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Abstract

Human noroviruses pose grave threats to public health and economy. In this study, we

genetically engineered yeast (Saccharomyces cerevisiae EBY 100) to display specific norovirus-
binding nanobodies (Nano-26 and Nano-85) on cell surface to facilitate the concentration of
noroviruses for improved detection. Binding of norovirus virus-like particles (VLPSs) to these
nanobody-displaying yeasts was confirmed and characterized using confocal microscopy and flow
cytometry. The ability of our engineered yeasts to capture norovirus VLPs can reach up to 91.3%.
Furthermore, this approach was applied to concentrate and detect norovirus VLPs in a real food
matrix. A wide linear detection range (1-10 pg/g) was observed, and the detection limit on spiked
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spinach was calculated as low as 0.071 pg/g. Overall, our engineered yeasts could be a promising
approach to concentrate and purify noroviruses in food samples for easy detection, which allows
us to prevent the spread of food-borne virus in the food supply chain.
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INTRODUCTION

Human norovirus has been recognized to be the leading cause of viral gastroenteritis and
food-borne illness worldwide.! Each year, norovirus is responsible for almost 20 million
illnesses in the United States, which contributes to more than $5.5 billion in economic losses
each year.2 Human norovirus can be found in a wide range of food products, but the food
vehicles most frequently associated with norovirus outbreaks are leafy vegetables, soft fruits,
and shellfish.3# Norovirus can infect individuals at a minimal infectious dose of 10100
virus particles, causing clinical symptoms of diarrhea, vomiting, fever, and abdominal pain.®
There are currently no available vaccines or antiviral treatments for human norovirus.® Thus,
it is crucial to develop early and rapid detection strategies for human noroviruses to prevent
the spread of the virus in the food supply chain.

To detect human norovirus rapidly and sensitively in food matrices, the viruses must be
concentrated and purified before detection. However, it has been a major challenge for
decades to concentrate human noroviruses effectively and efficiently in food matrices. The
traditional nonspecific concentration methods have the major drawback of concentrating
multiple inhibitors of downstream detection, which is especially problematic in polymerase
chain reaction (PCR)-based detection of human noroviruses. To specifically concentrate
human noroviruses from complex food samples, the concept of using ligands (e.g.,
antibodies and aptamers) to specifically bind human noroviruses has gained attention
because it allows for washing away of sample matrix inhibitors.”® However, the high

cost, batch-to-batch variation, and instability in nonbiological conditions make antibodies
less pragmatic in food and agriculture systems for the separation of human norovirus.10:11
Aptamers are linear polymers (typically DNA) with a secondary and tertiary structure
displaying affinity toward a particular analyte. Compared to antibodies, aptamers represent a
biorecognition element with a low cost and potentially high binding affinity. Unfortunately,
the secondary structure of nucleic acids is configured solely by hydrogen bonding and is
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therefore highly influenced by both intrinsic and extrinsic factors in the sample matrix.12:13
Subtle changes in temperature, salt concentration, or pH could reduce affinity and make
aptamers ineffective for biorecognition. Therefore, a novel type of ligand with improved
characteristics is urgently demanded.

Nanobodies, single-domain antibodies derived from camelids and sharks,14 are a promising
type of virus-binding ligand. Although nanobodies are single-domain binders, they interact
with their targets with nanomolar affinity and are easily generated to target any pathogens.
Compared to antibodies and aptamers, nanobodies exhibit several unique and specific
advantages, including small size, high solubility, resistance to chemical and thermal
denaturation, and stability in stringent conditions.1>:16 Moreover, due to their simple
structure and low complexity, nanobodies have excellent expression yield in bacteria and
yeast.1’ Due to these superior features, nanobodies are considered as potential detection
probes for a variety of targets, including biomarkers, bacteria, and viruses.18 Recently,
nanobodies that have a strong affinity for human norovirus have been successfully recovered
from immune libraries using phage display.19.20

