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Algae have evolved several mechanisms to adjust to changing environmental conditions.
To separate from their surroundings, algal cell membranes form a hydrophobic barrier
that is critical for life. Thus, it is important to maintain or adjust the physical and biochem-
ical properties of cell membranes which are exposed to environmental factors. Especially
glycerolipids of thylakoid membranes, the site of photosynthesis and photoprotection
within chloroplasts, are affected by different light conditions. Since little is known about
membrane lipid remodeling upon different light treatments, we examined light induced
alterations in the glycerolipid composition of the two Chlorella species, C. vulgaris and
C. sorokiniana, which differ strongly in their ability to cope with different light intensities.
Lipidomic analysis and isotopic labeling experiments revealed differences in the compos-
ition of their galactolipid species, although both species likely utilize galactolipid precur-
sors originated from the endoplasmic reticulum. However, in silico research of de novo
sequenced genomes and ortholog mapping of proteins putatively involved in lipid metab-
olism showed largely conserved lipid biosynthesis pathways suggesting species specific
lipid remodeling mechanisms, which possibly have an impact on the response to different
light conditions.

Introduction

Algae inhabit very diverse ecosystems from snowfields to desert sand crusts. Their ability to adapt to
extreme environmental conditions like salinity, moisture availability, depletion of essential nutrients or
changing temperature and light conditions is reflected in their diverse glycerolipid patterns found in
their cell membranes. Changing environmental conditions can have an impact on the membrane lipid
composition, which can actually have a significant effect on the physical/chemical properties and func-
tion of cell membranes. Therefore, lipid metabolism can be used to adjust cell membranes to both
gradual and acute stress, enabling the algae to avoid possible impairments [1]. Since light has a strong
effect on several metabolic process in phototrophic organisms, exposure to different light conditions
can also cause significant changes in the stoichiometry of individual lipid classes and in the compos-
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intermediates for the synthesis of phosphatidylcholine (PC), phosphatidylethanolamine (PE) and some other
phospholipids. In many plants a proportion of PA, PC or DAG is re-imported into the plastid to provide
ER-derived precursors for eukaryotic galactolipid synthesis [6-8]. In plants, prokaryotic and eukaryotic galacto-
lipids are distinguishable by their fatty acids linked to the sn-2 position because of the different substrate speci-
ficities of plastid and ER localized lysophospholipid acyltransferases [9]. Glycerolipids originating from the
plastid or the ER synthesis pathways result in the inclusion of C-16 or C-18 acyl chains at the sn-2 position,
respectively, while in both pathways C-18 acyl chains are more frequently linked to the sn-1 position [10].
Therefore, only ER-pathway derived galactolipids can exhibit C-18 fatty acids at both positions. Based on the
composition of galactolipid precursors, algae and higher plants can be divided into three groups. The first
group involves both the plastidial and the ER pathway for galactolipid synthesis while the second group mainly
employs the eukaryotic pathway. The third group, including most green algae, synthesizes galactolipid molecu-
lar species comparable to those exclusively derived from the plastidial pathway [11]. Unlike higher plants, the
green algae Chlamydomonas reinhardtii has a distinct ER localized lysophosphatidic acid acyltransferase
(LPAAT) with prokaryotic substrate preference and thus synthesizes ‘prokaryotic’ lipid molecular species
within the ER [12]. Therefore, it is so far unclear if Chlorella also utilizes the eukaryotic pathway for the syn-
thesis of galactolipids.

The composition of galactolipid species and the ratio of MGDG:DGDG is known to influence the properties
of chloroplast membranes [13]. It has been reported that several algal genera show light induced alterations in
their total fatty acid profiles and changes in their MGDG:DGDG ratio, whereas little is known about the inter-
play of the prokaryotic and the eukaryotic pathway and its role of galactolipid remodeling under different light
regimes. Therefore, we selected two different species of the Chlorella-clade belonging to the C. vulgaris and the
C. sorokiniana linage to further investigate the role of lipid remodeling under different light regimes of coccoid
green algae [14,15]. These freshwater algae are unicellular, immobile and asexual organisms with simple
morphology and non-complex chloroplasts but show comparable lipid profiles to those of higher plants. Cell
membranes of Chlorella are mainly comprised of the galactolipids MGDG and DGDG while ~15% of their
membranes are build up of the phospholipids PC and PE.

By analysis of lipid molecular species and '*C-labeling experiments, we observed that both species involve
the ER pathway for galactolipid synthesis with clear differences in their galactolipid molecular species compos-
ition. Based on the profiles of membrane lipids and genome sequencing followed by in silico analysis of genes
putatively involved in Chlorella lipid metabolism, we illustrate light induced remodeling of membrane lipids in
two different Chlorella species. Our results show that both Chlorella species use different precursors for galacto-
lipid synthesis which are possibly involved in the response to different light conditions.

Experimental procedures

Algal strains and cultivation conditions

The Chlorella species C. sorokiniana 211-8k and C. vulgaris 211-11b were obtained from SAG (Géttingen,
Germany). Axenic algal cultures were grown in TAP medium [16] on an orbital shaker at 120 rpm, 30°C and a
photon flux density of 250 pmol m™—*s™" or 1000 pmol m*s™" using a 16 h light/8 h dark cycle. The algal
cells were sampled during their late exponential growth phase. Photoorganothrophic conditions were used to
overcome pure self-shading effects of freshly inoculated cultures.

Phylogenetic analysis

Sequence alignments of 185 RNA, ITS1, and ITS2 were constructed in MEGA7 using Muscle then the
Maximum Likelihood tree was generated [17]. The supporting bootstrap values correspond to Maximum
Likelihood (ML) and Neighbor Joining (NJ) and were performed with 1000 replications.

