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Micronutrient
optimization can
simultaneously increase
lipid, carbohydrate and
biomass productivity
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Abstract

We report the cultivation o€hlorella sorokinianastr. SLA-04 in media containing trace
amounts of Ca and Mg. The differences in produisiof biomass, lipids and carbohydrates
were assessed relative to cultures grown in stdne@dia (BG-11) that contain approximately
8x higher concentration of Ca and 30x higher cotraton of Mg. Culture performance in N-
limited standard media was also investigated. bhitemh to growth and accumulation of storage
products (lipid and carbohydrate), we measureduthigation of N, Ca and Mg and monitored
changes in cell size and photosynthetic activityr @sults showed that limitation of Ca or Mg
did not inhibit cell replication and culture growt®n the contrary, Ca-limited (Ealimited
cultures had ~30% higher biomass productivity redato the control with excessive nutrients
possibly due to improvement in cell wall flexibjliand cell division. We also observed that Ca
and Mg-limited (Mg) cultures had nearly 3-fold higher lipid concetitia (measured as fatty
acid methyl ester) and 50% higher carbohydrate exatnation than the nutrient excess control
cultures. Simultaneous culture growth and lipidumsualation in C& and MJ cultures suggest
that de novosynthesis was the primary mechanism for lipid audation in Ca/Mg-limited
media. Overall, our study demonstrates tmaicronutrient optimization, in addition to
optimization of macronutrients, could significanityprove microalgal biorefinery yields.

Keywords:Chlorella sorokinianacultivation; micronutrient; biofuel; nutrient
limitation/deficiency; biorefinery
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1 Introduction

Microalgae are photosynthetic microorganisms that ke used as feedstock for biofuels
and biopolymers, in processes for wastewater treattnand as sources of pharmaceutical
products and food supplements [1-5]. Microalgae tgmcally grown in defined media or
wastewaters that contain essential macronutriédhtn@ P) and micronutrients (e.g. Mg and Ca)
[6-8]. The roles of N and P are well known — theg ased in the synthesis of cellular proteins
and nucleotides [9, 10]. Of the essential micraeats, Mg is a key component in light
harvesting pigments and is known to contributéhtodtructural stability of these molecules [11].
Mg also catalyzes reactions of the £ixing enzyme complex, RuBisCo [12]. Ca is another
essential micronutrient and serves to crosslinkipgmolymers (i.e. homogalacturonans) to form
rigid gels in microalgae cell walls [13]. Pectimustture/chemistry can influence cell properties
such as cell expansion, cell-cell adhesion andveall permeability/porosity [14-16].

Nutrient deprivation/deficiency is generally expttto inhibit microalgae growth. For
instance, N deficiency impedes synthesis of prste@inluding essential photosynthesis enzymes
[17]. Mg deficiency decreases chlorophyll a, b emitof microalgae cells followed by reduction
of growth rate [18, 19]. In terrestrial plants, @eficiency reduces cell integrity and therefore
inhibits growth [20] and similar effects can be egfd in microalgae. However, to our
knowledge, the specific effects of Ca deficiency microalgae have not been previously
reported in the literature. In addition to nutrieleficiency, the excess aficronutrients (i.e. Ca,
Mg) in cultivation media could also impede the gtowf microalgae. For example, excessive
amounts of Mg in media causes increase in the aplol content of cells [21] which can then

decrease light diffusion into the culture and thgrwer culture productivity [22]. Although the
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effect of high Ca concentration on microalgae ghovwgt unknown, excessive Ca rigidifies the
cell walls of terrestrial plants and prevents gitoy0].

As cultures grow and uptake nutrients, the tramsitirom nutrient sufficiency to
limitation alters the microalgae cell compositionprimarily protein, carbohydrate, and lipid
content [23, 24]. It is well established that mamycroalgae species stop replicating and
accumulate lipids and/or carbohydrates, when thdianeecomes depleted in N [25]. However,
recent studies indicate that some microalgae catimuee to replicate for several hours after N
depletion in the external media by relying on io&léularly stored N [26, 27]. During this period,
an increase in cellular content of N-free molecyies carbohydrate and lipid content) was also
observed [26].

