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Abstract

Plants are gaining traction as a cost-effective and scalable platform for producing

recombinant proteins. However, expressing integral membrane proteins in plants is

challenging due to their hydrophobic nature. In our study, we used transient and sta-

ble expression systems in Nicotiana benthamiana and Camelina sativa respectively to

express SARS-CoV-2 E andM integral proteins, and target them to lipid droplets (LDs).

LDs offer an ideal environment for folding hydrophobic proteins and aid in their purifi-

cation through flotation. We tested various protein fusions with different linkers and

tags and used three dimensional structure predictions to assess their effects. E and M

mostly localized in the ER in N. benthamiana leaves but E could be targeted to LDs in

oil accumulating tobacco when fused with oleosin, a LD integral protein. In Camelina

sativa seeds, E andMwere however found associated with purified LDs. By enhancing

the accumulation of E and M within LDs through oleosin, we enriched these proteins

in the purified floating fraction. This strategy provides an alternative approach for effi-

ciently producing and purifying hydrophobic pharmaceuticals and vaccines using plant

systems.
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1 INTRODUCTION

Plants have been used successfully over years as a platform for

expressing recombinant proteins.[1] Plants provide cost-effectiveness,

scalability and safety of production since they can be grown on a large
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scale, and are devoided of human and animal pathogens. Several sys-

tems were developed including transient expression in tobacco leaves

for their fast production schemes or stable transformants for the

possibility of extensive culture.[2] Plants were used for the production

of a large set of proteins for functional analysis including enzymes,

transcription factors, structural proteins but also recombinant pro-

teins for commercial production that mostly targeted high-value

biopharmaceutical products.[1] Recombinant protein production in

plants faces two challenges: protein yield and purification, mostly

caused by the large size of plant cells and the elimination of large

quantities of insoluble debris.

To bypass some of these limitations, lipid droplets (LDs) accumu-

lated in oilseed plants have been used as a scaffold system to accu-

mulate recombinant proteins.[3] LDs have been used in biotechnology

for reconstructing and channeling metabolic pathways.[4–6] LDs have

also been used to express, anchor and purify protein of interest like

growth factors in arabidopsis, camelina and safflower.[7–10] LDs can be

accumulated not only in seeds but also in leaves, providing an alter-

native and even faster way for testing protein targeting.[11] The main

structural LD proteins in plants are the oleosins and their related pro-

teins (caleosin and stereoleosin), the LD Associated proteins (LDAP),

as well as enzymes like dioxygenase.[12] LDs could therefore be used

for targeting Integral membrane proteins with other structural fea-

tures either directly or by the means of LD structural proteins. The

rationale is that targeting LDs could promote both the integral mem-

brane protein accumulation by providing the ad hoc hydrophobic

environment, as well as their purification scheme by taking advantage

of flotation fractionation. This hypothesis was therefore tested with

the two integral membrane proteins E and M from the SARS-CoV-2

since plants could be a valuable source of viral proteins as vaccine

immunogens.[13–18]

The SARS-CoV-2 membrane (M) protein contributes in the forma-

tion of the viral membrane that formed the mature virus particles.[19]

The envelope (E) protein is involved in the formation of the virus

particles.[20] TheMprotein is themost abundant viral protein of SARS-

CoV-2, and is involved in multiple viral functions like the initial attach-

ment to the host cell and the viral protein assembly.[21] The E protein

is the smallest of the four structural viral proteins with 76 amino

acids and is involved in assembly, budding, envelope formation, and

pathogenesis of the virus.[22] E andM proteins are integral membrane

proteins that are difficult to express and purify, but several models

have predicted 1 and 3 transmembrane domains respectively.[21,23–25]

Plants have already been used as vectors to develop vaccines in

particular against SARS-CoV-2 virus.[26–28] Different strategies were

developed including isolated recombinant S proteins,[29,30] virus-like

particles (VLP)[31–33] receptor binding domain and neutralizing mon-

oclonal antibody.[34] However, most of the vaccine strategies relied

on S protein recognition by the immune system which is prone to

genetic variation.[35] Having access to purified core SARS-CoV-2 E and

M structural proteins that are more genetically stable compared to

S would be valuable to develop alternative therapeutic and vaccine

strategies. Contrary to S proteins, M and E proteins are strongly con-

served and showed low occurrence of variants[22,36,37] and at least for

M protein is still immunogenic albeit at a much lower rate compared to

S.[38,39]

We evaluated different strategies to express and enrich E and

M proteins in plant extracts and we developed an extensive anal-

ysis of the optimal constructs combining different tags and link-

ers to be expressed transiently in tobacco leaf as well as in sta-

ble camelina transgenic seeds. Both E and M proteins associated

with plant LDs after flotation enrichment, but their fusions with

oleosins enhanced their targeting to LDs. These results demon-

strate the interest of LDs for recombinant integral membrane protein

expression.

