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A B S T R A C T

Genetic en gi neering can be the solu tion to achieve the economically fea si ble production of

microalgal based bio fu els and other bulk mate ri als. A good number of microalgal species can

grow mixotrophically using ac etate as car bon source. More over, ex perimen tal ev idence

sug gests that the biosynthesis of acetyl-CoA could be a limit ing step in the com plex

mul ti fac tor-dependent biosynthesis of acyl glyc erides and point to acetyl-CoA synthetase (ACS)

as a key enzyme in the process. In or der to test this hy pothesis we have en gi neered the model

chloro phyte Chlamydomonas rein hardtii to over ex press the endogenous chloro plas tic acetyl-CoA

syn thetase, ACS2. Expres sion of the ACS2 en coding gene un der the control of the strong

constitu tive RbcS2 promoter in ni trogen-replete cultures re sulted in a 2-fold in crease in starch

content and 60% higher acyl-CoA pool compared to the parental line. Un der nitrogen depriva tion, the

Cr-acs2 transformant shows 6-fold higher lev els of ACS2 tran script and a 2.4-fold higher

ac cu mu la tion of triacylglyc erol (TAG) than the untransformed control. Analy sis of lipid

species and fatty acid profiles in the Cr-acs2 trans formant re vealed a higher content than the parental strain

in the major gly colipids and suggests that the enhanced syn thesis of triacylglyc erol in the

trans formant is not achieved at ex pense of membrane lipids, but is due to an in crease in the carbon flux

to wards the synthesis of acetyl-CoA in the chloro plast. This data demon strates the po tential of

en gi neering the chloro plas tic ACS to in crease the carbon flux to wards the synthesis of fatty acids

as an al ter na tive strategy to enhance the biosynthesis of lipids in microal gae.

1. Introduction

In the last decades there has been an increas ing inter est in

exploiting mi croalgae for the pro duc tion of biofuel

pre cur sors, such as tria cyl glycerol (TAG) and starch, which can

be transformed into biodiesel and bioethanol, respectively [1–5].

However, un til now the commer cially viable produc tion of

these compounds has been restricted by the high cost of pro duc ing

algal bio mass at large scale and by the fact that these compounds are

usu ally accumu lated under stress con ditions, such as

nitrogen star vation, which limits algal growth and therefore

reduces their overall yield [6].

Ge netic engineering of microalgae can pro vide a

solution to increase strain produc tivity and facili tate the

devel opment of the eco nomi cally fea si ble pro duc tion of

microalgal based bio fuels and other bulk ma terials [7–11].

The first at tempt to engineer TAG biosynthetic

pathways in microalgae was the pi o neering work of Dunahay

and co-work ers, car ried out in the 1990's within the Aquatic species

pro gram (ASP) of the US De part ment of Energy, to increase the

TAG produc tivity in the diatom Cyclotella cryptica by

overexpressing the native acetyl-CoA car boxylase (AC Case)

[12], which cat alyzes the first com mittal step in fatty acid

biosyn the sis and is con sidered a limit ing step in lipid

biosyn the sis; however, the 2-fold in crease observed for AC Case

activity in the transfor mants did not lead to an increase in lipid

con tent [13]. Since then, ex ten sive re search has been done to

increase the content of TAG in plants [14] and microalgae [8], or to

mod ify their fatty acids profiles, en rich ing the presence of acyl

groups that better con form the need of certain nutritional or

indus trial applications [15,16].

Attempts to engineer lipid produc tion include

overexpression of enzymes involved in the biosyn thesis of

fatty acids (Dunahay et al., 1996; [17]) and/ or TAG assem bly [18–21]

as well as blocking com peti tive
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pathways, such starch biosynthe sis [22] or ca tab o lism of lipids

[23]. Sev eral approaches have also fo cused on using the

tran scription fac tors, which reg u late lipid biosynthetic

pathways [24,25], or enhancing availabil ity of the reduc ing

agent NADPH, by overexpression of genes en cod ing

NADP-malic en zyme, which has been used to in crease the lipid

con tent in Dunaliella salina [26] and Phaeo dactylum

tricor nutum [27]. The de gree of success of these genetic

approaches is largely vari able, but in many cases the re sults

obtained are not those expected [8].

Chlamydomonas rein hardtii has emerged as model organ ism to

study lipid metab o lism in green algae [28]. Much of the re search

effort in C. rein hardtii has fo cused on engineering the last steps

of the lipid biosyn thetic pathway, namely the dia cyl glycerol

acyltransferase (DGAT), cat alyz ing the last acy lation step, and

con sidered a key limit ing step with great im pact on TAG

accumu lation. Two evolution ary un related DGAT

isoenzyme fam i lies, DGAT1 and DGAT2, differ ing in acyl

specifity and ex pression pat terns have been described [29]. The

diver sification of DGAT2 acyltransferases has been

observed in C. rein hardtii, where five re lated genes have been

identi fied [30], com plicating the selec tion of any tar get

isoenzyme. Overexpression of three of the five type 2 acyl-CoA

diayl glycerol acyl-trans ferase (DGAT) in C. rein hardtii had no

effect on intra cellular TAG lev els or fatty acid profiles [31].

However, it was fi nally demon strated that over expression of the

forth isoform, DGTT4, strongly induced TAG ac cumulation

[32]. In this work we pro pose an alter native approach, fo cused

on increas ing the car bon flux to wards the syn the sis of fatty

acids, by overexpression of the plas tidic acetyl-CoA syn thetase

(ACS2), which cat alyzes the conver sion of ac etate to acetyl-CoA in

the model mi croalga Chlamydomonas rein hardtii. The study of the

transfor mants obtained has con tributed to increase our

knowl edge about the role of ACS in lipids and starch

accumu lation and has shown the va lidity of this approach to

increase their content in microalgae.

C. rein hardtii is a chloro phyte that can grow mixotrophi cally

using ac etate as car bon source. How ever, de spite the

impor tant role that acetate plays on fatty acid syn the sis [33], many

aspects of its assim i lation and me tab o lism re main

unclear. Ac etate is converted into acetyl-CoA via two pos si ble

pathways: 1) through the action of acetyl-CoA syn thetase (ACS); and

(2) in two steps cat alyzed by acetate kinase (ACK) and phosphate

acetyltransferase (PAT), with ac etate-phos phate as

inter me diate. The pres ence of three differ ent ACS

isoenzymes and two ACK-PAT with differ ent pre dicted

locations in Chlamydomonas, together with the fact that

acetyl-CoA, a key mol e cule of the metabolic cross roads

con necting lipid and car bohydrate me tab o lism in many cell

compart ments, can not cross organelle membrane by sim ple

diffusion, as does acetate, sug gests that acetyl-CoA can be

syn the sized in several subcel lular compart ments [34].