While effects of macronutrient limitations have bexxtensively reported in the literature
[26, 28-30], the effects amicronutrients on microalgae cultures is less estaldisi&tandard
media recipes usually contain 2-5x higher concéntraof Mg and Ca than microalgae
stoichiometric requirements [31, 32]. In this stuthe effects of Ca and Mg limitations on cell
growth and composition was investigated. Our ressuiggest that optimization of micronutrient
concentrations in the medium can be employed asegly to improve the overall biomass, lipid

and carbohydrate productivity which has importamplications for biofuel production.

2 Materialsand methods

2.1 Media and culture conditions
Cultivation experiments were performed witbhlorella sorokinianastr. SLA-04
(henceforth referred to as SLA-04) which was oddjinisolated from Soap Lake (WA, USA)

[25, 33]. Inoculum and nutrient replete controlsreveultivated in a modified BG-11 medium
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that contained following: NaN©(14.3 mM), KHPO: (1.5 mM), NaHCQ (30 mM),
MgS0,.7H,O (0.3 mM), CaGl.2H,0O (0.45 mM), NaCl (0.42 mM), ferric ammonium ciggtl0
mg/L) and 1 mL trace metal solution. The trace insetdution comprised - ¥BOs; (9.7 mM),
MnCl,.4H,0 (1.26 mM), ZnGJ (0.15 mM), CuGl.2H,0 (0.11 mM), NaMoO[1.2H1O (0.07
mM), CoCI1.6H1O (0.06 mM), NiC}.6H,O (0.04 mM), 4Os (0.01 mM) and KBr (0.08 mM).
Algal growth experiments were conducted at roompterature (20 °C) in ePBR V 1.1
(Phenometrics Inc., Ml , USA) photobioreactors [34Each photobioreactor had a working
volume of 0.5 L, illumination of 1500 pmolesiis and a light-dark cycle of 14 h/10 h. pH of the
cultures was adjusted daily to a value of 8.2 usiiZfo CQ/N, gas mixture. The presence of
significant bicarbonate buffer (30mM) in the medidowed the pH to remain below 9 for the
entire duration of the experiment. In cultures thedre set up to assess the effect of Ca and Mg
limitation (designated as €and Md), Ca and Mg were removed from the media by immersi
a water softener pillow (Mars Fishcare Inc., PAAY$ the culture for 2 days (trace amounts of
Ca and Mg were present in final solutions). In fiscess, Ca and Mg were exchanged for Na
ions by the ion exchange resin [35]. No externalvids added to N-limited (Y cultures.
Samples were taken periodically to measure cellbaincell size, total suspended solid (TSS),
photosystem 1l (PSIl) activity, soluble nutrientnoentrations (i.e. N, Mg and Ca) and lipid
content (measured as FAMES). At the end of the raxygat, biomass was recovered and freeze

dried for carbohydrate and elemental analyses.
2.2 Analytical methods

2.2.1 Cell number and size

Cell concentrations (cells/mL) and size were asskssing a portable FlowCAM

imaging cytometer (Fluid Imaging Technologies, $oaough, ME, USA) and the associated

5
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data analysis software (VisualSpreadsheet softwarsjon 2.4.10). The instrumental procedure
involved pumping 1 mL culture samples (10x dilutad).2 mL/min using 1 mL syringe pump
through a flow cell (100 um x 2mm) where image-dags acquired using a white LED light
source under 100x magnification. The system wash#éd with de-ionized (DI) water prior to
each sample run. The software was set to caliltihet®ackground using the first data frame and
define the particles by a segmentation threshaldhéoh dark and light pixels which was set to a
value of 20. The distance to nearest neighbor atalimage rate were set tqau8 and 20 frames
per second, respectively. The cell concentration sizes (as equivalent spherical diameters)

were estimated from image analysis.

2.2.2 Total suspended solids

Cell dry weight was determined as total suspenddid $TSS) using the Laboratory
Analytical Procedure developed by the National Reaide Energy Laboratory (NREL) [36]
with a slight modification. Briefly, 20 mL cultureamples were collected and the pH was
adjusted to 6 (using 0.1 mM HCI) to dissolve préaigs, if any. Then, culture samples were
filtered through pre-weighed and dried 0.45 pum gléber filter discs (Fisher Scientific,
Pittsburgh, PA) followed by washing with 20 mL devzed (DI) water. The filter discs
containing algal biomass were dried at 40 °C iroavection oven until a constant dry weight
was obtained (~24 h). TSS values were calculatesubyracting the weight of clean filter paper

from the weight of filter holding dried biomass.

