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Summary

� CRISPR/Cas enables targeted genome editing in many different plant and algal species

including the model diatom Thalassiosira pseudonana. However, efficient gene targeting by

homologous recombination (HR) to date is only reported for photosynthetic organisms in their

haploid life-cycle phase. Here, a CRISPR/Cas construct, assembled using Golden Gate cloning,

enabled highly efficient HR in a diploid photosynthetic organism.
� Homologous recombination was induced in T. pseudonana using sequence-specific

CRISPR/Cas, paired with a dsDNA donor matrix, generating substitution of the silacidin,

nitrate reductase and urease genes by a resistance cassette (FCP:NAT).
� Up to c. 85% of NAT-resistant T. pseudonana colonies screened positive for HR by nested

PCR. Precise integration of FCP:NAT at each locus was confirmed using an inverse PCR

approach. The knockout of the nitrate reductase and urease genes impacted growth on

nitrate and urea, respectively, while the knockout of the silacidin gene in T. pseudonana

caused a significant increase in cell size, confirming the role of this gene for cell-size regulation

in centric diatoms.
� Highly efficient gene targeting by HR makes T. pseudonana as genetically tractable as

Nannochloropsis and Physcomitrella, hence rapidly advancing functional diatom biology,

bionanotechnology and biotechnological applications targeted on harnessing the metabolic

potential of diatoms.

Introduction

Diatoms represent a highly successful group of unicellular phyto-
plankton responsible for an estimated 20% of global primary
production (Field et al., 1998; Falkowski & Raven, 2013). Due
to their silicified cell walls (frustules), diatoms also dominate the
ocean’s biogenic silicon cycle (Tr�eguer & De La Rocha, 2013).
Many of the traits underpinning their ecological success are the
reason why these eukaryotic microbes are desirable for algal
biotechnology and fuel production (Bozarth et al., 2009; Levitan
et al., 2014; Wang & Seibert, 2017). Their most characteristic
traits include fast growth (Ichimi et al., 2012), biomineralisation
and complex metabolism derived from (1) successive endosymbi-
otic events (Bhattacharya et al., 2007; Frommolt et al., 2008;
Moustafa et al., 2009; Keeling, 2010), (2) genome hybridisation
(Tanaka et al., 2015) and (3) haplotype divergence (Mock
et al., 2017; Paajanen et al., 2017). The processes that govern this

remarkable ability are largely unknown but are probably shared
by many diatoms as they generally outcompete other algal groups
when growth conditions become favourable. Their metabolism
was shaped by different endosymbiotic events (primary and sec-
ondary endosymbiosis) that took place at least 1 billion years ago
and contributed various enzymes, isoforms and entire pathways
such as the urea pathway (Armbrust et al., 2004; Allen
et al., 2011). These ‘mix and match’ genomes are considered to
have contributed to the plasticity of their genomes as well as phe-
nomes and therefore their trait performance landscapes (Messina
et al., 2011). More recent evolutionary processes that shaped dia-
tom genomes include genome hybridisation (Tanaka et al., 2015)
and haplotype divergence (Mock et al., 2017; Paajanen
et al., 2017). The latter is considered to be the consequence of
adaptive evolution leading to environment-dependent differential
allelic expression (Mock et al., 2017; Paajanen et al., 2017).
The correlation between diversifying selection and allelic
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differentiation suggests a potential role of the divergent alleles
for adaptation to environmental fluctuations in aquatic
environments.

To harness the unique biology of diatoms for advancing fun-
damental research and algal biotechnology, we need to improve
our knowledge of molecular factors controlling their evolution,
adaptation and metabolism. Genome-enabled studies have
revealed genes, regulatory elements and epigenetic factors poten-
tially controlling the expression of diverse phenotypes. It is only
recently, however, that genome editing tools such as CRISPR/
Cas (Doudna & Charpentier, 2014; Sander & Joung, 2014; Lan-
der, 2016) and TALENs (Gaj et al., 2013) have become available,
including in diatoms (Daboussi et al., 2014; Weyman
et al., 2015; Hopes et al., 2016; Nymark et al., 2016; Serif
et al., 2017), enabling us to improve our understanding of indi-
vidual genetic factors for the evolution and biology of diatoms.
The introduction of gene targeting by high-frequency homolo-
gous recombination (HR) allows precise genetic changes via
knockin of a particular sequence at a specific locus, rather than
just gene knockout. Thus, a proven ability of gene targeting via
HR in diatoms will enable improvements in gene and protein
engineering, which will be instrumental to advance our under-
standing of fundamental diatom biology and to facilitate diatom
domestication.

Gene targeting via HR has been demonstrated in a number of
photosynthetic eukaryotes to date including Cyanidioschyzon
merolae (Minoda et al., 2004), Ostreococcus tauri (Lozano
et al., 2014), Chlamydomonas reinhardtii (Ferenczi et al., 2017;
Greiner et al., 2017; Angstenberger et al., 2020), Nannochloropsis
sp. (Kilian et al., 2011; Naduthodi et al., 2019), Phaeodactylum
tricornutum (Daboussi et al., 2014; Weyman et al., 2015; Moos-
burner et al., 2020), Physcomitrella patens (Kamisugi et al., 2005,
2006, 2016), Arabidopsis (Schiml et al., 2014; Miki et al., 2018),
Oryza (Begemann et al., 2017) and Nicotiana (Li et al., 2013).
Most of these, however, are either haploid and/or have low rates
of HR. Highly efficient HR can be seen in two of these species:
the moss P. patens and the eustigmatophyte Nannochloropsis sp.
Nannochloropsis sp. is haploid, and the dominant phase of the life
cycle in P. patens is also haploid, which makes backcrossing to
establish homozygous transgenic lines obsolete. Targeted and effi-
cient HR in both species can be achieved without introducing
nucleases to produce DNA double-strand breaks (DSBs)
although high rates of HR are also seen in Nannochloropsis sp.
with CRISPR–Cas-induced DSBs (Naduthodi et al., 2019). For
example, in Nannochloropsis sp., Kilian et al. (2011) used 1-kb
flanking sequences to target genes for HR-induced gene knock-
out. For all the other photosynthetic eukaryotes, rates of HR are
rather low either with or without the help of nucleases. There are
two reports of TALEN-mediated gene editing including HR in
the marine diatom P. tricornutum (Daboussi et al., 2014; Wey-
man et al., 2015). Both studies tested the occurrence of HR by
cotransformation of the TALEN-carrying plasmid and a plasmid
with a donor template and reported an efficiency of up to 27%
(Daboussi et al., 2014; Weyman et al., 2015). CRISPR-mediated
HR has also been reported in P. tricornutum using cotransforma-
tion with a Cas9-shBle plasmid, sgRNA plasmid and donor

plasmid with a biallelic HR efficiency of 17% (Moosburner
et al., 2020).