2 RESULTS

2.1 A synthetic biology pipeline for expressing
fusion proteins in plants

Modified Goldenbraid technology was used for combinatorial associa-

tion of different coding parts (target proteins, labeling tags, targeting

anchors, linkers) with promoters and terminators in plants.[40,41] To

further extend the combinatory assembly of coding parts, two new

suffix/prefix were introduced (GCAG, Gln and GGTA, Val) in comple-

ment of the four existing extensions (AATG,Met; AGCC, Ala; TTCG,

Ser; GCTT, Stop) allowed the assembly of up to five different parts

within the coding sequence (Figure 1). A full transcriptional unit could

be assembled with a total of eight suffix/prefix positions labelled

S1 to S8 that includes promoter and terminator positions. These

different constructs were expressed under the control of the Arabidop-

sis thaliana pAtUBI10 promoter/35S terminator and the Glycine max

pGlycinin promoter/terminator for the expression in N. benthamiana

leaves and C. sativa seeds respectively.[42,43] A total of 30 constructs

were assembled for the expression in N. benthamiana using the 2

SARS-CoV-2 E and M proteins in combinations with tags, linkers

and lipid droplet anchor (AtOLE1) (Figure 2A; Table ST1 A and B).

Another subset of seven constructs for C. sativa seed expression was

also made (Figure 2A; Table ST1). Finally, a specific construct based

on PUSH/PULL/PROTECT strategy with three transcriptional units

expressingMmFIT2,MmDGAT2, AtWRI1was assembled to induce LD

formation inN. benthamiana leaves.[44,45]

The different combinations of SARS-CoV-2 proteins with tags and

linkers were tested in transient expression in N. benthamiana leaves

(Figure 1B). Subcellular distribution of constructs with fluorescent

tags were checked by confocal microscopy and the expression level

was monitored by western blot. For HA constructs, only western blot

analysis was carried out.

Only constructs with HA or AtOLE1 LD anchor were subsequently

tested in camelina seeds (Figure 1C). For each construct, a total of 24

T1 plants were produced and their progeny (T2 seeds) were screened

for the presence of recombinant protein in total seed extract. At least

the two best lines were kept for LD purification and analysis.
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F IGURE 1 Recombinant expression cloning and expression. (A)Modified Goldenbraid (GB) alphabet used to assemble protein modules.
Construct assembly and phenotyping for their transient expression inN. benthamiana (B) leaves and stable expression in C. sativa seeds (C). The
different GB parts (blue box) could be combined (x) with promoters (green box) and terminators (red box).

2.2 Expression of E and M fusion proteins in
transient tobacco leaf system

Transient assay inN. benthamianawas used to assess themost efficient

combinationsof SARS-CoV-2proteinswith fluorescent tags and linkers

for protein expression in plant cells. The E and M proteins fused with

eitherGFPormRFP1 showeddifferent subcellular distribution accord-

ing to the position of the fluorescent protein (N- or C-terminus) and

the nature of the linker (Figure 2A and Figure S1A, B). Overall, the two

proteins were mostly accumulated in the ER, nucleus and in unidenti-

fied vesicles that were different from plastids, golgi, and peroxisomes

(Figure 2B and 2C).

We then compared subcellular distribution of the fusion proteins

with their accumulation in total leaf extracts (Figure2A,DandE; Figure

S1A-D). When E and M proteins were positioned at the N-terminus

of the fusion proteins, they showed a globally higher occurrence of

protein accumulation (X-L-Tag, 10 out of 12 combinations) compared

to C-terminus fusion (Tag-L-X, 6 out of 12 combinations). Moreover,

positioning E and M proteins at the C-terminus of the fusion protein

increased the occurrence of double bands in western blots (4/12) com-

pared to N-terminus (0/12) indicating possible proteolytic cleavage

(Figure2A; Figure S2C-D). The short and flexible linker 2 improvedpro-

tein expression in both N- and C-terminal fusions compared to linker 1

(long and flexible) and linker 3 (short and bent). In conclusion, E protein

was mostly accumulated in ER, nucleus and unidentified vesicles while

M protein was mostly found in ER and unidentified vesicles (Figure 2A

and 2B).

