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Summary

e Chlorella ohadii was isolated from desert biological soil crusts, one of the harshest habitats
on Earth, and is emerging as an exciting new green model for studying growth, photosynth-
esis and metabolism under a wide range of conditions.

¢ Here, we compared the genome of C. ohadii, the fastest growing alga on record, to that of
other green algae, to reveal the genomic imprints empowering its unparalleled growth rate
and resistance to various stressors, including extreme illumination. This included the genome
of its close relative, but slower growing and photodamage sensitive, C. sorokiniana UTEX
1663.

¢ Alarger number of ribosome-encoding genes, high intron abundance, increased codon bias
and unique genes potentially involved in metabolic flexibility and resistance to photodamage
are all consistent with the faster growth of C. ohadii. Some of these characteristics highlight
general trends in Chlorophyta and Chlorella spp. evolution, and others open new broad ave-
nues for mechanistic exploration of their relationship with growth.

o This work entails a unique case study for the genomic adaptations and costs of exception-
ally fast growth and sheds light on the genomic signatures of fast growth in photosynthetic
cells. It also provides an important resource for future studies leveraging the unique properties
of C. ohadii for photosynthesis and stress response research alongside their utilization for syn-

thetic biology and biotechnology aims.

Introduction

Organisms inhabiting desert biological soil crust (BSC), such as
the green alga Chlorella obadii (Treves et al., 2013), cope with
extreme daily and seasonal fluctuations in the ambient condi-
tions. These include extreme temperatures, frequent hydration
(by early morning dew) followed by desiccation, large changes in
the osmotic potential and very high irradiation of both UV and
visible light (Raanan et al, 2016; Weber ez al, 2016; Oren
et al., 2019).

It is commonly accepted that adaptation to extreme environ-
ments is usually accompanied by reduced performance under opti-
mal conditions (referred to here, as conditions in which cultures
exhibit maximal growth rate; Brock, 1978; Kushner, 1978). How-
ever, apparently, C. obadii does not appear to obey this rule. In
addition to its ability to cope with ambient conditions that would
pose extreme stress for many other organisms, when grown under
optimal laboratory settings, C. ohadii shows the fastest growth rate
ever reported for a photosynthetic eukaryote. Following physiologi-
cal studies of C. ohadii optimal growth temperature (35°C) and
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illumination (3000 pmol photons m™>s™"), photoautotrophic gen-
eration times of 2h or less have been recorded (Ananyev
et al., 2017; Treves et al., 2017), close to that attained by unicellular
heterotrophic eukaryotes (Bowler ¢t 4l., 2010; Flynn ez al, 20105
Raven et al., 2013; Flynn & Raven, 2017; Nalley et 4/, 2018). This
raises the obvious questions of what sets the ceiling on the maximal
growth of photosynthetic or what distinguishes the fast-growing C.
obadii from much slower Chlorella sp. and other algae. Despite
intensive research, little is known about the cellular features that
rate-limit growth, even under what we may consider optimal condi-
tions (Banse, 1976; Beardall ez 4/, 2009; Flynn et al., 2010; Fanesi
et al., 2014; Singh & Singh, 2015; Flynn & Raven, 2017).

Two models are leading the discussions in the field. Elser and
colleagues suggested that the ribosome content, strongly affected
by the availability of phosphate, sets the maximal growth rate
(Andersen ez al, 2004; Weider et al, 2005). Flynn ez al (2010)
examined this hypothesis, specifically referring to phytoplankton,
and concluded that for the most part, this growth hypothesis is
not applicable there. Burnap and others (Burnap, 2015 and refer-
ences therein) raised the ‘proteomic constraint’ hypothesis that
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suggests that cellular space limitations in conjunction with cell
surface-to-volume ratios restrict the maximal growth rate of auto-
trophic microbes and that the overall content of cellular proteome,
and diffusion within the cells, rate-limits growth. Flynn &
Raven (2017) concluded that the kinetic properties of ribulose
bisphosphate carboxylase/oxygenase (RuBisCO) measured in vitro
cannot account for carbon production in fast-growing photosyn-
thetic organisms, supporting the notion that the question is still
wide open and more research is essendal. Our recent study impli-
cated metabolic shifts, indicated by changing from fully photoau-
totrophic growth to photoheterotrophic under otherwise constant
ambient conditions, as an important factor affecting the growth
rate of C. obadii (Treves et al., 2017, 2020). The data also impli-
cated polyamines in the metabolic shifts (Treves ez al, 2017), but
the mechanism involved is yet unknown.

Elegant studies by Pakrasi and colleagues (Mueller ez al., 2017;
Ungerer et al., 2018a,b) on the fast-growing cyanobacterium
Synechococcus elongatus UTEX 2973, and genome comparison
with that of a slower growing relative, Synechococcus elongatus
PCC 7942, identified specific alleles that distinguish between the
two strains in three genes, atpA, ppnK and rpaA. Replacement of
these genes in the strain PCC 7942 with those from UTEX 2973
significantly enhanced the growth rate of the former (Ungerer
et al., 2018b). However, the situation in eukaryotes with over 10-
fold larger genome, larger cell size, multicompartmental structure
and metabolite fluxes between them is far more complex (De
Vries & Rensing, 2020).

Photosynthetic organisms undergo photodamage, a process
that significantly lowers photosynthetic productivity, particularly
when exposed to excess illumination (EIL), that is higher than
required to saturate the CO, fixation rate (see Aro ez al., 1993;
Campbell ez al, 1996; Keren & Krieger-Liszkay, 2011; Ohad
et al., 2011; Cardona et al., 2012; Krupnik ez al., 2013; Croce
et al., 2018; and references therein). The emerging view from
recent studies is that antenna events leading to nonphotochemical
quenching (NPQ) play a major role in EIL dissipation in plants
and algae (see Baroli ef al, 2004; Finazzi et al., 2006; Bailey &
Grossman, 2008; Li ez al, 2009; Gorbunov ez al., 2011; Jahns
& Holzwarth, 2012; Erickson et al, 2015; Petroutsos
et al., 2016; Foyer et al., 2017; Gollan et al., 2017; Ruban, 2017;
Wittkopp et al., 2017; Croce et al., 2018; and references therein).
However, we concluded that the ‘classical’ NPQ plays a minor
role in EIL dissipation by C. ohadii (Treves et al., 2016). Previous
physiological and ’omics studies of C. ohadii under EIL, have
uncovered a remarkably robust PSII and protective carotenoids
accumulation, alongside higher PSI electron transfer rates,
increased metabolic capacity supporting rapid poising of redox
status, rapid post-translational redox regulation of protein kinases
and reactive-oxygen-species and heat-shock responses and novel
thylakoid remodeling as factors contributing to this extraordinary
resilience (Ananyev ez al., 2017; Treves et al., 2017, 2020; Caspy
et al., 2021; Levin et al., 2021).