The present study, however, is the first report of highly effi-
cient HR in any diploid photosynthetic organism mediated by
CRISPR/Cas. The aim of this work was to show that HR can be
induced in a diatom by means of the sequence-specific nuclease
Cas9, paired with a donor matrix (exogenous DNA templates
with homology to the targeted locus), generating a complete
knockout of a target gene in Thalassiosira pseudonana. In this
study, the silacidin, nitrate reductase (NitR) and urease genes
were substituted by a resistance cassette (FCP:NAT). By exten-
sion, this method could also enable targeted gene insertion/sub-
stitution in T. pseudonana and possibly other diatoms as the
versatile Golden Gate cloning system was used (Weber
et al., 2011; Belhaj et al., 2013) to make the vector constructs.
High-frequency gene targeting by HR will considerably expand
the genetic tool set for diatoms and has already made T. pseudo-
nana as genetically tractable as Nannochloropsis and Physcomi-
trella, hence rapidly advancing diatom functional genomics and
biotechnology.

Materials and Methods

Strains and growth conditions

Thalassiosira pseudonana (CCMP 1335) was grown in half
salinity (½SOW: 16 g l�1) Aquil seawater medium (Price
et al., 1989) supplemented with silica under constant illumina-
tion (c. 100 lmol photons m�2 s�1) at 20°C. Unless stated
otherwise, NaNO3 was replaced with NH4Cl as the nitrogen
source in all experiments, for consistency and since replacement
of the NitR gene prevents growth on nitrate.

Plasmid design and assembly

Two plasmids were used to introduce all components necessary
for HR (Fig. 1). (1) The first plasmid expresses Cas9 and either
one or two guide RNAs (gRNA) designed to induce one or two
DSBs in the target sequence (pAGM4723_Tp:FCP_P:Cas9:
T_TpU6P:gRNA). (2) The second plasmid contained a cassette
including the nourseothricin resistance gene NAT, flanked by
two regions 629–868 bp in length, which are homologous to
noncoding 50 and 30 ends of the silacidin, NitR or urease genes to
serve as a template (donor matrix) for HR. The second plasmid
was assembled from PCR products equipped with BpiI restriction
sites and overhangs for directional cloning (pAGM4723_50-
flank_TpFCP:NAT_30flank) to allow cloning by the Golden
Gate method. Cloning was carried out according to Belhaj
et al. (2013) and Weber et al. (2011) in a single-step restriction/
ligation reaction. Forty femtomoles of each component was com-
bined in a 20-ll reaction with 10 units of BsaI (L1 assembly) or
BpiI (L2 assembly) and 10 units of HC T4 DNA ligase in 19
ligation buffer. The reaction was incubated at 37°C for 5 h,
50°C for 5 min and 80°C for 10 min. Five microlitres of the
reaction was transformed into 50 ll of NEB 5-alpha chemically
competent Escherichia coli.
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Plasmid 1 assembly

The gRNAs were amplified with primers (introducing the specific
20 nt targeting region at the 50 end) for silacidin (primer 1), NitR
sgRNA1 (primer 2) and NitR sgRNA2 (primer 3) together with
primer 5 (Table 1) using plasmid pICH86966_AtU6p_sgR-
NA_NbPDS (containing the gRNA backbone) as a template (Sup-
porting Information Table S1). PCR was carried out with Phusion
DNA Polymerase with 56°C annealing temperature and 1min
elongation step. Each of the purified PCR products for silacidin
and NitR sgRNA1 were then assembled along with the L0 vector
containing the Tp:U6 promoter sequence (Hopes et al., 2016) into
L1 vector pICH47751. The purified PCR product for NitR
sgRNA2 was assembled with the L0 Tp:U6 promoter vector into
L1 vector pICH47761. Guide RNA products and subsequent L1
U6:gRNA plasmids for urease (sgRNA 1) were previously pro-
duced by Hopes et al. (2016; primer 4). L1 modules pICH47732
(lacZ), pICH47742:FCP:Cas9YFP (Hopes et al., 2016),
pICH47751:TpU6p:gRNA (silacidin, NitR sgRNA1 or urease)
and linker plasmid pICH41766 (L3E) were then assembled
together in the L2 backbone pAGM4723 to generate
pAGM4723_Cas9_SIL (silacidin), pAGM4723_Cas9_NitR-1
(NitR one sgRNA) and pAGM4723_Cas9_Urease (urease). To
create pAGM4723_Cas9_NitR-2 (NitR two sgRNAs), L1
modules pICH47732 (lacZ), pICH47742:FCP:Cas9YFP,
pICH47751:TpU6p:gRNA (NitR sgRNA1), pICH47761:

TpU6p:gRNA (NitR sgRNA2) and linker plasmid pICH41780
(L4E) were assembled together in the L2 backbone pAGM4723.

For details on sequences, restriction sites and selection mark-
ers, see Addgene database, Hopes et al. (2017) and Table S1.

Plasmid 2 assembly

50 and 30 flanking, noncoding sequences for silacidin (868 and
629 bp), NitR (728 and 729 bp) and urease (781 and 731 bp)
were amplified from genomic DNA with primer pairs shown in
Table 1 introducing overhangs for directional cloning and BpiI
restriction sites. The FCP:NAT resistance gene cassette with
T. pseudonana-specific promoter and terminator was amplified
with primers 6/7 with vector pICH47732:FCP:NAT as template
(Hopes et al., 2016). Phusion DNA Polymerase was used and the
annealing temperature was 56°C in all cases. After purification,
PCR products were assembled into a pAGM4723 backbone
using the Golden Gate method as described previously to gener-
ate the plasmids pAGM4723_SIL_NAT_donor (silacidin),
pAGM4723_NitR_NAT_donor (NitR) and pAGM4723_
Urease_NAT_donor (urease).

gRNA selection and design

Guide RNA sequences followed the format of NNNNNNNNN
NNNNNNNNNNNGTTTTAGAGCTAGAAATAGCAAGTT

Fig. 1 Overview of modules and overhangs used in Golden Gate assembly of level 2 transformation vectors pAGM4723 Tp:FCP_P:Cas9:T_TpU6P:sgRNA
and 50Sil_TpFCP:NAT_30Sil. Tp:FCP, module flanked by endogenous Thalassiosira pseudonana FCP gene promoter and terminator sequences. Plasmids
carry antibiotic resistance selection genes against spectinomycin (SPEC), carbenicillin (CARB) and kanamycin (KAN).
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AAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGG
CACCGAGTCGGTGCTTTTTT where the underlined
sequence indicates the gene-specific 20 nt target, the mid-region
is the scaffold and the italicised sequence is the 30 termination
signal.

