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SUMMARY

Diatoms are photosynthetic unicellular microalgae that drive global ecological phenomena in the biosphere

and are emerging as sustainable feedstock for an increasing number of industrial applications. Diatoms

exhibit enormous taxonomic and genetic diversity, which often results in peculiar biochemical and biologi-

cal traits. Transposable elements (TEs) represent a substantial portion of diatom genomes and have been

hypothesized to exert a relevant role in enriching genetic diversity and making a core contribution to

genome evolution. Here, through long-read whole-genome sequencing, we identified a mutator-like ele-

ment (MULE) in the model diatom Phaeodactylum tricornutum, and we report the direct observation of its

mobilization within the course of a single laboratory experiment. Under selective conditions, this TE inacti-

vated the uridine monophosphate synthase (UMPS) gene of P. tricornutum, one of the few endogenous

genetic loci currently targeted for selectable auxotrophy for functional genetics and genome-editing applica-

tions. We report the observation of a recently mobilized transposon in diatoms with unique features. These

include the combined presence of a MULE transposase with zinc-finger SWIM-type domains and a diatom-

specific E3 ubiquitin ligase of the zinc-finger UBR type, which are suggestive of a mobilization mechanism.

Our findings provide new elements for the understanding of the role of TEs in diatom genome evolution

and in the enrichment of intraspecific genetic variability.

Keywords: diatom, transposable element, genome editing, genome stability, selectable marker, Phaeodac-

tylum tricornutum.

INTRODUCTION

Diatoms are unicellular photosynthetic microalgae with core

ecological roles and are the focus of increasing biotechno-

logical interest. They are widespread among the planet’s

diverse aquatic and oceanic environments because of their

unique and efficient metabolic traits. As such, diatoms are

among the most relevant primary producers and main

drivers of oceanic geochemical cycles, in addition to being a

major component of aquatic food chains (Armbrust, 2009).

A number of diatom species are also found in industrial and

commercial applications related to their biochemical traits,

including aquaculture and the photosynthetic production of

high-value bioproducts, such as polyunsaturated fatty acids,

pigments and proteins (Butler et al., 2020; Fabris, Abbriano,

et al., 2020). In particular, the genetically tractable Phaeodac-

tylum tricornutum is a model organism for advanced bioen-

gineering applications, including metabolic engineering

and synthetic biology approaches, that could expand the

biosynthetic capacity of diatoms beyond their natural traits

(D’Adamo et al., 2018; Fabris, George, et al., 2020; Hempel,

Bozarth, et al., 2011; Hempel, Lau, et al., 2011; Pampuch

et al., 2022; Slattery et al., 2022; Windhagauer et al., 2022).
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The unique metabolic capacities of diatoms have orig-

inated through a peculiar evolutionary path, which

included at least two independent endosymbiotic events

and numerous horizontal gene transfers (HGTs) (Vancae-

ster et al., 2020). Through these, diatoms have acquired

genes from all domains of life (Bowler et al., 2008). These

genetic features have then been reshuffled and reshaped

in a wealth of configurations, resulting in enormous

genetic and taxonomic diversity, by mechanisms that are

still largely unknown.

A major driver of genetic diversity in diatoms, as in

other organisms, is the presence and action of transpos-

able elements (TEs) (Maumus et al., 2009). In several

eukaryotes, TEs have been shown to be widespread and to

undergo frequent mobilization and rearrangement, particu-

larly during stress, and have been hypothesized to play

central roles in genome evolution (Sun et al., 2020). Recent

analyses highlighted that the portion of P. tricornutum

genome composed by TEs is much larger than previously

thought and suggested that the effect and influence of TEs

in diatoms is a key evolutionary factor in the wild (Fillor-

amo et al., 2021).

Even in controlled laboratory conditions diatoms can

accumulate high haplotype diversity, as well as within the

same clonal cultures, where genotype diversity is

enhanced through the frequent inter-homologous recombi-

nation events that are favoured under stress conditions

(Bulankova et al., 2021). Aspects of genome stability in dia-

toms are important to understand their evolution and role

in ecosystems, but also in assessing the robustness of

genetically engineered strains. In this latter scenario, many

applications are based on the artificial perturbation of spe-

cific small portions of their genomes, such as in the case

of the maintenance of functional selectable markers or

transgenes, or both.

The enzyme uridine monophosphate synthase (UMPS)

is involved in de novo pyrimidine biosynthesis and its

genetic locus is a relevant selectable marker in diatoms

(Pampuch et al., 2022; Sakaguchi et al., 2011; Serif

et al., 2018). UMPS knockout mutants are tolerant to 5-

fluoroorotic acid (5-FOA) and are uracil auxotrophic. 5-FOA

is a chemical analogue of oroate, which is converted by

UMPS to form orotidine-50-phosphate (EC 2.4.2.10), which

is then converted by UMPS again to form uridine-50-
monophosphate (EC 4.1.1.23), a precursor of uracil

(Figure 1b). In the presence of 5-FOA and uracil, UMPS

catabolizes the 5-FOA analogue compound to generate 5-

fluorouracil (5-FU), a toxic molecule that causes cell death

(Figure 1a). When UMPS is inactivated, the resultant mutant

requires uracil supplementation in the medium, but is also

unable to catabolize 5-FOA into toxic 5-FU, making this

a useful selectable marker gene for screening microbes on

5-FOA selection plates (Figure 1a). Although auxotrophic

strains for histidine and tryptophan in P. tricornutum have

Figure 1. Phenotyping of 5-FOA-resistant wild-type (WT) P. tricornutum strains (WTR). (a) Schematic representation of WT and UMPS-deficient phenotypes in

the presence or absence of 5-FOA and uracil. (b) Uracil auxotrophy assessed by spotting either WTR or WT diatoms on ESAW–agar supplemented with 50 μg
ml�1 uracil or ESAW–agar. (c) Growth of three WTR strains compared with WT controls cultivated in liquid ESAW medium in the presence or absence of 5-FOA

(300 μgml�1) and uracil 50 μgml�1 (n= 3, error bars represent standard error).

