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a b s t r a c t

Bacillus subtilis spores are considered to be efficient and useful vehicles for the surface display and delivery 
of heterologous proteins. In this study, we prepared recombinant spores with the receptor binding domain 
(RBD) of the SARS-CoV-2 spike glycoprotein displayed on their surface in fusion with the CotZ or CotY spore 
coat proteins as a possible tool for the development of an oral vaccine against the SARS-CoV-2 virus. The 
RBD was attached to the N-terminus or C-terminus of the coat proteins. We also directly adsorbed non- 
recombinantly produced RBD to the spore surface. SDS-PAGE, western blot and fluorescence microscopy 
were used to analyze RBD surface expression on purified spores. Results obtained from both display sys-
tems, recombinant and non-recombinant, demonstrated that RBD was present on the spore surfaces.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and 
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

B. subtilis is a Gram-positive bacterium commonly used for re-
combinant protein expression. Its spores are considered to be effi-
cient vehicles for the surface display and delivery of heterologous 
proteins [1–3]. B. subtilis spore surface display has many advantages, 
including the relatively easy modification of the spore structure 
using genetic tools. The spores are extremely resilient and stable and 
can withstand extremes of temperature, desiccation, freezing, and 
thawing as well as exposure to solvents and other noxious chemi-
cals, which contributes to the overall stability of the expressed and 
displayed heterologous proteins [4,5].

The spore-based approach also has some advantages over other 
microbial display systems, such as the high stability and activity of 
hybrid proteins in various environments, and the ability to display 
large multimeric proteins [6,7]. Several factors can affect the effi-
ciency of spore surface display, including the utilization of appro-
priate anchor and target proteins, the use of peptide linkers, 
expression vectors, and other experimental parameters [7].

Both recombinant and non-recombinant approaches can be used 
to display heterologous proteins on the spore surface [8,9]. The re-
combinant method relies on the genetic modification of the bacterial 
genome to express a target protein in fusion with a spore coat 

protein [10,11]. In the non-recombinant approach, the direct ad-
sorption of exogenous proteins to the spore surface is performed, 
sometimes accompanied by linkage with a cross-linking agent [8,12].

B. subtilis spores are surrounded by a structurally complex pro-
tein shell, known as the coat, which is organized into four major 
layers, from the outermost to the innermost they are crust, outer 
coat, inner coat and basement layer [13]. Six proteins, CotV, CotW, 
CotX, CotY, CotZ, and CgeA were identified in the spore crust. CotY 
and CotZ are distributed evenly on the spore surface, in contrast to 
CotX and CotV which are preferentially distributed at the spore poles 
[14]. The localization and abundance of the CotZ and CotY proteins 
make them a suitable anchor for the spore surface display technique.

Due to the unique resistance properties of spores, including their 
ability to survive in extreme environments such as the gastro-
intestinal tract, they are considered an attractive tool for delivering 
heterologous antigens in the form of orally administered vaccines 
[11,15,16]. Several studies confirm that spores used as carriers of a 
specific antigen can elicit an immune response, which is needed for 
long-lasting immunity [11,17–20].

The advantages of the spore surface display of antigens might be 
exploited in the fight against the SARS-CoV-2 virus which has taken 
millions of lives and significantly affected the global economy [21]. 
Companies and academic institutions have developed efficient vac-
cines against SARS-CoV-2, which can control the spread of the dis-
ease and decrease the death toll of infected people [22]. The majority 
of the approved COVID-19 vaccines rely on the spike protein (S) of 
SARS-CoV-2, since antibodies targeting the S protein block the entry 
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of the virus into the target cells and thus, prevent the virus from 
replicating [23].