Un der nitrogen-re plete con ditions acetyl-CoA, de rived

from acetate is catabolised via the TCA cy cle or anabolised via the

gly oxy late cycle. In C. rein hardtii, all the enzymes of the

gly oxy late cycle have been identi fied and most of them have been

local ized in the per oxi somal mi cro bod ies [35].

Acetyl-CoA could also be obtained, via a plas tidic pyruvate

dehydro genase, from pyruvate, which can be syn the sized in

the plas tid from the Calvin cy cle inter me diates (PGA) or

through the glycolytic pathway; in C. rein hardtii many glycolytic

enzymes have been found in both the plas tid and the cytosol [36].

Ad dition ally, under het erotrophic nitrogen-limit ing

con ditions acetyl-CoA can also be ob tained from the citrate

available in the cy toplasm, which is cleaved into oxaloacetate and

acetyl-CoA by the citrate lyase (ACL), as has been doc u mented in

oleaginous yeast [7] and in some microalgae [37].

De spite this complex panorama, exper i mental evi dence

microalgae [38]; ii) acetate availability has been shown to limit

the syn the sis of lipids in some microalgal species [39]; iii) and

fail ure to get higher lipids con tent by overexpression of

acetyl-CoA car boxylase (AC Case) in some species, could be due to a

limi tation of acetyl-CoA sup ply which is the sub strate for

AC Case. More over, sev eral proteomic and tran scriptomic

compar a tive stud ies of algal cells grown in normal and in

differ ent oil-ac cumulating con ditions demonstrated that

ACS2, encod ing a chloro plas tic acetyl-CoA syn thetase, is

up-reg u lated under all con ditions in C. rein hardtii [39,40] and

other chloro phytes, such as Dunaliella [41]. Expression of a

bac ter ial ACS gene in the heterotrophic microalga Schizochytrium

sp. al lowed con sumption of the acetate pro duced dur ing its

fer mentative growth and an impor tant increase in lipid

accumulation [42]. Fur ther more, knockdown of citrate

syn thase (CIS) the first step of TCA cy cle, which diverts acetyl-CoA

flux to the syn the sis of amino acids and car bohydrates via

oxaloacetate, causes an in crease of TAG level in C. rein hardtii,

while its overexpression has shown to pro voke a decrease of TAG

level [43]. Sim i larly, a C. rein hardtii mu tant lack ing ICL1,

encod ing isoc i trate lysase, a crit i cal gene in the

afore mentioned glyoxy late cycle, was also doc u mented to

have enhanced TAG accumulation com pared to wild type cells

[44].

On the other hand, ex pression of plas tid acetyl-CoA synthetase

(ACS) in Ara bidopsis, did not lead to signifi cant changes in the

lipid con tent of devel oping seeds or leaves [45,46], in dicating

that there are im por tant differ ences in the reg u latory

mech a nisms and the rate-limit ing steps in differ ent

organ isms.

In order to under stand the role of ACS in lipid and starch

accumulation in N-starved cells of C. rein hardtii and to find

alter native strate gies to enhance lipid con tent in microalgae,

we have stud ied the ac cumulation of TAG and starch in C.

rein hardtii transgenic cells overexpressing an endogenous

chloro plas tic acetyl-CoA syn thetase, and characterized their

lipid species and fatty acid profiles.

2. Materials and methods

2.1. Strains and culture conditions

C. rein hardtii cell-wall defi cient strain 704 (cw15, arg7, mt+),

denom i nated as con trol or parental strain within this manu script,

was kindly pro vided by Dr. Emilio Fernández [47] and cul tured

pho tomixotrophi cally in liquid or agar solidi fied

Tris-Ac etate-Phos phate (TAP) medium [34] at 20 °C and 70 rpm,

under con tinu ous white light ir radia tion of 100 μE m  s .

In order to induce TAG accumulation, C. rein hardtii cells at

the mid dle of the exponen tial phase of growth (OD  = 0.8–1)

were har vested by cen trifu gation, washed and resuspended in

N-free TAP medium. When indicated additional acetate was

sup plied to the TAP medium to achieve a fi nal acetate

con cen tra tion of 50 mM. Microalgal growth was followed by

spectropho tometrical mea surement of the opti cal den sity

at 660 nm or by deter mination of the dry weight. For dry weight

deter mination, 2 mL of algal cul ture was har vested by

cen trifugation, washed with am monium formate 50 mM, dried

at 90 °C or freeze-dried for 48 h and the mass de termined using an

ana lyti cal bal ance. For cell den sity, Cel lometer Auto T4

Bright Field Cell Counter (Nexcelom Bio science, LLC.) was used

loading 20 μl of algal cul ture into the cell chamber, and data were

processed by the software.

The DH5α Escherichia coli strain, used for in vivo

am plification of DNA, was cul tured in LB medium as

pre viously described [48].

2.2. Construction of the transformation plasmid Phyco105-CrACS2

−2 −1
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The binary plas mid, Phy co105, derived from the plasmid

pSI103 built by Sizova et al. [49], was used for ex pression of the

CrACS2 cDNA from C. rein hardtii. Phyco105, kindly provided by

Phyco Ge net ics SL,
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con tains two cas settes, one with the APHVIII gene from

Streptomyces ri mo sus, cod ing for an aminoglycoside

3’phos pho transferase that con fers re sistance to the antibiotic

paromomycin, under the con trol of the strong con stitutive

pro mot ers RBCcS2 and HSP70A and ter minated by the 3′
untranslated region of RBCS2 and other with a polylinker re gion

flanked by the same regu latory regions.

In order to isolate the ACS2 (EDO98345) en cod ing gene, total

RNA was ob tained by the RNAeasy plant minikit from Qia gen

according to manu fac turer's instructions and single strand

cDNA was syn the sized from total RNA according to the

Super script II RNaseH-reverse tran scriptase manual

(In vitrogen). ACS2 was am plified by PCR, us ing 1 μL of the

cDNA as template, and the Phu sion High-Fi delity DNA Poly merase

(Ther mofisher). Spe cific for ward and re verse primers were

modi fied to con tain the XhoI and EcoRI restriction sites. The

result ing PCR prod uct was lig ated into the pSpark vector

(Canvax, Spain) and fur ther sub cloned into the XhoI-EcoRI sites of

polylinker region of the microalgal expression vec tor

Phy co105 to gen erate the Phy co105-CrACS2 plas mid (Fig. 1

suppl mat).

2.3. Nuclear transformation of C. reinhardtii

Trans for ma tion was car ried out us ing the glass-bead method

of Kin dle [50] with minor modi fications. C. rein hardtii cells

were grown to a cell den sity of about 10  cells per mL, har vested by

cen trifugation and re sus pended in fresh TAP medium to obtain

a 100-fold con cen trated cell sus pen sion. The con cen trated cell

sus pen sion (0.6 mL) was added to a con i cal tube containing

0.3 g of ster ile glass beads (0.4–0.6 mm Φ), 0.2 mL of 20%

polyeth ylene gly col 8000 and about 1 μg of the de sired plas mid.

