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Abstract

There is great interest in establishing microalgae as new platforms for the sustainable production of high-value prod-
ucts such as recombinant proteins. Many human therapeutic proteins must be glycosylated, which requires their passage
through the secretory pathway into the culture medium. While the low complexity of proteins in the culture medium
should facilitate affinity purification of secreted recombinant proteins, this has proven challenging for proteins secreted by
the unicellular green alga Chlamydomonas reinhardtii. In Leishmania tarentulae, we observed that C-terminally exposed
affinity tags are frequently truncated, presumably due to proteolytic activity. We wondered whether this might also occur
in Chlamydomonas and contribute to the difficulties in affinity purification of secreted proteins in this alga. Using the
methionine-rich 2S albumin from Bertholletia excelsa and the ectodomain of the SARS-CoV-2 spike protein produced
and secreted in Chlamydomonas, we demonstrate that they can be efficiently affinity-purified from the culture medium
by Ni-NTA chromatography when the 8xHis affinity tag is internalized. This finding represents an important step towards

further development of Chlamydomonas as a host for the sustainable production of high-value recombinant proteins.
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Introduction

Microalgae are considered promising sustainable hosts
for biotechnology, as they grow rapidly, rely on light and
simple mineral media, efficiently capture CO, and have a
high land use efficiency, without competing with arable land
(Einhaus et al. 2024). The hype about using microalgae for
the production of biofuels was followed by disillusionment
as the cultivation and harvesting costs remain higher than
the value of the biofuels produced (Sarwer et al. 2022).
To improve the ability of microalgae to produce biofuels
cost-efficiently, genetic modifications appear to be essen-
tial, though their implementation may take many years.
To set the stage for this it might be a good strategy to first
use microalgae as hosts for the production of high-value
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products. This would facilitate the development of appropri-
ate molecular tools while simultaneously generating profit.
To date, Chlamydomonas reinhardtii (Chlamydomonas)
is the most developed microalgal system for genetic engi-
neering with robust protocols for gene editing via CRISPR/
Cas9 (Chen et al. 2023; Ferenczi et al. 2017), dedicated
expression strains (Neupert et al. 2009), a Golden-Gate-
based library of genetic parts enabling the rapid assembly of
multi-gene constructs within a few days (Crozet et al. 2018),
and simple transgene delivery methods (Kindle 1990; Shi-
mogawara et al. 1998). Importantly, our knowledge of how
to design nuclear transgenes for robust expression in Chlam-
ydomonas has grown. This includes optimizing codon usage
(Barahimipour et al. 2015), regularly interrupting the cod-
ing sequence with introns (Baier et al. 2018b), and using
strong promoters in combination with suitable 5’- and
3’-UTRs (Fischer and Rochaix 2001; Lopez-Paz et al. 2017,
Niemeyer et al. 2023; Schroda et al. 2000). This knowledge
of nuclear transgene design has been used successfully for
the production of high-value compounds such as sesquiter-
penoids (Gutiérrez et al. 2024), astaxanthin (Amendola et
al. 2023), e-caprolactone (Siitonen et al. 2023), putrescine
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Fig.1 Ni-NTA purification of secreted 2S albumin harboring the 8xHis
tag at different positions. A Level 2 constructs for the production and
secretion of 2S albumin in Chlamydomonas with the 8xHis tag at
different positions. Pyr— HSP70A4-RBCS2 promoter; cCA— secretion
signal from carbonic anhydrase; 2Salb— coding sequence for 2S albu-
min; SP20- glycomodule of 20 serine-proline repeats; HA— hemag-
glutinine epitope; 8xHis— 8x histidine affinity tag; Tpp;,3— 3'-UTR of
the RPL23 gene. The aadA cassette under control of the PSAD pro-
moter and terminator (S?) was used as selection marker. B Purification
of 2S albumin from the culture medium of transformants expressing
the constructs depicted in A). 2S albumin was purified from 100 ml
cell-free culture medium from transformants #6, #5, and #8 (Supple-
mental Fig. 1) via Ni-NTA affinity chromatography. Proteins in the
indicated fractions (1 ml each) were precipitated with TCA and ana-
lyzed by immunoblotting. Recombinant mCherry-6His-1HA (mCh)
from Kiefer et al. (2022) was loaded as a positive control for the anti-
body and to allow for comparing signals between blots. InP— input;
FT- flow-through; W— wash; E1-4— elution fractions with 500 mM
imidazol. Shown are representative replicates from three experiments
(all replicates are shown in Supplemental Fig. 2)
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(Freudenberg et al. 2022), or cadaverine (Freudenberg et al.
2021). Even human therapeutic proteins have been produced
in Chlamydomonas, including the SARS-CoV-2 receptor-
binding domain and full ectodomain (Berndt et al. 2021;
Kiefer et al. 2022), intercellular adhesion molecule 1 (Tor-
res-Tiji et al. 2022), interleukin-2 (Dehghani et al. 2020),
human pro-angiogenic growth factors (Chavez et al. 2016;
Jarquin-Cordero et al. 2020), human epidermal growth fac-
tor (Baier et al. 2018a), and erythropoietin (Eichler-Stahl-
berg et al. 2009). Since many human therapeutic proteins
must be glycosylated for being active, their targeting to the
secretory pathway is essential. The secreted proteins accu-
mulate in the culture medium, where the lower complex-
ity of proteins should facilitate purification of recombinant
proteins. While there are reports of successful purification
of recombinant proteins with C-terminal poly-histidine tags
from Chlamydomonas culture medium (Eichler-Stahlberg
et al. 2009; Lauersen et al. 2013; Perozeni et al. 2023),
we have not been able to purify the secreted SARS-CoV-2
ectodomain with a C-terminal octa-histidine tag (Kiefer et
al. 2022). Since, in the studies reporting successful affinity
purification, the recombinant proteins were only detected by
immunoblotting, the purification appears to have been rather
inefficient. We found that C-terminal tags on recombinant
proteins produced and secreted in Leishmania tarentula are
cleaved from a large fraction of these proteins, presumably
by peptidases and proteases (Hieronimus et al. 2024). We
wondered whether this problem also exists in Chlamydomo-
nas and whether it could be overcome by the internalization
of the affinity tag.

