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ABSTRACT

Oceanic phytoplankton species are generally composed of many strains, with intra-species diversity consisting of genetic and
phenotypic variability. Despite its importance in ecological and biotechnological contexts, this intra-species diversity and variation
among strains has been little studied. We investigated the intra-species diversity of the microalga Tisochrysis lutea, a haptophyte of
the Isochrysidales order. Inter-strain diversity of T. lutea was studied because of the economic importance of the species as a feed in
aquaculture and for antioxidant metabolite production, particularly fucoxanthin and other carotenoids, which have health benefits.
We analysed Tara Ocean datasets which revealed that T. lutea was present in the Pacific, Atlantic and Indian Oceans but not in the
Arctic or Austral Oceans. We next made phenotypic and genotypic comparisons of 11 strains of T. lutea from worldwide algal
collections. All strains were cultivated in the same controlled conditions for one week, and several phenotypic traits were measured,
notably antioxidant content. In parallel, the genomes of each strain were sequenced, and genetic variants identified. At the genetic
and phenotypic levels, the strains were distinct from each other and our analysis revealed natural trait variations of interest in relation
to further exploitation in domestication programmes. A large number of genetic variations were identified among the strains, but no
major differences in genome size were observed. Moreover, limited genetic structure was observed among these strains, which could
be a consequence of the complex life history of species within the Isochrysidales. Our study provides new knowledge on the intra-
species diversity that should be considered in future environmental studies and breeding programmes.

HIGHLIGHTS

o Tisochrysis lutea is found in many parts of the world’s oceans.

o T. lutea has high inter-strain phenotypic and genomic variation.
« Genetic structure of strains from culture collections is limited.
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Within phytoplankton diversity, each species gener-
ally consists of various strains or sub-populations which
display phenotypic and genetic differences (Simon et al.,
2009). In the present study, we examined the intra-species
diversity of the marine microalga Tisochrysis lutea. This
species is a member of the Haptophyta. Haptophyta is an
ecologically dominant phylum in the planktonic photic
realm (Bendif ef al., 2013). Data gathered on the Tara
Oceans expeditions indicate that haptophytes are the
second most abundant group of eukaryotic phytoplank-
ton after diatoms (Penot et al., 2022; Pierella Karlusich et

Introduction

Photosynthetic aquatic algae or cyanobacteria that
inhabit the planktonic region of freshwater or marine
bodies play key roles in climatic and geochemical pro-
cesses and in biodiversity (Arrigo, 2005). For instance,
phytoplankton contribute 45% of atmospheric oxygen
and reduce carbon dioxide concentrations through the
biological carbon pump mechanism (Geider et al.,
2001). Phytoplankton also support biodiversity as an
essential primary food in ocean ecosystems and the first
link in the food web of many marine ecosystems (Field

et al., 1998). Recently, with the help of oceanic expedi-
tions, the diversity of phytoplankton was inventoried at
around 35 000 prokaryotic operational taxonomic units
(OTUs) and 150 000 eukaryotic OTUs (Bork et al.,
2015; Sunagawa et al, 2020). Among these, at least
30% of the eukaryotic species are unknown (Vargas et
al., 2015).

al., 2023). T. lutea belongs to Isochrysidales, an order
which represents approximately 2% of the total relative
abundance of haptophytes (Penot et al, 2022; Pierella
Karlusich et al., 2023). The Isochrysidales are divided
into three families: Isochrysidaceae, Noelaerhabdaceae
and Prinsiaceae. T. lutea belongs to the Isochrysidaceae,
which is characterized by non-calcifying organisms with
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an as yet undescribed life history (Edvardsen et al., 2000;
Bendif et al., 2013).

Historically, T. lutea has been studied due to its wide-
spread use in aquaculture as a feed for shellfish, oysters
and shrimps (Marchetti et al., 2012; Ippoliti et al., 2016).
In the last decade, T. lutea has become a microalgal
model because it produces high quantities of fucox-
anthin, one of the most economically valuable carote-
noids due to its health benefits (Gao et al, 2020;
Mohamadnia et al., 2022), and docosahexaenoic acid
(DHA), an important lipid for healthy foetal develop-
ment (Premaratne et al, 2021; Thurn et al, 2022).
Because of these biotechnological interests, considerable
genomic knowledge has also already been accumulated
for this species (Garnier et al., 2014; Berthelier et al.,
2018; Carrier et al., 2018; Hernandez Javier et al., 2018).
However, genomic studies have mainly focused on a
single strain Tisochrysis lutea CCAP 927/14, and under-
taken in aquaculture rather than wild populations
(Borowitzka, 1997; Bougaran et al., 2003). Several other
strains of this species were harvested and conserved in
culture collections (Bendif et al., 2013), but information
on their origins is limited, and analysis of inter-strain
diversity is scarce. As with breeding programmes for
crop species, domestication programmes have been con-
ducted to select the domesticated strains of microalgae
with the best traits (Bougaran et al., 2012; Almutairi,
2020; Gachelin et al., 2021). However, inter-strain diver-
sity, life history and breeding method all need to be
understood to properly conduct domestication pro-
grammes, necessitating further research (Larkum et al.,
2012; Rumin et al., 2020; Chen et al., 2022). Only a few
studies of intra-species diversity in microalgae have been
reported in the literature. High inter-strain diversity and
strong genetic structure have been reported for the dia-
toms Ditylum brightwellii (Rynearson & Virginia
Armbrust, 2004), Phaeodactylum tricornutum (Rastogi
et al., 2020) and Pseudo-nitzschia pungens (Casteleyn et
al., 2010), the dinophyte Alexandrium sp. (Le Gac et al.,
2016; Paredes et al, 2019), and for the chlorophytes
Ostreococcus species (Rodriguez et al., 2005) and
Chlamydomonas reinhardtii (Gallaher et al, 2015).
Within the Haptophyta, only the inter-strain diversity
of E. huxleyi has been studied and contrary to other
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microalgal species, only weak genetic stratification was
observed in the studied populations (Read et al., 2013;
Filatov, 2019). Deciphering the intra-species diversity of
T. lutea is necessary to optimize domestication pro-
grammes by identifying the strains with the most suitable
traits for selection or improvement.