Cells were vortexed for 8 s, resus pended in 50 mL of fresh ster ile
TAP medium and incubated in the dark overnight. After this

incubation in the absence of antibiotic, the cells were pelleted

and spread onto agar plates contain ing TAP medium with

paromomycin (30 μg mL ). Trans formed colonies were vis i ble

after 5 days.

2.4. Lipids extraction and fractionation

For total lipid extraction, 10 mL aliquots of C. rein hardtii

cul tures grown in TAP nitrogen-free medium were pel leted by

cen trifugation and freeze dried. Total lipids were extracted from

freeze dried cells, follow ing the pro tocol described by Abida et

al., [51] and sep a rated into neu tral lipids, gly col ipids and

phospho lipids fractions by solid-phase extraction (SPE) on

silica Pre Sep columns (LiChro lut Si 500 mg 2 mL) from Merck

Mil li pore. The three frac tions were evapo rated under

nitrogen and dis solved in 200 μL of chloroform (neutral lipids)

or 200 μl of chloroform/methanol 2:1 (po lar lipids). Each extract

was split into two 100 μL fractions; one fraction was used for lipids

species sepa ration and quan tification by ESI-MS/ MS, and the

other was sub jected to methylation, for GC-FID analysis.

2.5. GC- FID analysis of fatty acid methyl esters

Fatty acid methyl es ter (FAMEs) de rivates, obtained as

pre viously described [52], were an a lyzed by gas

chromatography flame ion iza tion de tection (GC-FID) using

an Ag i lent 7890A gas chro matograph fitted with an Ag i lent

DB-23 (30 m × 0.25 mm × 0.25 μm) col umn as described previously

[53], with minor modi fications. A 1 μL aliquot of each sample

was an a lyzed with a 1:5 split in jection and con stant flow rate of

1.5 mL min . The oven tem per a ture cy cle was ini tially held at

150 °C for 2 min and then in creased to 250 °C at a rate of 10 °C min .

The temper a ture was then held for 5 min, for a to tal run time of

17 min per sam ple. Analy sis was car ried out us ing Ag i lent

Menhaden oil (Laro dan) and quanti fied us ing pen tadecanoic

acid (0.4 mg mL ) as inter nal stan dard.

2.6. Quantitative lipid analysis

Quan ti tative analy ses of tria cyl glyc erols (TAG),

phospho lipids (PL), phosphatidylethanolamine (PE),

phosphatidyl glycerol (PG), the galactolipids digalactosyl

dia cyl glycerol (DGDG) and monogalactosyl

dia cyl glycerol (MGDG), and the be taine lipid

dia cyl gliceryltrimethylhomoser ine (DGTS) were car ried out

using electrospray ion iza tion tan dem triple-quadru pole mass

spectrome try (4000 QTRAP; SCIX; ESI-MS/ MS).

Phosphatidylcholine (PC) which seems to be absent in C.

rein hardtii [28,54] and phosphatidylinos i tol (PI), pre sent at very

low level, were not tar geted for analysis. The lipid ex tracts were

infused at 15 μL min  with an auto-sam pler (HTS-xt PAL, CTC-PAL

An a lytics AG, Switzerland). Data acquisi tion and acyl group

identi fication of the polar lipids was as described in Ruiz-Lopez

et al., [55] with mod i fi cations. The in ternal stan dards for

polar lipids were sup plied by Avanti (Al abaster, AL, USA),

incor porated as 0.080 nmol of di14:0-PE, 0.800 nmol of di16:0

DGTS, and 0.080 nmol of di14:0-PG. The standards dissolved in

chloroform and 25 μL of the samples in chlo roform were

combined with chloroform/methanol 300 mM am monium

acetate (300:665:3.5 v/v/v) to make a fi nal volume of 1 mL.

The ESI-MS/ MS method de scribed by Li et al. [56] was mod i fied

to quantify TAG con tents. For quan ti fying TAG, 15 μL of lipid

extract and 0.857 nmol of tri15:0-TAG (Nu-Chek Prep, Elysian, MN,

USA) were combined with chlo roform/methanol/300 mM

am monium acetate (24:24:1.75: v/v/v), to fi nal vol umes of 1 mL

for direct in fusion into the mass spectrome ter. TAG

mol e c u lar species were detected as [M + NH ]  ions by a

series of differ ent neu tral loss scans, target ing losses of fatty

acids. The as processed using the pro gram Lipid View Soft ware

(SCIEX, Framingham, MA, USA) where isotope cor rec tions are

applied. The peak area of each lipid was nor malized to the internal

stan dard and further nor malized to the weight of the initial

sam ple. There is varia tion in ioniza tion effi ciency among acyl

glycerol species with differ ent fatty acyl groups, and no response

fac tors for individual species were determined in this study;

therefore, the val ues are not di rectly pro por tional to the TAG

con tents of each species. However, the ap proach does allow a

realis tic compar i son of TAG species across samples in this

study.

2.7. Fluorescence assay of neutral lipids labeled by Nile red staining

Non polar lipids were mea sured by Nile Red (Sigma-Aldrich)

fluo res cence staining (ex citation 485–512 nm and emis sion

at 590–610 nm) using a fluo res cent microplate reader (Fluostar

Omega, BMG Labtech). A 0.2 mL aliquot of C. rein hardtii culture was

incubated with 2 mL of PBS buffer and 10 μL of the fluo res cent

dye Nile Red (0.1 mg mL  in acetone) at 40 °C for 10 min. Blank

measurements (cells incubated with out Nile Red stain) were

sub tracted from test sam ples and to tal fluo res cence was

expressed as arbitrary fluo res cent units or normalized to the

fluo res cence of control cells. All mea surements were done in

trip li cate.

2.8. Determination of Acyl- CoA pool composition

To ana lyze the intra cel lular acyl-CoA pool, 2 mL of freshly

har vested cells were frozen in liq uid nitrogen and acyl-CoAs were

extracted as described by Larson and Gra ham [57] and an a lyzed

using LC-MS/MS + MRM in posi tive ion mode. The

LC-MS/ MS + MRM analy sis (using an AB Sciex 4000 QTRAP) was

per formed as described by Haynes et al. [58] (Agi lent 1200 LC

7
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5 μm). For the pur pose of identi fication and cal i bra tion,

stan dard acyl-CoA es ters with acyl chain lengths from C14 to C20 were

pur chased from Sigma as free acids or lithium salts.

2.9. Starch analysis

Intracelullar starch con tent was de ter mined in freeze dried

algal pel lets from 2 mL of C. rein hardtii cul ture, using a

commer cial amyloglucosi dase/α-amylase en zymatic kit

(K-TSTA, Megazyme) according to the manu fac turer's

instructions.