To better assess the impact of the different linkers, we predicted

the three-dimensional (3D) structure of the different fusion proteins

using the Colabfold portal combining the highly efficient RoseTTAfold

and AlphaFold2 predicting algorithms.[46] The structure of E and M

SARS-CoV-2 proteins fused to different linkers and fluorescent pro-

teins (GFP and mRFP1) was predicted with a high level of confidence

as indicated by the high pLDDT index value (Figure S2 and S3). E pro-

teinwas predicted as a single alpha helixwhileMprotein showed three

alpha helices in “Z” shape followed by a beta sheets domain (Figure 3).

Even if linker structures were more difficult to predict, fusion pro-

tein structure seemed to be significantly impacted by the linker nature

(Figure 3; Figure S2 and S3). Such structural changes could explain the

observed difference in localization and protein accumulation of E and

M fusion proteins. For instance, forGFP-linker-E protein configuration,

only the short, flexible linker 2 enabled significant accumulation of E
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F IGURE 2 Localization and accumulation of E andM fusion proteins inN. benthamiana leaves. (A) Summary of confocal subcellular localization
and/or western blot expression of all E andM fusion proteins in wild-type and oil accumulatingN. benthamiana leaves, and C. sativa seeds..
Qualitative expression level was expressed as+/-,+, and++, as determined using western blot experiments. Stars (*) indicate the presence of
double bands onwestern blots. ER, endoplasmic reticulum; n.d. vesicles, not determined vesicles; LD, lipid droplets. (B-C) Subcellular distribution
of GFP- (B) or mRFP1- (C) fusion proteins with E andM. (D-E) Accumulation of GFP- (D) andmRFP1- (E) fusion with E andM.Western blot analysis
using an anti-GFP (D) and -mRFP1 (E) monoclonal antibody. Scale bar, 10 μm.

protein and its localization in the ER and unidentified vesicles. Linker

2 led to a fusion protein in which GFP was further away from E pro-

tein alpha helix structure compared to the two other linkers (Figure 3).

ThemRFP1-L2-E protein localized in the ER but with significant prote-

olytic cleavage suggesting a non-optimal configuration of the protein.

Interestingly, mRFP1 protein was predicted to be closer to the E pro-

tein alpha helix withlinker 2. The linker effect was also important for

GFP-Linker-M fusion proteins even if the structural reasons for the

defective localization and low protein accumulation were not as clear

as for the E protein.

2.3 Targeting E and M to LDs in transient oil
accumulating tobacco leaves

Considering the hydrophobic properties of E and M integral mem-

brane domains, we tested whether these SARS-CoV-2 proteins could

be targeted to LDs. All E/M constructs were co-expressed with

FIT2/DGAT2/WRI1, that induce LD accumulation in tobacco leaves

like in oleaginous seeds. As previously described, E and M fused with

GFP tag were found in the ER and in unidentified vesicles (Figure 4A).

However, E-L2-GFP protein (Figure 4A, upper panels) and M-L2-GFP
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F IGURE 3 Predicted three-dimensional structure of GFP-linker-E and -M proteins. Protein structures were predicted by Colabfold and the
different proteinmodules were identified by specific colors using PyMol. E (blue), M (pink), GFP (green), linker 1 (orange), linker 2 (black), and linker
3 (dark blue).

protein (Figure 4A, lower panels) could not be co-localized with LDs,

as assessed with the neutral lipid marker MDH (Monodansylpentane).

E-L2-GFP and E-L2-mRFP1 proteinswere nonetheless observed at the

surfaceof largevesicles (±1μm) structurally different fromtheuniden-

tified vesicles observed previously but also from LDs labelled with

MDH (Figure S4).

To efficiently target E and M proteins to LD, E and M proteins were

fused with Linker 2 to the main Arabidopsis seed oleosin AtOLE1. We

used the E/M-L2-AtOLE1-L2-GFP fusion protein configuration since

AtOLE1 is known to have a central hairpin structure with free cytoso-

lic N- and C-terminus. E/M proteins were preferentially associated at

the N-terminus of the fusion protein as previously shown. No colo-

calization with MDH was observed for M-L2-OLE1-L2-GFP protein

(Figure 4B, lower panels) and a partial colocalization with MDH was

observed for E-L2-OLE1-L2-GFP protein (Figure 4B, upper panels) as

confirmed by Pearson’s correlation coefficients (Figure S5).