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 115, 926–936

Real-time mobilization of a new diatom transposon 927

 1365313x, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.16271 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [27/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



been developed (Slattery et al., 2020), UMPS and adenine

phosphoribosyl transferase (APT) are currently the only

endogenous counterselectable markers available for ribo-

nucleoprotein (RNP)-based CRISPR applications in diatoms

(Serif et al., 2018). For the UMPS locus to be a reliable

genetic marker, it needs to be particularly stable. However,

numerous genome-editing experiments carried out in our

laboratory targeting PtUMPS suggested that this locus in P.

tricornutum (Phatr3_J11740) is particularly prone to pro-

duce false positives, as we consistently observed the emer-

gence of diatom colonies able to grow on 5-FOA without

the PtUMPS locus being targeted by nuclease. To date,

there are no reports of 5-FOA-induced mutation in diatoms.

However, it has previously been reported that wild-type P.

tricornutum could become reliant on uracil and resistant to

5-FOA (RURF) following chemical mutagenesis using N-

ethyl-N-nitrosourea (ENU) and selection with 100–300 μg
ml�1 of 5-FOA (Sakaguchi et al., 2011).

Here, we isolated and characterized P. tricornutum cell

lines that spontaneously emerged as RURF-like in the

absence of exogenous genetic manipulations and known

mutagens. We provide phenotypic and genotypic evidence

of the systematic and reproducible disruption of the

PtUMPS locus through the activation of a TE mobilized

during 5-FOA selection.

RESULTS AND DISCUSSION

Wild-type P. tricornutum exposed to 5-FOA produces

colonies with a stable RURF-like phenotype

To investigate the occurrence of the 5-FOA-resistant diatom

phenotype, we subjected wild-type (WT) P. tricornutum cul-

tures (1.5 × 108 cells) to a range of concentrations of 5-FOA

(0–1000 μgml�1), including concentrations typically used in

CRISPR-Cas9 RNP-mediated experiments (100–300 μgml�1;

Serif et al., 2018), and supplemented with 50 μgml�1 uracil

to rescue the possible inactivation of PtUMPS. Hundreds of

colonies emerged from selection with 5-FOA concentrations

ranging from 50 to 150 μgml�1, 16 colonies (with an average

frequency of 3.56 × 10�8� 2.78 × 10�8; n= 3) were found on

plates with 5-FOA 300 μgml�1 (Figure S1) and no diatoms

survived higher concentrations (600–1000 μgml�1;

Figure S1). We hypothesized that the wild type resistant

(WTR) strains generated in this study had the same RURF

phenotype described by Sakaguchi et al. (2011).

To characterize the WTR phenotype, we selected five

random colonies that originated from five different plates

containing 300 μgml�1 5-FOA. To confirm the auxotrophy

of WTR cell lines for uracil, we grew them in enriched sea-

water, artificial water (ESAW) without uracil for 1 week to

deplete their endogenous cellular uracil pools and then

dilution-plated them onto ESAW or ESAW supplemented

with uracil. Whereas the WT lines were able to grow on

ESAW plates without uracil supplementation, none of the

WTR cell lines were able to survive. However, the WTR

phenotype could be rescued by the presence of uracil in

the medium (Figure 1b). To further confirm the phenotype,

three WTR primary colonies and one untreated WT colony

were grown in the absence or presence of 300 μgml�1 5-

FOA and 50 μgml�1 uracil over 7 days (Figure 1c). As

expected, untreated WT diatoms grew normally in ESAW

medium, indicating the presence of a functional PtUMPS

enzyme and endogenous uracil biosynthesis, whereas

when cultured in the presence of 5-FOA and uracil, no

growth was observed because of the functional PtUMPS

enzyme metabolizing 5-FOA into toxic 5-FU. In the absence

of 5-FOA and uracil, WTR diatoms grew at a reduced rate

in the early exponential phase, from 48 to 96 h, most likely

because of the declining presence of an intracellular uracil

pool available to the cells for RNA biosynthesis. Cell

growth drastically slowed after 96 h and was eventually

arrested at approximately 144 h, suggesting that the uracil

reserves were depleted. In contrast, these strains were all

able to grow in the presence of 5-FOA and uracil, confirm-

ing that they were unable to metabolize 5-FOA into toxic 5-

FU but were able to use supplemented uracil for RNA bio-

synthesis (Figure 1c).

Together, these results confirmed that 5-FOA expo-

sure results in an RURF-like phenotype (Sakaguchi

et al., 2011) in WTR diatoms and strongly suggests that the

PtUMPS enzyme might have been inactivated in these cell

lines.

