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The potential transmission of plant pathogenic viruses
through processed foods could be a source of concern
for global crop production; however, there is a lack of
supporting evidence. The present study was conducted
to investigate the presence of plant pathogenic viruses
in five samples of gochujang (fermented red pepper
paste) manufactured in Korea. Several viruses infect-
ing pepper were detected by reverse transcription-
polymerase chain reaction, among which the pepper
mild mottle virus (PMMoV) was detected in all five
samples, at concentrations ranging from 2.8 to 7.0
(log,, copies/ml). In addition, PMMoV was observed by
transmission electron microscopy in all five samples.
The samples exhibited viral pathogenicity to Nicotiana
benthamiana plants, indicating that global trade of pro-
cessed products could be a possible source of the trans-
mission of plant viruses.
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Red pepper (Capsicum annuum L.) is one of the most
widely used spices in the world and is mainly utilized in
the dried powder form. In Korea, red pepper powder is
used to prepare a sauce or paste for ethnic foods (Kwon et
al., 2015). Gochujang (fermented red pepper paste), a tradi-
tional Korean sauce, is a savory, sweet, and spicy ferment-
ed condiment prepared from red pepper powder, meju (a
mixture of starch and wheat grain), and water. It consists of
44.6% water, 43.8% carbohydrates, 4.9% protein, and 1.1%
fat, which are produced from the raw materials during
fermentation (Kim et al., 2016). Furthermore, gochujang
contains major bioactive compounds, such as carotenoids,
capsaicinoids, and flavonoids, and it stimulates several bio-
logical functions owing to its anti-cancer, anti-obesity, and
anti-oxidant effects (Ahn et al., 2006; Park et al., 2001).
Red pepper powder is one of the raw materials for the
production of commercial gochujang. This powder is
prepared from fresh red peppers, which may have been
exposed to various plant pathogens, particularly to plant
viruses. Food products containing red peppers or spices,
such as gochujang, could be potential sources of viral
ingestion. Of the 66 viruses known to infect peppers, 29
occur worldwide, whereas 37 occur regionally. Five major
viruses, 1.e., cucumber mosaic virus (CMV), broad bean
wilt virus 2 (BBWV2), pepper mottle virus (PepMoV),
pepper mild mottle virus (PMMoV), and tomato spotted
wilt virus (TSWYV), infect red peppers in Korea (Cho et al.,
2006; Choi et al., 2010; Kim et al., 2004). The aim of the
present study was to detect pathogenic plant viruses and re-
veal their molecular genetic characterization in five major
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commercial gochujang products manufactured in Korea.
Five major commercial gochujang products (H, CH, HP,
J, and S), manufactured in 2018 and 2019, were purchased
from commercial markets. The red pepper powders used
in these products were derived from either Korean fresh
red peppers (H and CH) or frozen red peppers (HP, J, and
S) imported from China. Red pepper powder derived from
fresh red peppers is the major component in the produc-
tion of commercial gochujang. To investigate the presence
of plant viruses in gochujang samples, we first analyzed
the virus particles using transmission electron microscopy
(TEM). Gochujang was mixed gently with 1 x phosphate
buffered saline (PBS) buffer (1:1), and the mixture was
kept at room temperature for 10 min. Mixture was centri-
fuged at 12,000 rpm for 20 min. The supernatant was then
used for TEM analysis. Samples were fixed on a copper
grid (Electron Microscopy Sciences, Hatfield, PA, USA)
and negatively stained with 1% ammonium molybdate
(Sigma-Aldrich, St. Louis, MO, USA). Fixed samples were
analyzed using a TEM (JEOL Ltd., Tokyo, Japan) at 200
kV, at the Center for Research Facilities of Chonnam Na-
tional University. For each grid, at least three fields of ap-
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proximately 200 um* were viewed. Images were captured
using a US1000 CCD camera and analyzed using GATAN
MICROGRAPH software (Gatan Inc., Warrendale, PA,
USA). All samples contained rod-shaped particles, mea-
suring 300 nm in length and 18 nm in diameter, which
were identified as tobamoviruses (Fig. 1A). Virus-free
gochujang confirmed by TEM and reverse transcription-
polymerase chain reaction (RT-PCR) was used as negative
control. Furthermore, RT-PCR was performed to detect
the five major viruses infecting red peppers in Korea, i.e.,
CMV, BBWV2, PepMoV, PMMoV, and TSWV. Total
RNA was extracted from the samples using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA), according to the manu-
facturer's instructions. In brief, 300 ul of gochujang was
gently mixed with 1 ml of TRIzol, and mixture was kept at
room temperature for 10 min. Two hundred microliters of
chloroform was added and incubated for 5 min. The sus-
pensions were followed centrifugation at 12,000 rpm for
10 min. The supernatant was precipitated with isopropanol,
dissolved with DEPC-water. The prepared total RNA was
stored at —80°C until processing. A one-tube RT-PCR was
performed using a SuPrimeScript RT-PCR Premix (GeNet