Yeast can be engineered to display nanobodies as fusions to cell surface-associated proteins
and can be produced in large quantities in a low-cost manner. The cell surface is a functional
interface between the inside and outside of the cell. Engineering the cell surface to

display specific ligands, termed surface display systems, is attractive for many applications
in microbiology and molecular biology.2! Yeast surface display relies on an intimate
linkage between the genotype (plasmid encoding the gene) and phenotype (protein scaffold
expressed on the yeast cell surface).22 Though the phage display systems have traditionally
been used for the selection and screening of nanobodies and are well-established for

this purpose, nanobody expression on phage-displayed systems is less efficient than that
based on the yeast-displayed systems. Taking the most commonly used filamentous M13
bacteriophage as an example, each engineered M13 phage can only display 3-5 copies of
nanobody fused to the N-terminus of capsid pl11.23 As a comparison, the larger surface area
available on yeast cells and the eukaryotic machinery-mediated expression allow for greater
expression levels and higher yields of hanobodies for downstream applications. As reported,
the display level of nanobodies on the yeast surface is variable but has been estimated at
approximately 104-10° copies per cell.24-26 Moreover, displaying nanobodies on yeast is
additionally advantageous because yeast-display systems may offer increased stability and
easier scalability. Although different yeast strains and yeast surface proteins have been used
to display protein scaffolds, yeast (Saccharomyces cerevisiae) Aga2 protein (Aga2p) of the
mating protein a-agglutinin is the most commonly used.2? For use in foods and medicines,
the safety of the surface expression system should be considered. Because of its “generally
regarded as safe” (GRAS) status, the yeast surface expression system has been developed for
food and pharmaceutical production.28 In particular, the rigid structure of yeast cells makes
them well suited for applications in biocatalysis and bioseparations.2® A key to engineering
yeasts to concentrate human noroviruses in food samples is to find appropriate nanobodies
that can be readily engineered for yeast surface display.

In this study, we aimed to develop nanobody-displayed yeasts for the concentration and
separation of human noroviruses in food matrices for easier detection. To accomplish
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this, S. cerevisiae EBY 100 was genetically engineered to separately display two nanobody
candidates (Nano-26 and Nano-85) whose potential to bind human norovirus capsid has
been previously verified.20 Norovirus virus-like particles (VLPs) were captured by the
engineered yeasts and detected using microscopy, flow cytometry, bicinchoninic acid assay,
and sandwich enzyme-linked immunosorbent assay (ELISA). The efficiency of the two
engineered yeasts to capture and detect norovirus was determined and compared in ideal
conditions and a real food matrix. To the best of our knowledge, this is the first study to
concentrate and detect noroviruses from food samples using engineered yeasts. This novel
approach provides an opportunity to improve safety in the food industry that is amenable to
high-volume manufacturing and application at a low cost.

MATERIALS AND METHODS

Materials and Reagents.

S. cerevisiae EBY 100 strain was obtained from ATCC (Manassas, VA). The pCTcon2
plasmid was purchased from Addgene (#41843, Watertown, MA), and the pWL34 plasmid
(pGP8G2, HIS3-integrating, strong constitutive pTDH3 expression, Golden Gate/Gateway
destination vector) was previously generated by adding Bsal sites flanking the attR1/2
sites in pGP8GccdB (Addgene #83884) and removing Bsal sites from the ccdB and

bla (AmpR) coding sequences through silent mutations using Gibson assembly.30 All
nanobody sequences were synthesized by Twist Bioscience (South San Francisco, CA)
and are presented in Table S1. The primers used in this study were synthesized by
Integrated DNA Technologies (Coralville, 1A) and are listed in Table S2. All restriction
enzymes were purchased from New England Biolabs (NEB, Ipswich, MA). Recombinant
Norovirus GI1.4VP1 virus-like particles (VLPs; ab256447) produced by the recombinant
Norovirus Gll.4 capsid protein VP1 was obtained from Abcam (Cambridge, MA) and used
for the characterization of nanobody binding affinity. Pierce BCA protein assay kit was
purchased from Thermo Fisher Scientific (Rockford, IL). Antibodies, including Anti-HA
Tag Monoclonal Antibody with Dylight488 (26183) and Alexa Fluor 488 goat antimouse
1gG (H+L) (A11001), were purchased from Invitrogen (Eugene, OR). The antibodies used
for ELISA analysis including Antinorovirus Capsid protein VVP1 antibody (ab272687) and
horseradish peroxidase (HRP)-conjugated Goat Antimouse 1gG H&L HRP (ab6789) were
purchased from Abcam (Cambridge, MA). Other chemical reagents used in our study were
analytical grade and obtained from Thermo Fisher Scientific (Waltham, MA). RNase-free
water was used throughout this study.