Results

We wanted to test whether the problem of purification of
secreted proteins with C-terminal affinity tags from Chlam-
ydomonas culture medium could be due to the removal of
the exposed tags. To this end, we generated three genetic
parts for the B5 position according to the Chlamydomo-
nas Modular Cloning standard (Crozet et al. 2018) encod-
ing C-terminal fusions with different positions of the 8xHis
affinity tag (Fig. 1A). All parts also contain the synthetic
SP20 module consisting of 20 serine/proline repeats shown
to enhance the yield of secreted proteins in Chlamydomonas
severalfold (Ramos-Martinez et al. 2017) as well as the HA
epitope for immunodetection. As a test protein we used the
methionine-rich 2S albumin from Bertholletia excelsa. For
high-level expression, the coding sequence for 2S albumin
was adapted to the optimal Chlamydomonas codon usage
and interrupted by the first two RBCS2 introns (Baier et
al. 2018b; Schroda 2019). Moreover, the strong HSP704-
RBCS2 promoter fusion (Schroda et al. 2000) and the strong
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Fig. 2 Purification of 2S albumin and SARS-CoV-2 spike protein
ectodomain produced with internalized 8xHis tag. The two proteins
were produced and secreted in 100 ml cultures of transformants #5
(2S albumin) and #17 (spike protein) (Supplemental Figs. 1 and 4) and
purified from cell-free culture medium via Ni-NTA affinity chromatog-
raphy. Proteins in 1 ml fractions from input (InP), flow-though (FT),
and wash (W) as well as in 1.7 ml of the 2 ml eluates (E) were precipi-
tated with TCA, separated on SDS-polyacrylamide gels and stained
with Coomassie Blue. The indicated amounts of BSA were included
for quantification. Full arrowheads point to the full-length proteins,
open arrowheads point to degradation products. Shown are representa-
tive experiments, two more replicates for each protein are shown in
Supplemental Fig. 3

RPL23 terminator (Lopez-Paz et al. 2017) were used. Secre-
tion of 2S albumin was mediated by the signal peptide from
carbonic anhydrase (cCA) (Lauersen et al. 2013), which
was most effective in mediating secretion of the SARS-
CoV-2 spike protein (Kiefer et al. 2022). We assembled
three transcription units for the production of 2S albumin
with 8xHis at different positions (Fig. 1A). We combined
the transcription units with the aadA cassette driven by the
PSAD promoter and terminator and transformed them into
Chlamydomonas. As recipient strain, we used UVM4 (Neu-
pert et al. 2009) that had been transformed before with the
NIT1 and NIT?2 genes to enable growth of UVM4 on nitrate
(N-UVM) (Freudenberg et al. 2021). Proteins in the cul-
ture medium of 12 spectinomycin-resistant transformants
generated with each construct were precipitated with TCA

and screened for the presence of secreted 2S albumin using
an antibody against the HA epitope. Eight to eleven of the
twelve transformants per construct were tested positive
(Supplemental Fig. 1).