2.10. Neutral lipid staining and visualisation by confocal microscopy

Non polar lipids and oil droplets were visualized using

BODIPY stain ing and con focal microscopy es sen tially

according to Goven der et al. [59]. Cells were grown in ni trogen

replete or deplete con ditions and non-po lar lipids and neu tral

lipids were stained after 48 h with BODIPY 490/ 503 (Sigma). An

aliquot of 0.5 mL cells were pelleted at 12000 rpm and re-sus pended in

TAP medium con tain ing 1 μg mL  BODIPY 490/ 503 (diluted

from a stock of 1 mg mL  in DMSO). Cells were incubated for

10 min, pel leted by cen trifugation and washed with TAP medium.

Cells were then re-suspended in 15 μL TAP medium prior to confocal

microscopy (Zeiss LSM 780, 63× objec tive lens). Images were

processed using the Zen 2010 software (Carl Ziess Microimaging).

2.11. Genomic DNA preparation and PCR screening of transformants

Integra tion of the RBCS2-ACS2  cas sette in the genome of C.

rein hardtii transfor mants was checked by PCR us ing 1 μL of

genomic DNA in a total vol ume of 25 μL contain ing 10 pmol of

each primer, 0.2 mM dNTPs, 0.5 U Taq DNA poly merase from Biotools

(B&M Labs, Madrid, Spain), 2.5 μl of spe cific 10× buffer (containing

2.5 mM MgCl ), and 1% di methylsulfox ide (DMSO). The PCR

pro gram was: 0.5 min at 96 °C, 0.5 min at annealing

tem per a ture, and 1.5 min at 72 °C for 30 cycles. Al gal genomic

DNA was iso lated by the GeneJET ge nomic DNA purifi cation

kit from Life Technologies.

2.12. qRT- PCR analysis

qPCR exper i ments were per formed on a Mx3000P

Mul ti plex Quanti tative PCR Sys tem (Strata gene) using

1 μL of the cDNA, synthe sized from total RNA according to the

Super Script II RNaseH-re verse tran scriptase man ual

(In vitrogen), as tem plate and Bril liant SYBR® Green QPCR

Master Mix (Ag i lent Technolo gies, La Jolla, CA, USA).

Cycling conditions were: 10 min at 95 °C for acti vation of the

Hot start Taq poly merase and 40 cycles for the melting (30 s at

95 °C), annealing (30 s at 62 °C) and ex ten sion (30 s at 72 °C). Each

qPCR measurement was car ried out in trip li cate using primers

for either the chloro plas tic acetyl-CoA syn thetase (ACS2), or the

alpha-car boxyltransferase sub unit (ACX1) of chloro plas tic
acetyl-CoA car boxylase en cod ing genes (Table 1, suppl

ma ter ial). The UBC8 gene, en cod ing an ubiq uitin ligase

polypeptide (XM_001697453), which ex pression was pre viously

shown to be constitutive under the differ ent con ditions used

[60,61] was used as house keeping gene to normal ize mRNA

abundance. 2  approach was used to calculate fold change

[62].

3. Results and discussion

3.1. Generation and screening of CrACS overexpression lines

C. rein hardtii was trans formed with the Phy co105-CrACS2

plas mid, obtained as described in Section 2.2, in which the

chloro plas tic acetyl-CoA syn thetase encod ing cDNA is un der

the con trol of the chimeric con stitutive tan dem HSP70A-RbcS2

pro moter. The result ing transfor mants were grown un der

antibiotic se lec tive pressure, and the cor rect integra tion of

the RbcS2-CrACS2 cas sette in the selected transfor mants was

checked with spe cific primers that anneal with the RbcS2 pro moter

and the ACS cDNA (Fig. 1a). In all the trans for mants stud ied, a

1600 bp fragment cor responding to the RbcS2-ACS2

con struction was found, con firm ing its cor rect inser tion in the

genome of the microalga (Fig. 1b).

In order to per form a pre limi nary screen ing,

untransformed control and Cr-acs2 transfor mants were

transferred to nitrogen-de pleted TAP media at the same initial

cell den sity to induce the accumulation of

Fig. 1. Screen ing of Cr-acs2 overex pres sion trans formants. (a) Schematic map of the RbcS2-HSP70A-ACS2-RbcS2 UTR cas sette, in di cating the an nealing sites for the

PCR primers and the am plicon length. (b) Agarose gel electrophore sis showing the in tegra tion of the RbcS2-ACS2 cas sette in the mi croalgal genome of five

trans formants. The parental strain has been in cluded as a negative control; the PCR was carried out as described in Section 2.11. (c) Compar ison of neutral lipids

content in the parental strain and the trans formants, de ter mined by stain ing with Nile Red af ter 72 h of ni trogen starva tion. Data generated from three in de pendent

ex per i ments. Er ror bars in di cate standard devi ation.

−1

−1
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neu tral lipids, which con tent was de ter mined by staining with Nile

Red dye and mea sur ing fluo res cence emission as detailed in

Methods section 2.7. The cell density did not increased

signifi cantly over the three days in which the cul tures were

maintained without nitrogen (Fig. 2-suppl mat). Transfor mant

Cr-acs2-4 con sistently accumu lated more than twice the neutral

lipid con tent of the parental strain after 72 h of nitrogen

star vation (Fig. 1c). This clone was there fore selected for fur ther

stud ies.

3.2. TAG accumulation under nitrogen starvation in the Cr-ACS2- 4
transformant

To fur ther char acter ize the re sponse to nitrogen

star vation in the ACS2-overexpressing transfor mant

(Cr-acs2-4), the TAG con tent was stud ied by electrospray

ion iza tion tan dem triple-quadrupole mass spectrome try
(ESI-MS/ MS) before and 48 h af ter transfer to N-deprived medium

and ex pressed as mole c u lar species within the synthe sized

TAG (Fig. 2a) and as to tal TAG (Fig. 2b). In ad dition, the

accumu lation of lipid bod ies was ex am ined by

fluo res cence mi croscopy with the stain ing fluo rophore

BODIPY, in both the parental and the trans for mant strains (Fig.

2c–h).

Cells from the Cr-acs2 transfor mant and the un transformed

parental line were grown in stan dard con ditions; at the middle of the

exponen tial phase of growth both cultures were har vested by

cen trifugation, washed and trans ferred to TAP medium with out a

nitrogen source. The Cr-acs2 transfor mant shows more and larger

lipid droplets than the con trol un transformed strain cultured

without N for the same time (Fig. 2c–h). The TAG con tent in

nitrogen re plete medium is negli gible, however after

transfer ence to nitrogen free medium it increases to 15 and 30 fold

rel a tive to the cor responding N replete cul tures, for the

parental and the trans for mant strain respectively. Fur ther more,

the total TAG con tent in the transfor mant was 2.4-fold higher than

in the parental strain after 48 h of N deprivation (Fig. 2a–b). All the

TAG mol e c u lar species are higher in the trans for mant, being

the increase of the same order for all the species. This data sup ports

the hypothe sis that overexpression of the chloro plas tic ACS

enhances accumu lation of TAG, and con firms this enzyme as

an effec tive tar get to increase neu tral lipids accumulation

in C. rein hardtii by genetic engineering.

