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Summary

� Brown algae are an important group of multicellular eukaryotes, phylogenetically distinct

from both the animal and land plant lineages. Ectocarpus has emerged as a model organism

to study diverse aspects of brown algal biology, but this system currently lacks an effective

reverse genetics methodology to analyse the functions of selected target genes.
� Here, we report that mutations at specific target sites are generated following the introduc-

tion of CRISPR-Cas9 ribonucleoproteins into Ectocarpus cells, using either biolistics or microin-

jection as the delivery method.
� Individuals with mutations affecting the ADENINE PHOSPHORIBOSYL TRANSFERASE

(APT) gene were isolated following treatment with 2-fluoroadenine, and this selection system

was used to isolate individuals in which mutations had been introduced simultaneously at APT

and at a second gene. This double mutation approach could potentially be used to isolate

mutants affecting any Ectocarpus gene, providing an effective reverse genetics tool for this

model organism.
� The availability of this tool will significantly enhance the utility of Ectocarpus as amodel organ-

ism for this ecologically and economically important group of marine organisms. Moreover, the

methodology described here should be readily transferable to other brown algal species.

Introduction

Brown seaweeds (i.e. algae of the class Phaeophyceae) are cur-
rently attracting considerable interest for both fundamental and
applied research. Features of fundamental interest include their
complex life cycles and the fact that they have evolved complex
multicellular development independently of other major lineages,
such as animals and land plants (Coelho & Cock, 2020). From
an applied point of view, their evolutionary history as part of the
stramenopile group has also been important, resulting in the
emergence of a diverse range of unique algal metabolites
(McHugh, 2003). Brown algae also play important ecological
roles (Klinger, 2015). They are often the predominant primary
producers in rocky shore ecosystems, providing habitats for other
species and making an important contribution to global carbon
(C) sequestration (Ortega et al., 2019). Given their key ecological
role, it is also important to understand brown algal biology in
order to address current environmental challenges resulting from
the unprecedented pace of global warming. Seaweeds have the

capacity to significantly mitigate climate change through C
sequestration (Chung et al., 2011; Duarte et al., 2017), but, at
the same time, changes to the coastal environments threaten the
resilience of natural seaweed populations (Wahl et al., 2015;
Coleman &Wernberg, 2017; Coleman & Goold, 2019).

Within the brown algae, members of the Ectocarpales have
several features, such as short life cycles, small size at maturity,
and small genome sizes, that make them well adapted for genetic
studies. One member of this order, the filamentous brown alga
Ectocarpus siliculosus (currently referred to as Ectocarpus species 7,
see the Materials and Methods section for further details), was
proposed as a model species in 2004 (Peters et al., 2004). A broad
range of tools and resources were subsequently established for this
organism, including the complete sequence of its genome (the
first to be sequenced for a macroalga; Cock et al., 2010; Cormier
et al., 2017), stramenopile-adapted bioinformatics tools
(Gschloessl et al., 2008), microarrays and RNA-sequencing-
based transcriptomic data, the latter for both protein-coding and
noncoding genes (Dittami et al., 2009; Ritter et al., 2014;
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Lipinska et al., 2015; Tarver et al., 2015; Strittmatter et al., 2016;
Cormier et al., 2017), and proteomic (Ritter et al., 2010) and
epigenetic methodologies (Bourdareau et al., 2021). In addition,
genetic tools have been established, including sequence-tagged
genetic maps (Heesch et al., 2010; Avia et al., 2017), mutant col-
lections, and forward genetic screens (Godfroy et al., 2017;
Macaisne et al., 2017; Arun et al., 2019). These resources have
been used to investigate diverse aspects of brown algal biology,
and Ectocarpus species 7 is currently the most intensely studied
species within the brown algae. Recent advances include the iden-
tification of quantitative genetic loci associated with adaptation
to environmental stresses (Avia et al., 2017) and the identification
of genes that act as master regulators of the life cycle (Arun et al.,
2019) or that play important roles in other developmental pro-
cesses (Godfroy et al., 2017; Macaisne et al., 2017).

These studies have illustrated the potential of Ectocarpus
species 7 as a model system. However, although important
advances have been made, the absence of a reverse genetics tool
for this organism remains an important constraint, limiting the
scope of functional approaches that can be applied. Indeed, the
absence of a genetic transformation system has been repeatedly
highlighted as an important bottleneck for brown algal research
(Kroth, 2013; Mikami, 2014). A protocol for stable plasmid-
based transformation has been recently developed for the green
macroalga Ulva mutabilis (Oertel et al., 2015), and there have
been reports of transient expression of transgenes in red macroal-
gae (Hirata et al., 2011; Mikami, 2014). For brown algae, earlier
studies reported transient expression (Jiang et al., 2003) and
stable integration (Zhang et al., 2008) of foreign genes in the kelp
Saccharina (formerly Laminaria) japonica, but to date these
methods have not been replicated nor widely adopted by the phy-
cological community. An alternative approach, involving injec-
tion of double-stranded RNA has been shown to induce RNA-
interference-based gene silencing in Fucus serratus embryos (Farn-
ham et al., 2013), and a modification of this protocol based on
transfection of small interfering RNAs into gametes has been
used to investigate gene function during early development of
Ectocarpus species 7 partheno-sporophytes (Godfroy et al., 2017;
Macaisne et al., 2017). However, RNA interference is still very
inefficient in Ectocarpus species 7, affecting only a small propor-
tion of the transfected cells, and is only applicable for genes that
have phenotypes very early during development.

CRISPR-Cas9 is a bacteria-derived ribonucleoprotein (RNP)
complex that uses a sequence-specific guide RNA (gRNA) to
detect and cut sites complementary to the gRNA in DNA.
CRISPR-Cas9-based approaches have been used successfully to
induce targeted mutations in the genomes of several unconven-
tional model organisms, including oomycetes (Fang et al., 2017)
and diatoms (Nymark et al., 2016), which, like the brown algae,
are members of the stramenopile lineage. Deployment of
CRISPR-Cas9 in oomycetes and diatoms used pre-existing DNA
transformation protocols, an approach that is currently unavail-
able for brown algae. In contrast, direct delivery of CRISPR-Cas9
RNPs, as first demonstrated in Caenorhabditis elegans (Cho et al.,
2013) does not require the existence of a transformation protocol
and this approach could therefore be potentially applied to brown

algal models. Direct delivery of CRISPR-Cas9 RNPs has been
recently adapted for the model diatom Phaeodactylum tricornutum
to target endogenous counter-selectable marker genes, resulting in
a DNA-free gene knock-out system (Serif et al., 2018). The latter
study notably targeted the Adenine Phosphoribosyl Transferase
(APT) gene, using 2-fluoroadenine (2-FA) resistance as a screen to
select single or multiple gene knockout mutants.