Negative control

Healthy plant
== R

Fig. 1. Detection of plant viruses in gochujang samples. (A) Rod-shaped particles in the five samples observed by electron microscopy.
(B) Agarose gels showing the expected sizes of PCR products of the target viruses. M, 1 kb DNA ladder; lane 1, cucumber mosaic virus
(CMV; 940 bp); lane 2, pepper mottle virus (PepMoV; 461 bp); lane 3, broad bean wilt virus 2 (BBWV2; 654 bp); lane 4, pepper mild
mottle virus (PMMoV; 390 bp); lane 5, tomato spotted wilt virus (TSWV; 500 bp). (C) Symptoms induced in Nicotiana benthamiana by
the gochujang-HP sample at 14 dpi. The upper panel shows plants in the side-view, and the lower panel shows an enlarged top view. PC,
positive control. (D) Validation of systemic infection of BBWV2 and PMMoV in the HP-treated and positive control plants by reverse
transcription-polymerase chain reaction.
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Bio, Daejeon, Korea). Two microliters of total RNA tem-
plate, and forward and reverse primers for CMV, BBWV2,
PepMoV, PMMoV, and TSWV were added to the RT-
PCR premix, and DEPC water was then added to achieve a
total volume of 20 pl. Coat protein (CP)-specific primers of
the pepper viruses were used for their detection in the sam-
ples (Supplementary Table 1). The conditions for RT-PCR
were as follows: stage 1, 50°C for 30 min; stage 2, 95°C for
5 min; stage 3, 38 cycles each of 95°C for 30 s, 58°C for 30
s, and 72°C for 60 s; and stage 4, 72°C for 5 min. The PCR
products were analyzed by 1.2% agarose gel electrophore-
sis in 1x TAE buffer, stained with ethidium bromide, and
visualized under UV light. The size of the resultant product
was determined by comparison with a 100 bp DNA ladder
(INtRON, Daejeon, Korea). The predicted fragment of the
PMMoV genome was amplified in all the five gochujang
samples (H, CH, HP, J, and S) (Fig. 1B). The predicted
fragments of the BBWV2 and PMMoV genomes could
be amplified in the H, CH, HP, and J samples. In the H
sample, the predicted fragment of the CMV genome was
also amplified along with that of BBWV2 and PMMoV.
In addition, the predicted fragment of only the PMMoV
genome was amplified in the S sample. The presence of
PMMoV was recently reported in pepper sauce from China
(Peng et al., 2015). Furthermore, PMMoV was detected in
all 42 pepper sauce samples from China, using RT-PCR.
To determine whether the detected viruses in these samples
were infectious, gochujang samples (H, CH, HP, J, and S)
were mixed with PBS, and after centrifugation at 12,000
rpm for 10 min at 4°C, the supernatant was collected and
used to inoculate healthy N. benthamiana indicator plants.
Virus-free gochujang was used as a negative control, and
virus-infected leaf samples were used as a positive control.
Plants inoculated with H, CH, J, and S samples exhibited
mild mosaic or mottle symptoms in inoculated and sys-
temic leaves at 14 dpi, and the presence of viruses was
confirmed by RT-PCR using the aforementioned primers
(Supplementary Fig. 1). Plants inoculated with HP samples
exhibited leaf wilting and stem necrosis (Fig. 1C). Positive
control plants co-inoculated with BBWV2 and PMMoV
purified from the infected plants presented symptoms simi-
lar to plants inoculated with the HP sample, whereas the
mock-inoculated plants did not exhibit any obvious symp-
toms (Fig. 1C). RT-PCR analysis showed that plants in-
oculated with the HP sample and the positive controls were
systemically infected with BBWV2 and PMMoV, whereas
the mock-inoculated plants did not present any viruses (Fig.
1D). These results indicated that BBWV2 and PMMoV in
the gochujang samples retained their infectivity in plants.
The amplified RT-PCR products were cloned and se-