The multifunctional, homotrimeric S protein is cleaved by one of 
the host proteases (e. g. cellular serine protease TMPRSS2, furin) into 
two functionally distinct subunits – the membrane-distal S1 subunit, 
and the membrane-proximal S2 subunit. The S1 subunit contains a 
receptor binding domain (RBD), which binds specifically to the an-
giotensin-converting enzyme (ACE-2) of a target cell [24,25] and 
thereby induces the necessary conformational changes which in-
itiate the fusion of viral and host membranes, which is driven by the 
S2 subunit. The S2 subunit contains segments that are essential for 
facilitating these processes, and are highly conserved among the 
coronavirus family. The S1 subunit is highly diverse due to the use of 
different receptors in different hosts [26,27]. Some pharmaceutical 
companies have developed vaccines based on the use of the full- 
length S glycoprotein, but some vaccine candidates solely rely on the 
highly immunogenic RBD subunit, which elicits good quality, highly 
specific antibodies [11,28].

Herein, we displayed the SARS-CoV-2 spike glycoprotein RBD on 
the surface of B. subtilis spores using CotZ or CotY as fusion anchors. 
RBD was attached to the N-terminus or C-terminus of both spore 
coat proteins and we demonstrated that all four types of hybrid 
proteins were successfully displayed on the spore surface. Using 
immunofluorescence microscopy, we also confirmed the direct ad-
sorption of the RBD recombinant protein on the spore surface.

2. Materials and methods

2.1. Bacterial strains

Escherichia coli strain DH5α (F− 80dlacZ M15 (supE44 Δ(lacZYA- 
argF)U196 (Φ80ΔlacZM15) hsdR17 recA1endA1 gyrA96 thi-1 relA1) 
[29] was chosen as the host for the cloning and maintenance of all 
plasmids. For expression and purification of RBD E. coli strain BL21 
(DE3) (F−, ompT, hsdSB, (rB−mB−), gal, dcm) (Novagen®, Merck KGaA, 
Darmstadt, Germany) was used. The genomic DNA of Bacillus subtilis 
wild strain PY79 [30] was used for the amplification of genes en-
coding the spore coat proteins CotZ and CotY. Recombinant strains 
containing the CotZ-RBD, RBD-CotZ, CotY-RBD, and RBD-CotY fu-
sions are all isogenic derivatives of B. subtilis PY79. Bacteria were 
grown in LB medium supplemented with appropriate antibiotics at 
37 °C. The bacterial strains together with the plasmids used in this 
study are listed in Table 1.

2.2. Construction of strains carrying coat protein – RBD fusion

Four recombinant strains harboring the RBD-coat protein fusions 
were prepared, and the RBD domain was placed either on the N- 
terminus or C-terminus of the coat protein. B. subtilis chromosome 

integration vector pDG1662 was used and plasmids were con-
structed by Gibson assembly [31]. DNA fragments encoding for coat 
protein genes were PCR amplified using the B. subtilis PY79 genomic 
DNA as a template and the oligonucleotides listed in Table 2. The 
spike glycoprotein rbd gene was amplified by PCR from the pGBW- 
m4046887 plasmid (Addgene plasmid No. 145730). In all PCR reac-
tions Phusion ® High-Fidelity DNA Polymerase was used according to 
the standard guidline (https://lnk.sk/fpzd).

Plasmid pDGCotZ-RBD, with the RBD protein on the C-terminus 
of CotZ, was constructed using a 250-bp PcotYZ promoter region 
amplified with primers PcotYZ_47F and PcotYZ_cotZCL_R; the 441- 
bp cotZ gene was amplified with the cotZ_CL_F and cotZ_CL_R pri-
mers and the 805-bp SARS-CoV-2 spike glycoprotein rbd gene was 
amplified with the RBD_cotZ_CL_F and RBD_cotZCL_R primers. PCR 
fragments were inserted into a pDG1662 plasmid that had pre-
viously been cleaved with the BamHI and EcoRI restriction enzymes.

To construct plasmid pDGRBD-CotZ, which carries the RBD re-
gion of the spike protein on the N-terminus of CotZ, we prepared 3 
PCR fragments: a 250-bp DNA fragment of the PcotYZ promoter re-
gion, which was amplified by PCR with the PcotYZ_47F and 
PcotYZ_NL_R primers; an 805-bp fragment corresponding to the 
SARS-CoV-2 spike glycoprotein rbd gene amplified with primers 
RBD_NL_F and RBD_NL_R; and a 441-bp cotZ gene amplified with 
primers cotZ_NL_F and cotZ_NL_R. PCR fragments were inserted into 
a pDG1662 plasmid which had been previously cleaved with BamHI 
and EcoRI.

