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Editorial on the Research Topic
Rapid and Cost-Effective Technologies to Detect the Pathogens in Food and Environment

The value of this Research Topic lies in the breadth of microorganisms as subjects
of interests, the applications of the technologies, and the different approaches.
That breadth serves to guide anyone with interests in pathogen detection; all
serve as instructive examples. The articles fall into two categories: (1) methods for
detection of specific food-borne pathogens and (2) methods for detection of different
food-borne pathogens, and (3) methods the challenges of different
starting materials.

A wide variety of organisms are described, including: Listeria (Zhang X. et al.), Aspergillus
(Martinez et al.), Salmonella (An et al; Liu et al.), Phytopythium (Wang et al.), Escherichia
(Nakae et al; Yang et al.), Vibrio (Xiao et al; Zhang X. et al.), and Norovirus (Zuo et al.).
Each provides its own challenges to detection method development and therefore serve as
guides to the challenges of detection in different starting materials. The breadth of methods
for detection of foodborne pathogens is likewise quite wide. Metagenomics (Zhang L. et al.),
CRISPR (Xiao et al.), Lab-on-Chip (Yang et al.), immunomagnetic enrichment (Gao et al.),
bacteriophage-linked detection (Wisuthiphaet et al.), and other amplification methods (Zuo et
al; Wang et al.) are included to provide guidance in the choice of experimental approaches.
Finally, the volume even has a contribution for detection of microbial DNA, applicable to a
wide range of starting samples (e.g., water, wastewater, plants, and foods). We cannot forget
that free DNA can be taken up and able to transform other microorganisms to express novel,
unexpected traits.

A wide range of applications is described by this collection of papers from wastewater, to
plants, fruits, and foods. Again, each application presents different challenges and those needing
to develop protocols for pathogen detection can use this Research Topic’s collection to guide
their investigations.

to overcome
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All of the detection protocols are described in detail along
with the challenges identified by the individual investigations.
As all the detection methodologies described in the Research
Topic are novel and cutting-edge, they deserve publication and
dissemination. I worry, however, that the level of technology
development and cost may take them out of the market
for application amongst regions of the world that lack
the technological or economic development to employ these
methods. We are all challenged to develop low-cost, rapid
methods for pathogen-detection that can be used throughout
our world.
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The aim of this work was to study the value of the main allergen Asp n 3 of
Aspergillus niger as a molecular marker of allergenicity and pathogenicity with the
potential to be used in the identification of A. niger as a contaminant and cause of
spoilage of Mangifera indica. Real-time polymerase chain reaction (RT-PCR) was used
for the amplification of Asp n 3 gene. Two pairs of primers were designed: one for
the amplification of the entire sequence and another one for the amplification of the
most conserved region of this peroxisomal protein. The presence of A. niger was
demonstrated by the early detection of the allergenic protein Asp n 3 coding gene,
which could be considered a species-specific marker. The use of primers designed
based on the conserved region of the Asp n 3 encoding gene allowed us to identify
the presence of the closely related fungal species Aspergillus fumigatus by detecting
Asp n 3 homologous protein, which can be cross-reactive. The use of conserved
segments of the Asp n 3 gene or its entire sequence allows us to detect phylogenetically
closely related species within the Aspergilaceae family or to identify species-specific
contaminating fungi.

Keywords: food spoilage, Aspergillus, Asp n 3, DNA-marker, fungal food pathogen

INTRODUCTION

Several species belonging to the fungal genus Aspergillus are well known as plant pathogens that
may cause damage in plants as well as spoil postharvest fruit, vegetables, and cereals, resulting
in serious agriculture and economic losses (Perrone et al., 2007; Samson et al., 2010; Mahfooz
et al., 2017). Although the main substrate of black aspergilli (Aspergillus section Nigri) is soil,
these fungi are among the most common fungi causing food spoilage and biodeterioration of other
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materials. Several authors report that the Aspergillus niger
species complex can be responsible for the postharvest decay of
different fresh fruits and some vegetables (Gautam et al., 2011;
Sharma, 2012). It has been demonstrated that Aspergillus spores
are one of the most frequently identified fungal conidia in the
atmosphere (Kasprzyk, 2008; Dijksterhuis, 2019). Its extensive
ubiquity in nature probably justifies why this species is one of the
most common contaminating fungal genera recorded in various
agricultural commodities, such as fruit, nuts, beans, cereals, and
vegetables (Samson et al, 2010). In particular, A. niger can
produce rotting of numerous fruits and vegetables, causing a
substantial economic loss. Onions, mangoes, grapes, or tomatoes
are the most cited fruits to which A. niger can be the major cause
of rot phenotype plant disease (Gautam et al., 2011). On the
other hand, selected A. niger strains are also used in agriculture
as promising beneficial microbes (Lubna et al., 2018; Pertile et al.,
2021).

Aspergillus niger is described as a producer of a wide variety
of toxic metabolites, including ochratoxins, a group of secondary
metabolites that are classified as possible human carcinogens
(Blumenthal, 2004; Tian et al., 2015). In addition to producing
toxins, Aspergillus species are an important cause of allergy
as a relevant source of allergen proteins that are involved in
the development of allergic symptoms, particularly in atopic
individuals (Simon-Nobbe et al., 2008; Gabriel et al., 2016b).