WTR diatom cell lines harbour large mutations in the

PtUMPS locus

To determine whether the inactivation of PtUMPS in WTR

lines resulted from genetic disruption of the PtUMPS gene,

we interrogated this locus using PCR and Sanger sequenc-

ing in the five selected WTR lines and in one WT cell line

(Figure 1b). Although we were able to amplify the full

PtUMPS locus from genomic DNA of untreated WT dia-

toms, we were not able to amplify it from any of the WTR

strains except from WTR4 (Figure 2a). Next, we used differ-

ent primer combinations that spanned all three exons of

PtUMPS (Figure 2b; Table S1) to try to detect disruptions

at the origin of the PtUMPS inactivation. We obtained cor-

rectly amplified PCR products from untreated WT samples

using all four primer combinations (Figure 2a). However, in

the WTR samples we could only amplify portions of

PtUMPS when primers were designed to anneal the first

two exons. We were unable to amplify the terminal region

in the WTR samples, with the exception of WTR4, suggest-

ing the disruption of the PtUMPS gene in the remaining

WTR cell lines. The PCR results indicate the presence of a

large insertion or deletion (INDEL) in all WTR cell lines

except for WTR4 (Figure 2c), which nonetheless clearly

showed a phenotype associated with a non-functional

PtUMPS. Sanger sequencing of the full PtUMPS gene from
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the untreated WT sample revealed a heterozygous geno-

type consisting of the same 16 single-nucleotide polymor-

phisms (SNPs) identified by Sakaguchi et al. (2011, SNP 1–
SNP 16), as well as an additional three SNPs (SNPA–SNP

C) (Figures S2 and S3). These were identified by the pres-

ence of peak doublets in the sequencing chromatogram

(Figure S2), and suggested that untreated WT P. tricornu-

tum harboured one functional PtUMPS allele (allele A) and

a second non-functional allele (allele B) (Figure 1a). There-

fore, we hypothesized that WTR mutants contained only

the non-functional allele B. Given that we were only able to

amplify the 50 end of UMPS in the WTR mutants, we

Sanger-sequenced amplicon 3 from WTR1, WTR2 and

WTR3 (Figure 2c). Interestingly, the sequences obtained for

amplicon 3 matched functional allele A (Figure S2). The

WTR genotype obtained differed from the predicted

PtUMPS WT sequence and putatively encoded a 254-

amino-acid-long protein (instead of the 518 amino acids of

the full-length protein) without the purine/pyrimidine phos-

phoribosyl transferase (PPRT) active domain, and with a

single point mutation in the coding sequence causing the

substitution of a methionine by an isoleucine (Figure 2c).

Considering these results, we rejected our original

hypothesis that the RURF phenotype in P. tricornutum

WTR strains was caused by point mutations in the

functional allele, as reported by Sakaguchi et al. (2011), but

we hypothesized instead that the phenotype could origi-

nate from a larger chromosomal mutation that caused the

severe truncation of the PtUMPS gene and the loss of the

PPRT active domain. Such large chromosomal mutations

have indeed been reported in other species, such as the

loss of entire chromosomes following 5-FOA exposure in

Candida albicans (Wang et al., 2004; Wellington et al.,

2006; Wellington & Rustchenko, 2005).

A mutator-like element (MULE) transposon inactivated the

PtUMPS locus in WTR diatoms

To test for the presence of large rearrangements affecting

the PtUMPS locus in WTR diatom strains, we employed

Oxford Nanopore long-read sequencing and assembled

the genomes of all WTR cell lines as well as that of the WT

control (for genome sequencing and assembly statistics,

see Tables S2 and S3, respectively). Investigation of the

PtUMPS locus using the INTEGRATED GENOMICS VIEWER (Robin-

son et al., 2011) revealed mutations of the PtUMPS gene in

all WTR cell lines, whereas the corresponding WT locus

was found to be intact. Interestingly, all cell lines except

for WTR4 presented a single large insertion ranging from

2.3 to 3.7 kb in the PtUMPS coding sequences. These were

confirmed by analysing the assembly with the structural

WTR1
Water

WTR2
WTR3

WTR4
WTR5

WT
(a)

500
1000

3000

500

1000

3000

500

1000

3000

500
1000

3000

Amplicon 4: 2048 bp

Exon 1 Exon 2 Exon 3Phatr3_45195 Phatr3_45193

Amplicon 1: 1957 bp

(b)

Fwd-1 Rev-1

Amplicon 2: 740 bp

Fwd-2 Rev-2

Amplicon 3: 1160 bp

Fwd-3 Rev-2

Fwd-2 Rev-3

PtUMPS locus (Phatr3_J11740)
Chr6:452,106 – 454,062

(c)
Reference
WT
WTR1
WTR2
WTR3

Reference
WT
WTR1
WTR2
WTR3

Reference
WT
WTR1
WTR2
WTR3

Reference
WT
WTR1
WTR2
WTR3

Reference
WT
WTR1
WTR2
WTR3

Reference
WT
WTR1
WTR2
WTR3

Reference
WT
WTR1
WTR2
WTR3

Reference
WT
WTR1
WTR2
WTR3

Reference
WT
WTR1
WTR2
WTR3

Figure 2. Genotyping of 5-FOA-resistant wild-type (WT) P. tricornutum strains (WTR). (a) PCR amplification of the PtUMPS locus in WTR and WT strains, with dif-

ferent primer combinations. (b) Schematic representation of the amplified genomic regions and expected amplicon size with an intact PtUMPS locus (in

reversed configuration, for ease of interpretation). (c) Multiple sequence alignment of PtUMPS protein (UniProt accession C6L824) with translated nucleotide

sequences obtained from PtUMPS amplicon 3 of WT, WTR1, WTR2 and WTR3 obtained in this study. All three WTR strains demonstrate a single point mutation

(green) causing an amino acid change from isoleucine to methionine. The inability to amplify sequence from primers designed in exon 3 suggest a stunted cod-

ing region lacking the PPRT active domain (pink).
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variant caller SNIFFLES (Sedlazeck et al., 2018) using the raw

sequencing reads mapped against the published P. tricor-

nutum genome. In contrast to the other WTR samples,

WTR4 only presented a small in-frame deletion (of 15 bp)

in exon 3, which occurs within the active site of the

PtUMPS phosphoribosyl transferase domain (Figure 3). All

mutations in the PtUMPS locus of WTR cell lines resulted

in a disrupted gene sequence, corroborating the hypothe-

sis that the observed phenotypes could be attributed to

PtUMPS inactivation by larger-scale chromosomal modifi-

cations, as suggested by the PCR-based genotyping

(Figure 2).