In this study, the main objective was to evaluate the
range of genetic and phenotypic variation among the
strains currently available in culture collections world-
wide. First, we investigated the distribution of T. lutea in
the world’s oceans using data from the Tara Ocean
campaigns (de Vargas et al., 2015). Knowledge about
the origin, stratification, phenotypic and genetic proper-
ties of strains of this species was limited. Ideally, this
study should have been carried out on strains directly
isolated from their respective biomes. However, such an
approach would require substantial resources. We, there-
fore, performed this study using T. lutea strains that had
been isolated from various marine environments and
maintained in algal collections for decades (Table 1). In
this study, 11 strains were compared phenotypically,
focusing on their pigment and lipid profiles. The gen-
omes of each T. lutea strain were also sequenced to
investigate the genetic variations, genome organization
and genetic structure of this species. The collected data
have been summarized and made available in an easy-to-
use genome browser for the scientific community
(https://genomes-catalogue.ifremer.fr).

Material and methods

Distribution of Tisochrysis lutea in the world’s
oceans

To estimate the distribution of T. lutea in the oceans,
we used Tara Ocean data from the Ocean Atlas
(https://tara-oceans.mio.osupytheas.fr/). Operational
Taxonomic Units (OTUs) corresponding to the
Isochrysidaceae family were collected from the
Ocean Barcode Atlas (Vernette et al., 2021) eukaryote
databases (18SVv9 vV2) with a similarity search
within 99%. The OTU CCMP1244 was closer to T.
lutea (87% identity) than another Isochrysis species
known (77% identity for the second closest). During

Table 1. Probable origins of the strains used in the experiment.

Tisochrysis lutea strains Probable origin

Probable year of isolation Orders in culture collections

Preservation method

CCAP 927/14 Tahiti archipelago 1977 by Haines CCAP Cryopreserved since 2003
CCMP 463 Little Water Cay 1984 by Glazer CCMP Cryopreserved since 1999
RCC 179 Unknown Unknown RCC maintained in culture
RCC 1344 Atlantic coast; Probert RCC maintained in culture
RCC 3691 Tahiti archipelago 1978 by Martin RCC maintained in culture
RCC 3692 Tahiti archipelago 1978 by Martin RCC maintained in culture
RCC 3693 Tahiti archipelago 1978 by Martin RCC maintained in culture
RCC 3699 North Sea 1962 Amundsen RCC maintained in culture
NIVA 4-91 North Sea 1989 University of Oslo NIVA maintained in culture
IFMG near to Kategate, North Sea Unknown NORCCA maintained in culture
Argenton near to Argenton, Atlantic cost 1998 IFREMER maintained in culture
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the Tara Ocean campaign, sample separations were
made according to the organism size. To retrieve T.
lutea, the size fraction selected was around 5 pm,
corresponding to the size of this species (Bendif et
al., 2013). The extracted data (OTU, origin locations
and associated temperature) are given in
Supplementary table S1.

Microalga strains and culture conditions

From algal collections worldwide, 18 strains named
T. lutea or Isochrysis sp. were ordered and cultivated
to sequence the 18S gene. Based on 18S results, 11
strains were confirmed to be T. lutea and became the
strains studied in the present paper: CCAP927-14,
CCMP463, RCC179, RCC1344, RCC3691, RCC3692,
RCC3693, RCC3699, NIVA4-91, IMFG and
Argenton (Table 1). All these strains were grown in
200 ml flasks of natural seawater enriched with sterile
Conway-Walne medium (Walne, 1966) reset every
20 days. All cultures were maintained with bubbled
0.22 mm filtered air, at a constant temperature of
21°C, under a constant light irradiance of 50 pmol
photons m™? s™'. To phenotype the strains, 300 000
cells mI™" of each were inoculated in photobioreac-
tors (Berard et al., 2021) containing 150 ml natural
seawater enriched with Conway-Walne medium with
a modified nitrogen content (150 uM). Light irradi-
ance (100 pmol photons m~>s™"), temperature (21°C)
and pH (8.2) were controlled to keep culture condi-
tions identical. Samples of all strains were harvested
after 7 days of culture to be phenotyped (pigment and
lipid measurements). After exhaustion of the nitro-
gen, which occurred after 5 days, the growth of the
strain was stopped for all strains. The uptake of all
nitrogen was confirmed by analysis of the culture
medium. A 2 ml sample was collected from each
culture, microalgae were eliminated by filtration
(0.2 um, Minisart, Sartorius), and the culture medium
then analysed by spectroscopy at 220 nm as described
in Collos et al. (1999).

Phenotype measurements

After 7 days of culture, samples of each strain were
harvested. Common culture traits were measured:
growth rate, cell size and amount of carbon per cell.
The growth of microalgae was automatically monitored
by optical density measurements. The formula used to
calculate the growth rate was p = (Ln(X;)-Ln(X;))/(t,-
t;). To measure the carbon content in each microalgal
cell, approximately 100 million algal cells were filtered
on a 25 mm GF/C fibreglass filter (Whatman). The
filters were deposited in a LIMP glass, placed in a
steam room and dried at 75°C for 24 h, analyses were
performed with a carbon elemental analyser
(Thermoelectron) with methionine, aspartic acid and