In this study, we show that direct delivery of CRISPR-Cas9
RNPs can be used to induce targeted mutagenesis (TM) events in
the brown alga Ectocarpus species 7. Initial experiments used a
Droplet DigitalTM PCR (ddPCRTM) assay to detect TM events in
populations of bombarded cells. Then CRISPR-Cas9 RNPs tar-
geting the Ectocarpus species 7 APT gene were used to generate 2-
FA-resistant (2-FAR) individuals bearing genetic mutations
within the targeted regions of the APT locus. Two different
CRISPR-Cas9 RNP introduction methods were used to generate
2-FAR individuals. Biolistic bombardment of Ectocarpus species 7
gametes produced 2-FAR partheno-sporophytes, whereas laser-
assisted thermal-expansion microinjection of RNPs into develop-
ing unilocular sporangia generated 2-FAR gametophytes. Finally,
we showed that simultaneous introduction of two different
CRISPR-Cas9 RNPs, using either the biolistic or the microinjec-
tion approach, generated double gene knockouts, affecting both
the selectable APT marker gene and one of three different addi-
tional, nonselected target genes. This study provides the first evi-
dence of functional gene knockouts in a brown alga, opening a
long-awaited era of reverse genetics for this key lineage. The avail-
ability of two different delivery strategies, biolistics and microin-
jection, allowing delivery of RNPs at different stages of the life
cycle expands the scope of application of this new technology for
the elucidation of brown algal gene function. Moreover, both of
the targeted life cycle stages (partheno-sporophytes and gameto-
phytes) are haploid, allowing direct observation of any phenotype
associated with a mutated allele in first generation mutant indi-
viduals.

Materials and Methods

Guide RNA design and in vitro validation of
ribonucleoprotein complexes

The CRISPOR (Concordet & Haeussler, 2018) tool (http://
crispor.tefor.net/), with the Ectocarpus species 7 strain Ec32
genome as reference, was used to select the highest scoring crispr
RNAs (crRNAs) for exons near the 50 ends of target genes. Puri-
fied crRNAs, trans-activating crRNA (tracrRNA), and Cas9 pro-
tein (HiFi Cas9 Nuclease 3NLS) were obtained from Integrated
DNA Technologies (IDT; Leuven, Belgium) and assembled into
RNP complexes following the manufacturer’s instructions with a
Cas9 : gRNA ratio of 1 : 1. RNP in vitro cleavage assays were per-
formed on purified PCR amplicons containing the target sites
following the New England Biolabs online protocol (https://inte
rnational.neb.com/protocols/2014/05/01/in-vitro-digestion-of-
dna-with-cas9-nuclease-s-pyogenes-m0386). Briefly, 90 fmol of
purified PCR amplicon was added to 900 fmol of preassembled
RNP complex in NEBuffer 3.1 (New England Biolabs, Ipswich,
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MA, USA) for a final volume of 30 ll. The reaction was incu-
bated for 1 h at 37°C and the digestion was then terminated by
addition of 1 ll Proteinase K (New England Biolabs) and incuba-
tion for 10 min at 65°C. The DNA digestion products were anal-
ysed on a 1.5% agarose gel. Supporting Information Table S1
provides the sequences of the crRNAs and oligonucleotide primer
sequences used in this study.

Biological material

This study used the male Ectocarpus species 7 strain Ec32, for
which a reference genome is available (Cock et al., 2010; Cormier
et al., 2017). Strain Ec32 was previously referred to as E. siliculo-
sus (Peters et al., 2004), but a recent study (Montecinos et al.,
2017) indicates that it belongs to a distinct, at present unnamed,
species, which is referred to provisionally as Ectocarpus species 7.
Ectocarpus species 7 strain Ec32 was cultured in sterilized natural
seawater enriched with half-strength Provasoli solution (Starr &
Zeikus, 1993) (half-strength PES). The culture conditions were
13°C with a cycle of 12 h : 12 h, light : dark (20 lmol m�2 s�1),
and daylight-type fluorescent tubes (Coelho et al., 2012) in the
Roscoff laboratory and 15°C under cool white fluorescent lamps
(30–40 µmol m�2 s�1, 14 h : 10 h, light : dark) in the Muroran
laboratory. All manipulations were performed under sterile con-
ditions in a laminar flow hood.

Biolistic delivery of CRISPR-Cas9 ribonucleoprotein
complexes

To obtain gametes for biolistic delivery, 2 mm gametophyte
germlings were transferred to individual 140 mm Petri dishes (10
gametophytes per dish) containing 70 ml of culture medium. For
each biolistic delivery, c. 100 fertile gametophytes bearing
plurilocular gametangia were collected after 4 wk in culture and
induced to release gametes (Coelho et al., 2012) in 60 mm Petri
dishes containing 5 ml of solidified (1.5% agar) culture medium
by adding 10 ml of ice-cold sterile natural seawater. The gameto-
phytes were removed after 6 h and the released gametes left to set-
tle overnight on the agar substrate. Subsequent steps were
performed using the same culture dishes, as settled gametes attach
firmly to the agar substrate. The seawater medium was removed
by delicate inversion 1 h before the experiment, and the agar
plates were left to dry for 10 min under a laminar flow hood.
Microparticle RNP coating and microcarrier preparation were
performed as described by Serif et al. (2018). If not stated other-
wise, 3 mg of gold (Au) nanoparticles (0.6 lm diameter; Bio-
Rad) loaded with CRISPR-Cas9 RNPs, consisting of 8 lg Cas9
complexed with equimolar ratios of crRNA and tracrRNA, were
used for each biolistic shot. Biolistic delivery parameters were a
membrane rupture pressure of 1800 psi, a vacuum of 27 mmHg,
and a target distance of 6 cm. Initial tests to verify delivery of
nanoparticles to different cell types were carried out using 3 mg
of Au nanoparticles (0.6 lm diameter; Bio-Rad) that had been
preincubated in an 8 mM solution of AF488-labelled 10 kDa
dextran (Invitrogen). Bombardments were carried out using a
Bio-Rad PDS-1000/He system. After bombardment, 15 ml fresh

culture medium was added and the gametes allowed to recover
for 48 h prior to the application of selection by, for example,
addition of 20 µM 2-FA (Sigma Aldrich). For ddPCR detection
of TM events, biolistic delivery was performed on 2-wk-old
immature gametophytes (five or six individuals per test) spread
on the same solidified medium.

