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A B S T R A C T

Selection of highly productive algal strains is crucial for establishing economically viable biomass and biopro-
duct cultivation systems. Characterization of algal genomes, including understanding strain-speci� c di� erences
in genome content and architecture is a critical step in this process. Using genomic analyses, we demonstrate
signi� cant di� erences between three strains ofChlorella sorokiniana(strain 1228, UTEX 1230, and DOE1412).
We found that unique, strain-speci� c genes comprise a substantial proportion of each genome, and genomic
regions with > 80% local nucleotide identity constitute < 15% of each genome among the strains, indicating
substantial strain speci� c evolution. Furthermore, cataloging of meiosis and other sex-related genes in C. sor-
okiniana strains suggests strategic breeding could be utilized to improve biomass and bioproduct yields if a
sexual cycle can be characterized. Finally, preliminary investigation of epigenetic machinery suggests the pre-
sence of potentially unique transcriptional regulation in each strain. Our data demonstrate that these three C.
sorokiniana strains represent signi� cantly di � erent genomic content. Based on these� ndings, we propose in-
dividualized assessment of each strain for potential performance in cultivation systems.

1. Introduction

Development and deployment of a productive, stable, and eco-
nomically viable algal cultivation system requires detailed genetic and
phenotypic knowledge of the platform strain(s) [ 1,2]. This knowledge is
gained initially through sequencing and characterization of the
genomic content, enabling the formation of testable hypotheses to ac-
celerate algal strain improvement. Identi � cation of both conserved and
strain speci� c pathways will facilitate strain improvement through
targeted genetic modi� cation or selective breeding. However, high
quality genome assemblies from microalgae production strain candi-
dates are not widely available and many algal genomes are sequenced
with short read sequence data, resulting in highly fragmented assem-
blies, thus impeding accurate gene annotation, transcriptomic analyses,

and in silico metabolic modeling.
Nearly � nished genomes of microalgae production strains inform

many other biological functions relevant to bioproduct and biofuel
production. Five functions of particular interest include (1) conserva-
tion and divergence in energy capture, (2) metabolism and carbon
storage, (3) the capacity for sexual reproduction (thereby facilitating
arti � cial selection of desirable traits), (4) the capacity for epigenetic
modi� cations, enabling more nuanced regulation of metabolic and
energy storage pathways, and (5) the production of antibiotic com-
pounds, which may assist in crop defense or design of synthetic anti-
biotics.

First, given the importance of energy capture through photosynth-
esis in algal growth and production, the genes underlying photosynth-
esis are predicted to be highly conserved. Protein functionality in core
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photosynthetic processes includes carbohydrate metabolism; capturing
electron excitation energy; and the anabolism of pigments, lipids, and
amino acids. Previous phylogenomic analyses have characterized the
set of genes restricted to photosynthetic organisms [3,4]. Loss of these
genes may indicate a relative specialist photosynthetic strategy [4] as a
result of adaptation to environmental niches. Such specialization may
have subsequent consequences on production capabilities.

Second, once energy has been conserved, it may be utilized during
metabolism or stored in di � erent ways, which may have profound ef-
fects on product value. Understanding, and subsequently targeting,
speci� c biochemical pathways via genome editing techniques can also
lead to accumulation of additional lipids or other high value products
[ 5].

Third, the ability to reproduce sexually has numerous consequences
on both long-term evolution and laboratory selection. Recombination
during sexual reproduction results in the purging of deleterious alleles
and creation of novel gene combinations [6,7]. Accordingly, sexual
reproduction has been used to accelerate arti� cial or experimental se-
lection throughout eukaryotes [ 8–15]. The capacity for sexual re-
production in candidate production strains may be exploited through
strategic breeding to improve biomass and bioproduct yields as used in
traditional food cultivation.

Fourth, while genomic information helps inform functionality of an
organism, understanding the factors that regulate the accessibility of
the genome is necessary to analyze the phenotypic productivity of a
given algae species. These factors collectively constitute chromatin re-
modeling mechanisms that, when inherited after mitotic activity, are
deemed epigenetic in nature. Epigenetic machinery is responsible for
posttranslational modi � cation of amino acids in histone proteins or
nucleic acids in RNA and DNA. DNA methylation, particularly on cy-
tosine residues, is important for genome protection from opportunistic
genetic elements, gene expression, and genomic stability. Two seminal
reports of silencing mechanisms employed by microalgae species sug-
gest the existence of DNA modi� cation machinery, including RNA-
mediated DNA methylation, and DNA modi � cations that are present in
plants, but not in mammals [ 16,17]. However, for many algal species,
these modi� cations are uncharacterized and only a handful of genetic
signatures of epigenetic machinery have been identi� ed in select spe-
cies [16,18–22].

Finally, algae produce an array of defensive compounds, including
some products of polyketide synthase (PKS) enzymes. PKS enzymes are
large, multi-domain genes that encode a variety of naturally-occurring
biotoxins and defensive compounds. Polyketide secondary metabolites
include antimicrobial, antifungal, insecticide, and immunosuppressive
chemicals [23]. Thus, we are interested in understanding polyketide
diversity, evolution, and synthesis to determine the value of PKS pro-
ducts as a potential algal bioproduct. Synthesized from acetyl- or mal-
onyl-CoA, polyketides are produced by polyketide synthase genes that
possess a constrained set of canonical functional domains, including
ketoacyl synthase (KS), acyl transferase (AT), ketoacyl reductase (KR),
dehydratase (DH), enoyl reductase (ER), acyl carrier protein (ACP; also
known as a phosphopantetheine attachment site), and a thioreductase
(TE). PKS genes are categorized into three major structural groups.
Type I PKSs are large, modular proteins which are found throughout
bacteria, fungi, and algae [24,25]. Each module elongates and modi� es
the polyketide. Type II PKSs are smaller, aggregative proteins present in
green algae and bacteria that iteratively act on polyketide chains
[ 24,26]. Type III PKSs are restricted to streptophyte green algae and
bacteria [ 27,28] and operate as homodimers. Phylogenomic investiga-
tions of polyketide synthases in green algae have found three PKS genes
in green algae Ostreococcus lucimarinusand Ostreococcus tauri[ 25,29].
This relatively high abundance of PKS genes (1.5% of the genome
length) suggests important, but unknown function in green algae
[ 25,30].