Further investigation of the insertion sequences at the

PtUMPS locus of cell lines WTR1, WTR2, WTR3 and WTR5

revealed the presence of terminal inverted repeats (TIRs) of

approximately 200 bp at the beginning and end of the

insertions as well as a high degree of overall sequence

similarity (Figures 4a and S4), indicating the insertion of a

TE into the PtUMPS region of these cell lines. Sequence

analysis around the insertion sites also revealed short (9

bp) target site duplications (TSDs) that externally flanked

the TIRs (Figures 4a and S4). TSDs delimit the TE sequence

as molecular ‘scars’ of the TE insertion (Figures 4a and

S4), and are distinctive features of MULEs (Wicker et al.,

2008). The similar nature and low GC content of the TSDs

(Table S4) suggests that TE insertion may be specific to

TA-rich regions.

Gene prediction and functional annotation of the TE

sequences using INTERPROSCAN (Jones et al., 2014) revealed

the presence of an open reading frame (ORF), putatively

encoding a protein with a MULE transposase domain and

a zinc-finger SWIM-type domain in WTR1 and WTR3 (Fig-

ure 4). Analysis of the TE sequences of WTR2 and WTR5

showed multiple mutations and frame shifts, possibly dis-

rupting the predicted transposase ORF in WTR5 as well as

a large deletion in the WTR2 TE sequence, resulting in the

deletion of most of the transposase ORF (Figures 4b;

Table S5). We identified multiple orthologs of the putative

MULE transposase in the TE sequence of P. tricornutum

(Phatr3_EG01202, Phatr3_EG00036, Phatr3_EG00117, Phatr

3_EG02053, Phatr3_J33421, Phatr3_EG01875, Phatr3_

EG00351 and Phatr3_J48581), which show similarities to

other predicted diatom proteins that contain MULE trans-

posase domains and, to a lesser extent, to hypothetical

proteins in eudicots that do not contain these domains.

Interestingly, INTERPROSCAN analyses of the inserted TE

sequences revealed the presence of the Phatr3_J50367

gene, either in full or partial configuration. Searches on the

US National Center for Biotechnology Information (NCBI)

BLASTp and Plaza Diatoms databases (Vandepoele

et al., 2013) revealed that this gene possesses three homo-

logues with high similarity in P. tricornutum (Phatr3_

EG02053, Phatr3_J48581 and Phatr3_EG02300). Phatr3_

J50367 belongs to a gene family specific to raphid

WT

WTR4

WTR1

WTR3

WTR5

WTR2

MULE transposon

15 bp deletion

0 2k 4k 6k

Figure 3. Schematic representation of genetic rearrangements in the PtUMPS locus. Assembled genome sequences at the PtUMPS locus, in wild-type (WT) and

5-FOA-resistant wild-type (WTR) lines. The coding sequence of the PtUMPS gene is shown in beige (in reverse orientation). Teal blocks represent insertion

sequences annotated as MULE transposons, and light-teal ribbons represent synteny links between insertions at a cut-off value of >80% nucleotide sequence

similarity. A GC track calculated with a 20-bp sliding window with a midline of 50% GC content is shown in grey beneath each sequence.
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diatoms, with no significant similarities outside this group,

and putatively encodes an E3 ubiquitin ligase of the zinc-

finger UBR type (Figure 4a), according to EGGNOG predic-

tions (Huerta-Cepas et al., 2019) reported in PLAZA dia-

toms 1.0. Similar to the MULE transposase, the complete

sequence of this ORF was only found in some of the

inserts. We detected the full sequence of Phatr3_J50367 in

WTR1 and WTR3, but only partial sequences in the other

samples (Figure 4b; Table S2).

To assess whether both the ORFs encoding the trans-

posases and the E3 ubiquitin ligases are actively tran-

scribed in P. tricornutum, and not pseudogenes, we

searched for evidence of their expression in publicly avail-

able transcriptomics data. Manual inspection of the

mapped reads using the INTEGRATED GENOME VIEWER (Robinson

et al., 2011) showed evidence of the expression of the com-

plete transposase as well as large parts of the transposon

(Figure 4a). Interestingly, the expression of the transposon

was particularly pronounced in transgenic P. tricornutum

cell lines overexpressing a Thalassiosira pseudonana chitin

synthase (SRA project #PRJNA649600).

The presence of a MULE transposase in the TE

sequence ruled out the possibility that the TE we identified

falls into the subclass of Pack-MULE TEs, which instead

are ‘not autonomous’ as they do not include a transposase

and generally carry portions of several other host genes

within them (Dupeyron et al., 2019). The presence of UBR-

type zinc-finger E3 ubiquitin ligases in some of the TE

sequences suggests that the mobilization of this MULE

transposon mechanism might involve active post-

translational regulation, based on protein degradation,

which has never been described before. TE regulation

mechanisms involving protein ubiquitination and histone

binding in Arabidopsis thaliana have been reported (Kabe-

litz et al., 2016). Although negative regulatory roles of E3

ubiquitin ligases have been observed in LTR retrotranspo-

sons in mice (Maclennan et al., 2017), they have never

been reported in class-2 DNA transposons of the MULE

type. Given the lack of homologues of Phatr3_J50367 out-

side the diatom taxonomic group, we hypothesize that this

mechanism of DNA transposition might be diatom-specific.