We then grew the best-expressing transformants for
each construct in 100 ml TAP medium to stationary phase,
when secretion of recombinant proteins is highest (Kiefer
et al. 2022; Ramos-Martinez et al. 2017) and subjected the
cell-free culture medium to Ni-NTA affinity chromatogra-
phy. Recombinant 2S albumin was detected in the culture
medium of all three transformants (InP in Fig. 1B). The
2S albumin variant with SP20-HA-8His was not depleted
in the column flow-through and was absent in the eluates
(FT, E1-4 in Fig. 1B, Supplemental Fig. 2), corroborating
our results with the SARS-CoV-2 spike protein carrying
this sequence (Kiefer et al. 2022) and indicating that the
C-terminally exposed 8xHis tag is unsuitable for affinity
purification. In contrast, 2S albumin with the 8His-SP20-
HA and SP20-8His-HA sequences was depleted in the col-
umn flow-throughs and enriched in the eluates, indicating
the suitability of the 8xHis tag for affinity purification if it
is internalized.

To estimate the yield and purity of recombinant 2S
albumin, we performed Ni-NTA affinity purification using
100 ml of culture medium from the 2S albumin variant
containing the 8His-SP20-HA sequence. We then separated
85% of total eluted protein by SDS-PAGE and stained the
gel with Coomassie Blue. As shown in Fig. 2 and Supple-
mental Fig. 3, the purified 2S albumin migrated with an
apparent molecular mass of ~40 kDa, which is much larger
than the calculated mass of 21.2 kDa after signal peptide
cleavage. A larger apparent mass than the calculated mass
was also observed for secreted Venus protein carrying the
SP20 glycomodule, which was shown to be due to glycosyl-
ation (Ramos-Martinez et al. 2017). There were few impu-
rities and no degradation products. Using densitometric
quantification of the Coomassie-stained 2S albumin bands
and BSA as a standard in three replicates, we estimated a
yield of 31 +10.9 pg recombinant protein per liter of culture.

To test whether internalization of the 8xHis tag also
enables the successful affinity purification of another
recombinant protein, we assembled the coding sequence
for the SARS-CoV-2 spike protein ectodomain (Kiefer et
al. 2022) with the HSP704-RBCS2 promoter, the RPL23
terminator, and sequences encoding the cCA signal peptide
and the 8His-SP20-HA motifs into a vector containing the
aadA cassette. Six out of 26 spectinomycin-resistant trans-
formants produced and secreted detectable levels of the
recombinant spike protein (Supplemental Fig. 4). Again,
we grew the best-expressing transformant in 100 mL TAP
medium to stationary phase and subjected the cell-free cul-
ture medium to Ni-NTA affinity chromatography. As shown
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in Fig. 2 and Supplemental Fig. 3, the internalized 8xHis tag
in the 8His-SP20-HA sequence also enabled the successful
purification of the spike protein. The protein migrated with
an apparent molecular mass of ~200 kDa, which again is
much larger than the calculated mass of 139 kDa, likely due
to glycosylation of the SP20 glycomodule and the realiza-
tion of at least some of the 22 N-linked glycans in the spike
protein (Ramos-Martinez et al. 2017; Watanabe et al. 2020).
As reported previously (Kiefer et al. 2022), the spike protein
is unstable as evidenced by several degradation products,
most prominently at ~96, ~85, and ~48 kDa. Densitometric
estimation of the amount of intact spike protein and BSA as
a standard yielded 23.3+3.7 pg of recombinant spike pro-
tein per liter of culture.

