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Abstract 17 

Algae are a broad class of photosynthetic eukaryotes that are phylogenetically and physiologically 18 

diverse. Most of the phylogenetic diversity has been inferred from 18S rDNA sequencing since there are 19 

only a few complete genomes available in public databases. Here we use ultra-long-read Nanopore 20 

sequencing to determine a gapless, telomere-to-telomere complete genome sequence of Chlorella sp. SLA-21 

04, previously described as Chlorella sorokiniana SLA-04. Chlorella sp. SLA-04 is a green alga that grows 22 

to high cell density in a wide variety of environments – high and neutral pH, high and low alkalinity, and 23 

high and low salinity. SLA-04’s ability to grow in high pH and high alkalinity media without external CO2 24 

supply is favorable for large-scale algal biomass production. Phylogenetic analysis performed using 25 

ribosomal DNA and conserved protein sequences consistently reveal that Chlorella sp. SLA-04 forms a 26 

distinct lineage from other strains of Chlorella sorokiniana. We complement traditional genome annotation 27 

methods with high throughput structural predictions and demonstrate that this approach expands functional 28 

prediction of the SLA-04 proteome. Genomic analysis of the SLA-04 genome identifies the genes capable 29 

of utilizing TCA cycle intermediates to replenish cytosolic acetyl-CoA pools for lipid production. We also 30 

identify a complete metabolic pathway for sphingolipid anabolism that may allow SLA-04 to readily adapt 31 

to changing environmental conditions and facilitate robust cultivation in mass production systems. 32 

Collectively, this work clarifies the phylogeny of Chlorella sp. SLA-04 within Trebouxiophyceae and 33 

demonstrates how structural predictions can be used to improve annotation beyond sequence-based 34 

methods. 35 

  36 



1. Introduction 37 

Algae are diverse photosynthetic eukaryotes that assimilate six times more nitrogen than terrestrial 38 

plants, perform 45% of global oxygenic photosynthesis, and 50% of total CO2 fixation [1-4]. The 39 

phylogenetic and physiological diversity of algae is mirrored by the diversity of aquatic ecosystems where 40 

algae are found (e.g., temperatures 0-56oC, pH 0-11.5, and salt concentrations 0.02-3M) [5, 6]. However, 41 

it is currently unclear how selective pressures from disparate aquatic environments shape algal genotypes 42 

and corresponding phenotypes.  43 

Genomic analysis of algae across different environments is essential to understand how algae 44 

survive and adapt to changing conditions. As of September 2022, there are 170 green algae genomes in the 45 

National Center for Biotechnology Information (NCBI) database. Most of these genomes are highly 46 

fragmented and only 16 contain defined chromosome sequences. This resource limitation restricts efforts 47 

to confidently identify genotypes that drive functional diversity. Understanding the phylogenetic and 48 

functional diversity of algae will benefit from a broader collection of complete algal genomes that can be 49 

used for comparative analyses.  50 

To date, most algal genomes have been sequenced using short-read sequencing platforms [7, 8]. 51 

While these platforms are accurate, PCR bias and short read lengths frequently result in incomplete 52 

assemblies and omission of repetitive regions, such as retroelements that can represent up to 90% of a 53 

eukaryotic genome [9-12]. In contrast, ultra-long-read sequencing platforms generate megabase-length 54 

reads that span repetitive regions, and these methods do not rely on PCR [13, 14]. While the error rates for 55 

long-read technologies are higher, consensus correction software significantly increases accuracy as a 56 

function of read depth [15, 16]. Long-read sequence data with >100x coverage often results in highly 57 

accurate chromosome level assemblies [17].  58 

Here we determine a complete genome sequence of Chlorella. sp. SLA-04, previously described 59 

as Chlorella sorokiniana SLA-04, using ultra-long-read Nanopore sequencing. Chlorella sp. SLA-04 is an 60 

oleaginous green alga that was isolated from a brackish, alkaline lake (100mM HCO3
-, pH 10) in eastern 61 