In the past decade, since the publication of the Chlorella varia-
bilis draft whole genome (Blanc ez 4/, 2010), the first to be pub-
lished from the genus Chlorella, 16 other Chlorella genomes have
been published. These genomes have helped researchers to gain
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new insights into the evolution of the genus, adaptation to envir-
onmental cues, lipid biosynthesis and other metabolic processes
(Blanc ez al, 2010; Juneja er al, 2016; Zuiiga et al., 2016;
Arriola et al., 2018; Guarnieri et al., 2018; Cecchin et al, 2019;
Petrushin Ivan et al., 2020).

Likely, the ability of C. obadii to withstand the harsh BSC habi-
tat and show unparalleled growth rate under favorable conditions
must be imprinted in its genome. Here, we initiate studies to
uncover the unique genome characteristics that enable these cap-
abilities. Of the 16 Chlorella genomes published, six are of C. soro-
kiniana isolates, mostly isolated from wastewaters or warm surface
waters and sequenced due to the growing biotechnological interest
in algal productivity (De-Bashan ez 4/, 2008; Arriola et al., 2018;
Hovde ez al,, 2018; Wu et al., 2019). We used the fact that C. obha-
dii is relatively close to C. sorokiniana UTEX 1663, isolated from
warm surface freshwater (Starr & Zeikus, 1993; Running
et al., 1994; > 92% amino acid sequence identity in 5216 single-
copy orthologues, 100% chloroplast genome sequence identity,
see Treves et al,, 2013), and the detailed phenotypic data related
to growth and photosynthesis of the two species to conduct a
powerful comparative genomics analysis aiming to find the
imprints of these phenotypes in the C. obadii genome. Our ana-
lyses revealed which functional aspects associated with C. obadii
stress response were under stronger selective pressure and pointed
to several general features of its genome which were likely opt-
mized to support its remarkable growth and performance.

Materials and Methods

Growth conditions, DNA and RNA extraction and
sequencing

For nucleic acid extraction, cultures of Chlorella ohadii and
Chlorella sorokiniana were grown in Erlenmeyer flasks, on a sha-
ker, in Tris—acetate-phosphate buffer (TAP) or acetate-free (TP)
media at 30°C, 100 rpm and continuous cool-white illumination
of 100 pmol photons m~2s ! as in Treves et al. (2016). The cul-
tures were axenic, as validated with light microscopy and LB pla-
ting/incubation before harvesting, for DNA extraction, or before
the first sampling point in each replica, for RNA extraction. Con-
tamination control was performed using a light microscope,
Eclipse E200 (Nikon, Melville, NY, USA).

DNA extraction was performed using a modified phenol—-
chloroform method (Sambrook & Russell, 2006) with the addi-
tion of a preliminary bead-beating step (< 106 pm glass beads
(Sigma), 2%x30s, 6m s 1. To obtain high-molecular DNA
fragments required for SMRT sequencing, we used cut tips and
avoided vigorous shaking at any step downstream to the cell
breakage. Genomic DNA was sequenced using Roche-454 (9x%),
[llumina mate-pair (48X, Illumina Next-Seq 500) and paired-
end (42X) reads (HUJI Genome Center) and 4 SMRT cells
(35X%, PacBio RS II; BaseClear BV, Leiden, the Netherlands).

For RNA extraction, cells were harvested from 20 ml cultures by
centrifugation (5 min, 2000 g 4°C). Cell pellets were treated with
Tri-Reagent (Molecular Research Center, Cincinnati, OH, USA)
according to the provided protocol and combined with bead-beating
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et al., 1990) against all proteins of the other species, with an e-value
cutoff of 1E-5, identity of 30% and bitscore of 50. dV/dS values
for each orthologs pair were determined by codeml (Yang, 1997)
based on coding sequence alignments. Orthologous groups were
analyzed using ORTHOFINDER, v.2.5.4 (Emms & Kelly, 2019). For
whole genome phylogenetic analysis, we first used Busco (Seppey
et al., 2019; v 5.1.2) to filter complete single-copy conserved genes
for each of 16 Chlorella or other chlorophyte species from the cor-
responding genome sequences. Amino acid sequences of 495
single-copy Busco proteins shared by all 16 species were concate-
nated and aligned with MaFFT website phylogenetic tool. Best fit-
ting substitution model for phylogenetic analysis was determined
with MODELTEST-NG v.0.1.7 (Darriba ez al, 2020). Phylogenetic
trees were constructed with either RAXML-NG v.1.1 (Kozlov
et al., 2019) using LG 4+ G8 + F model and 500 bootstrap repli-
cates or MRBAYES v.3.2 (Ronquist ¢# al, 2012) using the mixed
amino acid rate matrices preset. 500 000 generations were com-
puted; the standard deviation of split frequencies converged at
10 000. Both trees showed essendally the same topology. Genes
were considered as horizontally transferred from bacteria if their
blast hits were only to bacterial sequences or the blast score was
higher by 20% or more for a bacterial target over the best algal tar-
get and were closer to the bacterial branch in a phylogenetic tree
using FASTTREE (v.2.2.10; Price ez al., 2010).

rDNA gene copy number

For copy number estimation of rDNA genes in different species,
raw genomic DNA sequencing reads were mapped to the genome
assembly of each species. The copy number was estimated by divid-
ing the average coverage within the ribosomal genes region by the
overall average coverage. For C. ohadii, IDNA gene copy number
was also measured. DNA was extracted as above. Quantitative PCR
(qPCR) was performed on a Rotor-Gene 6000 system (Corbett
Research, Cambridge, UK) using PowerUp™ SYBR® Green Mas-
ter Mix (Thermo). rDNA copy number was calculated as fold
change over the single-copy gene PsbQ according to the AAC
method (Livak & Schmittgen, 2001). Primers used in this assay:

rDNA_F: GCTGGAATTACCGCGGCT;
rDNA_R: CGG CTACCACATCCAAGGAA.
PsbQ_F: CGACATCATCTACGAGGCCC;
PsbQ_R: TTCTCAGCCTCCTTGATGCG.