Discussion

We report here that the problem of unsuccessful affinity
purification of secreted recombinant proteins from the cul-
ture medium of Chlamydomonas can be overcome by inter-
nalizing the affinity tag (Fig. 1). We demonstrate this with
two different recombinant proteins: the methionine-rich 2S
albumin from Bertholletia excelsa and the SARS-CoV-2
spike protein ectodomain (Fig. 2). We hypothesize that this
problem is caused by proteolytic removal of the exposed
tag, similar to what has been observed for secreted proteins
in Leishmania tarentulae (Hieronimus et al. 2024). The
efficient depletion of the tagged 2S albumin from the cul-
ture medium and the high purity of the recombinant protein
after Ni-NTA affinity chromatography indicate that secreted
recombinant proteins can efficiently be enriched when using
an internalized 8xHis tag. This suggests that unassembled
cell wall proteins that accumulate and aggregate in the extra-
cellular space of Chlamydomonas cell wall deficient (cw)
mutants and potentially trap secreted recombinant proteins
(Baier et al. 2018a; Barolo et al. 2022), do not appear to
pose problems. This is corroborated by the efficient purifica-
tion also of the spike protein, although assessing its purity
is more challenging due to its susceptibility to degradation
(Fig. 2; Supplemental Figs. 3, 4) (Kiefer et al. 2022).

The successful purification of the two recombinant pro-
teins to amounts that can be easily visualized by Coomassie
Blue staining is promising. Nevertheless, a problem that
remains to be solved is the low yield of recombinant pro-
tein of <50 pg per liter of culture. For commercial purposes
this needs to be boosted by at least~ 100-fold. An ~10-fold
improvement could be achieved by the cultivation of the
transgenic lines in the N-UVM background in medium sup-
porting high cell densities (Freudenberg et al. 2021). Further
improvements could be achieved by enhancing secretion
rates, for example, through the selection of more efficient
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signal peptides (Baier et al. 2018a; Molino et al. 2018),
increasing protein folding capacity in the ER (Gasser et al.
2008), or translationally fusing the target protein with secre-
tion-enhancing proteins such as the Lolium perenne ice-
binding protein (Baier et al. 2018a; Lauersen et al. 2015).
Additionally, fusing the target protein with easily detectable
reporters, such as luciferase or fluorescent proteins, would
facilitate screening for the highest-expressing transformants
(Baier et al. 2018b; Lauersen et al. 2015). The degradation
of unstructured C-termini in secreted recombinant proteins
could represent a challenge when using Chlamydomonas as
a platform for producing human therapeutic proteins, as it
can lead to protein heterogeneity. A potential solution is the
incorporation of cleavage sites for highly specific proteases,
such as tobacco etch virus (TEV) protease or PreScission
protease, upstream of the affinity tag. This would allow for
precise tag removal, as well as the elimination of other unde-
sired sequences such as the SP20 glycomodule, stabilizing
proteins, or reporters, upon elution of the target protein from
the affinity matrix. While challenges particular regarding
the yield of recombinant proteins still need to be addressed,
this study represents an important step toward establishing
Chlamydomonas as a viable and sustainable platform for
the production of high-value recombinant proteins.

Methods
Strains and culture conditions

Chlamydomonas reinhardtii strain UVM4 (Neupert et al.
2009) was transformed with plasmids containing the wild-
type NIT! (pMN24, Fernandez et al. (1989) and NIT2
(pMNG68, Schnell and Lefebvre (1993) genes via the glass
beads method (Kindle 1990). Transformants were selected
on Tris-Acetate-Phosphate (TAP)-NO; agar plates (Kropat
et al. 2011). A transformant able to grow on nitrate-con-
taining medium (N-UVM) was then transformed with con-
structs pMBS1119, pMBS607, pMBS1047, and pMBS1026
(see below for construction details) linearized with Notl.
Transformants were selected on TAP-agar plates containing
100 pg mL~! spectinomycin (Merck). For secretion assays,
transformants were grown mixotrophically in TAP-NH,-
medium at 25 °C at 120 rpm orbital shaking under continu-

ous light of ~70 pmol photons m 2 s .