nicotinamide standards for calibration. Cell size and
number were assessed using a Coulter Counter
Multisizer 3 (Beckman Coulter, High Wycombe, UK).
Before measurement, samples were diluted to 1/50 with
sterile seawater. Cell size, given as equivalent sphere
diameter, was then calculated using MS-Multisizer 3
software (Beckman Coulter, High Wycombe, UK).
From the perspective of biotechnological applications,
we focused on the antioxidant capacity of these strains
and several lipid and pigment molecules of potential
biotechnological interest were measured. For the lipid
profiles, samples were harvested at 7 days of culture for
all strains. Approximately 150 million algae cells were
filtered on a 25 mm GF/F fibreglass filter (Whatman)
and suspended in 6 ml Folch solution (chloroform:
methanol 2:1) as described in Folch et al. (1957).
Lipid class separation was performed by column chro-
matography according to the method of Soudant et al.
(1995), with a BPX-70 capillary column (60 m long,
0.25 mm internal diameter, 0.25 pum film thickness;
SGE, Austin, Texas, USA) containing a polar stationary
phase (cyanopropyl-siloxane). The upper organic
phases containing fatty acid methyl esters (FAMEs)
were collected and assayed by gas chromatography
coupled with flame-ionization detection (GC-FID).
FAME quantification was compared with the C17
internal standard (Sigma-Aldrich, St. Louis, Missouri,
USA) by GC-FID using a gas chromatograph
(Autosystem Gas Chromatograph; Perkin-Elmer,
Waltham, Massachusetts, USA). Total fatty acids
(TFAs) were calculated as the sum of saturated fatty
acids (SFAs), polyunsaturated fatty acids (PUFAs),
including in particular docosahexaenoic acid (DHA),
and monounsaturated fatty acids (MUFAs).

For pigment analysis, samples were harvested after
7 days of culture for all strains. Approximately 80
million algal cells in 8 ml were filtered on a 25 mm
GF/F fibreglass filter (Whatman) and immediately fro-
zen at —80°C. Extraction was realized with 2 ml of cold
acetone containing 5% of water with vitamin E at 2.5
ng 1" as the internal standard. The solution was vor-
texed and sonicated for 10 min and macerated for 24 h
at —80°C, then filtered on a 0.2 pm PTFE filter
(Phenomenex, France). The extract was analysed by
HPLC (Agilent LC 1200) with a DAD detector at 436
and 450 nm. Chromatographic conditions were as
described in Pajot et al. (2023). Quantification was
performed using external calibration against the pig-
ment standards Chlorophyll ¢2 (Chl ¢2); Fucoxanthin
(Fx); Chlorophyll a (Chl a); Diadinoxanthin (Dd);
Diatoxanthin (Dt); Zeaxanthin (Zx); Echinenone
(Echin); Violaxanthin (Vx); Phaeophytin a (Pheo a);
B-carotene (p-Car). Chlorophyll c1 (Chl c1) was quan-
tified with Chl ¢2 standard. 3-hydroxyechinenone
(HEchin) was quantified with Echin standard. Cis-
fucoxanthin (Cis-Fuco) was quantified with Fx stan-
dard. All standards were purchased from DHI Lab



products, Denmark. To measure antioxidant capacity,
samples were harvested at 7 days of culture for all
strains, with approximately 20 million algae cells in
2 ml. The microalgal culture was mixed with 100 pl
dihydrorhodamine 123 (DHR 123) for 2 min following
the protocol of Yazdani (2015). Measurements were
taken on an Amnis ImageStreamX Mk II Imaging
Flow Cytometer following standard recommendations.
A Spearman correlation matrix was realized between
phenotypic traits measured for all strains using R soft-
ware (version 4.0.4). A heat map showing the correla-
tion matrix was then constructed. The coefficient of
correlation was measured and the correlation consid-
ered significant at a p value threshold of 0.05.

Reference genome assembly using Hi-C technology

Total DNA of the CCAP927/14 strain was extracted
using a phenol-chloroform protocol (Hu et al,
2004). DNA quality and concentration were assessed
with gel electrophoresis and Qubit fluorometric
quantification. Hi-C libraries were constructed fol-
lowing the protocol described in Baudry et al
(2020). Briefly, DNA was digested using the GC-
neutral restriction enzyme Dpnll by overnight incu-
bation at 37°C. Digested DNA was labelled with
biotin. DNA fragments with biotin and blunt-end
ligation were selected. The Hi-C libraries were
sequenced with an Illumina NextSeq 550 system
(2x35bp, paired-end), generating approximately
2.7 Gb of data. Scaffolding was performed using
the latest version of instaGRAAL (https://github.
com/koszullab/instaGRAAL), an algorithm that
uses chromosome conformation data to re-scaffold
contigs and improve genome assembly (Baudry et
al., 2020). The original genome was first split into
sequences digested in silico with Dpnll. Then, the
reads from the Hi-C library were mapped on these
digested fragments to compute an initial contact
InstaGRAAL reorders the fragments
digested following the contact matrix and standard
polymer physics model. To obtain the best genome
model, 100 iterations were performed.

matrix.

Reference genome annotation

The coding gene region was annotated with the
MAKER2 pipeline (Holt & Yandell, 2011). This
pipeline combines several approaches and finds a
consensus from the results to obtain the best anno-
tation possible. Genes were identified based on pro-
teomic data, transcriptomic data (Garnier et al.,
2014), and gene prediction with AUGUSTUS soft-
ware trained on T. lutea (Stanke et al., 2006) and
SNAP software using Arabidopsis thaliana model
genes (Korf, 2004).
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The annotation of repeated elements, particu-
larly transposable elements, was made by submit-
ting a previously obtained TE library to TEannot,
implemented in the PIRATE pipeline (Berthelier et
al., 2018). The annotations of 88 transcription fac-
tors were improved by adding previously curated
annotation data (Thiriet-Rupert et al, 2018)
(88 genes). Chloroplast and mitochondrial genomes
had been characterized in a previous study
(Méndez-Leyva et al, 2019) and similar results
were found here.