Plasmid pDGCotY-RBD for the C-terminal fusion of CotY and RBD 
was constructed using two PCR fragments: a 729-bp fragment con-
taining the cotY gene and its upstream sequence, including the 
promoter region, was amplified with the PcotYZ_65F and 
PcotYZ_cotY_CL_R oligonucleotides and an 805-bp PCR fragment 
containing the SARS-CoV-2 spike glycoprotein rbd gene, amplified 
with RBD_cotY_CL_F and RBD_cotY_CL_R. These fragments were in-
serted into a pDG1662 plasmid which had been previously cleaved 
with BamHI and EcoRI.

Plasmid pDGRBD-CotY was prepared by the insertion of three 
PCR fragments into a pDG1662 plasmid which had been previously 
cleaved with BamHI and EcoRI: a 250-bp DNA fragment of the pro-
moter region amplified by PCR using the PcotYZ_65F and 
PcotYZ_cotY_NL_R oligonucleotides; an 805-bp PCR fragment cor-
responding to the SARS-CoV-2 spike glycoprotein rbd gene, ampli-
fied by PCR using the RBD_NL_F and RBD_NL_R primers and a 486- 
bp fragment containing the cotY gene, amplified with cotY_NL_F and 
cotY_NL_R. All cloned sequences were confirmed by DNA se-
quencing.

B. subtilis competent cells were transformed with recombinant 
plasmids and the clones generated after the integration of the cloned 
DNA at the amyE (amylase) locus of B. subtilis were selected on agar 
plates supplemented with 5 μg/ml chloramphenicol.

Table 1 
Strain list. 

Strains Description Source of reference

Bacillus subtilis
PY79 type strain [30]
IB1816 amyE::cotZ-linker-spike glycoprotein RBD This work
IB1817 amyE:: spike glycoprotein RBD-linker-cotZ This work
IB1818 amyE::cotY-linker-spike glycoprotein RBD This work
IB1819 amyE:: spike glycoprotein RBD-linker-cotY This work
Escherichia coli
DH5α type strain Laboratory stock
BL21 (DE3) type strain Laboratory stock
Plasmids
pGBWm4046887 Plasmid for SARS-CoV-2 surface glycoprotein Addgene
pDG1662 Cloning vector for ectopic integration [38]
pET28a Vector for bacterial expression Novagen

A. Vetráková, R.K. Chovanová, R. Rechtoríková et al. Computational and Structural Biotechnology Journal 21 (2023) 1550–1556

1551



2.3. Expression and purification of the receptor binding domain (RBD)

To express the SARS-CoV-2 spike glycoprotein RBD, we used 
expression plasmid pET28a. The rbd, part of the SARS-CoV-2 spike 
gene, was amplified with specific primers (Table 2) from plasmid 
pGBWm4046887 and, after cleavage with the BamHI and XhoI re-
striction enzymes, cloned into the corresponding cloning site of a 
pET28a plasmid. E. coli BL21 (DE3) competent cells were trans-
formed with the expression plasmid pET28RBD and grown in LB 
medium supplemented with kanamycin at 16 °C until OD600 ≈ 0.6. 
Protein expression was induced by the addition of 1 mM isopropyl-β- 
D-1-thiogalactopyranoside (IPTG). The cells were collected after 
overnight cultivation at 16 °C and stored at − 80 °C until used. To 
isolate the protein, bacteria were lysed by sonication and the lysate 
was centrifuged at 73,000g for 30 min. After centrifugation of the 
crude cell lysate, the protein was purified using a 1 ml Ni-column. 
Because we found that the RBD protein produced in E. coli was 
mostly insoluble, we supplemented the 50 mM Tris/HCl solubiliza-
tion buffer, pH 9.0, containing 150 mM NaCl with 8 M urea.