Among the several allergens described in this mold, the
major A. niger allergen, Asp n 3, which is homologous to Asp
t 3 of Aspergillus fumigatus (peroxisomal protein), has been
demonstrated to be a clinically relevant component because
72% of the Aspergillus sensitized population shows reactive IgE
specific to this allergen (Hemmann et al., 1997). This component
is also a key marker to use in the differential diagnosis of some
different types of aspergillosis (Crameri et al., 1998).

The fungal contamination of fruit with toxins or allergens can
lead to a significant health risk to humans. Fruit colonization
with these fungi might be used as a direct indicator of fruit or
plant damage, food quality, and safety for human consumption
(Battilani et al., 2008). Thus, to minimize the fungal diseases
associated with both economic losses and health risk, it is
essential to detect and identify pathogens at an early stage of the
infection process (Amalaradjou and Venkitanarayanan, 2008).
In fact, the early and accurate detection and identification of
pathogens will allow the control of the spread of fungal infections
as well as the implementation of disease management strategies.

The traditional identification of fungi by means of
methodologies based on morphological characteristics has
a low degree of sensitivity and requires considerable expertise. To
address these shortcomings, in recent years, molecular methods
such as polymerase chain reaction (PCR) have been considered
suitable alternatives for the rapid and early diagnosis of fungal
contamination (Gabriel et al., 2015, 2017).

With this in mind, the objective of this work was to study the
value of the main allergen Asp n 3 of A. niger as a molecular
marker of allergenicity and pathogenicity, with the potential to
be used in the identification of A. niger as a contaminant and
cause of spoilage of Mangifera indica. Its ability to identify closely
related species of the genus Aspergillus was also analyzed. The

specific detection of Asp n 3 was evaluated in an experimental
infection of M. indica fruit with A. niger, according to Gabriel
et al. (2017), by a recently developed PCR method based on the
Alta 1 coding gene for Alternaria alternata.

MATERIALS AND METHODS

Fungal Strains and Culture Conditions
The A. niger strain CECT 20156 Spanish Type Culture Collection
(CECT, University of Valencia, Spain) and the A. fumigatus AF54
strain (Laboratory of Parasitology and Allergy, Lascaray Research
Centre, University of the Basque Country, Vitoria-Gasteiz, Spain)
were used in this study.

Aspergillus niger was grown on malt extract agar plates for
4 days at 25°C. The spores were collected in 0.2% agar and
0.05% Tween 80 solution. Then, the spore suspension was diluted
1:100, counted in a Neubauer chamber, and adjusted to a final
concentration of 1 x 10° spores/ml with sterile phosphate-
buffered saline (PBS) and 0.05 Tween 80 (Gabriel et al., 2017).

Fruit Inoculation and Incubation

Twenty fresh mangoes were sterilized by immersion in a solution
of 1% (v/v) sodium hypochlorite for 1 h at room temperature.
Later, they were rinsed out with sterile distilled water and dried
out. Sixteen fruits were inoculated with 100 pl of the spore
suspension and four mangoes with 100 L1 of sterile distilled water
as the negative control under sterile conditions. Inoculation was
performed by the injection of the spore suspension at 3 mm
deep under the fruit skin. Then, the mangoes were placed in
polypropylene bags which were closed and incubated at 25°C for
2,4, 8, and 14 days.

The infection areas in the fruit were measured daily. Contours
of the infected zones were drawn into transparent adhesive
tape, and the areas were measured by AutoCAD. The negative
controls were also checked daily to discard any spontaneous
fungal contamination growth.

Sample Collection and Processing

Four samples from four different fruits corresponding to 2,
4, 8, and 14 days of incubation were analyzed. Samples of
2 cm? x 1 cm deep were obtained from the fruit area where
the inoculation was performed. Half of the sample was frozen at
—80°C for further PCR analysis, and the other half was incubated
in Czapek Dox agar medium at 25°C until visible growth. The
negative controls were subjected to the same procedure (Gabriel
etal., 2017). A. niger positive control and A. fumigatus specificity
control for PCR were grown on Czapek Dox broth.

RNA Extraction

The samples were ground in liquid nitrogen with a mortar and
pestle. Previously, the material was treated with 70% ethanol,
and RNAses were removed by RNAse Zap solution (Thermo
Fisher Scientific, Waltham, MA, United States). Then, 4.5 1 of 2-
mercaptoethanol was added to 100 mg of the pulverized sample,
and Qiagen RNeasy Plant Mini Kit (Qiagen, Hilden, Germany)
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was used to extract the total RNA according to the instructions
provided by the manufacturer (Gabriel et al., 2017).

cDNA Synthesis, Primer Design, and
PCR Amplification

The reverse transcription reactions were carried out with
RevertAid First Strand cDNA Synthesis Kit (Fermentas, Sankt
Leon-Rot, Germany). Two pairs of primers were manually
designed by comparison of the complete sequence that encodes
Asp n 3 with the consensus sequences of the related fungal species
considered in the design (Figure 1). The GenBank accession
numbers of fungal species used for the multiple alignment
analysis by the ClustalW program are shown in Table 1.