Plasmid design and cloning

The amino acid sequence of Bertholletia excelsa 2S albu-
min (Uniprot accession BOEU54) was reverse translated
using the optimal Chlamydomonas codon usage. The
first two Chlamydomonas RBCS?2 introns were inserted
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with the flanking site AG/intron/GA (Baier et al. 2018b).
The coding sequence was flanked by Bbsl recognition
sites and the overhangs AATG and TTCG for position
B3-B4 of level 0 parts according to the MoClo standard
for Chlamydomonas (Crozet et al. 2018). Gene synthesis
and cloning into pUC57 was done by TWIST resulting in
pMBS483. To swap the position of the 8xHis tag around
the SP20 glycomodule, PCRs were performed on Level
0 construct pMBS659 (SP20-HA-8xHis) (Kiefer et al.
2022) using primers 5’-AAGAAGACAATTCGCACCA
CCACCACCACCACCACCACTCGCCCTCGCCCAG
CCC-3* and 5’-TTGAAGACAAAAGCTTAAGCGTAG
TCGGGCACGT-3’, and 5’-AAGAAGACAACCACG-
gcagctacccttacgacgtgccggactacgectaaGCTTTGAGACCT-
TATCG-3’ and 5’-AAGAAGACTAGTGGTGGTGATGGT
GGT-3" to generate genetic parts encoding 8His-SP20-HA
(pMBS1022) and SP20-8His-HA (pMBS818), respectively.
Each PCR product and pAGM1301 (Weber et al. 2011)
were digested with BbsI (NEB) and ligated with T4 DNA
ligase (NEB) in a one-pot reaction, resulting in pMBS1022
and pMBS818, respectively. For the production and secre-
tion of 2S albumin and spike protein, their encoding level
0 parts B3-B4-pMBS483 [2S albumin] and B3-pMBS706
[CoV2-S up] / B4-pMBS708 [CoV2-SGSAS/PP-down]
were assembled with A1-B1-pCMO0-015 [HSP704-RBCS2
promoter+5'-UTR], B2-pCMO0-051 (cCA signal pep-
tide), B5-pMBS659 [SP20-HA-8His] / B5-pMBS1022
[8His-SP20-HA] / B5-pMBS818 [SP20-8His-HA], and
B6-C1-pCMO0-119 (RPL23 3'UTR terminator) (Crozet et al.
2018; Kiefer et al. 2022) into the level 2 destination vector
pMBS807 conferring resistance to spectinomycin (Niemeyer
and Schroda 2022) in a one-pot reaction with Bsal (NEB)
and T4 DNA ligase (NEB) yielding vectors pMBS1119
(Spike-8His-SP20-HA), pMBS1047 (2Salb-SP20-8His-
HA), and pMBS1026 (2Salb-8His-SP20-HA) (see Sch-
roda and Remacle (2022) for an overview of the assembly
strategy). In case of the construct producing 2S-albumin
fused to the SP20-HA-8His sequence, the parts were first
assembled into Level 1 recipient vector pICH47742 yield-
ing pMBS606, which was then combined with pCM1-01
(level 1 module with the aadA cassette flanked by the PSAD
promoter and terminator) with plasmid pICH41744 con-
taining the proper end-linker, and with destination vector
pAGM4673, giving pMBS607. All constructs were verified
by Sanger sequencing.

SDS-PAGE, immunostaining and coomassie blue
staining

TCA precipitation and sample preparation of secreted
proteins for SDS-PAGE were performed as previously
described in Kiefer et al. (2022). Samples with 2S albumin

were analysed on 12% polyacrylamide gels while those
with spike protein on 8% polyacrylamide gels. After gel
electrophoresis, gels were either stained with colloidal Coo-
massie Blue or transferred to a nitrocellulose membrane
using semidry blotting and immunostained with anti-HA
(H9658, Merck, 1:10,000). m-IgGk BP-HRP (sc-516102,
Santa Cruz Biotechnology, 1:10,000) was used as second-
ary antibody. Chemiluminescence signals were visualized
using an INTAS imaging system. Coomassie-stained bands
of 2S albumin, the spike protein, and the BSA standard were
quantified densitometrically using ImageJ. The amounts of
recombinant proteins were estimated through linear regres-
sion based on the BSA standard. Finally, mean values and
standard deviations were calculated from three independent
replicates.

Purification of secreted proteins by Ni-NTA affinity
chromatography

Cultures were initially diluted to a cell density of 1%¥10°
cells/mL and then grown to stationary phase for six days.
100 mL growth medium was separated from cells by centri-
fuging twice for 2 min at 4,000 g and 25 °C. After addition
of NaCl to a final concentration of 300 mM, the cell-free
medium was loaded onto a column containing 1 mL of
Ni-NTA (P6611, Merck) slushy equilibrated with one col-
umn volume column buffer (300 mM NaCl, 20 mM TRIS
pH 8.0). Afterwards the column was washed with 10 mL
column buffer containing 5 mM imidazole. Proteins were
eluted with 4 mL 500 mM imidazole in two fractions of 2
mL each.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00294-0
25-01311-2.