Chlorella sorokiniana, a freshwater chlorophyte, is being evaluated
for utilization as a feedstock for biofuels and bioproducts given its high

degree of productivity during short periods of cultivation [ 1,31,32].
Although a few phenotypic comparisons between multiple C. sor-
okiniana strains have been performed [33–36], the genetic basis for the
varied phenotypes remains unknown. Here, we present the genome
sequences and gene annotations of three strains ofC. sorokinianaand
results of a comparative analysis of gene content between these strains
(DOE1412, 1228, and UTEX 1230). The use of long read technologies
and optical mapping generated high-quality, chromosome-level,
genome assemblies ofC. sorokiniana. We report a signi� cant disparity of
gene content, with each strain containing a large complement of unique
genes and high genomic divergence. De� ning the genomic variation
among C. sorokinianastrains is a necessary step for realizing the po-
tential of C. sorokiniana as a commodity feedstock and will inform
di� erences in growth patterns and growth conditions between strains.
While genomic di � erences may underlie di� erences in growth patterns,
the basis for sexual reproduction, PKS defense, and photosynthesis are
conserved among C. sorokiniana strains. These results highlight the
potential to develop and improve C. sorokiniana for use in industrial
applications through epigenetic modi � cation, sexual reproduction, and
bioengineering of di � erent genomic elements.

2. Methods

2.1. Strain information

C. sorokinianaUTEX 1230 (hereafter 1230) is one of the most pro-
ductive strains identi � ed and is being evaluated for utilization as a
biofuel feedstock [ 31]. C. sorokinianahas an optimal growth tempera-
ture of 37 °C and is able to grow heterotrophically on a variety of sugars
that enhance oil accumulation [ 37]. Growth in an optimized mixo-
trophic and heterotrophic bioreactor supplemented with glucose en-
abled C. sorokiniana 1230 to accumulate 30–40% of its cell mass as
lipids [ 38]. Furthermore, while growing in the absence of nitrogen
(following pre-growth with ammonia at dry weight production rates
equivalent to growth in the presence of ammonia), the energy content
of the algae increased by nearly 50% on a dry weight basis (Dr. San-
geeta Negi, unpublished results).

C. sorokiniana strain 1228 (hereafter 1228) was � rst studied by
Phycal, Inc., and was described to be a clonal isolate from a UTEX 1230
cultivation sample. C. sorokiniana1228 has genomic content distinct
from the other C. sorokinianastrains [37] and serves as a possible re-
servoir of genomic material for genetic engineering applications.

C. sorokiniana DOE1412 (equivalent to UTEX B 3016; hereafter
1412) was isolated through prospecting e� orts by Dr. Juergen Polle's
laboratory and demonstrates excellent growth characteristics and lipid
accumulation potential [ 33]. Initial phylogenetic analysis of the rDNA
18S gene identi� ed this strain as C. sorokiniana. However, another
molecular marker for phylogenetic analysis, the rDNA internal tran-
scribed spacer region 2 (ITS2), revealed that strain 1412 falls into the
Chlorellales order, although the family, genus, and species was not
resolved. Productivity data on the indoor and outdoor performance of
this strain can be found in the � nal NAABB report [ 31,32].

2.2. Genome sequencing and assembly

2.2.1. DNA preparation and sequencing
For the short-read assembly of C. sorokiniana1230, genomic DNA

was puri� ed following a standard protocol. Brie � y, cells were re-
suspended in SDS-EB bu� er (2% SDS, 400 mM NaCl, 50 mM EDTA,
100 mM Tris-HCl [pH 8]) by vortexing and extracted twice with
phenol/chloroform/isoamyl alcohol (25:24:1 by volume). Nucleic acids
were precipitated by adding two volumes of 100% ethanol.
Resuspended nucleic acids were then treated with RNase A for 1 h and
genomic DNA precipitated with CTAB (10% w/ v) in 0.7 M NaCl, to
remove polysaccharides. The DNA pellet was� nally resuspended in TE
bu� er.
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For all other assemblies, high molecular weight algal gDNA was
extracted from cells imbedded in agarose, puri� ed and concentrated
using AMPure PB beads. The DNA was then fragmented using Covaris g-
Tubes. Fragmented and puri� ed DNA was processed for 20 kb SMRT
bell library prep. The long insert libraries were size selected using a
Blue Pippin instrument (Sage Sciences, Beverly, MA). The sequencing
primer was annealed to the selected SMRT bell templates. The libraries
were bound to DNA polymerase and loaded on the PacBio RSII for se-
quencing. Sequencing was completed using either C2/P4 or C3/P5
chemistry and 3-h movies.

2.2.1.1. C. sorokiniana 1228. The 1228 draft genome was generated by
utilizing PacBio sequencing [39] and OpGen optical mapping (OpGen,
Gaithersburg, MD) to align contigs at the chromosome level (Genbank
accession number PQAU00000000). HGAP version 2.2.0 [40] was used
to assemble the genome. Forty-one SMRT cells of data were used with
each preparation using the 20 kbp prep and C3P5 chemistry with Blue
Pippin size selection. The 41 SMRT cells of PacBio sequencing
generated 6.050 Gbp of data, and coverage of the genome with
PacBio data is 99.19×. The consensus sequences were shredded into
20 kbp overlapping pieces and assembled with Phrap (SPS-4.24)
[ 41,42]. Some editing in Consed [43] was done to create the � nal
assembly. The sca� olding is based on alignment of the contigs to the
OpGen maptigs which were generated using BamHI. For optical
mapping, the DNA from C. sorokiniana1228 was prepared according
to the described methods in the Opgen technical bulletin [ 44].

2.2.1.2. C. sorokiniana 1230. The 1230 genome was assembled by
merging of long-read and short-read assemblies (Genbank accession
number PKFC00000000). The long-read PacBio assembly was
generated with HGAP version 2.3.0 [40]. Approximately 5.840 Gbp
of PacBio data was sequenced [39], providing 99.8× coverage of the
genome. The short-read Illumina assembly was generated by preparing
four libraries of average insert size of 300 bp, 500 bp, 2000 bp and
5000 bp and sequencing using an Illumina HiSeq 2500 instrument by
Cofactor Genomics (St. Louis, MO). Approximately 25.816 Gbp of
Illumina short reads were assembled by Cofactor Genomics and
computationally annotated and further manually curated, removing
organellar genome contigs, at the University of Nebraska-Lincoln. All
consensus sequences from these assemblies were computationally
shredded and reassembled with Phrap, version SPS-4.24 [41,42] to
allow for manual editing and curation with Consed [ 43].

