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ABSTRACT

Microalgae are diverse, with many gaps remaining in phylogenetic and physiological
understanding. Thus, studying new microalgae species increases our broader comprehension of

biological diversity, and evaluation of new candidates as algal production platforms can lead to
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improved productivity under a variety of cultivation conditions. Chlorella is a genus of fast-
growing species often isolated from freshwater habitats and cultivated as a source of nutritional
supplements. However, the use of freshwater increases competition with other freshwater needs.
We identified Chlorella desiccata to be worthy of further investigation as a potential algae
production strain, due to its isolation from a marine environment and its promising growth and
biochemical.composition properties. Long-read genomic sequencing was conducted for C.
desiccataUTEX2526, resulting in a high-quality, near chromosome level, diploid genome with
an assembly length of 21.55 Mbp in only 18 contigs. We also report complete circular
mitochondrial and chloroplast genomes. Phylogenomic and phylogenetic analyses using nuclear,
chloroplast,«d 8S%RNA, and actin sequences revealed that this species clades within strains
currently identified as Nannochloris (Trebouxiophyceae, Chlorophyta), leading to its
reclassification as Nannochloris sp. ‘desiccata’ UTEX 2526. The mode of cell division for this
species is autosporulation, differing from the type species N. bacillaris. As has occurred across
multiple microalgae genera, there are repeated examples of Nannochloris species reclassification
in the literature™This high-quality genome assembly and phylogenetic analysis of the potential
algal productionsstrain Nannochloris sp. ‘desiccata’ UTEX 2526 provides an important reference

and useful'teol for further studying this region of the phylogenetic tree.

Keywords: algae, Chlorella, Chlorophyta, cryptic species, microalgae, morphology,

Nannochlorepsis, phylogeny, salinity, taxonomy

Abbreviationss:BUSCO, Benchmarking Universal Single-Copy Orthologs; OMA, Orthologous
Matrix; UTEX, Culture Collection of Algae at the University of Texas at Austin

INTRODUCTION

Investigationsof microalgae as a feedstock for biotechnological and nutraceutical applications has
shown great'promise. Several species of Chlorella are being cultivated for nutritional
supplements and have been investigated for biofuel production due to their high biomass
accumulation rates (Negi et al. 2016, Posten and Chen 2016, Andrade and Andrade 2017,
Huesemann et al. 2017, 2018, Bito et al. 2020). However, most species of Chlorella have been
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isolated from freshwater sources and show a growth reduction in marine media (Herrera-
Valencia et al. 2011, Rai et al. 2014, Neofotis et al. 2016). The use of primarily brackish or
marine water for cultivation reduces resource competition with crops, animals, and humans for
freshwater and reduces production costs (Singh et al. 2011, Venteris et al. 2013). This brings to
question whether a marine Chlorella with similar production properties as its freshwater
counterpartsicande identified. Chlorella desiccata was isolated from a marine environment, is
cultivated in‘marine media, and is commercially available (UTEX 2437 and UTEX 2526;
Margulis et'al’™1988). This species shows potential as an algal production strain; it has promising
growth rates and accumulates 25% triacylglycerides per dry weight within 3 days of nitrogen
depletion (Zalggin and Pick 2014, Avidan and Pick 2015). Genetic engineering of this species
has been demonstrated by expressing a foreign gene to control mosquito larvae (Borovsky et al.
2016).

Historically, phylogeny has been based on phenotype and morphology; however, this
classification system in organisms such as microalgae can be inadequate to classify species, due
to the lack of'distinct feature descriptions that allow researchers to accurately identify that
species in the future (Krienitz and Bock 2012, De Clerck et al. 2013). Additionally, microalgae
often have'extensive phenotypic plasticity (Morales and Trainor 1997, Morales et al. 2002,
Schaum etal”2013, Sassenhagen et al. 2015); for example, environment can heavily influence
cell morphology, leading to further classification challenges (Luo et al. 2006, Bock et al. 2011,
Darienko etal. 2019). This cryptic diversity has led to the frequent re-examination of algae
species, both"by'more-thorough phenotypic analysis and via sequence analysis (Bock et al. 2011,
Darienko et'als2019, Krivina and Temraleeva 2020). Many Chlorella species isolated from
marine environments and deposited into culture collections were originally identified on the
basis of morphology. However, more recent analyses, utilizing 18S rRNA and rRNA internal
transcribed spacer (ITS) sequences, showed that many of these species actually belonged to other
genera such.as.Chloroidium or Droopiella (Darienko et al. 2019). In another example, the genus
Mychonastessanderwent a major revision after ITS analysis revealed that the entire genus
Pseudodictyosphaerium, which had previously been reclassified based on lack of pyrenoids from
Dictyosphaerium, should be included in the Mychonastes genus (Krienitz et al. 2011). While not
renamed in the culture collection, C. desiccata was previously reclassified as Mychonastes

desiccatus (Chlorophyceae), based on phenotypic properties (Margulis et al. 1988).
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Nannochloris is another genus that has undergone substantial revisions. It was originally
described by the species N. bacillaris and N. coccoides, which are portrayed as small, 2.5-3.5
um, oval or coccoid organisms that divide into two daughter cells by binary fission (Naumann
1921, Butcher 1952). However, subsequent genetic analysis revealed that these two species are
distinct enoughsto belong to different genera, and N. coccoides was reclassified as Marvania
coccoides, leavingN. bacillaris as the type species (Henley et al. 2004). A look into species
originally classified as Nannochloris showed that cell division phenotype within this genus
encompass a wide variety of modes, including autosporulation, binary fission, and budding
(Yamamoto et al: 2001). Extensive 18S rRNA analysis compromising many of these studied
species showedaclearly distinct cluster that grouped Nannochloris atomus CCAP 251/7 and
Nannochoris'maculatus CCAP 251/3 with Picochlorum oklamomensis (Henley et al. 2004).
Additionally, these strains all divide by autosporulation, further defining what Henley et al.
(2004) described.as the Picochlorum genus, supporting their reclassification to P. atomus and P.
maculatus, respectively. It has since been noted, however, that the mode of cell division does not
necessarily predict genetic relatedness, with Yamamoto et al. (2007) showing that closely related
species demonstrate varied cell division methods. Culture conditions also strongly affect growth,
with varyingdight, temperature, salinity, and CO, concentrations greatly influencing the
reproductive capacity of cells (Cho et al. 2007, Miyagishima et al. 2014, Cross and Umen 2015).
Thus, growth conditions can affect the number of daughter cells produced from a single division
event as well as changing the apparent morphology (Vitova and Zachleder 2005), further
supporting the concept that phenotypic and molecular characterization must be used in concert
for phylogenetic classification (Krienitz and Bock 2012).

