma et al., 2016, wherein they have investigated the effect of varying nitrogen 

sources; urea, sodium nitrate, potassium nitrate, and diammonium phosphate and found that 

urea was the preferred nitrogen source for Chlorella species. Preference for urea over sodium 

nitrate by microalgal cells could be explained with the basic pathways employed by cells for 

nitrogen utilization. In cells, nitrate first reduces to nitrite by nitrate reductase followed by 

nitrite reductase to ammonium. Reduction of nitrite to ammonia is an energy consuming 

process. However, during urea assimilation, urea first dissociates to form carbon dioxide and 

ammonium ion via urease enzyme. Thus the urea uptake is single-step enzymatic process 

whereas nitrate consumption is two-step process. Moreover, urea being organic source of 

carbon, addition of carbon dioxide was responsible for increased biomass and lipid 

production. Simultaneous monitoring of urea consumption along with growth showed 

complete consumption of urea on day 2, day 4 and day 6 with 0.10 g L-10.25 g L-1and0.50 g 

L-1ureaconcentrations respectively [Fig. 3 (b)]. 

 

 

 

 

 

 

 

Fig. 3Effect of different urea concentrations on(a) growth and (b) urea consumptionof 

C. saccharophila. (Values are average ± SD). 

Studies of Kalita and Goswami., 2011, on effect of different concentrations of urea on 

growth have reported that the urea concentration beyond 0.10 g L-1 was inhibitory to cells 

which resulted decrease in biomass and cell number of Scenedesmus dimorphus 

andScenedesmus quadricauda. In contrast, current study showed urea concentrations higher 
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than0.10 g L-1 were not detrimental to cells and supported maximum growth with increase in 

urea concentration up to 0.25 g L-1. However, cultures supplemented with 0.50 g L-1 of urea 

supported the culture growth initially but turned out to be detrimental during later stages of 

the growth presumably due to toxic effect of urea. This observation could be explained by the 

studies of Choochote et al., 2010,wherein they have also observed the decline in growth of 

cultures supplemented with urea concentrations >1g L-1after day 5 of cultivation. This decline 

in growth was attributed to the ammonia toxicity which was resulted as urea was quickly 

converted to ammonia at higher concentrations. Thus, C. saccharophila was found to utilize 

urea as a nitrogen source efficiently and 0.25 g L-1 of urea was realized to be optimum 

concentration supporting the maximum growth. 

 

Effect of varying urea concentrations on biomass and lipid productivity  

The effect of initial quantity of urea on growth, biomass and lipid productivity was 

studied. To evaluate this effect, all cultures were monitored for their biomass and lipid 

content during logarithmic phase (day 4) and stationary phase (day 10). The results showed in 

Table 1 clearly indicated that though the lipid content increased with cultivation time (from 

day 4 to day 10), initial concentrations of urea did not considerably influence the total lipid 

content in logarithmic (day 4) and stationary phase (day 10). This increase in lipid content 

could be due to nitrogen deplete condition induced by complete uptake of nitrogen source 

from the media. Despite of comparable lipid content to control and other urea 

concentrations,0.10 g L-1 of urea did not support high biomass which resulted in lower lipid 

productivity. In contrast to our observation, most of the prior art studies support 0.1 g L-

1ofurea as the optimum concentration for algal growth. Heish and Wu., 2009, have reported 

0.10 g L-1 of urea as optimum concentration for marine strain of Chlorella species. It is 

noteworthy that the study was conducted with light intensity of 600 µmol photons m-2 s-

1whereas the current study employed natural high light intensity reaching up to 1500 µmol 

photons m-2 s-1. This could be the major factor apart from species specificity for higher 

demand of urea to achieve optimal productivity.  

Though cultures grown with 0.5 gL-1 of urea exhibited similar lipid content as that of other 

concentrations, it showed inhibitory effect towards biomass production and thus resulted into 

reduced lipid productivity. This observation was in line with the reports of Zhou et al., 2013, 

wherein they have also investigated the effect of varying urea concentrations on Chlorella 

species and observed that the spontaneous hydrolysis of urea into ammonia caused ammonia 
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toxicity to the cultures supplemented with 0.50 g L-1of urea, which in turn resulted in 

decreased growth. According to Wijanarko 2011., under high urea concentration, excess of 

intracellular ammonium inhibited the ATP formation following the substrate activation (urea 

hydrolysis) resulting in growth inhibition. Thus lower productivities obtained with0.50 g L-

1of urea could be attributed to oversaturation of ammonia which turned growth inhibitory in 

the present studies.  