2.4 Expression of E and M fusion proteins in C.
sativa seeds

We then checked whether E and M proteins could be expressed in

seeds. Tominimize the tag interference observedwithGFP andmRFP1

(Figure 2A), E and M proteins were directly fused with an HA tag at

both N- and C-terminus. The four different fusions were first tested

in LD-accumulating N. benthamiana. As expected, the most efficient

accumulation of E and M proteins was associated with the C-terminal

position of the tag even as small as HA (Figure 5A). M-HA protein was

found to be more strongly accumulated in leaves than E-HA protein

while HA-E protein and HA-M protein could not even be detected.

E-HA and M-HA proteins were then expressed camelina under the

control of seed storage protein promoter/terminator and successfully

detected in crude seed extracts (Figure 5B, left). LD purified by flota-

tion from few seeds with an adapted protocol led to the expected
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F IGURE 4 Confocal subcellular colocalization of E andM fusion proteins inN. benthamiana leaves with lipid droplets. E-L2-GFP (A, upper
panels), M-L2-GFP (A, lower panels), E-L2-OLE1-L2-GFP (B, upper panels) andM-L2-OLE1-L2-GFP (B, lower panels), were colocalized with
monodansylpentane (MDH). Scale bar, 5 μm.

protein profile compared to crude seed extract (Figure S6A). Like forN.

benthamiana, M-HA protein seems to be more efficiently accumulated

than E-HA protein but both M-HA and E-HA proteins could be recov-

ered in LD fractions (Figure 5B, right). Protein fusions with AtOLE1

at N- or C-terminal position were also expressed in camelina but only

OLE1-L2-E and M-L2-OLE1 fusion proteins could be detected (alone

or combined) in crude T2 seed extracts (Figure 5C, right; Figure S6B).

Interestingly, unlike the HA fusion proteins, the AtOLE1 anchoring

favored the accumulation of E and M proteins at the same level in the

LD fraction (Figure 2A and 5C, right). The predicted structure of the

fusion proteins showed that AtOLE1 “V” shaped alpha-helices inserted

in theLDmembranewerealways in the sameplaneas theEandMalpha

helices (Figure S7). Such a co-alignment configuration of alpha-helices

could favor insertions of both AtOLE1 and Mmembrane domains into

the LD phospholipid monolayer (Figure S7). It has to be noted that M-

L2-OLE1 protein showed a lower size as expected. The fusion protein

with a theoretical molecular weight of 44 kDa showed an apparent

size of about 33 kDa. However, both N- and C-terminal of M moiety

were present when analyzed bymass-spectrometry indicating that the

complete M protein sequence was present within the fusion protein

(Figure S8).

The best camelina lines expressing the highest level of E and

M proteins in seeds were grown to obtain homozygous T3 seed

progeny. After line screening for recombinant proteins expression

using western-blot (Figure S9A, B), seed LDs were purified. Coomassie

blue protein profiles were analyzed to detect any additional band cor-

responding to recombinant proteins. E-HA,M-HA,OLE1-L2-E proteins

were not detected on protein profiles due to their low accumulation

or possible co-migration with major LD proteins (Figure 5D; Figure

S9C). A band corresponding to M-L2-OLE1 protein was nonetheless

detected at 33 kDa (Figure 5D, E) and its accumulation was evaluated

at 1% of total LD proteins (Figure 5D, E; Figure S9D, E). Sonica-

tion of wet seeds to remove mucilage prior to LD extraction was

performed and slightly improved M-L2-OLE1 protein recovery, with

1.5 ± 0.1% (n = 4) compared to 1.0 ± 0.1% (n = 4) without sonication

(Figure 5E).
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F IGURE 5 Expression of E andM protein fusion inN. benthamiana leaves, camelina T2 and T3 seeds. (A) HA tagged E andM fusion proteins in
N. benthamiana leaves. (B) HA tagged E andM fusion proteins in camelina seeds and purified LDs. Fusion proteins were visualized using
immunoblot withmonoclonal anti-HA antibodies (C) Accumulation of E (*) andM (**) protein fusion with AtOLE1 in camelina seeds and purified
LDs. Fusion proteins were detected using immunoblot with anti-AtOLE1 polyclonal antibody. LD proteins form T3 seeds expressing OLE1-L2-E
andM-L2-OLE1 fusion proteins were visualized on Coomassie staining polyacrylamide gels using conventional extraction protocol (D) andwith a
modified protocol, with or without sonication for mucilage removing andwith or without sorbitol in the buffer (E). TheM-L2-OLE1 band signal
(arrow) was quantified as a percentage of total LD protein signal on Coomassie staining polyacrylamide gels. The result was presented under each
profile analyzed.