2.4. Preparation of spores

The sporulation of wild-type PY79 and recombinant strains was 
induced by the exhaustion method in Difco sporulation medium 
(DSM) [32]. A single colony was used to inoculate LB medium and 
cultivated overnight at 37 °C. This culture was then used to inoculate 
liquid LB and the bacteria were grown until OD600 ≈ 1.0. Subse-
quently, 200 μl of this culture was spread on DSM plates and left at 
37 °C for 3 days, followed by growth at room temperature for an-
other 3 days. Spores were harvested and purified by intensive 
washing with ice-cold water for at least a week to remove cell debris 
and vegetative cells, after which spores were washed at least twice a 
week, and stored at 4 °C until use.

2.5. Adsorption reaction

The RBD protein was purified using a buffer containing 8 M urea. 
To obtain native, non-denatured protein, the urea was removed 
using a centrifugal concentrator (Amicon® ultra-4 centrifugal filter 
unit). For the adsorption reaction, 4 μg of RBD was added to a sus-
pension of 2 × 109 B. subtilis WT PY79 spores in 0.15 M PBS buffer pH 

4.0. After one hour of incubation at room temperature, the spores 
were centrifuged for 10 min at 13,000g. The pellet was then re-
suspended in 0.15 M PBS pH 4.0 and stored at 4 °C for further ex-
periments [33].

2.6. Expression of fusion proteins in B. subtilis and western blot analysis

To analyze the expression level of the fusion proteins in spor-
ulating B. subtilis cells, we used the western blot technique. Bacterial 
samples were collected at different time points after the onset of 
sporulation. Cell aliquots at OD600 ≈ 40 (a bacterial culture with 
OD600 ≈ 3.5 contained approx. 4 ×108 CFU) were suspended in so-
lubilization buffer (50 mM Tris/HCl, pH 9.0, 150 mM NaCl, 0.4 mg/ml 
lysosome, cOmplete Protease Inhibitor Cocktail (Sigma-Aldrich)), 
and incubated at 37 °C for 20 min. After sonication lysates were 
treated with SDS buffer (62.5 mM Tris-HCl pH 6.8, 4% SDS, 5% gly-
cerol, 2% β-mercaptoethanol, 0.003% bromophenol blue) for 10 min 
at 95 °C. Proteins were resolved by SDS-PAGE electrophoresis and 
subsequently analyzed by western blot analysis using a mouse 
monoclonal antibody against RBD protein (Abcam ab277628).

2.7. Immunofluorescence microscopy

Spores were collected and used for immunofluorescence micro-
scopy as described by Harry et al. [34] with the following mod-
ifications. Spores were blocked with 2% bovine serum albumin in 
PBS for 20 min at room temperature. Subsequently, samples were 
incubated overnight at 4 °C with the mouse anti-SARS-CoV-2 Spike 
Glycoprotein RBD antibody at a dilution 1:1000. Samples were then 
washed three times in PBS and incubated for two hours with the 
Alexa Fluor 594 labelled anti-mouse IgG (ThermoFisher, A11005) at 
room temperature in the dark at a dilution 1:500. Samples were 
washed three times in PBS and, subsequently, 1 μl was applied on a 
glass slide, and the sample was then observed and photographed 
with an Olympus BX63 microscope equipped with an Andor Zyla 5.5 
sCMOS camera (Olympus Europa SE & Co. KG., Hamburg, Germany). 
Olympus CellP imaging software was used for image acquisition and 
analysis. The final adjustment of the fluorescent images was done 
using Fiji ImageJ (open-source software).

Table 2 
List of PCR oligonucleotides. 