Chlorella 1s an oleaginous and salt-tolerant genera that warrants study as a potential algal
production straingtherefore, we conducted a sequence anlaysis of a PCR amplicon of the C.
desiccata UTEX:2526 18S rRNA gene. These data, as well as examination of cell division mode
and genomesize‘estimation, indicated that UTEX 2526 is neither a Chlorella nor a Mychonastes
but is insteadsmore likely to be related to Nannochloris or Picochlorum. To fully determine the
relationship between UTEX 2526 and other known algal species, we conducted long-read
genome sequencing, assembly, and annotation of C. desiccata UTEX 2526. Pylogenomic and
phylogenetic analyses utilizing nuclear, chloroplast, 18S rRNA, and actin sequences show that

this species consistently and significantly clades with several Nannochloris species, including
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Nannochloris bacillaris, leading us to classify this strain as Nannochloris sp. ‘desiccata’ UTEX
2526 (Trebouxiophyceae, Chlorophyta). As no other high-quality genomes exist for any species
of Nannochloris, the availability of this first complete genome, with 18 contigs, including eight
full chromosomes, for this dynamic genus will assist the field in future classification, gene

expression analysis, and development of genetic engineering tools (Hanschen and Starkenburg

2020).

MATERIALS'AND METHODS

Strain information

A culture ofsChiorella desiccata UTEX 2526 was purchased from the UTEX culture collection.
C. desiccataUTEX 2437 was originally isolated from a desiccated microbial mat in Laguna

Figueroa, Baja California, Mexico and was redeposited as an axenic culture, C. desiccata UTEX

2526, in 1989.

Culture conditions

Nannochloris desiccata UTEX 2526 (previously Chlorella desiccata) culture was maintained on
17.5 ppt sahnity 1/2 plates under 40 pmoles photons - m - s*! at room temperature. Liquid
cultures were grown in modified, silicate-free, 35 salinity f/2 media in a 1% CO, atmosphere, as
previously described (Gonzalez-Esquer et al. 2019). Prior to DNA extraction for sequencing,
cultures were illuminated with 300 umoles photons - m= - s*! with a 16-hour light/8-hour dark
cycle. 250 mE"o6f culture was harvested, cells were centrifuged at 3200 rpm for 5 min, pellets
were flash frozen, and stored at -80°C. For microscopy, cells were grown under 300 umoles
photons - m™ - s”! in continuous light, such that the cell cycle of cultures were not synchronized,
samples from a rapidly dividing culture were placed at 4°C until analysis. Flow cytometry was
conducted onseells grown in 1 L spin flask photobioreactors with 800 pmoles photons - m - s°!

and a 16:8 hiight:dark dark cycle with CO, on demand, maintaining a pH of 7.0.

188 rRNA genesamplicon sequencing

Degenerate primers that amplify the region 18S small subunit of eukaryotic rDNA genes were
used (F1391-EukBr pair). The first round of PCR amplified 18S small subunit from 10 ng DNA
using KAPA HiFi HotStart Ready Mix. The first round of PCR used a denaturation temperature
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of 94°C for 3 min, 20 cycles of 94°C for 45 s, 57°C for 60 s and 72°C for 60 s and followed by
an extension of 72°C for 10 min. The second round of PCR used Nextera XT v2 indexes
(Illumina, San Diego, CA, USA) and used a denaturation temperature of 95°C for 3 min, 8
cycles of 95°C for 30 s, 55°C for 30 s and 72°C for 30 s and followed by an extension of 72°C
for 5 min. The.amplicons were cleaned up using AMPure XP beads (Beckman Coulter, Brea,
CA, USA). The unique tags allowed for multiple amplicons to be pooled together. The
concentration ' of the amplicons pool was obtained using the Qubit dsSDNA HS Assay
(ThermoFisher'S¢ientific, Waltham, MA, USA). The average size of the library was determined
by the Agilent High Sensitivity DNA Kit (Agilent Santa Clara, CA, USA). An accurate library
quantification was determined using the Library Quantification Kit — [llumina/Universal Kit
(KAPA Biosystems, Wilmington, MA, USA). The amplicon pool was sequenced on the Illumina
MiSeq using the MiSeq Reagent Kit v3 (600-cycle; [llumina) to generate paired end 301 bp
reads in expectation that each amplicon would produce approximately 100,000 reads.

Blastn (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to query highly similar

sequences to'UTEX 2526 18S rRNA gene sequences using the standard nucleotide collection
database. The top hits for percent identity and query coverage were collected. Additional Blast
searches against species Chlorella variabilis and Mychonastes timauensis were run as they were

suspected.elose relatives from the literature.

Microscopy

A Nannochlovisidesiccata culture, grown without light synchronization, was stained in media
with 1 pg - mka*Hoechst 33342 (CalBioChem San Diego, CA, USA), a DNA-specific stain, for
30 minutes at room temperature prior to being placed on a glass slide. Images were taken on a
Zeiss Observer D1 with an Axiocam MRm. Hoechst images were collected using Filter Set 49,
optimized for. DAPI, and chlorophyll fluorescence was collected with Filter Set 43 optimized for
Cy3. Images.were falsely colored. Overlays were assembled in ImageJ v1.53a (Schneider et al.

2012).
Genome size estimation

Cells were fixed in 70% ethanol/30% water for 30 min at -20°C, centrifuged at 11,000 rpm at

room temperature for 2 min and resuspended in modified f/2 media. 50 pg - mL-! RNase A and
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12.5 uM of the DNA stain Syto 9 (ThermoFisher) was added and cultures were incubated at
37°C for 30 min then allowed to cool to room temperature before analysis. Flow cytometry was
conducted on an Accuri C6+ (BD Biosciences) flow cytometer, collecting fluorescence with a
533/30 bandpass filter with 488nm excitation. Flow cytometry DNA content controls included
the fully sequenced species: Picochlorum soloecismus (haploid — 15.2 Mbp; Gonzalez-Esquer et
al. 2018), Picochlorum celeri (diploid — 13.5 Mbp; Becker et al. 2020), and Chlorella
sorokiniana 1412 (haploid — 57.9 Mbp; Hovde et al. 2018). The major fluorescence peak for
each culturé was“gated and the arithmetic mean of the fluorescence value graphed against known
genome size. A predicted genome size for N. desiccata UTEX 2526 was calculated from a linear

fit to these points.