3.3. The acyl-CoA intracellular pool in the ACS transformant is larger

than in the wild type

Moni toring of the intracelullar lev els of acyl-CoA offers

inter esting infor ma tion about the poten tial bottlenecks

for TAG biosynthe sis. Therefore, cells from both the Cr-acs2

transfor mant and the cor responding parental line were grown,

har vested, transferred to nitrogen de prived TAP medium, as

described in Section 3.2., and used to follow the intracellular

acyl-CoA evolution over time of N deprivation, which was

ana lyzed by LC-MS/ MS as detailed in Section 2.8. In N-replete

cul tures, Cr-acs2 transfor mant exhibited 60% higher

intra cel lular con tent of acyl-CoAs rela tive to the parental

strain (Fig. 3). The acyl-CoA pool is rapidly con sumed when C.

rein hardtii cells are transferred to N deprived medium due to the

demand of substrates for the syn the sis of TAG, which, as we will

see later, is higher and more pro longed in the time in the Cr-acs2

transfor mant as compared with the parental strain. In the ab sence of

nitrogen source, acyl-CoA reserves are se verely re duced in both

the ACS transfor mant and the parental con trol strains, but re main

higher in the transfor mant.

The fact that the in tra cellular pool of acyl-CoA is con sumed

dur ing N star vation pro vides strong evi dence to suggest that

fatty acid synthe sis, rather than TAG as sem bly, is the main

bottleneck for the synthe sis of neutral lipid in this microalga, in

agree ment with pre vious reports, such as those from La Russa et al.

[31], who did not find signifi cant alteration in the

intra cel lular ac cumulation of TAG by overexpression

of several DGATs en zymes, or Fan et al. [63], who demon strated that

the addition of oleic acid to the growth medium of C. rein hardtii

increased oil produc tion. Fur ther more, our data sug gests that

car bon sup ply, rather than fatty acid syn the sis it self, is the

limit ing fac tor in the produc tion of oils in microalgae. The

higher acyl-CoA intra cellular level in Cr-acs2 transfor mant

cor rob o rates that overexpression of ACS2 pro vides higher

availabil ity of substrates for the syn the sis of acyl-CoAs, which

con tribute to the synthe sis of TAG during nitrogen

deprivation. However the main source of acyl groups for the

syn the sis of TAG in these con ditions is degra dation of

membrane polar lipids and their de novo biosyn the sis, as will be

discussed below.

Fig. 2. Accu mulation of neutral lipids and TAG in the control and the acs2 Chlamydomonas trans formant. (a) The abun dance of differ ent molecu lar species

within the TAG syn the sized after 48 h of N starva tion in the con trol strain (■) and in the Cr-acs2 trans formant (■) was de ter mined by ESI-MS/ MS. (b) Total TAG

content obtained adding the content of all the molecu lar species was deter mined in the con trol and the trans formant be fore and 48 h after trans fer ence to N

de prived medium. As ter isks de note statisti cally sig nificant differ ences in the trans formant re gards to the parental strain (t-test, p < 0.05). (c–h) Flu o rescence

microscopy detection of neutral lipid accu mulation by BODIPY stain ing in ACS2 overex pressing trans formant (c-e) and con trol (f-h) strains, after 48 h of

ni trogen starva tion: (c,f) chloro phyll aut o fluo rescence, (d,g) BODIPY stained lipids (e,h) combi na tion of both. Bar: 10 μm.
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Fig. 3. Ef fect of ACS2 overex pres sion on the acyl-CoA pool of ni trogen starved

C. reinhardtii cells. Total Acyl-CoA pool of con trol untrans formed (Parental

strain,■) and ACS2 trans formant (Cr-acs2, ■) lines of C. rein hardtii cul tured in

ni trogen de pleted TAP medium was de ter mined by LC-MS/ MS over time of N

de priva tion. Values are the av er age of three bio logical repli cates and

bars in di cate stan dard de vi ation. Aster isk shows sig nificant

differ ences in the Cr-acs2 trans formant with re spect to the parental strain (t-test,

p < 0.05).

3.4. Influence of differential initial acetate concentration on TAG and

starch accumulation

To fur ther in ves ti gate the influence of exter nal ac etate

sup ply on TAG and starch ac cumu lation, mid log cul tures of the

parental con trol and the acs2-trans for mant strains were trans ferred

to nitrogen de prived TAP medium, with two differ ent initial

acetate con cen tra tions of 16.6 and 50 mM; 16.6 mM is the

stan dard acetate con cen tra tion in TAP medium [34], while 50 mM

acetate was ob tained by sup ple menting stan dard TAP medium

with additional sodium ac etate. Samples were col lected every 24 h
after nitrogen de privation to deter mine the con tent of

starch and neu tral lipids, assayed using Nile red staining. We found

that neutral lipids assayed by Nile Red method and TAG

deter mined by ESI-MS/ MS, show simi lar pro files over time in

nitrogen de privation, demon strating that Nile red

fluo res cence assay ac curately pre dicts the

accumu lation of neu tral lipids in the C. rein hardtii. Other

authors have previously vali dated the cor relation be tween

Nile Red fluo res cence assay and the oil con tent in this

microalga [64].

This exper i ment has allowed us to confirm that

accumu lation of neu tral lipids under N deprivation is

higher in the Cr-acs2 transfor mant and is boosted by acetate in both

the Cr-acs2 and the cor responding parental line, and re veals that the

incre ment is higher in the transfor mant (Fig. 4a). In creas ing

acetate con cen tra tion to 50 mM leads to recorded val ues of 8000

fluo res cence units in the transfor mant after 72 h of nitrogen

star vation, 50% higher than the neu tral lipids accumu lated in the

parental strain in the same con ditions (Fig. 4a) and 1.5 fold the value

reached at 16.6 mM of ac etate. Neutral lipid con tent increases in the

parental strain dur ing the first 48 h of nitrogen de privation, but

after this point fur ther ac cumu lation is only ob served in the

50 mM ac etate treatment. This limi tation is not ob served for the

Cr-acs2 transfor mant; in this case nitrogen star vation induces

neu tral lipid ac cumu lation con tinu ously over the whole

exper i mental time under both acetate concen tra tions.

In con trast to lipids, starch accumu lation is not en hanced by

increas ing acetate, nei ther in the con trol, as expected from

pre vious re

Fig. 4. Ef fect of acetate concen tra tion on carbon stor age products of ACS2

overex pressing C. rein hardtii trans formant (Cr-acs2) and the

cor re sponding un trans formed parental line cul tured under N

de priva tion. (a) Neu tral lipids and (b) starch content in parental and Cr-acs2

trans formant strains were followed over time in N starved cul tures with 16.6 mM and

50 mM as initial acetate concen tra tion. Neu tral lipids were measured by Nile

Red fluo rescence stain ing and ex pressed as rel ative fluo rescence units.