The silacidin gene is composed of extensive repeats. The
gRNA target used in the present work, GTGATGAGTCTGAA
GAGTCCG, was designed to induce two cuts within the coding
region of the gene. It has to be noted, however, that two variants
of silacidin (allele variation) are present in the database. Only one
of them predicts two identical target sequences matching the seed
sequence of the selected gRNA.

The gRNA target for the urease gene, GTCGTAATCAAG
TATTGCCG, targets a single location within the gene. Both of
the NitR gRNAs targeted a single location within the gene, with

the use of one sgRNA target, GCCGAAGAGAGTTTGA
CAGG, expected to induce a single DSB and use of two sgRNAs
targets, GCCGAAGAGAGTTTGACAGG and GTCGAGG
TATCTACCGATGG expected to induce a deletion of 183 nt.
Only guide RNAs with no predicted off-target locations within the
T. pseudonana genome were chosen; off-target predictions were car-
ried out using RGEN CAS-OFFINDER (Bae et al., 2014). Guide
RNAs were designed according to Hopes et al. (2016, 2017).

Transformation of T. pseudonana

Biolistic particle delivery transformation was carried out accord-
ing to Poulsen et al. (2006) and Hopes et al. (2017).

For each shot, 59 107 cells from the exponential growth phase
were collected onto a filter (47 mm diameter 1.2 lm Whatman

Table 1 Oligonucleotide primers used for PCR amplification for cloning and screening of Thalassiosira pseudonana transformants.

Name Sequence Primer reference no.

Primers for introducing BsaI/BpiI restriction sites and overhangs for directional cloning
Silacidin sgRNA_F AGGTCTCATTGTGTGATGAGTCTGAAGAGTCCGGTTTTAGAGCTAGAAATAGCAAG 1
NitR sgRNA1_F AGGTCTCATTGTGCCGAAGAGAGTTTGACAGGGTTTTAGAGCTAGAAATAGCAAG 2
NitR sgRNA2_F AGGTCTCATTGTGTCGAGGTATCTACCGATGGGTTTTAGAGCTAGAAATAGCAAG 3
Urease sgRNA_F AGGTCTCATTGTGTCGTAATCAAGTATTGCCGGTTTTAGAGCTAGAAATAGCAAG 4
sgRNA_R TGGTCTCAAGCGTAATGCCAACTTTGTACAAG 5
FCP_P:NAT_F CTCGAAGACGACGGTATCGATAAGCTTGC 6
FCP_P:NAT_R CGGGAAGACTGGAGCAGCTACTACTTTGCT 7
50 Silacidin_F AAAGAAGACCATGCCACGCAGTGAGCCACTATC 8
50 Silacidin_R ATTGAAGACACACCGTCCAACAAAAAACCACTCT 9
30 Silacidin_F TGGGAAGACATGCTCAGTAGAGTTTAAGGCAT 10
30 Silacidin_R ACCGAAGACCTTCCCTCTGAAGTGACGGCTGCAG 11
50 NitR_F CTCGAAGACCTTGCCTACCGAAAAGCTCACGGAGA 12
50 NitR_R GTTGAAGACATACCGATCCGAGGATAACCATCAAACCAA 13
30 NitR_F TGCGAAGACATGCTCTTGAGAGAATGTCTCAT 14
30 NitR_R ACGGAAGACCATCCCCAGAACGGTGGAGCGTA 15
50 Urease_F CCGGAAGACGCTGCCCAGGGGTTGTTTTTGCA 16
50 Urease_R GGTGAAGACGCACCGTCACCAACAACGCCGA 17
30 Urease_F GATGAAGACAAGCTCCAACACCGTTCTTCG 18
30 Urease_R CTAGAAGACTGTCCCTTCAAACAAACGAAGAGATA 19
Primers for screening of transformants
HR5R (NAT 50) CGTTGTCGGATACATTCTTGATTGGAG 20
HR3F (NAT 30) GGTGTAGGCATGTTGGACACAACGAGGTA 21
Silacidin_locusF GAAGCTCACATCCACCGTTGTTG 22
Silacidin_locusR CTTTGAATCTTGCTCAGAGTGCAGAAG 23
Silacidin_HR5F CGTCAATTGAATTCTTATATCCCATTC 24
Silacidin_HR3R GCTTCGAGTCTTGAAGACC 25
Silacidin_gene_F CAACAACCCCACAGCAACTC 26
Silacidin_gene_R GCCCATGCATCAAACATCATCTAATCTTCAC 27
NitR_locusF GCTACGATCCAACCTCCCACACCTCTA 28
NitR_locusR CGTACAGGTGTCAACGTCTGAGGCT 29
NitR_HR5F CCAACGGCCTCCCACCCTACATCATT 30
NitR_HR3R CCAGGATACACTGATGCAGAAGGTGAC 31
NitR_gene_F CGGATATCAATGTGTTGGAGCACGAGA 32
NitR_gene_R GGACCTTGATACGGAAGACTTGGTTGTTT 33
Urease_locusF CCATCGATTACCATATCAAACCTCCACTCACA 34
Urease_locusR GTGTAGCCAAAGAATCTCCAAACCAGGCCAAA 35
Urease_HR5F GAGGCAGATTTGTCGTCTGGTTCACA 36
Urease_HR3R GCAATACCCTACTACTCTGAAGAAGAGTCTGAA 37
Urease_gene_F CAAGGCGTTGATTGCCATGCAAA 38
Urease_gene_R AACACACTTAAATCAGGAACAGGCAAA 39
Urease iPCR 50 ACCGATACCAAAATGACCACTCTT 40
Urease iPCR 30 CCGGAGTACGAGACGACCACGAA 41
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Isopore; Merck Life Science UK Ltd, Gillingham, UK) and
placed on the top of a 1.5% agar, ½SOW Aquil medium Petri
dish. One microgram of each plasmid (Tp:Cas9:sgRNA and
50flank:FCP:NAT:30flank) was used for coating 3 mg of M10
(0.7 lm diameter) tungsten particles (Bio-Rad) per shot. A 7 cm
flight distance and 1350 psi rupture discs were used. After trans-
formation, each filter was immediately placed into 25 ml of fresh
½SOW Aquil medium and cells were left to recover under stan-
dard growth conditions for 24 h. The following day, 59 106 cells
were spread onto selective 0.8% (w/v) ½SOW Aquil agar plates
with 100 lg ml�1 nourseothricin. An aliquot of 106 cells ml�1

was supplemented with nourseothricin and grown as a liquid cul-
ture. Colonies appeared on selective plates after 8–12 d.