Washington (USA) [18]. SLA-04 has growth and composition characteristics that are attractive for biofuel 62 



production. Phylogenetic analysis performed using either ribosomal DNA or conserved protein sequences 63 

reveal that SLA-04 forms a distinct lineage from other strains of the same species. While sequenced-based 64 

annotation methods confidently assign putative function to a majority of the SLA-04 genes, 44.2% of the 65 

genes were classified as “hypothetical”. Using a high-throughput structure prediction software (i.e., 66 

Alphafold) we predict the 3D protein structures encoded by the “hypothetical” proteome. Structural 67 

predictions are queried against the protein data bank (PDB) to identify functional homologs and expand 68 

functional predictions for 677 SLA-04 genes that are widely conserved in algae and a subset of genes that 69 

are unique to Chlorella sp. SLA-04. Collectively, this work expands our phylogenetic and functional 70 

understanding of algae. 71 

2. Methods 72 

2.1 Strain information 73 

2.1.1 Strain cultivation conditions 74 

Chlorella sp. SLA-04 cultures were grown in Modified Bold’s Basal Medium pH 8.7 (Bolds) 75 

containing NaNO3 (2.94 mM), K2HPO4 (1.43 mM), KH2PO4 (1.43 mM), MgSO4·7H2O (0.30 mM), 76 

CaCl2·2H2O (0.17 mM), NaCl (0.42 mM), 1 mL/L of EDTA solution, 1 mL/L iron solution, and 2 mL/L 77 

trace metal solution. The EDTA solution contained 50 g/L Na2EDTA and 31 g/L KOH. The iron solution 78 

contained 4.98 g/L FeSO4·7H2O and 1 mL/L concentrated H2SO4. The trace metal solution contained 79 

H3BO3 (9.7 mM), MnCl2·4H2O (1.26 mM), ZnCl2 (0.15 mM), CuCl2·2H2O (0.11 mM), Na2MoO4·2H2O 80 

(0.07 mM), CoCl2·6H2O (0.06 mM), NiCl2·6H2O (0.04 mM), V2O5 (0.01 mM) and KBr (0.08 mM) [19]. 81 

Media was titrated to pH 8.7 with NaOH. Cultures were grown at 23oC with 400 µmol·m-2·s-1 light intensity 82 

cycling with a 14:10 hour light/dark cycle using T5 fluorescent tubes. 83 

2.1.2 Axenic isolation  84 

 An axenic culture of Chlorella sp. SLA-04 was generated through antibiotic treatment modified 85 

from Mustapa et al. [20]. Briefly, clonal isolates of SLA-04 were streaked onto plates containing Bolds 86 

agar with 700 µg/mL ampicillin and 200 µg/mL cefotaxime. Individual colonies were picked and grown in 87 

liquid Bolds. Plate antibiotic treatment and isolation was repeated a second time and algal colonies were 88 



picked and grown in liquid Bolds with 10 µg/mL tetracycline. Axenic cultures were confirmed using 89 

amplicon sequencing of the V4 region of the 16S rRNA on an Illumina MiSeq platform (Sup. Fig. 1) [21]. 90 

A small percentage of 16S rRNA reads within the axenic culture mapped to Ralstonia species, but Ralstonia 91 

sequences are common contaminants of DNA purification columns [22]. Axenic stock cultures of SLA-04 92 

were maintained on agar slants and in liquid culture of Bolds with 10 µg/mL tetracycline.  93 

2.2 Genome sequencing and assembly 94 

2.2.1 High molecular weight DNA extraction 95 

Chlorella sp. SLA-04 was grown in Bolds to log phase. Cells from 100 mL of culture were spun 96 

down at 3,000 x g for 10 minutes and transferred to a liquid N2 chilled mortar. The pellet was ground for 97 

30 minutes with liquid N2 added as needed. Ground algal biomass was transferred to 15 mL of lysis buffer 98 

(20 mM EDTA pH 8.25, 10 mM Tris, 500 mM guanidine HCl, 200 mM NaCl, 1% w/w Triton X-100, and 99 