2.2.1.3. C. sorokiniana 1412. The 1412 genome assembly was
generated using a combination of Illumina [ 45] and PacBio [39]
technologies (Genbank accession number PKFD00000000). Illumina
short-insert paired-end libraries were constructed and sequenced on the
HiSeq instrument generating 33.624 Gbp of data. Illumina data were
assembled with Velvet, version 1.2.08 [46] and with Newbler, version
2.6 (from 454 Life Sciences). Additionally, a PacBio long read library
was created and sequenced on the RS II instrument generating 10.433
Gbp of draft data. These data were assembled with HGAP, version 2.3.0
[ 40]. All consensus sequences were computationally shredded and
reassembled with Phrap, version SPS-4.24 [41,42] and manually
edited with Consed [43]. The � nal assembly includes 65 contigs
greater that 20 Kbp with an estimated genome size of 57.88 Mbp. The
estimated fold coverage of the genome is 476× and 180× for Illumina
and PacBio data, respectively. Illumina reads were mapped to the 1412
assembly using Bowtie 2 [47], implemented in EDGE [ 48] with default
parameters.

2.2.2. Genome annotation and statistics
For each genome assembly, an in-house custom MAKER2 pipeline

[ 49] was used for structural gene annotation. For the 1412 annotation,
Trinity (release 2013-2-25 [ 50,51]) was used to assemble approxi-
mately 24 Gb of paired end HiSeq Illumina (2 × 101 bp reads) RNA-seq

data which resulted in 23,329 assembled transcripts. These assembled
transcripts were fed into MAKER2 to improve structural annotation.
Functional annotation of genes was performed with InterProScan ver-
sion 5.21 [52]. Basic genome statistics were calculated with the PERL
script “assembleaton_stats.pl” [ 53], and GAG: Genome Annotation
Generator [54].

2.3. Comparative analyses

2.3.1. Chlorellales chloroplast phylogenetic tree
We generated a concatenated phylogeny using Bayesian Markov

chain Monte Carlo, implemented in MrBayes version 3.2.2 [ 55], and
maximum-likelihood analyses, implemented in RAxML version 8.2.10
[ 56]. The data matrix included sequences for 10 Chlorellales terminal
taxa, including six species and strains of Chlorella. The outgroup taxa
represented three non-Chlorella species [57]. The sequence data con-
sisted of 27 chloroplast protein sequences (Supplementary Table 1);
mitochondrial and nuclear genes were not used due to lack of available
data from other genera within the Chlorellales. Accordingly, we did not
perform multi-locus species-tree analyses since the chloroplast genes
e� ectively belong to the same locus. Therefore, these genes should be
less in� uenced by incomplete lineage sorting due to the reduced ef-
fective population size of the chloroplast genome [ 58]. Genes were
aligned using Muscle version 3.8.31 [59] before concatenation. The
best-� tting combination of partitioning scheme and protein substitution
models was determined using PartitionFinder version 2.1.1 [ 60] using
AICc and a greedy search algorithm with branch lengths linked across
partitions. A total of 27 possible partitions were initially de � ned (one
for each protein) and the best-� tting strategy included 13 data blocks
(Supplementary Table 1). Four independent Bayesian runs of four
chains each (three heated chains and one cold chain) were run for
2 × 10 7 generations with a burn-in of 5 × 10 6 generations. Trees were
sampled every 100 generations. We considered the runs to have ade-
quately sampled the solution space when the standard deviation of split
frequencies was below 5 × 10 � 3. The tree was independently con-
structed using maximum likelihood (ML) methods with the rapid
bootstrap analysis and the same partition scheme. Fifty ML replicate
trees were used to estimate bootstrap support.

2.3.2. Full genome level comparisons
For the nucleotide identity analysis, queries of nucleotide identities

were performed using a custom Perl script which calculates the per-
centage of a query genome that matches a reference genome at a user
speci� ed nucleotide identity level. Once the percentage nucleotide
identity is determined by the user (80%) then Nucmer, from the
MUMmer package [61] was utilized to identify homologous regions of
the reference and query genomes that share a nucleotide identity at the
speci� ed level.

2.3.3. Gene level analysis to determine non-homologous genes within the
three C. sorokiniana genomes

A three-way comparison of annotated genes within the three
Chlorella strains reported here was carried out with BLASTP and
TBLASTN [62] to identify potentially unique genes within each strain.
For eachChlorellastrain, predicted translated amino acid sequences for
each gene were queried with TBLASTN and BLASTP against the other
two strains. Genes were considered homologous to one or both of the
other genomes when a) > 50% of the query gene product was ac-
counted for in the full alignment length, b) the amino acid identity of
the alignment was > 40%, and c) the blast expect value ( E-value)
was < 1 × 10 � 10 for BLASTP or < 1 × 10 � 5 for TBLASTN. Genes were
considered unique within a genome (lacking a homolog in the other two
C. sorokinianagenomes) when the previous criteria were not met. Non-
unique gene counts are calculated as average number of genes shared
based on all reciprocal analyses performed.
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2.3.4. ViridiCut2, sex-related genes, and� agella-related genes
The presence of ViridiCut2 genes in C. sorokinianawas investigated