Laser-assisted thermal-expansion microinjection of
CRISPR-Cas9 ribonucleoprotein complexes

Short branches bearing immature unilocular sporangia were dis-
sected from sporophytes of Ectocarpus species 7 strain Ec32, placed
on poly-L-lysine-coated coverslips, and immediately pushed gently
with a cotton swab to ensure firm attachment. Two or three drops
of half-strength PES medium were then added. The microinjec-
tion apparatus has been described previously (Nagasato et al.,
2015, 2017). Micromanipulators consisting of a coarse manipula-
tor (MN-4; Narishige Co. Ltd, Tokyo, Japan) and a three-axis
joystick oil hydraulic micromanipulator (MO-202; Narishige)
were coupled to an Olympus IX71 inverted microscope (Olym-
pus, Tokyo, Japan). Fine glass needles were produced by pulling
glass capillaries (GDC-1; Narishige) with an MCF-100 microcap-
illary puller (Nepa Gene Co. Ltd, Tokyo, Japan). For the experi-
ments that targeted only APT, a crRNA–tracrRNA mixture was
prepared by mixing 1 µl of 100 µM gAPT1 crRNA, 1 µl of
100 µM tracrRNA, and 2 µl of microinjection buffer (20 mM
HEPES, 150 mM potassium chloride, pH 7.0), heating to 95°C
for 5 min, and then cooling to room temperature. The CRISPR-
Cas9 RNP microinjection solution contained all 4 µl of the afore-
mentioned crRNA–tracrRNA preparation plus 0.5 µl Cas9
(100 µg/10 µl; IDT) and 0.5 µl tetramethylrhodamine isothio-
cyanate conjugated 4.4 kDa dextran (Sigma; 10 mg ml�1 in water
(H2O)). The 5 µl CRISPR-Cas9 RNP microinjection solution
was incubated for 5–10 min at room temperature and then dis-
pensed into six microinjection needles. Silicone oil (ShinEtsu Co.
Ltd, Tokyo, Japan), a laser absorbent (WF-25; Nepa Gene), and a
UV absorbent (A-1428; Tesk Co. Ltd, Tokyo, Japan) were added
to the glass needle. The CRISPR-Cas9 RNP solution was injected
into unilocular sporangia using an LTM-1000 laser thermal
microinjector (Nepa Gene).

A similar protocol was used for the experiments that simulta-
neously targeted APT and MASTIGONEME1 (MAS1), except
that two separate crRNA–tracrRNA mixtures were made by mix-
ing 0.5 µl crRNA (either gAPT1 or Mas1-C), 0.5 µl tracrRNA,
and 1.4 µl microinjection buffer, heating to 95°C and cooling,
and then adding 0.4 µl Cas9. The two mixes were pooled and
added to 0.4 µl rhodamine-conjugated 4.4 kDa dextran
(10 mg ml�1 in H2O). This solution was then treated as already
described herein for microinjection. Stock solutions were as
already described herein unless stated otherwise.

Droplet Digital PCR assays to detect CRISPR-Cas9-induced
indel mutations

Indel detection was carried out using between four and 125 ng of
total DNA on a QX200 ddPCR system with 5(6)-
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carboxyfluorescein and hexachloro-fluorescein (HEX)-labelled
oligonucleotide probes (Bio-Rad). Oligonucleotide primers and
probes (Table S1) were obtained from Bio-Rad. ddPCR reactions
were carried out by Ing�enierie et Analyse en Genome Editing
(Montferrier-sur-Lez, France), essentially as described previously
(Mignerot et al., 2019). A QX200 droplet generator (Bio-Rad)
was used to distribute PCR components to individual reaction
vessels. Droplets were generated by combining 70 ll of droplet
generation oil with 22 ll of the PCR mix, and 40 ll of the result-
ing droplet reaction was subjected to amplification. The cycling
conditions for the PCR reaction included an initial incubation
for 10 min at 95°C followed by 40 cycles of 94°C for 30 s and
55°C for 60 s. Amplified plates were transferred to a droplet
reader (Bio-Rad), and the digital PCR data were analysed with
the provided QUANTASOFT analytical software suite.

PCR detection of chromosomal mutations

Mutations at target genes, induced by the introduction of
CRISPR-Cas9 RNPs, were detected by PCR amplification and
Sanger sequencing. The PCR primers were the same as those used
for the in vitro cleavage assays (Table S1).

Screen for off-target mutations

The genome of the 2-FAR mutant strain Ex1-1 was sequenced
on an Illumina NovaSeq6000 platform (G�enome Qu�ebec, Mon-
treal, QC, Canada), generating 34.5 Gb of sequence data, corre-
sponding to 114 273 283 29 150 bp paired-end reads (SRA
accession no. SRR12847952). The sequence reads were cleaned
using TRIMMOMATIC (Bolger et al., 2014) (parameters: q 28,
length 50, stringency 6, max_n 3, trimn) and mapped against the
Ec32 reference genome (version v2, available at Orcae; Sterck
et al., 2012) using the Burrows–Wheeler aligner BWA-MEM (Li,
2013). Variants were called using the HaplotypeCaller function
of GATK (McKenna et al., 2010). Potential off-target sites were
predicted using CRISPOR (Haeussler et al., 2016) and searches for
mutations at potential off-target sites were carried out using both
the table of variants and by manual visualization of the genomic
regions using the Integrative Genomics Viewer (Thorvaldsd�ottir
et al., 2013).