Genome sequencing

Microalgal cultures were treated with antibiotics
(Sigma No. A5955) before harvesting to minimize
bacterial contamination. Microalgal harvesting was
realized from a new culture that was grown for
6 days. Total DNA was extracted using a phenol-
chloroform method as previously described by Hu et
al. (2004). Mumina sequencing was performed at the
GeT-PlaGe INRAE platform using an Illumina
HiSeq3000. Libraries built following the
IMumina TrueSeq protocol. Paired-end sequencing
was done (2 x 150 bases) using a bar code correspond-
ing to each strain. On average, 7 Gbp were obtained
for each strain (36 million reads for a length of 150
bases). The raw sequencing data obtained were filtered
and trimmed to conserve only reads of sufficient qual-
ity. TrimGalore was used on the raw data to eliminate
Mlumina residual adapters and artefact sequences and
only conserve paired reads with quality scores higher
than Q30 for 150 bases. Oxford Nanopore Technology
sequencing was performed with a MinION-101B with
R9.4 flow cells and SQK-LSK108 library kits. Guppy
v3.1 was used for the basecalling. On average, 1.1 Gbp
were obtained for each strain. Porechop (https://
github.com/rrwick/Porechop) and NanoFilt (De
Coster et al.,, 2018) were used to eliminate residual
adapters and select sequences above 2000 bases with
a quality score higher than Q8.

were

Polymorphism identification

For each strain, reads were independently mapped
on the new reference genome assembly. We
obtained an average 58X genome depth for short
reads and 10X for long reads (Supplementary table
S1). From these mapped data, genetic variations
were investigated for each strain using bioinfor-
matics tools. Three types of genetic variation were
looked for: (i) short mutations corresponding to
single nucleotide polymorphisms (SNPs) and short
(10 bases) insertions or deletions (indels), (ii) large
mutations related to large indels (>100 bases) or
indels caused by transposable elements (TEs), and
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(iii) gene presence/absence variation (PAV). A
genetic variation detected in one strain means that
there are two alleles for one locus in this strain.
Each genetic variation identified could be shared
among all strains or be specific to only one or
some of them. Genetic variations shared by all stu-
died strains were called ‘core variations’, while those
not shared by all strains because they were found in
only one or some of the strains were called ‘specific
variations’.

Detection of SNPs and short indels was performed
among all 11 strains. Short reads were mapped inde-
pendently on the new genome assembly using BWA
and Mosaik software (Li & Durbin, 2009; Lee et al.,
2013) (see Supplementary data S1). SNPs and short
indels were detected with Freebayes and GATK
(Garrison & Marth, 2012; Poplin et al., 2018), cross-
ing all data. SNPs and short indels were validated if
detected by at least two programs and with a mini-
mum allele frequency of 10%.

Detection of large insertion variations, gene pre-
sence/absence and genome size variation between
strains required the construction of an anchor genome.
An anchor genome assembly was thus made containing
all the insertion variants identified in each strain.
Identification of large insertions was realized by cross-
ing the detections made by the three programs Sniffle
v1.0.11 (Sedlazeck et al., 2018), Mobster v2.41 (Thung et
al., 2014) and MindTheGap V2.2 (Rizk et al., 2014) (see
Supplementary data S1). Sniffle software uses mapping
of long reads on a genome assembly to identify inser-
tion variants. It detects different types of insertions
without a priori using evidence from split-read align-
ments. Long reads were independently mapped on the
new reference genome using MiniMap 2.17 (Li, 2018)
and ModularAlignement v1.1.1 (Schmidt et al., 2019).
Using two alignment methods made it possible to limit
mapping biases and obtain a more exhaustive result.
Results obtained were crossed for each strain and the
redundant deductions were eliminated. MindTheGap
software was applied independently with Ilumina short
reads of each strain to detect insertions of any size and
without a priori. MindTheGap results were pooled,
detected insertions were sorted and redundancies elimi-
nated. Mobster detected TE insertions from the llumina
short-read data and a library of known TEs (Thung et
al., 2014). In the same way, Mobster was used indepen-
dently for each strain and insertions of TEs were pooled,
sorted and the redundancies eliminated. Finally, inser-
tion variants identified for each strain from these three
programs were pooled, sorted and the redundancies
eliminated. VCFtools and VCFlibs (Danecek et al.,
2011) were used to create an anchor genome assembly
containing all insertions.

Gene presence/absence variants among strains were
identified. Reads of each strain were mapped on the
previously built anchor genome assembly. Read

counting was performed for each strain, considering
the presence of a gene as a function of the read number
mapped (minimum 50% coverage and 20 reads depth).
The presence/absence of large insertions such as TEs
among strains was established in the same way. Short
reads of each strain were also mapped on the anchor
genome. The genome size of each strain was obtained
from the mapped reads for each strain on the anchor
genome (BAM to FASTA file conversion) if a nucleo-
base had a minimum of 20 reads depth.

Analysis of the genetic structure of Tisochrysis lutea
strains

Strain stratification was analysed for each type of
genetic variation studied (short, large and gene
PAVs) using the sNMF tool with Kmin = 2 and
Kmax = 10 (Frichot et al., 2014). A principal compo-
nent analysis (PCA) was also performed for each type
of genetic variation studied, using R software (version
4.0.4). To finish, for each type of genetic variation, a
distance tree based on genetic similarity was built
using the FastME method (Desper & Gascuel, 2002)
with 100 bootstrap values (100 used).

Results
Distribution of Tisochrysis lutea in the oceans

The Tara Ocean expeditions data provide an overall
idea of the distribution and abundance of phyto-
plankton in the oceans. These data revealed that T.
lutea was low in abundance in the oceans, corre-
sponding to around 1% among the Haptophyta. For
the Isochrysidales, OTUs from T. lutea species and E.
huxleyi species were of similar abundance: 23% for
each species. However, half the species representing
this order are still undescribed (Fig. 1b). Moreover,
OTUs of T. lutea are present in the surface waters of
the Atlantic, Pacific and Indian Oceans in surface
water, although absent from the Arctic and Austral
Oceans (beyond the 60th north meridian and 50th
south meridian, approximately) (Fig. 1a). Tisochrysis
lutea was found to inhabit regions with an average
temperature of 21.2 + 5.8°C (SE) and mean salinity of
359+48¢g I'! (SE) (Supplementary table S1).