by searching the genomes ofC. sorokiniana1228, C. sorokiniana1230,
and C. sorokiniana 1412 with the collection of ViridiCut2
Chlamydomonas reinhardtiiproteins [ 4]. BLASTP with an E-value of
1 × 10 � 5 was used to searchC. sorokinianaproteins [ 62]. Then, the
functional characterizations of both C. reinhardtii and C. sorokiniana
were obtained via standalone InterProScan version 5.21–60.0 [ 52].
Functional annotations included Gene3D version 3.5 [63], PANTHER
version 10.0 [ 64], and Pfam version 30.0 [ 65]. Functional annotations
with an E-value above 1 × 10 � 5 were ignored. C. sorokinianaproteins
were determined to be orthologous if any of the functional annotations
matched InterProScan output functional annotations from Gene3D,
PANTHER, or Pfam. The match with the lowest E-value was auto-
matically determined as orthologous if the unordered list of unique
annotations were identical. Gene duplication in C. sorokinianawas not
considered. If neither the C. reinhardtii nor the C. sorokinianagenes had
any functional annotations, genes were considered orthologous if the E-
value of the match was below 1 × 10 � 15. For matches that were not
automatically determined to be orthologous, MUSCLE (version 3.8.31)
[ 59] alignments were created and manually inspected and compared to
the functional annotations. Often, one gene appeared to be a functional
subset of the other gene (either C. reinhardtii or C. sorokiniana was
substantially longer, including additional functional domains), possibly
due to inaccurate gene modeling. In these rare cases (4.3–8.3% of
ViridiCut2 genes), matches were deemed orthologous. As we are eval-
uating the presence of speci� c sets of genes, the decision to accept rare
cases of functional subsets results in a conservative estimate for the
number of genes absent or lost in C. sorokiniana. Additionally, auto-
matically assigning orthology based on unordered and unique annota-
tions (as opposed to ordered and accounting for repeated domains)
results in a conservative estimate for the number of ViridiCut2 and sex-
related genes absent or lost inC. sorokinianastrains. We evaluated the
number of genes present in the homologous recombination and meiosis
(yeast) KEGG maps using the KEGG Automatic Annotation Server [66].

In order to ensure that genes annotated as missing fromChlorella
genomes are indeed absent, all genes in theChlorellagenome assemblies
were masked. The remaining intergenic regions were searched using
TBLASTN [62] with an E-value of 1 × 10 � 6. Signi� cant matches were
considered to indicate the presence of that gene.

2.3.5. PKS genes
The genomes ofC. sorokiniana1228, 1230, and 1412 were searched

using a previously annotated PKS gene from Chrysochromulina tobin
[ 67] as a query. This initial search identi � ed a PKS gene from eachC.
sorokinianastrain. These three genes were used to re-query the genomes
of C. sorokiniana. When signi� cant hits to the genome were found
outside of annotated genes, these regions were extracted and Augustus
version 3.0 [ 68] was used to predict gene models in those genomic
regions. Signi� cant tblastn hits ( E-value = 1 × 10 � 5) were treated as
manually identi � ed ‘exonpart’ hints, Augustus was trained on C. re-
inhardtii, and exactly one gene was predicted for each genomic region.
This procedure was validated by annotating the genomic regions of the
three initial PKS genes, which resulted in high similarity (> 95%
identity) to the original maker annotations.

Proteins were annotated in two ways. First, the protein translations
of predicted gene models were annotated using Pfam version 31.0 [65].
However; these models had several sequences encoding canonical PKS
domains in predicted introns. These domains were absent from pre-
dicted protein annotations. Additionally, several sequences encoding
domains were split across intron/exon boundaries. Therefore, a second,
functional annotation was performed without gene predictions. A three
frame translation of genomic regions were searched with hidden
Markov models (HMMs) downloaded from Pfam version 31.0 [ 65]
using HMMer version 3.0 [ 69]. An E-value threshold of 1 × 10 � 5 was
used. Functional annotations for all three translations were sorted to

produce the protein's � nal functional annotation.
The two methods of annotation produced broadly similar protein

annotations (in terms of protein length and number of PKS modules).
However, the � rst, model-based annotation often excluded dehy-
dratase, enoyl reductase, and acyl carrier protein domains. In one case,
this resulted in a protein without dehydratase and reductase domains,
resulting in nine modules consisting of ketide synthase and ketor-
eductase domains. These two methods produced highly similar PKS
gene models in 1412, suggesting that the models are accurate and that
RNA expression data is highly valuable for PKS gene modeling.

Because Pfam does not identify families with the medium-chain
dehydrogenase/reductase superfamily [70], protein domains annotated
as zinc-dependent alcohol dehydrogenases (PF00107) were considered
enoyl reductases, following Shelest et al. [26]. Given the challenges of
producing manually curated annotations for PKS genes (which may be
up to 82.9 kbp long) in the absence of RNA expression data, these
functional annotations must be considered preliminary until models are
further validated with additional RNA or protein expression data.

2.3.6. DNA methylation genes
The presence of epigenetic machinery was determined in the C.

sorokiniana strains using queries of known Arabidopsis thaliana, Homo
sapiens, Mus musculus, or Zea maysprotein sequences againstC. sor-
okiniana protein sequence data. Once sequences with similar homology
were found for each protein for each strain, these sequences were
queried using BLASTP [62] and for Pfam domains [ 65]. Protein se-
quences were con� rmed by query of annotated genomes using Pfam
and Interpro domains considered essential for epigenetic function in
each protein for each strain.

3. Results and discussion

3.1. General genome characteristics

3.1.1. Genome assembly statistics and phylogeny
High quality genome assemblies were generated for all three strains

using Single Molecule Real Time (SMRT) sequencing technology by
Paci� c Biosciences (PacBio) [39]. The three genome assemblies ranged
from 57.9 Mb to 61.4 Mb with the highest quality assembly ( C. sor-
okiniana 1230) consisting of 20 contigs (18 nuclear genome contigs, 1
mitochondrial and 1 chloroplast contig), which represents nearly
chromosome resolution (12 chromosomes). Thus, these genomes build
on the relatively few nearly-complete algal genome assemblies [71–74].

For each genome, the number of predicted genes is 12,166 (1228),
12,611 (1412), and 12,871 (1230) ( Table 1). Genes in 1228 and 1230
were relatively coding rich with an average of 10 exons per gene (9
introns per gene), while C. sorokiniana 1412 averaged 13 exons per
gene (12 introns per gene), which correlated to a substantially longer
average gene length. Average intron length was not substantially longer
in 1412 compared to 1228 and 1230 ( Table 1). The three Chlorella
genomes are very gene rich, ranging from 31.1% of the genome covered
by CDS regions in 1228 to 42.1% in 1412. This corresponds to gene
coverage of 72.9–92.5% of the genome respectively.