3 DISCUSSION

The expression of SARS-CoV-2 E and M proteins were successfully

achieved in two different plant systems. N. benthamiana leaves have

efficiently expressed several viral proteins including SARS-CoV-2 pro-

teins but only M and N proteins could be detected in the plant

extracts.[16,29,32,34,47] We found that E fusion proteins were difficult

to accumulate in both plant systems except when associated with LD

anchor protein like AtOLE1. AtOLE1 could not only help targeting E

protein to LDs but also could stabilize the fusion protein in seed LDs.

Indeed, seeds could be seen as a better system for recombinant protein

expression since they naturally accumulate very high levels of storage

proteins and have low protease activity and water content.[48] More-

over seeds are also able to store recombinant proteins for years at
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ambient temperature (for review see[49]). Since M could be quanti-

fied in seed LD extract, its theorical production yield could therefore

be calculated. The approximate LD protein content in seeds were esti-

mated at 5.5 and 36 mg g−1 of seeds for respectively arabidopsis and

rapeseed.[50,51] Therefore, the theorical yield for the expression and

purification ofM protein could be estimated between 82.5 and 540mg

kg−1 seeds. High yield is defined for the expression and purification of

recombinant proteins above 100mg kg−1 of plantmaterial as achieved

for instance for soluble antibodies.[1] Since camelina was described to

achieve seed yield in fertilized conditions around 1300 and 3300 kg

ha−1, the theorical production for M protein at a farm scale would be

between 100–270 to 700–1800 g ha−1.

Even in the most favorable plant systems, the structure of recom-

binant protein fusion has a strong impact on protein accumulation.

We showed here that the nature of tags and linkers and their rela-

tive positions in the fusion construct could modify not only the protein

subcellular distribution but also its stability. Some of the most favor-

able fusion protein structures require to have tags at the C-terminus

of the fusion protein. We previously showed that tag position needed

to be tested in all configurations since efficient targeting will be

dependent on the domain/protein used as well as its position in the

construct.[52] We also found that the use of a short flexible linker

improved E and M protein accumulation. Longer flexible linkers could

offer a larger mobility and array of freedom between protein mod-

ules. It could also interfere with folding processes like for membrane

integration. A short but bent linker like linker 3 creates topology

limitations that could also interfere with protein membrane interac-

tions. Linkers are often neglected even if they are known to impact

recombinant protein expression and extensive combinatorial assem-

bly is essential to optimize each linker with the corresponding fused

parts.[53]

In most construct configurations, E and M proteins were found to

localize in theERwhich is not surprising since it is the site of SARS-CoV-

2 protein synthesis and assembly of the virus particle before entering

the secretory pathway inmammalian cells.[54] The association of E and

Mwith LD fractions in camelina seeds could be explained by the ER ori-

gin of these structures. The massive LD budding process in the course

of seeddevelopment could dragER integral proteins and trap them into

LDs. LD relocation of membrane proteins from the secretory pathway

upon physiological modifications was also previously documented for

caveolin inmammals[55] or SNA2 in yeast.[56] Alternatively, it is known

that some viruses like hepatitis C could hijack cell LDs for the assem-

bly of infectious particles via direct interaction of viral proteins with

LDs.[57] The SARS-CoV-2 viruses were also found to colocalize with

LDs in infected vero cells and the reduction of LD formation inhibited

virus replication.[58] Furthermore, M protein was found to colocal-

ize with accumulated LD-like structures containing neutral lipids in

infected vero cells indicating that M has a natural protein affinity for

LD hydrophobic environment.[59]

In conclusion, the association of the anchor protein AtOLE1

improves E and M protein targeting, demonstrating that plant oleosin

could be used to efficiently scaffold viral integral membrane protein on

LDs. LDs simplify protein purification thanks to the flotation partition-

ing method and opens the way to alternative platforms using oilseed

for recombinant hydrophobic protein production.