Determination of photopigment contents

Liquid Chlorella cultures (10 ml) were harvested, washed with water, and immediately re-suspended in 1 ml ice
cold extraction solution (acetone:water (80:20; v/v) with 5% CaCO; (v/v)). An equal volume of precooled
ceramic beads (3.0-3.3 mm diameter; Soilgene) were added and cells were disrupted by vortexing for 5 min.
The extracts were then transferred into a 2 ml tube to remove cell debris by centrifugation (5 min, 20 000xg, 4°
C). Since matrix effects occurred in the pigment extracts, we extracted them three times with 5 ml cold petrol-
eum ether. The pigment containing organic phases were allowed to evaporate until near dryness under a
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stream of nitrogen gas, and the residues were dissolved in methanol. In order to verify that all pigments were
quantitatively extracted from the aqueous phase, we removed the water by freeze drying and dissolved the resi-
dues in methanol.

Immediately after extraction all samples were analyzed by HPLC using an Agilent 1260 system equipped
with a photodiode array detector. The reverse-phase system consisted of a ProtoSil C30 column (250 x 4.6 mm,
3 wm; Bischoff, Germany) which was developed at 20°C (column oven temperature) with a gradient (flow rate
of 0.5 ml min™!) of solvent B (2-methoxy-2-methylpropane) in solvent A (methanol: water (99.3:0.7; v/v),
1 mM ammonijum ethanoate). The analysis of pigments with isocratic elution steps was performed as follows
(all v/v): A:B (85:15) to A:B (70:30) and kept for 6 min; A:B (70:30) to A:B (15:85) in 5 min and kept for
7 min; A:B (15:85) to A:B (85:15) in 5 min and kept for 5 min. The detection was carried out at a wave-
length of 440 nm, absorption spectra were measured between 260 nm and 600 nm and the data were extracted
and analyzed using MassHunter software (Agilent) by comparing retention time and absorption spectra of
standard compounds.

Measurement of oxygen evolution

Chlorella cells were re-suspended in 1 ml TP medium to a final OD;35 of 0.2. NaHCO; (3 mM final concentra-
tion) was added to cell suspensions prior to O, evolution measurements to ensure sufficient carbon supply.
The cell suspensions were then transferred into a liquid phase oxygen electrode chamber (Hansatech) and
exposed to 50 wmol m ™2 s~ or 1000 wmol m™2 s~ at 30°C.

Lipid extraction

Chlorella liquid cultures (50 ml) were harvested by centrifugation, washed with cold water, re-suspended in
1 ml water and transferred into a glass grinding tube. Equal volumes of ceramic beads (3.0-3.3 mm diameter;
Soilgene, Germany) and 7.5 ml of precooled chloroform/methanol (2:1; v/v) were added for extraction [18].
Cells were disrupted by vortexing for 5 min followed by the addition of 2.5 ml 0.9% NacCl solution and centri-
fugation for 5 min, 3000g at room temperature. After phase separation, the chloroform phase was collected and
the aqueous phase was re-extracted twice with 3 ml chloroform. The combined chloroform phases were dried
under a stream of nitrogen gas, dissolved in chloroform/methanol (2:1; v/v) and stored in amber glass with
protected gas (Ar) at —20°C. All extraction steps were performed in acetone cleaned glassware.

Fatty acid analysis

Lipid extracts were dried under a stream of nitrogen gas, solved, and transmethylated in 2 ml 0.5 M sulphuric
acid in methanol with dimethoxypropane (2%; v/v) for 1 h at 80°C with 250 nmol heptadecanoic methyl ester
and 250 nmol pentadecanoic as internal standards. Fatty acid methyl esters were extracted with 3 ml n-heptane
on a shaker at room temperature for 2 h [19] and analyzed by GC-MS (Agilent 7890A) with an Optima 5 MS
column (30 m x 0.25 mm, 0.25 um film thickness; Macherey & Nagel) using He as carrier gas with constant
flow (1 ml/min). Samples were split injected (1 : 10) and subjected to the following temperature program: Initial
hold at 120°C for 2 min; 10°C/min ramp to 150°C; 0.5°C/min ramp to 172.5°C and held for 10 min; 0.5°C/min
ramp to 172.7°C/min; 10°C/min ramp to 270°C and held for 1 min. Fatty acid methyl esters were identified by
retention times and m/z using chemstation (Agilent) software.

Membrane lipid analysis
The composition of glycerolipids (MGDG, DGDG, SQDG, PA, PC, PE, PG, PI, and PS) was analyzed by direct
infusion tandem mass spectrometry as described in [20] with minor modifications.

With regard to the sample concentration, an aliquot of each lipid extract was diluted in methanol/chloro-
form/300 mM ammonium acetate (665:300:35, v/v) [21]. Two internal phospholipid standards each were
added for PC, PE, PG, PA, PS, and PI (Avanti Polar Lipids) in a final concentration of 1 pM. The galactolipid
standards MGDG, DGDG, and SQDG (Avanti Polar Lipids and Matreya LLC) were hydrogenated for 6 h at
25°C in aceton/methanol (1:1) using 1% Pt(IV)oxide (w/w) and >1 atm H, and used in a final concentration
of 10 uM [22]. Samples were measured with a triple quatrupole mass spectrometer (ESI-MS/MS) (6420,
Agilent) using constant injection of a PSD/3 syringe pump (Hamilton) with flow rate of 6 wl min™". Each lipid
class was measured for one minute with specific settings shown in Supplementary Table S10. After correction
of isotopic overlap, lipid molecular species were quantified as described in [23].
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Positional analysis

Lipid extracts were evaporated under a stream of nitrogen gas and mixed with 2 ml 40 mM Tris-HCI (pH 7.2)
buffer containing 50 mM Na3;BO; and 150 U lipase of Rhizopus oryzae. The mixture was incubated in a ultra-
sonic bath for 2 h at 22°C [24]. After extraction with chloroform/methanol (2:1; v/v) the lyso-glycerolipids
(lyso-MGDG, lyso-DGDG, lyso-PC, lyso-PE, lyso-PG) were analyzed by direct infusion tandem mass spectrom-
etry as stated above.