9 mg hemicellulase) and incubated at 37oC for 1 hour. To remove RNA, RNase A was added to a final 100 

concentration of 20 µg/mL and the mixture was incubated for an additional 30 minutes at 37°C. To remove 101 

proteins, Proteinase K (12 µg) was added and the mixture was incubated at 50°C for 2 hours. Samples were 102 

pelleted at 15,000 x g at 4°C for 20 minutes and the supernatant was added to an equilibrated Qiagen 103 

Genomic-tip 100/G gravity column (Cat. No.10243). DNA was washed and eluted per the manufacturer’s 104 

instructions. DNA was precipitated with 3.5 mL molecular grade isopropyl alcohol (IPA). The DNA pellet 105 

was collected by centrifugation (5850 x g) at 4°C for 30 minutes and resuspended in molecular grade water. 106 

2.2.2 RNA extraction 107 

Chlorella sp. SLA-04 RNA was extracted using the Qiagen RNeasy powerplant RNA isolation kit 108 

(Cat. No.13500-50) with modifications. SLA-04 culture was grown to log phase (2x107 cells/mL) in Bolds. 109 

Cells from 200 mL of culture were pelleted at 3,000 x g for 5 minutes at 4°C and the pellet was ground for 110 

10 minutes in a liquid N2 chilled mortar using a pestle before being transferred to 1 mL Trizol in a 111 

PowerBead tube provided in the Qiagen RNeasy powerplant kit. Potassium acetate (1 M) was added to a 112 

final concentration of 0.2 M to improve polysaccharide precipitation. Phenolic separation solution (50 µL) 113 

from the Qiagen powerplant kit was added. The sample was shaken at 6.5 meters per second for 60 seconds 114 



using a MP Biomedicals FastPrep-24 Classic bead beater, incubated at room temp for 20 minutes, and 115 

centrifuged at 13,000 x g for 10 minutes at 4°C. Protein and cell debris was removed by adding 200 µL 116 

chloroform, shaking for 30 seconds, centrifuging at 13,000 x g for 10 minutes at 4°C and transferring the 117 

aqueous phase to a new tube. RNA was extracted and purified from the aqueous phase using the RNeasy 118 

powerplant RNA isolation kit per manufacturer’s instructions starting at the inhibitor removal step (step 6). 119 

All glassware was washed with 2% diethylpyrocarbonate (DEPC) in water (v/v) and autoclaved before use. 120 

2.2.3 DNA and RNA sequencing 121 

The Chlorella sp. SLA-04 genome was sequenced using Nanopore sequencing. High molecular 122 

weight DNA was sequenced using a MinION sequencer and the ligation sequencing kit (SQK-LSK109 by 123 

Oxford Nanopore) per manufacturer’s instructions. Briefly, 1 µg of genomic DNA was used for library 124 

preparation that included end preparation and ligation to Nanopore adapters. 350 ng of the DNA library 125 

was used and sequenced on the MinION sequencer. Sequencing generated 1.97 M reads totaling 5.64 126 

gigabases (Gb) of data.  127 

Chlorella sp. SLA-04 mRNA sequencing was performed using a MinION sequencer and the direct 128 

RNA sequencing kit (SQK-RNA002 by Oxford Nanopore) per manufacturer’s instructions. mRNA was 129 

isolated and purified from total RNA using magnetic Dynabeads coated with Oligo(dT)25 adapters. 130 

Purification using magnetic beads yielded 338 ng of mRNA from 22 µg of total RNA. 338 ng of mRNA 131 

was used for Nanopore library preparation that included reverse transcription of cDNA scaffold and ligation 132 

of Nanopore adapters. 168 ng of mRNA library was used and sequenced on the MinION Nanopore 133 

sequencer. Sequencing generated 1.12 M reads totaling 1.35 Gb of data. 134 

2.2.4 Genome assembly and annotation 135 

 Nanopore raw DNA reads (5.64 GB) were basecalled and analyzed for quality using MinKNOW 136 

4.1.22 software in fast basecalling mode. Quality reads were submitted to CANU v1.9, FLYE v2.5-137 

g0c3de5b, and Miniasm v0.3-r179 programs for long-read genome assembly [23-25]. CANU, FLYE, and 138 