At the rDNA 18S level, the three C. sorokinianastrains described in
this study appear nearly identical (Supplementary Table 2). The 18S
rDNA gene coding region appears to be copied multiple times within a
region of Chromosome 1, which confounded assembly e� orts in each C.
sorokinianagenome we assembled. Therefore, an alternative seemingly
non-coding or truncated partial 18S sequence occurred multiple times
in each C. sorokiniana assembly. In addition, repeat regions in the
genome assemblies led to unplaced contigs representing 1.9% and
0.44% of the assembled genomes of 1228 and 1412 respectively
(Table 1). Based on the analysis of the 18S repeat region, it is likely that
some repeat regions are not entirely represented in the 1230 genome
since the 18S region was collapsed into only two copies in the C. sor-
okiniana 1230 � nal assembly. Chromosome assignments for each contig
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are displayed in Supplementary Fig. 1.
In order to determine the relationships of sequenced representatives

of Chlorella sorokiniana, we estimated a species tree using 27 con-
catenated chloroplast protein sequences. Based on the species included
(Fig. 1), free-living C. sorokinianaforms a clade, sister to the symbiotic
C. variabilis, C. vulgaris, and Micractinium conductrix. The recently se-
quenced C. sorokiniana UTEX 1602 [75] is closely related to C. sor-
okiniana DOE1412 (4 di� erences out of 6778 amino acids), demon-
strating that the diversity of available C. sorokinianagenomes is well
represented in our other analyses.

Genome completeness was analyzed using BUSCO (Benchmarking
Universal Single Copy Orthologs) version 3.0 [76]; we queried both the
genome assemblies and the protein annotations against the core eu-
karyotic BUSCO dataset (Supplementary Table 3). These results show
that the three genomes are consistent in BUSCO content among each
other (80.2–81.2% of BUSCO genes at nucleotide level; 92.4–94.7%
BUSCO genes at protein level); however, between protein-based and
genome-based analyses there is a large discrepancy between the
number of genes identi� ed, likely due to using a BUSCO gene set that is
not speci� c to algae. Based on the divergent set of these BUSCO genes,
the higher number of genes identi� ed using protein-level analysis
suggests more complete genome assemblies, consistent with our

chromosome-level assembly and high N50 values.

3.1.2. Telomeres and centromeres
The telomere sequence (TTTAGGG)n has been identi� ed and is

consistent in all three assemblies. This sequence is the same telomere
sequence as inChlorella variabilis[ 77]. Assembly of the centromere was
problematic in a number of chromosomes (Chromosome 1–4, Supple-
mentary Fig. 1). No detailed analysis of repeat structure within the
centromeric region has been performed to determine cause, though
many of the regions likely associated with the centromere were iden-
ti � ed as unplaced repeat regions in theC. sorokiniana1228 assembly.

3.1.3. Genome scale rearrangement
C. sorokiniana1228 has a large inversion present on Chromosome 4

when compared to C. sorokiniana 1230 and 1412 genomes
(Supplementary Fig. 2). In contrast, the 1230 and 1412 do not appear to
have large scale genome structural inversions; however, these genomes
do show several small inversions (< 200 kbp in size) throughout their
genomes (Supplementary Fig. 3). This observation is consistent with the
phylogenetic tree, nucleotide identity, and gene comparison analyses
(see sections below) that also suggest that the 1412 and 1230 genomes
share more similarity to each other than to the 1228 strain.

3.1.4. Nucleotide identity
Despite nearly identical 18S sequences, we determined low nu-

cleotide identity between the three strains of C. sorokiniana, though
strain 1230 has a single SNP within the full 18S sequence compared to
the other two strains (1113C > T; 1700 bp alignment). Over 87% of the
genome in each of the three strains has < 80% nucleotide identity
(Fig. 2, Supplementary Table 2).

3.2. Analysis of conserved and divergent gene content

3.2.1. Comparison of global gene inventory
To determine if a set of unique genes is present among the threeC.

sorokinianastrains compared, each predicted gene model was compared
to the genes annotated in the two other genomes. Cuto� s of E-value of
1 × 10 � 5, 40% minimum amino acid identity and 50% query coverage
were used. A substantial number of proteins in each genome were de-
signated unique by this metric and further characterized with Blast2GO
[ 78] to assign additional function and Gene Ontology (GO) terms to
these unique genes. C. sorokiniana 1228 had the fewest designated

Table 1
Assembly and annotation statistics of Chlorella sorokiniana1230, 1228, and 1412.

C. sorokiniana1230 C. sorokiniana1228 C. sorokiniana1412

Genome assembly:
Assembled genome size 58.5 Mb 61.4 Mb 57.9 Mb
Contigs in assembly 20 64 65
Sequencing/assembly methods PacBio + Illumina PacBio + OpGen optical mapping PacBio + Illumina
Average contig size 2660 kb 959 kb 890 kb
N50 3.82 Mb 2.41 Mb 2.20 Mb
GC content 63.80% 65.30% 64.10%
Read coverage (Pac-Bio) 100× 99× 476×
Read coverage (Illumina) N/A N/A 180×
Unsca� olded contigs 0 24 8
Length of unplaced contigs – 1170 Kb 256 Kb
% of genome assembly – 1.90% 0.44%

Genome annotation:
Annotated protein coding genes 12,871 12,166 12,611
Average gene length 3754 bp 3681 bp 4474 bp
Average CDS length 1632 bp 1572 bp 1932 bp
Average exon length 152 bp 152 bp 156 bp
Average exons per gene 10.9 10.3 13
Average intron length 215 bp 227 bp 231 bp
% of genome assembly as genes 82.50% 72.90% 92.50%
% of genome as CDS 35.90% 31.10% 42.10%

Fig. 1. Phylogenetic analysis of Chlorellales based on 27 concatenated chlor-
oplast proteins (Supplementary Table 1). Species sequenced here are empha-
sized with larger font (center). Independent Bayesian and maximum likelihood
(ML) analyses estimated the same tree topology. Numbers indicate ML boot-
strap values and Bayesian posterior probabilities respectively. Branch lengths
shown are from the ML estimation. The tree is rooted following Sun et al. [ 57].
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unique genes with 316 (Fig. 3), while C. sorokiniana1412 had the most
at 1332. All unique protein sequences are available in Supplementary
Datasets 1–3. The majority of these genes (60.5–82%) are of unknown
function (Supplementary Table 4). Of interest, some of the unique genes
in each genome were assigned Enzyme Commission (EC) numbers
(Supplementary Datasets 4–6). Within C. sorokiniana1412 genes, two
unique genes (CSJ00004822-RA and CSJ00005316-RA) were desig-
nated with EC 3.1.1.4, which is a phospholipase involved in lineolic
acid metabolism derived from lectin to linoleate conversion. EC
5.4.99.30 UDP-arabinopyranose mutase was also identi� ed as unique
and is utilized in sugar metabolism. Overall, the unique genes identi � ed
in each strain warrant further investigation, particularly those genes
with unknown function. Beta- N-acetylhexosaminidase
(CSI_122800011331-RA), potentially found in N-Glycan and Glyco-
sphingolipid biosynthetic pathways, is one of only two potential en-
zymes with functional annotation identi � ed in the 1228 unique protein
list. The other is a potential ATPase (CSI_122800000435-RA) used in
purine metabolism.

