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Phaeodactylum tricornutum has been highly studied for its potential as a platform for metabolic engineering.
While the possible applications of extrachromosomal expression via an episome have been investigated, there is
still a lack of information concerning its efficacy and limitations. Therefore, we studied the episome expression
system in P. tricornutum, aiming to elucidate its limitations regarding heterologous protein production and
episome rearrangement events. Our objectives were to screen positive transconjugants by fluorescent signal
indicating as a proxy for the production of the proteins of interest that could be used for vanillin synthesis, and to
characterize the transconjugants by flow cytometry and whole plasmid sequencing. We designed an episome
harboring an expression cassette that consisted of the enhanced green-fluorescent-protein (eGFP) linked by
Thosea asigna virus 2A self-cleaving peptide (T2A) to a fusion protein of enoyl-CoA hydratase/aldolase (ech) and
feruloyl-CoA synthetase (fcs), both from Streptomyces sp. strain V-1. This construction resulted in a percentage of
fluorescent transconjugants lower than 10 % and it presented rearranged episomes in the fluorescent and the
non-fluorescent transconjugants. The replacement of the fusion protein ech-fcs in the expression cassette with the
fluorescent protein mCherry increased the percentage of eGFP fluorescent transconjugants over 80 % suggesting
a toxicity of the ech-fcs gene expression and in turn forcing selection for rearranged episomes. A comparison of
flow cytometry results and sequencing analysis demonstrated that a successful transformation with an unaltered
expression cassette could lead to diatoms that do not produce the protein. On the other hand, transconjugants
with mutations or rearrangements in the genes encoding the fusion ech-fcs protein led to fluorescent signal
detection. Here, we show that using fluorescent reporters can mislead the selection of positive transconjugants by
not being able to identify rearrangements in the genes of interest, and intact cassettes can lack fluorescent signal
due to lack of heterologous protein production.

1. Introduction of the diatom's genome done in 2008 [6], and revised in 2021 [7] and
2022 [8], combined with the development of a variety of genetic tools,

Phaeodactylum tricornutum is the model organism for pennate di- have enabled its use in biotechnology [9,10].

atoms and a suitable platform for metabolic engineering. It is not only
the best-characterized diatom so far known to accumulate high-value
products but also is a viable organism for large-scale culture [1]. P. tri-
cornutum has been successfully used for recombinant protein production
attributed to its high growth rates and high efficiency to express com-
plex eukaryotic genes [2-5]. In addition, the sequencing and annotation

Biolistic transformation of P. tricornutum led to the successful accu-
mulation of docosahexaenoic acid (DHA) [11] and the production of
betulin and its precursors [12]. This transformation method leads to
random integration into the genome that could interrupt non-target
genes by partial or multiple integrations of the expression cassette
requiring high throughput screening methods of positive clones [13,14].
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To overcome these undesirable effects, the episomal expression method
was recently added to the molecular tools for diatoms, allowing the
design of extrachromosomal consistent, complex, and predictable plat-
forms for protein production [13,14]. Besides, when compared to
extrachromosomal episomal expression systems, random integration
into the genome produced a higher, but variable, fluorescent signal
detected from the reporter protein mVenus whereas the fluorescence
intensity was more stable between the transconjugants harboring the
linearized episome [15]. This expression variability of the heterologous
genes following nuclear transformation can be due to the random inte-
gration impacting genes responsible for growth and development or to
silencing due to the integration site.

Although episomes have recently been successfully used for protein
synthesis and production of metabolites [15,16], there is still a lack of
knowledge on the success of episomal expression and the screening
particularly when referring to sequence stability and segregation pat-
terns, impacting the production of heterologous proteins or metabolites.
In a previous study, Slattery et al. (2018) have demonstrated the pos-
sibility to introduce eight genes encoding enzymes of the vanillin
biosynthesis pathway including Vanilla planifolia vanillin synthase
(VpVAN) [17] into P. tricornutum in a single episome. Despite the
absence of mutations in the genes, enzyme production and activity in the
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selected transconjugants was not detected (data not shown), justifying
the need to a more in-depth study of alternative pathways such as
episomal expression systems.

Therefore, our aim was to study the episomal expression system in
P. tricornutum focusing on the production of heterologous proteins and
episome rearrangement events. To the best of our knowledge, this kind
of molecular events in extrachromosomal expression system propagated
by P. tricornutum has not been reported previously. The objectives were
(1) to screen positive colonies using a fluorescent reporter linked to a
fusion protein that could potentially be used for vanillin production; (2)
to characterize the transconjugants by flow cytometry and whole
plasmid sequencing. Briefly, we used a construction containing the
enhanced green fluorescent protein (eGFP) linked to the fusion protein
composed of feruloyl-CoA synthetase (fcs) and enoyl-CoA hydratase/
aldolase (ech) soluble enzymes from Streptomyces sp. strain V-1 (Fig. 1a).
Since these two enzymes have already been characterized for the con-
version of ferulic acid to vanillin in E. coli [18,19], they were chosen
over VpVAN whose catalytical activity remains controversial [20]. We
demonstrated that the screening of P. tricornutum transconjugants by
fluorescence detection using eGFP as a reporter protein can be
misleading. On the one hand, no fluorescence could be detected using
microscopy and flow cytometry on zeocin resistant transconjugants,

Fig. 1. Transformation of P. tricornutum
cells with a vanillin biosynthetic pathway.
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despite confirming a genetically intact whole plasmid by sequencing. On
the other hand, in the zeocin resistant eGFP fluorescent transconjugants,
the fcs protein was altered with deletions, shifts in the open reading
frame (ORF), or nonsynonymous substitution mutations. Thus, the
screening based on the fluorescence of eGFP led us to the selection of
transconjugants that did not contain an intact episome nor an unaltered
expression cassette. While, previous studies proved the efficiency of the
episome for the genetic engineering of P. tricornutum [15,16,21-24], our
work suggests that the episomes can be rearranged at an unknown step
during the conjugation to diatoms or subsequent episome propagation.

2. Material and methods
2.1. Microbial strains and growth conditions

Escherichia coli (NEB® 10-beta, New England Biolabs, Canada) was
grown in Luria Broth (LB) supplemented with appropriate antibiotics
(chloramphenicol (15 mg LY. Escherichia coli (Epi300, Epicenter) was
grown in Luria Broth (LB) supplemented with appropriate antibiotics
(gentamicin (20 mg L™YHor chloramphenicol (15 mg LD and genta-
micin (20 mg L. Phaeodactylum tricornutum (CCAP 1055/1, Culture
Collection of Algae and Protozoa) was grown in modified L1 medium
without silica at 18 °C under cool white fluorescent lights (75 pE m 2
s71) and a photoperiod of 16 h light:8 h dark with an agitation of 130
rpm for liquid cultures.

2.2. P. tricornutum growth medium

L1 media preparation was adapted from [10]. It consisted of 917 mL
of autoclaved distilled water, 50 mL of 20x stock of NaCl and Na5SO4,
10 mL of 100x stock of anhydrous salt, 20 mL of 50x stock solution of
hydrous salt, 2 mL of sodium phosphate (NP) stock, 1 mL L1 trace metals
stock, 0.5 mL f/2 vitamin solution.