In addition, the Ex1-1 resequencing data were used to carry
out a genome-wide screen for variants that could potentially have
arisen due to off-target activity. Because the Ectocarpus reference
strain (Ec32) was sequenced in 2007 and has been maintained in
culture since that time, filters were applied to exclude variants
corresponding to either spontaneous mutations or sequencing
errors. For this, we compared the Ex1-1 genome data, plus those
of 19 other in-house sequenced mutant strains, with the Ectocar-
pus reference genome (strain Ec32). We then eliminated any vari-
ants that were detected in both Ex1-1 and at least one of the 19
other strains (i.e. corresponding to putative shared spontaneous
mutations). Two variants were considered to be identical if they
occurred within a window of 10 bp, because the variant detection
pipeline did not always locate identical variants to exactly the
same position in the genome (e.g. for small deletions or when the

variant was located within a homopolymeric region). We also
only considered positions with between 409 and 1609 coverage
and eliminated variants close to sequence gaps (runs of Ns).
These latter filters were applied to eliminate sequence errors due
to low coverage, aberrant mapping to repeated regions, or poor-
quality sequence.

Results

Selection of target genes for mutagenesis

To facilitate the identification of mutant individuals, we focused
on two genes that have been developed as positive selection sys-
tems in other algal species (Ferenczi et al., 2017; Serif et al.,
2018). The two genes were APT (which, when mutated, has been
shown to confer resistance to 2-FA; Fig. 1a) and FK501-
BINDING-PROTEIN 12 (FKBP12; which confers resistance to
rapamycin when mutated). The Ectocarpus species 7 APT ortho-
logue (LocusID Ec-28_000520) was identified by reciprocal
blasts against the Ectocarpus species 7 reference genome (available
via the ORCAE database; Sterck et al., 2012; https://bioinforma
tics.psb.ugent.be/orcae/overview/EctsiV2), using both the
Physcomitrella patens and the Phaeodactylum tricornutum APT
genes as queries. Alignment of the three amino acid sequences
confirmed conservation of the phosphoribosyl transferase domain
in the Ectocarpus species 7 APT orthologue (Fig. 1b). A similar
strategy (but employing orthologous sequences from Chlamy-
domonas reinhardtii and Saccharomyces cerevisiae as queries) was
used to identify the Ectocarpus species 7 FKBP12 gene (LocusID
Ec-12_005100; Fig. 1c). crRNAs were designed to target the first
and third exons of the APT gene (Fig. 1d) and the second exon of
the FKBP12 gene (Fig. 1e). CRISPR-Cas9 complexes carrying
these crRNAs were shown to be active in an in vitro cleavage assay
using PCR-amplified fragments of the targeted DNA regions
(Fig. 1f).

Delivery of Cas9-ribonucleoproteins to Ectocarpus species 7
cells

Given the absence of a genetic transformation system for Ectocar-
pus species 7, the objective of this study was to develop a TM
approach based on direct introduction of CRISPR-Cas9 RNPs.
Two CRISPR-Cas9 RNP delivery methodologies were evaluated:
biolistics and microinjection.

Gametes represent an interesting target material for biolistic
delivery of CRISPR-Cas9 RNP complexes because they are single
cells and they lack cell walls, facilitating entry of biolistic beads.
In single-sex cultures of Ectocarpus species 7 gametophytes,
released gametes develop parthenogenetically to produce haploid
partheno-sporophytes (Fig. 2a). We observed that partheno-
sporophyte germlings survived for several months on solidified,
seawater-based medium (Fig. 2b), making this system suitable for
the development of a biolistic delivery approach based on shoot-
ing gamete cells and subsequently recovering the derived
partheno-sporophytes. Initial test experiments showed that biolis-
tic delivery allowed AF488-labelled 10 kDa dextran to be loaded
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 1 Selection of target genes for CRISPR-Cas9-mediated mutagenesis and design of crispr RNAs (crRNAs). (a) Principle of the positive selection system using
the ADENINE PHOSPHORIBOSYL TRANSFERASE (APT) marker gene, indicating the 2-fluoroadenine (2-FA) resistance phenotype of aptmutants. (b, c)
Alignments of (b) APT and (c) FK501-BINDING-PROTEIN 12 (FKBP12) protein sequences. Conserved amino acids are highlighted in colour, and regions
corresponding to crRNA target sites are indicated by red boxes. Pp, Physcomitrella patens; Pt, Phaeodactylum tricornutum; Cr, Chlamydomonas reinhardtii;
Sc, Saccharomyces cerevisiae. (d, e) Schematic representations of the (d) APT and (e) FKBP12 genes. Open boxes correspond to the transcribed regions of the
genes and grey boxes to coding sequence. Light grey arrows indicate the positions of target sequences for crRNAs together with their associated protospacer
adjacent motifs (in bold). Pink bars indicate the regions amplified to test the activity of CRISPR-Cas9 ribonucleoproteins (RNPs) in vitro or to detect mutations
by Sanger sequencing. PCR primers (pink letters) were as follows: A, APT1-F-crispor; B, APT1-R2-500bp; C, APT2-F; D, APT1-R2-675bp; E, FKBex-F; F,
FKBex2-R (see Supporting Information Table S1 for details). Chr. 20, chromosome 20; Chr. 12, chromosome 12. (f) In vitro activity tests of CRISPR-Cas9 RNPs
directed against target regions in the APT and FKBP12 genes. PCR amplicons containing the crRNA target sites were incubated with preassembled RNP
complexes and the digestion products were then separated on a 1.5% agarose gel (see the Materials and Methods section for details). Black dots indicate
digestion products. gAPT1, gAPT2, gAPT3 and gFKB12-Ex2-23f are different crRNAs directed against the APT or FKBP12 genes.
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into both gametophyte (Fig. 2c) and gamete cells (Fig. 2d), indi-
cating the feasibility of delivering macromolecular complexes
such as CRISPR-Cas9 RNPs using this approach.