2.2.3 Photosynthetic activity

The chlorophyll fluorescence yield of PSIl was det@ed using a Dual-PAM-100
measuring system (Walz, Germany), following thecpoure reported in the literature [37].

Briefly, 2 mL of culture was transferred to a quactivette and adapted to dark conditions for 2

6
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min. Subsequently, dark fluorescence yidtg) (of the microalgae culture sample in the cuvette
was measured. Then, a saturating light of interi00umol photons/rffs was applied for a
duration of 600 ms to the culture sample to deteetmaximum fluorescenc€&). The variable
fluorescence R,) is the difference betweeh,, andFy and finallyF,/F,, was assessed as the

maximum quantum yield in the dark adapted state.

2.2.4 Soluble nutrient analyses

1.5 mL samples from the culture were titrated togtsing 0.1 M HCI (to allow/promote
dissolution of precipitates, if any) followed bytrfation through a 0.2 um filter. The filtered
samples were analyzed using an ICS-3000 ion chagregth (Dionex, USA). The anions (e.g.
NOs) were separated on a Dionex lonPA€S12A column by using a 30 mM KOH eluent.
Cations (e.g. Mtf and C&?), were separated on a Dionex lonPRAS11-HC column by using
30 mM methanesulfonic acid as the eluent. Both ookl were maintained at 30 °C. Analytes
were detected using a CD20 conductivity detectdorfBx). Peaks were integrated using the
Chromeleoi™ 7.0 software (Thermo Fisher). Standard solutionsixtires of NaNG,
CaCb.2H,0O and MgSQ.7H,0) were analyzed to obtain calibration curves facheanion and
cation. The concentrations of nutrients in the dampere assessed by comparison of peak areas

with calibration standards.

2.2.5 Lipid analysis

15 mL culture samples were harvested by centrifagatvashed twice with DI water and
the collected pellet was freeze-dried (Freezonelu&, pLabconco Inc., USA). Arn-situ
transesterification method was used for quantificadf biomass lipids (measured as FAMES) in
the solid samples [38]. 10-20 mg of freeze-driezhiass was accurately weighed and transferred

to 5 mL serum vials followed by the addition of 1 racidified methanol (containing 5% v/v

7
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H.SO, in methanol) and 2 mL of hexane. The vials weralexk with Teflon-lined caps and
incubated for 90 min at 90 °C in a shaking watghba@hereafter, the vials were cooled down to
room temperature and the hexane phase (<1 mL) &ach vial was transferred to new 2 mL
crimp-top gas chromatography (GC) vials for analyssing a Shimadzu 2010 GC. A Restek
(Bellefonte, PA) Rtx Bio-diesel column (15 m x 082n ID x 0.1 um) was used to separate the
analytes and the FAMEs were quantified using a dlaomization detector (FID). Helium was
used as the carrier gas with a linear velocity @fchn/s. The temperatures of the GC oven,
injector and FID were maintained at 370 °C. FAManstards (mixtures of4C,, FAMES) were
purchased from Sigma Aldrich (St. Louis, MO, USAjdaanalyzed to obtain the calibration
curves. Lipid contents were quantified by comparied GC-FID peak areas of samples with

calibration curves of FAMEs standards.

2.2.6 Elemental analysis

Analysis of elemental carbon, nitrogen and hydrogexs carried out using a CHN
analyzer (Flash 2000 series, CE Elantech Inc, NgA)Uequipped with an autosampler and a
thermal conductivity detector (TCD). The combustiemperature was set to 950 °C and helium
was used as both carrier (140 mL/min) and refergase(100 mL/min). 3-7 mg of freeze-dried
biomass were analyzed. The CHN standard (2.5-BestShutyl-benzoxazol-2-yl) thiophene
(BBOT)) was purchased from CE Elantech Inc. (NJSAY and used for calibrating the

instrument.