Table 1 Biomass productivity, lipid productivity and lipid content of C. saccharophila grown 

with different concentrations of urea in logarithmic and stationary phase. (Values are average 

± SD). 

 

The urea concentration of 0.25 g L-1 resulted in higher biomass productivity (0.33 g L-

1 d-1), lipid content (30.6%) and lipid productivity (0.10 g L-1 d-1) compared to other 

concentrations investigated in stationary phase (day 10). Two fold increase in biomass 

productivity and 2.3 fold increase in lipid productivity was achieved with 0.25 g L-1 of urea 

compared to 0.10 g L-1. In comparison with 0.5 g L-1of urea, 1.6 and 1.8 fold increase in 

biomass and lipid productivity respectively was observed with 0.25 g L-1of urea. Moreover, 

the maximum lipid productivity of 0.10 g L-1 d-1obtained with 0.25 g L-1 of urea showed 1.4 

fold increase compared to control (Table 1).Therefore, 0.25 g L-1of urea was found to be 

optimum concentration supporting maximal biomass and lipid productivity. 

In the current investigation as shown in Fig. 3 (b), cells grown with 0.25 g L-1of urea 

showed complete uptake of urea at day 4 and thus the cells were starved for nitrogen by day 

10 of cultivation. Typically higher light intensity triggers higher metabolic rate which could 

beresponsible for early exhaustion of nitrogen from the media. Also, enhancement in lipid 

content under urea limitation can be supported by the fact that lipids biosynthesis is triggered 

Urea concentration ( g L-1 ) Control 0.1 0.25 0.5 

Day 4 Logarithmic phase 

Biomass productivity ( g L-1 d-1) 0.23± 0.014 0.10 ± 0.007 0.24 ± 0.014 0.14 ± 0.021

Lipid productivity ( g L-1 d-1) 0.04 ± 0.001 0.02 ± 0.001 0.05 ± 0.006 0.03 ± 0.005

Lipid content (%) 19.2 ± 0.92 21.8 ± 0.21 21.0 ± 1.13 18.8 ± 0.50 

Day 10 Stationary phase 

Biomass productivity ( g L-1 d-1) 0.26 ± 0.007 0.16 ± 0.01 0.33 ± 0.014 0.21 ± 0.021

Lipid productivity ( g L-1 d-1) 0.07 ± 0.003 0.04 ± 0.004 0.10 ± 0.002 0.06 ± 0.008

Lipid content (%) 27.1 ± 0.42 27.7 ± 0.28 30.6 ± 0.71 26.8 ± 1.13 
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as one of the stress responses to provide a sink for excess excitation (light) energy in order to 

avoid a threat posed by photo oxidative damage (Sharma et al., 2012). Under nitrogen 

starvation, biosynthesis of amino and nucleic acids is arrested, but the light reactions of 

photosynthesis are still active. Therefore, in order to minimize free radicals production, one 

of the ways to quench the electrons in the thylakoid membrane is to synthesize lipids which 

do not require nitrogen. Additionally, enhancement of lipids with urea limitation under NL 

can be supported by the study of Yadavalli et al., 2012, wherein they have reported that less 

susceptibility of lipid-synthesizing enzymes for disorganization than carbohydrate 

synthesizing enzymes under nitrogen starvation is responsible for lipid biosynthesis.  

 

Effect of varying concentration of urea on photophysiology 

The effect of varying urea concentrations on photophysiology was analysed and 

results are shown in Fig. 4.The cultures provided with 0.5 g L-1 of urea showed a decline (1.5 

fold) in the effective quantum yield of photo system II, Y(II) indicating decrease in fraction 

of light energy entering the photochemistry through linear electron flow compared to control. 

Moreover, concomitant increase of 2.6 fold in non-regulated energy dissipation, 

Y(NO)indicates damage caused by higher urea concentration and in turn the photo protective 

capacity as compared to control. The ammonia toxicity along with excess illumination 

probably had led to closed reaction centers which ultimately affected the PSII (Klughammer 

and Schreiber., 2008).Miyao and Murata.,1984 have reported that higher urea concentration 

affects the oxygen evolution complex (OEC) and damage caused to the complex 

consequently affect the electrogenes is which drives photosynthesis. Therefore, the reduced 

biomass productivity observed with0.5 g L-1 of urea could be possibly due to reduced 

photosynthetic efficiency denoted by decreased Y(II). 