Sequencing

Cells from the frozen algal pellet were thawed, washed with 3 mL of BG-11 media (UTEX
2009), centrifuged for 10 min at 3,500 rpm at 4°C, then the supernatant was decanted and cells
were resuspended in a pH 7.2 buffer consisting of 200 mM NaCl, 100 mM EDTA pH 8, 10 mM,
Tris pH 7.2."Ansequal volume of 1% low melting point agarose was added to the cell suspension
and mixed'gently by swirling the tube. The mix was pipetted into plug molds and incubated at
4°C to solidify. Agarose plugs were incubated in protoplasting solution, consisting of 1 M
sorbitol, 24 mM EDTA pH 8.0, 10 mM beta-mercaptoethanol, 100 uM sodium citrate, 4%
hemicellulase, and 2% driselase, overnight at 37°C with gentle mixing to remove the cell wall.
Next, the plugswere incubated overnight in a lysis buffer containing 1% N-Lauroylsarcosine in
0.5M EDTAwH®.5 with 5 mg/mL proteinase K. Lysed plugs were washed three times with 1x
TE buffer and digested overnight with beta-Agarase I. Genomic DNA was purified according to
the High salt:Phenol:Chloroform:IsoAmyl Alcohol protocol recommended by Pacific
Biosciences (Pacific Biosciences of California 2014). Briefly, 400 pL of
Phenol:Chloroform:Isoamyl Alcohol (25:24:1) was added to 500 pL of DNA suspended in
Elution Buffer(Pacific Biosiences, Menlo Park, CA) with 1M NaCl and 2 mM EDTA. The
solutions wetre mixed and centrifuged at 5,000 rpm at RT for 5 min, the aqueous layer was
removed and saved in a new tube. 400 pL of the elution buffer with 1 M NaCl and 2 mM EDTA
was added to the non-aqueous phase, mixed and centrifuged at 5,000 rpm at RT for 5 min. The

aqueous layer was removed and added to the aqueous phase from the previous step. The
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combined aqueous solution was mixed with an equal volume of Chloroform:Isoamyl Alcohol
(24:1). After centrifuging at 5,000 rpm at RT for 5 min a 0.3X volume of 99.9% ethanol was
added to the aqueous layer and mixed. The sample was centrifuged at 10,000 rpm at RT for 15
min. The supernatant was collected and a 1.7X volume of 99.9% ethanol was added, mixed, and
centrifuged at.7,500 rpm, RT for 15 min. The supernatant was removed, and precipitated gDNA
was washedwith' S00 pL of 70% ethanol, centrifuged for 5 min at 10,000 rpm at RT, and the
supernatant'wastemoved. The 70% ethanol washing step was repeated. The ethanol was
removed and the"pellet allowed to air dry for 5 min before resuspension in TE buffer at 4°C
overnight. Purified DNA was concentrated with AMPure PB beads and fragmented on
Megaruptor2 towa target size of 20 kbp. SMRTbell low input HiFi libraries were constructed
according to'the®PacBio Express low input HiFi Template Prep protocol v6 (Pacific Biosciences
of California 2020). The library was sequenced using two 1M SMRT cells on the Pacific
Biosciences Sequel instrument with sequencing chemistry v3.0 and DNA Polymerase 3.0. 20-

hour sequencing movies were recorded.

De-novo genome assembly
HiFi read sequences were extracted from the movies using PacBio’s CCS v4.2.0

(https://github.com/PacificBiosciences/ccs) module. Initially, the HiFi reads were assembled

using HiCanu v2.1 (Nurk et al. 2020) with the parameter “--pacbio-hifi”. Benchmarking
Universal Single-Copy Orthologs (BUSCO) v4.1.4 (Seppey et al. 2019) analysis with the
chlorophytasodbl 0 dataset in “genome” mode showed that 80.1% of genes were duplicated,
which was indicative of a diploid genome. Subsequently, the HiFi reads were assembled using a
diploid-aware assembler, hifiasm v0.12-r304 (Cheng et al. 2021), with default parameters. The
chloroplast,and mitochondrial genomes were assembled by first assembling the entire genome
with Flye v2.8.2-b1689 (Kolmogorov et al. 2019) and then identifying contigs with considerably
higher coverage.and lower GC content compared to the genome as a whole. Two contigs met this
criteria, and.were confirmed to be the non-nuclear genomes through positive identification of

mitochondriavand chloroplast-specific genes in these contigs (Tillich et al. 2017).

Genome annotation
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Automated gene prediction was performed using BRAKER2 version 2.1.5 (Gremme 2012,
Brtina et al. 2021). Splice alignment information was collected by mapping protein homology
data that was created from combining protein sequences of a closely related species Picochlorum
renovo and species-specific predicted genes using a BUSCO-trained gene model based on
OrthoDB v10.ehlorophyta genes. A predicted gene set using the BUSCO-trained gene model was
generated theough BUSCO pipeline (Seppey et al. 2019), which trains gene models with
AUGUSTUSByutilizing a set of conserved OrthoDB genes from genome sequence (Stanke and
Waack 2003, Waterhouse et al. 2018). We first obtained the preliminary gene models from
BUSCO primary runs across four OrthoDB datasets (eukaryota odb10, stramenopiles odb10,
alveolata odb l03and chlorophyta odb10). The BUSCO run with chlorophyta odb10 was
selected dueto its highest percentage of BUSCO completeness. We trained a refined gene model
through a BUSCO secondary run with the preliminary gene model, and performed AUGUSTUS
gene prediction using the following parameters: --strand=both, --genemodel=complete, --
protein=on, --introns=off, --start=off, --stop=off, --UTR=off, --codingseq=off, --alternatives-
from-samplifnig=true, --minexonintronprob=0. 1, --minmeanexonintronprob=0.4, --maxtracks=1,
and --gff3=on. Protein sequences corresponding to the BUSCO-trained predicted genes were
extracted using getAnnoFasta.pl of AUGUSTUS package.

A total of 221 genes were identified by GenomeThreader (Gremme 2012) as valid
training genes for the final gene prediction model. Functional Gene motifs and domains were
added withInterProScan version 5.26-65.0-intel-2017b (Blum et al. 2021) against the (list used
interproscansdatabases) databases. Gene functions were then allocated using the best BLASTP
(Altschul et'als1990) match to the UniProt SwissProt database (Bateman et al. 2021).

The chloroplast and mitochondrial genomes were annotated using Prokka v.1.14.5
(Seemann 2014) yia the EDGE platform (Li et al. 2017) with parameters --evalue 1e-09 and with
either --kingdom.Mitochondria (for the mitochondrion genome) or —kingdom Bacteria (for the
chloroplast,genome). The annotations produced by Prokka were then manually curated using a
combination.ef blastx, blastn, blastp and QIAGEN CLC Genomics Workbench 20.0

(https://digitalinsights.giagen.com/) to create a final set of annotations.