The 20x stock of NaCl and NaySOy4 sterilized by autoclave consisted
of 245 g L1 NaCl and 40.9 g L1 NaySO4. The 100x stock of anhydrous
salt sterilized by autoclave consisted of 35 g L™ KCI, 10 g L~ NaHCO3,
5 g L™ KBr, 1.5 g L™! H3BOs, and 0.15 g L™ NaF. The 50x stock of
hydrous salt sterilized by autoclave consisted of 277.5 g L7}
MgCly-6H,0 and 38.5 g L™ CaCl,-2H0. The sodium phosphate (NP)
stock was made in 100 mL H,0 and consisted of 37.5 g NaNOs and 2.5 g
NaH,PO4-H20 and was sterilized through a 0.2 pm filter. The L1 trace
metal stock solution was made by mixing 3.15 g FeCl3-6H0, 4.36 g
NapEDTA-2H70, 0.25 mL (9.8 g L~ dH,0) CuS04-5H,0, 3.0 mL (6.3 g
L~ dH,0) NagMo04-2H,0, 1.0 mL (22.0 g L~! dH,0) ZnSO47H0, 1.0
mL (10.0 g L™! dHy0) CoCly-6H,0, 1.0 mL (180.0 g L™! dH,0)
MnCly-4H,0, 1.0 mL (1.3 g L~! dH,0) HySeOs, 1.0 mL (2.7 g L~! dH,0)
NiSO4-6H50, 0.1 mL (100 mM, Cat. P0758S, NEB) Na3VOQy4, and 1.0 mL
(194 g L1 dH,0) KoCrO4 in 1 L HyO and was sterilized through a 0.2-
pm filter. The F/2 vitamin stock solution was made by mixing 200 mg
thiamine-HC], 10 mL of a 0.1 g L™! biotin stock, and 1 mL of a cyano-
cobalamin 1 g L1 stock in 1 L H,O and was sterilized through a 0.2-pm
filter.

For agar plates, equal parts sterilized liquid L1 medium and auto-
claved 2 % agar were combined and poured into Petri dishes.

2.3. Plasmid construction

All plasmid constructs were done by Gibson assembly using the
NEBuilder® HiFi DNA Assembly Bundle for Large Fragments (New En-
gland Biolabs, Canada). Amplicons used to do the assemblies were
amplified by PCR with PrimeSTAR GXL DNA Polymerase (Takara Bio,
Japon) following the manufacturer's protocol. Episome pDMi7 was
made by replacing the URA3 element in pPtGE30 with an expression
cassette containing 40SRPS8 promoter and FcpA terminator driving
eGFP linked with a T2A self-cleaving peptide linker to the enzyme ech
fused with the enzyme fcs by a flexible linker (GGGGS)s (Fig. 1a).
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Expression vector pDMi8 was derived from pDMi7 by inserting mCherry
ORF next to the T2A peptide instead of ech, flexible linker (GGGGS)s3,
and fcs genes.

The ech, and fcs containing a Myc tag in 3' genes were codon opti-
mized and were synthesized by Bio Basic (Markham, Ontario, Canada)
using the codon usage list extracted from the High-performance Inte-
grated Virtual Environment-Codon Usage Tables (HIVE-CUTs) platform
[25] with the refseq database on September 21st in 2018 (Supplemen-
tary Fig. S9). The eGFP and T2A DNA were amplified from pPtGE33, and
the 40SRPS8 promoter was amplified from pPtGE19 [10].

All forward and reverse primers used are listed in Supplementary
Table S4. Plasmids list used and constructed for this study is available in
Supplementary Table S5. The list of all DNA sequences used in this study
is available in Supplementary Table S6.

2.4. Transformation of P. tricornutum by bacterial conjugation from
E. coli cells

Conjugation protocol was adapted from Karas et al. (2015) and
Slattery et al. (2018).

2.4.1. Preparation of P. tricornutum cells

A liquid culture of P. tricornutum of 4 to 8 days old was used as the
starter culture. The cell concentration of 250 pL culture was adjusted to
1.0 x 108 cells ml~! based on the optical density of a 1/5 diluted sample
and calibration curve (Supplementary Fig. S10). To adjust the concen-
tration, the cells were centrifuged at 3500 xg at room temperature. The
250 pL of concentrated culture is plated on 1/2 x L1 1% agar plates and
grown for 4 days. The cells were then scrapped three times with 400 pL
of L1 media and the concentration was adjusted to 5.0 x 108 cells mL L.

2.4.2. Preparation of E. coli cells

The E. coli transconjugants used for bacterial conjugation contain the
conjugative plasmid pTA-Mob [26] and the cargo plasmid with the
expression cassette of interest. A 50 mL of LB was inoculated with 1 mL
of an overnight 5 mL culture of E. coli and incubated at 37 °C to Aggg of
0.8-1.0, centrifuged for 10 min at 3000 xg and resuspended in 500 pL of
SOC media.

2.4.3. Bacterial conjugation

Then, 200 pL of P. tricornutum and 200 pL of E. coli cells were mixed
to initiate the conjugation. The cell mixture was plated on 1/2 x L1 5%
LB 1 % agar plates, incubated for 2 h at 30 °C in the dark, and then
moved to grow for two days at 18 °C in the light. After 2 days, the cells
were scrapped twice with 650 pL of L1 media. The scrapped cells were
plated with 200 pL three times and the remaining volume (<200 pL) on
the fourth plates of 1/2 x L1 1% agar plates supplemented with Zeocin
50 pg/mL (or nourseothricin 200 pg/mL for pPtGE33 transconjugants
only). Colonies appeared after 10-14 days of incubation at 18 °C with a
photoperiod of 16 h light: 8 h dark.

Counts of P. tricornutum (Pt) colonies per conjugation were compared
statistically by Welch's t-test (o« = 0.05) in Microsoft Excel with the Data
AnalysisToolPak.

The P. tricornutum transconjugants were named as follows in our
study: (Name of the episome used for conjugation) - (Round of conju-
gation)(Number of the E. coli colony obtained from the Gibson assembly
of pDMi7) - (Number of P. tricornutum colony after the bacterial con-
jugation)—As an example: DMi7-21-1

2.5. Fluorescence microscopy

Colonies were analysed 14 days after conjugation under a Fluores-
cent Stereo Microscope Leica M165 FC with GFP filter for eGFP fluo-
rescence and RFP filter for mCherry fluorescence detection. Colonies
were observed with a magnification of 80 to 120x.

The percentage of eGFP fluorescent colonies were compared
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statistically by Welch's t-test (« = 0.05) in Microsoft Excel with the Data
AnalysisToolPak.

2.6. Episome DNA isolation from P. tricornutum and episome rescue

The recovery of episomes from P. tricornutum was adapted from
Karas et al. (2015) and Slattery et al. (2018), and the manufacturer's
protocol of the Large Plasmid Mini Kit (Geneaid Biotech Ltd., Taiwan).
Briefly, 5 mL of a 7 days old culture of P. tricornutum was centrifuged for
10 min at 3500 xg. The pellet was resuspended in 235 pL of PDL1 buffer
(Geneaid) supplemented with 5 pL of hemicellulase (100 mg/mL), 5 pL
of lysozyme (25 mg/mL) and 5 pL of 20 T zymolyase solution (10 mg/
mL). The mixed solution was incubated for 30 min at 37 °C. To initiate
the lysis, 250 pL of PDL2 buffer was added to the solution and mixed by
inversions 5 to 10 times and incubated 2 min at room temperature. The
lysis was neutralized by the addition of 375 pL of PDL3 buffer and mixed
by inversions 5 to 10 times and incubated 2 min at room temperature.
The mixture was centrifuged for 3 min on a microcentrifuge at maximal
speed at room temperature. The manufacturer's protocol from the Large
Plasmid Mini Kit (Geneaid) was then followed for the steps of DNA
binding, washing, and elution.