Values are the av er age of three bi o logical repli cates and bars in di cate

stan dard de vi ation. Aster isk in di cates statistically sig nificant

differ ences in the trans formant with re gard to parental strain (t-test, p < 0.05).

ports [65], nor in the transfor mant line. The starch levels observed

in N-replete cul tures of the con trol and the Cr-acs2 transfor mant

are 55 and 115 mg g  DW, re spectively. Upon transfer to

nitrogen lack ing medium, starch con tent is signifi cantly

increased. Inter estingly, the differ ences be tween the Cr-acs2

transfor mant and the un transformed control get smaller over time,

becoming practi cally insignifi cant after 72 h of nitrogen

star vation. The maxi mum intracelullar con cen tration of

starch reached is prac ti cally the same for the two acetate

con cen tra tions assayed, around 40% of the dry weight for both the

Cr-acs2 transfor mant and the un transformed control, although

this level is reached ear lier in the transfor mant (Fig. 4b).

The differ ences found in the accumulation of starch and

TAG in the transfor mant and the con trol cells sug gest that the

origin of the car bon source for the syn the sis of each storage

compound under ni trogen star vation is differ ent. In stress

con ditions the metab o lism of acetate via acetyl-CoA

syn thetase path way seems to be much more impor tant for the

pro duc tion of TAG than for the accumulation of starch, which

must be mainly synthetized from other carbon interme diates.

Overexpression of the chloro plas tic acetyl-CoA syn thetase,

besides providing higher lev els of basal starch and acyl-CoA to the

transfor mant than to the parental strain in N-replete con ditions,

can, under nitrogen stress, pro vide higher flux of acetyl-CoA for

fatty acids. The data ob tained in the present re search is in agree ment

with pre vious evi dence that pointed acetate availability as a

key fac tor for the ac cumulation on TAG in C. rein hardtii

[65,66] and other chloro phytes [67] and with re cent stud ies that

cor relate the intra cel lular level of acetyl-CoA in differ ent

chloro phyte microalgae with its abil ity to accumu late

triglycerides [38].

−1
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3.5. Characterization of lipids species and fatty acid profiles in transgenic

lines overexpressing acetyl-CoA synthetase

To study the influence of ACS2 overexpression on the

composition of membrane lipids, the fatty acid profile of total

lipids (Fig. 5) and the dis trib u tion of the main lipid species (Fig. 6)

were followed over time of nitrogen de privation in both the

Cr-acs2 and the parental strain, cultured in standard TAP medium

(16.6 mM ac etate). The total lipids accumu lated under

N-star vation in the Cr-acs2 transfor mant and in the con trol

untransformed cells were extracted, sep a rated into the

differ ent lipid fractions (neutral, phospho lipids and

gly col ipids) by SPE and an a lyzed by ESI-MS/ MS. Total lipid

were methylated and the (FAMEs) ana lyzed by GC-FID.

Globally the fatty acid pro filing cor responds to that

observed in other studies of nitrogen stressed C. rein hardtii cells

[68,69], however, there are small differ ences be tween the parental

and Cr-acs2 transfor mant strains. Our re sults show that in both

strains, nitrogen star vation causes a bias in the fatty acid pro file
towards satu rated and low un satu rated fatty acids,

specif i cally palmitic (C16:0) and oleic (C18:1) acids, which are the

more abundant fatty acids in TAG, while the polyunsatu rated fatty

acid, such as 16:4n6 and 18:3n3, more abundant in membrane lipids,

suf fer a strong de crease under nitrogen de privation. A more

detailed look reveals that in the transfor mant line the increase in

the mono satu rated oleic acid is around 48% after 72 h of

nitrogen de privation, much higher than in the parental strain, for

which oleic acid in crease barely reach 29%. In ter estingly, this

obser vation sup ports the hypothe sis that oleic acid

accumu lation in TAG, may be sen si tive to acetyl-CoA

availabil ity (Smith R., per sonal commu nication). It can also

be observed that the polyunsatu rated acids, 16:4n6 and 18:3n3

suf fer a > 50% decrease in the parental strain, while are only re duced

in around 30% in the transfor mant. This in dicates that

degra dation of membrane lipids, which are rich in these PUFAs,

con tributes to the synthe sis of neutral lipids; however the higher

con tent of neu tral lipids observed in the transfor mant is not due to

a higher degra dation of the membrane lipids.

Ad dition ally, sep a ration and quan tification of the

ma jor polar lipids reveals that, in the control strain, the big

increase in TAG accumu lation upon transfer ence to

nitrogen star vation is accompanied by a reduc tion in the

main polar lipid species, in agree ment with pre vious reports

[68,69]. In the transformed strain, nitrogen de ple tion causes, as

hap

pens in the control untransformed strain, a decrease in some of main

lipid components of the thylakoid membrane, such as

monogalactosyl dia cyl glyc erol (MGDG),

sulfoquinovosyl dia cyl glyc erol (SQDG) or

phosphatidylglycerol (PG), al though this de crease is lower than in

the parental strain. The de crease of MGDG is particu larly

notewor thy, which after 72 h with out nitrogen is re duced in

>70% compared to the parental strain, while in the acs2 transfor mant

MGDG declines only 37%. Fur ther more, digalactosyl

dia cyl glycerol (DGDG), the sec ond most abundant lipid in the

plas tid membranes, which slightly de creases in the con trol,

increases around 30% in the transfor mant (Fig. 6). The be taine lipid

dia cyg lyc eryltrimethylhomoser ine (DGTS), the major

extraplastidic lipid in C. rein hardtii, which is slightly re duced in the

con trol (5%), does not show a signifi cant increase in the Cr-acs2

transfor mant, after 72 h of nitrogen deprivation.

It is inter esting to note that we have not found

phosphatidylcholine (PC) neither in the parental, nor in the

transformed strain. Although this ubiq uitous phos pho lipid is

essen tial for most eukaryotes and has been found in several

species of Chlamydomonas [54], it seems to be absent in

Chlamydomonas rein hardtii, where the role of PC could have been

replaced by the non-phospho rous be taine lipid DGTS [28].

Thus, over expression of ACS2 results in higher TAG

pro duc tion and a cer tain bias to satu rated or low unsatu rated

fatty acids upon transfer ence to nitrogen de prived medium.

Ad dition ally, after some days in the absence of nitrogen a

con siderable degra dation of mem brane lipids, which

con tributes to the synthe sis of neutral lipids can be observed;

however this degradation is less acute in the acs2 transformant,

indicating that the higher TAG in cre ment in the mod i fied

strain is due to an increase in the carbon flux to wards the

syn the sis of acetyl-CoA in the chloro plast rather than to a higher

decrease of polar lipid species.

It is gen erally ac cepted that fatty acid syn the sis is largely

reliant on exoge nous acetate in C. rein hardtii, but there is

cer tain con troversy about the con tribution of pre existing

membrane lipids as source of fatty acids for the synthe sis of TAG.

