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ABSTRACT

Microalgae are used in food and feed, and they are considered a potential feedstock for sustainably pro-
duced chemicals and biofuel. However, production of microalgal-derived chemicals is not yet economically
feasible. Genetic engineering could bridge the gap to industrial application and facilitate the production of
novel products from microalgae. Here, we report the discovery of a novel gene expression system in the
oleaginous microalga Nannochloropsis that exploits the highly efficient transcriptional activity of RNA po-
lymerase | and an internal ribosome entry site for translation. We identified the nucleolus as a genomic safe
harbor for Pol | transcription and used it to construct transformant strains with consistently strong trans-
gene expression. The new expression system provides an outstanding tool for genetic and metabolic en-
gineering of microalgae and thus will probably make substantial contributions to microalgal research.
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INTRODUCTION

Microalgae are at the interface of industrial fermentation and
agriculture. Their high protein content, nutritional value, and
phototrophic growth rate, together with the prospect of cultiva-
tion on non-arable land, make them a potential replacement for
traditional agricultural products in food and feed, as well as plat-
forms for the biomanufacturing of a variety of desirable products
for the chemical and pharmaceutical sector (Lamminen et al.,
2019; Adissin et al.,, 2020; Sarker et al., 2020). Microalgae
naturally produce many compounds of interest, including high-
value lipids, vitamins, pigments, and sterols (Levasseur et al.,
2020). In particular, oleaginous species, including the
emerging model organism Nannochloropsis, have attracted
interest as potential candidates for the sustainable production
of lipids that can be used as biodiesel feedstocks and as a
replacement for palm and fish oil (Chisti, 2007; Wijffels and
Barbosa, 2010).

However, industrial production of microalgae-derived chemicals
is not yet economically feasible due to the high cost of biomass
production and insufficient productivities (Ruiz et al., 2016).
Productivities could be increased by strain improvement
strategies (Ajjawi et al., 2017), but a sophisticated toolbox for
genetic engineering is still under development (Sproles et al.,
2021). Nevertheless, the toolset currently available has shown

to enable the advancement of microalgae with optimized
productivities (Ajjawi et al., 2017) and reduced genome size
(Wang et al., 2020).

Within the past decade, efficient transformation (Kilian et al.,
2011; Vieler et al., 2012), gene silencing (Wei et al., 2017),
and gene knockout (Wang et al., 2016; Ajjawi et al., 2017)
tools were developed for Nannochloropsis spp. Despite this,
tools for strong gene expression are still lacking. Only a few
transcriptional promoters have been characterized (Poliner
et al., 2018a), and gene expression levels are highly variable
among different transformant strains (Kang et al., 2015; Grahl
et al., 2020). This is, at least in part, due to positional effects
that are associated with chromatin structure, if expression
constructs (ECs) are integrated into the genome at random
(Nguyen and Bosco, 2015). Moreover, chromatin structure is
dynamic and subject to regulatory mechanisms that depend
on physiological conditions affecting gene expression
(Nguyen and Bosco, 2015). Furthermore, transgenes in
microalgae are known to be subject to transcriptional
silencing (Cerutti et al., 1997; Rasala et al.,, 2014). As a
result, extensive and laborious screening procedures are
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necessary to select transformant lines that express the
transgene to sufficient and detectable levels. Improving the
efficiency and reproducibility of existing gene expression
systems or the discovery of new ones would greatly
contribute to the genetic toolbox available for development
of Nannochloropsis and other microalgal strains with
desirable traits such as improved lipid productivity or
enhanced production of novel protein products.

In this study, we report the discovery and development of an un-
usual chimeric system that confers exceptionally high gene
expression by recruiting the cellular rRNA synthesis machinery
for transcription.

RESULTS

Insertion of a promoterless cassette in a 25S rRNA gene
leads to exceptionally strong expression

To discover novel transcriptional promoters in N. oceanica, we
generated a mutant library containing random insertions of a
promoter-trapping construct (TC) (Figure 1A). The absence of a
transcriptional promoter prohibited GFP expression unless the
cassette was inserted into a gene. A splice acceptor (SA)
sequence was included at the 5'-terminus to allow expression
in case of insertion into an intron, and an endogenous
terminator (T, ) was added at the 3'-terminus. A control
construct (CC) (Figure 1A) carried the promoter of the highest-
expressed nuclear gene VCP1 (Li et al., 2014). Among a total of
48 independent TC transformants that were selected for
screening, the majority of strains had increased green
fluorescence compared with the wild type (Figure 1B). TC strain
#17 clearly stood out, with its GFP fluorescence exceeding that
of the CC strain by ~8-fold (Figure 1C and 1D). Remarkably,
GFP transcript abundance in TC#17 was increased by 135-fold
over the control (Figure 1F).

We traced the TC insertion in TC#17 to a 25S rRNA gene using
cassette PCR (Figure 1G). In eukaryotes, the 18S, 5.8S, and 25/
28S rRNA genes form a single transcriptional unit (cistron) that
is transcribed by DNA-directed RNA polymerase | (Pol I). rRNA
cistrons are typically arranged as tandem repeats and located
in a dedicated part of the genome, i.e. the nucleolus organizer re-
gion (NOR). N. oceanica contains only four rDNA cistrons in
distinct genomic loci according to the current genome assembly
(Gong et al., 2020). Genotyping PCR (Supplemental Figure 2)
revealed that TC insertion in TC#17 had occurred in the rDNA
cistron on chromosome 3 (chr3, position 1,029,753), between
25S rRNA bases 2333 to 2334 (corresponding to bases 2296-
2297 of the Saccharomyces cerevisiae 25S rRNA), which are
located in the loop of helix 71 of the large ribosomal subunit
(Figure 1H).

TC insertion within a 25S rRNA gene explained the high GFP tran-
script abundance in TC#17 because rRNA genes are transcribed
highly efficiently (Lodish et al., 2000). However, rRNA molecules
are not translated into protein and, therefore, lack mRNA
features such as a 5’ cap and a poly(A) tail. Consequently, if Pol
| was responsible for transcription of the genetic fusion of 25S
rDNA and TC in TC#17, the resulting chimeric RNA (chRNA)
molecule should not be translated. Puzzled by these findings,
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we investigated the underlying mechanism of gene expression
in this mutant.

Defining the minimal rDNA elements required for GFP
expression in TC#17

Ribosome biogenesis in the nucleolus of eukaryotic cells is a
complex and rigorously controlled process. The primary Pol |
transcript undergoes multiple endo- and exonucleolytic cleav-
ages, among other modifications, to yield mature rRNA mole-
cules (Lodish et al., 2000). During maturation, the intermediates
are continuously screened by an RNA surveillance machinery
that recognizes aberrant or unstable RNA (Sloan et al., 2014). A
hypothetical chRNA in TC#17 would have to escape this
surveillance machinery to allow nuclear export and translation
into protein. To ascertain which rDNA cistron parts are required
for the chRNA to escape the nucleolar RNA surveillance
machinery, we designed a number of ECs with a succession of
missing elements compared with the full rDNA-TC fusion in
TC#17 (EC1, Figure 2A). We obtained colonies with GFP
expression levels comparable to those of TC#17 for all
constructs (Figure 2B), indicating that the length of the EC can
be substantially reduced compared with EC1. Strikingly, EC7
transformants could be separated into two distinct clusters,
one without GFP fluorescence (GFP~) and another with TC#17-
like GFP fluorescence (GFP*). Variations in transgene expression
levels among different transformant strains are usually related to
positional effects, if ECs are inserted into a genome at random,
through nonhomologous end joining (NHEJ). However, positional
effects do not typically produce the binary phenotypes that we
observed for EC7 transformants. The lack of colonies with inter-
mediate GFP fluorescence, therefore, suggested that NHEJ
may not be responsible for EC insertion in all EC7 strains.