Screening of colonies

Colonies were restreaked onto fresh selective plates and grown in
liquid medium for DNA isolation. DNA was then used as a tem-
plate for PCR analysis using MyTaq DNA polymerase (Bioline;
Meridian Bioscience, London, UK). A nested PCR approach was
adopted using primers shown in Figs 2 and 3(a) and detailed in
Table 1. Initially, primer pairs targeting the genomic loci outside
the 50 and 30 regions used for inducing HR were used to amplify
the silacidin, NitR and urease loci irrespective of whether HR had
occurred. The products of these PCRs were used as templates in
secondary PCRs (two for each gene) with primers nested to those
used in the primary PCR but still 50 or 30 to the flanking regions
used in the 50flank:FCP:NAT:30flank plasmid, together with pri-
mers specific for the FCP:NAT gene cassette (Fig. 2). Specific
amplicons from these PCRs signified HR-mediated replacement
of silacidin, NitR or urease. In addition, a fragment of each gene
including putative Cas9 cut site(s) was amplified in further nested
PCRs with primers listed in Table 1. The different potential out-
comes from the PCR screening of the transformants are shown in
Fig. 3(b) and include no gene replacement (lane 1), monoallelic
gene replacement with wild-type (WT) retained copy (lane 2),
monoallelic gene replacement with edited retained copy (lane 3)
and biallelic gene replacement (lane 4).

Confirmation of HR by inverse PCR

The site of integration of the FCP:NAT cassette into the genome
was investigated using inverse PCR (iPCR). Homologous recom-
bination transformant and WT genomic DNA (1 lg) was
digested with the restriction enzymes MfeI (silacidin), BstBI
(NitR) and KpnI (urease) selected to cut upstream and down-
stream of the 50 and 30 regions used to induce HR. KpnI also cut
the FCP:NAT cassette; two iPCRs were therefore performed to
amplify the regions upstream and downstream of the site of inte-
gration for the urease transformants. The restricted DNA was cir-
cularised with T4 DNA ligase and used as template in PCRs with
primers 20/21 for silacidin and NitR and 20/40 and 21/41 for
urease upstream and downstream regions, respectively (Table 1).
The resulting amplicons were separated by gel electrophoresis,
excised and cloned into pCR4-TOPO-TA (Invitrogen) for
sequencing.

Phenotyping silacidin transformants based on cell-size
estimation

In accordance with expectations from earlier experiments on
silacidin knock-down mutants that showed larger cell size/valve
diameter in transformant lines (Kirkham et al., 2017), we used
three different approaches to compare cell sizes of selected
mutant silacidin lines to WT. All measurements were done on
cells during mid-exponential growth phase. (1) Culture aliquots
were measured with a Z2 Coulter counter (Beckman Coulter,
High Wycombe, UK). The cell size was determined as the max-
imum value of the Gaussian distribution of cell sizes in each
measurement. (2) Forward scattering of light by single cells was
measured with an Eclipse iCyt flow 531 cytometer (Sony
Biotechnology Inc., Champaign, IL, USA), equipped with 405
and 488 nm solid state air-cooled lasers, both with 25 mW on
the flow cell and with standard 533 filter set-up. The forward
light scattering is proportional to the size of the cell. (3) Direct
measurements of the diameter of the valves were done on scan-
ning electron microscope (SEM) images. Sample aliquots were

Fig. 2 Overview of homologous
recombination mechanism between donor
matrix and target genomic locus in
Thalassiosira pseudonana. Vector Tp:
Cas9_sgRNA expressed Cas9 nuclease and
sgRNA to target gene. Vector
50flank_TpFCP:NAT:30flank carried the
exogenous homology matrix containing FCP:
NAT resistance cassette and noncoding 50/30

flanking regions. Red arrows depict primers
used in the screening strategy by PCR, labels
correspond to Table 1.
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dried on IsoporeTM membrane filters (Merck Life Science UK
Ltd), coated with gold and imaged with a SUPRA55 SEM
(Zeiss).

Phenotyping nitrate reductase and urease transformants
based on the utilisation of nitrate and urea

Selected NitR and urease mutant lines and WT cells were grown
in ½SOW Aquil medium containing NH4Cl as the nitrogen
source until the cells reached stationary phase. The cells were
transferred to nitrogen-free ½SOW Aquil medium and incu-
bated for 48 h. 59 105 cells were used to inoculate ½SOW Aquil
medium containing either NaNO3 (1 mmol l�1), NaNO2

(1 mmol l�1) or urea (0.5 mmol l�1). Cell numbers were mea-
sured using a Beckmann Multisizer (Meritics Ltd, Leighton Buz-
zard, UK) 4E with a 100 lm aperture tube. Briefly, 1 ml of
culture was diluted with 19 ml of salt water (33 PSU) in a coulter
vial and mixed by inversion. The coulter counter was set to take
three measurements from the vial, and an average cell density was
calculated.

Results

Eighteen out of 21 T. pseudonana transformant colonies from the
cotransformation with pAGM4723_Cas9_SIL and pAGM4723_
SIL_NAT_donor targeting the silacidin locus screened positive
for HR (Fig. 3c(i,ii)). The entire silacidin locus was amplified
with primer pair 22/23 (Table 1) in 21 transformants capable
of growth on selective medium. These amplicons were used as
templates for two further nested PCRs with primer pairs 24/20
and 21/25 (Table 1). The primers were designed to cover the
transition from the 30/50 end of the silacidin noncoding
sequence to the resistance cassette contained within the exoge-
nous HR donor matrix (Fig. 2); therefore, the production of
specific amplicons indicates that the NAT resistance cassette has
integrated precisely at the silacidin locus by HR within the
flanking sequences. The results showed that correct, targeted
HR had taken place at both 30 and 50 ends between the WT
locus and the donor sequence in 85% of cases (Fig. 3c(i,ii)).
The WT was used as negative control because the amplified
combination of up/downstream noncoding silacidin sequences

(a)

(c)

(d)

(e)

(b)

–

–

–

Fig. 3 Screening Thalassiosira pseudonana

transformants for homologous
recombination (HR) and gene deletion by
PCR. Primers target genomic region
up/downstream of 50/30 flanking regions
used for the HR construct in combination
with FCP:NAT resistance gene cassette ((a)
(i) HR5F/HR5R and (ii) HR3F/HR3R,
respectively) and a region of each gene’s
coding sequences ((a) (iii) Gene_F/Gene_R).
(b) Potential screening outcomes, no gene
replacement (lane 1), monoallelic gene
replacement with wild-type retained copy
(lane 2), monoallelic gene replacement with
edited retained copy (lane 3) and biallelic
gene replacement (lane 4). (c) (i)
Homologous recombination at silacidin 50,
primer pair 24/20, (ii) HR at silacidin 30,
primer pair 21/25 and (iii) silacidin gene
region, primer pair 26/27. (d) (i)
Homologous recombination at NitR 50,
primer pair 30/20, (ii) HR at NitR 30, primer
pair 21/31 and (iii) NitR gene region, primer
pair 32/33. (e) (i) Homologous
recombination at urease 50, primer pair 36/
20, (ii) HR at urease 30, primer pair 21/37
and (iii) urease gene region, primer pair 38/
39. M, 100-bp or 1-kb size ladder; –, no
template control; WT, wild-type.
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interrupted by a selective marker does not occur naturally
(Fig. 2).