In C. sorokiniana 1230, there are a number of unique genes that
were assigned an enzyme code by Blast2GO annotation. These include
kynurenine formamidase (CSI2_123000004392-RA), a unique enzyme
important in tryptophan synthesis that can convert N-formyl deriva-
tives into formate. A gene of similar function is found in C. sorokiniana
1412 and C. sorokiniana1602. Of particular interest is carbonate de-
hydratase (CSI2_123000007719-RA), an enzyme that catalyzes the hy-
dration of gaseous CO2 to carbonic acid. Although there are approxi-
mately 10 other genes with this function present in all three strains, this
gene (CSI2_123000007719-RA) seems to be of unique origin.

3.2.2. ViridiCut2 genes
Given the interest in the core set of genes involved in photosynthesis

and algal growth, we annotated Viridiplantae photosynthetic-related
genes in C. sorokiniana. We found 296 of 312 previously annotated
ViridiCut2 genes [ 4] in all three strains of C. sorokiniana(Fig. 4). Only
nine ViridiCut2 genes were found in one or two strains of C. sorokiniana

but not in all three strains. Seven ViridiCut2 genes were not found in
any strain of C. sorokiniana. These genes are often not well character-
ized, though two genes are characterized as methyltransferases of un-
known function (Supplementary Table 5). Similarly, of the ten Vir-
idiCut2 genes lost in one or two strains of C. sorokiniana, two are
annotated as bZIP or mTERF transcription factors.

Of the 312 previously annotated ViridiCut2 genes [ 4], seven were
not found in any C. sorokinianastrain. This represents a similarly low
proportion (2.2%), compared to the 4.0% absence of BUSCO genes
(Supplementary Table 3). Similarly, C. vulgarisNC64A has lost 15 Vir-
idiCut2 genes (Supplementary Table 5), nine of which are losses shared
with C. sorokiniana. This low rate of ViridiCut2 gene loss may suggest a
relatively low level of genomic photosynthesis specialization, indicating
that C. sorokiniana may be a photosynthetic generalist and has not
adapted to speci� c photosynthetic/environmental conditions [ 4]. The
consequences of this possible generalist photosynthetic gene repertoire

Fig. 2. Intraspecies nucleotide divergence in Chlorella sorokiniana.Nucmer was
used to identify the regions of genomes that share nucleotide identity; the
majority (> 87%) of each genome shares < 80% nucleotide identity when
compared to the two other corresponding genomes.

Fig. 3. Comparative analysis of protein coding genes in the three Chlorella
sorokiniana strains. Number of proteins with an ortholog, as identi � ed by the
cuto� s listed, are shown above.

Fig. 4. Conservation of ViridiCut2 photosynthesis-related genes within the
three Chlorella sorokinianagenomes.
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on evolutionary trajectories or laboratory selection is unknown.

3.2.3. Sex-related genes
Trebouxiophyceae green algae are often presumed to be asexual

[ 79]; however, some genes involved in meiosis and sexual reproduction
exist in several Trebouxiophyceae species [77,79]. This discrepancy
suggests cryptic sex is proli� c throughout the Trebouxiophyceae class.
Building upon this knowledge, we determined the presence of sex-re-
lated genes underlying sexual reproduction in C. sorokiniana in two
ways. First, we searched theChlorellagenomes (bothC. sorokinianaand
C. variabilis) with 100 annotated sex-related and meiosis-related genes
from Saccharomyces cerevisiae[ 80]. We found 71 of these genes in all
Chlorella genomes (Fig. 5). Three genes are found in all C. sorokiniana
genomes and are absent inC. variabilis (Fig. 5). Of the 100 sex-related
genes in Saccharomyces cerevisiae, 22 are missing in Chlorella genomes
(Fig. 5). To determine if the lack of these 22 genes would prevent sexual
reproduction in Chlorella, we performed a second analysis using theC.
reinhardtii genome as a positive control. It is well established that C.
reinhardtii has sexual reproduction [81–83]. Of the 22 genes absent in
Chlorella, only a single gene was found in C. reinhardtii; this gene is
involved in recovery from DNA damage/replication checkpoint arrest
(Supplementary Fig. 4). Second, we used yeast KEGG annotations to
identify Chlorella genes involved in homologous recombination and
meiosis [66]. Of the 44 homologous recombination genes in the KEGG
map, we found 25 genes in C. sorokinianaand 16 genes in C. variabilis
(Fig. 6, Supplementary Table 6). Of the 99 meiosis-related genes in the
KEGG map, we found 38–39 genes in C. sorokinianaand 36 in C. var-
iabilis (Supplementary Fig. 5, Supplementary Table 6). C. reinhardtii has
24 genes in the homologous recombination KEGG map and 35 genes in
the meiosis KEGG map (Fig. 6, Supplementary Figs. 5-6, Supplementary
Table 6).

Based on the gene set used here [80], it is likely that all strains of
Chlorella, including the endosymbiont C. variabilis NC64A [77], are
capable of sexual reproduction or minimally, were capable of sexual
reproduction recently in their evolutionary history. However, the high
degree of contiguity in the assemblies and modest level of SNP-level
heterogeneity observed in the 1412 Illumina sequencing reads (Sup-
plementary Fig. 7), suggest that source cultures contain haploid gen-
omes. Therefore, this genomic data cannot conclusively demonstrate
sexual reproduction by identifying signatures of recombination. In
general, these results substantiate previous investigations into sex-re-
lated genes in green algae [77,79], though with an expanded set of sex-

related genes (Figs. 5–6, Supplementary Fig. 5, Supplementary Fig. 6).
Further experimentation is required to characterize any sexual cycle or
demonstrate if a transient diploid state exists in these C. sorokiniana
strains.