Name Sequence

PcotYZ_47F AAATTAAAAACTGGTCTGATCGGACAGCAACAAATACACTCGTAGCC
PcotYZ_cotZCL_R CTTGATGTTTTCTGGCTCATGATTTCAGCTCCTTCTTTATAGG
cotZ_CL_F ATAAAGAAGGAGCTGAAATCATGAGCCAGAAAACATCAAG
cotZ_CL_R TTAGGTCTTGGTGGTGGTGGATGATGATGTGTACGATTGATTAA
RBD_cotZ_CL_F ATCATCCACCACCACCAAGACCTAATATTACAAACTTGTGCCC
RBD_cotZ_CL_R GATAAGCTGTCAAACATGAGTTACTCAAGTGTCTGTGGATCACGGAC
PcotYZ_NL_R AAGTTTGTAATATTAGGCATGATTTCAGCTCCTTCTTTATAGG
RBD_NL_F ATAAAGAAGGAGCTGAAATCATGCCTAATATTACAAACTTGTGC
RBD_NL_R CTCATTCTTGGTGGTGGTGGCTCAAGTGTCTGTGGATCAC
cotZ_NL_F TTGAGCCACCACCACCAAGAATGAGCCAGAAAACATCAAG
cotZ_NL_R GATAAGCTGTCAAACATGAGTTAATGATGATGTGTACGATTGATTAATCGAGGATTTAAGC
PcotYZ_65F GGACACATGGAAACACACAAATTAAAAACTGGTCTGATCGGACAGCAACAAATACACTCGTAGCC
PcotYZ_cotY_CL_R TTAGGTCTTGGTGGTGGTGGTCCATTGTGATGATGCTTTTT
RBD_cotZY_CL_F ATGGACCACCACCACCAAGACCTAATATTACAAACTTGTGCCC
RBD_cotY_CL_R TAAGGGTAACTATTGCCGATGATAAGCTGTCAAACATGAGTTACTCAAGTGTCTGTGGATCACGGAC
PcotYZ_cotY_NL_R AAGTTTGTAATATTAGGCATGATTTCAGCTCCTTCTTTATAGGGTATTTGACT
RBD_NL_F ATAAAGAAGGAGCTGAAATCATGCCTAATATTACAAACTTGTGC
RBD_NL_R CTCATTCTTGGTGGTGGTGGCTCAAGTGTCTGTGGATCAC
cotY_NL_F TTGAGCCACCACCACCAAGAATGAGCTGCGGAAAAACCCA
cotY_NL_R GCCGATGATAAGCTGTCAAACATGAGTTATCCATTGTGATGATGCTTTTTATC
Spike_RBD_F ACCGGATCCCCTAATATTACAAACTTGTGCC
Spike_RBD_R ACCCTCGAGTTAATGATGATGTGTACGATTG
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2.8. Modelling of 3D structure of CotY-RBD

The three-dimensional reconstruction of CotY crystals is adapted 
from Jiang et al. [35]. The monomer structure of the CotY protein was 
predicted using AlphaFold [36,37]. The SARS-CoV-2 spike glycopro-
tein RBD protein structure was adapted from Protein Data Bank 
structure 6M0J.

3. Results and discussion

B. subtilis is widely used for the expression and spore surface 
display of heterologous proteins by integrating the target gene into 
the B. subtilis chromosome [2,39]. In this study, we intended to de-
velop an alternative strategy for preparing potential vaccines against 
the SARS-CoV-2 virus in large quantities and with an easy route of 
administration. Our goal was to prepare recombinant spores with 
the RBD region of the SARS-CoV-2 spike protein displayed on their 
surface and to examine whether we would be able to detect the 
attached protein. Meanwhile, another study was published that fo-
cused on preparing recombinant spores which anchored the RBD to 
the outer coat proteins CotA, CotB and CotC [11]. This study showed 
that the expression of the CotC-linked RBD in B. subtilis cells was 
much higher, while the CotA and CotB-linked RBD was not detect-
able. Significant increases in the level of antibody against sRBD in 
both mice and humans were reported after the oral administration 
of spores carrying the hybrid protein CotC-RBD.

In this study, we used CotY and CotZ as the anchor proteins for 
the spore display of RBD. In contrast to the other coat proteins used, 
especially CotB, CotC, and CotG which are widely exploited as a 
platform for the display of various proteins, CotY and CotZ have only 
been used in a few cases [2]. Since they are located closer to the 
spore surface, they provide a strong signal in immunofluorescent 
microscopy [14,40]. CotY and CotZ were proposed to be good can-
didates for the attachment of foreign proteins and their efficient 
display on the spore surface. For the target protein, we used a 
fragment containing residues 330–583 of the receptor-binding do-
main (RBD) of the spike protein, which is crucial in the process of 
cell invasion by the virus [23,26,41].