Screening for the presence of silacidin coding sequences (PCR
with primer pair 26/27) showed that the WT-sized sequence was
present in 18 transformants and absent in three (Fig. 3c(iii) lanes
1, 10 and 12). The PCR with transformants 1 and 10 (S1 and
S10) together with S6 and S7 produced shorter bands (Fig. 3c
(iii) lanes 1, 6, 7, 10). S12 produced a smear suggesting nonspeci-
fic amplification (Fig. 3c(iii) lane 12). Attempts to clone and
sequence a specific silacidin fragment failed, which together with
the positive amplification of NAT at the silacidin locus (Fig. 3c(i,
ii) lane 12) suggests that the silacidin gene is absent in this trans-
formant and has been replaced by NAT. Sequencing data for the
shorter bands from transformants S1, S6, S7 and S10 together
with the WT-sized band in S2 confirmed that the smaller prod-
ucts were all truncated versions of silacidin and not nonspecific
products, while the S2 amplicon was identical to the WT
sequence (Fig. S1). This was expected because previous studies in
diatoms showed either small deletions after targeting two sites
(Hopes et al., 2016) or larger deletions (Nymark et al., 2016) tar-
geting one site, following Cas9 nuclease activity. Furthermore, in
plants, other repair outcomes were also shown to be possible
(Schiml et al., 2014).

Taken together, the above results revealed that in some cases
(e.g. transformants S6 and S7), three possible outcomes of tar-
geted gene editing were detected per clone (HR-mediated
replacement of silacidin by NAT as revealed by PCR amplicons
in Fig. 3c(i,ii), WT silacidin and truncated silacidin as shown by
two bands in Fig. 3c(iii)). Because T. pseudonana is a diploid,
only two outcomes are expected to occur per cell, affecting either
allele. This suggests that some transformant colonies were
mosaic, that is contained a mixed population of cells with differ-
ing genotypes.

NAT-resistant colonies from the cotransformation with
pAGM4723_NitR_NAT_donor and either pAGM4723_Cas9_
NitR-1 or pAGM4723_Cas9_NitR-2 expressing one or two
gRNAs targeting NitR were screened for HR using nested PCR
as before for silacidin but with primers 28–33 replacing primers
22–27, respectively (primers shown in Table 1). Fig. 3(d) shows
representative gels from the screening of some transformants;
bands in Fig. 3(d(i,ii)) indicate the presence of NAT in the NitR
locus suggesting the replacement of at least one allele of NitR by
NAT, whereas the presence or absence of a band in Fig. 3(d(iii))
indicates the retention or loss of the NitR gene, respectively.
Therefore, monoallelic HR-mediated gene replacement is indi-
cated by bands produced by all three PCRs (e.g. Fig. 3d lane 3),
whereas biallelic gene replacement would lead to bands in Fig. 3
(d(i,ii)) only with no amplicon in Fig. 3(d(iii)) (e.g. Fig. 3b lane
4). The absence of a product from any of the three PCRs
(e.g. Fig. 3d(i–iii) lane 22) indicates a lack of amplifiable DNA
from the transformant probably resulting from a failure to grow.
Twenty out of 54 colonies from the transformation with a single
gRNA and 23 out of 46 transformants obtained with two gRNAs
were positive for HR, respectively (data not shown). Further
PCRs for a fragment of the NitR gene (primers 32 and 33,
Table 1) showed that the NitR gene was absent in seven and two

transformants with either one or two gRNAs, respectively (data
not shown). Taken together, this indicates that 13 of the 54
(24%) transformants had one allele of NitR replaced and seven of
the 54 (13%) had both alleles replaced when one gRNA was
expressed. Transformation with the plasmid expressing two
gRNAs led to 21 (46%) and 2 (4%) of the 46 transformants con-
taining monoallelic or biallelic replacement of NitR, respectively.
This slight increase in the overall efficiency of HR from 37% to
50% with two gRNAs may simply result from the increased
probability of a Cas9-induced DSB with two gRNAs compared
with only one.

Fig. 4 Confirmation of homologous recombination-mediated integration
of FCP:NAT resistance gene cassette at target loci in Thalassiosira pseudo-
nana by inverse PCR. PCR was performed with divergent primers to the
FCP:NAT resistance gene cassette and restriction enzyme digested and
ligated (circularised) genomic DNA from selected silacidin (a), NitR (b) and
urease (c) transformants. M, 1-kb size ladder; –, no template control; WT,
wild-type.
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Cloning and sequencing of NitR amplicons from two transfor-
mants showed N3, generated using only one gRNA, contained a
32-bp deletion producing a frameshift mutation that leads to amino

acid changes from position 342 to 349 followed by a premature
stop codon generating a truncated form of nitrate reductase
(Fig. S2). N18, produced with two gRNAs, contained a 183-bp
deletion leading to the in-frame deletion of amino acids 350–410
(Fig. S2). The deletion resulted from the precise Cas9-induced exci-
sion as the target sites for the two gRNAs are separated by 183 bp.

Eighty-eight NAT-resistant colonies from the cotransforma-
tion with pAGM4723_Cas9_Urease and pAGM4723_Urease_
NAT_donor targeting the urease gene were screened by PCR as
before but with primers 34–39 replacing primers 22–27, respec-
tively (primers shown in Table 1). Fig. 3(e) shows representative
gels from the screening of some transformants; bands in Fig. 3(e
(i,ii)) indicate the presence of NAT in the urease locus suggesting
the replacement of at least one allele of urease by NAT, whereas
the presence or absence of a band in Fig. 3(e(iii)) indicates the
retention or loss of the urease gene, respectively. Therefore,
monoallelic HR-mediated gene replacement is indicated by
bands produced by all three PCRs (e.g. Fig. 3e lane 4), whereas
biallelic gene replacement would lead to bands in Fig. 3(e(i,ii))
only with no amplicon in Fig. 3(e(iii)) (e.g. lane 16). Forty-four

Fig. 5 DNA sequences of the 50 and 30 ends
of the flanking regions for the inverse PCR
amplicons from each of the Thalassiosira
pseudonana transformants aligned with DNA
sequences of the wild-type (WT) and
targeting plasmids. (a) Silacidin, (b) NitR and
(c) urease. (i) 50 flanking regions and (ii) 30

flanking regions. Black shading, sequences
upstream/downstream of the 50/30 flanking
regions; light grey shading, sequences of the
50/30 flanking regions; dark grey shading,
sequences of the FCP:NAT resistance
cassette; red shading, overhang sequences
for directional cloning.