2.2.7 Carbohydrate analysis

Total carbohydrate analysis was performed usingatredytical procedure described by
Van Wychen et al. [39]. Briefly, 0.5 mL of 80, was added to 30 mL autoclavable crimp-top

vials containing 50 mg of freeze-dried biomass. Tdection mixtures were then incubated for

8
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60 min at 30 °C. Samples were continuously mixadgusagnetic stir bars during incubation.
Then, the acid solutions were diluted with 13.89 BiLwater to reach a final concentration of
4% H,SO, (V/v), the vials were sealed using Teflon-linegpsand autoclaved for 60 min at 121
°C. The samples were then cooled down to room tesiyre, neutralized by CaG@nd filtered
using 0.2um filters. Finally, the filtered samples were azald by an Agilent 1100 (Agilent
Technologies Inc., Santa Clara, CA) high perfornealiguid chromatograph (HPLC) equipped
with a refractive index detector (RID). Analytesreseparated on a Shod®xSH1101 column
(Showa Denko America Inc., New York, NY) which wamintained at 55 °C under isocratic
conditions. 5 mM HSO, was applied as the mobile phase with a flow rdt@.6 mL/min.
HPLC-RID peak areas were compared with calibratanves of known standards (solution
mixtures of glucose, galactose, arabinose and ns@)ro estimate the carbohydrate content of

samples.

2.2.8 Ca and Mg content analysis by ICP-MS

Freeze-dried biomass was digested in HN®Ging a CEM Mars microwave. Digestion
was performed for 15 min at 1600 W, 250 °C and B§I0 Following digestion, the sample was
cooled, filtered (to remove particulate materiaig aliluted to 3.5% (v/v) HN®for analysis by
inductively coupled plasma mass spectrometry (IC®-Mseries 2, Thermo Scientific, MA,
USA). For quantitative analysis, standards andmatlestandards were prepared in 3.5% HNO
by using certified ICP-MS standards (Inorganic \Jees). Correlation coefficients for

calibration curves were above 0.999.
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3 Reaultsand discussion

3.1 The effects of Mg, Ca and N concentrations in medi&LA-04 growth

Fig. 1a shows that cell concentrations increasdtiemutrient-excess control as well as
in the C& and M{ cultures throughout the 32 d duration of the watibn experiment (Fig. 1a).
Observations from monitoring the change in celesinring cultivation (Fig. 1b) indicated that
Cd and Md cultures had larger cells than the nutrient-exaesgrol which suggests that the
nutrient-limited cultures could have higher celtutmntent of carbon storage compounds (lipid
and carbohydrate) [40]. Measurements of biomasserdrations (Fig. 1¢) showed that biomass
productivity of Md" and nutrient-excess control were similar while" @altures accumulated
significantly higher amounts of biomass. Taken tbge the results shown in Fig. 1 show that

micronutrient limitations did not appear to inhigrowth.

N-limited (N") cultures also grew for a short period but cefllication appears to have
ceased after 8d (Fig. 1a). In the literature, el deficiency in media is widely reported to
arrest growth [17, 41], Msanne et al. (2012) hawensimilar observations as us and have
reported microalgae growth under external N ddficyefor a short period of time [40]. They
speculated that microalgae growth in the absenceextérnal N is sustained by internal
“recycling” of cell proteins and/or pigments. Castent with the hypothesis of Msanne et al., in
our experiments, Ncultures showed a 3-fold decrease in the N-cortbiomass (Fig. 2a) over
the duration of the cultivation experiment. Cor@sgingly, the biomass concentrations showed
an approximately 3x increase (Fig. 1c) which inthdaN mass balance closure in the N-limited

culture.
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Since Ca and Mg cultures grew well, we measured the cellular @&t slg- content to
assess the possibility of internal storage of theronutrients and subsequent utilization. After 8
d of cultivation, the Caand Md biomass had nearly half the Ca and Mg contentiveldo
control (Fig. 2b). During the same period, the bdgsiconcentrations approximately doubled in
these cultures (Fig. 1c). While the mechanism foragje ofmicronutrients in microalgae cells is
not studied well in the literature, Tang et al. {2Preported the internal storage of Mg and Ca in
higher plants which can be released through reigulahechanisms [42]. Similar to plants, we
hypothesize that the micronutrient storage andytkng” mechanisms might also exist in
microalgae that could have allowed cultures to gesen in the absence of an external supply of

these micronutrients.