3.1. Construction of recombinant B. subtilis spores

To obtain recombinant B. subtilis spores displaying the SARS-CoV- 
2 spike glycoprotein RBD on their surface, we prepared four in-
tegrative plasmids carrying genes for two variants in which the RBD 
was fused to either the N-terminus or the C-terminus of the coat 
protein. Fusion protein production was controlled by the native 
PcotYZ promoter to ensure the proper timing of expression during the 
formation of the spore coat. We also inserted the flexible peptide 
linker GGGGS between the coat protein and the RBD (Fig. 1). All gene 
fusions were integrated into the coding sequence of the non-es-
sential amyE locus of the B. subtilis chromosome and the correct 

clones were selected by chloramphenicol resistance. All recombinant 
strains were used for further analysis. The recombinant strains and 
their isogenic parental strain PY79 showed comparable sporulation 
efficiency, indicating that the presence of the fusion did not sig-
nificantly affect sporulation efficiency.

3.2. Expression of fusion genes and western blot analysis

Next, we analyzed the production of hybrid proteins during 
sporulation. Proteins from the B. subtilis PY79 wild-type, CotZ-RBD, 
RBD-CotZ, CotY-RBD, and RBD-CotY strains were fractionated in 10% 
polyacrylamide gels containing SDS. The protein lysates obtained 
from the 2nd, 4th, 6th, 8th and 24th hours of sporulation were 
analyzed. An equal amount of cells corresponding to an OD600 ≈ 40 
was taken for analysis. As the time after the onset of sporulation 
increased, we could observe a gradual decrease in the amount of 
proteins in the SDS gels (Fig. 2) which corresponds to an increased 
proportion of spores in the cell culture and the lower solubility of 
the spore coat proteins compared to the proteins of vegetative cells. 
To test the expression level of the fusion genes, we performed a 
western blot analysis with the anti-SARS-CoV-2 spike glycoprotein 
RBD antibody. The pattern obtained from the recombinant strains 
varies significantly (Fig. 2), but in contrast to the wild-type, which 
served as a control and did produced no western blot signal (Fig. 2F), 
RBD signals are present in all recombinant strains 4 and 6 h after the 
onset of sporulation. Furthermore, we observed that the fusion 
proteins were rather degraded, but several bands corresponding to 
higher molecular weights were observed, most likely representing 
oligomerized forms of the hybrid proteins. The C-terminal fusion of 
CotZ and RBD resulted in the formation of large oligomers but at 
hours 8 and 24 these signals were lost. We assume that the hybrid 
CotZ-RBD was incorporated into the spore coat as part of the in-
soluble spore coat structure that cannot be solubilized using the 
common techniques [42], and thus, we were not able to detect them 
by western blotting. When RBD was attached to the N-terminus of 
CotZ, we did not see any bands corresponding to the larger proteins, 
suggesting that this arrangement could preclude the formation of 
CotZ-RBD oligomers. When RBD was attached to the N-terminus of 
CotY, in addition to the strong signals representing degradation 
products, a weak band corresponding to the high molecular weight 
oligomers characteristic of the CotY protein itself was detected on 
the SDS-PAGE gel. Using ImageJ (open-source software), we calcu-
lated that this macro structure represents at least 3% of the hybrid 
RBD-CotY protein. In contrast, the C-terminal fusion of CotY and RBD 
produced a wide range of signal sizes, even some with high mole-
cular weight, but without the typical CotY pattern, which is char-
acterized by the existence of discrete bands corresponding to high 
molecular weight oligomers at the top of the SDS gel [35]. These 
bands appear to be the result of adsorption of aggregated and/or 
degraded fusion protein on the spore surface. We hypothesize that 
the fusion protein was not incorporated into CotY structures: even 