In case of cultures provided with 0.1 g L-1 ofurea, 14.64% decrease in Y(II) in 

comparison with control was observed. Y(NPQ) which provides safe dissipation of excess 

light energy as heat with high photo protective capacity showed 73.03% increase compared to 

control. Thus increased Y(NPQ)showed the loss of excess light energy impinged via 

regulated heat loss mechanisms to avoid the possible photo damage under urea limitation 

which has reflected in lowered biomass and in turn the low lipid productivity. Low 

concentration of urea cannot meet the cells protein requirement, thus affecting metabolic 

processes specifically photosynthetic proteins under nitrogen depletion stage. Our 

observation is in agreement with documented studies of Herrig and Falkowski., 1989 where 
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in it has reported that nitrogen limitation in Isochrysis galbana is known to reduce the level 

of light harvesting protein complexes along with reduction of RuBisCO which in turn have 

affect the photosynthesis process. 

On the other hand, urea concentration of 0.25 g L-1 showed enhanced biomass and 

lipid productivity compared to control. These cultures showed the maximum Y(II) of (0.63) 

with minimum Y(NO) of 0.027, with safe dissipation of excess light indicated by Y(NPQ) 

signifying proper functionality of PSII. The efficient light handling mechanisms employed by 

cells grown with 0.25 g L-1 of urea showed 26.92% increase in biomass productivity as 

compared to control on day 10. Thus the analysis of photophysiology data clearly supported 

the improved growth performance in 0.25 g L-1of urea supplemented cultures. 

 

 

 

 

 

 

   

 

 

 

Fig. 4Effect of different urea concentrations onchlorophyll a fluorescence parameters inC. 

saccharophilaat stationary phase.(Values are average ± SD). 

 

Comparison between two-stage and one-stagecultivation strategies on lipid productivity 

inC. saccharophila 

Based on results discussed in section 3.3,0.25 g L-1 of urea grown cultures were 

further analysed for their performance under widely reported two-stage nitrogen starvation 

strategy employed for microalgal lipid enhancement. Under two-stage strategy, cultures 

grown in 0.25 g L-1 of urea were harvested on day 7 (urea deplete stage) and exposed to fresh 

MBG-11 medium devoid of urea (starvation stage).The culture performance was also 

compared with one-stage strategy (control) wherein the culture was continued to grow for 14 

days without any change in the medium and the results are showed in Table 2.In two-stage 

cultivation, during second stage, the chlorophyll a content of21.13 µg mL-1(day 7)was 
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decreased to 1.73 µg mL-1(day 14) denoting nearly complete degradation of chlorophyll a. 

Moreover, around ten-fold reduction in chlorophyll b content was noticed. The significant 

decrease in pigment content could be due to the fact that under nutrient mainly nitrogen 

starvation, the cell growth ceases and pigments are broken down to supply nitrogenous 

precursors to fulfil the cellular metabolic demands (Falkowski et al., 1989). However, 

carotenoids did not show drastic difference up to day 14 of stress induction. This observation 

offered photoprotection by carotenoids under physiological stress conditions. Pigment 

content reduced beyond the detection level and hence could not be estimated on day 16. The 

maximum lipid content (45.59%),lipid productivity (0.09g L-1d-1) and biomass productivity 

(0.19g L-1d-1) were obtained on day 14. The increase in total lipid content and lipid 

productivity of 1.6 and1.8 fold respectively was noticed on day 14 along with marginal 

increase in biomass productivity compared day 7. Increase in biomass under nitrogen 

starvation was not due to the cell growth but owing to enhanced lipid content which has 

contributed to the increase in cell weight.  

In case of one-stage cultivation, the cells were continued growing in a medium 

wherein nitrogen starvation was induced due to exhaustion of urea on day 7. As expected, 2.4 

fold reduction in chlorophyll a content was observed on day 14 compared to day 7 owing to 

nitrogen starvation. It is noteworthy that like two-stage cultivation, no significant decrease in 

chlorophyll b was noticed in one-stage cultivation. In fact, there was increase in carotenoid 

content with progression of nitrogen starvation under one-stage cultivation. This observation 

showed altogether different trend of pigment turn over than observed for two-stage nitrogen 

starvation. In one-stage, the pigments were not completely degraded but maintained at a 

critical level which have harvested the light to provide energy (ATP) and reducing power 

(NADPH) essential for lipid biosynthesis. Our results demonstrated that direct nitrogen 

starvation under two-stage cultivation and growth-induced nitrogen starvation under one-

stage increased the total lipid content with time. However, these starvation strategies had 

significantly different impact on biomass production. In case of two-stage cultivation, the 

biomass productivity showed 36.7% decline compared to one-stage cultivation on day 14. 