To compare whole genome statistics genome information for Picochlorum soloecismus,
P. celeri, P. renovo, Chlorella sorokiniana 1412, C. variabilis NC64A, and Coccomyxa sp.
LA000219 were taken from GenBank assembly information.
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Phylogenetic analyses

Phylogenetic analysis was conducted with multiple loci to demonstrate confidence, using
multiple independently recombining loci in our phylogenetic assignment and taxonomic
classificationsThis assumes sexual reproduction of Trebouxiophyte green algae based on the
presence of genes related to meiosis (Blanc et al. 2010, Fuc¢ikova et al. 2015, Hovde et al. 2018,
2019). However,if Trebouxiophyte lineages are exclusively asexually reproducing our analysis
still applies; as'these three loci then effectively belong to the same locus. A single supermatrix
was not produced because the available chloroplast, 18S rRNA, and actin sequences for all taxa
would resultsinsashigh proportion of empty cells and correspondingly low statistical support. All
closely related Frebouxiophyte chloroplast sequences were included in the chloroplast tree
estimation. For the 18S and actin trees, NCBI was searched for Trebiouxiophyte sequences
ensuring a broad sampling of species across Trebouxiophyte algae and specifically including
taxa closely related to Picochlorum and Nannochloris. These loci included the 18S small subunit
of the ribosomallRNA (nucleotide sequences), actin (nucleotide sequences), and a concatenation
of 26 chloroplast'genes (protein sequences based on higher levels of divergence; Table S1 in the
Supportingsnformation; Hovde et al. 2018).

Foreach analysis, we generated a phylogeny using Bayesian Markov chain Monte Carlo,
implemented in MrBayes version 3.2.6 (Ronquist et al. 2012), and maximum-likelihood
analyses, implemented in RAXML version 8.2.10 (Stamatakis 2014). For each analysis, genes
were alignedusing Muscle version 3.8.31 (Edgar 2004) before concatenation if applicable. The
best-fitting cembination of partitioning scheme and protein substitution models for the
chloroplast/phylogeny was determined using PartitionFinder version 2.1.1 (Lanfear et al. 2017)
using AlCc.and a,greedy search algorithm with branch lengths linked across partitions. For the
chloroplast,analysis, a total of 26 possible partitions were initially defined (one for each protein)
and the best-fitting strategy included 17 data blocks (Table S1). For the 18S and actin analyses,
PartitionFindef'was used to determine the substitution models, identifying a General Time-
Reversible model of nucleotide substitution under the gamma-distributed model of rate
heterogeneity with an estimate of proportion of invariable sites (GTR+I+]) for both analyses.
Four independent Bayesian runs of four chains each (three heated chains and one cold chain)

were run for 5x10° generations with a burn-in of 1x10° generations. Trees were sampled every
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100 generations. We considered the runs to have adequately sampled the solution space when the
standard deviation of split frequencies was below 1x10-2. Trees were independently constructed
using maximum likelihood (ML) methods with the rapid bootstrap analysis and the same
partition scheme. 450, 350, and 400 ML replicate trees were used to estimate bootstrap support
for the chloroplast, 18S rRNA, and actin phylogenies respectively. There are insufficient
sequences of other genes in available databases to perform additional meaningful phylogenetic
analyses!

A phylogenomic tree based on nuclear sequences was constructed using one-to-one
orthologs predicted from protein sequences for 10 species: Chlamydomonas reinhardtii,
Dunaliella salina, Coccomyxa subellipsoidea, Botyrococcus braunii, Chlorella sorokiniana
UTEX 1230y Chlorella variabilis NC64A, Auxenochlorella protothecoides UTEX 25,
Nannochloris sp.idesiccata UTEX 2526, Picochlorum renovo, and Picochlorum sp. soloecismus
DOE101. We used Orthologous Matrix (OMA; Train et al. 2017, Altenhoff et al. 2018) to
predict one-to-one orthologs from proteins. OMA predicted 227 one-to-one orthologs which
were independently aligned using Muscle version 3.8.1 (Edgar 2004) and concatenated, resulting
in 109,223 amino acid sites in the final alignment. As above, trees were independently
constructedwusing RAXML version 8.2.10 (Stamatakis 2014) and MrBayes version 3.2.6
(Ronquist.etal. 2012). The best-scoring protein substitution model was automatically estimated
by RAXML to be LG (Le and Gascuel 2008). An automatically selected 50 ML replicate trees

were used to estimate bootstrap support.

RESULTS

18S rRNA gene amplicon sequencing

UTEX 2526 1s a marine alga that displays promising characteristics for biotechnology
applications.(Zalogin and Pick 2014, Avidan and Pick 2015, Borovsky et al. 2016). This strain
was originally.identified as a Chlorella sp. (Brown et al. 1985), but it was later changed to
Mpychonastessdesiccatus and deposited into the UTEX culture collection as Chlorella desiccata
(Margulis et'al.,1988). This reclassification was based on morphology; to our knowledge,
molecular techniques have not yet been used to classify this alga. In order to confirm the strain
identity, we performed nucleotide sequencing of a PCR amplicon of the 18S rRNA gene

sequence. Surprisingly, we found this 18S rRNA gene amplicon sequence to be much more
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similar to Nannochloris bacillaris (AB080300.1, 99.24% identity) than either Chlorella
(Chlorella variabilis EAL._CI2_3NB; (KF887351.1; 95.45% identity) or Mychonastes
(Mychonastes timauensis CCAP 205/2; GQ477055; 87.41% identity). The only Chlorella partial
sequence with >98% sequence identity was from Chlorella sp. Yanaqocha RA1, which has been
shown to clade.with Nannochloris bacillaris (Henley et al. 2004, Somogyi et al. 2019), rather
than other Chlorella. These data suggested that this organism is neither Mychonastes nor
Chlorella'and'may be more related to Nannochloris (Table S2 in the Supporting Information).
Therefore, We'sought to better characterize and understand the phylogenetic placement of UTEX

2526.