Table 2 Cell size and valve diameter of Thalassiosira pseudonana wild-
type (WT) and silacidin transformant lines (S1, S6, S7, S10, S11 and S12).

Colony no.

Coulter counter FACS SEM
Cell size (lm)
(average)

Forward scatter (au)
(average)

Valve diameter
(lm) (average)

WT 4.70 � 0.01 386� 3 3.3� 0.7
S1 5.44 � 0.006*** 424� 2* na
S6 5.40 � 0.006*** 478� 14*** na
S7 5.08 � 0.017*** 397� 13 na
S10 5.40 � 0.04*** 437� 12** na
S11 5.49 � 0.05*** 455� 14*** na
S12 6.10 � 0.02*** 625� 23*** 4.0� 0.5

FACS, fluorescence-activated cell sorting; SEM, scanning electron micro-
scopy. Average values of three biological and three technical replicates.
SEM: average of 150 cells. na, not applicable. The statistical test used was
ANOVA followed by Dunnett’s post-hoc test. Significance: *, P < 0.05;
**, P < 0.01; ***, P < 0.001. Values ± SD.
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transformants were positive for HR indicated by the PCR-
detected presence of NAT at the urease locus. A region of the
urease gene was amplified by PCR in all but one of the HR-
positive transformants (Fig. 3e(iii) lane 16) indicating that
monoallelic replacement of urease occurred in 49% of transfor-
mants but only one transformant contained a biallelic knockout
of urease; however, this transformant did not grow when pas-
saged either onto agar plate or in liquid medium suggesting the
knockout of the urease gene significantly impacted cell viability.

Urease amplicons from two transformants were cloned and
sequenced. The amplicon from transformant U4 matched the
WT sequence but that from transformant U1 contained a 26-bp
deletion in exon 2, which upon translation would lead to a frame-
shift mutation after 13 amino acids and a premature stop after 48
amino acids. However, a putative alternative start codon is pre-
sent in exon 3, which is retained in this transformant; translation
from this would lead to an N-terminal truncation of the first 87
amino acids of the urease protein (Fig. S3).

Inverse PCR is a technique used to amplify unknown DNA
sequences adjacent to a region where the DNA sequence is
known. It involves restriction enzyme digestion of genomic
DNA with an enzyme that cuts outside the known sequences,
followed by circularisation of the digested DNA fragments with
DNA ligase. PCR with divergent primers to the known
sequences then amplifies DNA sequences immediately upstream
and downstream of the known DNA sequences. Here, we used
iPCR to identify sites of integration of the FCP:NAT resistance
cassette into the genome of the T. pseudonana transformants.
Genomic DNA from silacidin transformants S6, S7, S10 and
S11, NitR transformants N1, N2, N3 and N18 and urease
transformants U1 and U4 was digested with MfeI, BstBI and
KpnI restriction enzymes, respectively. There are no sites for

MfeI and BstBI digestion within the FCP:NAT cassette, but
there is a single site for KpnI. Based on the T. pseudonana gen-
ome sequence, MfeI is predicted to cut 76-bp upstream and
482-bp downstream of the silacidin 50 and 30 flanking regions,
respectively. BstBI is predicted to cut 129-bp upstream and
1460-bp downstream of the NitR 50 and 30 flanking regions,
respectively. KpnI is predicted to cut 2267-bp upstream and
1715-bp downstream of the urease 50 and 30 flanking regions,
respectively. Following circularisation, PCRs with primers 20/
21 for silacidin and NitR, 20/40 for the urease upstream region
and 21/41 for the urease downstream region (Table 1) gener-
ated the amplicons shown in Fig. 4. The predicted sizes of the
amplicons following the integration of the FCP:NAT resistance
cassette at each target are 2199 bp for silacidin, 3195 bp for
NitR, 3181 bp for the urease upstream region and 2795 bp for
the urease downstream region. Fig. 4 shows that the amplicons
were only obtained with transformant DNA, with no amplifica-
tion with digested and circularised WT DNA, and corre-
sponded to the predicted sizes suggesting the FCP:NAT
resistance cassette had integrated into each target locus. The
presence of unique bands for each PCR suggests a single site of
integration of the FCP:NAT resistance cassette in each of the
transformants. Cloning and sequencing of the amplicons con-
firmed the accurate integration of the FCP:NAT resistance cas-
sette into each target locus leading to the replacement of each
target gene (Fig. S4). Several of the primers, listed in Table 1,
used to amplify the flanking regions for silacidin, NitR and
urease modified the 50 and 30 ends to introduce compatible
overhangs for directional cloning into the vector containing the
FCP:NAT resistance cassette. The sequences of the iPCR prod-
ucts showed that, for each of the genes, the modified sequences
in the flanking regions adjacent to the FCP:NAT cassette were

Fig. 6 Predicted protein sequences of
Thalassiosira pseudonana silacidin for the
truncated gene fragments from the silacidin
transformants aligned with the wild-type
(WT) sequence. Black shading, protein
sequence of the repetitive motif. I–VI
indicates the number of repetitive motifs.
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retained, whereas those at the 50 end of the 50 flanks and at the
30 end of the 30 flanks have been lost and reverted to WT
sequences (Fig. 5) providing confirmation that the FCP:NAT
resistance cassette has integrated at each locus via HR within
the 50 and 30 flanking regions.