To complete the episome rescue, 2 pL of the miniprep were trans-
formed by heat shock in NEB 10-beta chemically competent E. coli cells
following the manufacturer's protocol up to the spreading of trans-
formed cells on LB plates. At this point, 100 pL of the cell mixture was
spread on a LB plate with chloramphenicol. The remaining volume was
centrifuged 2000 xg at room temperature for 5 min. The supernatant
was partially removed (700 pL) and the remaining volume is used to
resuspend the pellet. The total volume of the cell mixture is then plated
on a LB plate with chloramphenicol. After an overnight incubation at
37 °C, an isolated colony was used to inoculate 5 mL of LB culture to
proceed for a miniprep following the manufacturer's protocol from the
Large Plasmid Mini Kit (Geneaid).

2.7. Whole plasmid sequencing

Episome pDMi7 was sequenced following the Gibson assembly and
served as the reference sequence for further alignment made with CLC
Main Workbench 7.7 (QIAGEN, Germany) with the “very accurate”
alignment parameter. pDMi7 episomes from Gibson assembly and
episome rescue were completely sequenced by CCIB DNA Core (Mas-
sachusetts General Hospital, United States of America) through their
next Next-Generation sequencing Illumina MiSeq platform.

2.8. Promoter region prediction

To analyze the sequence of a putative promoter in DMi7-21-3 clone,
a region of 1000 bp before the first ATG of the longest predicted open
reading frame from the sequence result of episome rearrangements was
analysed using PlantCARE [27] software for predicting transcription
factor binding sites. Besides, to determine if it had the potential
consensus transcription initiation sequence from P. tricornutum we
searched for “TCAH,1W” in the selected region [28].

2.9. Protein extraction

One-week-old cultures were centrifuged at 1500 xg for 20 min at
4 °C. Pellets were weighed and resuspended with a ratio 1.3 g FW/mL in
an extraction buffer (50 mM Tris pH 7.4, 500 mM NacCl, 0.1 % Tween20,
1x protease inhibitor cocktail). Sonication was performed 6 times at 35
% amplitude, 30 s on, 30 s off for 3 min total. Protein extracts were
centrifuged at 20,000 xg for 30 min at 4 °C. Supernatant containing the
total soluble protein fractions were kept at —20 °C to be used for western
blot. The proteins were quantified with the RC DC™ Protein Assay Kit [
(Bio-Rad cat # 5000121).
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2.10. Western blot

For protein detection, 50 pg of total proteins were loaded in 10 %
SDS-PAGE. The proteins were then transferred to the 0.2 pm PVDF
membrane and transfer settings were; 100 V constant and 400 mA for 2
h. Primary antibodies were incubated overnight at 4 °C. Primary anti-
body for eGFP was purchased from Cedarlane (Ontario L7L 5R2 Canada,
cat. #CLH106AP) and for Myc Tag from ThermoFisher Scientific (Illi-
nois 61101 USA, cat. #MA1-21316). Both were used at a 1:1000 dilution
in 3 % BSA. After three washes with Tris-buffered saline, 0.1 % Tween
20 (TBST) solution, the blots were incubated for 1 h in a 1:20,000
dilution, in 5 % milk, of Immun-Star Goat Anti-Mouse (GAM)-HRP
Conjugate from Bio-Rad (Ontario L5T 1C9 Canada, cat. #1705047).
P. tricornutum clone containing pPtGE33 was used as a positive control
for eGFP expression. A quantity of 10 ng of Multiple Tag from GenScript
(cat. # MO0101) was used as a positive control for Myc Tag detection.
After three washes of the membrane with TBST solution, protein
detection was realized by using Clarity Max Western ECL Substrate-
Luminol solution from Bio-Rad (cat # 1705062S). Chemiluminescence
detection and Ponceau S stained (Glacial Acetic Acid 5 % v/v, Ponceau
Red dye 0.1 % m/v) of the blots were visualized using ChemiDoc Im-
aging System with Image Lab Touch Software (Bio-Rad cat # 12003153)
and Image Lab™ Software (Bio-Rad cat # 1709690). The molecular
weight of the protein corresponding to the detected band was calculated
with Image Lab™ Software and the method point-to-point (semi-log).

2.11. Flow cytometry and fluorescence-activated cell sorting (FACS)

The BD FACSMelody (BD Biosciences, La Jolla, CA, USA) equipped
with blue (488 nm), red (640 nm) and violet (405 nm) lasers was used to
sort P. tricornutum transformed transconjugants according to eGFP
production. Prior to the first sort, selected transconjugants were grown
in L1 liquid medium supplemented with corresponding antibiotic and
grown for 7 days. P. tricornutum cultures were washed in L1 medium,
filtered on a 100 pm Nylon Net filter (Merck Millipore, Ireland) and
diluted to an ODy3p = 0.1 in L1 media prior to sorting.

Events were acquired at a fixed flow rate of 1 and at least 10,000
events were analysed. Cells were gated according to FSC-A (forward
scatter area) and SSC-A (side scatter area) parameters and doublons
were excluded according to FSC-H (height) vs. FSC-W (width) and SSC-H
vs SSC-W plots. Chloroplast autofluorescence was measured on the
PerCP channel (700/54 nm). Cells with high levels of PerCP fluores-
cence were further gated whereas cells with non-specific high auto-
fluorescence were excluded based on their emission in the 448/45 nm
channel. eGFP was further analysed on the 527/32 nm band-pass filter
channel. Sorting parameters were set on purity parameter. Sorted cells
were collected in 1.5 mL Eppendorf containing 500 pL of L1 media
without antibiotics. Sorted cells were centrifuged 10 min at 3500 xg and
90-95 % of the supernatant was removed and replaced by 500 pL of L1
media supplemented with zeocin 50 pg/mL and chloramphenicol 25 pg/
mL.

For the second round of sorting, 1st round-sorted cultures were
incubated for 7 days and diluted in 1 mL to an ODy3¢ of 0.1. The cultures
were then grown for another 7 days before being sorted a second time,
according to the same procedure. Figures and statistics were analysed
using BD FlowJo version 10 software (BD Biosciences, La Jolla, CA, USA,
2020). At least 10,000 events were acquired for each sample.

2.12. Total RNA extraction and RT-PCR

Total RNA from P. tricornutum from flash frozen biomass (10 mL of a
7 days old culture) was extracted using the RNeasy Plant Mini Kit ac-
cording to the manufacturer's protocol (QIAGEN, Germany). Followed
by DNase I (NEB, Canada) treatment at 37 °C for 15 min according to the
manufacturer's protocol to remove episome contamination and purifi-
cation using RB columns from Plant Total RNA Mini Kit (GENEAID,
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Taiwan). The RNA quality was confirmed by migration at 100 Vona 1 %
agarose gel for 35 min. RT-PCR was carried out using High-Capacity
cDNA Reverse Transcription Kit according to the manufacturer's proto-
col (Applied Biosystems, USA). For PCR reaction, all the transconjugants
were tested using a forward primer binding at ech (DMI7_F) and a
reverse primer that binds at the beginning of fcs (DMI7_R). The reaction
conditions were: initial denaturation at 95 °C for 30s; 30 cycles of 95 °C
(30s), 50 °C (40s) and 68 °C (16 s), with a final extension at 68 °C for 5
min. PCR products were visualized in 1 % agarose gel and the length of
259 bp was expected for the positive amplification. The forward and
reverse primers sequence used for PCR are listed in Supplementary
Table S4.