Codon usage bias analysis

Codon usage bias was estimated by computing for every amino
acid residue type, aa, the codon usage entropy (CUE) as

N“f i ! i
CUE,, = — ,;1 ?log (?> Eqn 1

where IV, is the number of codons encoding amino acid residue
type aa, f, denotes the observed count of codon 7, T' = va""“ £
is the total number of codons counted for aa, and applying the
natural logarithm.
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CUE is maximal if all possible codons for a given amino acid
residue type are used at the same relative frequency (even usage of
codons), while it is minimized when usage is uneven and zero
when only one codon of all possible codons is used. Thus, low
values of CUE signify high codon usage bias. Codon usage table
and codon adaptation index (CAI) were calculated using cusp
and cai from EMBOSS tools (v.6.6.0).

Results

General characteristics of the genome

We sequenced and annotated the genome of C. obadii at high
depth, combining long- and short-read sequencing technologies
at 90x and 35X depth, respectively (accession no.
PRJNA573576). The assembly of all sequencing data resulted in
a 57.1Mbp draft genome organized in 486 scaffolds with an N50
of 328 977 (Table 1). We also assembled full circular mitochon-
drial and plastid genomes (52 and 109 kbp, respectively). For
comparison, we sequenced the slower growing and far more sen-
sitive to EIL, C. sorokiniana UTEX 1663 (accession no.
PRJNA573576, 57.2 Mb; Treves et al, 2016). The assemblies
were screened for bacterial and vector contaminations, using Kra-
KEN2 (Wood ez al, 2019) and UniVec (https://www.ncbi.nlm.
nih.gov/tools/vecscreen/), respectively. No contig was found to
be contaminant of nonalgal origin. Gene modeling using AUGUS-
TUs (Stanke ez al., 2008) trained on RNA-seq data from C. obadii
(Treves er al., 2020) predicted 11 047 genes, with a Busco com-
pleteness of 97%. The vast majority (96.7%, FPKM > 3) of the
predicted genes were supported by RNA-seq reads (Supporting
Information Table S1). Over 98.6% of the predicted genes have
a complete CDS with both start and stop codons (Table S2).
Table S2 also provides the number/fraction of genes recognized
by BrasT, Eggnog or InterProScan and those annotated by Gene
Ontology (GO) or KEGG. The annotations of the various C.
ohadii genes are provided in Table S3. We compared the genome
and annotation characteristics to publicly available information
on the genomes of several other green algae: Chlamydomonas rein-
hardtii (Merchant et al., 2007), Coccomyxa subellipsoidea C-169
(Peng ez al., 2016), Chromochloris zofingiensis (previously named
Chlorella zofingiensiss Roth et al., 2017) and C. sorokiniana
UTEX 1602 (Arriola ez al., 2018; Table 1). Among the Chlorella
spp., the genomes of the fast-growing C. ohadii and C. sorokini-
ana UTEX 1602 are relatively densely packed; genes occupy over
83% of the nuclear genomic DNA sequences, but only 63.5%
and 62.1% in the slower growing organisms C. zofingiensis and
C. variabilis, respectively (see below). Noticeably, the different
gene densities coincide with an increased coverage assigned for
introns in C. ohadii (see below).

Phylogenetic analysis of the genome

Given the harsh conditions in its natural habitat on one hand and
its immense growth capabilities on the other, it is likely that C.
ohadii underwent many changes during its evolution. Phylogenetic
analysis (Figs la, S1A) confirmed that C. obadii is indeed a
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(a) i C. sorokiniana UTEX 1663 (b)

9

100[C. sorokiniana subspecies ohadii

C. sorokiniana strain 1230

Cyanobacteria

C. sorokiniana strain 1228

Land plants

00

C. sorokiniana strain 1412

Micractinium sp. NFX-FRZ NFX-FRZ_1

1do

10 Micractinium conductrix FACHB-9

109 Micractinium conductrix strain SAG 241.80

“—C. variabilis

——C. vulgaris isolate UMT-M1

100 N. desiccata UTEX 2526 ‘ Bacterla Green algae
N. desiccata UTEX 2437
Coccomyxa subellipsoidea C-169

O. lucimarinus

Chlamydomonas reinhardtii

Chromochloris zofingiensis

Fig.1 Ohadii genome phylogenetic analysis. (a) Maximum likelihood phylogenetic tree based on 495 single-copy Busco genes present in all species. Confi-
dence values, resulting from 500 bootstrap replicates, are shown at the nodes. The tree is rooted using C. reinhardtii as outgroup. (b) Venn diagram of
Ohadii genes with homologs in bacteria, cyanobacteria, plants and green algae, not including C. sorokiniana UTEX1663. The number on the bottom right
indicates the number of Ohadii genes with no detected homolog in any of these taxonomic groups. For genome accessions used, see Supporting Informa-

tion Table S12.

Chlorella sp. and indicated that it belongs to a clade of C. sorokini-
ana. We therefore refer from this point to C. obadii as Chlorella
sorokiniana subspecies ohadii (hereafter Ohadii, for convenience).
Genome-wide gene comparison was performed between the
11407 Obadii predicted proteins and those of the other taxo-
nomic groups (Fig. 1b) and other Chlorella species (Fig. S1B).
This further confirmed that Obadii is closely related to C. sorokini-
ana sharing far more genes with strains of this species than with
other Chlorella species and was more related in terms of gene con-
tent to the strain UTEX1663 (Fig. S1B). Given the documented
relative heat- and light-tolerance and fast growth of C. sorokiniana
strains (Kessler, 1972), and their growth history in warm surface
or wastewater, this similarity may point to these habitats as a
potential source for desert BSC colonization by Obadi.