Phenotyping of selected transformants with HR at the silacidin
gene showed that transformant cells were significantly larger than
WT (Table 2). This was most pronounced in transformant S12
where the biallelic replacement of the silacidin gene was identi-
fied (Fig. 3c(i)). Quantification of all silacidin PCR products,
including truncated versions, from WT and HR transformants
S1, S6, S7, S10 and S11 gave a significant negative correlation
(Fig. 7a, R2 = 0.8, P = 0.007) between the silacidin amplicon size,
given in base pairs, and cell size measured by fluorescence-
activated cell sorting scatter. For a more detailed analysis of func-
tionality, truncated versions of the silacidin gene were translated
into the corresponding amino acid sequence. The resulting
polypeptides were aligned with the original WT protein sequence
(Fig. 6). This showed that, if expressed and translated, the trun-
cated silacidins retained a different number of repetitive peptide
motifs following the overall amino acid sequence: (SS)
SEDSXDSXPSDESEESEDSVSSED(ED). Of the six copies of
this motif present in the WT protein, only a single copy was
retained in transformant S1, two copies in S6 and S7 and five
remaining copies in S10. The difference in cell size between WT
and HR transformants was caused by differences in the diameter
of the valves, which are overlapping sections of the cell walls also
known as thecae (Fig. 7).

Nitrate reductase catalyses the reduction in nitrate to nitrite
and is, therefore, a critical step in the nitrogen assimilation
pathway that is essential for growth on nitrate as the sole
nitrogen source. The effects of the biallelic replacement of
NitR by HR and also the monoallelic replacement, together
with Cas9-induced mutations of the remaining copy on the
growth of T. pseudonana on nitrate- or nitrite-containing
medium, were compared. Fig. 8(a) shows that, as expected,
transformant cell growth on nitrite was not significantly
affected. However, none of the transformants exhibited cell
growth in nitrate-containing medium indicating that nitrate
reductase had been inactivated in each of the transformants
including N3 and N18 containing Cas9-induced mutations in
the remaining copy of NitR.

Urease catalyses the hydrolysis of urea into carbon dioxide and
ammonia, thereby allowing the utilisation of urea as the sole
nitrogen source. The HR-mediated replacement of one copy of
the urease gene (transformant U4) led to a significant decrease in
the rate of cell growth on both urea and nitrate, which was fur-
ther significantly diminished in transformant U1, which con-
tained a Cas9-induced deletion in the remaining copy of the
urease gene leading to the predicted expression of an N-terminal-
truncated version of the urease enzyme (Fig. 8b).

Discussion

Although the applicability of CRISPR/Cas9 for genome editing
in T. pseudonana has recently been demonstrated (Hopes

(b)

A

B

C

D

E

F

×

(a)

Fig. 7 Linking genotype to phenotype in Thalassiosira pseudonana

silacidin transformant clones. (a) Correlation between cell size (measured
by fluorescence-activated cell sorting (FACS)) and base pair per silacidin
amplicon from PCR with primer pair 26/27. (b) Representative scanning
electron microscope images of T. pseudonana valves. Individual cells from
homologous recombination (HR) clone S12 (A–C) and wild-type cells (D–
F). Bar, 1 µm.
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et al., 2016), the current work provides the first evidence for
highly efficient CRISPR/Cas9-mediated HR in T. pseudonana.
This result was achieved by designing exogenous donor matrices
to substitute the cell-wall gene silacidin, the nitrate reductase
gene and the urease gene with a resistance cassette encoding the
NAT gene using Golden Gate cloning. Similar experiments with
the diploid diatom P. tricornutum, which were based on
TALEN-mediated HR, resulted in a maximum HR efficiency of
only 27% when taking into account the number of colonies,
which tested positive for HR on selective plates (Daboussi
et al., 2014; Table 3). In the present study, however, CRISPR/
Cas9-mediated HR was detected in up to 85% of obtained colo-
nies, making it the most efficient incidence of HR reported for
any photosynthetic eukaryote with a predominantly diploid life-
cycle phase. Other photosynthetic eukaryotes with a similar HR
efficiency were either haploids such as Nannochloropsis sp. (Kilian

et al., 2011; Naduthodi et al., 2019) or at least had a predomi-
nantly haploid life phase such as P. patens (Schaefer &
Zryd, 1997; Kamisugi et al., 2005). To date, the highest HR effi-
ciency mediated by any nuclease among all photosynthetic
eukaryotes was observed in Nannochloropsis oceanica (Naduthodi
et al., 2019). Thus, the results of our study represent an unex-
pectedly high rate of HR events overall and compared with non-
homologous end joining in particular. Usually, nonhomologous
end joining is expected to be the primary repair mechanism if
Cas9, or any other exogenous nuclease, induces breaks within the
target DNA sequence. Nonhomologous end joining was reported
to be preferred over HR in human cells and diatoms (Mao
et al., 2008; Daboussi et al., 2014). In our study, evidence for
nonhomologous end joining was detected in the NitR and urease
genes, where significant deletions were observed. However, based
on our sequencing results, the truncated forms of the silacidin

(a)

(b)

Fig. 8 Effect of homologous recombination-
mediated gene deletion and Cas9-induced
editing on Thalassiosira pseudonana cell
growth of (a) NitR transformants and
(b) urease transformants on nitrate- or
urea-containing medium, compared with the
wild-type (WT). Data represent mean� SEM
(n = 3).
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gene seemed to be caused by HR between the direct repeats of
the silacidin gene leading to ‘looping out’ and deletion of one or
more of the six repeats.

A number of factors are thought to influence the efficiency of
gene replacement by HR including the efficiency of Cas9 diges-
tion, the size of the homologous flanking regions and the distance
between the gRNA target site and the homologous flanking
regions. The efficiency of Cas9 digestion of each target was not
evaluated in this study, but it should be expected that using two
sgRNAs to target Cas9 to the same region would lead to the
introduction of a greater number of DSBs than using only one
sgRNA. An increase in the observed efficiency of HR at the NitR
gene from 37% to 50% with two sgRNAs compared with one
provides support for this; however, this requires further study.
The sizes of the homologous flanking regions used here were sim-
ilar for each of the three genes and comparable to those used to
target urease in the diatom P. tricornutum (Weyman
et al., 2015). It has been suggested that the homologous flanking
sequences should be at least 400 bp for efficient HR; however,
recent studies have observed efficient HR in other organisms with
flanking regions as small as 50 bp (Picariello et al., 2020).