Interestingly, we also observed that growth wasfact, enhanced (~10% higher cell
numbers, ~8% larger cell diameter and 30% greatendss concentrations) in the' Gaultures.
Hepler et al. (2010) report that when the concéotmaof Ca in plant cells is high, the
accumulated Ca binds with negatively charged pegtotecules, resulting in aggregation of
pectin chains, increase in cell wall rigidity arltdmately inhibition in growth [20]. Similarly for
microalgae, Domozych et al. (2011) show Ca-crokstin pectin polymers (i.e.
homogalacturonans) form rigid gels in the microalgall wall [13]. Inversely, the lower content
of such rigid gels in the cell wall could improvelleexpansion and cell wall porosity. While our
study did not include a precise analysis of Cahm ¢ell wall, we measured an increase in cell
size (Fig. 1b) and cell number (Fig. 1a) in the" @@atment, suggesting the possibility of

improved cell wall flexibility due to lower cellula&Ca content [13].

11
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3.2 Photosynthetic performance of SLA-04 in‘Mgd" and N cultures

The F/Fn, factor, which represents the PSIl maximum quanyieid at dark adapted
state, for the tested cultivation conditions iswshon Fig. 3. A decrease iR,/Fn, is commonly
ascribed to environmental or nutritional streséed ttamage PSII [43]. Fig. 3 shows thatFn,
for cultures under nutrient replete conditions (col) remained largely unchanged during
cultivation, indicating that the nutrient-rich aulés were not under environmental stress. Fig. 3
also indicates that Caultures had similaF./F, values as the nutrient-replete controls. Since
the primary role of Ca is related to cell wall sture rather than photochemical reactions, its

limitation in the medium likely did not negativeiypact PSIl activity [44].

For N cultures, theF\/F,, values decreased from 0.65 to 0.26 indicatinkparestress in
these cultures and is consistent with the obsemsitdf Jiang et al. [45]. Mgcultures also
showed a decrease y/F, values (from 0.7 to 0.51), but the decrease wss dieastic than the
N" cultures. However, growth of M@nd initial growth of N cultures (until day 8) did not seem
to be inhibited relative to nutrient replete comtis (Figs. 1a and 1c) despite the decrease in
Fu/Fm (from 0.7 to 0.51 for Mgand from 0.65 to 0.55 for 'N(Fig. 3)). Similar observations have
been previously made by Simionato et al. [28] whsevved a decrease ky/Fn, (from 0.6 to
0.49) in cultures that were N-limited, but also etved that growth rates were similar to cultures
that were nutrient sufficient and maintained a higiiF,, ratio. From their observations,
Simionato et al. (2013) suggested that the ava&labitenna complexes possibly remained
energetically coupled with PSIlI reaction center le microalgae cells which resulted in
continued efficient transfer of light energy to Pilthe lowF./F, cultures. In our experiments,
N and Md cultures also likely experienced modificationstie PSIlI system since Mg is

integral to the light harvesting chlorophyll. Hovegythe energy coupling with the PSII reaction

12
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centers appears to have remained efficient foraat gferiod in N cultures (8 days) and for

longer duration (32 days) in the Mgultures.

3.3 Nutrient and micronutrient utilization by SLA-O4ltcues

N, Ca and Mg concentrations measured during cujtoeith are shown in Fig. 4 and the
concentrations of Mg and Ca in abiotic control shewn in Fig. 1S (supporting information).
From the biomass growth and nutrient consumptida, dgtoichiometric yield coefficients (Y)

were calculated using Eq. 1

X final—Xiniti
_ “final initial
Yy)s=0T——— 1)

Sinitial=Sfinal

where,X represents biomass concentrations (measured 3dsah8S$ represents substrate
(or nutrient/micronutrient) concentration. The i@it(day 0) and final (day 32) measurements

were used for these estimates.

From Fig. 4a, N consumption rate for Mcultures was lower than the control, although
biomass growth rates for these cultures were sirtH@. 1c). Correspondingly, thexX (Table
1) values for Mg cultures were higher compared to the nutrienteteptultures. Since the
nutrient utilization values are in the denominatolarger Y value indicates a lower nutrient use.
It is possible that the lower N utilization in Mgultures was due to down-regulation of cell
constituents that contain both N and Mg (e.qg., dpbyll and RuBisCo) [46, 47]. Msanne et al.
(2012) also showed the reduction in N uptake isitpety correlated with a reduction of
chlorophyll and RuBisCo content of microalgae c#8]. Cé& cultures utilized higher N than
the control (Fig. 4a), but also produced more bissn@ig. 1c) such thatx for Ca cultures

was similar to the control (Table 1).
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Abiotic controls (Fig. 1S) showed no measurableipitation of Ca and Mg in the media
indicating that the decrease in micronutrient cotregions in the cultures was as a result of
biological uptake. Consumption of Mg was highetttie Ca& cultures (Fig. 4b), but calculated
Y xmg Values (Table 1) indicate that the'Qaultures consumed similar Mg as the nutrient exces
control and the N cultures. Consumption of Ca relative to biomassdpced was also
statistically similar for all cultures (Fig. 4c afidble 1). From Table 1, it can also be observed
that overall N utilization was 30-fold higher thtre use of the micronutrients Ca and Mg since

N is quantitatively the most important nutrienttéafC) for microalgae production [48].