Isotopic labeling with acyl-CoA

Chlorella cultures were grown in TAP medium (25 ml) to an OD535 of 0.5 and were then incubated with 4 nCi
of Palmitoyl [1-'*C] Coenzyme A or Oleoyl [1-'*C] Coenzyme A for another 2 days. Cells were harvested,
washed with water, and lipids were extracted as stated above. The lipid extracts were separated by TLC, devel-
oped in chloroform/methanol/acetic acid/water (90:31:4:4; v/v), and radioactively labeled compounds were
visualized with a FLA-3000 bioimager (Raytest).

DNA extraction

Late exponential Chlorella was harvested from liquid culture (100 ml, OD;35 > 2.0) by centrifugation for 10 min
at 10 000xg and 4°C and the cell pellet was re-suspended in 2 ml water and 4 ml extraction buffer (100 mM
Tris-HCl, 150 mM NaCl, 5 mM dithiothreitol, 1% L-lauroylsarcosine). Approximately 3 ml ceramic beads (3.0-
3.3 mm diameter; Soilgene, Germany) were added and cells were disrupted by vortexing for 5 to 10 min.
Subsequently, the liquid phase was transferred to another tube, and cell debris was removed by centrifugation
for 10 min at 10 000xg and 4°C. The sample was extracted with 3 ml chloroform/3-methylbutan-1-ol (24: 1; v/
v) and 3 ml phenol by 15-time inverting of the sample tube. The aqueous phase was separated by centrifuga-
tion (10 min, 10 000xg, 4 °C), transferred to another tube, acetified with 400 pl Na-acetate (pH 5.2) and total
DNA was precipitated with 1.5 vol. 2-propanol at 4°C for 20 min. After centrifugation, the DNA pellet was
washed with 70% ethanol (v/v) and re-suspended in water. The DNA was treated with RNase (Thermo Fisher)
and used for genome sequencing.

Short-read genome sequencing and assembly

De novo whole genome sequencing for all strains was performed following the Illumina TruSeq PCR-free
library preparation protocol and sequencing on an Illumina MiSeq platform (MCS 2.5.0.5, RTA 1.18.54) with
600v3 chemistry. Following initial data quality control using FastQC, adapter sequences and low quality bases
were removed using Trimmomatic v0.35 [25]. SPAdes (v3.6.2) was used for contig and scaffold assembly of the
paired-end Illumina data without previous error correction [26]. Resulting scaffolds were blasted against the
NCBI nucleotide database and scaffolds with a hit to PhiX were removed from the assembly [27].

Long-read nanopore library preparation, sequencing and assembly

A modified library preparation protocol was used to enable enrichment of large fragments of either >20 kb or
>40 kb with a Blue Pippin device. For all libraries prepared with R7.3 chemistry, size selection was performed
after end-repair and adenylation, while in R9.4 libraries large fragments were enriched directly after fragmenta-
tion. All generated sequences were converted to fastq-format using poretools v0.5.1 [28] and redundant reads
were removed based on 1D/2D classification or length filtering.

Additionally, de novo assembly of the nanopore longreads was performed with Canu (versionl.3+, commit
b147f45b), with the following non-default parameters (corOutCoverage = 5000, corMinCoverage =0) and two
rounds of error correction [29]. The raw assembly was then polished in four iterations of pilon polishing with
the available trimmed Illumina data [30]. Nanopolish v0.6.1 was used to predict 5-mC modification from the
R9.4 nanopore reads of library Cs8k 003 003 aligned to the four time pilon polished canu assembly [31]. For
comparison, hybrid assemblies were generated using SPAdes v3.9.0 [26].

Genome size estimation
Genome sizes were estimated by generating and counting 17-mers from the trimmed short-read data using
Jellyfish (v2.2.4) and GCE (v1.0.0) [32,33].
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Chloroplast comparison

For identification of chloroplast scaffolds, all scaffolds for the final assemblies were blasted against the NCBI
nucleotide database (2016-03-29). Resulting scaffolds were aligned against the published C. sorokiniana 211-8k
chloroplast genome [34] using LAST (v712) and suggested settings for strongly similar genomes [35].

RNA extraction and sequencing
RNA was isolated using MasterPure Plant RNA Purification Kit (Epicentre, USA) with few modifications.
Three independent biological replicates of Chlorella liquid cultures (50 ml) were harvested by centrifugation
(10 000xg, 10 min, 4°C) and the pellets were immediately flash frozen with liquid nitrogen. The samples were
re-suspended in plant tissue and cell lysis solution containing 1 mM dithiothreitol and 100 pg Proteinase K
and incubated at 56°C for 30 min. The nucleic acids were precipitated with 800 pl 2-propanol and washed with
70% ethanol (v/v). The RNA was treated with DNase I solution (RNase free DNase I 5 U/sample) and incu-
bated at 37°C for 30 min. For sequencing the RNA samples were washed again with 70% ethanol (v/v) and dis-
solved in 20 pl RNase free water. Quantity was checked via Qubit and quality control was performed by
agarose gel electrophoresis.

Library preparation was performed by the supplier using the Kapa Stranded mRNA-Seq Kit and sequencing
was performed on a HiSeq Illumina system (DNA Sequencing Center, Brigham Young University, Provo, U.S.A.).