Strong GFP expression in EC7 transformants depends
on cassette integration into the nucleolar DNA

In addition to random insertion by NHEJ, Nannochloropsis can
integrate a DNA molecule into their genome by homologous
recombination (HR) (Kilian et al., 2011). Because EC1-7 shares
a substantial amount of sequence with the rDNA cistron on chro-
mosome 3, we hypothesized a double-crossover event at the
cassette termini, corresponding to the Pol | promoter and termi-
nator sequences. Therefore, we tested if EC7 had been inserted
at this locus for nine GFP* and GFP~ transformants through PCR
genotyping (Figure 2C). The cassette was present in all
transformants, but it had been inserted by HR only in GFP+
transformants (Figure 2D). These findings indicate that Pol | can
drive high levels of transgene expression in N. oceanica, if a Pol
| promoter-containing EC is inserted at the rDNA cistron locus
on chromosome 3. Insertion of the same EC in random genomic
loci, however, failed to promote strong expression in EC7 GFP~
transformants. To test whether Pol | can drive GFP expression
from cisgenic promoters within the NOR but not within the
rDNA cistron, we inserted EC7 in the vicinity of the chromosome
3 rDNA cistron, 188 nucleotides upstream of the promoter (EC7-
vicinal, Figure 2E). Insertion of EC7 adjacent to the rDNA cistron
and replacement of the rDNA cistron by HR resulted in similar
GFP expression levels (Figure 2F). Therefore, Pol | can
efficiently initiate transcription from a cisgenic Pol | promoter in
N. oceanica, if the promoter is integrated within the NOR.

Molecular Plant 15, 340-3583, February 7 2022 © 2021 The Author. 341



Molecular Plant Nucleolar gene expression in microalgae

a B = og17| © = 80001 §
T T
L. 7500 =
§ § 6000
SA o o
§ 50007 § 4000
R T - 5
Py Y = 2
EGFP P2A zeo® Tous = 25001 R = 2000
>~ i T 8 ) 8 yol
Pl BT & | o e £ |
S o <O & & &
P
D E F
200+
PC chl  GFP T
. § 3
WT g
M WT cc TC#17 < 100+
>
50 kDa— Q
cC - we «—43.6 kDa _,(E R
37 kDa— o
S
(6]
2,4 :
TC#17 g4 o
@ & >§[<\
<0

~o N
P /\@ ‘OQ')? 7 Teanl
= ' Vo T
[ 18s []|| 2ss% |
DSB
—iH64-71

Similarity to 25/28S rDNA of other eukaryotes

o NN 0 AR T
i | L0 OO O AT |
o 7RI O

local similarity [%identity]

0 50 100 5 TC insertion

Figure 1. Discovery of an N. oceanica transformant with exceptionally strong GFP expression.

(A) Schematic of the TC and CC used to transform N. oceanica cells. The promoterless TC relies on insertion into an active gene for expression of GFP and
zeo” by "trapping" upstream exons during mRNA splicing, safeguarded by a 5'-terminal SA. Transcription of transgenes from the CC is driven by an
endogenous promoter (Pycp4) and terminator (T,_sp)-

(B) Flow cytometric quantification of GFP fluorescence for 48 TC transformants, compared with a representative CC transformant (Supplemental Figure 1)
and WT (n = 3).

(C) TC#17 exceeds GFP fluorescence of CC strains by ~8-fold. Dot and error bars show the mean + SD (n = 6) of the median of fluorescence emission
distributions, measured by flow cytometry.

(D) Fluorescence microscopy images showing chlorophyll (chl) autofluorescence and cytosolic GFP fluorescence. PC, phase contrast channel.

(E) Western blot using an Anti-GFP antibody on 30 ng of soluble protein separated by SDS-PAGE.

(F) TC#17 showed a ~135-fold increase in GFP transcript abundance relative to a CC strain, measured by RTg-PCR (n = 3).

(G) TC insertion was traced to a 25S rRNA gene of the rDNA cistron on chromosome 3 (chr3) by cassette PCR and subsequent genotyping PCR
(Supplemental Figure 2). Insertion occurred at position 2333 of the 25S rDNA. Local similarity between the N. oceanica 25S rDNA and 25/28S rDNA of
eukaryotes from different kingdoms (Saprolegnia parasitica, SAR, Arabidopsis thaliana, Plantae, Homo sapiens, Metazoa) are displayed as a heat map.
The insertion-proximal ~200 nucleotides, corresponding to 25S rRNA helices 64 to 71, are highly conserved among eukaryotes (~95% + 2% local
identity, ~71% + 6% average identity over full-length 25S rDNA). DSB, double-strand break.

(H) Secondary structure within domain IV of the S. cerevisiae 25S rRNA, modified from Xie et al. (2012). Only 10 nucleotides are not conserved between
S. cerevisiae and N. oceanica (highlighted blue). Residues that interact directly with the 18S rRNA in intersubunit bridge B2a are highlighted orange (Liang
et al., 2007)
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Figure 2. Definition of minimal elements for
chimeric gene expression reveals strong
positional effects.

(A) Schematic of ECs for deletion mutation. EC1
was amplified as the rDNA cistron from chromo-
some three of TC#17. Different rDNA parts were
removed in EC2-7 to define the elements required
for gene expression.

(B) Quantification of transgene expression in EC1-
7 strains by flow cytometry. Fluorescence of EC1-
6 transformants was comparable to TC#17. For
EC?7, several transformants showed similarly high
fluorescence (GFP™), but most strains did not
produce any detectable GFP signal (GFP™).

(C) Possible insertion mechanism of EC7 into
chromosome 3 via HR. The linear EC (top) can
homologously recombine with the genomic DNA
(center) via double crossovers at the Pol | pro-
moter and terminator.

(D) Characterization of EC7 strains by genotyping
PCR using primers displayed as solid horizontal
arrows in (C). Arrows on the right indicate the ex-
pected band size for HR-mediated cassette inte-
gration by the mechanism shown in (C). EC7 was
inserted by HR only in GFP* strains.

(E) Schematic of EC7 integration in the vicinity of
the rDNA cistron of chromosome 3 (top),
compared with cassette insertion by HR (middle)
or NHEJ (bottom). EC7-vicinal carried homology
flanks (HF) that allowed insertion of 188 nucleo-
tides upstream of the rDNA cistron using CRISPR-
Cas technology.