For the microinjection approach, we targeted immature
unilocular sporangia, because these structures contain a syn-
cytium of multiple nuclei that will later become unispores, the

(a)

(b)

(e)

(j) (k)

(f) (g) (h) (i)

(c) (d)

Fig. 2 Delivery of macromolecules into Ectocarpus species 7 cells by biolistics and microinjection. (a) Life cycle of Ectocarpus species 7. Meiosis (R!) occurs
in unilocular sporangia (U) on the diploid sporophyte, producing meiospores that develop into male and female gametophytes. Gametophytes produce
gametes in plurilocular gametangia (P), which fuse (F!) to produce the diploid sporophyte and complete the sexual cycle (left side of the panel). Gametes
can also develop parthenogenetically to produce haploid partheno-sporophytes, which produce unilocular sporangia (U) that release spores to complete
the parthenogenetic cycle (right side of the panel). We refer to the spores produced in the unilocular sporangia of partheno-sporophytes by the general
term unispores because they are produced by nonstandard meiotic events (either apomeiosis or a meiosis-like division following endoreduplication;
Bothwell et al., 2010). Dashed boxes indicate the life stages subjected to CRISPR-Cas9 ribonucleoprotein delivery for Droplet DigitalTM PCR detection (blue,
biolistic delivery to gametophytes) and gene knockout (black, biolistic delivery to gametes; purple, microinjection of unilocular sporangia). (b) Ectocarpus
species 7 partheno-sporophytes growing on 1.5% seawater agar (1 month after gamete settlement). (c, d) Merges of Chl (red) and AF488-labelled 10 kDa
dextran (green) fluorescence signals illustrating intracellular biolistic delivery of macromolecules into (c) gametophyte and (d) gamete cells. The inset in (d)
is a transmitted-light image of the gamete. (e–i) Time series showing the development of a unilocular sporangium: (e) 8–16 nucleate stage; (f) 32 nucleate
stage; (g) 64–128 nucleate stage; (h) 256 nucleate stage; (i) fully mature (512 nucleate) unilocular sporangium. Microinjection was carried out at stages
(e)–(g). (j, k) Unilocular sporangium showing (red) fluorescence of microinjected rhodamine.
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initial cells of the gametophyte generation (Fig. 2a). Laser-
assisted thermal-expansion microinjection was used to deliver
macromolecules to these structures because the cell wall and high
turgor pressure of Ectocarpus species 7 cells make them hard to
microinject with conventional techniques. As with the biolistic
approach, fluorescently labelled markers were used to confirm
that the microinjection approach allowed delivery of macro-
molecular complexes to immature unilocular sporangia (Fig. 2j,
k).

Droplet Digital PCR detection of targeted mutagenesis
events

As a first step to detect and quantitate TM events, we designed a
drop-off ddPCR assay (Findlay et al., 2016) based on mutation
of FKBP12 (Figs 1e, 3a). The biolistic approach was first tested
on gametophytes, as we assumed that the larger size of their cells
(20 µm compared with about 4 µm for gametes; Peters et al.,
2008; Lipinska et al., 2015) would lead to higher rates of intracel-
lular RNP delivery. Following biolistic delivery using various
combinations of CRISPR-Cas9 RNP load, rupture pressure, and
target distance, DNA was extracted from the entire target mate-
rial for each biolistic shot and ddPCR was used to estimate the
frequency of TM events. This approach detected a low but

significant level of TM events in six out of a total of 14 experi-
ments (Fig. 3b). These experiments indicated that CRISPR-Cas9
RNPs had been introduced into a subset of the Ectocarpus
species 7 gametophyte cells by the biolistic delivery method and
that they were active in vivo, inducing modifications at their tar-
get site in the FKBP12 gene. ddPCR experiments were only car-
ried out for mutations in the FKBP12 gene and were not used to
analyse mutations in the APT gene.

Isolation of mutant Ectocarpus species 7 individuals
following biolistic delivery

The ddPCR experiments indicated that TM events were only
induced in a small subset of the total population of cells targeted
in the biolistic experiments. To isolate nonchimeric, mutant indi-
viduals, we therefore developed a positively selectable marker sys-
tem and targeted a single cell stage: gametes. Wild-type gametes
were allowed to develop parthenogenetically in the presence of
either 10–20 lM 2-FA or 15 lM rapamycin to test the effective-
ness of the two molecules as a selection system. These experiments
showed that 10–20 lM 2-FA completely inhibited growth of
wild-type Ectocarpus (Fig. S1). By contrast, growth of partheno-
genetic gametes was not reliably inhibited in the presence of
rapamycin, probably at least partially due to breakdown of the

(a)

(b)

Fig. 3 Droplet DigitalTM PCR (ddPCRTM) detection of targeted mutagenesis events in gametophytes subjected to biolistic delivery of CRISPR-Cas9
ribonucleoproteins (RNPs). (a) Oligonucleotides employed for the drop-off ddPCR assay that was used to detect mutations in the second exon of the
FK501-BINDING-PROTEIN 12 (FKBP12) gene. The PCR primers (FKB-ddPCR-F and FKB-ddPCR-R, purple bars) and the reference probe (FKB-ddPCR-
HEX, yellow bar) were designed distant from the site targeted by the CRISPR-Cas9 RNP complex, whereas the cut site probe (FKB-ddPCR-FAM, green bar)
overlapped the site targeted by the crispr RNA (crRNA; gFKB12-Ex2-23f, grey arrow). The protospacer adjacent motif (PAM) is in bold. See Supporting
Information Table S1 for details of the primers and crRNA. Fluorescent labels: FAM, 5(6)-carboxyfluorescein; HEX, hexachloro-fluorescein. (b) Frequencies
of targeted mutagenesis events detected in 14 independent biolistic delivery experiments. Two series of biolistic experiments (series 1 and series 2) were
carried out using gametes produced by two independently derived sets of gametophytes. Within each series, each Petri dish of target gametes was derived
from a different gametophyte culture. Controls (*) were bombarded with Cas9 alone (8 lg). Frequencies of targeted mutagenesis events are expressed as
ratios of single HEX (i.e. mutant) over double HEX + FAM (i.e. wild-type) fluorescent signals in droplets. Error bars correspond to the Poisson corrected
fractional abundance calculated by the QUANTASOFT software. TM, targeted mutagenesis.
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antibiotic during culture. Based on these experiments, we decided
to introduce CRISPR-Cas9 RNPs that targeted the APT gene.
Biolistic experiments were then carried out using dense prepara-
tions of gametes (between c. 40 million and 60 million gametes
per 60mm plate) that had settled on an agar surface and
CRISPR-Cas9 RNPs loaded with one of two crRNAs (either
gAPT1 or gAPT2) targeting the first or the third exon of the Ecto-
carpus species 7 APT gene (Fig. 4a). Two days after bombardment,
the culture medium was supplemented with 20 lM 2-FA and a
small number of 2-FAR partheno-sporophytes developed in the
Petri dishes after 4–6 wk in culture (see Fig. 4b for an experiment
using gAPT1). Three out of eight gAPT1 and two out of three
gAPT2 experiments yielded 2-FAR algae (Fig. 4a, and see the sin-
gle crRNA experiments listed in Table S2). DNA was isolated
from all of the 2-FAR individuals for high-fidelity PCR amplifica-
tion, cloning, and sequencing of the APT locus. This revealed the

occurrence of TM at the expected gAPT1 (Fig. 4c) and gAPT2
(Fig. 4d) CRISPR-Cas9 RNP cut sites, resulting in functional
knockouts of the Ectocarpus species 7 APT gene. All the 2-FAR
individuals from the gAPT1 experiments had an additional
adenine residue inserted between positions 520 479 and 520 480,
three nucleotides before the protospacer adjacent motif (PAM),
inducing a frame shift in the coding sequence of the APT gene.
The 2-FAR individuals from the gAPT2 experiments had dele-
tions of one or four nucleotides three nucleotides before the PAM,
which also resulted in frame shifts.