To discern the functions, where sequence alterations occurred
during its evolution that thereby distinguish Obadii from other
Chlorella spp., we analyzed the genetic variations in coding genes
as nonsynonymous (K;) to synonymous (K;) variations between
each pair of single-copy orthologues. The largest values of X, : K;
in Obadii were observed in proteins engaged in photosynthesis,
energy and carbohydrate metabolism, DNA metabolism, sensing
and responding to environmental cues and stress, both on average
and compared with other Chlorella spp. (Fig. 2, the comparisons
with specific Chlorella spp. are shown in Fig. S2). These findings

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation

are in line with the functions where Obadii demonstrates
improved performance — photosynthesis, growth rate and ability
to withstand harsh conditions.

The gene content analysis (Fig. 1b) showed that Obadii pos-
sesses genes present in bacteria, cyanobacteria and land plant,
which were undetected in other green algae. Of particular
interest are six genes found only in Obadii and bacteria, but
not in any other photosynthetic eukaryote from the green line-
age (Viridiplantae) as yet (Table S4; Fig. S3). Another 11
genes show significantly higher similarity to bacterial genes
than to any other eukaryotic gene. Those, presumably acquired
by lateral gene transfer, have been recognized so far in Obadii
only. A subset of five genes show higher similarity to nonpho-
tosynthetic eukaryotes than to bacteria. While these genes
might have been acquired vertically by Obadii and lost in all
other green photosynthetic eukaryotes, it is more likely that
they were acquired through a separate HGT event. Some of
these genes are discussed with respect to their specific functions
and possible role in Obadiis growth in Notes S1 and S2.
Although an increase in DNA mobility through transposable
elements could potentially explain much of the Obadii genome
architecture, the content of mobile and transposable elements
in the genome showed no significant difference from that

observed in other algae (Table S5).
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Fig. 2 Rate of selection pressure on genes as estimated by the ratio of nonsynonymous to synonymous (K, : Ks) changes between Ohadii genes and their
orthologs in four related Chlorella species. (a) Boxplot representation of K, : K, values according to the biological process Gene Ontology (GO) of all
Ohadii proteins with detectable orthologues in other Chlorella species (A. pyrenoidosa, C. variabilis, C. sorokiniana and C. subellipsoidosa). Error bars
mark 95% confidence intervals. (b) Enriched KEGG pathways among proteins with predicted positive selected proteins (K, : K5 > 1).

Abundant ribosomal DNA copies may support Ohadii rapid
growth

As indicated in the Introduction section, ribosome counts were
proposed as an important parameter affecting growth rate. Bac-
terial growth rate is strongly influenced by the copy number of
ribosome-encoding genes and the fraction of functioning ribo-
somes. Mutants of Escherichia coli K-12 with reduced number of
rRNA operons, or partial inhibition of ribosome function by var-
ious drugs, showed a significantly lower maximum growth rate
than the control (Levin et al, 2017). To the best of our knowl-
edge, manipulation of ribosomal gene copy numbers was not yet
accomplished in eukaryotes, but modifications of their transcrip-
tion or function by various means severely inhibit growth (Cheng
et al., 2019). This correlation between growth rate and number
of functional ribosomes is consistent with the proposed impact of
the ribosome abundance per cell on the growth rate, though
likely not across temperature ranges (Hessen et al., 2008; Moody
et al., 2017). In order to estimate the copy number of ribosomal
genes, we calculated the ratio of the coverage of DNA sequencing
reads on the 18S ribosomal gene region and the average coverage
of reads on the genome excluding ribosomal regions. This analy-
sis showed a much larger number of rDNA encoding genes in
Ohadii (54.5) than in several other slower growing Chlorella spp.
like C. sorokiniana, C. wvariabilis and Micractinium conductrix
(Fig. S4). We also performed qPCR on genomic DNA, targeting
the 185 rDNA gene and the single-copy gene PsbQ (see the
Materials and Methods section), revealing 55-fold change
between the abundances of these two genomic regions and vali-
dating the 77 silico estimation. The lowest rDNA copy number
was observed in the temperate soil alga C. zofingiensis (10) and
the photobiont C. wvariabilis (7), where the generation times
are 40-50-fold (Roth ez al, 2019) and 5-10-fold (Cheng
et al., 2015; Kodama & Fujishima, 2015) longer than in Obadii,
respectively. The ribosome quota per cell in Chlamydomonas
(133) is larger, but this may be related to its cell volume, ¢ 50-
fold larger than Obadii. Raven and colleagues (Raven
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et al., 2019) proposed that larger cells may need to produce more
rRNA than smaller ones as the concentration of rRNA likely lim-
its the abundance of ribosomes and thereby protein synthesis and
growth. Noticeably, among the 30 genes, whose transcript abun-
dance is the highest in Obadii (Table S1), 21 encode ribosomal
genes, two code for elongation factors and two code for RNA
processing.

To further examine the role of this potential elevated transla-
tion capacity in Obadii response to EIL, we explored gene expres-
sion patterns of ribosomal protein-encoding genes during a shift
from LL to EIL. Strikingly, we observed significant upregulation
of 16 and 5 large and small plastid ribosome subunits encoding
genes, respectively. This massive response coincided with respec-
tive upregulation of 10 and 7 large and small cytosolic ribosome
subunits encoding genes, but interestingly, with no response or
even mild downregulation in expressed mitochondrial ribosome
subunits encoding genes (Table S6). This confirms the impor-
tance of a robust and dynamic protein synthesis machinery for
Obadii response to abiotic changes, especially in the unusual
diurnal cycle prevailing in the desert BSC (Treves ez al., 2020).