(F) GFP quantification for an EC7-vicinal trans-
formant compared with EC7-HR (GFP*) and EC7-
NHEJ (GFP™). Strains carrying EC7 adjacent to or
in place of the rDNA cistron show comparable
GFP fluorescence. Faithful cassette insertion was
verified by PCR.

(G) Schematic of bicistronic reporter construct
employed for testing IRES activity of the GFP-
proximal 5-UTR sequence. A total of 255 nucle-
otides upstream of the AUG codon were consid-
ered as potential IRES (Noc-IRES). Expression of
the NanoLuc luciferase (NLuc) gene was possible
only by cap-independent translation at the (puta-
tive) IRES element.

(H) NLuc signal of EC-BRA transformants. After

EC-BRA4:NC & tdTomato pre-selection, 9 to 10 transformants

were screened for luminescence (n = 4 technical
replicates). Significant differences to the average
of the NC were assessed by Tukey’s honestly
significant difference test. **p < 0.01; **p < 0.001.

because the SSU can bind to the IRES either directly or indirectly,
mediated by eukaryotic initiation factors (elFs) and sometimes
additional proteins called IRES trans-acting factors (ITAFs).

Translation of the chRNA is facilitated by an internal
ribosome entry site

The previous results strongly implicated Pol | in GFP expression in
highly fluorescent transformants. As Pol | transcripts lack the
mRNA features necessary for canonical translation initiation, we hy-
pothesized that chRNAs would undergo translation by non-
canonical translation initiation. In eukaryotes, non-canonical trans-
lation initiation can occur on RNA molecules harboring an internal
ribosome entry site (IRES). IRESs are well-studied cis-acting RNA
elements that recruit the small ribosomal subunit (SSU) to a tran-
script via non-canonical RNA-protein interactions (Thompson,
2012). These interactions do not require presence of a 5 cap

Molecular Plant 15, 340-353, February 7 2022 © 2021 The Author.

GFP protein in TC#17 had the same size as conventionally ex-
pressed GFP (Figure 1E), suggesting that translation on the
chRNA initiated on or in the vicinity of the GFP AUG codon. Most
IRES types facilitate translation from an initiation codon that is
located close to or at their 3'-boundary (Thompson, 2012). An
IRES in the chRNA would therefore likely be positioned
immediately upstream of GFP. By analyzing the shortest
functional construct, EC7, we considered the GFP proximal 255
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nucleotides, corresponding to the 25S rDNA bases 2130 to 2333
and the splice acceptor (SA) element of the TC, as putative IRES
(Noc-IRES, Figure 2G). We then verified IRES activity of Noc-
IRES in vivo, using a bicistronic reporter assay. Following pre-
selection for similar expression of the 5'-cistron, 9/9 transformant
strains containing the Noc-IRES (EC-BRA1) showed expression
of the 3'-cistron (Figure 2H). This is evidence for an IRES element
that is functional in a microalga. Furthermore, we found that the
well-studied cricket paralysis virus IGR IRES (Hodgman and
Jewett, 2014), and crucifer-infecting tobamovirus IRES
(Dorokhov et al., 2002) were inactive in N. oceanica.

The proximal 3'-UTR of the chRNA enhances gene
expression by an unknown mechanism

Based on the previous results, we concluded that the rDNA
cistron on chromosome 3 of N. oceanica is a genomic safe harbor
for transgene expression by Pol | and that uncapped chRNA is
efficiently translated from the Noc-IRES. Next, we studied the
impact of removing different EC elements located on the 3'-
side of GFP (Figure 3A). Deletion constructs were inserted into
the genome of N. oceanica at the safe harbor site, and EC
insertion was confirmed by PCR genotyping for all
transformants discussed hereafter. ECT1 resembled the
previous shortest construct EC7, but it was missing the 25S
rDNA sequences downstream of GFP. GFP expression from
ECT1 was similar to EC7 (Figure 3B). Likewise, deletion of the
Pol | terminator (ECT2) did not affect GFP expression
compared with EC7, indicating that the o-tubulin (Pol I)
terminator can substitute for the Pol | terminator.

Surprisingly, deletion of the a-tubulin terminator (T,,_4.), which
originally was part of the TC, caused an 86% (p < 0.001) decrease
in fluorescence of ECT3 strains compared with EC7 strains
(Figure 3A and 3B). In eukaryotes, Pol Il terminators are
required for transcriptional arrest and polyadenylation of
nascent mMRNAs. Poly(A) tails are essential for mRNA export,
stability, and translation, including cap-independent translation
initiation at several IRESs (Bradrick et al., 2007). However, Pol Il
terminators should not be able to cause polyadenylation of Pol |
transcripts because polyadenylation requires the C-terminal
domain of the Pol Il enzyme complex (Hirose and Manley,
1998). Nevertheless, we investigated a possible link between
polyadenylation of chRNA and GFP expression, by substituting
T._wp With a different endogenous Pol Il terminator (T psp) and
a poly(A)-encoding tract in ECT4 and ECT5, respectively. The
poly(A) tract in ECT5 was flanked on its 3'-boundary by a self-
cleaving HDV ribozyme sequence, to facilitate formation of a
free poly(A) tail on the chRNA by endoribonucleolytic cleavage
(Poliner et al., 2018b). Transformants carrying ECT4 at the safe
harbor site had a decreased GFP expression, whereas GFP
fluorescence of ECT5 transformants was higher than for ECTS3,
but 79% (p < 0.001) decreased compared with EC7. Therefore,
T, twp appears to improve gene expression by a mechanism
that is unrelated to polyadenylation.

The 3'-UTRs of mRNAs can contain cis-acting elements that are
involved in regulation of post-transcriptional processing, transcript
degradation, nucleocytoplasmic transport, and translation initiation
through interaction with specific RNA binding proteins (Matoulkova
et al., 2012). As the a-tubulin terminator increased gene expression

Nucleolar gene expression in microalgae

by a mechanism unrelated to polyadenylation, it is likely that it
contains one or more cis-acting elements. GFP transcript
abundance in ECT3 transformants was decreased by 53% (p <
0.001) compared with ECT1 and by 33% (p = .039) compared with
ECT2 (Figure 3C), suggesting that the T, y,, element increases
chRNA stability. However, GFP fluorescence for ECT3 strains was
decreased by 84% (p < 0.001) compared with ECT2 strains, which
exceeds the 33% difference in transcript abundance. Therefore,
the most significant effect of T,_i,, on gene expression may be
related to chRNA translation or nucleocytoplasmic transport.

The hybrid IRES requires the 25S rRNA part and splice
acceptor element for activity

We designed additional deletion constructs to narrow down func-
tionally relevant elements of the Noc-IRES. Deletion of the 25S
rRNA part of the IRES (ECT2A25S, Figure 3D) decreased
GFP expression of transformants by 97% (p < 0.001) compared
with full-length Noc-IRES-containing cassettes (Figure 3E).
Consequently, the 25S rRNA part is essential for high activity of
this IRES. The residual GFP levels in ECT2A25S indicate that the
splice acceptor (SA) element may have an intrinsic ability to drive
cap-independent translation, albeit at low efficiency.