3. Results and discussion

3.1. Fluorescence microscopy analysis of transconjugants demonstrated
different fluorescent patterns in a single transformation event

In a previous study, we constructed an episome encoding eight het-
erologous genes involved in vanillin biosynthesis that was stable and
propagated in P. tricornutum over four months with no evidence of
rearrangements [10]. However, we could not detect vanillin, VpVAN
enzyme activity or accumulation in the transconjugants. Since there is a
controversy surrounding the function of VpVAN in vanillin biosynthesis,
we engineered a new construction to study protein production linked to
vanillin biosynthesis. It is based on a simpler pathway using two genes
encoding enzymes already characterized for the conversion of ferulic
acid to vanillin [18,19]. Specifically, the fcs enzyme can convert the
ferulic acid into feruloyl-CoA which will be converted into vanillin by
the catalytic activity of ech (Fig. 1a). The new episomal construction was
built into the previously characterized plasmid pPtGE33 containing the
Thosea asigna virus 2A self-cleaving peptide (T2A) linker cloned between
eGFP and mCherry sequences, and the selection marker ShBle as resis-
tance cassette obtained from pPtGE30 plasmid [10]. There, the expres-
sion of the bi-cistronic gene construction of eGFP-T2A-mCherry is under
the control of the 40SRPS8 promoter and its native terminator which is
known for increased heterologous gene expression [10]. Furthermore,
the fluorescence from the reporter genes, eGFP and mCherry, will allow
for high-throughput screening of transconjugants from liquid culture by
flow cytometry or directly from plate using fluorescence microscopy
(Supplementary fig. S1). Using this system, we constructed two epi-
somes; pControl and pDMi7 (Fig. 1b, c). In pDMi7, the expression
cassette eGFP-T2A-mCherry of pControl was modified by replacing the
mCherry sequence with the ech and fcs coding sequence linked by a
flexible peptide sequence (GGGGS)3 (Fig. 1c).

First, we evaluated the transformation efficiency on zeocin resistant
transconjugants 14 days after the transformation of P. tricornutum with
pPtGE30 (empty vector) and pDMi7 by E. coli conjugation. The number
of colonies obtained from pControl and pDMi7 conjugations was not
significantly different (p-value = 0.25) (Fig. 1d and Supplementary
Table S2), indicating that the transformation was successful.

To evaluate the potential of screening directly on L1 agar plate
media, the eGFP fluorescence was observed using fluorescence micro-
scopy on P. tricornutum zeocin resistant transconjugants. For pControl,
the fluorescence of eGFP and mCherry was observed respectively on
82.1 + 1.8 % and 76.0 + 1.0 % of the analysed colonies (Fig. 1e and
Supplementary Table S1). Whereas, the absence of eGFP and mCherry
fluorescence was observed in 17.9 % and 24.0 % of pControl colonies,
respectively. The non fluorescent clones could be due to an absence of
fluorescent proteins accumulation that might be caused by a partial
expression cassette resulting from an incomplete episome transfer dur-
ing conjugation, or by mutations in the expression cassette sequence.

Unexpectedly, a percentage of 8.2 &+ 0.8 % of pDMi7 colonies dis-
played eGFP fluorescence (Fig. 1e) which is significantly different (p-
value < 0.00001) from the pControl results as determined by Welch's t-
test. The only difference between pControl and pDMi7 is located in the
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expression cassettes downstream the T2A sequence which is coding
respectively for mCherry or ech-fcs (Fig. 1b-c). Regarding the protein of
interest eGFP-T2A-ech-fcs from pDMi7, the eGFP fluorescence should be
produced by the cleaved protein eGFP-T2A, or the uncleaved product
eGFP-T2A-ech-fcs. Compared to pControl, the low percentage of pDMi7
colonies suggests an instability or a potential toxicity related to the ech-
fecs at gene level that could lead to low or non-fluorescent trans-
conjugants. It is possible that the fusion protein ech-fcs promotes the
instability of the uncleaved protein eGFP-T2A-ech-fcs resulting in its
degradation or in its incapacity to produce fluorescence. However, it
cannot explain the absence of fluorescence from the cleaved form eGFP-
T2A since this protein is cleaved and released from the ribosomes before
the translation of ech-fcs downstream the same mRNA. In the case of the
non-fluorescent pDMi7 colonies, there is then also lack of accumulation
of the protein eGFP-T2A. It then means that the gene eGFP-T2A-ech-fcs is
not translated, or that the T2A peptide is not cleaved resulting only in
eGFP-T2A-ech-fcs proteins that are not fluorescent or not degraded by
P. tricornutum.

Regarding the possible toxicity of ech-fcs, the number of zeocin
resistant colonies obtained from pPtGE30 (empty vector) is not signifi-
cantly different than conjugations with pDMi7 (Fig. 1d and Supple-
mentary Table S2). It indicates that if the ech-fcs gene was lethal for
P. tricornutum, the diatom was able to counter its toxic property through
translation inhibition or degradation of the protein of interest. It would
allow its survival and would explain the diminution of fluorescence
transconjugants. It is possible that the toxicity is an effect of the catalytic
activity of the ech-fcs fusion protein in P. tricornutum's metabolism,
either by producing vanillin or catalyzing another reaction, thus
consuming an important metabolite or producing something toxic. A
literature search did not yield any information on the toxicity from ech
or fcs enzymes.

It is interesting to note that the fluorescent areas inside the pDMi7
transconjugant colonies were not always uniform. Some colonies were
almost completely fluorescent (Supplementary fig. S2a), and others
were partially fluorescent (Supplementary fig. S2b-f). We noticed that
some colonies were weakly fluorescent as the GFP signal was observed
only from small dots (Supplementary fig. S2b). In other cases, the col-
onies were fluorescent, but they had regions where the fluorescence
signal was undetectable (Supplementary fig. S2c-f). An overlap between
a fluorescent colony and a non-fluorescent one could explain this
pattern. The irregular shapes of some colonies and their fluorescence
pattern support this hypothesis (Supplementary fig. S2c-e). However, for
some round colonies, it was more ambiguous to determine if two col-
onies had merged or if the heterogeneous fluorescence pattern was
originating from a unique colony (Supplementary fig. S2f). Theses ob-
servations were also present among pControl transconjugants colonies
(Supplementary fig. S3).