Gene annotation

Paired-end raw RNA-seq reads were quality trimmed with Trimmomatic v0.36 [25] and mapped to the assem-
blies using Bowtie2 v2.5.0 [36] and TopHat2 v2.2.1 [37]. Duplicate reads were removed with the PICARD
MarkDuplicates tool v2.5.0 [38]. The genome assemblies were repeat-masked using RepeatMasker v4.0.6 [39]
with the species option ‘chlorellales” and annotated with the BRAKER1 v1.9 [40] genome annotation pipeline.
Orthologous groups of predicted genes were identified using OrthoFinder [41] and sequence similarity searches
were carried out with BLAST v2.3.0+ [27] in the UniProtKB/Swiss- Prot (2016-06) and TAIR 10 (2012-04-16)
databases. Human Readable Descriptions (HRD) and Gene Ontology (GO) terms were assigned to predicted
genes using AHRD v3.3 [42] provided with a reference UniProtKB Gene Ontology Annotation (GOA) file
(2016-07-06). Genome Annotation Completeness was assessed with BUSCO v2.0 [43] using the lineage-specific
BUSCO dataset for chlorophyta.

In silico analysis of glycerolipid metabolism

The prediction of proteins involved in glycerolipid metabolism was performed using blast+ [32] searches
against reference sequences using databases of A. thaliana, C. reinhardtii, Saccharomyces cerevisiae, cyanobac-
teria and some other bacteria [5,44-47]. Both, the genome sequences and the ab initio predicted gene models
of C. vulgaris 211-11b and C. sorokiniana 211-8k were used to find orthologs with an E-value of <e°.

Results

Phylogenetic analysis

To investigate the impact of different light conditions on the glycerolipid metabolism, we selected two Chlorella
species. C. sorokiniana 211-8k was isolated in subtropical climate (Austin, USA) and was compared to the
eponymous species of the genus Chlorella, C. vulgaris 211-11b, isolated in Delft, Netherlands [16,17]. Based on 18S
rRNA/ITS1-2 both species were assigned into the Chlorella clade (Figure 1) as also described in Bock et al. [48].

Light induced changes in growth, photopigment composition and oxygen

evolution

In order to identify growth characteristics, C. vulgaris and C. sorokiniana were cultivated at 30°C and 50 pmol
photons m™*s™" (low light, LL) or 1000 pmol photons m*s™" (high light, HL). The growth curves of batch
cultivated C. vulgaris showed significant growth reduction under high light condition whereas C. sorokiniana
grew best under the same light treatment (Figure 2).

To examine the adaptation to different light conditions, we analyzed the light-dependent xanthophyll con-
version of the two Chlorella species. The reversible conversion of violaxanthin to zeaxanthin via the intermedi-
ate antheraxanthin is an important strategy of many plants and algae to avoid or minimize damage related to
light-induced photo-oxidative stress [49]. As shown in Figure 3a,b, both species responded to high light
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P. kessleri FM205846*

Figure 1. Chlorella phylogeny.

For the phylogenetic tree, sequence alignments (18S RNA, ITS1, and ITS2) were constructed in MEGA7 using Muscle then the
Maximum likelihood tree was generated [17]. The supporting bootstrap values correspond to Maximum Likelihood (ML) and
Neighbor Joining (NJ) (ML/NJ) and were performed with 1000 replications. Parachlorella kessleri was used as outgroup. The
scale bar represents 0.01 nucleotide substitutions/site.

treatment with significant shifts in their xanthophyll composition. The increase of de-epoxidized xanthophyll
cycle compounds (antheraxanthin and zeaxanthin) caused by high light treatment is commonly accepted as a
pivotal photoprotection mechanism [49] which can be described as the de-epoxidation state (DES). C. sorokini-
ana exhibited a DES value of 21% under low light conditions and 42% under high light conditions, respect-
ively. C. vulgaris showed DES values within a similar range (16%, low light; 49%, high light) (Figure 3e). These
results indicate a comparable photoprotection mediated by the de-epoxidation of xanthophylls between both
species. However, C. vulgaris responded to high light treatment with a threefold decrease in the total pigment
content with the most significant decrease in chlorophyll a and chlorophyll b amounts while the total pigment
content of C. sorokiniana remained constant (Figure 3a-d and Supplementary Table S1). Particularly, the
xanthophyll-pool size of low light cultivated C. vulgaris remained constant under both light treatments. In con-
trast, the xanthophyll-pool size of low light treated C. sorokiniana was less than half of C. vulgaris but its pool

2.5 - o 2.5 1 X
C. sorokiniana C. vulgaris
2 24
1.5 1 15 A
Qﬂ Q'\
O 1 O 11
0.5 1 0.5 -
—O—LL
—o—HL
0 , . : ; . 0 : : .
0 10 20 30 40 50 0 50 100 150 200

time (h) time (h)

Figure 2. Light dependent growth of two Chlorella strains.

Chlorella strains were batch cultivated in TAP medium at 30°C and 50 wmol photons m=2s~" (LL, low light) or

1000 wmol photons m™2 s~ (HL, high light) using a 16 h light/ 8 h dark cycle. Progress of cell growth was determined by
measuring the increase of OD735. The values are the means with the respective standard deviation (n = 3 biological replicates).
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Figure 3. Light induced changes in photopigment composition and oxygen evolution.

Xanthophylls (a,b) (violaxanthin (vio), antheraxanthin (ant), zeaxanthin (zea)), and chlorophylls (c,d) (chlorophyll a (chl a),
chlorophyll b (chl b)) were analyzed by high-performance liquid chromatography (HPLC) of low light (LL;

50 pmol photons m~2 s™") and high light (HL; 1000 wmol photons m™2 s~") treated Chlorella cells, which were harvested in the
late exponential growth phase. (e), The de-epoxidation state (DES) (DES = (zea + 0.5ant)/(vio + ant + zea)), total pigment
amounts (X Pig.) and xanthophylls pool size (X Xan.) were calculated from data shown in Supplementary Table S1. Oxygen
evolution was measured with a liquid phase oxygen electrode chamber. The values are the means with the respective standard
deviation (n = 3 biological replicates).

size increased approximately three times under high light conditions. In addition, oxygen evolution rates of
high light treated C. sorokiniana were more than twice as high as the photosynthetic activity of low light culti-
vated cells. The oxygen evolution rates of C. vulgaris were comparable under both light conditions and with
this comparable to the oxygen evolution rate of low light treated C. sorokiniana (Figure 3e). These results show
that xanthophyll de-epoxidation is comparable in both strains. But the remarkable differences in high light
induces growth behavior, pigment degradation, xanthophyll pool size and oxygen evolution suggests that
C. vulgaris and C. sorokiniana posses different adaptation mechanisms to the tested light conditions.