Intron abundance correlates with growth rate

The majority of the genes (98.3%), identified in Obadyi, contain
multiple exons (Tables 1, S2, S6). The average number of ntrons
Per Gene (hereafter IPG, Table S7) is largest in Obadii among all
sequenced chlorophytes analyzed here (Table 1), including other
Chlorella sp. concurring with the large genomic space occupied
by introns (24.6% vs 16.2% and 1.7% in C. reinhardtii and C.
variabilis, respectively) and an opposite trend for intergenic space
(17.5% vs 34.6% and 38.3%). Interestingly, the largest abun-
dance of introns is observed in genes that Obadii shares with
plants and bacteria (Fig. 3a), whereas the IPG values are lowest in
the orphan genes. The largest number of introns was observed in
Ohadir’s gene g2009 encoding one of its five type I polyketide
synthases. Among the 193 genes lacking introns, 35 encode his-
tone components, most others are either not recognized by BLasT
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Fig. 3 Expansion of introns in Ohadii's genes. (a) The average number of introns, in parenthesis, of each group of Ohadii genes based on the presence of
orthologues in bacteria, plants and other green algae. The number in the bottom right indicates the number of Ohadii genes with no detectable orthologue
in any of these lineages. (b) Increasing growth rate, represented by doubling time, with the increase in the average number of introns per gene in Chlorella
spp. and C. reinhardtii. Maximal growth rates under species-specific optimal conditions are presented. Growth data for Ohadii, C. sorokiniana UTEX1602,
C. sorokiniana UTEX1663, C. variabilis and C. reinhardtii were obtained in this study or extracted from (Treves et al., 2013, 2017). Optimal growth data
for C. subellipsoidea, A. protothecoides and C. zofingiensis were extracted from Liu et al. (2022), Yu et al. (2019), Pikoli et al. (2019), Arriola et al. (2018)
and Chowdhary et al. (2022), respectively. Blue dashed line represents a linear regression trendline. (c) Significant increase in transcript abundance,
expressed as log,-FPKM values of autotrophically grown Ohadii cells, with the increase in intron density (number per kbp transcript). Each dot represents a
single gene. P-value = 1.8 x 1072*!, Pearson correlation. Dashed line represents a linear regression trendline. (d) Boxplot representing the difference in the
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intervals.

example, in the slowest growing alga examined here, C. zofingien-
sis (Roth et al, 2017), isolated from temperate forest soils

or are of unknown function (Table S7). Noticeably, our analysis
identified at least 120 highly transcribed (FPKM > 500) intron-

localized short (< 40 bp) noncoding sequences in at least one of
the growth conditions examined (Treves ez al., 2020), but their
role awaits further experimental verification. The exceptionally
high IPG and genome occupation suggested they may play regu-
latory roles and affect various cell functions, including growth
rate (Baier ez al., 2020).

Fig. 3(b) shows a strong positive correlation (R*=0.83, P-
value = 0.0006893) between the growth rate in various green
algae (presented as generation time) and average IPG. As an
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(Dénz, 1934), the growth rate is ¢. 40-50-fold slower and the
IPG is about one third of that of Ohadii, isolated from the harsh
desert crusts environment, where the limited daily time interval
enabling photoautotrophic activity favors fast growth. This is
consistent with the suggestion that the presence of introns accel-
erates the expression of genes without serving as a binding site for
transcription regulators, a phenomenon termed ‘intron-mediated
enhancement’ (Shaul, 2017; Lasin et a4/, 2020; Back &
Walther, 2021; and references therein). Furthermore, a recent
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study showed that in addition to the first intron, those located
downstream also affect the expression of rbcS (the nuclear gene
encoding the small subunit of RuBisCO) in C. reinbardtii (Baier
et al., 2018). Supporting this notion, our analysis found a correla-
tion between intron density per kbp and mRNA abundance
(Table S1) in cultures grown under autotrophic (R=0.39, P-
value = 1.8 X 102!, Pearson correlation, Fig. 3¢) or mixo-
trophic (r=0.25, P-value=2.5X% 107198, Fig. S5) conditions
(Treves et al., 2020). This indicates that introns may have cumu-
lative effect on transcript abundance of various Obhadii genes;
however, the mechanisms involved should be further explored
(see the Discussion section).

To assess the predictive value of intron density compared with
growth parameters like medium and light, thereby gauging their
relevance with regard to determining gene expression levels, we
performed a threeeway ANOVA with interaction effects
(Table S8; Fig. S6). Intron density (number of introns per kb
mRNA) proved to be most informative (largest Fvalue), with
higher densities associated with higher gene expression levels, fol-
lowed by ‘medium’, with both parameters also showing a signifi-
cant interaction effect. By contrast, the factor ‘light’ was not
observed to be significantly related to gene expression levels. Of
note, when defining intron density as the number of introns per
kb genomic sequence, ‘medium’ was found to be most important
(F=1000.1), followed by ‘intron density’ (F=258.1) and ‘light’
(F=2.4). Thus, intron length seems to also be important with
regard to the influence on gene expression levels, with longer
introns found associated with increased gene expression levels
(The Pearson correlation coefficient of log(IDmRNA : IDge-
nomic) and log(FPKM +0.1) was determined as +0.3
(P<22%107'° ID-intron density). The larger the ratio
IDmRNA/IDgenomic, the longer the intron sequences).

In view of the large IPG in genes shared with core plant genes
(Fig. 3a), we examined intron abundance in various gene ontolo-
gies (GO) compared with that observed in C. variabilis (Fig. 3d).
The latter was chosen since the growth rate and resistance to
abiotic stress are far less robust than in Ohadii. In the GO-slim
criteria presented here, encompassing a large variety of biological
activities, the IPG values are higher in Obadiz, most pronounced
are those involved in carbohydrate, DNA, protein and lipid
metabolisms, catabolism, response to abiotic stimulus and to
stress and others, which was also found to be the case when com-
paring Ohadii to the significantly slower growing C. subellipsoi-
dosa (Fig. S7A). Essentially, these are the same GO criteria,
where the K] : K; ratio is high (Figs 2, S2), and are GO functions
where Obadii excels, enabling its unparalleled performance
growth and stress tolerance performance. To complement this
analysis, we have also examined relative intron abundance among
different GO categories between Obadii with C. sorokiniana
1663 (Fig. S7B), representing an intermediate case in terms of
growth rate and light resistance (Treves ez al, 2016). Median
IPG values of the latter were found to reside between those of
Ohadii and C. variabilis (Fig. S7C). However, while AIPG
between Obhadii with C. sorokiniana 1663 were expectedly smal-
ler, several of the top AIPG scoring GO criteria were similar
(Fig. S7B). Of particular interest are the specific genes involved.
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Many of the IPG-rich genes are upregulated under, for instance,
EIL and are affected by the trophic conditions (Table S1). But
apart from the dependence of transcript abundance on the IPG
and the strong correlation between average IPG and growth rate
(Fig. 3b), at this time we cannot provide clear evidence for the
dependence of growth or stress resilience on IPG abundance.