3.4 Lipid and carbohydrate production in MgCd and N cultures

Lipid content measurements (measured as FAMEshgultivation are shown in Fig.
5a. To determine the total lipid concentrationha tultures, results from biomass concentration
(Fig. 1c) were multiplied by lipid content of theoass (Fig. 5a) and these values are shown in
Fig. 5b. The results for total lipid concentratigig. 5b) indicated a 4-fold higher lipid
concentration for Caand Mg (0.39 g/L) in comparison to the nutrient-excesstiam (0.09

g/L). N cultures accumulated 32% higher lipid (0.58 gltnpared to Mgand Ca.

Two mechanisms are generally hypothesized for lggdumulation in microalgae: (1)
conversion of cellular organic materials, such r@tgins and carbohydrate, to lipid [49], and (2)
de novosynthesis of lipid from inorganic carbon [27].dntonversion is shown to occur, likely
via the Kennedy pathway, when N deficiency impgmswth and sustained carbon fixation due
to inadequate re-synthesis of proteins in the @ystem reaction pathway [50]. On the other
hand, Klok et al. (2013) observed that cell repiama and lipid accumulation can occur
simultaneously in N-limited culturg®6]. They suggest that the imbalance in energy atem

and supply causes the formation of energy-denseslifor storage of excessive energy.
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Simionato et al. (2013) have also made observatimdar to Klok et al. (2013) and have
shown a 15% (wt/wt) increase in total lipid contdot N-limited cultures, while growth
(measured as the increase in cell concentratios)siailar to N-replete conditions [28]. Their
analysis shows that the majority (>85%) of lipidcamulation originated fronde novo
synthesis. Msanne et al. (2012) have suggestedbtlatmechanisms may occur within the same
organism —de novolipid synthesis during growth followed by interroersion of cellular
carbohydrate to lipid as protein and pigment cotregions (e.g. chlorophyll and RuBisCo)

diminish under N stress [40].

In our study, a comparison of the lipid analysesg.(B) with cell growth data (Fig.1.a)
indicates that the increase in cellular lipid aetl oumbers occurred simultaneously for ‘Mand
Cd cultures throughout the 32 d cultivation period.e3& observations indicate that lipid
accumulation in the Caand MJ SLA-04 cultures occurred througtie novo fatty acid
biosynthesis as suggested previously [26, 28]. Hewecultivation under N-limitation resulted
in cessation of cell replication after day 9 (Fig) which also coincided with the onset of lipid
accumulation (Fig 5a) indicating that a majoritytbé lipid accumulation likely occurred from

inter-conversion [27, 40].

Similar to assessments of lipid, we measured cadralte content (Fig. 6a) and
concentration in the cultures (Fig. 6b). Our resditr carbohydrate analysis indicated that the
carbohydrate content of MgCa& and N cultures was about 20-25% higher than the control
(Fig. 6a). However, after accounting for the inse@ biomass during growth, the carbohydrate
concentration for both Mgand C& cultures (0.45 g/L) was about 50% higher compapethe
nutrient-excess control and Nultures (Fig. 6b). Other studies also show thatient limitation

in media induces carbohydrate accumulation in naigae cells [51, 52]. Moreover, prolonged
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nutrient stress was found to result in carbohyddegradation and conversion to lipid [53].
Breuer et al. (2015) showed that the cultivatiorsoénedesmus obliqusder N starvation first
leads to a simultaneous increase in biomass caatent and carbohydrate content and is
subsequently followed by a decrease in growth amdersion of accumulated carbohydrate to
lipid [54]. From the literature, it is now widelynderstood that cultivation under N limitation
causes metabolic changes in microalgae cells ésalts in the synthesis of storage compounds
(e.g. carbohydrates and lipid) [55]. From our ressulve speculate that Ca/Mg limitations

similarly redirect the carbon flux towards syntisesi storage lipids and carbohydrates (starch).