Fan et al. [63,65] main tain that oil accumulation in response to

N starvation is mainly de pen dent on de novo fatty acid syn thesis

in the chloroplast, while Juergens et al. [33] have observed, by 13C

labelling time course stud ies, that there is a con siderable turnover

of membrane lipids dur ing nutrient de privation in mixotrophic

cul tures of C. rein hardtii. Simi lar results were ob served by

Siaut et al. [69] who concluded that there is a con siderable

degra dation of plas tidial membrane lipids at the beginning of

the oil ac cumulation phase in N deprived C. rein hardtii

cul tures. Our analysis of the

Fig. 5. Time course evolu tion of fatty acid com position of to tal lipids isolated from N-de prived con trol (PARENTAL STRAIN) and trans formant (Cr-acs2) C.

rein hardtii strains cul tured in stan dard TAP medium (16.6 mM acetate). Sam ples from both strains were col lected be fore and after 24, 48 and 72 h of N starva tion and fatty

acid methyl es ters (FAME) prepared from to tal lipids were separated and an alyzed by FID-GC. Val ues are the av er age of four measure ments from two bi o logical

replicates and bars in di cate standard devi ation. Aster isks de note significant variations in lipid content at 72 h with re spect to 0 h (t-test, p < 0.05).



Rich Text Editor, editor3

http://web8.elsevierproofcentral.com/en/index.html?token=SPIN2f398b682ebb97217adb6def1ac8d0426&type=AU[09/02/2018 12:05:27]

7

R. Rengel et al. Algal Research xxx (2018) xxx-xxx

Fig. 6. Time course evolu tion of the ma jor polar membrane lipids species in N

de prived con trol (PARENTAL STRAIN) and transformant (Cr-acs2) C.

rein hardtii strains cul tured in stan dard TAP medium (16.6 mM acetate). The ma jor

lipid classes in gly col ipids and phospho lipids extracts from both strains were

identi fied by ESI-MS/ MS analysis before, and af ter 24 h and 72 h of N

de priva tion. Ab bre vi ations: monogalacto syl di acyl glycerol

(MGDG), di galacto syl di acyl glycerol (DGDG), phosphatidyl glycerol

(PG); sul folipid sul foquinovosyl di acyl glicerol (SQDG),

di acyglyc eryltrimethylhomoserine (DGTS), phos phatidylethanolamine (PE).

Values are the av er age of four mea sure ments from two bi o logical

repli cates and bars indi cate stan dard de vi ation. Aster isks de note

sig nifi cant variations in lipid content at 72 h with re gard to 0 h (p < 0.05).

composition of membrane lipids in nitrogen de prived

cul tures shows a strong de crease of the main polar lipids over time of

N deprivation, in agree ment with the con tribution of

membrane lipids turnover to the accumu lation of TAG, but

compar a tive analysis between the trans for mant and the

parental strain sug gests that an increase in the carbon flux to wards

the syn the sis of fatty acids in the chloroplasts, rather than higher

membrane lipids turnover, is responsi ble for the higher

accumu lation of TAG in the Cr-acs2 transfor mant.

3.6. Differential expression levels of chloroplastic acetyl-CoA synthetase

and acetyl- CoA carboxylase

To complete this study we have ana lyzed the tran script lev els

of two enzymes: the chloro plas tic acetyl-CoA syn thetase (ACS2),

the en zyme overexpressed in this work; and the

α-car boxyltransferase sub unit of the chloro plas tic acetyl-CoA

car boxylase (AC Case-ACX1), which is di rectly involved in the

con ver sion of acetyl-CoA into mal onyl-CoA, the first step in the

biosyn the sis of fatty acids. The ex pression pro file of these two

genes over time in N deprivation (Fig. 7a–b) and also the ra tio
between their ex pression lev els in the transfor mant and the

parental untransformed strain (Fig. 7c–d) have been ana lyzed by

real-time quanti tative PCR.

These exper i ments con firmed that ACS2 is over expressed in

the transfor mant, which, resulted in a tran script level 50% higher

than in the control parental strain (N-re plete medium; Fig. 7c).

Fur ther more, profiling of ACS2 expression over time during N

deprivation showed that ACS2 is up-reg u lated upon N

deprivation both in the con trol and the trans for mant, reaching

6-fold the basal tran script level af ter 24 h of N deprivation (Fig.

7a). The ACS2 tran script level is al ways higher in the transfor mant,

e.g. 6-fold higher in the trans for mant than in the con trol af ter 48 h
of nitrogen deprivation (Fig. 7c).

These re sults are in agree ment with pre vious stud ies.

Ramanan et al. [39] ob served that the ACS2 gene is highly

up-reg u lated under mixotrophic and ni trogen-limited

con ditions founding a cor relation be tween the

up-reg u lation of the ACS2 gene and the for ma tion of lipid droplets

in C. rein hardtii. Goode nough et al. [40] also con cluded, after

RNA-seq tran scriptome analysis of several N-starved acetate-fed

wild and mu tant strains of C. rein hardtii, that ACS2 is a sen si tive

gene for which expression was stim u lated by acetate in N starved

cul tures. In other microalgae, such as Dunaliella terti olecta, a

sim i lar increase of ACS tran script lev els after

nitrogen-de ficient culti vation has been observed [41].

Fig. 7. Transcrip tion lev els of ACS2 (a,c) and ACX1 (b,d) genes in re sponse to ni trogen de priva tion. Sam ples of control and acs2 trans formant cul tures, col lected

at the in di cated time af ter trans fer ence to ni trogen free medium, were processed for mRNA isolation and the ex pres sion of the in di cated genes an alyzed by

quan ti tative RT-PCR. Mea sure ments were normalized to se lected en doge nous genes and pre sented as fold-change rel ative to tran script lev els at 0 h (N replete

cul tures) (a,b) and as the ra tio between the ex pres sion level in the trans formant and in the parental un trans formed strain (c,d). Er ror bars rep resent 95% confi dence

in ter vals from three repli cates.
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Chloro plas tic AC Case is a tetrameric complex, con sist ing of

biotin car boxylase, biotin car boxyl car rier pro tein, and α- and

β- car boxyl transferases, re sponsible for the for ma tion of

malonyl-CoA in the chloroplast. Assem bly of the four subunits of

AC Case is very well coordinated, as is their regu lation [70].

In this work we have chosen the α-car boxyl transferase sub unit

(ACX1) to eval u ate the expression level of the Acetyl CoA

car boxylase. We have found that the ex pression level of ACX1 is

not induced by N deprivation (Fig. 7b). Sim i lar results were

observed by Ramanan et al. [39] and Schmollinger et al. [71], who

found that BCX1, the β-car boxylase sub unit of AC Case, was

down-reg u lated under N limi tation. While Goode nough et

al. [40] found a tran sient down-reg u lation followed by an

induc tion af ter 24 h of N star vation for both the ACX1 and BCX1

sub units.