Microscopy

Algae in the Nannochloris genus have been proposed to be some of the smallest euaryotic
organisms, with simple cellular structures and small genomes (Arai et al. 1998, Yamamoto et al.
2001). One of the defining characteristics of the Nannochloris type species, N. bacillaris, is the
mode of cell"division being binary fission (Naumann 1921, Ogawa et al. 1995, Yamamoto et al.
2007). In fact, asnumber of algae initially classified as belonging to Nannochloris, but found
mainly to divide by autosporulation, have since been reclassified as the genus Picochlorum
(Henley et:al”2004, Yamamoto et al. 2007). To determine the mode of cell division for UTEX
2526, we examined the cells by microscopy (Fig. 1). Brightfield (Fig. 1, panel i) and
fluorescence images (Fig. 1, panels ii and iii) of DNA-stained cells (Hoescht 33342 fluorescent
stain) revealed that UTEX 2526 cells grown in continuous light show a variety of stages of
growth and division (Fig. 1, A and B). Cells were observed to be producing 2, 4, or larger
numbers of daughter cells, with nuclei visible (Fig. 1). The mode of division is autosporulation,
with a parental cell wall clearly visible surrounding the daughter cells (Fig. 1A). These results
are consistent.with those described by Margulis et al. (Margulis et al. 1988) and indicate that,
while UTEX 2526 is most-related to Nannochloris by 18S rRNA gene amplicon analysis, it has a

cell divisionanode more similar to Picochlorum.
Genome size estimation

Although cell morphology by microscopy can be similar in these picoplankton, the genome sizes

of Nannochloris and Picochlorum are known to be different. The genomes of several
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Picochlorum species have been sequenced, with genome sizes generally ranging from 13 to 15
Mbp (Foflonker et al. 2018, Gonzalez-Esquer et al. 2018, Dahlin et al. 2019, Becker et al. 2020).
Although no high quality genome sequences are availale for Nannochloris, Yamamoto et al.
(Yamamoto et al _2001) and Arai et al. (Arai et al. 1998) estimated the genome size of N.
bacillaris to_be.20.3 Mbp.

To estimate the genome size of UTEX 2526 as a function of DNA content per cell, we
stained the genomic DNA with a DNA-specific fluorescent stain (Syto 9) and analyzed the
sample by flow'¢ytometry. Picochlorum soloecismus (Gonzalez-Esquer et al. 2018),
Picochlorum celeri (Becker et al. 2020), and Chlorella sorokiniana 1412 (Hovde et al. 2018)
were selected asieontrol strains with known genome sizes. The correlation between the Syto 9
staining intensity and known nuclear DNA content (genome size for the haploid species, and
double the genome size for diploid P. celeri) produced a linear correlation of DNA content (Fig.
2). Using this correlation, the fluorescence value of UTEX 2526 resulted in an estimated genome
size of 52.98 Mbp or, if diploid like P. celeri (Becker et al. 2020), an estimated haploid genome
size of 26.49"Mbp (Dolezel and Bartos 2005). Due to ploidy uncertainty for UTEX 2526, these
results alone"were inclusive for supporting UTEX 2526 as a Nannochloris; however, these data
did show that,the UTEX 2526 genome size is significantly larger than known Picochlorum

genomes. This experiment also ultimately informed genome sequencing parameters (below).

Genome assembly, annotation, and comparison

To more conclusively identify near-relatives of UTEX 2526, and to be able to more fully
leverage UTEX:2526 as a biotechnology platform in the future, full genome sequencing and
annotation Was conducted. PacBio sequencing resulted in 87,681 HiFi reads with an N50 read
length of 9,052 bp and a total read length of 673,508,441 bp. Initial assembly with HiCanu gave
a genome size.0£39,022,218 bp, however it was noted that 80.1% of BUSCOs were duplicated,
indicating that this species is likely diploid. Assembly by the diploid-aware software hifiasm
resulted in aprimary nuclear assembly of UTEX 2526 that is 21,550,525 bp in 18 contigs (Table
1, Fig. 3). The maximum contig length is 2,785,254 bp with an N50 of 1,641,916 bp, and the GC
content is 45.0%. The BUSCO score is 97.5%; BUSCO is one method to determine approximate
genome completeness from universal single-copy orthologs and measures a near complete

assembly of the UTEX 2526 genome (Table 1). In the assembly, there are 22 telomeric motifs (5’
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TTTAGGG 3'), suggesting that this species has 11 nuclear chromosomes. There are eight contigs
that contain telomeric motifs at both ends, indicating eight complete chromosomes (Fig. 2). This,
in addition to the high assembly N50 and low contig number, indicates a near chromosome-level
genome assembly. Both the chloroplast and mitochondrial genomes were successfully extracted
from the assembly as single circular contigs (Figs. S1 and S2 in the Supporting Information).
The chloroplast. genome is 93,001 bp with a GC content of 33.4%, and the mitochondrial genome
is 40,23 "bp'with"a GC content of 32.2%. Genome annotation resulted in 8,705 genes with an
average length®of'1927 bp, resulting in approximately 77.5% of the genome being annotated as
genes (Table 2). The genome assembly and annotations were deposited at DDBJ/ENA/GenBank
under the aceession JAGTXX000000000, reads are available under SRA SRR14363043. The
version described in this paper is version JAGTXX010000000 within bioproject PRINA704951.

Based on pur assessment that UTEX 2526 is diploid, the estimated haploid genome size
0f 26.49 Mbp by flow cytometry is similar to the 21.55 Mbp haploid genome size determined by
direct sequencing. Consequently, the total DNA content per cell is predicted to be 43.1 Mbp
(twice the hapleid genome size), which is smaller than (but similar to) the value of 52.98 Mbp
calculated for UTEX 2526 by the flow cytometry experiment (Fig. 1). These results support the
genome sizestesults estimated by flow cytometry and also show that the UTEX 2526 genome
size of 21.55Mbp is very similar to the 20.3 Mbp genome of Nannochloris bacillaris.

A more global examination of whole genome statistics was conducted between UTEX
2526 and example genomes from Picochlorum, Chlorella, and Coccomxya (Table 3). Consistent
with the flow'cytometry measurements, the UTEX 2526 haploid genome size of 21.55 Mbp is
larger than the«13.7-15.3 Mbp seen in the examined Picochlorum species and is much smaller
than the 4659 Mbp genomes of Chlorella and Coccomyxa. The low GC content of N. desiccata
at 45.0% 1svery similar to the Picochlorums with ~46% and very different from the Chlorellas
at 64-67%. The number of annotated genes is also more similar to the Picochlorums than the
Chlorellas. Theamitochondrial genome is closer in size to the Picochlorums, but like the nuclear
genome, thesize of the chloroplast genome falls between Picochlorum and Chlorella.
Interestingly;'the mitochondrial GC content is low, more similar to Chlorella, and there is little
variation in chloroplast GC content between species. Unfortunately, information on GC content,

organellar genomes, and number of genes are unavailable for N. bacillaris or other species
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currently assigned to the Nannochloris genus; nonetheless, these results show the closer

relatedness of UTEX 2526 to Picochlorum than to Chlorella and other species.