Transformants carrying ECT2 with a deletion of either the SA
element (ECT2ASA) or of the entire Noc-IRES (ECT2AIRES) had
no detectable GFP fluorescence (Figure 3E). The role of the SA
element for cap-independent translation from the Noc-IRES may
be linked to the polypyrimidine tract that it contains because poly-
pyrimidine tracts are essential elements in several natural and arti-
ficial IRESs (Mitchell, 2005). The complete loss of GFP
fluorescence in ECT2AIRES transformants further shows that the
a-tubulin  terminator is not able to drive effective cap-
independent translation of the chRNA independently of an IRES.
Therefore, the mechanism by which T,_,, enhances gene expres-
sion is likely distinct from the mechanisms linked to 3'-cap-inde-
pendent translation enhancer elements of plant viruses (Truniger
et al., 2017). Instead, T, yp may function as a translation
enhancer element only in conjunction with an IRES. A similar
mechanism is known for foot and mouth disease virus and
Hepatitis C virus, where 3'-UTR elements stimulate cap-
independent translation from IRESs located in the 5-UTR
(Serrano et al., 2006; Song et al., 2006; Garcia-Nufez et al., 2014).

The Pol | promoter is indispensable for strong
expression at the safe harbor

Substitution of the Pol | promoter with an endogenous Pol Il pro-
moter (Figure 3F) caused a 95% decrease (p < 0.001) in GFP
fluorescence of ECT2-P psp transformants (Figure 3G). GFP
fluorescence of ECT2-P psp with faithful cassette insertion at
the safe harbor site was comparable to values obtained for
random insertion of this cassette in the genome (data not shown),
indicating that the rDNA cistron on chromosome 3 may also be
used for gene expression by Pol Il, albeit not necessarily with
an advantage over insertion at nucleoplasmic loci.

Establishing a screening pipeline for transformants with
strong gene expression

Strikingly, gene expression with this novel system was strong
enough to easily distinguish N. oceanica transformant colonies
producing a suitable fluorescent reporter protein on agar plates,

344 Molecular Plant 15, 340-353, February 7 2022 © 2021 The Author.
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Figure 3. Defining regulatory elements required for strong chimeric gene expression at the safe harbor site.

(A) Design of ECs to study the requirement for the transcriptional terminators. ECT1 resembled the minimal functional construct EC7, but carried no 25S
rDNA sequences in the 3'-UTR. The Pol | and Pol Il terminator were deleted in ECT2 and 3, respectively. In ECT4 and 5, the Pol Il terminator was replaced
with a different Pol Il terminator and a poly(A)-encoding tract flanked by the HDV ribozyme, respectively. When available, at least three transformants were
analyzed (Supplemental Figure 3A) before choosing a representative strain.

(B) Flow cytometric GFP quantification for representative transformants carrying constructs shown in (A). The mean + SD (n = 6) are shown together with
changes relative to an EC7 transformant. EC7, ECT1 and ECT2 promote comparable levels of GFP expression, whereas deletion of the Pol Il terminator
drastically decreased expression, which was not restored by using a different Pol Il terminator or poly(A) tract.

(C) GFP transcript abundance in transformants, measured by RTg-PCR. The mean + SD (n = 3) normalized to the abundance in the ECT1 transformant are
shown together with relative changes between groups and significance levels.

(D) Schematic of ECs with partial or full Noc-IRES deletion. Six transformants were analyzed by flow cytometry (Supplemental Figure 3B).

(E) Flow cytometric GFP quantification for representative strains carrying constructs shown in (D).

(F) Schematic of EC carrying substitution of the Pol | promoter with a Pol Il promoter.

(G) GFP expression levels of an ECT2-P| pgp transformant, quantified by flow cytometry. (E and G) The mean + SD (n = 6) are shown together with relative
changes compared with ECT2. (B, C, E, and G) Faithful EC insertion at the safe harbor was verified by PCR for all presented strains. Significant differences
were assessed by Tukey’s honestly significant difference test. *p < 0.05, **p < 0.01, **p < 0.001.

regardless of pigment autofluorescence. We used this to tdTomato is transformed with an LP-targeted EC containing a

construct a “landing pad” (LP) strain (LP-tdTomato) that ex- gene of interest, faithful EC insertion at the LP will result in
presses the fluorophore tdTomato from a modified version of replacement of the tdTomato cassette, rendering loss of tdTo-
ECT2, inserted at the safe harbor (Figure 4A). When LP- mato fluorescence a marker for correct insertion. A resistance
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Figure 4. Development of a screening pipe-
line for transformants with faithful cassette
integration.

(A) Construction of a landing pad strain, express-
ing tdTomato and zeo™ at the safe harbor site.
Faithful integration of a modified version of ECT2
was verified by PCR. The tdTomato fluorescence
of this strain is detectable on agar plates even for
small colonies.

(B) Example for the construction of transformants
expressing a gene of interest at the safe harbor
site. The landing pad strain is transformed with a
cassette targeting the landing pad (LPEC-GOI)
containing the gene of interest (GOI) under control
of the Pol | promoter, the Noc-IRES () and T,,_1p,
flanked on their 3'-side by a Pol ll-driven Blast”
cassette. Subsequently, transformants carrying
LPEC-GOI are selected for antibiotic resistance.
Faithful EC integration at the landing pad results in
replacement of the tdTomato gene. Therefore,
screening for tdTomato™ colonies (i.e., colonies
with no detectable tdTomato fluorescence) by on-
plate fluorescence imaging allows selection of
transformants with faithful EC insertion.

(C) Validation of the screening pipeline using
ECT2. After transformation of the landing pad
strain with ECT2, transformants were selected for
Blasticidin resistance and screened for loss of
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gene (other than zeo™) can either be added to the gene of interest
using a 2A-encoding sequence or as a second cistron, under
control of a Pol Il promoter (Figure 4B).

To validate this novel screening pipeline, we transformed the LP
strain with the optimized, minimum functional construct ECT2
(Figure 4C) and screened transformants for loss of on-plate tdTo-
mato fluorescence; 20/20 tdTomato™ colonies showed faithful
EC insertion and had lost resistance to Zeocin (Supplemental
Figure 4). Flow cytometry analysis confirmed complete loss of
tdTomato fluorescence in 10/10 colonies and revealed highly
similar GFP fluorescence for all strains. Growth analysis
revealed an only minor impact on growth, with the maximum
specific growth rate of the LP strain being 15% reduced
compared with the wild type (Supplemental Figure 6). It remains
to be tested whether this reduction is a consequence of

using the new gene expression
system

To put the new gene expression system to
the test, we engineered strains to produce a camelid type VyH
antibody. We transformed the landing pad strain LP-tdTomato
with an EC (Figure 5A) encoding a his-tagged anti-GFP VH. After
antibiotic selection, we selected three colonies without detect-
able on-plate tdTomato fluorescence and found faithful EC inte-
gration at the landing pad in all strains. We purified Vy4H protein
from one of the strains by affinity chromatography (Figure 5B)
and tested its ability to efficiently bind GFP by indirect ELISA
(Figure 5C). The relationship between ELISA signal and VyH
concentration was reliably described by a Michaelis-Menten
model (R?® = 0.995, Figure 5C). Simultaneously, we tested
antibody titer of microalgal raw extracts for all three strains
(Figure 5D). Using the purified V4H as a calibration standard
(Figure 5C), we calculated the VyH concentration in the raw
extracts (Figure 5E). V4H accounted for 7.98% to 8.55% of
total extracted protein, showcasing the potential of the new
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Figure 5. Expression of a V4H antibody using the novel expression system.
(A) Design of an EC encoding a Vy4H with a C-terminal hisg-tag. The cassette was inserted into the safe harbor site of the landing pad strain LP-tdTomato.