quenced to confirm the identity of the viruses. The RT-
PCR products were purified using the MEGAquick-spin
Plus Fragment DNA Purification Kit (iNtRON) and cloned
using pGEM-T Easy Vector System (Promega, Madison,
WI, USA), following which the clones were sequenced
in both directions (Bionics Co., Daejeon, Korea). The
sequences obtained were compared with the reference se-
quences for virus isolates from the GenBank database. Nu-
cleotide sequences of the complete sequence of the CMV-
CP and the partial CP of PepMoV, BBWV2, PMMoV,
and TSWV2 have been deposited in the GenBank database
(LC528236: CMV isolate from H sample; LC534249-
LC534252: BBWV?2 isolates from H, CH, HP, and J
samples; LC528237-LC528241: PMMoV isolates from
H, CH, HP, J, and S samples). For phylogenetic analysis,
nucleotide sequences of virus isolates were aligned using
CLUSTALW in BioEdit. Aligned nucleotide sequences
were used to construct phylogenetic trees using MEGA 5.05
software package (Tamura et al., 2011). Bootstrap resa-
mpling (with 1,000 replications) was used to measure the
reliability of the individual nodes in each phylogenetic tree.
A neighbor-joining phylogenetic analysis was conducted
to determine the relationship of CMV, BBWV2, and PM-
MoV isolates obtained from the gochujang samples with
the previously characterized isolates of various geographic
origins. Sequence and phylogenetic analyses revealed that
the CMV-H (LC528236) sequence had 97-99% nucleotide
similarity, and the phylogenetic tree exhibited two groups
(Fig. 2A). The first group was further divided two sub-
groups: one of these sub-groups comprised the Chinese
and Korean isolates, including CMV-H, whereas the other
sub-group included two isolates from China and three
isolates from Korea. The second group comprised four
isolates from Korea. Although the red pepper powder used
in Kochujang-H was derived from Korean fresh powder,
the CMV-H was confirmed to be close to the Chinese
isolates. The BBWV?2 isolates, i.c., BBWV2-H, BBWV2-
CH, BBWV2-HP, and BBWV2-J (LC534249-L.C534252),
exhibited 85-96% nucleotide similarity with the Chinese,
Korean, and Japanese BBWV?2 isolates. The four isolates
were divided into two groups (Fig. 2B). The first group was
further divided into two sub-groups: one of the sub-groups
comprised five isolates from Korea, including BBWV2-J,
whereas the other sub-group consisted of one isolate from
Japan, one from China, and two from Korea, including
BBWV2-HP. The second group was also divided into two
sub-groups: BBWV2-H alone represented one of these sub-
groups, whereas the other sub-group included one isolate
from Singapore, one from Japan, one from China, and four
from Korea, including BBWV2-CH. Although the red pep-
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Fig. 2. Phylogenetic analysis of cucumber mosaic virus (CMV) (A), broad bean wilt virus 2 (BBWV2) (B), and pepper mild mottle virus
(PMMoV) (C) isolates detected in the gochujang samples. The neighbor-joining phylogenetic tree was constructed using coat protein
sequences of isolates from different countries obtained from NCBI, using MEGA 6. The GenBank accession code, isolate name, and
country of origin are shown for each isolate. Isolates described in this study are indicated by a diamond. Branch lengths are proportionate
to genetic distances. The bootstrap analysis employed a heuristic search with 1,000 random stepwise additions of replicates. The scale