Phylogenetic analysis

In order to phylogenetically place UTEX 2526 within a genus, we performed several
independent,phylogenetic analyses, including nuclear genome, concatenated chloroplast, 18S
rRNA, and ‘actin'Sequences. In the phylogenomic nuclear phylogeny, including over 200 nuclear
orthologs, Nannochloris desiccata is sister group to several members of Picochlorum (Fig. 4A).
While the position of Auxenochlorella protothecoides is poorly supported, UTEX 2526 is
strongly supported as being more closely related to Picochlorum than Chlorella. Analysis of
chloroplast sequences (Fig. 4B and Table S1) also support UTEX 2526 as closely related to
Picochlorum, as well as Marvania geminata, which has been shown to be closely related to V.
bacillaris (Yamamoto et al. 2007).

Because there are no published Nannochloris chloroplast sequences within the clade of
Marvania geminata and Picochlorum, despite numerous taxa in this clade (Henley et al. 2004),
analyses based on nuclear 18S rRNA and actin sequences were used to provide further
phylogenetie.resolution. Phylogenetic analysis of the full 18S rRNA sequences (versus the
amplicon.sequences discussed above) within Trebouxiophyceae show clear placement of UTEX
2526 within Chlorellales but outside Chlorellaceae, where most Chlorellas are found (Fig. 4C
and Fig. S3'in the Supporting Information). Because Mychonastes sits within Chlorophyceae (L.
Krienitz et al?2011), it is in a different class from Trebouxiophyceae, substantiating our
conclusion thatUTEX 2526 is decidedly not a Mychonastes. UTEX 2526 is also placed outside
of the Picochlorum clade and, rather, is closely related to N. bacillaris and Chlorella sp.
Yanaqocha RA1 (Henley et al. 2004), as well as a number of other Nannochloris strains (Figs.
4C and S3),

Actin phylogeny has been previously performed as a means to describe relationships
within the Nannochloris genus (Arai et al. 1998, Yamamoto et al. 2001, 2003, 2007). Actin
genes can be'an.appropriate gene sequence for phylogenetic analyses, because they evolve
slowly and can be aligned unambiguously (Doolittle 1992). Also, the number and variation of
actin genes is of interest with respect to cellular complexity (Yamamoto et al. 2001). Therefore,

we completed a phylogenetic analysis of the actin gene sequence (Fig. 4D), as well as an amino
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acid sequence alignment between the N. bacillaris and UTEX 2526 sequences (Fig. S4 in the
Supporting Information). In the actin phylogeny, N. desiccata is closely related to
Chlorella desiccata UTEX 2437 (to be renamed Nannochloris desiccata UTEX 2437,
manuscript accepted) and N. bacillaris and notably less related to Chlorella or Picochlorum (Fig.
4D). Examination of the protein sequence alignment showed only a single amino acid difference
between UTEX 2526 and N. bacillaris (Fig. S4), whereas a comparison of actin protein
sequences between N. bacillaris and species ultimately classified as Picochlorum (Henley et al.
2004) showedWider variation (Yamamoto et al. 2001). As expected for a diploid assembly,
UTEX 2526 has two copies of the actin gene, and their nucleotide sequences are identical to each
other.

These analyses, utilizing numerous loci, further demonstrate that UTEX 2526 is neither a
Chlorella nor a Picochlorum, but instead consistently show that UTEX 2526 has a close
relationship to Nannochloris, including N. bacillaris, the closest relative with both 18S rRNA

and actin sequences available (Arai et al. 1998, Yamamoto et al. 2003).

DISCUSSION
The speciessdescribed in this paper, UTEX 2526, was originally classified as a Chlorella
(Trebouxiephyceae); then, based on a subsequent in-depth phenotypic study, it was reclassified
to the genus Mychonastes (Chlorophyceae). Due to its potential for biotechnological
development, we sought to better understand the relationship between UTEX 2526 and other
identified algal'species. We began with a BLAST analysis of an 18S rRNA amplicon sequence,
but the resultssindicated that UTEX 2526 was not a Chlorella as designated (Table S2). We
followed this with microscopy and flow cytometry-based genome size estimation (Figs. 1 and 2).
These data together pointed away from Chlorella and Mychonastes and indicated closer
relationship.to.Nannochloris and Picochlorum. Rather than amplify additional single gene(s) for
sequencing, we.next opted to sequence and assemble the full genome. We anticipated that not
only would afutll genome provide further insight into the placement of UTEX 2526, but it would
also provide'abroader reference for this region of the phylogenetic tree and an important tool for
evaluating future transcriptomic datasets and developing new genetic engineering approaches.
After genome sequencing and assembly, we performed whole genome analyses, which

showed that UTEX 2526 is distinct from, but more characteristic of, Picochlorum than Chlorella,
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and further, that UTEX 2526 has a haploid genome size very similar to Nannochloris bacillaris.
We then used sequence data to conduct multiple phylogenetic analyses, which consistently
placed UTEX 2526 within Trebouxiophyceae, but outside of the Chlorella genus.

To further place UTEX 2526, a phylogenetic estimation using 18S rRNA sequences for
135 strains andsspecies in the class Trebouxiophyceae showed placement in Chlorelles, with
clear clustering outside of Picochlorum and within a grouping of Nannochloris (Figs. S3, 4C).
Analysis‘of'the'actin phylogeny demonstrated a close relationship of UTEX 2526 with a
previously deposited sequence from UTEX 2437 (the parental culture of UTEX 2526), but also
with N. bacillaris (Fig. 4D). Lastly, phylogeny of 28 chloroplast proteins placed UTEX 2526
near Marvaniasand Picochlorum (Fig. 4B). This placement is consistent with the 18S rRNA and
actin placements; given that no other Nannochloris chloroplast sequences are available.

Both 18StRNA and actin analyses confirm the placement of UTEX 2526 within
Nannochloris, which, despite morphological similarities, diverged from Chlorophyceae
approximately 735 million years ago (Parfrey et al. 2011). Although clearly not a marine
Chlorella, whieh formed our initial attraction to this strain, the relatively close relatedness of
UTEX 25265 and closely-related Nannochloris strains and species, to the Picochlorum genus in
all four phylegenies is of interest, as several species in that genus, including P. soloecismus, P.
celeri, and«P"renovo, are top performers for outdoor growth and biomass production for
renewable fuels (Dahlin et al. 2019, Gonzalez-Esquer et al. 2019, Krishnan et al. 2021).