Construction of Norovirus-Binding Nanobody Plasmids.

Plasmid assemblies were designed in DIVA (public-diva.jbei.org) using J5.3! The coding
sequences of norovirus-binding nanobodies (Nano-26 and Nano-85)19 were ordered
commercially and amplified using PCR with a set of forward and reverse primers, which
add assembly junctions and Bsal restriction sites for Golden Gate Assembly.32 The coding
sequence for Aga2 with a C-terminal HA tag was amplified from pCTcon2 plasmid also
with primers designed for Golden Gate Assembly. The PCR products were then purified and
assembled with pWL34 plasmid using Golden Gate Assembly.32 Assembly was conducted
by a 25-cycle incubation for 3 min at 37 °C and 4 min at 16 °C, followed by a 5 min final
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incubation at 50 °C and a 5 min heat inactivation at 80 °C. A negative control plasmid
containing CD20 from pCTcon2 instead of a nanobody fused to Aga2 was assembled in the
pWL34 backbone using Gibson Assembly.30 The resulting plasmids were electroporated in
Escherichia coli NEB-108-competent cells.33 Transformed cells were plated on LB plates
supplemented with 100 pg/mL of ampicillin and incubated at 37 °C overnight. Colony PCR
and gel electrophoresis were performed to verify insert sizes. Of those colonies that yielded
DNA bands of expected sizes, the DNA sequences of the extracted plasmids were further
confirmed using Sanger sequencing by alignment with designed sequences in ApE.34

Transformation of Yeast Expression Plasmids and Induction.

The recombinant plasmids were then linearized with Pmel digestion and then transformed
into S. cerevisiae EBY100 using the LiAc/SS carrier DNA/PEG method.3° Specifically,

240 1 of PEG 3350 (50%, wi/v), 36 uL of 1 M lithium acetate, 50 4L of 2 mg/mL
single-stranded (salmon sperm) carrier DNA, and digested plasmid DNA plus sterile water
were mixed to make up the transformation mix. The transformation mix was added to the
transformation tube containing the competent yeast pellet. The cell pellet was resuspended
by vigorous vortexing. The tube was placed in an Eppendorf Thermomixer set to 42 °C

and 200 rpm and incubated for 40 min. After the incubation, the tube was centrifuged at
13,000 g for 30 s in a microcentrifuge. The supernatant was discarded, and the pellet was
resuspended in 1 mL of sterile water, centrifuged again as above, and resuspended in 50-200
ML Yeast suspensions were plated on SDCAA-TRP (glucose, yeast nitrogen base, casamino
acids, disodium phosphate, monosodium phosphate) selective plate and incubated at 30 °C
for 3-4 days.

The transformed nanobody-displayed engineered yeasts were streaked on SDCAA-TRP
selective media plates. Multiple colonies were subsequently inoculated into SDCAA-TRP
media and incubated at 30 °C until a culture optical density ODgqq reached 1.0. The

ODgqg value was measured by the Nanodrop 2000c Spectrophotometer (Thermo Scientific,
Waltham, MA). To enhance the expression of nanobodies on yeast surface, yeast cells were
10-fold diluted in SDCAA-TRP media and incubated at 20 °C for 48 h. The engineered
yeasts were washed three times in phosphate-buffered saline (PBS) and stored in PBS at 4
°C until use. Engineered yeasts with Aga2p-HA-Nano-26 and Aga2p-HA-Nano-85 fusions
were named EY-NB-26 and EY-NB-85, respectively. Engineered control yeast with the
CD20 peptide from pCTcon?2 instead of a nanobody was termed EYpCTcon2. Positive yeast
colonies were selected for colony PCR, and gel electrophoresis was performed to verify the
insertion of interests.36

Validation of Nanobody Expression on the Engineered Yeast Surface.