Miniasm assembly pipelines each generated contig level assemblies with minor gaps. Manual curation of 139 

assemblies was performed by aligning contigs from the three assembly pipelines using minimap2 v2.17-140 



r954-dirty [26]. Each gap within the individual assemblies was completely bridged by contigs from at least 141 

one other genome assembly. Assemblies were merged to form a chromosome level genome with no gaps. 142 

Chromosomes were considered complete if they had flanking telomeric repeats (CCCTAAA)n on both 143 

termini with no gaps. Coverage depth of DNA reads was calculated using samtools v1.13 [27]. 144 

RepeatMasker v4.0.9 was used to identify repetitive elements in the Chlorella sp. SLA-04 genome 145 

using Repbase and Dfam as reference databases [28-30]. LTRharvest v1.5.10 was used to identify and fetch 146 

the sequences of long-terminal repeats in the SLA-04 genome by performing a six open reading frame 147 

(ORF) translation of the genome and scanning each ORF longer than 75 amino acids for homology to LTR 148 

retrotransposon protein domains from Pfam [31-33]. To identify active retrotransposons, we extracted 13 149 

sequences that contained gag and pol domains flanked by long-terminal repeats and aligned them in 150 

MAFFT v7.429 [34]. To verify LTR retrotransposon families, we aligned the capsid domains of diverse 151 

families of LTR retrotransposons from Repbase and those identified in SLA-04. SLA-04 retrotransposons 152 

clustered with retrotransposons from Copia retrotransposons found in plants. 153 

Raw mRNA Nanopore reads were mapped to the SLA-04 genome using minimap2 and a consensus 154 

sequence and transcript counts were generated using Stringtie v2.0 and Gffread v0.11.6 [35, 36]. The 155 

mRNA consensus data was used to aid the de novo annotation prediction software MAKER v3.01.03 to 156 

generate a transcriptome of SLA-04 [37, 38]. Gene functions were assigned by submitting protein sequence 157 

to the Kyoto Encyclopedia for Genes and Genomes (KEGG) Automatic Annotation Server (KAAS) and 158 

Eggnog mapper webservers with default settings [39, 40]. Genome completeness was assessed by BUSCO 159 

v5.4.2 using 1519 single copy orthologs found in the Chlorophyta clade [41, 42]. A schematic of the SLA-160 

04 genome (Fig. 1) was generated using the ggplot2 v3.3.3 package within RStudio v1.3.959 [43]. GC 161 

content was determined using the RStudio seqinr package v4.2-5 [44]. 162 

Structural-based protein annotation was performed following the ColabFold-FoldSeek-EggNOG 163 

(CoFFE) pipeline [45]. Briefly, amino acid sequences were submitted to the ColabFold Alphafold2-batch 164 

notebook through google colab with default settings [46-48]. The highest-ranking predicted protein data 165 

base (pdb) structure with predicted local distance difference test on the Cα atoms (pLDDT) > 70 was 166 



selected for each analyzed protein. PDB structures were submitted to Foldseek v3.915ef7d for structural 167 

comparison against the AlphaFold database of protein structures. For each SLA-04 protein we kept the 168 

AlphaFold database hit with the greatest bit score. We enforced a e-value cutoff of 1xe-05. Sequences of 169 

AlphaFold database best hits of each SLA-04 protein were annotated using EggNOG mapper webserver 170 

with default settings.  171 

2.3 Comparative analyses 172 

2.3.1 Phylogenetic analysis 173 

Phylogenetic analysis was performed on all chromosome level green algal genomes (n=10) (Sup 174 

Fig. 3) and all Trebouxiophyceae genomes (n=25) (Fig. 2) within the NCBI database. 18S rDNA sequences 175 

were identified and extracted from chromosome level algal genomes (n=10) using SSU-align v0.1.1 [49, 176 

50]. Ribosomal sequences were trimmed with trimal v1.4.rev22 with the –nogap flag, aligned with MAFFT 177 

with the –auto flag, and a maximum likelihood phylogenetic tree of the 18S multiple sequence alignment 178 

was generated using IQtree v1.6.1 using default settings [51, 52]. Phylogeny based on orthologous proteins 179 

was performed on all Trebouxiophyceae genomes (n=25) using OrthologR v0.4.0 in RStudio [53]. Briefly, 180 