Based on the above work, the most appropriate phylogenetic placement of UTEX 2526 is
within the genuswNannochloris, supporting the reclassification of this oleaginous marine species
as Nannochleris'sp. ‘desiccata’ UTEX 2526. This classification also leaves open questions about
the different morphological features between current Nannochloris species. By 18S rRNA full
sequence analysis, (our most rich dataset), there are five species most closely related to V.
bacillaris. 'Thenearest species is Nannochloris sp. LHI0HG6095, with Chlorella sp. Yanaqocha
RA1 groupingnearby, while the three others clade slightly separately: Nannochloris sp. AICB
424, Nannochloris sp. TT-3-1-F, , and N. desiccata UTEX 2526 (Figs. 4C, S3). The original
species of N%bacillaris isolated by Naumann and the strain used for N. bacillaris sequencing
were isolated from freshwater sources, a river (Naumann 1921) and lake (Ogawa et al. 1995)
respectively, and are considered to be true N. bacillaris species per Naumann’s description.

Nannochloris sp. LHIOHG6095 clades with N. bacillaris, and because it was isolated from a
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grasslands, is presumably a freshwater strain. Chlorella sp. Yanaqocha RA1 also appears to have
been isolated from a freshwater source (Aroz et al. 1998). Interestingly, N. desiccata UTEX 2526
and Nannochloris sp. TT-3-1-F were both isolated from saline environments, indicating that their
evolutionary split.from N. bacillaris may be related to habitat (we could not find the isolation
location of Naunochloris sp. AICB 424).

Cell division modes, however, do not seem to follow this split in phylogeny. As noted
earlier, Nannochloris bacillaris divides by binary fission. However, in the limited published data
Nannochloris'Sp- LH10HG6095 (Hodac 2015) shows likely tetrads, indicating that it may divide
by autospotulation. In similar confusion, N. desiccata UTEX 2526 divides by autosporulation,
while Nannachioris sp. TT-3-1-F (Sommer et al. 2020) is more difficult to discern but may
divide by binaryfission, similar to descriptions by Ogawa (Ogawa et al. 1995) and Henley et al
(Henley et al. 2004). Therefore, in spite of the reclassification of many autosporulating species
from Nannochloris to Picochlorum, cell division modes may still be muddled across this part of
the phylogenetic tree.

Although Nannochloris bacillaris has regularly been observed to divide by binary fission,
some studies'inwother algae species have noted different modes of cell division occurring within a
culture or between culture conditions (BiSova and Zachleder 2014, Yamagishi et al. 2017),
including altérnating between different types of fission. For example, cells generally observed to
only divide by binary fission have been shown to be able to divide by multiple fission under
more optimal growth conditions (BiSova and Zachleder 2014, Bensalem et al. 2018). These
findings suggestithat culture conditions may affect observed growth and morphology, such that
direct comparisons within and between species cannot be made when conditions vary across
experiments. Thus, in future work, it will be important to examine these microalgae under a
range of conditions to evaluate if they can adopt varying modes of cell division. If it continues to
hold true that ..bacillaris only divides by binary fission, and this remains a defining feature of
Nannochloris(Kaienitz et al. 1996), then it may be prudent to create a new genus name for the
strains that divide by other cell division modes. Until then, the current species of the
Nannochlorissgenus are the nearest relatives to UTEX 2526, justifying its reclassification to
Nannochloris.

Decreasing costs and improving quality of de novo genome sequencing and assembly is

opening new avenues of phylogenetic characterization and taxonomic classification that may
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more accurately reflect the relatedness of species. At the global genome level, looking at ploidy,
genome size, and GC content gives indicators of relatedness, in this case showing that
Nannochloris sp. ‘desiccata’ UTEX 2526 is closer to Nannochloris and Picochlorum than
Chlorella. The placement of UTEX 2526 as Nannochloris desiccata is a clear demonstration of
the need for inereased classification based on in-depth sequence analysis. Genome sequencing
allowed us to.use several different full gene sequences to support our placement of N. desiccata,
which was fiecessary in this phylogenetic region where significant reclassification has previously
occurred. Genome sequencing not only supports more accurate classification, but also provides
a valuable resource to both basic and applied biology studies. For example, high-quality genome
assembly supperts transcriptome analyses, providing reference genes in order to measure cellular
responses to'a given environment. Another critical component of genome assembly is the ability
to identify gene targets and loci for applications in genetic engineering.

In summary, Nannochloris is a genus that has been studied for over a century, with the
classification of species placed in this genus being fluid as more sequence data has become
available. In"spite of the long history of this genus, here we provide the first high-quality genome
assembly of'a Nannochloris strain. The N. desiccata UTEX 2526 genome was assembled into
only 18 contigs, of which eight appear to be complete chromosomes, with telomeres at both
ends. Thisshigh-quality genome will support further Nannochloris classification studies, which is
necessary future work, as well as the investigation, including gene expression analysis, into the

algal production potential of N. desiccata, specifically, and of Nannochloris, generally.
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HiCanu assembly

Number of contigs 244

Total contig size 39,022,218 bp
Contig N50 497,999 bp
GC % 44.8%
€ontig N90 70,409 bp
Max contig length 1,791,715 bp
Emplete 97.9%
BUSCOs

Complete and 17.8%
Single-Copy

BUSCOs

Complete and 80.1%

Duplicated

TR. &

Hifiasm assembly
U. 2014.

18
21,550,525 bp
1,641,916 bp
45.0%
653,437 bp
2,785,254 bp
97.5%

improves

93.6%

3.9%

Table 1: Continuity statistics and BUSCO scores of the nuclear genome assembly generated by

HiCanu and. hifiasm. The HiCanu assembly had a large amount of duplicated BUSCOs,

suggesting that.Nannochloris desiccata UTEX 2526 is diploid. As a result, we utilized the

diploid-aware assembler, hifiasm, to generate a haploid reference.
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BUSCOs

Fragmented 0.9% 0.9%

BUSCOs

Missing BUSCOs  1.2% 1.6%
" Total BUSCO 1519 1519

groups

Table 2: Naunochloris desiccata UTEX 2526 genome annotation statistics.

Number of genes 8705
Average gene length 1927
Average CDS length 1695
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Average exon length

Average exons per gene

Average intron length

% of genome assembly as genes

% of:genome as CDS

673
2.67
173
77.5
72.3

Table 3: Global genome statistics of Nannochloris desiccata UTEX 2526 compared to example

Picochlorum, Chlorella, and Coccomyxa species. N. bacillaris has a genome size of 20.3 Mbp by

chromosome number and size estimation (Arai et al. 1998); GC content and other genome

informationfis imknown.