Fig. 1. Schematic representation of fusion proteins for spore display. Construction of four fusions carrying the genes of both hybrid variants, the N-terminal and C-terminal fusion 
of coat protein CotZ or CotY to RBD. Fusion protein expression was controlled by the native PcotYZ promoter. The flexible peptide linker GGGGS was inserted between the coat 
protein and RBD.
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after the 24 h of sporulation, when the total amount of solubilized 
protein is low, we observed a strong signal corresponding to the RBD 
protein which most likely resulted from the adsorption of RBD and 
which could be more easily released into solubilization buffer. 
Western blot analysis of intensively washed spores did not show any 
large oligomers of RBD-containing fusion proteins, only some di-
gestion products. We hypothesize that if hybrid proteins form the 
structures with the intrinsic coat proteins, they will become part of 
the coat fraction that cannot be easily solubilized. We also do not 
anticipate that there would be a large number of hybrid protein 
molecules incorporated directly into the CotY or CotZ 2D crystals 
formed by these proteins within the spore coat [43]. Fig. 4 reflects an 
ideal model situation for the incorporation of the fusion protein 
CotY-RBD into the spore crust. However, the RBD protein is twice as 
big as either CotY or CotZ and we expect that there could be some 
steric hindrance in 2D crystal formation from these two proteins. 
This fact is also confirmed by the diversity of the western blot results 
(Fig. 2). Nevertheless, RBD is successfully displayed on the spore 
surface and, even when attached to the spore surface by adsorption, 
it is captured tightly enough that it cannot be removed by vigorous 
spore washing (Fig. 3A – WT-RBD).

3.3. Immunofluorescence microscopy

To further verify whether the SARS-CoV-2 spike glycoprotein RBD 
is displayed on the spore surface, we performed fluorescence im-
munoassays with the primary anti-SARS-CoV-2 Spike Glycoprotein 
RBD and Alexa Fluor 594 labelled anti-mouse IgG secondary anti-
bodies. We observed a fluorescence signal around the recombinant 
spores of all fusions with a minimal fluorescence signal for wild-type 
B. subtilis spores, which might arise from the direct adsorption of 
antibodies onto the spore surface (Fig. 3A). The C-terminal fusion of 
CotZ with RBD appears to be the optimal arrangement; this is con-
sistent with the results of western blot analysis, which showed that 
a significant portion of the fusion protein was not degraded and was 
probably incorporated into the coat structure. The immunoreactivity 
of both CotY fusions seems to be similar, although we suggest, based 
on the results of the western blotting, that the incorporation of the 
fusion protein should proceed better for the N-terminal RBD-CotY 
fusion. The C-terminal fusion protein was probably adsorbed onto 
the spore surface during spore coat formation in the bacterial cy-
toplasm. Obviously, as reviewed by Ricca et al. [44], this strategy is 
effective for most antigens. Our experiment with the adsorption of 
the RBD protein alone onto spores (Fig. 3A – WT-RBD) showed that 
this approach is effective. The immunofluorescence microscopy re-
sults of both the recombinant spores and spores with RBD adsorbed, 
demonstrate that the SARS-CoV-2 spike glycoprotein RBD was 
available for antibody binding. Furthermore, we used data from 
immunofluorescence microscopy to compare fluorescence intensity 
using ImageJ. The fluorescence intensity of spores with RBD ad-
sorbed on the surface is markedly higher than those of the re-
combinant strains. While it is possible that the adsorbed proteins 
might infiltrate into the coat layers [45], we hypothesize that this 
phenomenon might arise because the adsorbed proteins are not 
embedded into the spore surface and may, therefore, be more ac-
cessible to the primary antibody (Fig. 3B).