Interestingly, phenotyping the WT, complete biallelic HR and
HR colonies with different truncated versions of the silacidin
gene revealed a significant negative correlation (P-value = 0.007)
between the level of mutations caused by HR (genotype) and the
cell size expressed as the intensity of light scattering (phenotype)
(Fig. 7a). This correlation suggests that the truncated versions of
the silacidin gene (shorter bands in Fig. 3c(iii) lanes 1, 6, 7 and
10) were still functional in the HR cell lines. The largest cell size

(Table 2) was only observed when the silacidin gene was com-
pletely replaced by the FCP:NAT cassette as observed for trans-
formant S12 (Fig. 3c). This is supported by results from
Kirkham et al. (2017) in which valve size increased after silencing
silacidin in T. pseudonana. This paper also showed a correlation
in size linked to downregulation of the silacidin gene following
experimental evolution under low temperatures. The repetitive
nature of the silacidin gene in addition to known post-
translational modifications of the encoded protein might explain
the significant link between genotype and phenotype. The trun-
cated sequences displayed several different deletions, which nev-
ertheless were still in frame and therefore probably translated into
shorter versions of the repetitive WT silacidin protein sequence
(Fig. 6). Repetitive motifs that undergo extensive post-
translational modification such as phosphorylation ((SS)
SEDSXDSXPSDESEESEDSVSSED(ED)) were shown to be the
functional units of silacidin proteins responsible for silica precipi-
tation in the cell wall (Fig. 6; Wenzl et al., 2008; Richthammer
et al., 2011). Even beyond this exact peptide motif, the overall
number of serines and acidic amino acids is most likely contribut-
ing to the functionality of the truncated versions. These data rep-
resent the first example of a direct link between genotype and
phenotype with respect to how mutations in a single gene encod-
ing a cell-wall protein impact the cell size of a diatom.

The inactivation of nitrate reductase activity in transformants
N3 (truncated form of nitrate reductase with a 32-bp deletion
and a frameshift mutation that leads to amino acid changes from
position 342 to 349 followed by a premature stop codon) and
N18 (183-bp deletion leading to the in-frame deletion of amino

Table 3 Overview of homologous recombination (HR) occurrence and efficiency in photosynthetic eukaryotes.

Species Ploidy Nuclease(s) Homologous flanking sequence size Efficiency1 Reference

Thalassiosira pseudonana 2 SpCas9 0.63–0.87 kb 85% Present study
Phaeodactylum tricornutum 2 TALEN 1 kb 24% Daboussi et al. (2014);

Weyman et al. (2015)TALEN, meganucleases 0.75 kb 27%
P. tricornutum 2 SpCas9 1 kb 17% Moosburner et al. (2020)
Nannochloropsis sp. 1 � 1–1.4 kb 11–94% Kilian et al. (2011)
Nannochloropsis oceanica IMET1 1 FnCas12a 1 kb 93% Naduthodi et al. (2019)
Cyanidioschyzon merolae 10D 1 � �2 + Minoda et al. (2004)
Chlamydomonas reinhardtii 1 (2) Zinc-finger 0.1–0.5 kb 8% Greiner et al. (2017)

Sp/SaCas93 9%
C. reinhardtii 1 (2) LbCas12a (CpfI) 45–49 nt (ssODN) 18% Ferenczi et al. (2017)
C. reinhardtii 1 (2) SpCas9 2 kb 5% Angstenberger et al. (2020)
Ostreococcus tauri 1 � 0.25–2.5 kb 1–4% Lozano et al. (2014)
Physcomitrella patens 1 (2) � 2.3–3.6 kb 66–100% Schaefer & Zryd (1997);

Kamisugi et al. (2005)� 0.5–1 kb 70–85%
Nicotiana benthamiana 4 SpCas9 0.11–0.53 kb 10.7% Li et al. (2013)
Arabidopsis thaliana 2 SpCas9 0.67 kb 0.14% Schiml et al. (2014)
A. thaliana 2 SpCas9 ? 9.1% Miki et al. (2018)
Oryza sativa 2 FnCpf1, LbCpf1 nucleases 1 kb 8% Begemann et al. (2017)
O. sativa 2 Cas9 75 nt (RNA) 16% Butt et al. (2017)
Zea mays 2 Cas9 0.41–0.42 kb 18% Barone et al. (2020)

Fn, Fransicella novicida; Lb, Lachnospiraceae bacterium; Sa, Staphylococcus aureus; Sp, Streptococcus pyogenes. Heterokonta, brown; Rhodophyta, red;
Plantae, green; ?, flanking size not provided. Bold value is this study.
1Out of number of obtained transformant colonies targeting genomic wild-type (WT) loci.
2Entire sequence was exchanged, HR betweenWT sequence and sequence containing point mutation in resistance gene.
3Transient expression (heat-shock promoters).
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acids 350–410) indicates that deletion of 61 amino acids (350–
410) from the T. pseudonana nitrate reductase enzyme, which
occurs in both transformants, induces a loss of activity. This sug-
gests that this region of the protein is critical either for enzyme
activity or its loss may impact the correct folding of the remain-
ing polypeptide.

Despite screening a large number of transformants, only one
transformant showed evidence of the biallelic replacement of
urease and we were unable to passage this transformant further
suggesting a loss of viability. This together with the observed sig-
nificant impact on growth on both nitrate and urea as nitrogen
source of the transformants retaining only one copy of the urease
gene, which was further affected by the N-terminal truncation of
the urease enzyme, raises the possibility that urease activity is
essential for T. pseudonana cell survival. This is in contrast to the
TALEN-mediated knockout of urease in the distantly related dia-
tom P. tricornutum, which while unable to grow on urea, grew
normally on nitrate (Weyman et al., 2015). Our results also indi-
cate that two copies of the urease gene are required for optimal
growth of T. pseudonana on both nitrogen sources and also that
the N-terminal truncation of the urease enzyme leads to at least
some retention of activity. Our previous work targeting urease
with CRISPR–Cas in T. pseudonana gave clear biallelic knock-
outs; however, biallelic mutants were still able to grow on urea
but with a reduced growth rate. Investigation into the sequence
showed that while the deletion, found within the gamma subunit,
and frameshift were expected to result in a nonfunctional protein,
alternative start sites would still allow the beta subunit and alpha
subunit, containing the active site, to be expressed (Hopes
et al., 2016). This supports the hypothesis that urease is essential
in T. pseudonana.

Our work presented here will contribute to firmly establishing
T. pseudonana as a model not only for bionanotechnology, but
also for questions addressing fundamental diatom biology includ-
ing applications targeted at harnessing the metabolic potential of
diatoms.
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Fig. S1 Alignment of DNA sequencing data of the Thalassiosira
pseudonana silacidin amplicon in wild-type and transformants.
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Fig. S2 Alignment of DNA sequencing data of the Thalassiosira
pseudonana NitR amplicon in wild-type and transformants.

Fig. S3 Alignment of DNA sequencing data of the Thalassiosira
pseudonana urease amplicon in wild-type and transformants.

Fig. S4 Alignment of DNA sequencing data of the inverse PCR
amplicons from Thalassiosira pseudonana transformants.

Table S1 Plasmids used for cloning, assembly and transforma-
tion.

Please note: Wiley is not responsible for the content or function-
ality of any Supporting Information supplied by the authors. Any
queries (other than missing material) should be directed to the
New Phytologist Central Office.
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