To characterize the display efficiency of nanobodies on the yeast surface,
immunofluorescence analysis was conducted based on the method of Guo et al. with minor
modifications.37 Briefly, 1 x 107 engineered yeast cells (EY-NB-26 and EY-NB-85) were
centrifuged at 3000 g for 2 min and then resuspended in 200 L of PBS with 0.5% (w/v)
bovine serum albumin (BSA). Wild-type and EY-pCTcon2 yeasts were used as negative
and positive controls, respectively. Cells were incubated with Alexa Fluor 488 labeled
anti-HA antibodies (1 4L, 1 mg/mL) and incubated in the dark for 1 h at room temperature
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with gentle shaking. The cells were washed of excess antibodies by centrifugation as

above three times using PBS containing 0.5% of BSA (PBS-BSA). The pellets were
resuspended in 50 gL of PBS-BSA solution, and the fluorescent labeling of these yeasts was
characterized using an Attune NXT Acoustic Focusing Cytometer (Thermo Fisher Scientific,
Waltham, MA) and a confocal laser scanning microscope (LSM 800, Carl Zeiss Microscopy,
Thornwood, NY).

Validation of Engineered Yeast-Norovirus Binding.

To characterize the binding of norovirus and engineered yeasts, an immunofluorescence
assay was performed.37 Specifically, 5 £ of norovirus VLPs (0.54 mg/mL) was mixed with
1 x 107 engineered yeasts in 200 /4 of PBS-BSA and incubated at room temperature for 1
h. The uncaptured VLPs were washed away with PBS-BSA three times and resuspended
in PBS containing 0.5% of BSA. Afterward, the remaining VLPs were labeled with

1 41 of antinorovirus capsid protein VP1 antibody (1 mg/mL) and incubated at room
temperature for 1 h. After washing three times with PBS-BSA, 1 /L of secondary Alexa
Fluor 488 goat antimouse 1gG (2 mg/mL) was added, and the mixture was incubated for

1 h at room temperature. Excess antibodies were removed by washing with PBS-BSA.
The resulting complexes were tested using flow cytometry and confocal microscopy with
suitable excitation and emission filters. Wild-type yeast was used as a negative control.

Determination of Capture Efficiency (CE).

The capture efficiency was expressed as the concentration of captured norovirus VLPs
divided by the original concentration of VVLPs, where the concentrations of VLPs in the
solution before and after separation were determined using a Pierce BCA protein assay kit.38
Briefly, engineered yeasts were resuspended in PBS-BSA. The wild-type yeast was used as
a negative control. Norovirus VLPs at different concentrations were added to yeast solutions
and incubated at room temperature for 1 h. Afterward, the supernatant was collected and
mixed with a BCA working reagent. The developed color solution was subject to the
following absorbance measurement at 562 nm. The concentrations of VLPs (no yeast added)
and uncaptured VLPs in the supernatant were calculated based on the standard BSA curve.
The capture efficiency was expressed as the concentration of captured VVLPs divided by

the original concentration of VVLPs. The capture efficiency (CE) was determined using the
equation

CE(%)= 1 _ CVLPsinsupcnmmm X 100 (l)

Coriginal VLPs

Detection of Norovirus VLPs in Spinach Leaves.

ELISA was conducted to evaluate the performance of engineered yeasts for the detection
of norovirus VLPs on spinach leaves. Fresh baby spinach was purchased from a local
supermarket (Kroger, Blacksburg, VA). Spinach leaves were cut into 1 cm? pieces (around
50 mg), spotinoculated (1 z/spot) with 5 £ of norovirus VLPs (0-107 pg/mL) to reach a
final inoculum level of 0-10° pg/g of spinach, and air-dried for 5 min. Afterward, spinach
leaves were washed with 500 s of PBS. Engineered yeasts were then added and incubated

J Agric Food Chem. Author manuscript; available in PMC 2023 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 7

at room temperature for 1 h. After sequential labeling with anti-VLP primary antibody

(0.4 tg/mL) and HRP-conjugated secondary antibody (0.2 4g/mL) for 30 minina 1.5 mL
microcentrifuge tube, 3,3",5,5 -tetramethylbenzidine (TMB) solution (0.2 g/L) containing
0.01% of hydrogen peroxide was added as the HRP substrate and the mixture was incubated
at room temperature for 15 min. Afterward, 0.18 M of sulfuric acid was added as a stop
solution, and the developed color solution was transferred to a 96-well microplate and
measured at 450 nm using a microplate reader (Synergy HTX, BioTek, VT).