3.2.4. Flagella-related genes
The � agellar system is critical for initiating sexual reproduction in

Chlamydomonas, through both � agellar agglutination to initiate mating
and the use of basal bodies to coordinate mitosis and cytokinesis
[ 84,85]. Given this critical role of � agella-related genes in sexual re-
production, we investigated the presence of Chlamydomonas� agella
genes, identi� ed by Prochnik et al. [ 86], to complement our analysis of
sex-related genes. We found the complete or nearly complete gene sets
for protein secretion, membrane tra� cking, kinesin motor proteins,
microtubule cytoskeleton, and actin cytoskeleton in all strains of
Chlorella (Supplementary Table 7). There are fewer basal body proteins
in Chlorella relative to Chlamydomonas, but it is uncertain whether this
represents a reduction of basal body proteins in Chlorella or an expan-
sion in Chlamydomonas(Supplementary Table 7). The set of � agellar-
related genes we found in Chlorella suggests the capacity for sexual
reproduction, consistent with our analysis of meiosis-related genes. A
more detailed analysis of � agellar system and basal body proteins in
green algae is necessary to understand the critical components for
sexual reproduction.

3.2.5. Gag retrotransposons
Gag retrotransposon-like signatures were identi� ed within each of

the three Chlorella sorokinianastrains. These transposon elements are
located in unique genomic regions in each strain (Supplementary
Fig. 1); thus, viral intrusion into these genomes likely occurred after
their divergence. If the transposition events took place pre-divergence,
we would expect to see similarities between the location and sequence
of the transposon signature, which is not observed. The unique se-
quences within each individual genome cluster by strain ( Fig. 7), de-
monstrating that the transposon insertion events occurred after diver-
gence of the strains.

3.2.6. Polyketide synthetases in C. sorokiniana
Given the importance of antibiotic PKS genes in green algae [25],

we characterized the PKS repertoire inC. sorokinianaand compared this
repertoire to C. reinhardtii and Ostreococcus lucimarinus.We found a
diverse set of Type I PKS genes in all strains ofC. sorokiniana; each
strain of C. sorokinianahas four PKS genes, which have between six and
11 modules (Fig. 8, Supplementary Dataset 7). We found three addi-
tional, single-domain, Type II PKS genes in each strain. The Type I PKS
genes form four functionally similar groups, two of which are func-
tionally highly conserved among strains (groups 1 and 2, Fig. 8). Group
1 appears unique among described PKS genes given the nucleoporin
autopeptidase domain at the C-terminus of the protein, rather than the
more canonical thioesterase domain (Fig. 8). The prevalence and
function of this unique nucleoporin autopeptidase domain may be un-
derappreciated. Groups 3 and 4 are more variable between strains.
Multiple modules have variable presence of dehydratase and enoyl re-
ductase domains (Fig. 8). For example, the sixth module in group 4 PKS
genes is functionally di � erent in all three strains. This PKS innovation
between C. sorokinianastrains is consistent with our analyses suggesting
signi� cant genetic di� erences and gene content betweenC. sorokiniana
strains.

The PKS repertoire of C. sorokinianais substantially larger than C.
reinhardtii. Both have three, single domain, Type II PKS genes, which
likely interact with other proteins to form iteratively functional poly-
peptides. However, C. reinhardtii only has a single Type 1 PKS gene
[ 25,26]. This gene is in Group 4 (Fig. 8), which suggests strong evo-
lutionary selection for the maintenance of this particular polyketide
product. Similarly, the PKS repertoire of C. sorokiniana is highly di-
vergent from Ostreococcus lucimarinus, which contains � ve single-

Fig. 5. Conservation and variation in sex-related genes betweenChlorella sor-
okiniana and Chlorella variabilis. Genes identi� ed by functional domain searches
matched sex-related gene inSaccharomyces cerevisiae(see Methods section).
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domain, Type II PKS genes and three modular Type I PKS genes. The
structure of these three Type I PKS genes is not similar toC. sorokiniana
PKS genes (Supplementary Fig. 8). Speci� cally, O. lucimarinus PKS
genes are either shorter (four modules) or longer (14 modules) than C.
sorokiniana and include alternate functional domains, including con-
densation and sulfotranferase domains (Supplementary Fig. 8).

We are currently unable to predict the products produced by these
PKS genes, though it is likely that the products do vary based on how
signi� cantly di � erent the domains are in content, as well as number of
modules within each PKS complex. The diverse PKS repertoires ofC.
sorokiniana, C. reinhardtii, and O. lucimarinusemphasizes the variation
in polyketide synthases across green algae. The structural diversity of
polyketide synthase genes within C. sorokiniana strains and between
green algae species suggests high levels of evolutionary PKS innovation.

Given the potential roles of these PKS products in antibiotic production
and cellular defense, further attention to the evolutionary diversity and
function of PKS genes in green algae is warranted.

3.2.7. DNA methylation machinery
We determined the presence of epigenetic machinery responsible for

DNA modi� cations and potential mechanisms of epigenetic transcrip-
tional repression that C. sorokinianastrains utilize. Common DNA me-
thylation enzymes responsible for 5-methylcytosine (5mC) are present
in all C. sorokinianagenomes. These proteins contain speci� c domains
for 5-methylcytosine methyltransferase activity recognizing hemi-me-
thylated DNA for maintenance of DNA methylation. The presence of
multiple DNA methyltransferase orthologs suggests that C. sorokiniana
maintains the ability to methylate DNA in the same nucleic acid

Fig. 6. Inventory of genes related to homologous recombination in four genomes of Chlorella. See Supplementary Fig. 6 for the abundance of genes related to
homologous recombination in Chlamydomonas.
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contexts as plants; i.e. mCG, mCHH, mCHG, where H is any nucleotide
except G (Table 2, Supplementary Table 8).

While the capacity for DNA methylation is similar among all C.
sorokiniana strains investigated, the enzymes responsible for these
modi� cations di� er among strains. For example, C. sorokiniana1228
has more sequence similarity to DNMT1 than MET1, though it does
have appreciably identical sequences to DMT1, a MET1 ortholog.
Clearly, there is redundancy among these sequences such that mCG
likely occurs in C. sorokinianaspecies for heterochromatin formation.