Isolation of mutant Ectocarpus species 7 individuals
following microinjection of unilocular sporangia

We next determined whether it was possible to isolate individuals
with TM events in the APT gene following laser-assisted thermal-

(a)

(b)

(c)

(d)

Fig. 4 Isolation of individuals with mutations
in the ADENINE PHOSPHORIBOSYL

TRANSFERASE (APT) gene following biolistic
delivery of CRISPR-Cas9 ribonucleoproteins
(RNPs). (a) Number of 2-fluoroadenine (2-
FA)-resistant (2-FAR) individuals and
confirmed targeted mutagenesis (TM) events
obtained in 11 experiments using either the
gAPT1 or gAPT2 crispr RNA (crRNA).
Validated TM indicates the number of 2-FAR
individuals in which a TM event was detected
by Sanger sequencing. ‘Successful shot’
indicates the number of experiments where
at least one TM event was detected.
(b) Biolistic experiment showing five 2-FAR
individuals obtained after biolistic delivery of
gAPT1 RNPs (the more diffuse brown mark
in the centre of the Petri dish corresponds to
the bombarded gold beads). The three Petri
dishes correspond to untreated gametes (left)
or to gametes exposed to 2-FA following
bombardment either with 8 µg Cas9 with no
crRNA (middle) or with 8 µg of gAPT1 RNPs
(right). Note that the Petri dishes were
photographed 3months postbombardment,
when the 2-FAR individuals were clearly
visible, but 2-FAR candidates can be
detected using a stereomicroscope as early as
3–4 wk postbombardment. (c, d) Sanger
sequence chromatograms for the six 2-FAR
individuals obtained using (c) gAPT1 or (d)
gAPT2 crRNAs. Protospacer adjacent motifs
are in bold.
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expansion microinjection of unilocular sporangia with gAPT1
CRISPR-Cas9 RNP. Two unilocular sporangia were injected
with gAPT1 CRISPR-Cas9 RNP at the 8–32 nucleate stage
(Fig. 5a). The unilocular sporangia developed to maturity and
released their unispores 5 d after microinjection. Four days after
unispore release, 2-FA was added to the half-strength PES seawa-
ter medium to a final concentration of 20 µM. After a further
7 d, 11 of the 2-FAR individuals were detected and isolated.
These individuals were transferred to fresh medium containing
20 µM 2-FA in multiwell plates along with wild-type gameto-
phytes as a control (Fig. 5b). PCR amplification and Sanger
sequencing of the region of exon 1 of the APT gene targeted by
the gAPT1 CRISPR-Cas9 RNP showed that all 11 individuals
carried the same mutation, an inserted adenine residue between
nucleotides 520 479 and 520 480, at the site targeted by gAPT1
(Fig. 5c,d; Table S2). Following meiotic division of the mother
cell in a developing unilocular sporangium, the four daughter
cells undergo several mitotic divisions to produce at least 100
meiospores per unilocular sporangium (Knight, 1929; Peters

et al., 2008). This phenomenon has been reported in diploid
sporophytes, but a similar process occurs in the unilocular spo-
rangia of partheno-sporophytes. It is possible, therefore, that
some of the mutant individuals were clonally derived from the
same TM event but at least two mutation events must have
occurred (one in each unilocular sporangium). Note also that the
inserted adenine residue was the same mutation as had been pre-
viously detected following biolistic delivery of gAPT1 CRISPR-
Cas9 RNP (Fig. 3c). This experiment demonstrated that
CRISPR-Cas9 RNPs enter the nuclei of developing unispores
following microinjection into unilocular sporangia, where they
efficiently induce targeted mutation of the algal genome. The
absence of false-positive 2-FAR individuals indicated that 2-FA
treatment selected mutant individuals more efficiently in the
microinjection experiments than in the biolistic experiments,
possibly because the selection system is more effective when
applied to a small number of individuals (up to c. 500 for the
microinjection experiments compared with many thousands for
the biolistic experiments).

(a)

(c)

(d)

(b)

Fig. 5 Isolation of 2-fluoroadenine (2-FA)-
resistant (2-FAR) gametophytes after
microinjection of unilocular sporangia. (a) An
8–16 nucleate stage unilocular sporangium
after microinjection. Bar, 20 µm. (b) Wild-
type and 2-FAR gametophytes that were
cultured in a multiwell plate in half strength
Provasoli solution containing 20 µM 2-FA for
9 d at 15°C with long-day illumination. The
2-FAR gametophytes correspond to six of
the seven individuals derived from the first
unilocular sporangia microinjected with the
gAPT1 CRISPR-Cas9 ribonucleoprotein
targeting the APT gene. (c) Summary of the
2-FAR individuals isolated following
microinjection of each of the two unilocular
sporangia. (d) Location of the single inserted
adenine residue (in red) detected at the
target site in all 11 of the 2-FAR individuals
isolated following microinjection. The region
corresponding to the gAPT1 crRNA is
indicated by a grey arrow, and the
protospacer adjacent motif is shown in bold.
A representative chromatogram is shown for
the mutant individuals.
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Simultaneous creation of double mutants potentially allows
the mutation of any targeted locus