Statistical Analysis.

All of the tests were conducted with at least three replicates. Statistical analysis of data

was performed using analysis of variance (ANOVA) by SPSS 25.0 (International Business
Machines Co. Armonk, NY). Significant differences between pairs of means were analyzed
using the least significant difference (LSD) test at a 95% confidence level. A P-value < 0.05
was regarded as significant.

RESULTS AND DISCUSSION

Construction of Nanobody-Displaying Yeasts.

The overall scheme for the development of engineered yeasts displaying nanobodies for the
capture and detection of norovirus is shown in Figure 1. Two nanobodies (Nano-26 and
Nano-85) previously shown to bind human noroviruses (genogroup G11.4)2% were chosen for
these initial proof-of-concept experiments for virus-binding engineered yeast. S. cerevisiae
EBY100 expresses Agal proteins (Agalp) on the whole-cell surface, serving as anchors

to link Aga2p through two disulfide bridges (Figure 1a). The Aga2p-HA-nanobody fusions
were integrated into S. cerevisiae genome by homologous recombination. Agalp-Aga2p
binding results in the tethering of nanobodies on the yeast cell surface. The nanobodies
were expressed as C-terminal fusions to Aga2p.3® A hemagglutinin (HA) tag was fused
in-frame with the Aga2p coding sequence, before the viral-binding nanobodies, to quantify
and characterize the expressed ligands on the yeast cell surface.40 As shown in Figure 1b
and confirmed by colony PCR using primers spanning the junction between the synthetic
display construct and the TRP1 locus of the yeast genome in Figure 1c, the plasmids
expressing the two nanobodies (345 bp for Nano-26 and 375 bp for Nano-85) as Aga2p-HA-
nanobody fusions were integrated into S. cerevisiae genome. Yeast displaying CD20 from
pCTcon2 (180 bp) instead of nanobody on the surface was constructed as a control. The
expected bands for the protein fusions (643 bp for Aga2p-HA-pCTcon2, 814 bp for Aga2p-
HA-Nano-26, and 829 bp Aga2p-HA-Nano-85) were observed (Figure 1c), and there was
no band for the wild-type yeast. These results indicate that we have successfully integrated
nanobody fusions into the yeast genome.

Characterization of the Expression of Nanobodies on the Engineered Yeast Surfaces.

The expressed Aga2p-HA-nanobody fusions were secreted from the cells and bound to the
yeast surface via disulfide bonds between Agalp and Aga2p. The expressed nanobodies
on the yeast surface were characterized using confocal microscopy and flow cytometry,
where the HA tag was labeled using fluorescently labeled anti-HA antibodies (Figure 2).
Compared to the wild-type yeast, all engineered yeasts (EY-pCTcon2, EY-NB-26, and EY-
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NB-85) were stained green on the cell periphery as visualized using confocal microscopy
(Figure 2b), indicating that the Aga2p-HA-nanobody fusions successfully attached to

the yeast surface through the disulfide bonds to Agalp.*! Furthermore, flow cytometry
analysis was conducted for the high-resolution quantification of nanobody-displaying yeast
cells from non-displaying cells.*2 As shown in Figure 2c, the differences in fluorescence
signal between wild-type yeast and engineered yeasts can be clearly observed. All of the
engineered yeasts had similar fluorescence intensity. Overall, all of these results indicated
that nanobodies have been successfully expressed on yeast surfaces.

Characterization of the Binding between Nanobody-Displaying Yeast and Norovirus VLPs.