Faithful EC integration was verified for three tdTomato-strains by PCR.

(B) Affinity-chromatography purification of VyH from protein extracts of an EC-VHH transformant, analyzed by SDS-PAGE.

(C-E) Pure VyH fractions were pooled and used as standard for quantification of antibody activity in microalgal protein extracts. (C) Calibration curve of
indirect ELISA using purified VyH. The relationship between OD4s5q values and VyH concentration was excellently explained by a Michaelis-Menten fit. (D)
ELISA signal of microalgal protein extract from three independent EC-VHH tdTomato™ transformant colonies (Col. 1-3). Protein extracts showed the
same Michaelis-Menten-like response as purified VyH. (E) Fraction of Vy4H per protein in microalgal extracts. Fractions were calculated using the
nonlinear regression-derived Michaelis-Menten fit of purified V4H (C) and ELISA signal of microalgal protein extract at 1 ug mL™" (D).

gene expression system to produce high levels of functional
protein in N. oceanica.

DISCUSSION

In this study, we developed a novel system for gene expression in
N. oceanica that relies on highly efficient Pol | for transcription and
on an IRES element for translation. Prior studies have shown that
IRESs can be used to overcome translational block of Pol I-tran-
scribed molecules in mammalian cells, yeast, and plants (Palmer
et al., 1993; Ghoshal et al., 2004; Oem et al., 2007; Wen et al.,
2008; Komarova et al., 2012; Sims et al., 2019), but no previous
reports exist for microalgae. Importantly, we found that high
efficiency of the Pol | + IRES expression system depended on
vector insertion into the NOR of N. oceanica.

The discovery of a chimeric IRES with activity in a microalga was
rather serendipitous. Several elements of this IRES may be
involved in ribosomal recruitment in N. oceanica. Polypyrimidine
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tract-binding protein (PTB) is the most ubiquitous ITAF and it is
required for activity of several viral, cellular, and artificial IRESs
(Mitchell, 2005; Martinez-Salas et al., 2018). Previous studies
have shown that artificial IRESs harboring only a polypyrimidine
tract with the PTB recognition sequence can recruit the ribosome
in animal cells (Mitchell, 2005; Spriggs et al., 2005). In this
context, removal of the polypyrimidine tract-containing splice
acceptor part of the Noc-IRES abolished gene expression
(Figure 3D and 3E), suggesting that this element and possibly
interaction with PTB are essential for Noc-IRES activity. The 25S
rRNA part of the Noc-IRES may also play a role in ribosome recruit-
ment, as it is a highly conserved region of the ribosome, i.e., helices
64 to 71 of the large subunit (LSU, Figure 1G and 1H). Helix 69 (H69)
is part of the intersubunit bridge B2a that connects the LSU to the
decoding center of the small subunit (SSU) at the heart of the
ribosome during translation (Yusupov et al., 2001). It has been
shown that deletion of H69 entirely prohibits subunit joining in the
absence of tRNA, indicating that B2a is the most essential
connection between the ribosomal subunits (Ali et al., 2006).
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Given the strong interaction of H69 with helix 44 of the 18S rRNA in
B2a, the HB9 hairpin structure of the Noc-IRES may directly recruit
the SSU to the transcript via base-pairing with complementary se-
quences of the 18S rRNA, analogous to the interaction during sub-
unit joining. Similarly, several viral and cellular IRESs recruit the
SSU through complementarity to the 18S rRNA (Chappell et al.,
2000; Malygin et al., 2013; Angulo et al., 2016).

Both parts of the chimeric IRES are essential for strong activity,
but further studies are necessary to elucidate the mechanism of
ribosomal recruitment. Identification of IRES-interacting proteins
by RNA-centric methods would help to check for interaction of
the Noc-IRES with ITAF proteins such as PTB. At the same
time, further deletion studies may help to define the minimal func-
tional IRES, whereas constructs carrying targeted nucleotide mu-
tations would be required to validate an interaction of the 25S part
of the Noc-IRES with SSU. Thorough understanding of the modus
operandi of this IRES might make it possible to use its structural
blueprint for designing artificial IRESs for other organisms.

Previous studies had identified several transcriptional promoters
that enable gene expression in N. oceanica; however, positional
effects and modulation of gene expression due to physiological
stimuli limit the application of commonly used promoters,
and necessitate screening large numbers of transformants
(Supplemental Figure 1). The identification of the nucleolus as a
genomic safe harbor in N. oceanica, coupled with a new
chimeric gene expression system, enables simple manufacturing
of microalgal transformants with highly consistent transgene
expression. This novel tool represents an outstanding asset for
genetic and metabolic engineering of an industrially attractive
microalga (Li et al., 2019). Moreover, it can be used to transform
Nannochloropsis into a viable source of functional (aquaculture)
feed (Sarker et al., 2018, 2020; Adissin et al., 2020). A list of
potential strategies includes tailoring the algal proteome to
dietary requirements (Herman and Schmidt, 2016), enrichment
for bioactive proteins, including antimicrobial peptides and
immunostimulants (Falco et al., 2012), or design of a feed-based
vaccine (Clarke et al., 2013; Herman and Schmidt, 2016). At the
same time, it will be interesting to transfer this type of gene
expression system to other microalgae and eukaryotes in general.

METHODS

Media and strains

N. oceanica IMET1 was a kind gift from Prof. Jian Xu (Qingdao Institute for
Bioenergy and Bioprocess Technology, Chinese Academy of Sciences).
The organism was cultivated using artificial sea water (ASW) containing
419.23 mM NaCl, 22.53 mM Na,S0Oy, 5.42 mM CaCl,, 4.88 mM K,SOy,
48.21 mM MgCl,, and 20 mM HEPES at pH 8, supplemented with 2 mL
L~" of commercial nutribloom plus (Necton, Portugal) growth media
(ASW-NB) in an HT Multitron Pro (Infors Benelux, Netherlands) orbital
shaker unit operated at 25°C, 90 rpm, 0.2% CO, enriched air and illumi-
nated with warm-white fluorescent light bulbs with an intensity of
150 pmol m~2 s~" with a 16:8-h diurnal cycle. Growth comparison of the
landing pad strain and wild type was carried out at 225 ymol m~2s~" using
an Algem HT24 photobioreactor (Algenuity, UK) that was placed inside an
HT Multitron Pro operated at conditions as described above.