OrthologR performed a reciprocal best hit blast for orthology inference between algal species. Orthologous 181 

sequences were aligned based on amino acid sequence using the Needleman-Wunsch method and codons 182 

were aligned using pal2nal [54]. The Comeron’s method was used to predict dN/dS estimations. 183 

Orthologous protein sequences were aligned with MAFFT and a maximum likelihood phylogenetic tree 184 

was generated using IQtree [51, 52]. Trees were rendered using the RStudio ggtree v2.0.4 package [55].  185 

3. Results 186 

3.1 General genome characteristics 187 

3.1.1 Chlorella sp. SLA-04 genome assembly statistics  188 

To determine a telomere-to-telomere genome of Chlorella sp. SLA-04, high molecular weight 189 

DNA was extracted from SLA-04 cultures for long-read sequencing using a MinION sequencer from 190 

Oxford Nanopore (Sup. Fig 1). Nanopore sequencing resulted in 5.64 Gb of sequence data in a total of 1.97 191 

M reads (Sup. Table 1). Sequencing reads were assembled using a combination of FLYE, Miniasm, and 192 



CANU [23-25], resulting in a 38.8 Mb complete genome with an average of 117x coverage. The SLA-04 193 

genome consists of 13 linear chromosomes, ranging from 1.20 to 5.25 Mbp in length with an average GC 194 

content of 65.87%, and circular mitochondrion and chloroplast sequences (Fig. 1, Sup. Table 1). This 195 

chromosomal architecture is consistent with previously published Chlorella genomes, which contain 12-16 196 

nuclear chromosomes [56-58].  197 

 198 

3.1.2 Genome completeness analysis 199 

Genome completeness was evaluated using several distinct but complementary metrics. First, 200 

BUSCO was used to calculate the percentage of orthologous Chlorophyta genes within the Chlorella sp. 201 

SLA-04 genome [42]. The SLA-04 genome contains 93.4% of Chlorophyta orthologs (n=1418) which 202 

surpasses the 90% BUSCO cutoff considered to represent “good” genome assemblies (Sup. Table 1) [59]. 203 

Second, repetitive elements were identified and mapped to unique chromosomal locations, indicating that 204 

this assembly provides sufficient coverage to unambiguously assign chromosomal location to repetitive 205 

elements that have historically frustrated complete genome assemblies (Fig. 1, Sup. Fig 2, Sup. Table 2) 206 

[28, 60]. Finally, each nuclear chromosome is composed of a single contiguous well-supported sequence 207 

flanked by telomeric repeats (CCCTAAA)n [61] (Fig. 1). Collectively, these metrics suggest that the SLA-208 

04 genome constitutes a complete telomere-to-telomere algal genome. 209 

 
 

Figure 1. Complete genome of Chlorella sp. SLA-04. (A) Chromosome level assembly of Chlorella 
sp. SLA-04 reveals thirteen nuclear chromosomes, and circular chloroplast and mitochondrial 
genomes. Genes were annotated with KEGG automatic annotation server (KAAS) and color coded 
according to six different functional categories. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



3.1.3 Annotation of Chlorella sp. SLA-04 210 

Chlorella sp. SLA-04 mRNA was extracted, and directly sequenced using a MinION sequencer. 211 

Sequences were submitted to MAKER v3.01.02 and aligned to the SLA-04 genome to predict protein 212 

coding sequences (CDSs) and splice sites [38, 62]. The SLA-04 genome contains 10,310 CDSs that span 213 

45.73% of the genome with an average gene length of 3,475 bp (Sup. Table 1). EggNOG mapper was used 214 

to assign gene function resulting in 5,757 (55.8%) CDSs with predicted function (Fig. 2A) [40]. Annotated 215 

gene functions appear evenly distributed across the nuclear and plastid chromosomes with little functional 216 

clustering (Fig. 1). Genes coding for proteins that participate in protein synthesis, amino acid metabolism 217 

and chaperones are the most abundant gene categories in the SLA-04 genome (Fig. 2).  218 