3.5 Productivity estimates under micronutrient limitatiand implications for microalgae
cultivation
A comparative evaluation of biomass, lipid and casarate productivities (calculated

over the 32 d cultivation period using Eq. 2) imsoarized in Table 2.

(Concentration)ﬁnal—(Concentration) initial

()

Productivity =

Cultivation period

Cd cultures show 32% higher biomass productivity veasrM§ had similar biomass
productivity as the nutrient replete control. Mwver, the M§ andCad" cultures showed a 10-
fold higher lipid productivity and up to 2-fold Hgr carbohydrate productivity in comparison to
control cultures with excessive nutrients (Table)e higher carbohydrate productivity under
micronutrient limitations suggests that subsequirtmitations could trigger higher lipid

production from carbohydrate reapportionment.

The results for lipid profile analysis of samplesnfi C&, Mg- and N cultures after
completion of the cultivation experiment (32 d) atenmarized in Table 3 which also shows the
proportion of poly unsaturated fatty acids (PUFAs3furated fatty acids (SFAs) and mono
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unsaturated fatty acids (MUFAS) in the lipid extemtfrom each sample. Our results show that
Cd cultures produced significantly higher concentiagi of PUFAs than Mgand N cultures,
although the total lipid produced in-Multures was the highest. From the data, it appats
most of the “excess” lipid produced by Multures was in the form of SFAs. In fact, SFA
concentration in N cultures was up to 2-fold higher than micronutriémited cultures.
Consistent with these observations, the PUFA camtemicronutrient-limited cells was up to 2-
fold higher than N cultures. In addition to lipid content, lipid gitgl is an important
consideration for end-use applications. PUFA-righidl is desirable for nutraceutical and
pharmaceutical applications and also improves thid dow properties, cetane number and
viscosity of biodiesel [56, 57]. Micronutrient litations can thus be a useful strategy for

obtaining PUFA-rich microalgae biomass.

4 Conclusons

Our findings show that micronutrient optimizatidmosild be an important consideration,
along with optimization of macronutrients (N and, R) maximize biomass, lipid and
carbohydrate productivity. Our results suggest thigtoalgae cells may accumulate intracellular
reserves of Ca and Mg when cultivated in traditionadia that contain excess micronutrients. In
micronutrient-limited media, microalgae culturesowhsignificant improvements in biomass,
lipid and carbohydrate productivities. A potentiatrategy for further improving lipid
productivity could be to first grow cultures in acnonutrient-optimized medium followed by N

starvation.
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Fig. 1: Change in (a) cell concentration, (b) déimeter and (c) total suspended solids (TSS) bf Ca
Mg" and N cultures. TSS represents cell dry weight. Coritrdicates cultivation under excessive
amount of nutrients. Error bars indicate one stehdaviation from mean values of duplicate

experiments.
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Fig. 2: (a) N content analysis in biomass andhflgyonutrient content analysis (t=8 d) for cultures unde
limited and excessive amount of nutrients (The elatal analysis for nutrient-excess control shovired t

N, Ca and Mg contents were 7.5%, 0.4% and 0.3&%pectively, which is consistent with the reported
range of nutrient content for microalgae in literat[58]). Error bars indicate one standard demafiom

mean values of duplicate experiments.

23



—e— Control Ca-L ——Mg-L - N-L

0.8 |
0.7 :
0.6
0.5
0.4
0.3
0.2 A1
0.1 -

0

Fv/Fm

0 5 10 15 20 25 30 35
Time (days)

Fig. 3:F./Fn, values for nutrient-excess controls as well as &I@L and N cultures. Error bars indicate

one standard deviation from mean values of dugieaperiments.

24



—— Control Ca-L ——Mg-L - N-L

300
_ (a)
200
=)
) :
Z 100 i \_‘
0 = ——{h T I-|—i—|—«'_‘—

0 5 10 15 20 25 30 35
Time (days)

10

25
8 20 - (©
= , = [ ——— .
en 4 10 ;
s S H‘h*._.
2 5 _\
0 0 T T T T T T

Time(days)

Time (days)
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3 Table 1- Estimated stoichiometric yield coefficiemtues (Y) for biomass (represented as X in the

4  subscript for Y) relative to consumption of Mg, &ad N. Errors indicate one standard deviation from

5 mean values of duplicate experiments.