3.2. The sequences of the episomes recovered from P. tricornutum pDMi7
transconjugants showed rearrangements and mutations

We selected ten positive pDMI7 transconjugants displaying anti-
biotic resistance to investigate eGFP fluorescence from the reporter
gene. Six out of the ten transconjugants were eGFP positives (GFP+)
whereas four were not (GFP-). To further investigate this, we assessed
the integrity of the pDMI7 with an episomes rescue experiment. For that,
the recovered episomes from P. tricornutum cultures were transformed
and replicated in E. coli from our six GFP+ transconjugants (namely
DMi7-21-1, DMi7-21-3, DMi7-31-1, DMi7-31-3, DMi7-31-4, and DMi7-
31-8) and four non-fluorescent (GFP-) ones (DMi7-21-14, DMi7-21-15,
DMi7-21-16, and DMi7-31-10), extracted and digested (Fig. 2a). The
double digestion of the recovered episomes showed variable profiles
compared to the control plasmid which is the initial pDMi7 following
Gibson assembly. Only DMi7-21-16 exhibited an expected restriction
enzyme digestion profile corresponding to the plasmid control (Fig. 2a).
This suggests that DNA rearrangements occurred in nine out of the ten
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Fig. 2. DNA digestion profiles and representation of the rearrangements of the recovered episomes from pDMi7 P. tricornutum transconjugants

(a) Double digestion by Pstl and Spel of the episomes recovered from P. tricornutum transconjugants showing rearrangement in their sequence. The control is the
digestion of the plasmid pDMi7 used for the conjugation. (b and c¢) Schematic representation of the rearrangements in the expression cassette from the episomes
recovered from P. tricornutum transconjugants containing pDMi7. The GFP+ transconjugants are the one where GFP fluorescent cells have been detected by fluo-
rescent microscopy and flow cytometry. Shaded parts represent deletions in the expression cassettes and is on scale. As a reference the schemes of DMi7-21-16 and
DMi7-31-10 are identical to the designed expression cassette from pDMi7. 40SRPS8, 40SRPS8 promoter; eGFP, enhanced green fluorescent protein; T2A, Thosea
asigna virus 2A self-cleaving peptide; ech, enoyl-CoA hydratase/aldolase; fcs, feruloyl-CoA synthetase; FcpA, FcpA terminator; SNV, single nucleotide variation (T to
G); AA, amino acid (E to A). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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episomes recovered from pDMi7 transconjugants whether they pro-
duced eGFP or not (Fig. 2a).

To further analyze the profile of rearrangements, the rescued epi-
somes were sequenced by whole plasmid next-generation sequencing
with the Illumina MiSeq platform. Interestingly, the episome sequence
recovered from the six GFP+ clones showed the fcs coding sequence
altered by mutations, or from complete or partial deletions (Fig. 2b, c).
The complete analysed changes in the DNA sequences are listed in
supplementary table S3. The sequence of the expression cassette was
truncated with total or partial deletion of the fcs gene and complete
deletion of the FcpA terminator for DMi7-21-1, DMi7-21-3, DMi7-31-3,
and DMi7-31-8, (Fig. 2b). The total length of the deletions starting in the
expression cassette for DMi7-21-1 and DMi7-31-3 were of 5523 bp and
4873 bp respectively. Regarding DMi7-31-8, the deletion of 2552 bp was
replaced by a partial and inverted duplicate from the ech sequence of
155 bp. In the case of DMi7-21-3 there was also a partial deletion of
5004 bp starting in the ech gene. Moreover, in this transconjugant, the
expression cassette was also present in two extra partial duplicates. The
first one carries the partial sequence of ech-fcs. The second one consists
of a partial eGFP sequence with the complete gene encoding the fusion
protein (ech-fcs), however, lacking the promoter sequence of 40SRPS8.
Regarding the clone DMi7-31-1, there was a change in the open reading
frame of the fcs gene with a single insertion after the first twelve nu-
cleotides as represent in Fig. 2b. A nonsynonymous substitution was
detected in the sequence of the fcs gene of the clone DMi7-31-4 causing a
substitution of negatively charged amino acid glutamic acid (E) with a
non-polar aliphatic alanine (A). Further work needs to be done to
evaluate the impact of this mutation on the enzymatic activity of fcs.
Altogether, the six GFP+ transconjugants demonstrated instability in
their episomal sequences that was linked to the fcs sequence. This type of
extrachromosomal DNA instability which influences the production of
an heterologous protein has never been reported from diatoms before. It
is possible that the lack of data in the literature concerning this matter
could be due to the fact that the episome in P. tricornutum has been
discovered fairly recently [13]. However, it is conceivable that this
instability should not be specific to the fcs coding sequence used in this
study. If so, it would then be possible that the episome instability could
be problematic in some metabolic engineering experiments as it was
reported for development of Cyanobacteria strains [29].

Intriguingly, no mutations were observed in the eGFP-T2A-ech-fcs
coding sequence of the expression cassette in any of the non-fluorescent
GFP- transconjugants (Fig. 2c). Moreover, DMi7-21-16 and DMi7-31-10
had no modification in the 40SRPS8 promoter and in the FcpA termi-
nator sequences. Regarding the two other eGFP negative trans-
conjugants, the expression cassette from the clone DMi7-21-14
contained a single nucleotide insertion in the promoter sequence and
DMi7-21-15 was harboring a deletion of the first half of the promoter
sequence. Thus, the absence of eGFP fluorescence of those trans-
conjugants could not be explained by rearrangements and/or mutations
in the expression cassette. Besides, the absence of fluorescence in the
recombinant P. tricornutum transconjugants is not related to the DNA
sequence, which suggests that regulation at other levels such as RNA
silencing, protein degradation or low protein production below the
sensitivity levels, could be responsible for this phenomenon.

Interestingly, a similar observation was reported recently. Defrel
et al. (2021) transformed P. tricornutum by biolistic with the uidA gene,
which encodes the f-glucuronidase (GUS) enzyme, linked by the 2A
peptide to the nourseothricin N-acetyl transferase gene (NAT). No GUS
activity was detected in two transconjugants with a colorimetric assay
despite the absence of sequence modification of their transgene. With
the development of a fluorometric assay, GUS activity was detected in
both transconjugants and was 30 and 40 times lower compared to the
clone with the strongest activity. The reason for the low activity from
these two transconjugants was not elucidated. In their case, the inte-
gration of the transgenes in poorly expressed genomic regions might be
the cause of their low activity. This hypothesis cannot be applied to our
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work since the episomes are extrachromosomal expression systems.
However, it is possible that the heterologous expression systems, either
by random DNA integration or by episome, would be affected by defense
mechanisms of P. tricornutum like RNA silencing. Regarding RNA
silencing, De Riso et al. showed that the GUS reporter gene expression
can be successfully silenced using constructs with sense and antisense
guide RNAs in P. tricornutum [30]. Besides, they were able to modulate
the expression of two endogenous genes encoding for phytochrome
(Dphl) and cryptochrome/photolyase family 1 (CPF1), proving that
RNA silencing can occur in P. tricornutum [30]. Screening of potential
miRNAs would allow to determine whether this mechanism could be the
cause of the absence of fluorescent signal in transconjugants with no
mutations. In this regard, Huang et al. identify by sequencing and bio-
informatic analysis novel miRNAs which may play an important role in
the regulation of P. tricornutum metabolism [31].

3.3. Fluorescent and non-fluorescent transconjugants tested positive for
gene expression of the ech-fcs fusion protein

To investigate the heterologous protein production from the pDMi7
transconjugants, we first tested the gene expression of the cassette by an
endpoint RT-PCR, using primers that amplified a 209 bp long fragment
that covered the end of ech and the beginning of the fcs genes. For this
purpose, six transconjugants were analysed including GFP+ and GFP-
ones. To remove traces of episomal DNA that co-purified with the total
RNA and could give false positives from the PCR analysis, the samples
were treated with DNase I. Total RNA samples without reverse tran-
scription were used as negative control for the PCR. All the trans-
conjugants tested were positive indicating that they express the gene
encoding the ech-fcs fusion protein (Fig. 3). Based on the construction
design, the eGFP should be produced from the same mRNA as the ech-fcs
fusion protein, and then separated by the self-cleavage T2A linker.