Inserts detected in WTR1, WTR3 and WTR5 exhibited the

highest similarity, whereas the one found in WTR2,

although still highly similar, lacks a large portion of the

sequence present in the other samples (Figure 4b;

Table S5). This suggests that there may be some variation

in the insert length or modifications to the inserted

sequence might occur during the insertion process.

In contrast to WTR1, WTR4 and WTR5, the presence of

a small 15-bp deletion in the PtUMPS locus of WTR4 is likely

to have emerged independently and subsequently was

selected by the experimental conditions, in agreement with

the uracil auxotrophy phenotype and the PCR amplification

of the exons (Figure 2). This suggests that selection using

300 μgml�1 5-FOA can induce presumably chemically-

mediated mutations in P. tricornutum CCAP1055/1, resulting

in RURF phenotypes.

The activation of the MULE transposon is favoured by 5-

FOA selection

The fact that we observed interruption of the PtUMPS

locus in all five WTR mutant cell lines suggests that selec-

tion with 300 μgml�1 5-FOA clearly creates a strong bias

towards the occurrence and selection of PtUMPS muta-

tions. In four out of the five mutants analysed, the PtUMPS

locus was disrupted by the same MULE transposon that

was not present in the same location in the parental cell

line before the experiment (Figure 3), suggesting that our

selection conditions favoured TE-mediated mutations over

TE-independent mutations (WTR4), or that TE-mediated

Figure 4. Structure and features of the transposable element (TE) that disrupted PtUMPS in WTR1. (a) Full length (3707 bp) of the entire transposon sequence in

WTR1. Open reading frames (ORFs) corresponding to the transposase and the E3 ubiquitin ligase-like protein are depicted in yellow, with predicted MULE and

SWIM zinc-finger domains in blue. The terminal inverted repeat (TIR) sequences are represented in maroon and flanked by 9-bp target site duplication (TSD)

sequences. The RNA-seq data are from the available reads in the Sequence Read Archive (NCBI) (top) and from PRJNA649600. (b) Conservation of structure and

features of the TE from WTR1 (dark blue) in WTR2, WTR3 and WTR4.
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mutations are more frequent and/or more effective. In

addition, the high degree of similarity between the TIR

sequences, often used to estimate the age of the element

(Hanada et al., 2009), indicates that the transposons were

mobilized recently and that they originated from the same

genomic source. Together, this provides evidence that in

our experiments PtUMPS was disrupted by a TE, which

was activated during the selection process, potentially trig-

gered by sudden stress conditions represented by the

accumulation of toxic 5-FU. Transposons and MULEs, in

particular, are known to mobilize as a response to certain

stress conditions in several organisms, either as an active

coordinated response or through epigenetic deregulation

(Negi et al., 2016).

We further explored whether the MULE-like TE was

equally active in the genome of cell lines where it directly

inactivated PtUMPS (WTR1–WTR3 and WTR5), in WTR4

where PtUMPS was disrupted by a TE-independent muta-

tion and in WT where PtUMPS was left intact. Using the

transposon that disrupted the PtUMPS locus in WTR1 as a

query, we searched for highly similar regions with strict

parameters (length>1.5 kb, lowest similarity of 80% and E-

value of 0.0) throughout the genomic assemblies we gen-

erated (with genome coverages ranging 18× to 68×), as

well as in the publicly available genome (Rastogi et al.,

2018). In the untreated WT, this specific MULE transposon

was found to occur in only five instances, which is compa-

rable with the frequencies detected in publicly available

genome assemblies. In contrast, the transposon was

detected in much higher frequencies ranging from 20 to

131 copies (Table S2) in WTR cell lines subjected to 5-FOA

selection. Interestingly, the WTR4 cell line that developed a

TE-independent PtUMPS mutation exhibited a MULE TE

mobilization frequency (25 copies) that is comparable with

that of TE-dependent cell lines.

Although this does not provide evidence of the tar-

geted mobilization of the MULE TE to the PtUMPS locus in

direct response to 5-FOA selection, these results demon-

strate that the observed MULE-mediated mutation

occurred within the time frame of the experiment and sug-

gest that MULEs may be activated during cellular stress,

either as a regulated mechanism or as a consequence of

derepression.

Implications of the use of 5-FOA as selection agent in

diatoms

The mutant cell line WTR4 resulted from a TE-independent

15-bp deletion in the PtUMPS locus, suggesting that selec-

tion using 300 μgml�1 5-FOA can induce presumably

chemically-mediated mutations in P. tricornutum

CCAP1055/1 that result in RURF phenotypes. This pheno-

type has previously been obtained in P. tricornutum strain

UTEX LB 642 following chemical mutagenesis using N-

ethyl-N-nitrosourea and selection with 5-FOA (Sakaguchi

et al., 2011), and in P. tricornutum strain CCAP1055/1 follow-

ing the targeted gene knockout of the UMPS gene via

CRISPR-Cas9 gene editing (Serif et al., 2018; Slattery

et al., 2020). In these works, diatoms were selected on 100 μ
gml�1 5-FOA. Our findings demonstrate that it is possible

that 5-FOA can be mutagenic in P. tricornutum at concentra-

tions above 100 μgml�1. These results also suggest that 5-

FOA may produce false-positive 5-FOA-resistant mutants

through the selection of transformants or genome-edited

diatoms, as chemical and TE-induced mutagenesis cannot

be excluded. 5-FOA has shown mixed mutagenic effects in

different organisms, including Saccharomyces cerevisiae

(Backhaus et al., 2017; Klein et al., 2014; Scott et al., 2018)