The two nanobodies we expressed on the yeast surface have been reported to bind a

broad panel of norovirus genogroups with high affinity.2% To confirm that the nanobodies
expressed on the yeast surface bind norovirus, norovirus VLPs were used. VLPs act as

a surrogate for norovirus, which share the same structure as infectious native norovirus

but lack a genome.*3 Engineered yeasts displaying nanobodies on the cell surface were
incubated with norovirus VLPs, while wild-type yeast and EY-pCTcon2 were used as
controls. After removing unbound norovirus VLPs, anti-VLP primary antibodies and
fluorescently labeled secondary antibodies were added and incubated sequentially (Figure
3a). After washing away excess antibodies, the resulting complexes were then characterized
using confocal microscopy and flow cytometry.

As shown in Figure 3b, there was no green staining for the wild-type and EY-pCTcon2
yeasts, but bright green staining was observed for both engineered yeasts with nanobodies
(middle panel). This demonstrates that norovirus VLPs were successfully captured by
nanobodies expressed on engineered yeasts. In addition, the EY-NB-26 has a stronger
fluorescence signal than EY-NB-85. Furthermore, the flow cytometric analysis (Figure 3c)
showed that both engineered yeasts had stronger fluorescence intensity than the wild-type
and EY-pCTcon2 yeasts, and EY-NB-26 had the strongest fluorescence signal. All of these
results indicate that the nanobodies expressed on the yeast surface can capture norovirus
VLPs and Nano-26 showed stronger binding. These results suggest that these engineered
yeasts displaying nanobodies will be able to concentrate and purify human noroviruses from
food samples.

Determination of Norovirus VLP Capture Efficiency Using Engineered Yeasts.

After confirming the efficient and functional display of two norovirus-binding nanobodies
on the yeast surface, we further evaluated the ability and efficiency of our engineered
yeasts to capture norovirus VLPs in the range of 7.5-50 pg/mL (Figure 4a). The capture
efficiency (CE) at various norovirus VLP concentrations was calculated using eq 1 and
plotted (Figure 4b). The ability of EY-NB-26 and EY-NB-85 to capture norovirus VLPs
ranged from 35.9 to 91.3% and 26.4 to 74.3%, respectively. The capture efficiency of this
method was comparable and even better than other capture approaches, such as sSSDNA
aptamer (2.5-36%), apolipoprotein H-conjugated magnetic beads (23.3-48.8%), bivalent
synbody affinity ligands (approximately 10-65%), and polyamidoamine dendrimer/SA-
biotin-mediated cascade-amplification immunomagnetic enrichment (44.26%).44-47 Within
this dynamic range, CE increased with increasing norovirus VLP concentration and a high
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CE of over 90% was achieved by EY-NB-26 from a 50 pg/mL sample. Compared with
EY-NB-85, EY-NB-26 showed a significantly higher ability to capture norovirus VLPs at the
same concentration (£ < 0.05). These results suggest that nanobody-displayed engineered
yeasts, especially EY-NB-26, could be a promising tool for norovirus separation.

Detection of Norovirus VLPs on Spinach Using Engineered Yeasts.

Next, we tested the ability of the engineered yeasts to concentrate and detect human
norovirus VLPs in food matrix using a sandwich ELISA. 60% of foodborne diseases are
associated with the intake of noroviruscontaminated green-leafy vegetables in the United
States, such as lettuce, cabbage, and spinach.48 Among leafy vegetables, spinach is always
consumed raw in a salad with simple washing. As reported, 5 norovirus outbreaks were
caused by spinach and one outbreak was attributed to the spinach-based salads in the
United States during 1973-2012.49 In this study, baby spinach was selected as a food
model and spiked with norovirus VVLPs at different concentrations. Buffer solution without
any VLPs was used as a negative control. The spinach was then washed, and the yeasts
(wild-type and three engineered yeasts) were incubated with the wash solution containing
norovirus VLPs (Figure 5a). After washing the yeast three times to remove unbound VLPs,
anti-VLP primary antibodies and HRP-labeled secondary antibodies were added to label
VLPs sequentially. Afterward, TMB containing H,O, was added as a colorimetric substrate
of HRP.