4 MATERIALS AND METHODS

4.1 Plant materials and growth conditions

Camelina sativa cv Celine plants were grown and transformed as

described in.[60] Nicotiana benthamiana plants were grown and agroin-

filtrated as described in.[61]

4.2 GoldenBraid cloning

All the GB reactions (domestication of the part, creation of the

transcribed unit (TU) and multigene assembly) were performed in a

Thermofisher thermocycler according to the protocols described in the

Goldenbraid 4.0 internet site (https://gbcloning.upv.es/). Primers used

are listed in Table ST2. The promoter/terminator parts are available

from addgene (https://www.addgene.org/). Plasmids used to create

the TU or the multigene assembly were pDGB3 series. The Sars-Cov-

2 sequences were OP218757 for M and OP161148 for E. E and M

protein sequences were synthetized (TwistBioscience, San Franscisco,

California) with plant codon optimization.

4.3 Confocal imaging of GFP/mRFP1 constructs

oil accumulating N. benthamiana were infiltrated with a solution of

0.3 μM of monodansylpentane (MDH, Autodot, Abcepta) 5 min before

observation. Observations were carried out with Leica SP5 or SP8

AOBS confocal laser microscopes using either a PL APO 63 × 1.20

NA or 20 × 0.75 NA water-immersion objectives. The respective exci-

tation/emission parameters (nm) are: GFP (488, 495–550), mRFP1

(561, 600–625), autofluorescence (488, 700–750), andMDH (405 nm,

420–480). Colocalization between XFP/MDHwas evaluated using the

Pearson’s coefficient correlation delivered by the Fiji JaCoP plugin ,[62]

Kruskal-Wallis’ test (p value< 2.2e-16) and a pairewiseWilcoxon’s test.

4.4 Protein folding prediction

Protein folding prediction was performed using ColabFold:AlphaFold2

(number of cycles, 6; dpi, 500). The query sequences are provided in

File SF1. The confidence measure was provided by the predicted local

distance difference test (pLDDT) and used to colour-code the residues

of themodel in the three dimensional structure viewer.

4.5 Total seed protein extracts

Total seed protein extracts (two seeds) were prepared as described

previously.[63]
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4.6 LD purification

After water imbibition 30 min at 4◦C and a 30 s optional sonication

for mucilage removing, a total of five seeds for screening (∼5.75 mg)

or 10 seeds for LD protein profile analysis (∼11.5 mg) were processed

as described in.[63]

4.7 SDS PAGE and Immunoblotting

Proteins were separated by SDS-PAGE using ready-to-use mini PRO-

TEAN TGX Stain Free gels (BioRad) for screening and NuPAGE Bis-Tris

gels (ThermoFisher) for LD protein profile analysis according to the

manufacturer’s instructions. For immunoblotting experiments, pro-

teinswere probedwithmonoclonal antibodies raised againstHA (clone

3F10, rat IgG, Roche), GFP (clone 3H9, rat IgG, Chromotek) and poly-

clonal antibodies raised against DsRed/mRFP1 (Rabbit serum, Rabbit

ID 1510004, Takara) and AtAtOLE1.[64] Primary antibodies were

detected using horseradish peroxidase-conjugated anti-rat (goat IgG,

31470, Thermo Scientific) and anti-rabbit IgG (Goat IgG, SAB3700878,

Sigma-Aldrich) secondary antibodies and revealed using Clarity West-

ern ECL Substrate (BioRad). Stain Free staining and luminescence

from peroxidase activity were recorded using the ChemiDocMP Imag-

ing System (BioRad). LD protein profile analysis was performed on

Coomassie blue stained gels using Image Lab Software (BioRad).

4.8 Mass spectrometry

Coomassie blue stained protein bands on SDS PAGE were excised,

washed with ethanol and dry. At the proteomics platform, in-gel diges-

tion was then performed with trypsin (cleavage site = K/R) or lysC

(cleavage site = K). For the mass spectrometry (MS) analysis, the

recovery volume was 20 μL 0.1% TFA and the injection volume was

1 μL. The instrument Orbitrap ELITE/C18 Accucore 50-cm column

was used. 2 h run mass spectrum analyzer and Top20CID method

were used. For the data processing, software ProteomeDiscoverer 2.4

(Sequest HT/Percolator) was used, with the thresholds of 1% false dis-

covery rate, minimum of 1 peptide per protein. Databases used were

contaminants_190528.fasta; Camelina_sativa_211213_ensembl.fasta,

SARS-CoV-2_Uniprot_reviewed_220207.fasta.
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