and others, such as Yarrowia lipolytica (Lv et al., 2019), as

well as Escherichia coli (Brandsen et al., 2018; Standage-

Beier et al., 2015). However, 5-FOA is highly mutagenic in

C. albicans (Wang et al., 2004; Wellington & Rustch-

enko, 2005). There is also a report of 5-FOA inducing muta-

tion in Sulfolobus acidocaldarius (Kondo et al., 1991) and in

Saccharomyces cerevisiae (Hao et al., 2016). Furthermore,

5-FOA has been used for generating spontaneous RURF

phenotypes in the dinoflagellate Symbiodinium SSB01 fol-

lowing exposure to 200 μgml�1 5-FOA (Ishii et al., 2018),

and in the red alga Cyanidioschyzon merolae 10D following

treatment with 800 μgml�1 5-FOA (Minoda et al., 2004).

Implications of the mobilization of TE-mediated, non-

homologous genome rearrangements in diatom genome

evolution and biotechnology

Recently, it has been reported that diatoms use an, as yet,

elusive mechanism of mitotic inter-homologue recombina-

tion to increase phenotypic plasticity, which is particularly

enhanced when diatoms face sudden environmental

stress, and this phenomenon has been observed to occur

specifically at mutated PtUMPS loci to restore the WT

allele (Bulankova et al., 2021). Here, we provided evidence

of the mobilization and integration of MULE-like transpo-

sons, another, possibly stress-activated, mechanism that

can contribute to genetic and phenotypic diversity at this

locus and across the Phaeodactylum genome, as previ-

ously hypothesized (Maumus et al., 2009). Our findings

add relevant insights into the dynamics driving genome

evolution in diatoms, suggesting that TEs can be rapidly

mobilized and play a central role in enriching the genetic

diversity of diatoms. Our findings raise intriguing ques-

tions on the mechanism of activation of these genetic ele-

ments, such as whether their mobilization is part of a

regulated mechanism triggered by environmental stress or

whether their activity is determined by the derepression of

a silencing mechanism. In addition, it remains to be tested

whether TE integration occurs randomly or if it is targeted

towards some specific recombination hotspots in the

genome, characterized by genetic or epigenetic factors.

More broadly, as TEs compose a large part of all
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sequenced diatom genomes (Maumus et al., 2009), our

finding underscores the relevance that these interchromo-

somal non-homologous rearrangements have in the

dynamic genome of diatoms. Not only are these involved

in reshuffling endogenous genes, potentially they are also

involved in incorporating external DNA during the mobili-

zation process, possibly facilitating horizontal gene trans-

fers, which are particularly frequent in diatoms (Bowler

et al., 2008), as well as providing new micro-homology

regions that could promote recombination events (Bour-

que et al., 2018).

Besides their central role in aquatic ecology, diatoms

are also emerging microbial hosts for biotechnology and

synthetic biology applications, and many genetic tools,

including gene knockout, knockdown and overexpression,

as well as genome editing, are now part of routine experi-

mental practices in functional genetics to decipher diatom

gene functions. In all these applications, a critical aspect is

the genetic stability of the transformed cell lines. At the

same time, all these applications involve a selection step,

usually involving antibiotics or cytotoxic agents. Our find-

ings show that these stressful environmental conditions

caused by the accumulation of toxic compounds or by-

products could mobilize TEs. Selection agents such as 5-

FOA, zeocin and bleomycin, or others derived from the

accumulation of heterologous products, or deriving from

industrial cultivation settings, may affect loci that involve

the introduced artificial genetic constructs, but also other

regions of the genome, generating different genotypes in

the resulting transformant lines that usually go unnoticed.

As a direct consequence of the findings of this work, it is

evident that the PtUMPS locus has important limitations as

an auxotrophic selectable marker for genetic engineering

and genome-editing approaches in diatoms, as it can

be targeted by both TE-mediated and TE-independent

mutations.

On the other hand, these results also provide inspiring

avenues for strain engineering strategies. For example, if

controllable through environmental conditions and

coupled with suitable selection or reporter systems, the

mobilization of MULE TEs could be exploited to enrich

genetic variation in the process of improving diatom

strains, as an inducible mutagenesis system.

CONCLUSION

By subjecting the PtUMPS genomic locus of P. tricornutum

culture to strong selective pressure with 5-FOA at concen-

trations routinely employed for genetic manipulation

experiments, within the time frame of a single experiment

we observed the mobilization of a MULE transposon

across four independent cell lines, which all conferred the

same 5-FOA-resistant phenotype. In addition, we also

observed a TE-independent deletion that occurred in a fifth

cell line. Our findings report the observation of the

mobilization of a TE and suggest that this may be triggered

by stressful environmental conditions. Moreover, our find-

ings suggest that the TE that we identified might employ a

mobilization mechanism involving protein degradation,

facilitated by the presence of diatom-specific E3 ubiquitin

ligases. Our findings have relevant implications in under-

standing the mechanisms underpinning the mobilization of

TEs, in their role in the biology and evolution of diatoms,

as well as in their biotechnological application.