bar represents 0.005 or 0.05 substitution per nucleotide site.

per powder used in Kochujang-J was derived from Chinese
frozen powder, the BBWV2-J was confirmed to be close to
the Korean isolates. The PMMOoV isolates, i.e., PMMoV-
H, PMMoV-CH, PMMoV-HP, PMMoV-J, and PMMoV-S
(LC528237-LC528241), exhibited 98-99% nucleotide sim-
ilarity with isolates from China, Japan, USA, India, Brazil,
Venezuela, and Pakistan. Phylogenetic analysis revealed
that PMMoV isolates from the HP, S, H, and J samples
and those from other countries were clustered in one group,
whereas PMMoV-CH represented a separate group (Fig.
2C). Although the red pepper powders used in Kochujang

products (H, CH, HP, J, and S) showed different production
site of red pepper, the newly isolated PMMoV-HP, H, and
S isolates were clustered in one group. Phylogenetic analy-
sis of the newly isolated viruses indicated no correlation
between the geographic origin and groups of isolates. To
quantify BBWV2 and PMMoV genomic RNAs, transcripts
were obtained from biologically active cDNA clones of
BBWV2 and PMMoV using T7 RNA polymerase (Pro-
mega) in vitro. The copy numbers were determined using
the equation N = C/(K x 330 x 1.6601 x 10™'*), where N is
the copy number per pl, K is the length of the target gene
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Table 1. Detection of viruses in pepper sauce samples

Sorare Virus Concentration of viruses®
ampie CMV PepMoV BBWV2 PMMoV TSWV BBWV2 PMMoV
H + - + + - 6.01+0.0921 6.50+0.1768
CH - - + + - 3.84 +0.0363 4.94+0.1053
HP - - + + - 3.11 £0.0402 7.00 £ 0.3800
J - - + + - 4.31+0.3220 6.21+0.0078
S - - - + - 2.82+0.0826

CMYV, cucumber mosaic virus; PepMoV, pepper mottle virus; BBWV2, broad bean wilt virus 2; PMMoV, pepper mild mottle virus; TSWV,

tomato spotted wilt virus.

#The concentration of BBWV2 and PMMoV as log,, copies/ml (mean + SD)