Collection of Tisochrysis lutea strains

Given that it was not possible to isolate strains
directly from the world’s oceans (Table 1), to
build the most complete collection of T. lutea
strains possible, we investigated and collected 18
strains that could correspond to T. lutea or
Isochrysis sp. from algal collections available world-
wide (Table 1). We confirmed that 11 of the 18
strains that were thought to be T. lutea were this
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Fig. 1. Analysis of Tisochrysis lutea from Tara Ocean data. (A) Distribution and relative abundance of T. lutea sampled
during the expeditions. (B) Relative species abundance of Haptophyta from Tara Ocean expeditions.

species by analysing their 18S gene sequences
(Supplementary fig. S1). The 11 cultivated strains
came from diverse geographic locations (Table 1),
although their origins were only approximate
because they were isolated a long time ago and
unfortunately were poorly documented at the time
(Table 1). These strains had also been maintained in
laboratory cultures conditions or cryopreserved
since the 2000s (Table 1).

Phenotype comparisons of Tisochrysis lutea strains

We first evaluated the intra-species variation of the
11 T. lutea strains at the phenotype level. We found a
1.3x fold change in growth rate, a 1.2x fold change in
cell size and 1.8x fold change in the amount of
carbon (Fig. 2a-c). The strain with the best growth

rate was NIVA4-91 (u = 0.83 day ' in these culture
conditions). For the antioxidant traits measured, the
CCAP927-14 strain had the highest content of anti-
oxidant molecules (DHR123 score, Fig. 2d) and pig-
ment molecules (Fig. 2j—q), especially carotenoids
(fucoxanthin, echinenone, diadinoxanthin or B caro-
tene). Moreover, a comparison of the measured anti-
oxidant response to nitrogen limitation conditions
indicated high variation (2.0x fold) (Fig. 2d).
Carotenoids with antioxidant properties, such as
echinenone (1.5x fold) and fucoxanthin (1.3x fold),
docosahexaenoic acid lipid (1.4x fold) and polyunsa-
turated fatty acids (1.6x fold) also displayed high
variation. To summarize, none of the strains had
similar phenotypic profiles for any of the phenotypic
traits measured. In the principal component analysis
(PCA) from pigment and lipid profiles, the variation
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Fig. 2. Boxplots for each phenotypic trait measured on all the strains analysed.



explained by the first dimension was greater than
50% and revealed significant variation among strains
(Fig. 3). All strains were well dispersed and no clus-
ters were observed, supporting their heterogeneity.
Regarding the lipid PCA analysis, the SFAs (saturated
fatty acids) and PUFAs (polyunsaturated fatty acids)
had opposite profiles, highlighting that strains con-
taining high SFA amounts contained less PUFA and
vice versa (Fig. 3a). For the pigment PCA (Fig. 3b),
diadinoxanthin and diatoxanthin had opposite
trends, supporting the known xanthophyll cycle of
algae which consists of the de-epoxidation of diadi-
noxanthin to diatoxanthin (Vershinin & Kamnev,
1996). Chlorophyll c1 and ¢2 also displayed opposing
trends in PCA that might suggest a putative cycle
between them. In the pairwise correlations, the
DHRI123 measurements were generally significantly
correlated with traits recognized to have an antiox-
idant function (Dd, B-car, Fuco and PUFA lipids)
(Fig. 4). Chlorophyll cI and echinenone were also
found to be correlated, suggesting that they may
both have an antioxidant function.

Improvement of the Tisochrysis lutea reference
genome

The new reference genome assembly of T. lutea pre-
sented in this study is 82.5 Mbp in length and com-
prised 55 supercontigs. The N50 is 3.0 Mb and
completion of eukaryote core genes with BUSCO
gave 255/303 completed genes (Supplementary fig.
S3). Among the 55 contigs, 28 corresponded to 97%
of the size of the genome and 27 contigs of small size
(less 1 Mb) corresponded to 3% of the size of the
genome. The latter were probably repeated regions of
the genome that difficult to sequence
(Supplementary fig. S2). The new reference genome
was annotated to identify regions corresponding to
genes and repeats. Overall, 45% of the genome corre-
sponded to genes and 33% to repeated DNA, among
which 21% corresponded to TEs. The number of
genes is 19 913 and the number of probable iso-
genes is 38 930. All these data are available on a
genome browser at https://genomes-catalogue.ifre
mer.fr/.

were

Genome size variations

Genomes of the 11 strains were sequenced and we
first examined how genome size varied among them
(Supplementary table S1). The core genome, consist-
ing of common genetic regions of these T. lutea
strains, was estimated to be 79.6 Mb. The dispensable
genome, consisting of genetic regions presented in
only one or several T. lutea strains but not in all,
was estimated to be 1.5 Mb on average for each
strain, corresponding to 1.8% of the whole genome
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size. The smallest genome belongs to RCC3699 (80
Mbp) and the two largest genomes to CCAP927-14
and RCC3692 (82.5 Mbp).

Short variations

Among the different types of genetic variations inves-
tigated, 172 579 short polymorphisms (126 627 SNPs
and 46 476 short indels) were identified among the
strains of T. lutea. Across all strains, SNPs revealed a
relatively balanced ratio of transitions (Ts) to trans-
versions (Tv) (Ts/Tv = 0.86). The core short varia-
tions among these 11 strains numbered 36 758 (Fig. 5
SNPS-1). Conversely, 103 103 short variations were
considered strain-specific, meaning they were found
to be present in one or several strains but not all. On
average, each strain was found to contain 7364 spe-
cific short variations (standard deviation: 1.84) in
addition to the 36 758 core short variations. Specific
short variations of particular strains were variable;
RCC3693 had the least (4592) and CCAP927-24 had
the most (11 332). Moreover, 61.9% of specific short
variations were specific to one strain and 16.0% were
present in only two. To confirm this distribution,
Tajima’s D score (Nielsen, 2001) was measured and
an average score of -2.19 was obtained
(Supplementary table S1). This score confirmed that
this population of strains has an excess of rare alleles.