In the presence of HRP, the TMB solution turned a yellow color after the addition of
sulfuric acid as the stop solution, but there was no color change observed for the wild-type
and EY-pCTcon2 yeasts (Figure 5b). The absorbance intensities of the color changes were
measured at a wavelength of 450 nm (Figure 5c¢). Good linear relationships were obtained
between absorbance intensity and concentration of VLPs in the range of 1-10% pg/g for
EY-NB-26 (A%= 0.9912) and 10-5 x 10* pg/g for EY-NB-85 (/%= 0.9889). The detection
limit of 6.47 pg/g for EY-NB-85 was calculated using the mean of the control replicates
plus three times the standard deviation, which corresponds to approximately 2.01 x 10*
norovirus/g.50:51 A significantly lower detection limit of 0.071 pg/g (~218 norovirus/g of
spinach) was observed for EY-NB-26. Our results indicated that our proposed engineered
yeasts can be used to detect norovirus in food samples. The results suggest that engineered
yeast displaying nanobodies, especially Nano-26, exhibited sensitivity to capture and detect
norovirus in spinach leaves at a level (*10.9 norovirus particles) close to the reported
minimum infectious dose (10 virus particles), which signifies its potential application in
concentrating and detecting norovirus in other food samples. However, using norovirus
VLPs as a surrogate for norovirus also has limitations. For example, the potential of cross-
reactivity between VLPs with other viruses or substances that have similar structures could
result in false-positive results and reduce the specificity of the ELISA-based detection.>2
Considering that norovirus VLPs do not fully equate to norovirus, we will further test the
specificality and sensitivity of our developed methods in food samples spiked with different
norovirus genotypes as well as real contaminated samples in the future.

In summary, we have successfully developed engineered food-grade yeasts displaying
nanobodies on the cell surface and demonstrated their effectiveness to concentrate and
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purify human norovirus in food matrices. Within this system, two nanobodies (Nano-26

and Nano-85) were successfully expressed on the surface of S. cerevisiae and exhibited

the ability to capture up to 91.3 and 74.3% of norovirus VVLPs, respectively. Furthermore,
engineered yeasts, especially EY-NB-26, displayed good reproducibility and high sensitivity
for the detection of human norovirus in spinach leaves, with a low detection limit of 0.071
pa/g. This novel nanobody-displayed engineered yeast-based biosensor provides a simple,
costeffective, and efficient strategy to concentrate and detect human norovirus in complex
food matrices. This innovative method could be easily utilized for routine concentration and
rapid detection of noroviruses, providing a benefit to the food industry and improving public
health and safety.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Schematic illustration of yeast surface engineering to display nanobody. (b) Construction

of nanobody expression yeasts and their corresponding positions in the protein fusions. (c)
Electrophoresis of yeast colony PCR for the verification of inserted Aga2p-HA-nanobody
fusions. Lane 1, 100 bp DNA ladder; lane 2; wild-type; lane 3, EY-pCTcon2 (643 bp);
lane 4, EY-NB-26 (814 bp); lane 5, EY-NB-85 (829 bp). Notes: EY, engineered yeast; NB,
nanobody.
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Figure 2.

(a;;Schematic illustration of the Aga2p-HA-nanobody expression on the yeast surface. (b)
Confocal images of fluorescence anti-HA antibody labeled yeast. (c) Histogram of the flow
cytometric analysis of fluorescence anti-HA antibody labeled yeast. Notes: EY, engineered
yeast; NB, nanobody.
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Figure 3.
(a) Schematic illustration of the norovirus VLP—nanobody binding. (b) Confocal images of
the norovirus VLP-nanobody binding. (c) Histogram of the flow cytometric analysis of the
norovirus VLP—nanobody binding.
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Figure 4.
(a) Schematic illustration of capture efficiency. (b) Comparison of capture efficiency among

yeasts. Notes: EY, engineered yeast; NB, nanobody; CE, capture efficiency; VLP, virus-like
particle.
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Figureb.

@

Concentration and detection of norovirus VLPs using engineered yeasts. (b) Comparison

of wild-type and engineered yeasts for norovirus detection. (c) Absorbance intensity of
norovirus detection using a sandwich assay. Notes: EY, engineered yeast; NB, nanobody;
VLP, virus-like particle.
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