Inventory of Chlorella glycerolipids

To investigated light induced alterations within the membrane lipid composition we analyzed Chiorella lipid
classes and lipid molecular species. Relative quantification of the main glycerolipid classes revealed highest
amounts of the galactolipids MGDG and DGDG in both Chlorella species. Much smaller amounts of the phos-
pholipids PC, PE, PG, and PA were measured while PI, PS, and the sulfolipid SQDG were close to the detection
limit (Figure 5a). The betain lipid diacylglyceryl-N,N,N-trimethylhomoserine (DGTS) and its precursor diacyl-
glycerylhomoserine (DGHS) were not detectable under the tested conditions. The fatty acid composition of
Chlorella membrane lipids largely consists of C-16 and C-18 acyl chains with 0, 1, 2 or 3 double bonds
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Figure 4. Isotopic labeling of glycerolipids with [1-'*C]16:0-CoA and [1-%C]18:1-CoA.

C. sorokiniana and C. vulgaris were incubated for 3 days with [1-'*C]16:0-CoA and [1-'*C]18:1-CoA at 30°C and

50 wmol photons m™2 s~". Their lipid extracts were separated by TLC and radioactively labeled compounds were detected with
a bioimager (Raytest). *, origin.

(Supplementary Figure S1). Analysis of the fatty acids linked to the respective lipid classes showed a very
similar composition of phospholipid molecular species of the two algal strains (Figure 5b). In contrast, differ-
ences were observed in their galactolipid molecular species. In particular, C. vulgaris possessed galactolipids
with two C-18 acyl chains (36:X) while C. sorokiniana exhibited mainly 34:X species, which was confirmed by
positional distribution analysis of glycerolipids (Table 1). Furthermore, analysis showed only C-16 acyl chains
at the sn-2 position in C. sorokiniana, assuming the production of galactolipids exclusively via the plastidial
pathway, while C. vulgaris probably employs the plastidial and the ER pathway, as positional analysis exhibited
also 18:X species at the sn-2 position (Table 1). But isotopic labeling experiments with [1-'*C]16:0-CoA
showed its incorporation into phospholipids and galactolipids which clearly suggests the synthesis of galactoli-
pids from eukaryotic precursors in both species (Figure 4). When [1-'*C]18 : 1-CoA was applied as substrate, in
C. sorokiniana the incorporated radioactivity was largely observed in the phospholipids PC and PE whereas
hardly any radioactivity was detectable in MGDG and DGDG, while C.vulgaris accumulated major amounts of
isotopic labeled galactolipids. Hence, both species possess galactolipids from ER-derived precursors although
galactolipid molecular species of C. sorokiniana look like exclusively plastid-derived.

Glycerolipid composition under different light conditions

High light treatment caused species specific alterations in the composition of membrane lipids with largest dif-
ferences in the amounts of galactolipids (Figure 5a). In particular, C. vulgaris turned its MGDG : DGDG ratio
from approximately 3:1 to 1:2, whereas C. sorokiniana decreased its ratio from approximately 7:1 to 5:1.
Furthermore, C. vulgaris responded to high light with a strong increase of PA and PC and a decrease in PG
while the relative amounts of phospholipids of C. sorokiniana were less affected by high light.

Comparison of high light induced alterations in lipid molecular species revealed a highly similar shift in PG
molecular species, suggesting not only a general role of PG in photosynthesis [50] but also a specific role of the
different PG molecular species. In contrast, molecular species of PC and PE with two C-18 acyl chains were
only increased in C. vulgaris which might also be related to the high light induced increase of 36 : X galactolipid
molecular species (Figure 5b). Thus, high light treated C. vulgaris showed significant changes in almost all
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Figure 5. Light induced changes in lipid classes and lipid molecular species.

Lipid classes (a) and lipid molecular species (b) were analyzed by direct infusion tandem mass spectrometry of low light

—2 1

(50 pmol photons m™ s

) and high light (1000 wmol photons m=2 s™") treated Chlorella cells which were harvested in the late

exponential growth phase. The values are the means with the respective standard deviation (n = 3 biological replicates).
Abbreviations: DGDG, digalactosyldiacylglycerol; MGDG, monogalactosyldiacylglycerol; PA, phosphatidic acid; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol.

glycerolipid classes and numerous lipid molecular species, while C. sorokiniana showed distinctly smaller altera-
tions. It is worth noting that some differences between the two species are already apparent at low light condi-
tions, such as galactolipids with two C-18 acyl chains. Therefore, by sequencing and analyzing their genomes,
we reconstruct the putative lipid metabolism of C. vulgaris and C. sorokiniana in order to uncover differences
in glycerolipid biosynthesis which are possibly involved in light induced changes in the glycerolipid

composition.
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Table 1 Positional distribution of fatty acids on Chlorella
glycerolipids

C. sorokiniana 211-8k

C. vulgaris 211-11b

Sn-1' sn-2 sn-12 sn-2
MGDG - 16:1-3 16:X 16:1-3
18:2-3 - 18:2-3 18:1-3
DGDG - 16:1-3 16:X 16:1-3
18:2-3 - 18:2-3 18:2-3
PC 16:0, (1-2) 16:1-3 16:0, (1-2) 16:1-3
18:(1-2), 3 18:1-3 18:(1-2), 3 18:1-3
PE 16:0, (1-2) 16:3 16:0, (1-2) 16:2-3
18:(1-2), 3 18:1-3 18:(1-2), 3 18:1-3
PG 16:0, (1) 16:0, 143 16:0, (1) 16:0, 123
18:1-3 - 18:1-3 -
SQDG 16:0, (1) 16:0, 1% 16:0, (1) 16:0, 12%
18:1-3 - 18:1-3 -

Lipid extracts were digested with lipase of Rhizopus oryzae to remove fatty acids from
the sn-1 position. The lyso-glycerolipids were analyzed by direct infusion tandem mass
spectrometry.'The fatty acids linked to the sn-1 position have been assumed by the
lyso-glycerolipid and glycerolipid composition.