Transposable element variations

Among the large indels detected in these strains, a
large majority (96.5%) were generated by TEs that
had been previously identified (Berthelier et al.,
2018). Hat2_Ace was the TE family that induced
the most variations among strains (11.5%) followed
by Gypsyl (10.4%) and Harbinger5 (8.0%)
(Supplementary table S1). Concerning the distribu-
tion among strains, 6893 variations of TEs were
shared among all strains and 13 542 were strain
specific (Fig. 5 TE-1). On average, 1231 specific TE
variations were present in each genome of each
strain, in addition to core TE variations. We iden-
tified twice the number of specific insertion varia-
tions related to TEs in RCC3692 and CCAP927-14
than in the other strains (Fig. 5. TE-1). Moreover,
the specific insertion variations of TEs detected in
these two strains were not specific to only one or
two TE families (Supplementary table S1). The
larger number was not related to a burst of a
specific TE family but to an overall increase of
TE copies.

Gene presence/absence variations

The core genes, consisting of genes shared by all the
T. lutea strains studied, numbered 19 494. Gene
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fatty acids.

presence or absence variation (PAV) among the
strains is shown in Fig. 5 (PAV-1). An average of
334 specific genes were detected in the genome of
each strain. Strains IFMG and RCC1344 contained
the least specific genes (115) and strain RCC3692 had
the most (634). In total, 1078 genes were specific or
rare and, among these, 325 (30.1%) were unique to a
single strain while 753 (69.9%) were present in two or
more strains.

Genetic structure of the strains

Genetic structure of the studied strains analysed for
each variation type (short, large and gene variations)
showed no difference among strains (Supplementary
fig. S4). A principal component analysis (PCA) was
also performed to assess the genetic stratification for
each variation type (Fig. 5, SNP-TE-PAV-2.). Overall,
the majority strains clustered together and variations
explained by the first dimension of the PCA was
lowest (35%), confirming the weak genetic structure
observed for these strains. However, for the short and
large variations, the two strains CCAP927-14 and
RCC3692 were outside of the main group of strains.
Concerning gene variation, only RCC3692 was

outside of the other strains. To finish, for each type
of variation, a distance tree of genetic similarity was
built to examine the relations among the strains with
a different method (Fig. 5, SNP-TE-PAV-3).
Consistently with the PCA, most of the strains were
clustered together. However, CCAP927-1 was posi-
tioned outside of the main group of strains for short
(SNPs) and large (TEs) genetic variations (Fig. 5,
SNP-TE-3). In addition, the strain RCC3692 was
also outside the main group of strains for gene pre-
sence/absence variations (Fig. 5, TE-PAV-3).

The links between genes and phenotype variation

Among the short mutations, 94.8% were found to be
present in intergenic regions and were predicted not
to significantly affect the function of any genes, 3.4%
were located in coding regions but predicted not to
affect translation, 1.6% may have an impact on amino
acids but with a low impact on protein formation,
and 0.2% (161) might have a high impact on proteins
(to generate a stop codon or modify the start or stop
codon). Among potentially affected proteins, we
found only 11 (7%) to have a homologous protein
with a known putative protein domain, but none with



"(pasn 001) senyea de1}sjooq Jo sa109s 3y} 03 puodsariod anjq Ul sIQUWINU Y, "(Z00Z TeNoses) 2 12dsa(q) gINISe] Julsn ejep UoneLIeA WOIJ J[INQ suTer}s Suoure AJLIR[IWIS JO S331) aTe ¢-SAYJ
pue ¢-sq1, ‘c-SINS SoInSr ‘surer)s ay) Ul punoj suorjerrea oy} uo (YD) sasdfeue jusuodwoo Jedourid axe Z-sAYJ pue g-Sq.L ‘7-SINS soInSiy sroqunu oyoads-urens a) Sutald s1amofy, oy}
Jo stejad a1} uT sonfeA pue surens J[e 4q PaIeys SUOTIeLIeA 3} JO sToquunu Y} SUTAIS SIOMOTJ, 9} JO SIIJUID UT SINEA YIIM [Te}dP dIOUI UT sUOTjerTeA o13ouad Jo sad£) JuaIapyIp o) Moys [-SAV I
pue [-sgL, ‘T-SINS soinS1-qng 'suorjerres aouasqe/aouasaid oaudd uo SAyJ, pue SUONELIEA JUSWI[O d[qesodsues) Uo S, ‘SUOIeLIBA }IOUS UO s)nsar juasard sorndy-qns SANS, YL °S “S1g

669500y

81008 ™
£9KAINOD) » |
PHEIO0Y! 7 2698008
0}
£50600Y; ol Ly
y
- o008 S0
4
vty oty 68000y
%
ol 66° £ORINDD" 169600y
50N 659600Y: ISR
5 Ol
L — 169600¥F
6LL00Y: e
£69€00Y|
-SAVd 5 S H.L o, €-SdINS
b m enN:
169N
641004 @ T6-VRAIN 4 £69800d V 6.T008 @ T6-YeAIN 4 £695008 V -ven
269004 Ml £9vdNOD ¢ uojuabiy @ £69EDDY APT-226dVO0V T69ED0Y Ml 669ED0Y & PYETOOY @ 269004 Ml £9vdNOD & uouabiy @ £69ED0Y APT-L26dVOOY T69£00H [l 669ED0Y & YYETOOY @ 269£00Y [l £9VAINOD & UOWOBIY @ S6IEIOY AVT-LZ6dVIOY «MMMMW“ " mﬁmmw“U“ ° MMMMMW“ "
%82 T¥Od %EE TVId %ZE T¥Id
o z0 Vo 90~ 80 0 20 vo- 90 o 20 o a0 80"
T I S0
L0 sz0-
* ¥1-L26dVIOV [ |
S0 a
50- v 0
Y1-L26dVID
° ST0 s¢0
1-L2ddv0D ¥ o 0
& Z69€00Y g ™
0 3 S0 w»
b-] o I
o > >
> N N
(] - P sro
7 ~ o 2 3
g L 269€004 =
50 2696204 " ”
SL'0 T