This decline indicates that enhancement in lipid content achieved with two-stage cultivation 

was at the cost of biomass which ultimately reduced the overall lipid productivity. 
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Table 2Effect of two-stage and one-stage nitrogen starvation on lipid production in C. 

saccharophila. (Values are average ± SD). 

Two-stage strategy 

Day 
Lipids 

% 

Biomass 

Productivity 

(g L-1 d-1) 

Lipid 

Productivity 

(g L-1 d-1) 

Chlorophyll 

a 

(µg mL-1) 

Chlorophyll 

b 

(µg mL-1) 

Carotenoid 

(µg mL-1) 

7 28.3 ± 1.34 0.16 ± 0.01 0.05 ± 0.004 21.13 ± 0.97 4.62 ± 0.25 7.8 ± 0.15 

12 33.33 ± 0.56 0.17 ± 0.00 0.06 ± 0.001 10.47 ± 0.40 1.09 ± 0.57 6.24 ± 0.52

14 45.59 ± 2.18 0.19 ± 0.01 0.09 ± 0.010 1.73 ± 0.12 0.45 ± 0.16 5.12 ± 0.04

16 40.12 ± 0.57 0.12 ± 0.00 0.05 ± 0.002 - - - 

One-stagestrategy 

Day Lipids % 

Biomass 

Productivity 

(g L-1 d-1) 

Lipid 

Productivity 

(g L-1 d-1) 

Chlorophyll 

a 

(µg mL-1) 

Chlorophyll 

b 

(µg mL-1) 

Carotenoid 

(µg mL-1) 

7 28.30 ± 1.34 0.16 ± 0.01 0.05 ± 0.004 21.13 ± 0.97 4.62 ± 0.25 7.8 ± 0.15 

12 35.65 ± 1.04 0.22 ± 0.01 0.08 ± 0.004 8.01 ± 0.40 4.41 ± 0.24 8.32 ± 0.25

14 40.28 ± 1.50 0.30 ± 0.01 0.12 ± 0.002 8.66 ± 0.16 3.50 ± 0.37 9.72 ± 0.45

16 36.21 ± 2.55 0.23 ± 0.01 0.08 ± 0.008 2.01 ± 0.23 1.03 ± 0.30 5.06 ± 0.10

 

During one-stage cultivation, the culture acclimatised to the stress induced by 

nitrogen starvation from day 7 to day 14. However, this stress induction was gradual than 

acute as in case of two-stage cultivation. This naturally induced stress termed as acclimated 

stress, wherein with gradual exhaustion of nitrogen/nutrients from the media, the culture is 

acclimatised to induced stress with time. During this stress acclimation, the lipid biosynthesis 

pathway and pigment machinery are simultaneously modulated to manage nitrogen deficient 

condition. Under such condition, the induced acclimated stress will eventually lead to chronic 

stress condition which will ultimately lead to biomass loss. Therefore, it is imperative to 

determine the optimal harvest time for culture under acclimated stress. Under the current 

investigation, the lipid productivity was found to decrease after day 14 with further exposure 

to nitrogen starvation during one-stage cultivation (Table 2). Thus day 14 was found to be the 

optimal harvest time in order to achieve high lipid productivity. 
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Effect of nutrient starvation photophysiology of C. saccharophila 

In case of two-stage cultivation, during second stage, 25.92% decrease in effective 

quantum yield, Y(II) was observed compared to one-stage cultivation on day 14. Further, this 

decrease was substantiated with increase in no photochemical quenching (NPQ) indicating 

the heat loss from PSII under excess illumination. On day 14, 38.84% increase in NPQ was 

observed compared to one-stage cultivation (Table 3).According to Masojidek et al., 2000, 

the decrease in Y(II) under nitrogen limited conditions could be due to reduced 

photosynthetic pigments which in turn have decreased the rate of photosynthesis. Under the 

current investigation, during two stage cultivation, there was a substantial reduction in 

photosynthetic pigments which could be responsible for the decrease in Y(II).  

 

Table 3Effect of two-stage and one-stage nitrogen starvation on photophysiology C. 

saccharophila. (Values are average ± SD). 