EXPERIMENTAL PROCEDURES

Microbial strains and growth conditions

Axenic cultures of P. tricornutum CCAP1055/1 were grown in liq-
uid ESAW medium (Berges et al., 2001). Where appropriate, P. tri-
cornutum was cultured in ESAW containing 300 μgml�1 5-FOA
(Sigma-Aldrich, Merck, https://www.sigmaaldrich.com) and 50 μg
ml�1 uracil (Sigma-Aldrich), or ESAW supplemented with 50 μg
ml�1 zeocin (Invitrogen, now ThermoFisher Scientific, https://
www.thermofisher.com). Diatoms were cultured in fully controlled
shaking incubators (Kuhner, https://kuhner.com) under 100 μEm�2

sec�1 light at 21°C shaking at 95 rpm.

5-FOA treatment and selection of RURF-like phenotypes

A population of 1.5 × 108 cells were plated on half-salts ESAW
solid medium enriched with uracil 50 μgml�1 and containing 5-
FOA concentrations ranging from 0 to 1000 μgml�1 (0, 10, 100,
150, 300, 600 and 1000 μgml�1), in triplicates (Figure S1). After 4–
6weeks, 5-FOA-resistant colonies (WTRs) started to emerge,
which were large enough for visual inspection and transfer after 7
weeks. At this point, colonies obtained from 5-FOA 300 μgml�1

were picked and inoculated in liquid ESAW medium enriched with
uracil 50 μgml�1 for use in experiments.

Flow cytometry

All cell counts were performed by flow cytometry, using a BD
CytoFLEX S flow cytometer (BD Biosciences, https://www.bdbios-
ciences.com). The cells were analysed at medium speed until 20
000 events were counted. Fluorescein isothiocyanate (FITC) fluo-
rescence was excited with a 488-nm laser and emission was
acquired using a 525/40-nm optical filter.

PCR-based analyses

PCR amplification was performed using Q5 high fidelity polymer-
ase (New England Biolabs, https://international.neb.com) and PCR
screening was performed using GoTaq Flexi DNA polymerase
(Promega, https://www.promega.com) according to the manufac-
turer’s instructions. For high-throughput PCR screening, single
colonies were grown in 200 μl of ESAW supplemented with rele-
vant compounds for 10 days to increase biomass. A list of primers
used can be found in Table S1.

High-molecular-weight genomic DNA (gDNA) extraction,

sequencing and genome assembly

DNA was extracted and sequenced as described by George
et al. (2020). Briefly, cell pellets containing 7 × 107 to 2 × 108 P. tri-
cornutum cells were extracted in batches to obtain approximately
2 μg of genomic DNA following the protocol published at dx.doi.
org/10.17504/protocols.io.qzudx6w. The extracted high-molecular-
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weight DNA was resuspended in molecular-grade water at 22-24˚C
overnight. Sequencing libraries were prepared with the Ligation
Sequencing Kit SQK-LSK109 and sequenced on R9.4.1 flow cells
(Oxford Nanopore Technologies, https://nanoporetech.com). Indi-
vidual sample sequencing runs were stopped after an estimated
minimum of 11Gb were sequenced, excepting samples WRT2 and
WT. For sample WRT2, the coverage estimation during sequenc-
ing was inconsistent with the actual coverage after base calling,
resulting in approximately half the estimated coverage. The
sequencing run for the WT sample was performed last and only
stopped once the flow cell was saturated, resulting in more than
2Gb. After each sequencing run was stopped the flow cell was
washed using wash kit EXP-WSH004 (Oxford Nanopore Technolo-
gies), according to manufacturer’s specifications, and reloaded
with a new sequencing library.

Base calling was performed using GUPPY4.0.15 (Oxford Nano-
pore Technologies) with the high-accuracy model
r9.4.1_450bps_hac. Base calling resulted in 678 874 Oxford Nano-
pore long reads ranging from 65 123 (WTR3) to 212 812 (WT con-
trol). Coverage of the samples range from approximately 18× for
sample WTR3 to approximately 68× for the WT control (Table S5).
Base-called reads were assembled using FLYE2.8.1 (Kolmogorov
et al., 2019) and error corrected with three rounds of RACON1.4.17
(Vaser et al., 2017). Mapping of long reads for error correction was
performed using MINIMAP2.17 (Li, 2018, p. 2). Final assemblies ran-
ged from 33 260 708 nt for sample WTR3 to 35 990 700 nt in the WT
control (Table S5). We obtained 678 874 Oxford Nanopore long
reads ranging from 65 123 (WTR3) to 212 812 (WT control), resulting
in a per-sample sequencing coverage ranging from approximately
18× for sample WTR3 to approximately 68× for the WT control
(Table S5). After quality control and error correction, the final FLYE

2.8.1 (Kolmogorov et al., 2019) assemblies ranged from 33 260 708
nt for sample WTR3 to 35 990 700 nt for theWT control (Table S5).

Comparative genomics and TE annotation

All final assemblies were mapped to the published P. tricornutum
genome (https://protists.ensembl.org/Phaeodactylum_
tricornutum) using MINIMAP2.17. The resulting .sam files were
sorted, converted to .bam format and indexed using SAMTOOLS1.10
(Li et al., 2009). The P. tricornutum UPMS region was screened for
insertions and deletions using the INTEGRATED GENOMICS VIEWER (IGV

2.10) (Robinson et al., 2011) and the indexed .bam files.
Sequences of potential insertions at the UMPS locus were
extracted using IGV and translated into their reverse complements
online (https://www.bioinformatics.org/sms/rev_comp.html).
Sequence alignments and visualization was performed using ALI-

VIEW1.28 (Larsson, 2014) and the integrated aligner MUSCLE 3.8.31
(Edgar, 2004). The insertions/potential TEs in the UMPS region of
the genome assemblies were confirmed as true insertions using
SNIFLLES1.0.12 (Sedlazeck et al., 2018). Read mapping for SNIFFLES

was performed with MINIMAP2.17 and the resulting .sam files were
sorted, converted to .bam and indexed using SAMTOOLS1.10.