€9vdWDD €97dINDD

269€20Y €97dWID

T6-7eAIN

669€20d

669€00Y 669£00d

6L120d
T

€69€00d

€69€00d

Y1126V [-SAVd 19892 1-SHL T69e0M [-SdNS

169€00d

Y1-L26dVDD ¥1-L26dVID

104 G. CARRIER ET AL.



a clear role in pigment or lipid metabolism. Overall,
453 genes were potentially affected by TE insertions.
Among these, 117 (25.8%) have a homologous pro-
tein. Considering PAV analysis among strains, of the
1078 polymorphic genes, only 92 (8.5%) have a
homologous protein. Nevertheless, none of these
genes containing polymorphisms potentially affecting
the function of translated proteins have a protein
domain or a homologous protein sufficiently charac-
terized in T. lutea to be clearly linked to lipid or
pigment metabolism.

Discussion

Over the last decade, worldwide oceanic expeditions,
such as Tara Ocean, have enabled the first global
sampling of the marine microbial world, opening a
new era for the inventory of phytoplanktonic diver-
sity (Bork et al., 2015). Barcoding approaches with a
part of the 18S gene (V9) were used to identify OTUs
and estimate their abundance at each sampling sta-
tion visited by the Tara Ocean expedition (Pierella
Karlusich et al., 2020). This inventory was not perfect
because these data contained several biases, including
only one sample per station and identification of
organisms based only on 18SvV9 gene sequencing,
which allows identification of the genus but not
always the species. Despite these biases, Tara Ocean
data highlight the global distribution of T. lutea
across the Atlantic, Pacific and Indian Oceans. The
biomass of T. lutea is estimated to be around 0.3% of
eukaryotes in the plankton, which is far from insig-
nificant (de Vargas et al., 2015; Pierella Karlusich et
al., 2020; Penot et al., 2022). This observation sug-
gests that T. lutea has a wide distribution across the
world as has already been observed in several micro-
algal taxa including diatoms (Chepurnov et al., 2008;
Evans et al., 2009; De Luca et al., 2019; Rastogi et al.,
2020) dinoflagellates (Le Gac et al., 2016; Paredes et
al., 2019) and other Isochrysidales such as E. huxleyi
(Read et al., 2013), correlated with a high inter-strain
diversity.

The variations observed between the T. lutea
strains in this study might come from the isolation
of the strains and partly from their maintenance in
the microalgae collection for decades. Genetic drift in
algal collections has been little studied but a selection
effect and genetic drift have probably impacted the 11
strains of T. lutea used in this study, as previously
observed in other organisms (Driscoll, 2023; Nelson,
2023). In an industrial context, evaluations of the
conservation of improved traits of domesticated
microalgae are crucial to ensure that no phenotypic
drift will occur over time. The stability of the lipid-
improved phenotype of a domesticated strain was
recently confirmed after seven years of maintenance
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in culture conditions despite the genetic drift effect
(Berthelier et al., 2023). Ideally, the cryopreservation
of strains would ensure conservation of the genotype
and phenotype properties (Rhodes et al, 2006;
Nakanishi et al., 2012). Cryopreservation is used in
algal collections, and among the 11 strains of T. lutea
studied here, two had been cryopreserved for 10 years
(Table 1). In the future, the proper isolation of strains
with a modern traceability and cryopreservation pro-
tocol would be necessary to link genetic and pheno-
typic traits of strains according to their habitats.

In this study, we investigated the genetic variations
and genetic structure of 11 strains of T. lutea. Several
types of genetic polymorphism were identified among
these strains: short variations (SNPs, indels), TE
indels, gene presence/absence variations (PAV) and
variation in genome size. Specific variations identified
in each strain showed differences between strains.
Curiously, the two strains CCAP927-14 and
RCC3692 displayed a higher number of TE inser-
tions, which were around two-fold higher than in
the nine other strains. The variation observed
between these two strains was not the consequence
of the increase in the number of copies of a single TE
family but resulted from an overall increase in the
number of copies of every TE family. The higher
number of TEs could suggest that laboratory culture
conditions of these two strains may have favoured TE
propagations (Craig et al., 2021) or could be the
result of an ancient response of TEs faced with envir-
onmental stress (Lisch, 2013). Previous results from
1000 sequenced ecotypes of Arabidopsis thaliana
demonstrated that TE indels can be significant actors
of genetic variation in populations by affecting genes
and improving the host fitness in changing environ-
mental conditions (Baduel et al., 2021). At the phe-
notypic level, the strain RCC3692 showed no
particular specificities. However, the CCAP927-14
strain was the most enriched in several pigments
(chlorophyll a, fucoxanthin, diadinoxanthin, echine-
none and P carotene). These results led to a search for
specific genetic variation that could be related to this
enriched pigment content. However, no genes known
to be involved in pigment synthesis were found to be
impacted by genetic variations.