The clone DMi7-21-3 gave a positive result even though the partial
cassette where the 40SRPS8 promoter and the eGFP sequences are
complete does not have the reverse primer binding site (Fig. 2b and
Supplementary table 3). In the episome recovered from this trans-
conjugants, there were three partial copies of the cassette where one of
them contains the sequence that would give correct RT-PCR amplifica-
tion. The first partial copy is presented in Fig. 2b, which is composed of
40SRPS8 promoter, eGFP, and ech partial sequence lacking the binding
site for the reverse primer (DMi7_R). The second partial copy of 2400 bp
is inserted after the reference position 13,888 bp. However, it is
composed of ech partial sequence (3'-end) lacking the promoter, eGFP,
and binding site for the forward primer (DMi7_F). Regarding the other
copy, it is an insertion of 3561 bp before the reference position 14,879.
In this case, the 40SRPS8 promoter sequence and the first nucleotide of
eGFP are lacking, but the ech-fcs sequence is complete and contains the
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Fig. 3. Expression of the cassette of interest from pDMi7 P. tricornutum trans-
conjugants

Endpoint RT-PCR of P. tricornutum transconjugants that have been observed by
fluorescence microscopy as fluorescent GFP+ (DMi7-21-1, -3, and -7) or non-
fluorescent GFP- (DMi7-21-14, -15, -16). The plasmid pDMi7 has been used
as a positive control for PCR (+Ctl) and the respective RNA samples (without
reverse transcription) were used as negative controls (-Ctl RT).
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RT-PCR primers binding sites. This could explain the cDNA amplifica-

tion from DMi7-21-3. We hypothesized that the sequence upstream the
duplicate, product of the episome rearrangements, could drive the

expression of the eGFP:c.1delA-T2A-ech-fcs cassette. For this, we ana-

lysed the upstream sequence of the forward promoter binding site and

found transcription factor binding sites predicted by PLANTCARE soft-

ware [27] and the presence of the transcription initiation (Inr) like
consensus motif “TCAH,W” (Supplementary Fig. S4) which has been

characterized before in this diatom [28].

3.4. Detection of heterologous proteins in P. tricornutum transconjugants
depends on the percentage of producing cells in the total population and on
the DNA sequence of the expression cassette

To confirm the presence of eGFP fluorescence, transconjugants that
were assessed by endpoint RT-PCR were also analysed by flow
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cytometry. We confirmed that fluorescent P. tricornutum transconjugants
observed under fluorescence microscopy contained both eGFP+ and
eGFP- cells, with a majority of the cells that were non-fluorescent (Fig. 4
a-b, initial cultures). As such, the percentages of fluorescent cells ob-
tained by flow cytometry were 33.8 %, 5.65 %, and 10.2 % for DMi7-21-
1, DMi7-21-3, and DMi7-21-7 respectively (Fig. 4b; left panels).
Regarding the non-fluorescent transconjugants (DMi7-21-14; DMi7-21-
15 and DMi7-21-16), no eGFP fluorescent cells were detected by flow
cytometry (Supplementary fig. S5; right panel).

Furthermore, we used cell sorting with flow cytometry to enrich the
proportion of fluorescent cells in DMI7-21-1, DMI7-21-3, and DMI7-21-7
cultures (Fig. 4). A first sorting was performed on the initial trans-
conjugants DMi7-21-1, DMi7-21-3, and DMi7-21-7 (Fig. 4b and sup-
plementary fig. S6; left panels). Both fluorescent (named sGFP+
cultures) and non-fluorescent cells (named sGFP- cultures) were indi-
vidually sorted. The sGFP+ and the sGFP- cell cultures were grown for 7

Fig. 4. Enrichment of P. tricornutum
GFP+ through fluorescence activated
cell sorting.

(a). Histogram plots of GFP intensity
profile in cultures of DMi7-21-1 (pink),
DMi7-21-3 (turquoise) and DMi7-21-7
(green) compared to control pPtGE30
(grey). Background autofluorescence
across days following two sequences of
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days and then sorted for a second time (Fig. 4b and supplementary fig.
S6; center panels). For this last round of sorting, only the fluorescent
cells were sorted from the sGFP+ cultures and the resulting cultures
from this enrichment were named GFP++ (e.g., DMi7-21-16FP++)
(Fig. 4b; right panels). From the sGFP- enrichment, only the non-
fluorescent cells were sorted and the resulting cell cultures were
named GFP- (Supplementary fig. S6; right panel). With the enrichment
in eGFP+ cells, the percentage of fluorescent P. tricornutum cells
increased from 2 to 9 fold as shown in Fig. 4 from 33.8 % to 53.2 % for
DMi7-21-1%", from 5.65% to 48.8% for DMi7-21-3"***, and from
10.2% to 96.4% for DMi7-21-7°FP "+,

Among the transconjugants tested, only DMi7-21 reached
almost 100% of fluorescent cells. Even after three subculturing of DMi7-
21-7%FP+*  the enriched proportion did not decrease and showed over
99% of fluorescent cells (Fig. 5). The stability of the fluorescent cells
population in the enriched DMi7-21-7°"*+ culture and the failure to
recover the episomes from the initial culture cells of DMi7-21-7 could
suggest that the DNA episome was integrated into the diatom genome.
Intriguingly, the GFP- sorted cells such as DMi7-21-1°""~ and DMi7-21-
36FP- come from transconjugants with an intact eGFP sequence (Fig. 2b).
This suggests that protein production such as GFP can be stably turned
off in P. tricornutum episome (Supplementary Fig. S6). Although, DMi7-
21-1°""++ and DMi7-21-3FP display similar eGFP frequency and
mean fluorescence intensity (MFI), a distinct subpopulation of eGFP+
cells was only observed in DMi7-21-1%"P+*, compared to a continuous
range of eGFP intensity (from negative to positive cells) was observed in
DMi7-21-3%FP++ (Fig. 4a; right panel). Based on this observation, it is
possible that some colonies of pDMi7 transconjugants are originating
from a mix or heterogenous transconjugants as shown in (Supplemen-
tary Figs. S2 and S3) with a subpopulation of cells producing eGFP and
another not producing eGFP. In all, the results demonstrated that using
cell sorting by flow cytometry to enrich a cell population can increase
the production of a heterologous protein from a culture of P. tricornutum
transconjugants without optimization of the media or the culture con-
ditions. This can also be achieved by the droplet-based microfluidic
techniques that can be used to accelerate the screening of microalgal
transconjugants and to increase the cell population producing the eGFP
[32].
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Next, we assessed the production of eGFP using western blot analysis
(Fig. 6a). Proteins were extracted from P. tricornutum transconjugants
including empty vector controls, and initial unsorted (DMi7-21-1, DMi7-
21-3, and DMi7-21-7), and sorted (GFP++ and GFP-) cell cultures. As
expected, the negative control (empty vector pPTGE30) showed no GFP
specific bands (Fig. 6a). Positive control (pPtGE33) showed three bands
(28. 36, and 58 kDa) where the lower (28 kDa) and the upper (58 kDa)
bands corresponded to the cleaved and uncleaved form of the protein
eGFP-T2A-mCherry that have a theoretical molecular weight of 29 and
56 kDa respectively (Fig. 6a). The results are consistent with previously
reported ones [10]. The 36 kDa band appears to be a byproduct of the
2A. Indeed, green and red fluorescent proteins linked by a 2A peptide
have been used to study the 2A cleavage efficiency. In some cases, it was
reported that byproducts were detected in immunoblotting experiments
with anti-GFP antibodies [33-35]. It raised the question of whether the
assigned bands reported in these investigations as cleaved and
uncleaved proteins and the byproducts detected by western blot could
be eGFP cleaved and/or uncleaved variants with post-translational
modifications.