Stoichiometric Control N* Ca" Mg
yield coefficients (9/9) (99) (9/9) (99
Y xin 9.1+0.¢ 9.820.t 13.7£0.t
Y ximg 338x1¢ 3631« 365+1¢
Y xica 274x1¢ 287+1; 332+1:
6
7

8 Table 2- Biomass, lipid and carbohydrate produtiisifor nutrient-excess, Eavig- and N cultures.

9 Errors indicate one standard deviation from mednegof duplicate experiments.

Condition Biomass productivity Lipid productivity Carbohydrate productivity

(mg/L/day) (mg/L/day) (mg/L/day)

Nutrient excessive 41.25+2.¢ 1.38+0.5¢ 6.33+0.3:

Ca-limited 61.2543.: 11.1940.6: 7.51+0.1-

Mg- limited 49.53+3.! 11.23+0.5! 11.8+0.2!

N- limited 31.25+1° 17.00£0.0. 11.88+0.41
10
11
12
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1  Table 3- Lipid profile analysis including propomi@f PUFA, MUFA and SFA, for CaMg"- and N after
2 completion of cultivation experiment (32 d). Erramdicate one standard deviation from mean valfies o
3 duplicate experiments. Fatty acid composition dtaf@ercentage values is shown in Supplementary

4 Information, Table S1.

Fatty acid/fatty Concentration (mg/L) in
acid class Cd cultures M{ cultures N cultures
Cl6:: 6.4+1.¢ 4.140.2 2.3+0.]
Cl6:2 25.3+4.0 15.3+0.1 28.2+1.7
Cl6:1 51.7+£3.% 46.2+0.7 57.241.¢
C1l6:( 81.6%7.. 90.3+7.7 144.7+1.(
C18:: 18.6%4.¢ 12.5+0.¢ 9.1+0.%
Cc18: 92.0+10.: 86.19.¢ 86.13.21
C18:( 120.3+13.: 137.448.. 258.01+45.
Total PUFA 142.3+0.2 118.0+8.9 125.6+5.7
Total SFA 202.0+£20.5 227.7£15.9 402.7+4.0
Total MUFA 51.7£3.7 46.2+0.7 57.2+1.8
Total lipid 396.0+17.0 392.0825.5 585.5+3.5
Fraction of total lipid (% wt/wt) in
Cd cultures M{§ cultures N cultures
PUFA 36.0+1.5 30.1+0.3 21.4+0.8
SFA 50.9+1.0 58.1+0.3 68.8+1.1
MUFA 13.1+1.5 11.8+0.6 9.840.2

5

6  Supplementary material
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8 Fig. S1. Change in concentration of Mg and Ca (hdllring abiotic experiment
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1 Table S1- Fatty acid composition data in percentafiges, for Cg Mg- and N after completion of
2  cultivation experiment (32 d). Errors indicate @tendard deviation from mean values of duplicate

3 experiments.

cd Mg" N*

Percentage in biomass (%owt/wt)

C16:3 0.26+0.07 0.20+0.02 0.15+0.01
Cl6:2 1.01+0.21 0.76+0.02 1.81+0.17
Cle6:1 2.07+0.26 2.30+0.03 3.66+0.25
C16:0 3.25+0.11 4.49+0.25 9.27+0.39
C18:3 0.75+0.23 0.62+0.06 0.58+0.06
C18:2 3.66+0.23 4.28+0.36 5.52+0.40
C18:0 4.79+0.29 6.84+0.21 16.52+0.26
Total PUFA 5.68+0.29 5.87+0.27 8.05+0.65
Total SFA 8.05+0.40 11.33+0.47 25.78+0.66
Total MUFA 2.07+0.26 2.30+0.03 3.66+0.25

Percentage in the lipid (Y%owt/wt)

Total PUFA 35.96+1.49 30.10+0.3 21.45+0.85
Total SFA 50.94+0.99 58.09+0.29 68.78+1.1
Total MUFA 13.10+1.5 11.81+0.59 9.77+0.25
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Highlights

1. Micronutrient limitation increases lipid (10x) andrbohydrate (2x) productivity

2. De novo lipid synthesis occurs during micronutriimitations

3. Ca limitation improved biomass productivity by 30%

4. Chlorella cultures were shown to grow using intracellulatgred micronutrients

5. Micronutrient optimization followed by N-starvati@an enhance lipid productivity