On the basis of the genetic variations identified, we
detected no genetic structure, demonstrating the
genetic singularity of each strain. These inter-strain
genetic variations arise from the sampling of these
strains in specific habitats at specific times.
Furthermore, some of the genetic variations measured
could have been produced by evolutionary effects dur-
ing culture of collections maintained in ideal laboratory
growth conditions: genetic drift in culture conditions
enhancing the inter-strain divergence. In contrast to
this study on T. lutea, high genetic structure has been
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observed in the diatoms Ditylym brightwellii
(Rynearson & Virginia Armbrust, 2004) and
Phaeodactylum tricornutum (Rastogi et al., 2020), the
dinoflagellates Alexandrium catenella (Paredes et al.,
2019) and Alexandrium minutum (Le Gac et al.,
2016), and the chlorophyte Ostreococcus tauri (Blanc-
Mathieu et al., 2014). The dispersal ability of T. lutea in
the ocean could be high, in contrast to other cryptic
species revealed by marine studies in diatoms and dino-
flagellates (Adams et al., 2009; Godhe & Harnstrom,
2010). Another known example of a microalgal species
with a very weak genetic structure is the Haptophyte
Emiliana huxleyi (Filatov, 2019). Both E. huxleyi and T.
lutea are haptophytes of the Isochrysidales order, which
seems be characterized by strains with a weak genetic
structure (Marc et al., 2017; Filatov, 2019). It was pre-
viously suggested that the singular life cycle of the
Isochrysidales, including predominantly asexual repro-
duction and a weak mutation rate, could be one of the
underlying causes (Marc et al., 2017; Filatov, 2019).
However, neither the life cycle of T. lutea nor its muta-
tion rate have yet been characterized and future experi-
ments will be necessary to investigate these aspects.
The genetic resources of a species such as T. lutea
include a dispensable part of the genome, comprising
specific alleles, genes or other genomic elements, pre-
sent in one or all of the ecotypes, that enable the species
to adapt to different environments (Marroni et al., 2014;
Tranchant-Dubreuil et al., 2019). We found that the
proportion of dispensable genes is relatively small for
T. lutea (5.5% PAV in total), and similar results were
obtained in other pangenomic algal studies, such as
those on P. tricornutum (5% PAV, Rastogi et al., 2020)
or Chlamydomonas reinhardtii (5% PAV, Gallaher et
al., 2015), as well as for Prochlorococcus (13% PAYV,
Delmont & Eren, 2018). The other well-studied hapto-
phyte alga, E. huxleyi (Read et al., 2013), contains more
PAV (around 25%) than T. lutea. The number of dis-
pensable genes in microalgal pangenome studies
appears limited compared with pangenome analysis
on plants (Bayer et al., 2020) or cyanobacteria (Beck et
al., 2012), where PAV is often close to 50%. The small
number of pangenome studies on microalgae mean that
it is still difficult to generalize on whether limited dis-
pensable genes are characteristic of microalgae.
Despite the lack of available knowledge regarding the
function of genes, we attempted to find links between
genetic variation and the phenotypic traits observed. Few
functional genomics studies have been performed in
microalgae and only 25% of T. lutea genes have sufficient
similarities to previously described proteins to assign
them potential functions (Villar et al, 2018). Studies
investigating gene-by-gene function require knockout
mutants, tools whose development has only just begun
in T. lutea (Bo et al., 2020). However, this is a challenging
process that is less effective in non-model microalgae
than in model species. An interesting approach to

overcome this lack of knowledge on the gene-phenotype
link, would be quantitative genetic strategies such as
quantitative trait loci (QTL). Some QTL studies have
already been performed in microalgae but remain very
marginal because of their technical complexity (Avia et
al., 2017; Yu et al, 2020). Such approaches could be
promising with T. lutea, because the genetic and pheno-
typic variations seem to be appropriate.

Comparison of the phenotypes of these 11
strains showed that all had phenotypic traits that
differentiated them. Each strain was characterized
by a specific phenotype, highlighting large inter-
strain variation. For example, the comparison of
their respective growth rates showed that all these
strains have different growth rates under identical
culture conditions, suggesting that each strain has
specific fitness according to environmental condi-
tions (Flynn et al., 2010). In our culture condi-
tions, CCAP927-14 and RCC3691 strains stand
out because of their higher contents of fucox-
anthin and DHA, respectively. Concerning echi-
nenone pigments, their role in photoprotection
has been widely described in cyanobacteria
(Steiger et al., 1999). Echinenone binds to orange
carotenoid protein to dissipate energy in cyano-
bacteria (Sedoud et al., 2014). To date, this pig-
ment has rarely been identified in eukaryote
organisms and its function is still unclear
(Mulders et al., 2013). Nevertheless, a homolo-
gous protein of orange carotenoid protein was
also retrieved in T. lutea (Pajot et al, 2023).
The characterization of echinenone function in
algae and its associated metabolic pathway are of
interest because they could provide a source of
antioxidant molecules for various biotechnological
applications. The large phenotypic range observed
among these strains is of major interest to the
scientific community working on microalgal
domestication. Implementing microalgal domesti-
cation programmes still represents a considerable
challenge to obtain industrial strains with traits of
interest for economically viable industrial produc-
tion of microalgae (Vigani et al., 2015; Maréchal,
2021). Despite the outstanding potential of micro-
algae for various biotechnological applications, the
commercialization of added-value compounds (e.
g. pigment or DHA) or biomass itself is still
restricted to a high-value niche market.
Consequently, microalgal improvement pro-
grammes have been conducted in response to
the growing demand for biomolecules or biomass
productivity (Choi et al.,, 2008; Xue et al., 2015;
Lépez-Smalley et al., 2020; Sanchez et al., 2022;
Trovao et al., 2022). The success of domestication
programmes relies partly on the exploitation of
the phenotypic and genetic diversity of the organ-
ism. In this study, the inter-strain genetic and



phenotypic variability observed in T. lutea opens
the way for obtaining improved strains for indus-
trial marketing. For instance, our results suggest
that the strains CCAP927-14 and CC3691, which
accumulated the most fucoxanthin and DHA,
respectively, among the studied strains, would be
interesting candidates for domestication pro-
grammes to further improve these traits.
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