Gene prediction and functional annotation of the coding
sequences in the insertions were performed using INTERPROSCAN

5.54.87 (Jones et al., 2014).

For validation of the expression of predicted coding
sequences of the insertion, publicly available P. tricornutum RNA-
seq data sets were downloaded from the Sequence Read Archive
(SRA) at NCBI and aligned with the complete transposon
sequence of sample WTR1 using the splice-aware aligner STAR

2.7.10a (Dobin et al., 2013). To validate the expression of the trans-
posase and other putative coding sequences of the transposon,
publicly available P. tricornutum RNA-seq data sets were

downloaded from the SRA (NCBI) and aligned with the complete
transposon sequence of sample WTR1 using the splice-aware
aligner STAR2.7.10a (Dobin et al., 2013).
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novo genome assembly from long uncorrected reads. Genome Research,

27, 737–746.
Wang, Y.K., Das, B., Huber, D.H., Wellington, M., Kabir, M.A., Sherman, F.

et al. (2004) Role of the 14-3-3 protein in carbon metabolism of the path-

ogenic yeast Candida albicans. Yeast, 21, 685–702.
Wellington, M., Kabir, M.A. & Rustchenko, E. (2006) 5-Fluoro-orotic acid

induces chromosome alterations in genetically manipulated strains of

Candida albicans. Mycologia, 98, 393–398.
Wellington, M. & Rustchenko, E. (2005) 5-Fluoro-orotic acid induces chro-

mosome alterations in Candida albicans. Yeast, 22, 57–70.
Wicker, T., Sabot, F., Hua-van, A., Bennetzen, J.L., Capy, P., Chalhoub, B.

et al. (2008) A universal classification of eukaryotic transposable ele-

ments implemented in Repbase. Nature Reviews. Genetics, 9, 414.

https://doi.org/10.1038/nrg2165-c2

Windhagauer, M., Abbriano, R.M., Pittrich, D.A. & Doblin, M.A. (2022)

Phosphate-inducible poly-hydroxy butyrate production dynamics in CO2-

supplemented upscaled cultivation of engineered Phaeodactylum tricor-

nutum. Journal of Applied Phycology, 34, 2259–2270.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), 115, 926–936

936 Raffaela M. Abbriano et al.

 1365313x, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.16271 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [27/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1038/nrg2165-c2

	 SUMMARY
	 INTRODUCTION
	tpj16271-fig-0001

	 RESULTS AND DISCUSSION
	 �Wild-type� P.&thinsp;tricornutum exposed to �5-FOA� produces colonies with a stable RURF�-like� phenotype
	 WTR diatom cell lines harbour large mutations in the PtUMPS locus
	 A �mutator-like� element (MULE) transposon inactivated the PtUMPS locus in WTR diatoms
	tpj16271-fig-0002
	tpj16271-fig-0003
	 The activation of the MULE transposon is favoured by �5-FOA� selection
	tpj16271-fig-0004
	 Implications of the use of �5-FOA� as selection agent in diatoms
	 Implications of the mobilization of TE�-mediated,� �non-homologous� genome rearrangements in diatom genome evolution and biotechnology

	 CONCLUSION
	 EXPERIMENTAL PROCEDURES
	 Microbial strains and growth conditions
	 �5-FOA� treatment and selection of RURF�-like� phenotypes
	 Flow cytometry
	 PCR�-based� analyses
	 �High-molecular-weight� genomic DNA (gDNA) extraction, sequencing and genome assembly
	 Comparative genomics and TE annotation

	 AUTHOR CONTRIBUTIONS
	 ACKNOWLEDGEMENTS
	 CONFLICT OF INTEREST
	 OPEN RESEARCH BADGES
	 DATA AVAILABILITY STATEMENT

	 REFERENCES
	tpj16271-bib-0001
	tpj16271-bib-0002
	tpj16271-bib-0003
	tpj16271-bib-0004
	tpj16271-bib-0005
	tpj16271-bib-0006
	tpj16271-bib-0007
	tpj16271-bib-0008
	tpj16271-bib-0009
	tpj16271-bib-0010
	tpj16271-bib-0011
	tpj16271-bib-0012
	tpj16271-bib-0013
	tpj16271-bib-0014
	tpj16271-bib-0015
	tpj16271-bib-0016
	tpj16271-bib-0017
	tpj16271-bib-0018
	tpj16271-bib-0019
	tpj16271-bib-0020
	tpj16271-bib-0021
	tpj16271-bib-0022
	tpj16271-bib-0023
	tpj16271-bib-0024
	tpj16271-bib-0025
	tpj16271-bib-0026
	tpj16271-bib-0027
	tpj16271-bib-0028
	tpj16271-bib-0029
	tpj16271-bib-0030
	tpj16271-bib-0031
	tpj16271-bib-0032
	tpj16271-bib-0033
	tpj16271-bib-0034
	tpj16271-bib-0035
	tpj16271-bib-0036
	tpj16271-bib-0037
	tpj16271-bib-0038
	tpj16271-bib-0039
	tpj16271-bib-0040
	tpj16271-bib-0041
	tpj16271-bib-0042
	tpj16271-bib-0043
	tpj16271-bib-0044
	tpj16271-bib-0045
	tpj16271-bib-0046
	tpj16271-bib-0047
	tpj16271-bib-0048
	tpj16271-bib-0049
	tpj16271-bib-0050
	tpj16271-bib-0051
	tpj16271-bib-0052
	tpj16271-bib-0053
	tpj16271-bib-0054