Genome sequencing, assembly and gene annotation

To further investigate light induced differences in the lipid metabolism between the two Chlorella species, we
draft assembled two comparable Illumina short-read genomes. The assembled genomes of the two Chlorella
species is distinguishable by their genome characteristics in agreement with the phylogeny (Table 2 and
Figure 1). In addition, we generated a more cohesive assembly for C. sorokiniana 211-8k using Nanopore tech-
nology which is, based on the assembly statistics and BUSCO benchmarking, comparable to the available high
quality reference genomes of C. sorokiniana UTEX 1602, C. variabilis NC64A and Chlamydomonas reinhardtii
[29,51,52].

Based on the short-read draft assemblies, C. sorokiniana 211-8k exhibited an assembled genome size of
~57 Mb with a GC content of 64% as also found in the recently sequenced C. sorokiniana UTEX 1602
(Table 2) [51]. In contrast, C. vulgaris 211-11b showed a GC content of 61% and a smaller assembled genome
size of 38 Mb, which is in line with the performed k-mer based genome size estimates (Supplementary

Table 2 Chlorella genome properties

C. sorokiniana C. vulgaris C. sorokiniana C. variabilis C. reinhardtii

211-8k 211-11b UTEX 1602 [51] NC64A [52] [29]
Total genome size (Mb) 57.2 38.2 59.4 46.2 111.1
GC content (%) 64 61 64 67 64
Number of N’s per 100 kbp 9.14 15.51 8546.69 3645.26
Gene count 14,544 11,502 9587 9791 17,741
Avg. gene density (genes/Mb) 252.82 299.48 212.85 159.68
Avg. number of exons per gene 9.78 7.55 14.6 7.3 8.6
Avg. exon length (nt) 146.4 182.5 146 170 260.1
Avg. intron length (nt) 202.97 204.05 231 209 269.9
Avg. coding sequence (%) 44 51 31 29 39

Comparison of sequenced Chlorella genomes to the published genomes of C. sorokiniana UTEX 1602, C. reinhardtii and C. variabilis NC64A.
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Table S8). Scaffolds of up to 1 Mb were assembled for C. sorokiniana 211-8k with a N50 value of 253 kb, while
the assembly of C. vulgaris 211-11b resulted in a maximum scaffold size of 629 kb and a N50 value of 89 kb.

In addition to the short-read Illumina data we generated ~50-fold coverage of long Nanopore reads for C.
sorokiniana 211-8k using an Oxford Nanopore MinlON sequencer (Supplementary Table S7). An initial
hybrid assembly using SPAdes (v3.9.0) already indicated an improved assembly consisting of 451 contigs with
an N50 of 700 kb. Given the sufficient coverage we used Canu [30] for long-read genome assembly with subse-
quent polishing with Illumina reads using Pilon [53] as this strategy has been shown to provide excellent
results for plants [54] (Supplementary Table S9).

The resulting assembly consisted of merely 21 contigs corresponding to a total length of 58 Mb. On both
ends of nine contigs, the telomeric repeats (TTTAGG)N and (CCTAAA)N could be identified and additional
five contigs contained the respective motif on a single end [55]. Together with a N50 of 4.28 Mb and a largest
contig of 6.8 Mb the C. sorokiniana 211-8k assembly was in a comparable range to the reference genomes of C.
sorokiniana UTEX 1602, C. variabilis NC64A and C. reinhardtii [29,51,52]. Furthermore, the R9.4 1D
Nanopore reads were used to estimate 5-methylcytosine (5-mC) modification of CpG sites. Hypomethylated
regions, in particular of contig 6 and 7, coincide with a drop in gene density and the lack of contigs from any
of the short-read assemblies that were able to span the region (Supplementary Figure S3). Contig 92 and 94
indicate a similar coherence on the ends that do lack a telomeric repeat, suggesting that even the long
Nanopore reads were unable to span this complex part of the chromosome. As hypomethylation is known to
be associated with centromeric chromatin in higher plants [56] these findings together with the telomeric
repeats suggests that the combination of long nanopore reads and short Illumina reads is able to assemble
entire chromosome arms for most of the C. sorokiniana 211-8k genome.

Completeness was benchmarked using BUSCO with the chlorophyta dataset [43]. After polishing 2055 com-
plete BUSCOs could be found in the assembly of C. sorokiniana 211-8k which is comparable to the analyzed
reference genome of C. reinhardtii (2105) and higher than the reference genome of C. variabilis NC64A (1797)
(Supplementary Figure S2). Poly(A)+ RNA was sequenced in order to perform gene annotation of the two
Chlorella species. The gene annotation of C. vulgaris 211-11b differed from C. sorokiniana in gene counts (11
502vs.14 544) and gene density (299.48 genes/Mb vs. 252.82 genes/Mb) (Table 2). Groups of orthologous genes
revealed a close phylogenetic relationship among the Chlorella species with 40% (5849) of the groups contain-
ing genes conserved in all species (Figure 6). The two analyzed Chlorella species showed a higher number of
species-specific genes compared to C. sorokiniana UTEX 1602 and C. variabilis NC64A.