The landing pad strain N. oceanica IMET1-LP-tdTomato can be requested
from Wageningen University, by contacting the corresponding author. The
strain was not tested for mycoplasma contamination.

Nucleolar gene expression in microalgae

Plasmid construction

Plasmids were constructed using either restriction cloning or Gibson as-
sembly technique. For restriction cloning, different DNA elements were
designed with terminal recognition sites for type IIS restriction enzyme
Eco31l. Fragments were amplified via PCR (Q5 polymerase, NEB
#M0492) according to manufacturer instructions, column or gel-purified
(Thermo Fisher Scientific #K0831), and 65 ng of the backbone was mixed
with inserts, typically in molar ratios of 1:2, supplemented with T4 DNA
ligase (Thermo Fisher Scientific #£L0011) and the corresponding buffer
as well as with Eco31l (Thermo Fisher Scientific #FD0293). The mixture
was incubated for six cycles of 5 min, 37°C and 5 min, 16°C and finally
for an additional 10 min, 37°C and 5 min, 65°C and transformed into chem-
ically competent Escherichia coli TOP10. Competent cells were created
using Mix & Go E. coli transformation kit (Zymo Research #T3001). For
Gibson assembilies, we used NEBuilder HiFi DNA Assembly mix (New En-
gland Biolabs) according to manufacturer instructions, typically with 25
nucleotide overlap. The cloning vector employed for all experiments
was pUC19 (GenBank accession number M77789.2). N. oceanica
genomic sequences including promoters, terminators, splice acceptor,
rDNA sequences, and homology flanks were amplified from genomic
DNA of N. oceanica IMET1 via PCR. The bleomycin resistance gene of
Streptoalloteichus hindustanus (zeo”, GenBank accession number
A31898.1) was amplified from pPtPuc3 (addgene #62863) which was a
kind gift from Hamilton Smith. The GFP sequence was codon harmonized
and synthesized by Integrated DNA Technologies, Inc. (Coralville, USA).
The viral P2A linker sequence was codon optimized and synthesized
together with GFP. tdTomato was amplified from pCSCMV:tdTomato
(addgene #30530). Blast” and the NanoLuc luciferase gene were amplified
from pNOC-ARS-CRISPR-BlastR, which was a kind gift from Mihris
Naduthodi.

Genomic DNA was extracted from exponentially growing cultures using
Phire Plant Direct PCR (Thermo Scientific #F160) dilution buffer. Approx-
imately 1x10” cells were pelleted (15 min) and resuspended in 100 L of
dilution buffer, frozen at —20°C for 20 min, boiled (90°C for 10 min and
95°C for 5 min) and pelleted (10 min) again. The supernatant was used
as template for PCR. For genotyping PCR, Phire polymerase (Thermo Sci-
entific #F160) was used according to manufacturer instructions.

Transformation of N. oceanica

Transformation of N. oceanica was carried out as described previously
(Sudfeld et al., 2021), based on the electroporation protocol from Vieler
et al. (2012). Cells were plated on ASW-NB agar (1%) plates, supple-
mented with 5 pg zeocin mL~" for selection of zeocin-resistant cells or
100 pg Blasticidin S mL~" for selection of Blasticidin S-resistant cells.
Plates were incubated at 25°C and 80 pmol m~2 s~ for 3 to 4 weeks
before transformant colonies were transferred to liquid media containing
antibiotic. Depending on the desired analytical method, transformants
were either cultivated in microplates (48 wells or 96 wells) or shake flasks
for several days. Constructs TC, CC, and EC1-7 were used to transform
wild-type N. oceanica culture, whereas other constructs were inserted
into the genome of a parental tdTomato-expressing strain, assisted by
CRISPR-Cas technology.

Transformation of N. oceanica using Cas12a ribonucleoprotein

Targeted gene insertion in the NOR of chromosome 3 was achieved using
CRISPR-Cas technique with a ribonucleoprotein (RNP)-based approach,
as described previously (Naduthodi et al., 2019). Purified FnCas12a and
CRISPR RNAs (crBRNA) were assembled in vitro and co-transformed
with editing template to facilitate homology directed repair-based inser-
tion of the ECs. crRNAs were designed using CHOPCHOPv2 (Labun
et al, 2016). This method was employed for construction of
transformants carrying EC7-vicinal, ECT1-5, and ECT2 derivatives, and
EC-VHH. To facilitate straightforward screening and selection of trans-
formant colonies with faithful EC insertion, the parental strain for transfor-
mation with ECT1-5 and ECT2 derivatives carried a modified version of
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Channel Fluorophore Bandwidth [nm] Detector gain
Forward scatter - 488 2

Side scatter - 488 22%

FL1 GFP 510 £ 10 45%

FL2 tdTomato 585 + 15 45%

FL5 chlorophyll a 720 + 30 40%

Table 1. Detector wavelengths and target fluorophore for flow cytometry analysis on an SH800S instrument

EC7 (EC7-tdTomato) and the parental strain for transformation with EC-
VHH or ECT2 (during validation of screening pipeline) carried a modified
version of ECT2 (ECT2-tdTomato-zeoR) in place of the rDNA cistron 3.1.
EC7-tdTomato and ECT2-tdTomato-zeoR were constructed by transfor-
mation of wild-type N. oceanica as described above, and colonies were
screened for faithful EC insertion by fluorescence quantification and
PCR. crRNA for transformation with EC7-vicinal was 0CS249 and crRNA
for transformation with all other constructs was a 1:1 mixture of 0CS250
and oCS251, both targeting different positions of the tdTomato gene.
HR efficiencies that were obtained for CRISPR-Cas-assisted transforma-
tions (i.e., the fraction of faithful cassette insertions over total number of
screened colonies) were 0.03 + 0.01 for 0CS249, and 0.28 + 0.17 for
0CS250 + 0CS251.

Analysis of gene expression

Flow cytometry analysis

Expression of GFP was quantified by measuring single-cell fluorescence
through flow cytometry analysis using different devices. Exponentially
growing N. oceanica cultures were diluted to ~4x10° cells mL™" with
ASW prior to analysis. Analyses for EC1-7 transformants were carried
out using an Attune NXT flow cytometer (Invitrogen, USA) equipped with
lasers of 405 nm and 488 nm wavelengths. Singlet cells were selected
by appropriate gating in the 488 nm forward and side scatter channels
and only cells with a minimum chlorophyll a autofluorescence of 10,000
arbitrary fluorescence units (afu) in the red channel (detection at 710 +
25 nm, excitation at 405 nm) were considered for statistical analysis.
GFP signal was measured at 530 + 15 nm with blue excitation. Detector
gains were set to 350 mV (forward and side scatter), 400 mV (710 +
25 nm) and 500 mV (530 + 15 nm). All other flow cytometry analyses
were carried out using an SH800S (Sony Biotechnology, USA) instrument
equipped with a 70 um nozzle microfluidic chip and lasers of 488 nm and
561 nm wavelengths. Detector wavelengths for different channels are
shown in Table 1. A minimum of 50,000 events were screened per
sample and only singlet events with a minimum chlorophyll a
fluorescence of ~7,500 afu were considered for statistical analysis.
Gating for singlet events was done as previously described (Stdfeld
et al., 2020).