Acknowledgements We would like to thank Ida Faust for her help
with the experiments.

Author contributions A.P. performed all experiments supported by
D.K.,J.N,, and L.F. M.S. conceived and supervised the work and wrote
the manuscript text. All authors reviewed the manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL.

This work was supported by the Deutsche Forschungsgemeinschaft
(RTG 2737- STRESSistance and SPP 1927, Schr 617/11—1).

Data availability No datasets were generated or analysed during the
current study.

Declarations

Competing interests The authors declare no competing interests.

@ Springer


https://doi.org/10.1007/s00294-025-01311-2
https://doi.org/10.1007/s00294-025-01311-2

7 Page 6 of 7

Current Genetics (2025) 71:7

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

Amendola S, Kneip JS, Meyer F, Perozeni F, Cazzaniga S, Lauersen
KJ, Ballottari M, Baier T (2023) Metabolic engineering for effi-
cient ketocarotenoid accumulation in the green microalga Chlam-
ydomonas reinhardtii. ACS Synth Biol 12:820-831

Baier T, Kros D, Feiner RC, Lauersen KJ, Muller KM, Kruse O
(2018a) Engineered fusion proteins for efficient protein secretion
and purification of a human growth factor from the green micro-
alga Chlamydomonas reinhardtii. ACS Synth Biol 7:2547-2557

Baier T, Wichmann J, Kruse O, Lauersen KJ (2018b) Intron-containing
algal transgenes mediate efficient Recombinant gene expression
in the green microalga Chlamydomonas reinhardtii. Nucleic
Acids Res 46:6909-6919

Barahimipour R, Strenkert D, Neupert J, Schroda M, Merchant SS,
Bock R (2015) Dissecting the contributions of GC content and
codon usage to gene expression in the model Alga Chlamydomo-
nas reinhardtii. Plant J 84:704-717

Barolo L, Commault AS, Abbriano RM, Padula MP, Kim M, Kuzhi-
umparambil U, Ralph PJ, Pernice M (2022) Unassembled cell
wall proteins form aggregates in the extracellular space of Chlam-
ydomonas reinhardtii strain UVM4. Appl Microbiol Biotechnol
106:4145-4156

Berndt AJ, Smalley TN, Ren B, Simkovsky R, Badary A, Sproles AE,
Fields FJ, Torres-Tiji Y, Heredia V, Mayfield SP (2021) Recom-
binant production of a functional SARS-CoV-2 Spike receptor
binding domain in the green algae Chlamydomonas reinhardtii.
PLoS ONE 16:¢0257089

Chavez MN, Schenck TL, Hopfner U, Centeno-Cerdas C, Somlai-Sch-
weiger I, Schwarz C, Machens HG, Heikenwalder M, Bono MR,
Allende ML, Nickelsen J, Egana JT (2016) Towards autotrophic
tissue engineering: photosynthetic gene therapy for regeneration.
Biomaterials 75:25-36

Chen H, Yang QL, Xu JX, Deng X, Zhang YJ, Liu T, Rots MG, Xu GL,
Huang KY (2023) Efficient methods for multiple types of precise
gene-editing in Chlamydomonas. Plant J 115:846-865

Crozet P, Navarro FJ, Willmund F, Mehrshahi P, Bakowski K, Lau-
ersen KJ, Perez-Perez ME, Auroy P, Gorchs Rovira A, Sauret-
Gueto S, Niemeyer J, Spaniol B, Theis J, Trosch R, Westrich LD,
Vavitsas K, Baier T, Hubner W, de Carpentier F, Cassarini M,
Danon A, Henri J, Marchand CH, de Mia M, Sarkissian K, Baul-
combe DC, Peltier G, Crespo JL, Kruse O, Jensen PE, Schroda
M, Smith AG, Lemaire SD (2018) Birth of a photosynthetic chas-
sis: a MoClo toolkit enabling synthetic biology in the microalga
Chlamydomonas reinhardtii. ACS Synth Biol 7:2074-2086

Dehghani J, Adibkia K, Movafeghi A, Pourseif MM, Omidi Y (2020)
Designing a new generation of expression toolkits for engineer-
ing of green microalgae; robust production of human interleu-
kin-2. Bioimpacts 10:259-268