Two-stage strategy 

Day Y(II) NPQ Fv/Fm Y (NPQ) Y (NO) 

7 0.28 ± 0.014 4.56 ± 0.106 0.45 ± 0.007 0.59 ± 0.007 0.13 ± 0.007

12 0.27 ± 0.014 10.02 ± 0.976 0.22 ± 0.007 0.65 ± 0.021 0.07 ± 0.014

14 0.20 ± 0.007 8.4 ± 0.332 0.20 ± 0.035 0.52 ± 0.014 0.28 ± 0.007

One-stage strategy 

Day Y(II) NPQ Fv/Fm Y (NPQ) Y (NO) 

7 0.28 ± 0.014 4.56 ± 0.106 0.45 ± 0.007 0.59 ± 0.014 0.13 ± 0.000

12 0.29 ± 0.007 9.38 ± 0.021 0.39 ± 0.035 0.62 ± 0.007 0.09 ± 0.014

14 0.27 ± 0.021 6.05 ± 1.153 0.31 ± 0.021 0.58 ± 0.014 0.15 ± 0.035

 

However, in case one-stage cultivation, the acclimated stress modulated 

photosynthetic machinery after day 7, which ensured retention of photosynthetic efficiency. 

Under acclimated stress, the excess of light energy was dissipated as heat via regulated 

processes as indicated by increase in Y(NPQ) and decline in Y(NO)  on day 14 in contrast to 

two stage cultivation. The present results are in agreement with the studies of White et al., 

2011, wherein they have reported increase in NPQ and decrease in Fv/Fm is a consequence of 

a reduction in photosynthetic efficiency caused due to nutrient depletion. 

Thus, the results clearly dictated that one-stage acclimated stress strategy with urea 

can be effectively used for cultivation of C. saccharophilato obtain higher biomass and lipid 
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productivity compared to conventional two-stage cultivation strategy. The interactions 

between different culture parameters under one-stage acclimated stress strategy is 

summarised in Fig.5.The one-stage acclimated stress strategy offers advantage in terms of 

ease of operation and cost-effectiveness at large scalecompared to tedious and energy 

intensive operations of two-stage strategy. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5Schematic of interactions between light and nutrients under acclimated stress  
 

Effect of varying urea concentration on fatty acid profile of C. saccharophila 

High lipid productivity with suitable fatty acid profile is a key desirable characteristic 

of an oleaginous feedstock species for biodiesel production. Different environmental and 

culture conditions have significant influence on characteristic fatty acid profile which in turn 

controls the fuel properties such as cetane number, oxidative stability, cold-flow, etc. Highly 

saturated fatty acids give an excellent cetane number and oxidative stability to biodiesel 

(Chinnasamy et al., 2010). Lipid profile of most green microalgal species consists of mainly 

C16 and C18 fatty acids which are crucial from biofuel perspective. Our studies showed that 

C. saccharophila contained higher percentages of C16:0 and C18:1 fatty acids (Fig. 6) 

dictating suitability as per biofuels standard requirements. 
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Fig.6 Characterization of fatty acid methyl esters (FAMEs) profile of C. saccharophila 

 

Media cost analysis 

Nutrient cost is one of the important parameters governing overall sustainability of 

large scale algae production facility (Slade and Bauen., 2013). Therefore, it is imperative to 

investigate the costing of media components in order to select cost-effective nutrient sources. 

As per the media cost comparison based on bulk chemical prices,around 4.5 reduction in per 

liter media cost could be achieved by replacing sodium nitrate of BG-11 (0.09INR= 0.14 cent 

USD) medium with commercial grade urea (0.02INR = 0.03 cent USD) at much lowered 

concentration. Moreover, in the context of commercialization, the current study clearly 

demonstrates that the one-stage acclimated strategy deploying natural irradiation results in 

improved biomass and lipid productivities, generates improved quantities of biomass/oil per 

liter media and thus improves overall sustainability.  

 

Conclusion 

The study highlighted that C. saccharophila showed improved lipid productivity of 

0.12 g L-1d-1 with BG-11 media modified for 0.25g L-1 ofurea as the nitrogen source. One-

stage acclimated stress strategy with urea under natural high irradiation offers sustainability 

compared to widely reported two-stage nitrogen starvation at large scale.Chlorophyll 

fluorescence study provided important insights regarding relationship between acclimated 

stress and its effect on biomass and lipid production and supported the potential of 

deployment one stage acclimated tress strategy to generate oleaginous microalgal feedstock.  
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