Fluorescence microscopy

Fluorescence microscopy was carried out on fresh samples of exponen-
tially growing cultures, using an Olympus IX71 inverted system micro-
scope with a X100 magnification objective, a U-MWIBA2 filter cube
(excitation 460-490 nm, emission 510-550 nm) for detection of GFP fluo-
rescence, and a U-MWIGS filter cube (excitation 530-550 nm, emission
515+ nm) for detection of chlorophyll fluorescence. Exposure settings
were kept identical for different samples and chosen to accommodate
the strong fluorescence of TC #17 without over-exposure.

RTq-PCR analysis

Transcript abundance was quantified using RTg-PCR. RNA was extracted
from exponentially growing cultures using the E.Z.N.A. plant RNA kit
(Omega Bio-tek #R6827) according to manufacturer instructions with
the following modifications: ~3x108 cells were harvested by centrifuga-
tion (4,000 x g for 5 min at 4°C), the pellet was snap-frozen in liquid N,
and resuspended in 500 puL of RB buffer prepared with fresh 2-

mercaptoethanol. The suspension was transferred to a bead beater
tube (MP Biomedicals #116914500) and bead beat for 2 x 60 s at
4,000 rpm with a 120 s pause between cycles with a Precellys 24 homog-
enizer (Bertin Technologies). After centrifugation (2,500 x g, 1 min) the su-
pernatant was transferred to a Homogenizer Mini Column and processed
according to the “Standard Protocol.” An on-column DNase | digestion
step was conducted using RNase-free DNase Set | (Omega Bio-tek
#E1091) for 25 min. After elution in nuclease-free (NF) H,O, RNA concen-
tration was measured with a NanoDrop device and integrity of RNA was
monitored by separating 500 ng of RNA with agarose gel electrophoresis
using a 1.25% agarose gel and an RNA denaturation step (10 min at 70°C
in @ 66% [v/v] formamide solution) prior to gel loading. RNA was subjected
to a second DNase | digestion using TURBO DNA-free Kit (Thermo Fisher
Scientific #AM1907) with a 30 min digestion. Absence of DNA was verified
by using 50 ng of RNA as PCR template with Taq polymerase (Thermo
Fisher Scientific #K1081).

cDNA was synthesized by subjecting typically 700 ng of total RNA to
reverse transcription (New England Biolabs #M0253S) with random hex-
amer primers according to manufacturer instructions. cDNA libraries
were diluted 1:48 with NF H,O and subjected to qPCR on a CFX96
Real-Time PCR detection system (Bio-Rad laboratories) using SYBR
Select Master Mix (Thermo Fisher Scientific #4472903) according to
manufacturer instructions with 200 nM primer concentrations in technical
triplicate. Primer efficiencies were calculated from a standard curve with
purified PCR product at concentrations between 1x10°% and 1x10° tem-
plate copies uL~". GFP transcript abundance was quantified relative to
Actin as reference gene.

Western blot

Protein presence and size was verified using western blot technique. Sol-
uble protein was extracted from exponentially growing N. oceanica cul-
tures; ~1.5x10° cells were pelleted (2,500 x g, 5 min) and resuspended
in 500 pL 0.075 mM Tris buffer (pH of 8). The suspension was bead beat
3 x at 2,500 rpm for 20 s with a 120 s pause between cycles, using Lysing
Matrix E (#116914500, MP Biomedicals) with a Precellys 24 homogenizer
(Bertin Technologies). Subsequently, the tubes were frozen at —20°C for
90 min, thawed at 20°C, and pelleted (15,000 x g, 5 min). The protein-
containing supernatant was transferred to fresh tubes and protein con-
tents were quantified using a modified Lowry assay (DC Protein Assay,
Bio-Rad #5000116) with a BSA calibration standard. An amount of
45 pg of soluble protein was mixed with 5 x Laemmli reagent, heated to
85°C for 3 min, and separated by SDS-PAGE on 4% to 15% TGX protein
gels (Bio-Rad #5678084) with TGS running buffer for 40 min at 200 V.
Immediately after, proteins were transferred to PVDF membranes (Bio-
Rad #162-0177) using a Criterion Blotter (Bio-Rad) at 50 V for 60 min
with pre-cooled Towbin buffer. Membranes were blocked with TBS-
T+1% skim milk powder (Bio-Rad #170-6404), incubated with a GFP anti-
body (500 x diluted, Thermo Fisher Scientific #14-6674-82) on a rocking
shaker for 1.5 h at RT and then overnight at 4°C, washed thrice with TBS-
T, incubated for 2 h with a horseradish peroxidase-conjugated secondary
antibody at RT (2,000 x diluted, Thermo Fisher Scientific #A10551) and
washed thrice again. Chemiluminescence was detected using a Chemi-
Doc XRS+ system and enhanced chemiluminescence substrate (Thermo
Fisher Scientific #34096). After detection, gels and membranes were
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Coomassie-stained to confirm appropriate protein separation and equal
blotting efficiencies across samples.

Luminescence assays

Nanoluc activity was determined using a modified version of the protocol
reported by Poliner and colleagues (2018a). Briefly, NanoLuciferase
substrate (Promega) was diluted 10,000 x in ASW. Microalgal cultures
were diluted in ASW to a concentration of 2x107 cells/mL and 100 pL of
cell suspension was transferred to a 96-well microtiter plate. For bicis-
tronic assays, tdTomato fluorescence was measured using a CLARIOstar
Plus plate reader (BMG LABTECH GmbH), to verify that transgene tran-
scription was similar in all transformant strains before addition of chemilu-
minescence substrate. Subsequently, 100 pL of substrate-containing
ASW was added to each well, the plate was agitated for 20 s and lumines-
cence was measured at 470 + 40 nm.

On-plate fluorescence screening

On-plate tdTomato fluorescence of transformant colonies was visualized
using PathoScreen (PhenoVation Life Sciences, The Netherlands) fluores-
cence imager. The device captured RFP and chlorophyll fluorescence and
color images with a 6-megapixel camera. The RFP channel and the dedi-
cated Data Analysis (Version 5.4.7 beta-64b) software (PhenoVation Life
Sciences, The Netherlands) was used to select colonies with or without
tdTomato fluorescence.