 219 

3.1.4 Annotation using protein 3D structural homology 220 

 The 4,553 (44.2%) CDSs that could not be assigned putative functions using sequence-based 221 

annotation, consisted of “hypothetical” and “conserved hypothetical” proteins with unknown functions. 222 

 
 

Figure 2. Annotation using protein structural similarity improves functional understanding of 
SLA-04 proteome. A) 10,310 protein sequences from SLA-04 were submitted to Eggnog mapper for 
annotation using sequence-based methods resulting in 5,757 sequences (55.8%) with predicted function. 
Remaining sequences (2,226 conserved hypothetical and 2,327 hypothetical proteins) were submitted 
to Colabfold structural prediction and resulting structures were compared to the Alphafold and Uniprot 
structural databases using Foldseek to identify structural homologs of hypothetical SLA-04 proteins. 
Sequences of structural homologs were submitted to Eggnog Mapper resulting in the annotation of an 
additional 6.6% of the SLA-04 proteome. B) The percent increase in annotation after structural 
similarity analysis was calculated by dividing the number of proteins annotated using structural 
prediction methods by the number of original annotated proteins from sequence-based methods. 
Proteins were grouped based on their Clusters of Orthologous Genes (COG) functionality. 
 



Hypothetical proteins are CDSs with no predicted function and no homology to sequences in the EggNOG 223 

database, whereas conserved hypothetical proteins are annotated CDSs that have homology to sequences 224 

within the EggNOG database, but the function of these homologous sequences remains unknown. To 225 

further improve annotation of the SLA-04 genome, we used the ColabFold-FoldSeek-EggNOG (CoFFE) 226 

pipeline to predict the 3D structures of hypothetical and conserved hypothetical proteins to query the protein 227 

databank for structural homologs [45]. Consistent with functional importance, 3D structures of proteins are 228 

more conserved during evolution than primary amino-acid sequences [63]. Thus, we hypothesized that the 229 

integration of structure prediction into genome annotation would improve our functional understanding of 230 

the SLA-04 genome. In fact, structure-based annotation resulted in high-confidence functional annotations 231 

for 677 of the CDSs that were previously assigned to the hypothetical and conserved hypothetical categories 232 

using Eggnog mapper [40] (Fig. 2A). Structure-based annotation identifies proteins primarily associated 233 

with formation of the cytoskeleton and cell wall, transcription, and signal transduction (Fig. 2B).  234 

3.1.5 Phylogenetic analysis of Chlorella sp. SLA-04 235 

Initial taxonomic classification of Chlorella sp. SLA-04 was based on 5.8S and internal transcribed 236 

spacer (ITS) regions of the ribosomal small subunit [18]. ITS regions contain highly variable sequences 237 

and can be used to distinguish genera; however, phylogenetic analysis performed using a single gene can 238 

limit species level classification and lack statistical support for certain phylogenetic nodes [64-66]. 239 

Phylogenomic analysis performed using orthologous proteins or 18S rDNA sequences, reveal that SLA-04 240 

shares a closest common ancestor with Chlorella vulgaris UTEX 395 (Fig. 3, Sup. Fig. 3). Further, the 241 

Chlorella genus (n=8) forms a paraphyletic clade interspersed with Micractinium conductrix SAG 241.80 242 

(Fig. 3). These data suggest that the current taxonomy of Trebouxiophyceae may not capture the true 243 

phylogenetic history of these algae and we anticipate that the addition of more complete algal genome 244 

sequences will provide new taxonomic perspectives.  245 



 246 

3.2 Genomic analysis of metabolic pathways in Chlorella sp. SLA-04 247 

To evaluate the metabolic capability encoded within the Chlorella sp. SLA-04 genome, we 248 

submitted the complete chromosome level genome to the Kegg Automatic Annotation Server (KAAS) and 249 