In silico research of glycerolipid metabolism in Chlorella

Based on de novo sequenced Chiorella genomes and predicted Chlorella gene models, we reconstructed the gly-
cerolipid metabolism of Chlorella by identifying putative orthologs of referenced protein sequences from higher
plants (mainly Arabidopsis thaliana), algae (mainly Chlamydomonas reinhardtii), Saccharomyces cerevisiae,
cyanobacteria, and some other bacteria [5,44-47,57] (Supplementary Table S2-S5 and Figure 7). Thereby, we
identified a highly conserved prokaryotic pathway among the two analyzed Chlorella species and higher plants,

C. variabilis NC64A C. sorokiniana UTEX 1602
C. vulgaris 211-11b

C. sorokiniana 211-8k

Figure 6. Classification of orthologous groups in different green algae.
Four-way Venn diagram showing the number of conserved or strain-specific orthologous groups identified with OrthoFinder for
C. sorokiniana 211-8k, C. vulgaris 211-11b, C. sorokiniana UTEX 1602 and the reference genome C. variabilis NC64A.
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Figure 7. Model of the membrane lipid synthesis in Chlorella. Part 1 of 2
The putative lipid synthesis pathway in Chlorella is based on our results and numerous previous studies mostly described in
Li-Beisson et al. [5]. Within the chloroplast, prokaryotic GPAT mediates the acylation of G3P to LPA. By a second acylation
step, catalyzed by LPAAT, LPA is converted to PA, which is either dephosphorylated (PP) to DAG or activated by CDP-DAGS
to synthesize CDP-DAG and finally PG is synthesized by PGPS. Inside the chloroplast, DAG represents a branch point
between the synthesis of galactolipids and sulfolipids. The glycosylation reaction, catalyzed by MGDS, converts DAG to
MGDG, while DGDS transfers a second galactosyl group on MGDG to synthesize DGDG. The final committed step in the
biosynthesis of SQDG is catalyzed by SLS, which transfers the anionic sulfoquinovosyl group onto DAG. Synthesis of the
so-called eukaryotic lipids starts with the conversion of acyl-ACP to acyl-CoA by LACS and the export to extraplastidic
membranes. In green algae, extraplastidic PA is probably synthesized by sequential acylation steps catalyzed by the eukaryotic
enzymes GPAT9 and LPAAT2. Additionally, orthologs of C. reinhardtii S-adenosylmethionine synthetase (SAS1) and betaine
lipid synthase (BTA1), which are involved in DGTS synthesis, were found in Chlorella. Since no orthologs of PLDE, PAH1/2, and
PP were found in Chlorella, further phospholipid degrading enzymes are probably present in Chlorella. The eukaryotic orthologs
of CDP-DAGS and PIS utilize PA to synthesize CDP-DAG and finally PI. PE and PC are synthesized by C/EPT which may
possess substrate specificity for both CDP-choline and CDP-ethanolamine. PE is converted to PS by PSS, whereas the
reverse reaction is catalyzed by PSD. PLA2 is responsible for the release of acyl moieties of PC (PE) to produce LPA (LPE)
while the re-acylation to PC (PE) is catalyzed by LPCAT (LPEAT). The acyl editing of PC (PE) results in an exchange of fatty
acids and the generation of various PC (PE) species including PC (PE) species with two C-18 acyl chains. DAG species with
two C-18 acyl chains are synthesized by the assumed conversion of PC to DAG catalyzed by C/EPT. By a still unknown route,
strain specific precursors are probably re-imported to the chloroplast and used for the synthesis of different MGDG and DGDG
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Figure 7. Model of the membrane lipid synthesis in Chlorella. Part 2 of 2
molecular species. The lipid transport system from the chloroplast to extraplastidic membranes comprises three orthologs of
LACS isoforms and ABCA9 while no ortholog of FAX1 was observed in both Chlorella strains. The re-import of glycerolipids to
the chloroplast is probably mediated by ALA10/ALIS5 and TGD1-3, further TGD orthologs were not found. Detailed information
is provided in Supplementary Table S2-S5.

whereas some differences were observed between Chlorella and higher plants within the genes coding for
enzymes of the eukaryotic pathway [57-59].

In particular, no orthologs of phosphatidylglycerophosphate synthase (PGPS), N-methylphospholipid
methyltransferase (PLMT), phospholipase D (PLD(), phosphatidate phosphatase (PP, PAH1, PAH2), non-
specific phospholipase C (nsPLC), and phosphatidylcholinediacylglycerol cholinephosphotransferase (PDCT)
were found in any of the Chlorella strains. However, some coding sequences for PA, PI, PE, LPC and PC
synthesis (diacylglycerol kinase (DAGK), cytidine diphosphate diacylglycerol synthase (CDP-DAGS),
phosphatidylinositol synthase (PIS), diacylglycerol choline/ethanolamine phosphotransferase (C/EPT),
1-acylglycerol-3-phosphocholine acyltransferase (LPCAT), 1-acylglycerol-3-phosphatidylethanolamine acyl-
transferase (LPEAT) [60], phospholipase A2 (PLA2) are present in Chlorella [5]. Comparable to other green
algae like C. reinhardtii, Chlorella also possess an ER-localized lysophosphatidic acid acyltransferase (LPAAT?2)
[12]. Additionally, orthologs of S-adenosylmethionine synthetase (SAS1) and betaine lipid synthase (BTA1),
which are involved in DGTS synthesis, were found in Chlorella [61].