When considering whether recombinant B. subtilis spores dis-
playing the RBD-CotY and/or RBD-CotZ fusion proteins would be 
suitable for oral vaccine development, several factors speak in their 
favor. First, B. subtilis is considered GRAS (generally regarded as safe) 

Fig. 2. SDS-PAGE and western blot analysis of proteins extracted from spores of the B. 
subtilis wild-type (WT) strain and recombinant strains CotZ-RBD, RBD-CotZ, CotY- 
RBD, and RBD-CotY at different sporulation times. Cell lysates (cell cultures with 
OD600 ≈ 3.5 contained approx. 4 ×108 CFU and an aliquot of OD600 ≈ 40 was used) were 
resolved on 10% SDS polyacrylamide gels (A-E). Fractionated proteins were 

subsequently transferred onto a nitrocellulose membrane and probed with a mono-
clonal antibody against the RBD protein (F-J). Cells from the onset of sporulation (lane 
0) and the 2nd (lane 2), 4th (lane 4), 6th (lane 6), 8th (lane 8), and 24th (lane 24) hours 
of sporulation were analyzed. Molecular weight markers (in kilodaltons) are in-
dicated. Stars mark the size of the fused proteins.
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by the US Food and Drug Administration and is also used as a pro-
biotic and feed additive product for humans and animals [47–49]. 
Spores can survive the harsh environment in the gastrointestinal 
tract caused by gastric acids and thus they are an ideal vehicle for the 
oral administration of vaccines [16,50]. Also, other studies have 

pointed out the benefits of using spores as vaccines. They stimulate a 
high immune response with a strong adjuvant effect [51] and, in 
addition, Hinc et al. [52] found that CotZ hybrid proteins elicited a 
stronger immune response than other antigens in a mouse model. 
Also, the inability to retrieve full-size hybrid proteins from the spore 

Fig. 3. Immunofluorescence microscopy of the B. subtilis PY79 wild-type spores, recombinant derivatives and spores with the SARS-CoV-2 spike glycoprotein RBD adsorbed on the 
surface and their fluorescence intensity. A: The left panel shows phase contrast images of wild-type strain PY79, CotZ-RBD, RBD-CotZ, CotY-RBD, RBD-CotY and WT-RBD and 
immunofluorescence microscopy images are shown in the right panel. The spores were incubated with the mouse anti-SARS-CoV-2 Spike Glycoprotein RBD antibody, followed by 
an incubation with the anti-mouse IgG- Alexa Fluor 594 conjugate. The scale bar represents 2 µm. B: Fluorescence intensity quantification of recombinant strains and spores with 
the SARS-CoV-2 spike glycoprotein RBD adsorbed on the surface compared to WT using ImageJ software. Significant p-values between WT and the recombinant samples from 
two-tailed unpaired t-tests are depicted above the plot; the threshold for statistical significance is as follows: stars indicate significantly different values, where ns (not significant) 
corresponds to p-value >  0.05, * to p ≤ 0.05, * * to p ≤ 0.01, * ** to p ≤ 0.001 and * ** * to p ≤ 0.0001. The size of the sample from each strain is 16 (n = 16).

Fig. 4. Model of the CotY-RBD fusion protein structure. A: Three-dimensional surface representations of the 2D CotY crystal into which the predicted AlphaFold 3D structure of 
CotY is superimposed. The three-dimensional reconstruction of the CotY crystals is adapted from Jiang et al. [35]. The RBD domain of the SARS-CoV-2 spike protein structure is 
adapted from Protein DataBank structure 6M0J. B: The monomer structure of the CotY protein as predicted by AlphaFold [46]. AlphaFold produces a per-residue confidence score 
(pLDDT) between 0 and 100. pLDDT ≥ 90 represents very high model confidence (dark blue), while the value 90 > pLDDT ≥ 70 is classified as confident (light blue). 70 > pLDDT ≥ 
50 indicates low confidence (yellow), pLDDT < 50 belongs to very low confidence (orange). Some regions with low pLDDT may be unstructured in isolation.
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coat, when most likely incorporated into the CotY/CotZ protein 
macro structures - even after using harsh solubilization conditions, 
suggests that the proteins are held on the spore surface very tightly. 
Thus, our observations imply that the RBD-CotY/CotZ recombinant 
spores could be considered for the future development of oral vac-
cines. Further experiments should determine whether these B. sub-
tilis spores can stimulate an immune response and specific antibody 
production in mice Fig. 4.
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