KofamKOALA for metabolic mapping [39, 67]. These programs annotate and map proteins to established 250 

metabolic pathways. According to this analysis, the SLA-04 genome contains all genes necessary for core 251 

metabolic pathways including photosynthesis, fatty acid synthesis, carbohydrate synthesis, and the citric 252 

acid cycle.  253 

Genes involved in lipid synthesis are critical for biofuel production and stress response to 254 

environmental changes [68-70]. The SLA-04 genome encodes ATP citrate lyase EC 2.3.3.8 (ACLY), 255 

involved in replenishing cytosolic acetyl-CoA pools from citrate (Fig. 4). This enzyme is present in some, 256 

 
 

Figure 3. Phylogenomic analysis of green algae performed using orthologous genes indicates that 
SLA-04 is distinct from other Chlorella sorokiniana species. Maximum likelihood phylogenetic 
analysis based on a concatenation of 215 orthologous proteins sequences of available 
Trebouxiophyceae genomes from NCBI and PhycoCosm (JGI) databases. Chlamydomonas reinhardtii 
was used as an outgroup. Tree scale indicates the number of amino acid substitutions per site between 
samples. Bootstrap values of 100 are represented by black dots on nodes. Bootstrap values less than 
100 are provided. Classes of algae are denoted via color on tree branches. Red text denotes Chlorella 
sorokiniana species. Orange text represents remaining algae classified within the Chlorella genus. 
 



but not all green algal genomes (Sup. Fig. 4). Cytosolic acetyl-CoA pools are necessary for fatty acid 257 

synthesis within the endoplasmic reticulum. The presence and transcription of ATP citrate lyase ACLY 258 

within the SLA-04 genome suggests that this organism can utilize TCA cycle intermediates for fatty acid 259 

synthesis in addition to using photosynthate directly (Sup. Table 3). 260 

 261 

Metabolic network analysis of SLA-04 genes involved in lipid synthesis also reveals the presence 262 

and transcription of genes coding for the proteins necessary for sphingolipid biosynthesis (Fig. 4, Sup. 263 

Table 3). Similar to ACLY, enzymes involved in sphingolipid synthesis are only present in a subset of 264 

 
 

Figure 4. Flow of carbon from fixation to lipid synthesis in Chlorella sp. SLA-04. Schematic of 
carbon flow from fatty acid biosynthesis and TCA cycle to triacylglycerol and sphingolipid biosynthesis 
in algae. Green arrows represent the flow of carbon from photosynthesis directly to fatty acids within 
the chloroplast. Purple arrows represent the flow of carbon from photosynthesis to fatty acids through 
starch synthesis and the TCA cycle. Black arrows represent additional pathways involved in central 
carbon metabolism. Blue boxes show enzymes of interest. Enzymes are labeled using KEGG and 
International Union of Biochemistry and Molecular Biology (IUBMB) nomenclature. 
 



green algal genomes (Sup. Fig. 4). Phytoceramide and phytosphingosine are two sphingolipids synthesized 265 

within the endoplasmic reticulum (ER) of land plants and algae that remodel the cell membranes to maintain 266 

fluidity in response to temperature and osmotic stress [68, 69, 71]. The ability to synthesize phytoceramide 267 

and phytosphingosine suggest that SLA-04 maintains the ability to synthesize and remodel cell membrane 268 

lipids in response to changes in temperature and osmotic stress. 269 

4. Discussion 270 

Algae thrive in diverse aquatic ecosystems and identifying the genotypes responsible for growth 271 

across diverse environments requires a comprehensive understanding of genomic and metabolic variation 272 

across habitats. Using ultra-long-read Nanopore sequencing, we determined a complete chromosome level 273 

assembly of the Chlorella sp. SLA-04 genome (Fig. 1). Annotation of the SLA-04 genome using sequence-274 

based methods resulted in an incomplete representation of SLA-04 metabolism with just over half of the 275 

proteins having assigned functions. While traditional sequence-based annotation methods identified core 276 

metabolic pathways within SLA-04, a large portion of the proteome remained hypothetical with unknown 277 

function (Fig. 2A). 278 

The structure of a protein dictates its function [72]. By predicting the structure of hypothetical 279 

proteins and comparing them to a structural database we were able to predict the function of proteins that 280 