The aforementioned experiments demonstrated that it is possible
to isolate individuals with targeted mutations provided that a
positive selection system is available for the induced mutants.
However, to develop an effective reverse genetic methodology, it
was necessary to extend this approach so that it could be applied
to any selected target gene. For this, we determined whether it
was possible to isolated double mutants affected simultaneously
at a positively selectable locus and at a second, target gene. Biolis-
tic delivery was used to introduce mixtures of CRISPR-Cas9
RNPs carrying two different crRNAs, either targeting two differ-
ent regions of the APT gene or simultaneously targeting APT plus
a second gene (which was FKBP12 for these test experiments).
Eleven biolistic shots were carried out using different combina-
tions of pairs of crRNAs (Fig. 6; Table S2). These experiments
allowed the isolation of 17 2-FAR individuals, including two
individuals that were mutated at two independent sites. The first
individual carried a double mutation in the APT gene, corre-
sponding to the sites targeted by gAPT2 and gAPT3, whereas the
second individual carried mutations at the targeted sites in both
the APT and the FKBP12 gene (Fig. 6). In both cases, the mutant
individuals were isolated solely based on their resistance to 2-FA.
Analysis of the apt fkbp12 double mutant in culture showed that
the morphology of the partheno-sporophyte generation was nor-
mal and that the strain was fully fertile, producing both pluriloc-
ular and unilocular sporangia (Fig. S2). Moreover, gametophytes
derived from unispores produced by the apt fkbp12 partheno-
sporophyte were also morphologically normal and fertile, pro-
ducing plurilocular gametangia (Fig. S2). Therefore, mutation of
the APT gene did not appear to have any phenotypic effect on
either development or reproduction. This experiment demon-
strated the feasibility of applying the methodology to any target
gene in the Ectocarpus genome (with the proviso that the muta-
tion should not be lethal, at least when haploid strains are being
mutagenized).

To further validate the methodology, CRISPR-Cas9 RNPs
carrying crRNAs directed against APT (gAPT1) and a second tar-
get gene VANADIUM-DEPENDENT BROMOPEROXIDASE
(VBPO, locusID Ec-28_003320; crRNA vBPO-ex6-228f) were
simultaneously delivered into gamete cells using the biolistic
methodology. Two 2-FAR individuals were isolated from five
experiments. One of these individuals was mutated at both the
APT target site and the target site in the VBPO gene (Fig. 6;
Table S2). These experiments demonstrated that double mutants
could be reproducibly obtained using biolistic delivery.

To demonstrate that double mutants could also be obtained
using the microinjection approach, 25 unilocular sporangia were
injected with a mixture of CRISPR-Cas9 RNPs carrying gAPT1
and a crRNA (Mas1-C) directed against the MAST1 gene (Ec-
04_001260), which is predicted to encode a mastigoneme pro-
tein. Thirteen of these unilocular sporangia released their unis-
pores. Growth of these unispores on 2-FA resulted in the
isolation of 22 2-FAR mutants from five different unilocular spo-
rangia. PCR amplification and sequencing of the target sites of

the APT and MAS1 genes in 13 of these mutants identified nine
individuals that carried mutations in both genes (Fig. 6;
Table S2). Note, however, that all 13 of the 2-FAR individuals
were derived from the same injected unilocular sporangium, so
we cannot rule out the possibility that some of the mutant indi-
viduals were clonally derived from the same TM event.

Efficiency of CRISPR-Cas9-mediated gene mutation

The results of all of the experiments described in the two previ-
ous sections (Table S2) were analysed to estimate how efficiently
the two methodologies, biolistics and microinjection, generated
mutant individuals. Analysis of the experiments in which a sin-
gle type of CRISPR-Cas9 RNP was introduced into Ectocarpus
cells indicated that 33.3% and 18.2% of biolistic and microin-
jection experiments (where an experiment is either one biolistic
shot or one injected unilocular sporangium), respectively,
resulted in the isolation at least one apt mutant (Table S2). The
percentages of 2-FAR individuals that carried a mutation in the
APT gene in these experiments was 46.2% and 100%, for the
biolistic and microinjection approaches, respectively. The aver-
age number of apt mutants obtained per experiment was 0.4
and 1.0 for the biolistic and microinjection methodologies,
respectively.

For the biolistic experiments that involved simultaneous intro-
duction of two different CRISPR-Cas9 RNPs, we detected apt
mutants in 50.0% (eight out of 16) of the experiments. Of the
14 apt mutants identified, 21.4% (three individuals) were double
knockouts. Double knockouts were detected in 18.8% of the
experiments (Table S2). For the microinjection experiments that
involved simultaneous introduction of two different CRISPR-
Cas9 RNPs, we detected 2-FAR individuals in 20.0% of the
experiments (five out of 25 experiments, but note that 12 of the
20 unilocular sporangia that did not produce 2-FAR individuals
did not release their unispores and, therefore, it was not possible
to apply 2-FA selection). A total of 22 of the 2-FAR individuals
were isolated from the 25 experiments (0.9 per experiment on
average). Sequence analysis of 13 of the 2-FAR individuals iso-
lated from one of these experiments demonstrated that 31% (four
individuals) were only mutated at the APT locus, whereas 69%
(nine individuals) carried mutations at both the APT and MAS1
loci (Table S2).

Off-target mutations

To estimate the frequency of off-target mutations, the genome of
one of the apt mutants (Ex1-1; Fig. 4) was resequenced using an
Illumina platform and the sequence data were analysed for evi-
dence of mutations at potential off-target sites for the crRNA
gAPT1 predicted by CRISPOR (Haeussler et al., 2016). No muta-
tions were detected at any of the five potential off-target sites
(Table S3), indicating that the approach used does not induce a
high frequency of off-target mutations.

In addition, we carried out a genome-wide analysis of variants
in the genome of the Ex1-1 mutant (see the Materials and Meth-
ods section for details). This analysis detected 56 variants
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