@ Springer

Eichler-Stahlberg A, Weisheit W, Ruecker O, Heitzer M (2009) Strate-
gies to facilitate transgene expression in Chlamydomonas rein-
hardtii. Planta 229:873-883

Einhaus A, Baier T, Kruse O (2024) Molecular design of microalgae as
sustainable cell factories. Trends Biotechnol 42:728-738

Ferenczi A, Pyott DE, Xipnitou A, Molnar A (2017) Efficient targeted
DNA editing and replacement in Chlamydomonas reinhardtii
using Cpfl ribonucleoproteins and single-stranded DNA. Proc
Natl Acad Sci USA 114:13567-13572

Fernandez E, Schnell R, Ranum LP, Hussey SC, Silflow CD, Lefebvre
PA (1989) Isolation and characterization of the nitrate reductase
structural gene of Chlamydomonas reinhardtii. Proc Natl Acad
Sci USA 86:6449-6453

Fischer N, Rochaix JD (2001) The flanking regions of PsaD drive effi-
cient gene expression in the nucleus of the green Alga Chlamydo-
monas reinhardtii. Mol Genet Genomics 265:888—-894

Freudenberg RA, Baier T, Einhaus A, Wobbe L, Kruse O (2021) High
cell density cultivation enables efficient and sustainable Recom-
binant polyamine production in the microalga Chlamydomonas
reinhardtii. Bioresour Technol 323:124542

Freudenberg RA, Wittemeier L, Einhaus A, Baier T, Kruse O (2022)
Advanced pathway engineering for phototrophic Putrescine pro-
duction. Plant Biotechnol J 20:1968-1982

Gasser B, Saloheimo M, Rinas U, Dragosits M, Rodriguez-Carmona E,
Baumann K, Giuliani M, Parrilli E, Branduardi P, Lang C, Porro
D, Ferrer P, Tutino ML, Mattanovich D, Villaverde A (2008) Pro-
tein folding and conformational stress in microbial cells produc-
ing Recombinant proteins: a host comparative overview. Microb
Cell Fact 7:11

Gutiérrez S, Overmans S, Wellman GB, Lauersen KJ (2024) Compart-
mentalized sesquiterpenoid biosynthesis and functionalization in
the Chlamydomonas reinhardtii plastid. A European Journal of
Chemical Biology, Chembiochem, p €202400902

Hieronimus K, Donauer T, Klein J, Hinkel B, Spanle JV, Probst A,
Niemeyer J, Kibrom S, Kiefer AM, Schneider L, Husemann B,
Bischoff E, Mohring S, Bayer N, Klein D, Engels A, Ziechmer BG,
Stiebeta J, Moroka P, Schroda M, Deponte M (2024) A modu-
lar cloning toolkit for the production of Recombinant proteins in
leishmania tarentolae. Microb Cell 11:128-142

Jarquin-Cordero M, Chavez MN, Centeno-Cerdas C, Bohne AV, Hop-
fner U, Machens HG, Egana JT, Nickelsen J (2020) Towards a
biotechnological platform for the production of human pro-
angiogenic growth factors in the green Alga Chlamydomonas
reinhardtii. Appl Microbiol Biotechnol 104:725-739

Kiefer AM, Niemeyer J, Probst A, Erkel G, Schroda M (2022) Produc-
tion and secretion of functional SARS-CoV-2 Spike protein in
Chlamydomonas reinhardtii. Front Plant Sci 13:988870

Kindle KL (1990) High-frequency nuclear transformation of Chlam-
ydomonas reinhardtii. Proc Natl Acad Sci USA 87:1228-1232

Kropat J, Hong-Hermesdorf A, Casero D, Ent P, Castruita M, Pel-
legrini M, Merchant SS, Malasarn D (2011) A revised mineral
nutrient supplement increases biomass and growth rate in Chlam-
vdomonas reinhardtii. Plant J 66:770-780

Lauersen KJ, Berger H, Mussgnug JH, Kruse O (2013) Efficient
Recombinant protein production and secretion from nuclear trans-
genes in Chlamydomonas reinhardtii. J Biotechnol 167:101-110