Curiously, although ACX1 did not showed higher levels

rel a tive to N replete cells (time 0 h); ACX1 tran script level is around

2-fold higher in the trans for mant than in the control strain (Fig.

7d). Higher substrate availabil ity for the acetyl-CoA car boxylase

in the transfor mant could be the cause for this induc tion. Although

the influence of acetyl-CoA on AC Case at trancrip tional level has

not been stud ied, sev eral previous stud ies have revealed that

suf ficient acetyl-CoA levels together with stro mal

appro priate redox pool are nec essary to acti vate AC Case

[36,38].

4. Conclusions

The ACS2 overexpressing C. rein hardtii transfor mant

accumu lated more starch re serves and had a larger acyl-CoA pool

than the corresponding parental line. In nu trient replete

non-stressed cul tures, the mech a nisms that trigger the

accumu lation of TAG are not ac tive, and the ex cess acetyl-CoA

is mainly stored as starch and accumu lated as intracelullar

acyl-CoA, both of which are higher in the ACS over expressing

transfor mant, reach ing val ues 100% (in the case of starch), and 60%

(in the case of acyl-CoAs) higher than in the parental untransformed

strain.

Upon transfer to N-depleted medium, the biosyn the sis of starch

and TAG is rapidly induced, however their biosynthetic dynamics

are very differ ent. An exam ple of this is that in creas ing

acetate con cen tra tion en hances TAG produc tion, but not

starch ac cumu lation, neither in the parental nor in the acs2

transfor mant strain. TAG con tent of N-deprived Cr-acs2

transfor mant cells is much higher than that of the parental

untransformed line grown in the same conditions; after 3 days of

nitrogen de privation with an initial con cen tration of

acetate of 50 mM, the con tent of neu tral lipids in the ACS

transfor mant is 52% higher than in the control grown in the same

con ditions and up to 16-fold higher than in the N replete con trol

cells. Al though the final oil content in microalgae is

deter mined by many fac tors, we can con clude that the

con tribution of plas tidic ACS is very impor tant for essen tial

the accumu lation of storage lipids.

On the other hand, al though the basal starch con tent is two-fold

higher in the Cr-acs2 than in the transfor mant, the starch

accumu lated after 72 h of N deprivation is prac ti cally the

same in the transfor mant and the parental strains, demon strating that

the origin of these two C storages is clearly differ ent and show ing

that in N deprived medium the ac etate me tab o lized via

acetyl-CoA syn thetase is priori tized to wards the biosyn the sis

of TAG. This is in agreement with recently pub lished data, provided

by car bon 13C iso tope label ing, that showed that in mixotrophic

cul tures, starch is pre domi nantly obtained from

pho tosyn thet i cally assim i lated CO , while fatty acid

syn the sis is mainly supplied by exoge nous acetate [33] and with

the obser vations of Fan et al. [65], that sug gest that car bon

availabil ity is a key fac tor con trol ling car bon por tion ing

between starch and oil in C. rein hardtii.

Overexpression of ACS2 re sults in higher ACS2 tran script

lev els, enhanced TAG pro duc tion and a ma jor bias to

u rated fatty acids upon nitrogen star vation, but not in higher

decrease of polar lipid species, in dicating that the higher

incre ment in the TAG content of the transfor mant is not achieved

at expense of other polar plas tidial lipids, but due to an in crease in

the car bon flux to wards the syn the sis of acetyl-CoA in the

chloro plast.

Overexpression of Cr-ACS2 by genetic engineering

increases the availabil ity of acetyl-CoA, such that under

nitrogen limi tation it is mainly used for the syn the sis of TAG,

thus this is a good strat egy to increase the accumu lation of

lipids, par ticu larly TAG, in C. rein hardtii, that could be

suc cessfully applied to other microalgal systems.

Simul taneous overexpression of ACS with other enzymes

cat alyzing downstream steps of the path way or the synthesis of

spe cific high value fatty acids could pro vide higher yields of

tailor-made lipids that bet ter con form to the requirements of

cer tain energetic or nutritional applications.

Sup ple mentary data to this ar ti cle can be found on line at

https:// doi.org/ 10.1016/j.algal.2018. 02.009.
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In order to isolate the ACS2 (EDO98345) en cod ing gene, total

RNA was ob tained by the RNAeasy plant minikit from Qia gen

according to manu fac turer's instructions and single strand

cDNA was syn the sized from total RNA according to the

Super script II RNaseH-reverse tran scriptase manual

(In vitrogen). ACS2 was am plified by PCR, us ing 1 μL of the

cDNA as template, and the Phu sion High-Fi delity DNA Poly merase

(Ther mofisher). Spe cific for ward and re verse primers were

modi fied to con tain the XhoI and EcoRI restriction sites. The

result ing PCR prod uct was lig ated into the pSpark vector

(Canvax, Spain) and fur ther sub cloned into the XhoI-EcoRI sites of

polylinker region of the microalgal expression vec tor

Phy co105 to gen erate the Phy co105-CrACS2 plas mid (Fig. 1

suppl mat).

qPCR exper i ments were per formed on a Mx3000P

Mul ti plex Quanti tative PCR Sys tem (Strata gene) using

1 μL of the cDNA, synthe sized from total RNA according to the

Super Script II RNaseH-re verse tran scriptase manual

(In vitrogen), as tem plate and Bril liant SYBR® Green QPCR

Master Mix (Ag i lent Technologies, La Jolla, CA, USA).

Cycling con ditions were: 10 min at 95 °C for ac ti vation of the

Hot start Taq polymerase and 40 cycles for the melting (30 s at

95 °C), an nealing

(30 s at 62 °C) and ex ten sion (30 s at 72 °C). Each qPCR

mea surement was car ried out in trip li cate using primers for

either the chloro plas tic acetyl-CoA syn thetase (ACS2), or the

alpha-car boxyltransferase sub unit (ACX1) of chloro plas tic
acetyl-CoA car boxylase en cod ing genes (Table 1, suppl

ma ter ial). The UBC8 gene, en cod ing an ubiq uitin ligase

polypeptide (XM_001697453), which expression was pre viously

shown to be con stitutive under the differ ent con ditions used

[60,61] was used as house keeping gene to normalize mRNA

abundance. 2  approach was used to calculate fold change

[62].

In order to per form a pre limi nary screen ing,

untransformed control and Cr-acs2 transfor mants were

transferred to nitrogen-de pleted TAP media at the same initial

cell den sity to induce the accumulation of neu tral lipids,

which con tent was de ter mined by staining with Nile Red dye and

mea sur ing fluo res cence emission as de tailed in Methods

section 2.7. The cell den sity did not increased signifi cantly over

the three days in which the cultures were maintained with out

nitrogen (Fig. 2-suppl mat). Trans for mant Cr-acs2-4

con sistently accumulated more than twice the neu tral lipid

con tent of the parental strain after 72 h of nitrogen star vation

(Fig. 1c). This clone was therefore selected for further stud ies.
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