Fig. 6 Simultaneous recovery of mutations in a selectable gene and in a second, target gene. (a) Percentages of confirmed single and double targeted
mutagenesis (TM) events observed in 41 experiments that used combinations of two different CRISPR-Cas9 ribonucleoproteins (RNPs.) *, In this case the
two mutations were in two different regions of the ADENINE PHOSPHORIBOSYL TRANSFERASE (APT) gene. **, Estimations based on sequencing of 13
of the 22 2-fluoroadenine-resistant individuals. (b, c) Diversity of single TM events obtained at the (b) gAPT1 and (c) gAPT2 target sites. (d) Detection of a
double TM event at the APT locus. (e) Detection of a double TM event resulting in the knockout of both the Ectocarpus species 7 APT and FK501-
BINDING-PROTEIN 12 (FKBP12) genes after biolistic introduction of a mixture of CRISPR-Cas9 RNPs targeting the two genes. (f) Detection of a mutation
in the VANADIUM-DEPENDENT BROMOPEROXIDASE (VBPO) gene after simultaneous biolistic introduction of a mixture of two CRISPR-Cas9 RNPs
targeting APT and VBPO. (g) Detection of a mutation in theMASTIGONEME1 (MAS1) gene after simultaneous microinjection of a mixture of two
CRISPR-Cas9 RNPs targeting APT andMAS1. Only the mutations in the VBPO andMAS1 genes are shown, and only one representative chromatogram is
shown for themas1mutants. For the gene drawings, open boxes correspond to the transcribed regions of the genes, and grey boxes to coding sequence.
Transcription is from left to right. Chr. 20, chromosome 20; Chr. 12, chromosome 12; Chr. 4, chromosome 4.
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compared with the Ectocarpus reference genome (Table S4). Many
of these variants were located in microsatellites, consistent with
them corresponding to spontaneous mutations. Alignment of the
variant regions with the gAPT1 crRNA indicated that none of
them were in sequence contexts that would have been consistent
with off-target effects of the CRISPR-Cas9 RNP (Table S4). Con-
versely, 243 regions with weak similarity to gAPT1 (plus its PAM
sequence) were detected by a very low stringency BLAST search
against the genome, and none of these matching sequences were
located within 400 bp of a sequence variant. These analyses, there-
fore, supported our conclusion that off-target mutations were
extremely rare or absent.

Discussion

This study has demonstrated the feasibility of using direct intro-
duction of CRISPR-Cas9 RNPs into brown algal cells to induce
targeted mutations. In particular, with the demonstration that
induced, targeted mutations in the APT gene can be used to
select for individuals carrying a mutation at a second targeted
locus, it is now theoretically possible to mutate any selected gene
in the Ectocarpus genome. One limiting factor may be lethality
associated with mutation of essential genes, given that both of the
delivery methods described here use haploid target cells. How-
ever, even for these genes, it may be possible to recover non-null
mutations that nonetheless exhibit informative phenotypes.
Moreover, in the future it should be feasible to build on the
methodologies described here to develop a protocol that employs
diploid cells, such as the mitospores produced by diploid sporo-
phytes for example.

As far as the efficiency of the two methods presented here is
concerned, 2-FAR individuals were obtained in 52% and 19% of
biolistic and microinjection experiments, respectively, and, on
average, we obtained 1.2 and 0.9 2-FAR individuals per experi-
ment, respectively. The limited number of experiments did not
allow us to obtain a precise measurement of the percentage of
double knockout mutants, but this was estimated at 18% and
69% of the apt mutants isolated after introduction of two differ-
ent CRISPR-Cas9 RNPs by either biolistics or microinjection,
respectively. The methodology presented here, therefore, is suffi-
ciently efficient and reproducible for it to be used reliably to iso-
late mutations for any selected Ectocarpus gene.

There are several advantages to directly introducing CRISPR-Cas9
RNPs into target cells rather than using an in vivo expression system.
First, it is not necessary that a transformation protocol be available for
the target species. Second, the methodology is relatively easy to
employ because it does not require the construction of complex trans-
formation vectors. Third, following direct introduction, the CRISPR-
Cas9 RNPs are only present transiently in the cell, and therefore the
frequency of off-target mutations is expected to be lower than if
CRISPR-Cas9 RNPs are expressed over an extended period (Kim
et al., 2014). This expectation was supported by the absence of muta-
tions at potential off-target sites in the apt mutant Ex1-1. Finally, as
pointed out by Serif et al. (2018), the aforementioned advantages, in
particular the absence of a need for genetic transformation, mean that
it should be relatively easy to adapt such methodology for use in

related species. Specifically, it should be possible to adapt the method-
ology described here for other brown algal species, provided that a
suitable protocol is available to deliver CRISPR-Cas9 RNPs into cells
and that the APT-based selection system used is effective in the new
species. It may even be possible to circumvent the need for a selection
system if microinjection can be used to deliver CRISPR-Cas9 RNPs
to well-identified cells that can be isolated postinjection.

The availability of an effective reverse genetics tool for Ecto-
carpus opens up multiple avenues for both fundamental and
applied brown algal research. In the fundamental domain, this
tool will allow the brown algal community to investigate the
functions of multiple genes implicated in diverse aspects of
brown algal biology, particularly those associated with novel
features or features of broad phylogenetic interest, such as the
emergence of complex multicellularity, the evolution of com-
plex, highly flexible cell walls, haploid-phase sex determination,
and novel metabolic processes or interactions with both biotic
and abiotic factors (Michel et al., 2010a; Ahmed et al., 2014;
Cock et al., 2014; Cock & Coll�en, 2015; Dittami et al., 2016;
Strittmatter et al., 2016; Coelho & Cock, 2020). From a more
applied point of view, the availability of reverse genetics will
greatly enhance the usefulness of Ectocarpus as a model organ-
ism to understand brown algal traits that are relevant to sea-
weed aquaculture, such as genetic factors underlying growth
and biomass production (Avia et al., 2017), metabolic pathways
influencing biomolecule content (La Barre et al., 2010; Michel
et al., 2010a,b), and the defence mechanisms that control and
prevent disease (Gachon et al., 2010). In addition, the ability to
target specific genes may potentially make Ectocarpus itself inter-
esting for biotechnological applications; for example, using the
organism as a cell factory. In this context, the availability of
mutant strains that have lost the ability to adhere to substrata
(Godfroy et al., 2017) may be of interest for the cultivation of
this species in bioreactors.

Finally, in addition to adapting the existing CRISPR-Cas9-
based system to other brown algae, another important objective
for the future will be to extend and improve the CRISPR-Cas9-
based tools available for Ectocarpus. For example, the targeted
mutations reported here presumably result from the action of the
nonhomologous end joining repair pathway. The involvement of
this pathway could be exploited to develop gene knock-in strate-
gies using simultaneous delivery of donor DNA (Suzuki et al.,
2016). Likewise, it will be interesting to test the effectiveness of
alternatives to the Cas9 nuclease (Zetsche et al., 2015; Pausch
et al., 2020) and, in the longer term, to adapt more sophisticated
methodologies, such as homology-mediated gene editing (Savi�c
et al., 2019) or prime editing (Anzalone et al., 2019), for use in
this key model organism.
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