Previous studies suggest the presence of DNA methylation proteins
similar to A. thaliana in some microalgae species, including Chlorella
variabilis NC64A and C. sorokiniana[ 18]. These proteins, called chro-
momethylases (CMTs) contain three functional domains: a CHROMO
domain and two domains present in other DNA methyltransferases, C-5

cytosine methyltransferase (C-5MT) and BROMO adjacent homology
(BAH) domains. We did not � nd the presence of these three essential
CMT domains (CHROMO, BAH, C-5MT) in the same sequence context
in any of the C. sorokinianastrains. Lack of CMT proteins would suggest
the inability to perform methylation in the CHH context. Both CMT2
and DRM2, an RNA-directed DNA methylation (RdDM) protein, utilize
a positive-feedback loop with methylation of lysine 9 on histone 3
(H3K9) for mCHH [ 87]. We were unable to identify any sequence
homology to CMT2 or any RdDM proteins of the DRM family ( Table 2).
In plants, RdDM processes are responsible forde novo methylation,
while in mammals, this type of methylation is conducted by DNMT3a
and DNMT3b. Sequences analogous to proteins from these families
were not found in any of the C. sorokinianastrains. However, one DNA
methyltransferase, DMT1, found in C. sorokiniana 1228, has been

Fig. 7. (A) Alignment of the three-strain speci � c consensus gag-transposon sequences. (B) A maximum likelihood phylogenetic tree of the unique sequences iden-
ti � ed within each strain.
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shown to de novomethylate DNA in vitro [ 88] . It's unclear if these C.
sorokiniana strains methylate DNA in the CHH context or have the
capability to methylate DNA de novo; experimental validation is

necessary to determine the distinction in methylome characteristics
among the strains.

To fundamentally alter heterochromatin structure, cellular ma-
chinery must have the capacity for removal of DNA methylation. In all
three C. sorokinianaspecies, we found DEMETER-like proteins, which
are DNA glycosylases responsible for active demethylation of maternal
alleles induced by RdDM processes (even though the strains lack es-
sential RdDM proteins) [ 89]. The presence of DNA glycosylases inC.
sorokiniana species implies that these microalgae do not require hy-
droxymethylation of cytosine in DNA (5hmC) found in animals. In
mammals, 5hmC is catalyzed by TET family proteins for downstream
removal of DNA methylation as mammals lack direct DNA demethylase
capability [ 90]. As both 5mC and 5hmC respond to bisul� te treatment
in the same manner, it is di � cult to resolve the two base modi� cations
when identifying the methylome, though recent improvements in epi-
genetic assays have been developed for this purpose. We did not� nd
TET proteins in the C. sorokinianaspecies, suggesting that 5hmC is not
present in the methylome. Indeed, the A. thaliana genome does not
contain appreciable quantities of 5hmC, though it should be noted that
DEMETER proteins are able to remove this modi� cation [ 91,92]. While
it is evident that plants do not require the 5hmC intermediary mod-
i� cation for inactivation of repression, it's still unclear if microalgae

Fig. 8. Domain structure of Type I PKS genes found in Chlorella sorokinianaand Chlamydomonas reinhardtii. Note that the only Type I PKS gene identi� ed in C.
reinhardtii is very similar to one of the PKS genes in all three C. sorokinianagenomes (Group 4).

Table 2
Epigenetic-speci� c genes within three Chlorella sorokinianastrains.

Epigenetic machinery genes C. sorokiniana
1228

C. sorokiniana
1230

C. sorokiniana
1412

DNA methyltransferase
(maintenance) (DNMT1,
MET1, MET2, MET3)

3 3 2

De novoDNA
methyltransferase
(DNMT3a, DNMT3b)

0 0 0

Chromomethylases
(CMT1, CMT2, CMT3)

0 0 0

RNA directed DNA
methylation ( DRM1,
DRM2)

0 0 0

TET (TET1, TET2) 0 0 0
DEMETER (DML1, ROS1) 1 1 1
Dicer (DCR, DCL1) 4 3 2
Argonaute (AGO1, AGO2) 1 1 1
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possess both 5mC and 5hmC. Thus, we recommend speci� c delineation
of these two modi� cations for experimental analysis of the microalgae
methylome.

There is still much debate concerning which RNA-dependent me-
chanism can be classi� ed as“epigenetic” in nature. However, RNA-di-
rected modi� cation of the genome and feedback loops involved snRNAs
are common in plants and are therefore likely to occur in microalgae.
We found many components of the RNA-induced silencing complex
(RISC), including the essential proteins DICER and ARGONAUTE
(Table 2, Supplementary Table 8). Additionally, we found many pro-
teins involved in direct RNA modi � cation in all three strains. Thus, C.
sorokiniana strains likely employ RNAi machinery capability coupled
with DNA maintenance methylation to inhibit transcriptionally active
RNA and perpetuate the methylome during mitosis. These maintenance
methyltransferases, while di� erent among each strain, all perform the
same function, and potentially have a dual role in de novomethylation
as the presence of transposable elements would require some epigenetic
protective mechanism for the genome.

This preliminary analysis suggests that all three strains contain
enzymes for DNA methylation in the CG and CH contexts, though it is
unclear if those enzymes can speci� cally modify mCHH. In contrast to
another report [ 18], we found no evidence that any of the strains
contain CMTs (chromomethyltransferases). Further, these strains con-
tain genes for DNA glycosylases and lack genes for TET proteins, sug-
gesting active DNA demethylation capability and no 5hmC formation.
However, RNA-directed DNA methylation (RdDM) process machinery
was not identi � ed, thus it's unclear how these organisms perform de
novoDNA methylation. Further biochemical analysis of the methylome
and associated proteins will provide deeper understanding of these
processes; however, our analysis suggests that theseChlorella strains
likely utilize DNAme for genomic stability and potentially, transcrip-
tional regulation.

4. Conclusions

Here we describe a comparative analysis of three unique Chlorella
sorokinianagenomes. Analysis of nucleotide identity shows that < 15%
of the genomes contain 80% nucleotide identity, which calls into
question the species taxonomy of theseChlorella. Other aspects of these
genomes are relatively conserved, including photosynthetic general-
ization and sex-related genes. Cataloging meiosis and other sex related
genes in C. sorokinianashowed that this species likely maintains the
ability to perform meiosis and homologous recombination. If sexual
reproduction is observed, strategic breeding could be utilized to im-
prove biomass and bioproduct yields in this lineage. Our preliminary
investigation of epigenetic machinery in the Chlorella genomes in-
dicates that DNA methylation machinery is present. Overall, future
research may utilize the capacity for sexual reproduction and genomic
di� erences in C. sorokinianato realize the potential for C. sorokiniana
bioproduct and biofuel production.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.algal.2018.09.012 .
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