(nucleotide), and 1.6601 x 10" represents the transfer con-
stant between dalton and pg. Quantitative RT-PCR (RT-
gPCR) was performed to determine the concentrations of
BBWV2 and PMMoV in the gochujang samples. Primers
specific to BBWV2 and PMMoV were designed for RT-
gPCR, based on the respective CP genes of the viruses,
using Primer3 Input (ver. 0.4.0) (Supplementary Table 1).
The concentrations of BBWV2 and PMMoV in the gochu-
jang samples were determined according to previously pub-
lished methods (Feng et al., 2006). For RT-qPCR, cDNA
was synthesized using each of the reverse primers and M-
MLV RT (Promega), according to the manufacturer’s in-
structions. RT-qPCR reactions for BBWV2 and PMMoV
were carried out in a final volume of 25 pl, containing
12.5 pl of 2% QuantiFast SYBR Green PCR Master Mix
(Qiagen, Valencia, CA, USA), 1.0 pl each of the forward
and reverse primers, and 1 pl of the cDNA. Thermocycling
conditions consisted of an initial denaturation step at 95°C
for 5 min, followed by 35 cycles of 95°C for 15 s, 56°C for
20 s, and 60°C for 20 s. Immediately after the final PCR
cycle, a melting curve analysis was performed to determine
the specificity of the reaction, by incubating the reaction
mixture at 95°C for 15 s followed by annealing at 60°C for
20 s. The C, used in RT-qPCR quantification was defined
as the PCR cycle number that crossed an arbitrarily chosen
signal threshold in the log phase of the amplification curve.
Standard curves for all viruses were generated using a dilu-
tion series of standard samples as the RT-qPCR template.
The extracted RNA was diluted 100 times and amplified
along with standard samples under optimal concentrations,
and the copy number of each virus was calculated from the
standard curve according to the C,value. Each sample had
three replicates, and all reactions were also performed in
three independent replicates to ensure the reproducibility
of the results. Concentrations of BBWV2 and PMMoV
in gochujang samples ranged from 3.84 to 6.01 log,, cop-
ies/ml and from 2.82 to 7.00 log,, copies/ml, respectively

(Table 1). The results showed that the H sample contained
a higher concentration of BBWV2 than the other samples,
whereas the HP sample contained a higher concentration
of PMMoV. These results are similar to those obtained for
Chinese pepper sauce (~3.83 to 8.75 log,, copies/ml) (Peng
etal., 2015).

Few studies have described the presence of plant viruses
in processed foods and human and wastewater samples
(Peng et al., 2015; Symonds et al., 2019; Zhang et al.,
2006). PMMoV was detected in pepper sauce samples
from China, at concentrations ranging from 3.8 to 8.8 log,,
copies/ml. The CP sequences of PMMoV exhibited 97.4-
100% similarity to each other and 92.4-100% similarity to
previously characterized isolates. In addition, pepper sauce
containing PMMoV caused viral symptoms in plants, indi-
cating that commercial trade of processed sauce could be a
source of natural dispersal of PMMoV (Peng et al., 2015).
Globalization of the food sector has led to international
trading of numerous processed products. This can result
in the transport and outbreak of pathogenic plant viruses
in other regions of the world. The issue of plant viruses,
including the presence and pathogenicity of PMMoV in
humans, was highlighted by the metagenomics discovery
that plant viruses were the most abundant RNA viruses in
human feces (Zhang et al., 2006). Up to 10’ virions of PM-
MoV were observed per gram dry weight of fecal matter,
and PMMoV caused viral symptoms in indicator plants.
In addition, using metagenomics, tobamoviruses were de-
tected in fecal samples from Japan (Nakamura et al., 2009).
These viruses infect various crops, including peppers
(Capsicum spp.), and their presence in human feces may
be a result of consuming processed products prepared from
infected crops. Recently, PMMoV was also consistently
detected in untreated wastewater from Africa, the Ameri-
cas, Asia, Australia, and Europe; thus, it is often used as a
viral indicator to identify fecal pollution in the environment
(Kitajima et al., 2018; Symonds et al., 2019).



508 Ko et al.

In conclusion, this is the first study in which several
pepper-infecting viruses were detected in commercial
gochujang samples manufactured in Korea. Although the
virus-infected red peppers used for the production of com-
mercial gochujang were industrially processed, the identi-
fied viruses remained pathogenic to plants, highlighting
the potential risk of a viral disease outbreak. Phylogenetic
analysis indicated that the identified virus isolates were the
most closely related to their Chinese counterparts, which
may be attributed to the fact that the red pepper powder
imported from China is often used in the production of
gochujang. Although plant viruses do not directly threaten
human health, the risk of spreading these viruses to other
countries/regions through processed foods affects agricul-
tural profitability, food security, and ecosystem sustain-
ability. Further research is required to investigate the plant
virome in other processed foods, as it would improve our
understanding of the correlations between plant viruses de-
rived from processed foods and the agri-environment.
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