Purification of Vy4H antibody

VyH antibody was purified from algal extracts as follows: 6 x10° exponen-
tially growing cells of an EC-VHH transformant strain were harvested by
centrifugation (3,000 x g, 10 min, 4°C), resuspended in 500 pL of ice-
cold TBS-T, supplemented with 2 uL mL~" of protease inhibitor (Merck
#P9599, TBS-T-PI) and bead beat 3 x at 2,500 rpm for 20 s with a 120
s pause between cycles, using Lysing Matrix D (#116913500, MP Biomed-
icals). Debris was pelleted by centrifugation (15,000 x g, 10 min, 4°C) and
the supernatant was transferred to fresh tubes and kept on ice. Protein
concentration was quantified using modified Lowry procedure as
described above. His-tagged VyH was purified from the extract by Ni-
NTA spin column purification (Thermo Fisher Scientific #88224) according
to manufacturer instructions with the following modifications. Five wash
steps were carried out using 700 pL of 25 mM imidazole in PBS and
each time the flowthrough was collected in separate tubes. Then, three
additional wash steps were conducted with 700 uL of 40, 50, and
70 mM imidazole in PBS and also collected separately. Last, the elution
was done in four separate steps with 200, 200, 500, and 200 pL of
250 mM imidazole in PBS used in steps 1, 2, 3, and 4, respectively. The
raw extract, and all flowthrough, wash and elution fractions were then
analyzed by SDS-PAGE. Briefly, samples were mixed with 5 x Laemmli
reagent, heated to 95°C for 5 min and 30 uL were separated on a 4% to
15% TGX protein gel with TGS running buffer for 35 min at 200 V. The
gel was stained with Coomassie Brilliant Blue G-250 (Bio-Rad
#1610787) overnight and destained in dH,O with multiple changes over
1 d. Purification and SDS-PAGE analysis were done for three biological
replicates. Elution fractions that showed no visible bands other than the
VyH band after destaining were pooled, and the elution buffer was re-
placed with TBS-T-PI using Amicon Ultra Centrifugal Filter Units (Merck
#UFC500308) with three washing steps of 15-min centrifugation at
14,000 x g. All centrifugations were carried out at 4°C. Then, VyH solu-
tions of triplicates were pooled, adjusted to 300 pL total volume and pro-
tein concentration was measured by Lowry method.

ELISA

Soluble extracts were prepared for three EC-VHH transformant strains as
described above, using ~6x 108 cells per sample. After protein quantifica-
tion, extracts were diluted to 200, 100, 50, 20, 10, and 1 pg protein mL'in
TBS-T-PI. Purified V4H was diluted to 4.00, 3.00, 2.50, 2.00, 1.50, 1.00,
0.75, 0.50, 0.25, 0.10, and 0.05 ng mL~" in TBS-T-PI and used as a cali-
bration standard in quantitative ELISA. For this, microtiter plates were
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coated with GFP and blocked with skim milk as follows. Recombinant pu-
rified GFP (Thermo Fisher Scientific #A42613) was resuspended in TBS
(pH 8.0) at 2.5 ng mL~", and 50 pL was transferred to each well of a Med-
iSorp 96-well microtiter plate (Thermo Fisher Scientific #467320). Control
wells were treated with TBS only. The plate was sealed and incubated at
RT in the dark for 2 h. The solution was removed and the plate was
blocked by addition of 170 pL of 1% skim milk powder (Bio-Rad #170-
6404) in TBS per well. After 1 h incubation at RT in the dark, blocking so-
lution was removed and wells were washed several times with TBS-T.
Then, 50 pL of all V4H calibration standard dilutions and of all microalgal
extract dilutions were transferred to separate wells in duplicate and incu-
bated at RT for 1 h in the dark. Unbound molecules were washed off and
secondary anti-camelid VyH antibody conjugated to HRP was added (Ab-
cam #ab112786, 10,000 x diluted in 0.5% skim milk powder in TBS-T).
The plate was sealed and incubated at RT in the dark for 1 h. Solutions
were removed and wells were washed several times with TBS-T. Then,
90 upL of colorigenic TMB substrate (Thermo Fisher Scientific
#10301494) was added to each well and incubated at RT in the dark for
exactly 10 min. The reaction was stopped by addition of 90 pL of
0.16 M H,SO,4 and optical density was measured at 450 nm. A dose-
response curve was created for the calibration samples and fitted with a
3-parameter Michaelis-Menten regression model using the drc package
(Ritz et al., 2015) of R statistical computing software (R Team, 2018).
This model was used to calculate the VyH concentration in microalgal
extracts at 1 ug mL™".

Cassette PCR and genotyping procedure for TC #17

Tracing of the insertion site in TC transformant strain #17 was carried out
using a Mmel-based version of cassette PCR as reported before (Sudfeld
et al., 2021), with the exceptions that the double-stranded DNA adapters
were assembled from oligos 0CS089 and oCS090, and that different PCR
primers were used for nested PCRs (listed in Supplemental Table 1). PCR
products were purified and sequenced in order to reveal the nucleotide
sequence surrounding the TC by BLAST analysis against the
N. oceanica genome. This analysis implicated four possible genomic
loci, corresponding to 25S rRNA genes. All four potential loci were
tested for presence of the cassette by genotyping PCR with primer
pairs that were unique for each locus (Supplemental Figure 2).

Analysis of conserved regions of N. oceanica 25S rRNA

The 25/28S rRNA sequences of several eukaryotes (Gallus gallus, acces-
sion number KT445934; Arabidopsis thaliana, JSAD01000007; Brassica
napus, CCCW010027254; Saprolegnia parasitica, ADCG02001922; Nan-
nochloropsis gaditana, AFGN01000272; S. cerevisiae, LIUU0O1000096;
Galdieria sulphuraria, ADNM02000184; Schizosaccharomyces pombe,
AY048171; Phytophthora nicotianae, LNFO01001540; Drosophila persi-
milis, AAIZ01013212) from different clades were retrieved from the SILVA
database (Quast et al., 2013) or the NCBI (Homo sapiens, NT_167214.1)
and aligned together with the 25S rRNA sequence from N. oceanica
using ClustalQ with standard parameters. Sequence regions from
organisms other than N. oceanica without a homologous region in the
N. oceanica 25S rRNA were removed from the multiple sequence
alignment for visualization purposes. Local similarities of a subset of
sequences compared with the N. oceanica 25S rRNA were then
calculated as percent of identical nucleotides in a sliding 15-nucleotide
window. The similarities were converted to a color-gradient and plotted
as a heatmap using R statistical software. The local and global similarities
mentioned in the caption of Figure 1 were calculated as mean + SD of
identities of all abovementioned organisms compared with N. oceanica.

Statistical data treatment

All data processing and statistical analysis was done using R statistical
software (R Team, 2018). No statistical predetermination of sample size
was applied. Sample sizes were chosen based on experience.
Significant main effects were evaluated by two-way ANOVA. Significant
ANOVAs were followed by Tukey’s honestly significant difference (HSD)
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test to compare means of multiple groups. Differences were considered
significant in case of p < 0.05. For flow cytometry analysis, the median
of the fluorescence distribution in a fluorescence channel of interest
was considered as average cellular fluorescence for a respective sample.
In figures representing flow cytometry analyses, individual points corre-
spond to the median fluorescence value of at least 50,000 cells. For
statistical analysis, the mean of the median wild-type fluorescence was
substracted from each median. Then, the means of wild-type-corrected
median single cell fluorescences were used to compare gene expression
between different groups.

Oligonucleotides and gene fragments

All oligonucleotides and gene fragments used in this study are listed in
Supplemental Tables 1 and 2, respectively.

Data availability

All data relevant for interpretation of this study are presented in the article
and supplementary material. Any further information is available from the
corresponding author upon reasonable request.
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