Both Chlorella species possess highly conserved sequences of proteins involved in the export of fatty acids
from the chloroplast to the ER which is built up of three different long-chain acyl-CoA synthetases (LACS) and
ATP binding cassette transporter A9 (ABCA9) (FAX1 is not present in Chiorella) [62,63], possibly converting
acyl-ACP to acyl-CoA [64] and generating an acyl-CoA pool outside the chloroplast. Also the re-import
machinery from the ER into the chloroplast showed highly conserved protein sequences between both Chlorella
species. They exhibit the trigalactosyldiacylglycerol ATP binding cassette transporter complex constituted of
TGD1, TGD2, and TGD3 whereas TGD4 and TGD5 coding sequences were not found in Chlorella [65-67].
Furthermore, both Chlorella species possess the phospholipid flippase ALA10 and its interacting subunit ALIS5
which likely transfers PC to the chloroplast at ER-chloroplast contact sides [68]. According to these in silico
results, both Chlorella species are able to synthesize the membrane lipids PA, PG, SQDG, MGDG and DGDG
within the chloroplast while the degradation of ER localized phospholipids to DAG (PLD{, PAH1/2 and
nsPLC) is still unclear suggesting the presence of further phospholipid degrading enzymes in green algae. As
the re-import machinery of ER-derived precursors for galactolipid synthesis is highly conserved among the two
Chlorella species, we assume that further lipid transport mechanisms, might facilitate strain specific re-import
of ER-derived precursors for the synthesis of eukaryotic galactolipids (Figure 7, blue and red dashed lines).

Discussion

In this study, we focused on high light induced alterations in the glycerolipid metabolism of two Chlorella
species that strongly differ in their ability to cope with different light conditions. C. sorokiniana and C. vulgaris
differed significantly in their growth characteristics under the tested light conditions.

Likewise, the two species exhibited substantial differences in pigment degradation, oxygen evolution and
xanthophylls pool size, which clearly shows that both species evolved different mechanisms to adjust to differ-
ent light intensities.

To get insights into membrane lipid remodeling under different light conditions, we analyzed membrane gly-
cerolipids and reconstructed the glycerolipid metabolism of both Chlorella species. We observed that different
light treatment resulted in species specific alterations in the membrane lipid composition with largest differ-
ences in the galactolipids MGDG and DGDG. Unlike C. sorokiniana, C. vulgaris possessed ER-derived galacto-
lipids with C-18 acyl chains at the sn-2 position, which was confirmed by labeling experiments with 18 :1-CoA
and positional analysis. Surprisingly, both species incorporated 16:0-CoA into galactolipids indicating that
both species utilize ER-derived precursors for the synthesis of galactolipids. Since C. sorokiniana and C. vul-
garis possessed similar PC and PE molecular species, also with C18 acyl-chains at the sn-2 position, we expect
that the two Chlorella species probably utilize different mechanisms to facilitate selective transport of lipid
molecular species from the ER to the chloroplast.
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In general, in silico analysis showed the presence of highly conserved lipid synthesis pathways among the
two species (Figure 7).Also the already characterized TGD transport system and the phospholipid flippase
ALA10/ALIS5 are highly conserved among the two Chiorella species [65-68]. Certainly, we observed species
specific compositions of putative ABC-transporters, but the role of these transporters in the selective transport
of ER-derived precursors for galactolipid synthesis needs to be further elucidated. Additionally, in silico analysis
revealed nearly identical MGDG synthase protein sequences in both Chlorella species suggesting similar local-
ization and substrate specificity, which further supports the requirement of different lipid transport mechan-
isms. Hence, we assume that the species specific shift in the light induced MGDG : DGDG ratio is caused by
differences in the relocation of galactolipid precursors from the ER to the chloroplast which makes the desired
substrate available. As high light treated C. vulgaris changed its MGDG : DGDG ratio from approximately 3: 1
to 1:2, we speculate that this rearrangement is met by the re-import of a different set of ER-derived galactoli-
pid precursors. While both Chlorella species possess only one MGDG synthase (MGD1) and DGDG synthase
(DGD1), respectively, substrate specificity could also be responsible for the shift of the galactolipid amounts.
Possibly, the Chlorella DGDG synthase acts preferentially on MGDG with two C-18 acyl chains [69] and, as a
consequence, the MGDG:DGDG ratio decreases in high light treated C. vulgaris while the MGDG:DGDG ratio
of C. sorokiniana is less affected because of the exclusive availability of MGDG species with C-16 acyl chains at
the sn-2 position. In contrast to light induced changes of the MGDG:DGDG ratio, the observed species specific
alterations within the galactolipid molecular species composition is neither explainable by substrate specificity
nor by further mechanisms like transcript induction or protein modification. Therefore, we speculate that the
adjustment of Chlorella cell membranes to different light conditions includes the involvement of so far
unknown lipid transport mechanisms.

As the xanthophyll cycle takes place within the thylakoid membranes of chloroplasts [49,70,71], it has been
proposed that the solubility of xanthophyll cycle pigments and some enzymes of the xanthophyll cycle depends
on the glycerolipid composition [72,73]. Certainly, it is unclear if the observed alterations in lipid classes and
lipid molecular species of chloroplast membranes affect the size of the xanthophyll pool or pigment degrad-
ation. It is more likely that the availability of several ER-derived precursors enables a species specific membrane
adjustment to different light conditions which probably contribute to the maintenance of various photosyn-
thesis and photoprotective processes.

In summary, different light treatments of the two Chlorella species, C. vulgaris and C. sorokiniana, caused
species specific shifts within their glycerolipid composition. Although both species are able to re-import
ER-derived precursor for galactolipid synthesis into the chloroplast, they strongly differ in their galactolipid
molecular species composition supporting the utilization of species specific lipid transport mechanisms.
However, its a matter of discussion to what extend these membrane lipid alterations support Chlorella cells to
acclimate to different light conditions.
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PE, phosphatidyl ethanolamine; PG, phosphatidylglycerol; PGPS, phosphatidylglycerophosphate synthase;

Pl, phosphatidyl inositol; PIS, phosphatidylinositol synthase; PLA2, phospholipase A2; PLDE, phospholipase D;
PLMT, N-methylphospholipid methyltransferase; PP, phosphatidate phosphatase; PS, phosphatidyl serine;

PSD, PS decarboxylase; PSS, PS synthase; SAS1, S-adenosylmethionine synthetase; SLS, sulfolipid synthase;
SQDG, sulfoquinovosyldiacylglycerol; TGD1-5, trigalactosyldiacylglycerol ATP binding cassette; Vio, violaxanthin;
Zea, zeaxanthin.
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