Lauersen KJ, Huber I, Wichmann J, Baier T, Leiter A, Gaukel V, Kar-
tushin V, Rattenholl A, Steinweg C, von Riesen L, Posten C,
Gudermann F, Lutkemeyer D, Mussgnug JH, Kruse O (2015)
Investigating the dynamics of Recombinant protein secretion
from a microalgal host. J Biotechnol 215:62-71

Lopez-Paz C, Liu D, Geng S, Umen JG (2017) Identification of Chlam-
ydomonas reinhardtii endogenous genic flanking sequences for
improved transgene expression. Plant J 92:1232-1244

Molino JVD, de Carvalho JCM, Mayfield SP (2018) Comparison of
secretory signal peptides for heterologous protein expression in


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Current Genetics (2025) 71:7

Page 7 of 7 7

microalgae: expanding the secretion portfolio for Chlamydomo-
nas reinhardtii. PLoS ONE 13:¢0192433

Neupert J, Karcher D, Bock R (2009) Generation of Chlamydomo-
nas strains that efficiently express nuclear transgenes. Plant J
57:1140-1150

Niemeyer J, Schroda M (2022) New destination vectors facilitate mod-
ular cloning for Chlamydomonas. Curr Genet 68:531-536

Niemeyer J, Fischer L, Aylward FO, Schroda M (2023) Analysis of
viral promoters for transgene expression and of the effect of
5’-UTRs on alternative translational start sites in Chlamydomo-
nas. Genes (Basel) 14:948

Perozeni F, Pivato M, Angelini M, Maricchiolo E, Pompa A, Ballot-
tari M (2023) Towards microalga-based superfoods: heterologous
expression of Zeolin in Chlamydomonas reinhardtii. Front Plant
Sci 14

Ramos-Martinez EM, Fimognari L, Sakuragi Y (2017) High-yield
secretion of Recombinant proteins from the microalga Chlamydo-
monas reinhardtii. Plant Biotechnol J 15:1214-1224

Sarwer A, Hamed SM, Osman Al, Jamil F, Al-Muhtaseb AH, Alhajeri
NS, Rooney DW (2022) Algal biomass valorization for biofuel
production and carbon sequestration: a review. Environ Chem
Lett 20:2797-2851

Schnell RA, Lefebvre PA (1993) Isolation of the Chlamydomonas reg-
ulatory gene NIT2 by transposon tagging. Genetics 134:737-747

Schroda M (2019) Good news for nuclear transgene expression in
Chlamydomonas. Cells 8

Schroda M, Remacle C (2022) Molecular advancements Establish-
ing Chlamydomonas as a host for biotechnological exploitation.
Front Plant Sci 13:911483

Schroda M, Blocker D, Beck CF (2000) The HSP70A promoter as a
tool for the improved expression of transgenes in Chlamydomo-
nas. Plant J 21:121-131

Shimogawara K, Fujiwara S, Grossman A, Usuda H (1998) High-effi-
ciency transformation of Chlamydomonas reinhardtii by electro-
poration. Genetics 148:1821-1828

Siitonen V, Probst A, Toth G, Kourist R, Schroda M, Kosourov S,
Allahverdiyeva Y (2023) Engineered green Alga Chlamydomo-
nas reinhardtii as a whole-cell photosynthetic biocatalyst for
Stepwise photoproduction of H, and g-caprolactone. Green Chem
25:5945-5955

Torres-Tiji Y, Fields FJ, Yang Y, Heredia V, Horn SJ, Keremane SR,
Jin MM, Mayfield SP (2022) Optimized production of a bioactive
human Recombinant protein from the microalgae Chlamydomo-
nas reinhardtii grown at high density in a fed-batch bioreactor.
Algal Res 66:102786

Watanabe Y, Allen JD, Wrapp D, McLellan JS, Crispin M (2020)
Site-specific glycan analysis of the SARS-CoV-2 Spike. Science
369:330-333

Weber E, Engler C, Gruetzner R, Werner S, Marillonnet S (2011) A
modular cloning system for standardized assembly of multigene
constructs. PLoS ONE 6:¢16765

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer



	﻿Internalization of affinity tags enables the purification of secreted Chlamydomonas proteins
	﻿Abstract
	﻿Introduction
	﻿Results
	﻿Discussion
	﻿Methods
	﻿Strains and culture conditions
	﻿Plasmid design and cloning
	﻿SDS-PAGE, immunostaining and coomassie blue staining
	﻿Purification of secreted proteins by Ni-NTA affinity chromatography

	﻿References