Regarding the unsorted cultures, eGFP was detected only in DMi7-
21-1 (Fig. 6a) and this transconjugant exhibited 33.4 % of eGFP-+ cells
(Fig. 6b, c). The analysis of the DMi7-21-1 episome sequence revealed
the deletion of the initial stop codon and a partial loss of the fcs gene
sequence (Fig. 2b and Supplementary table S3). Based on the protein
size of 59 kDa detected in the western blot, it suggests that the eGFP was
not cleaved by the self-cleaving T2A peptide. From the sequence of
DMi7-21-1 episome, the expected protein sizes were 29 kDa and 65 kDa
for the cleaved and uncleaved eGFP, respectively. If the eGFP-T2A-ech-
fcs cassette would have been unaltered, the cleaved (29 kDa) and
uncleaved protein (115 kDa) could have been expected. However, it
appears that a deletion in the DNA led to an unexpected 59 kDa eGFP
protein. Regarding the unsorted initial cultures of DMi7-21-3 and DMI7-
21-7 transconjugants, no band was detected, and only 8.0 % and 5.9 %
of cells were fluorescent, respectively (Fig. 6a-c). For the group of
transconjugants enriched in non-fluorescent cells (GFP-), no proteins
were detected. The percentages of eGFP fluorescent cells for the cultures
of DMi7-21-1°""~ and DMi7-21-3%""~ are close to 0 %. The cultures of
DMi7-21-7%FP- reached back to 7.82 % which is close to the level of the

Fig. 5. Stable and high level of GFP
. expression in DMi7-21-7 across subcultur-
10%1 ing.

i Pseudocolor dot plots of pPtGE30 (upper
lane) and DMi7-21-7GFP++ (lower lane)
cultures with 530 nm (GFP) in the x axis
and autofluorescence at 448 nm in the y
axis of the first three subculturing after the
second sorting of GFP+ cells. Gates and
frequencies of total GFP were designed
according to the negative control pPtGE30
autofluorescence and are shown as refer-
ence. GFP, green fluorescent protein. (For
interpretation of the references to colour
10”1 in this figure legend, the reader is referred
i to the web version of this article.)
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Fig. 6. Comparison of GFP detected by
western blot and by flow cytometry.

(a) Western blot anti-GFP of unsorted,
GFP+ sorted (GFP-++), GFP- sorted
(GFP-) cultures of DMi7-21-1, DMi7-

Clone

21-3 and DMi7-21-7 compared to
PPtGE30 (empty vector) and pPtGE33
(positive control). The size of the pro-
teins from the ladder are identified at
the left of the blot. The sizes measured
for the detected proteins are indicated
at the right of the blot. The table at the
right of the blot contains the expected
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unsorted culture (Fig. 6¢).

As for enriched sorted GFP++ cells, different sizes of eGFP were
detected in each of the three transconjugants (Fig. 6a). For example, the
previously observed 59 kDa band was detected in P. tricornutum DMi7-
21-1%FP** but not in the other enriched transconjugants. The clones
DMi7-21-1°"+*and DMi7-21-3%""** showed a band at 29 kDa which
matches the theoretical molecular weight of eGFP associated with the
cleaved form of the T2A peptide. Thus, DMi7-21-1%7" seems then to
produce a protein with an uncleaved T2A peptide, while DMi7-21-
3PP+ is producing a cleaved protein. In Hela cells and in the TnT
Quick Coupled Transcription/Translation System, it was demonstrated
that the sequence upstream of the 2A peptide influences its cleavage
efficiency [34]. This investigation demonstrated that an addition of a
spacer composed of three amino acids (Gly-Ser-Gly) between the N-
terminal protein and the 2A peptide can increase the efficiency of the
cleavage. In the expectation that this spacer would also increase the
cleavage efficiency of the 2A peptides in P. tricornutum, we added this
spacer upstream of the T2A peptide in all the episomes designed in this
study. No difference in the sequence upstream the T2A region that can
explain the difference between DMi7-21-1 and DMi7-21-3 related to the
cleavage of the heterologous proteins produced. This was also confirmed
by sequencing analysis following the episome rescue (Fig. 2 and

% GFP
8.03

45.3
0.71
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233 5.93

1628
243

99.6
7.82

Supplementary table S3). In the case of the enriched culture of DMi7-21-
7CFP++ composed of almost 100% of eGFP fluorescent cells, the mo-
lecular weight of the detected band is 26 kDa which is lower compared
to the band obtained from DMi7-21-3%F7++ (Fig. 6a). In the impossibility
to recover the episome from this clone and sequence it, we cannot
analyze the sequence of this protein, but it suggests a truncated form of
eGFP. Interestingly, DMi7-21-3%"" production of only cleaved protein
suggests that either the length of the C-terminal protein or the possible
modifications of the mRNA secondary structure could affect the ribo-
some skipping producing mostly cleaved protein (which was detected by
western blot) with a shorter sequence in the case of DMi7-21 -36FP++ and
an uncleaved form in the case were the sequence of the complete ech
protein is present (DMi7-21-1°"%), This could lead to think that when
ech protein is complete it is less stable by itself, and it is not detected by
western blot, either because of its enzymatic activity or the non-codon
optimized sequence, since both rearranged episomes have lost the stop
codon. In this regard, studies have shown that protein synthesis levels as
well as a functional polycistronic 2A construct could be affected either
by the N- or C- terminal fusion of partial 2A sequences and/or the
identity and order of adjacent genes [36].

Based on the western blot results (Fig. 6a), there is knowledge that
needs to be acquired regarding the cleavage efficiency of the T2A
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peptide in P. tricornutum. Multiple 2A peptides have been compared for
their cleavage efficiency in Drosophila [37], in CHO cells [38], in yeast
[35], in the silkworm Bombyx mori [39], in the zebrafish embryos [33],
in human cell lines [33,36], in adult mice [33], in mouse cell lines [36],
and recently in P. tricornutum [40]. In all, the 2A peptides with the best
cleavage efficiency were the T2A, the porcine teschovirus-1 2A (P2A),
and the ERBV-1 peptide. In the case of P. tricornutum, Defrel et al. (2021)
compared the activity of the GUS enzyme linked to NAT by the P2A or
T2A peptides. A higher p-glucuronidase activity was observed when the
P2A was used between the two enzymes and when the GUS enzyme was
in C-terminal position. Based on a relative comparison with their
reference strain named Gus5, the relative p-glucuronidase intensity with
GUS in C-terminal was higher than 50 % for 10 of 24 and for 23 of 31
transconjugants, respectively for T2A and P2A groups. When GUS gene
was upstream of the 2A peptide sequence, the transconjugants with a
relative p-glucuronidase intensity that was higher than 50 % were 2 of
18 for the group with the T2A peptide and 5 of 20 for the ones with the
P2A peptide. The authors proposed that when the GUS enzyme is cloned
in N-terminal of the construct, the residual 20 amino acids resulting
from the cleavage of the 2A peptide could negatively affect its
B-glucuronidase activity. The cleavage efficiency of the 2A peptides was
not measured by Defrel et al. (2021) and it was then not correlated with
the p-glucuronidase activity. While we also analysed the production of
the ech-fcs fusion protein by western blot detecting an anti-myc tag
antibody. None of the fusion proteins tagged with a Myc tag in C-ter-
minal were detected on the blot (Supplementary Fig. S7). More studies
are required for better understanding 2A peptides for P. tricornutum
engineering. For its potential as a molecular tool, it will be necessary to
investigate the correlation between the sequence of the 2A peptides,
their cleavage efficiency, the position effect of the proteins in the
expression cassette, and the activities of the proteins of interest.