Ohadii genes exhibit stronger codon bias

To examine the potential role of codon usage and possible opti-
mization therein, the Codon Adaptation Index (CAI) was calcu-
lated for each gene of Obadii genome and related to its
transcription under normal mixotrophic growth (Fig. 4a). The
two parameters were significant, albeit moderately correlated
(r=0.1, P-value =2.05 X 10724), in agreement with the widely
accepted view that the higher the codon adaptation, the faster the
rate of transcription (Ullrich et 4/, 2015; Hiss et al, 2017).
The large variation in FPKM values around the high density
region of the plots at the high CAI range (Fig. 4a) suggests, as
expected, that other parameters also affect the transcription rate.
Based on the codon counts, we computed codon usage entropies
(CUE, Eqn 1) for all 18 amino acid residue types encoded by
more than one codon (all 20 biogenic amino acids except
methionine and tryptophan) to estimate codon usage bias in sev-
eral Chlorella spp. and C. reinhardtii. Relative to Obadii, all other
species exhibit increased CUE-values, albeit significance was
established for C. sorokiniana and C. variabilis only, but not for
C. reinbardrii (Fig. 4b). Thus, of the four considered species,
Obadii is characterized by the smallest CUE-values and thus
exhibits high codon usage bias relative to the other three species.
Taken together, these data show that Obadii genes possess more
adapted codon usage than other algae, supporting the notion that
it can translate, and hence grow, faster.

Gene families

An analysis of gene families within the Obadii genome using
OrthoFinder revealed that 4231 genes belong to 1638
orthogroups consisting of two to 17 paralogs (Table S9). Thirty-
seven of these orthogroups are unique to Obadii and another 206
are shared only with C. sorokiniana UTEX1663. Another subset
of 170 orthogroups has significantly higher number of gene
copies in Obadii and C. sorokiniana than in other algal genomes
(#test, Benjamini-Hochberg adjusted for FDR, P-value < 0.05,
Table S9). From Obadii’s unique/enriched orthogroups, several
may support the phenotypes associated with fast metabolism,
stress response and acclimation to EIL, such as Flavin monoa-
mine oxidases (with only one or two copies found in other algal
genomes compared with 10 copies in Obadii, six of which upre-
gulated under EIL), involved in several mitochondrial functions,
including polyamine metabolism; Diacylglycerol acyltransferase,
a key enzyme in triglyceride synthesis; and low CO, inducible
protein, which may be involved in the response to limiting CO,
and EIL and in which all members were upregulated in response
to EIL (Table S1). Also pronounced are the 14 genes encoding
prohibitin in Obadii compared with a single gene in C
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reinhardtii and six to seven in C. sorokiniana. Prohibitins,
encoded by PHB genes in various eukaryotes, have been impli-
cated in numerous functions (Tatsuta et al, 2004; Van Aken
et al., 2016; Chen et al., 2019), many of them related to mito-
chondrial homeostasis and response to stress (Hernando-Rodr-
iguez & Artal-Sanz, 2018; Signorile ez al, 2019). Likely, this
may be due to the super-complex formed by PHBs in the inner
mitochondrial membrane (Tatsuta ez al., 2004). Transcript ana-
lyses showed that seven of the Obadii's PHB genes were upregu-
lated when Obadlii cells were exposed to EIL as revealed by RNA-
seq (Tables S1, S9B). Among their many functions, PHBs regu-
late the activity of mitochondrial alternative oxidase (AOX) in
Arabidopsis (Van Aken et al., 2016). Thus, prohibitins may be
involved in the ‘burning’ of excess redox in EIL-exposed Obadii
cells and in the metabolic shift from photoautotrophic (net O,
evolution and alkalization due to CO, removal) to photohetero-
trophic (net O, uptake and acidification due to CO, evolution
(Treves et al., 2017)) and may therefore play a role both in Oha-
dii fast growth and its resistance to EIL. Smaller but significant
expansion was also observed in orthogroups associated with
starch synthesis and degradation, like chloroplast beta-amylase
and granule-bound starch synthase (#test, Benjamini-Hochberg
adjusted for FDR, P-value=0.043 and 0.018, respectively,
Table S9), with two copies of the latter being upregulated under
EIL. Starch as a spillover metabolite may increase up to 60-fold
in EIL-grown Obadii cultures, and its metabolism has been
shown to play a major role in these cells’ metabolic response to
excess light (Treves ez al., 2020).
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Orphan genes

Orphan genes are genes found uniquely in a single species with-
out any detectable homolog in any other known lineage (Tautz
& Domazet-LoSo, 2011). We considered a gene as an orphan if it
had no significant BLasT hit in the NCBI’s NR database or any
hit in the C. sorokiniana UTEX1663 genome published here.
Accordingly, the Obadii genome encodes 179 orphan genes to
date, in addition to another 133 genes only found in Obadii and
C. sorokiniana UTEX1663 (Fig. S1B; Table S10). Naturally, as
most annotation tools are using inheritance of annotation based
on homology, there are limited experimental data assisting the
analysis of those genes. However, with the use of expression pro-
files under various conditions, domain identification, subcellular
targeting and short stretches of homology to known proteins, we
further characterized several orphan genes. Below, we briefly pre-
sent a few cases representing various physiological aspects of Oha-
dii’s biology.

As indicated below, nuclear-encoded genes are likely involved
in the photodamage resistance of Obadii. Six orphan genes g788,
g3410, g3651, g6364, g6906 and gl0379 are strongly upregu-
lated in Obadii cells exposed to EIL (Table S1) and (Treves
et al., 2020) and possess a putative chloroplast directing transit
peptide suggesting chloroplastic location of the mature protein
(see the Materials and Methods section).

One example is g2474, which is strongly upregulated in Oba-
dii cells exposed to EIL in the presence or absence of acetate in
their growth media (Table S1). A blast analysis revealed a
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similarity to a C. sorokiniana UTEX 1602 gene annotated as sig-
nal transduction histidine kinase (sequence ID: PRW56131.1).
However, all other BLAST hits did not support this annotation.
On the contrary, protein domain analysis using InterProScan
identified a strong carbohydrate/starch binding domain in its N
terminus, suggesting that it may sense the carbohydrate status of
the cells under various light intensities, possibly playing a role
in the metabolic flexibility enabling a fast shift from photoauto-
trophic to photoheterotrophic metabolism in Obadii cultures
(see below). In this respect, we also found that C status of Obadii
cells can affect growth through cell cycle regulation, including
upregulation of chloroplast division negative regulator genes
under C limitation (see Notes S3).