were unrecognizable at the sequence level. While structural annotation identified additional proteins within 281 

all functional categories, some categories such as cytoskeleton and cell wall proteins were overrepresented 282 

in this analysis (Fig. 2). The overrepresentation of cytoskeleton and cell wall proteins could be a 283 

consequence of functional diversification or an underrepresentation of cytoskeleton and cell wall protein 284 

sequences within databases used for sequence-based annotation (NCBI or EggNOG). Regardless, we found 285 

that using structure-based annotation methods aid in generating a more complete representation of algal 286 

metabolism. Interestingly, 37.6% of SLA-04 proteins continue to escape functional predictions following 287 

structural annotation, and 20.5% of these sequences are conservation within other algae and plants. 288 

Evolutionary conservation and retention of proteins across algae and plants suggests these proteins are 289 



functionally important, and this analysis helps focus future efforts on conserved aspect of the proteome that 290 

remain functionally uncharacterized. 291 

While annotating the SLA-04 proteome, we identified lipid synthesis pathways that may allow 292 

SLA-04 to respond to changing environmental conditions. ATP citrate lyase (ACLY) generates cytosolic 293 

acetyl-CoA from citrate and is a critical enzyme for fatty acid (FA) biosynthesis and modification [73-75]. 294 

Algal fatty acids are initially synthesized in the chloroplast and exported into the cytosol where they are 295 

modified into triacylglycerols (TAG) or sphingolipids within the ER [69, 76-80] (Fig. 4). Modification and 296 

synthesis of additional fatty acids within the cytosol and ER requires cytosolic acetyl-CoA. The presence 297 

and transcription of genes encoding ACLY suggests that SLA-04 can utilize starch-derived TCA 298 

intermediates as a precursor for lipid synthesis. The ability to interconvert between storage molecules 299 

enables the metabolic flexibility to synthesize desired biomolecules regardless of the molecular resources 300 

available within a cell. Since starches and lipids are important precursors for bioproducts like biodiesel and 301 

ethanol, this work demonstrates how genome sequences may improve our ability to link bioproduct 302 

production to specific organisms and environmental conditions.  303 

Acetyl-CoA has many cytosolic functions, but we hypothesize that SLA-04 may generate 304 

additional cytosolic acetyl-CoA in part to synthesize long term storage lipids and sphingolipids. 305 

Sphingolipids are membrane lipids synthesized within the ER that contain long chain FAs. Sphingolipids 306 

modify the algal cell membrane to maintain membrane fluidity in response to temperature and osmotic 307 

stress [68-70]. The synthesis of sphingolipids such as phytoceramide and phytosphingosine requires 308 

cytosolic acetyl-CoA to modify and elongate free FAs that originated from the chloroplast [81] (Fig. 4). 309 

Similar to ACLY, genes encoding enzymes responsible for phytoceramide and phytosphingosine 310 

biosynthesis are present and being transcribed in the SLA-04 genome (Fig. 4, Sup. Table 3). Together, the 311 

capacity for sphingolipid biosynthesis and cytosolic acetyl-CoA generation by ACLY suggests that SLA-312 

04 may have the metabolic capacity to modulate cell membrane fluidity to rapidly adapt to diurnal and 313 

seasonal temperature and osmotic changes (e.g., alkalinity and/or salinity) within the environment [82, 83].314 

  315 



5. Conclusion 316 

Chlorella sp. SLA-04 grows well in a wide range of media conditions such as (i) high (>100 mM) 317 

[84] and low (<5 mM) [18] alkalinities, (ii) circumneutral pH [85] and high (>10.2) pH [84], and (iii) in 318 

media containing 0 to 35,000 ppm salt [86]. The genome analysis presented here, together with prior 319 

experimental results indicate that SLA-04 has robust and adaptable growth characteristics, with potential 320 

for use in diverse engineered growth systems for biofuel and bioproduct applications. More broadly, this 321 

comprehensive view of metabolism within SLA-04 has demonstrated how complete algal genomes can be 322 

leveraged to discover new genotypes and identify algal strains most suitable for production of desired 323 

bioproducts. 324 
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