Genome size
(haploid)

GC content
Number of
contigs in
assembly
Ploidy
Number of
genes
GenBank
accession
mitochondrial
genome
Mitochondrial
GC content
Mitochondrial
accession
Chloroplast
genome
Chloroplast
GC content

N. desiccata

UTEX 2526
21.55Mbp
45.0%

18 contigs
diploid
8705
JAGTXXO00
0000000.1
40.2Kbp
32.2%
0K569792

93.0Kbp

33.4%

P.

soloecismus

15.25Mbp

46.0%

56 contigs

haploid

7844

PJAJ000000

00.1

38.7Kbp

40.9%

PJAJ010000

13.1

72.7Kbp

32.0%

P. celeri

13.72Mbp
46.2%

15 scaffolds
diploid

JAACMVO
00000000.1

P. renovo

14.39Mbp
46.2%

29 contigs

8902
WIEA000
00000.1
36.3Kbs
42.4%
Unpublishe
d*

74.4Kbs

32.2%
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C. sorokiniana

1412

57.88Mbp

64.1%

65 contigs

haploid

12611

PKFDO0000000

0.1

61.8Kbs

30.1%

PKFD0100002

1.1

131.1Kbs

33.9%

C. variabilis

NC64A
46.16Mbp

67.0%

30 scaffolds

9791

ADIC00000

000.1

78.5Kbs

28.2%

KP271968

124.8Kbs

33.9%

Coccomyxa sp

LA000219

48.55Mbp
54.70%
291

contigs/106
scaffolds

JUGA000000
00.1

JUGA010000
53.1
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Chloroplast PJAJ010000 Unpublishe PKFD0100006
accession OK569791  16.1 -- d* 5.1 KP271969  KN714624.1

* Sequencing and assembly completed at Los Alamos National Laboratory by Dalhin L.R., Hovde B.T.,
Starkenburg S.R., Posewitz C.M. and Guarnieri M.T.

Figure 1. Nannochloris desiccata UTEX 2526 cells in an unsynchronized culture. Two different
fields of view (Ayand B) show various stages of cell division with different numbers of daughter
cells being produced. Within each field of view, the cells were visualized (counterclockwise

from top left) by (i) Brightfield, (ii)) Hoechst 33342 fluorescence, (iii) Chlorophyll autofluorence

and (iv) Overlay..The orange arrow in Al indicates the presence of a parental cell wall.

Figure 2. Fluorescence values for cells stained with Syto 9 nucleic acid stain plotted against
known nuclear, DNA content. The cellular DNA content of Nannochloris desiccata UTEX 2526
was measured and genome size calculated (star) from the linear fit of the known genome size
values of Chiorella sorokiniana 1412 (square), Picochlorum celeri (triangle), and Picochlorum
soloecismus (circle). The size of the diploid genome size based on sequencing analysis is also

shown for ¢omparison (diamond).

Figure 3. Visual representation of the contigs in the nuclear genome assembly of N. desiccata
UTEX 2526. The presence of a telomeric motif, 5" TTTAGGG 3', is indicated by shaded contig

ends.

Figure 4. Phylogenetic placement of UTEX 2526 as Nannochloris desiccata (bold). (A)
Phylogeny'based on 227 nuclear proteins. Genera Picochlorum and Nannochloris are
highlighted. (B) Phylogenetic analysis based on 26 concatenated chloroplast proteins. (C) A
subset of the phylogenetic analysis based on 18S ribosomal RNA (also see Fig. S3 for complete
analysis). (D) Phylogenetic analysis based on actin genes. Genera Picochlorum and

Nannochloris are highlighted, as defined by (Henley et al. 2004), demonstrating the close
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relationship of Nannochloris desiccata UTEX 2526 to N. bacillaris and the highly productive
Picochlorum genus. All panels use both maximum likelihood and Bayesian approaches, with
numbers at internal nodes indicating maximum likelihood bootstrap values and Bayesian
posterior probabilities when above 70 and 0.95 respectively. Tree topology is from maximum
likelihood analyses. Scale bars representing substitutions per site are included. All panels are

rooted using,Chlamydomonas reinhardtii and Dunaliella salina (Chlorophyceae) as outgroups.

Table S1. The best-fitting partition and protein substitution scheme for the chloroplast phylogeny

as determined by, PartitionFinder version 2.1.1.

Table S2: Summary of 18S rRNA partial sequence sequences alignments, relative to a
Nannochloris desiccata UTEX 2526 18S rRNA partial sequence. A BLASTn analysis of this
partial 18S tDNA sequence, Mychonastes was not found in the top hits, and Chlorella was only
found onceglnstead, there were a range of organisms whose 18S rDNA aligned with our
amplicon. Firstythe best alignment corresponded to Coccomyxa parasitica; however, the
investigators,of this sequence have indicated that this sequence was probably a contaminant and
not actually*C. parasitica (Rodriguez et al. 2008). The third and fourth alignments belong to
organisms with insufficient information to assign an identification. Interestingly, however, the
second-best alignment, as well as alignment ranks 5-7 and 9-10 (all with 98-100% sequence
identity) wer€ 18S rDNA partial sequences from organisms identified as belonging to the
Nannochlorissgenus. The only Chlorella partial sequence with >98% sequence identity was from
Chlorella sp. Yanaqocha RA1, which has been shown to clade with Nannochloris bacillaris
(Henley et al. 2004, Somogyi et al. 2019), rather than other Chlorella. These data suggested that
this organism.is.neither Mychonastes nor Chlorella and may be more related to Nannochloris.
For species,withqavailable information, the type of isolation location and cell division mode is
also shown. = Freshwater, B = Brackish, S = Saline, BF = Binary Fission, A =
Autosporulation, U = Unknown, (T) = Tentative, N/A = Not applicable/available.
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950  Figure S1. Assembly and annotation of the Nannochloris desiccata UTEX 2526 chloroplast
951  genome. Genes inside the outer circle are transcribed clockwise, and genes outside the outer
952  circle are transcribed counter clockwise. The inner circle shows the GC content (dark grey)
953  throughout the chloroplast genome, and the line in the middle of the inner circle is the 50% GC
954  content thresheld.

955

956

957

958  Figure S2. Assembly and annotation of the Nannochloris desiccata UTEX 2526 mitochondrial
959  genome. Genesrinside the outer circle are transcribed clockwise, and genes outside the outer
960 circle are transcribed counter clockwise. The inner circle shows the GC content (dark grey)
961  throughout the mitochondrial genome, and the line in the middle of the inner circle 1s the 50%
962  GC content threshold.

963

964

965  Figure S3. Phylogenetic analysis of Trebouxiophyceae 18S rRNA sequences using maximum
966 likelihood'and Bayesian approaches. Numbers at internal nodes indicate maximum likelihood
967  bootstrap.valtues and Bayesian posterior probabilities when above 70 and 0.95 respectively. A
968  scale bar representing substitutions per site is included.

969

970

971  Figure S4. Alignment of the actin protein sequence between Nannochloris desiccata UTEX 2526
972 and N. bacillaris. The single amino acid difference (F63Y) is highlighted in yellow.
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