Another example for orphan genes, which may be associated
with Obadii growth, is the case of the two dual-specificity
tyrosine-regulated kinases (DYRK) in Obadii g9828 and g3579.
In 9828, the 270 amino acid residues (AA) at the N terminus
and the 160 amino acids on the C terminus, encode parts of a
DYRK protein. The central 750 AA region of g9828 shows no
significant similarity to other Chlorella spp., but InterProScan
identified an Aurora-type serine/threonine kinase motif, missing
in g3579. Aurora-type proteins were implicated in the regulation
of chromosomal alignment and segregation during cell division
(Borisa & Bhatt, 2017), suggesting they may be involved in
growth regulation in a fast-growing organism such as Obadii, or
may aid homologous recombination and DNA repair.

Transcription factors and regulators

Transcription-associated proteins (TAPs) comprise transcription
factors (TFs, acting in sequence-specific manner, typically by
binding to cis-regulatory elements) and transcriptional regulators
(TRs, acting on chromatin or via protein—protein interaction).
We classified all Obadii TAPs into 122 families and subfamilies
based on a domain-based rule set (Lang ez al., 2010; Wilhelmsson
et al., 2017). We compared this genome-wide classification with
eight other Chlorophyta and six Prasinophyta, as well as five land
plants, five Rhodophyta, the streptophyte alga Klebsormidium
and the glaucophyte Cyanophora (Table S11, Sheet 1). All pro-
teins, in which a domain was found, are listed in Table S11,
Sheet 2, along with their family assignment.

The Obhadii genome encodes 398 proteins (Table S11) likely
involved in transcriptional regulation, which is the largest num-
ber among the seven studied Chlorella spp. genomes and higher
than the average (338 = 89) for green algae. Total number of
TAPs for Ohadii is found between those reported from most
algae and Zygnematophyceae algae, which have been recently
found to be the closest relatives of land plants (Feng ez al., 2023).
The fraction of such proteins encoded by the genome is also com-
paratively high (3.47% vs 3.0%, the average for green algae).

Obadii lacks eight families of transcription factors (TFs) and
five transcriptional regulators (TR) that are present in at least one
other green alga. Like most other published Chlorella genomes, it
lacks MADS TF and Sigma70-like TR family members
(Table S11) that are otherwise generally encoded by green algal
genomes. Obadii shares with several other Chlorella genomes an
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unusually high number of SBP TFs (34-37) compared with
an average of 20 in green algae.

In terms of gene families that are potentially expanded, Obadii
encodes 23 C3H (Cys3His zinc finger) TFs, the highest number
observed in green algae (average 14.8). Similarly, there are four
HD (homeodomain) TFs while the average is 1.3 (0-2) and 11
Jumonji_other TRs (average 7.4). For all the above TAPs, numbers
for Obadii fall within the range of Zygnematophyceae algae (Feng
et al., 2023). The Jumonji_other TR represent proteins with a
JmjC domain that are not part of the PKDM7 subfamily. They
might act as protein hydroxylases that catalyze histone modification
(Trewick er al., 2005). There are 15 RWP-RK (RKD) TFs, higher
than the average in green algae (8.6), only superseded by C. rein-
hardtii (16) and rivalled by C. sorokiniana (14). These TFs are
involved in processes such as mating type determination and micro-
bial symbiosis signaling (Herndndez-Reyes ez al., 2022).

The set of differentially expressed genes (DEGs) of three com-
parisons (mixotrophically grown cells as control vs 15/120-min
EIL treatment— TAPHL15 and TAPHL120, respectively, and
photoautotrophically grown cells following 120-min EIL
treatment— TPHL120) was scanned for presence of TAPs
(Table S11, Sheets 3—5; plus denotes upregulation under treat-
ment as compared to control, minus denotes downregulation
under treatment). Interestingly, in genes differendally regulated
under high and low light intensities, there are C3H and SBP TFs
under the up- and downregulated genes and Jumonji_other TRs
among the downregulated genes (Table S11). Hence, three out of
five families that harbor unusually many members might be
instrumental for the regulatory changes required by different
light regimes. We have also examined transcriptional response of
Obadyii to the above EIL treatments for known light-responsive
TAPs from other green algae. Here, orthologs of the conserved
transcriptional factor CONSTANS (Table S11) and the subunit
CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) of its
associated E3 ubiquitin ligase complex (Table S1) were upregu-
lated under TAPHL15 and TPHL120. CONSTANS-like genes
are key TF in the light response of both the model C. reinhardrii
(Gabilly et al., 2019) and Mesotaenium endlicherianum, a mem-
ber of the Zygnematophyceae algae (Dadras ez 4/, 2023). In the
latter, the light-responsive GOLDEN2-LIKE I (GLK1) TF, acts
as a major regulatory hub of gene expression, but despite being
conserved among Zygnematophyceae and land plants, no GLK1
homologs could be found in C. reinhardtii (Riafio-Pachén
et al., 2008) or Ohadii (this work). We have nevertheless identi-
fied a member of the G2-like family (to which GLK1 belongs)
that was upregulated in Obadii under TAPHL15 and TPHL120
(Table S11) and may play a similar role in these algae. Additional
work focusing on Obadii gene expression regulatory network
under EIL or other conditions may help reveal both novel and
conserved transcriptional response hubs in this extremophile
alga’s response to various abiotic stresses.