3.5. The sequence of the expression cassette has an impact on the
percentage of fluorescent transconjugant obtained by bacterial conjugation

Based on the sequencing results from the rescued episomes and flow
cytometry, we observed three contexts in which the reporter protein
eGFP was detected in the DMi7 transconjugants. First, there was a
partial or complete deletion of the fcs sequence in DMi7-21-1, DMi7-21-
3, DMi7-31-3, and DMi7-31-8. Second, there was a change in the ORF
affecting the fcs sequence in DMi7-31-1. Third, there was a non-
synonymous substitution in the fcs sequence of DMi7-31-4 that could
have an impact on the structure of the protein. In all these scenarios, the
eGFP-T2A-ech-fcs protein could not be produced unaltered (Fig. 2b and
Supplementary table 3).

There still could be a possibility that those modifications in the fcs
sequence and the rearrangement in the episomes could have removed
toxic elements or parts that inhibited P. tricornutum translation of the
unaltered eGFP-T2A-ech-fcs gene sequence. These modifications could
also be consequences of a random phenomenon. To determine what
could be the impact of rearrangements, episomal DNA was extracted and
recovered from P. tricornutum clones and then transformed into E. coli for
a new round of bacterial conjugation into wild type strain of
P. tricornutum. The episomes rescued from non-fluorescent DMi7-21-14,
DMi7-21-15, and DMi7-31-10 transconjugants were successfully trans-
formed in P. tricornutum and led to frequencies of 13.1 %, 12.6 %, and
15.0 % of fluorescent colonies, respectively, which are similar to the
results obtained with the conjugation of the original pDMi7 (Fig. 1e and
Table 1). In these rescued episomes, the coding sequence of the
expression cassette did not contain any mutation or rearrangement
(Fig. 2c and Supplementary Table S3). From this point of view, there is
no difference between transforming P. tricornutum with those three
episomes or with the original episome pDMi7. The eGFP fluorescence of
the transconjugants from these rescued episomes is then possibly orig-
inating from mutated or rearranged episomes, like the transconjugants
from the conjugation with the episome pDMi7. Different results were
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Table 1

Count of fluorescent colonies using fluorescence microscopy 14 days after the
bacterial conjugation with the episomes recovered from the P. tricornutum cells
initially transformed with pDMi7.

Subclones of GFP fluorescent colonies (%)

DMi7-21-3 Replicate #1 46.4 (13/28)

DMi7-21-14 13.1 (47/358)
DMi7-21-15 12.6 (42/333)
DMi7-31-1 84.1 (334/397)
DMi7-31-2 14.3 (36/252)
DMi7-31-10 15.0 (53/354)

obtained with the episomes rescued from the two remaining fluorescent
transconjugants. Episome originating from the fluorescent clone DMi7-
31-1 contained a frameshift in the ORF of the fcs sequence (Fig. 2b
and Supplementary Table S3). Once it was reintroduced into
P. tricornutum, 84.1 % of the colonies were detected as fluorescent using
fluorescence microscopy (Table 1). This percentage of fluorescent col-
onies is close to what was obtained from the conjugation with the
episome pControl where the ech-fcs sequence was replaced by mCherry
(Fig. 1b, d). Regarding the episome from the clone DMi7-21-3, the
number of colonies was lower than what was obtained with the others
rescued episomes (Supplementary Fig. S8) with 46 % of fluorescent
colonies (Table 1). Based on the sequencing of the episome recovered
from the clone DMi7-21-3, the bacterial conjugation should not have
been possible as this episome contains only two partial duplicates of the
OriT cassette which is necessary to activate the transfer of the episome
from E. coli to P. tricornutum [26]. The first partial copy of the OriT
cassette contains the first 131 bp and the second one has the first 158 bp
on a total length of 771 bp. It seems that those two partial sequences
could be sufficient to activate the conjugation, but at a lower efficiency.
As expected, no colonies were obtained from the conjugation of the
episomes recovered from the transconjugants DMi7-21-1, DMi7-21-16,
DMi7-31-3, DMi7-31-4, and DMi7-31-8. Following the sequencing
analysis of these episomes (Supplementary Table S3), it revealed the
complete or partial deletion of the OriT sequence.

4. Conclusion

To engineer P. tricornutum to produce enzymes linked to vanillin
biosynthesis, we designed a bicistronic expression cassette containing a
T2A peptide into an episomal system. We observed rearrangement of the
episomal cassette in P. tricornutum. Based on western blot results and the
sequencing of the episomes, it appears that the sequence downstream of
the T2A peptide could have an impact on its cleavage efficiency. Future
investigations focusing on 2A peptides in P. tricornutum should elucidate
the links between the selected 2A peptides, their cleavage efficiency, the
genes order in the expression cassette, and their impacts on the proteins
produced downstream or upstream the 2A peptide.

The results presented here introduce the possibilities of mechanisms
used by P. tricornutum to prevent the production of a heterologous
protein of interest from extrachromosomal expression systems. Indeed,
the bacterial conjugation of P. tricornutum with an episome harboring
the expression cassette for the polyprotein eGFP-T2A-mCherry resulted
in 82.1 % of colonies producing the eGFP fluorescence. A significant
reduction to 8.1 % of fluorescent colonies was observed by replacing the
mCherry sequence by the coding sequences of the enzymes ech and fcs
from Streptomyces sp. strain V-1.

We herein demonstrated that a screening that is not specific to the
production of the proteins or the metabolites of interest can lead to the
selection of transconjugants that contain a rearranged or mutated
episome at the level of the expression cassette. A screening could have
been based on the sequence of the episome. However, it would most
likely have selected transconjugants where the reporter protein eGFP
and the proteins of interest ech and fcs are not produced.

We successfully enriched cultures of P. tricornutum by fluorescence-
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activated cell sorting by flow cytometry. Following the enrichment, it
was possible to increase the protein production of a clone without
optimizing the culture conditions. Further investigation will be neces-
sary to understand the dynamic of the cell population of the
P. tricornutum transconjugants. The observations by fluorescence mi-
croscopy showed that some colonies are almost completely fluorescent,
and some others are only partially fluorescent. We could not confirm the
reason for these differences in fluorescence patterns and what could be
the impact on the cultures made from these colonies.

It is the first time that rearrangement of episomes in P. tricornutum is
investigated. We demonstrated that the episome can be unstable as a
molecular in in this microalgae species. Nevertheless, recent publica-
tions by other groups presented successful uses of this extrachromo-
somal expression system. This article should therefore be interpreted as
a warning about the limits of the episome in P. tricornutum and the
importance of the construction strategy. It can be concluded that the
screening strategy used in this paper led to the selection of trans-
conjugants that did not contain the designed episome.

Accession numbers

fcs (GenBank accession # KC847405.1)
ech (GenBank accession # KC847406.1)
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