Discussion

Accumulating mechanistic studies on nonmodel organisms from
(Ohad e al, 2010; Garcia-Pichel

extreme environments
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et al, 2013; Couradeau er al, 2016; Guida & Garcia-
Pichel, 2016; Treves et al, 2016; Koyama ez al, 2018; Kalra
et al., 2020) support the notion that unique capabilities are more
likely to manifest in organisms facing adversity. While this can be
anticipated for stress response and resistance properties, we did
not expect to isolate a remarkably fast-growing alga (when pro-
vided with optimal conditions) from the harsh conditions of the
Negev desert. Additional physiological and omics studies of Oba-
dii (Treves et al., 2016, 2020) point to the unusual diurnal cycle
in the BSC as a major driving force for its increased photosyn-
thetic and growth performance. Specifically, the limited daily
time interval at which sufficient humidity and illumination coin-
cide to allow photoautotrophic activity (Ohad ez af., 2010) was
likely the driver of Obadii’s high-basal photosynthetic and
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metabolic capacity (‘high-light ready cell’ (Treves et al, 2020)),
and its relatively higher investment of photosynthate into growth
(Treves et al., 2022), possibly aimed at achieving a positive bio-
mass balance during a narrow ‘window of opportunity’. Our
functional evolutionary analysis of the Obadii genome (Fig. 2)
demonstrates that processes serving to mitigate these conditions

were under stronger selective pressure than others, reflecting Oha-
dii growth history.

To keep pace with these rates of biomass accumulation, the
cellular machinery controlling upstream gene expression must be
tightly regulated and tuned, as summarized in Fig. 5. Indeed, the
Obadii genome encodes more proteins involved in transcriptional
regulation than any other studied Chlorella spp. (Table S11),
including the highest number among all green algae of C3H zinc
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Fig. 5 Schematic illustration of Ohadii genome-imprinted optimizations of transcription and translation machineries. The Ohadii genome features several
adaptations supporting its fast growth rate, including higher (1) rDNA gene copy number (2) intron abundance and (3) stronger codon bias compared with

other green algae.
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finger TF, which play important roles in the regulation of plant
growth, developmental processes and environmental responses
(reviewed in Liu ez al, 2020). We also observed a much higher
copy number of rDNA encoding genes compared with several
other Chlorella spp. and, when cell volume is taken into account,
to C. reinbardtii (Figs 5, S4). This coincides with ribosomal genes
occupying the top positions of most highly expressed
genes (Table S1). In this respect, we have also observed a rela-
tively large variance between Obadlii variants and their homologs
of plastid and mitochondrial genes encoding organellar RNA
polymerase subunits and ribosomal proteins (see Notes S4, S5).
Beyond capacity, another optimizing factor for the function of
translation is the relatively higher codon usage bias in Obadii
compared with other Chlorella spp. and C. reinhardtii (Fig. 4b),
which, as demonstrated by the correlation between codon bias
and expression (Fig. 4a), likely contributes to the concerted
operation of this organism transcription and translation machi-
neries (Fig. 5).

While most of these features represent a somewhat expected
optimization within a previously described pattern, the relation-
ship between intron abundance, expression and growth rate,
together with the large intron- and small intergenic-allocated
genomic space, is perhaps the most extraordinary aspect of the
Obadii genome (Fig. 5). This is further highlighted by the lack of
evidence for increased splicing variants in Obadii gene expression
data despite higher intron abundance, underlining our gap of
mechanistic understanding of the correlation between intron
abundance and growth rate of the studied Chlorella spp.
(Fig. 3b), or transcript abundance in Obadii (Figs 3¢, S4).

Intron abundance and specifically intron density had been
reported to positively correlate with mRNA abundance both in
human and in plants (Wang ez 4/, 2007; Duan ez al., 2013).
Introns were also implicated in the increased efficiency of mRNA
translation or export to the cytosol through the function of exon
junction complex (EJC) proteins (reviewed by Shaul, 2017). In
the absence of a stable transformation system that will allow dif-
ferential expression analysis of intron-content on the same genes,
we could not conclude whether introns control transcription or
the rate of mRNA decay, or both in the transcription/splicing
machinery of an Obadii cell or in other Chlorella spp. Finally,
recent work performed in Saccharomyces cerevisiae revealed an
additional role for introns in highly expressed genes. Bonnet and
colleagues (Bonnet ¢t al., 2017) showed that, through a mechan-
ism conserved from yeast to human, introns are involved in the
protection against DNA damage accumulation by preventing R-
loop formation. Recently, seminal studies by Weigel and collea-
gues (Monroe er al., 2022) found mutation rates to be higher in
genes lacking introns and lower in genes with more and longer
introns, emphasizing their role in mutation bias evolution. As the
need to maintain genomic stability/integrity increases with
growth rate (i.e. through more doubling events and higher gene
expression), this can act as a selective force favoring elevated IPG
numbers and intron length along the studied Chlorella spp.
growth rate continuum. In any case, the mere functional similar-
ity between high X : K, (Fig. 2) and IPG (Fig. 3d) groups, along-

side the implication of IPG as a major determinant of gene
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expression (Figs 3¢, S5, S7; Table S8), strongly suggests that the
abundance of introns and their particular location in specific
genes supports Obadii’s unique stress response and growth prop-
erties (Fig. 5).

Finally, both orphan and potentially horizontally transferred
genes in Obadii genome are likely to contribute to its growth per-
formance and resilience, based on their expression patterns and
annotation (Tables S4, S10). A more thorough account of speci-
fic genes is provided in Notes S2, S6-S8 and includes expressed
bacterial-originated genes playing a role in polyamine metabo-
lism, which has been shown to regulate Obadii growth (Treves
et al., 2017), in CO, concentration mechanism operation and in
cellular redox control, which is a major factor in this alga resis-
tance to EIL (Treves et al., 2020). However, validation of these
predicted roles must await the development of a genetic system
for this remarkable green alga.
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respectively. Raw sequencing data are available in the Sequence
Read Archive (SRA) under BioProject PRINA573576. The Ohadii
Genome DB was implemented using easyGDB (Fernandez-Pozo
& Bombarely, 2022). Ohadii annotations and sequences, together
with bioinformatics tools such as Blast, genome browser, annota-
tion search, gene expression atlas and sequence and annotation

downloading for a list of genes, are available at

https://cohadiigenomedb.url.com. The alignment used to construct
the phylogenetic trees is available at doi: 10.6084/m9.figshare.
23634423.v1. The authentic C. sorokiniana subspecies obadii is
deposited at Culture Collection of Algae at University Gottingen
(SAG, Gottingen, Germany) under strain number SAG 2657 and
is available by request from SAG (epsag@uni-goettingen.de) for

noncommercial academic research.
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Fig. 82 Calculated KX : K values for different GO biological pro-
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