The primers named Aspn3FL_FW (ATCACCTCATG
GCGCCGTGGG) and  Aspn3FL_RV  (TGTTGTCGTA
GCTTCGTAAGCGC) were designed to amplify the complete
Asp n 3 gene of A. niger, including the non-conserved
regions of the gene.

The primers named CRPEROX_FW [CAAGAAGGT(C/T)
(A/G)T(C/T)CTC(T/G)TCGCC] and CRPEROX_RV (TGTT
GTCGTAGCTTCGTAAGCGC) were designed on the basis of
the highly conserved internal nucleotide region of the Asp n
3 gene sequence of A. niger and its homologs in the other
Aspergillus species (Gabriel et al., 2017).

Polymerase chain reactions were carried out with a FastStart
Taq DNA polymerase PCR kit (Roche, Mannheim, Germany),
and a PCR-grade deoxynucleoside triphosphate set (Roche,
Mannheim, Germany) was used, following the manufacturer’s
instructions. Separate PCRs were performed for each pair of
primers. The RT-PCR mixture contained 38.6 pul of water, 5 pl of
buffer 10x with 20 mM MgCly, 2 pl of each primer, 1 pul of ANTP
mix (10 mM), 0.4 pl of FastStart Taq DNA polymerase, and 1 1
of cDNA. The program set for the Aspn3_FL primers started at
95°C for 4 min and then proceeded with 35 cycles consisting of
the first 30 s at 95°C, 30 s at 62°C, and 75 s at 72°C. The program
set for the CRPEROX primers started with natural denaturation
at 95°C for 4 min followed by 35 amplification cycles consisting
of 30 s at 95°C, 30 s at 53°C, and 45 s at 72°C. After that, there
was a final extension phase at 72°C for 7 min in both cases. The
RT-PCR detection limit was 1 x 10% spores of Aspergillus.

Sequencing reactions were performed using the BigDye
Terminator, v.3, sequencing kit (Applied Biosystems) according
to the manufacturer’s specifications, and the reactions were run
in an ABI 3130XL sequencer (Servei de Genomica, Universitat
Autonoma de Barcelona). The amplicon sequence identity was
confirmed with NCBI BLAST.

Alignment of Homologs to Asp n 3 Gene

Sequences and Phylogenetic Tree

A BLAST sequence alignment of the Asp n 3 gene with
the genes encoding peroxisomal homologous proteins from
all expressing species included in the database was carried
out. A phylogenetic tree of the nearest neighborhood of
representatives constructed based on the nucleotide sequences of
Asp n 3 homologs (peroxisomal protein) was constructed using
Molecular Evolutionary Genetics Analysis (Tamura et al., 2007).

RESULTS

Inoculation with A. niger resulted in a depressed, circular, brown,
soft area surrounding the point of insertion of the pathogen. That
area grew, softening the tissues of the mango and cracking the
skin. The fungus was able to form spores in the areas where the
flesh of the fruit was exposed. No new point of infection was
observed during the experiment.

At 2 days post-inoculation, the lesions provoked by A. niger
were evident in 100% of the inoculated mangoes. These lesions
grew until they covered large areas of the fruit surface (Figure 2).
The injuries caused by A. niger inoculation grew exponentially,
showing lesions 0.8, 3.4, and 6 cm in diameter after 4, 8, and
14 days of incubation, respectively (Figure 3).

The cultures of samples of infected fruit in mycological
media were positive for A. niger after 3-4 days of incubation.
The samples from fruit inoculated with sterile PBS did not
show fungal growth.

The PCR amplicons of the 913-bp complete gene and the 171-
bp amplified fragment corresponding to the conserved region
of the gene are shown in Figure 4. In 100% of the samples
of mangoes infected with A. niger, the complete gene and the
conserved gene region were amplified. In the sample infected
by A. fumigatus, only the conserved region of the Asp n 3
gene was amplified, but not the complete region. There was no
amplification in the mangoes used as the negative control.

These results confirmed the specificity of the primers designed
for the amplification of the Asp n 3 gene for detecting A. niger
as well as the capability of detecting Asp n 3 cross-reactive
proteins using the CRPEROX_FW/CRPEROX_RV primers. This
technique allows detection of the presence of the allergen Asp
n 3 and its homologs in infected mangoes from the early stages
of infection (2 days after inoculation). It is known that the
presence of inhibitory substances in food samples may often
compromise DNA amplification and lead to the failure of PCR.
To prevent false-negative results, positive controls using cDNA
obtained from the mycelia of an A. niger reference strain (CECT
20156 Spanish Type Culture Collection University of Valencia,
Spain) were also included. A sequence analysis of the amplicons
allowed the confirmation of the identity of all DNA fragments as
Asp n 3. No amplification products were detected in the PCRs
using cDNA obtained from PBS-inoculated fruits (Figure 4, B1
and B2 lines).

The presence of A. niger was demonstrated by the early
detection of the allergenic protein Asp n 3 coding gene, which
could be considered a species-specific marker. The use of
primers designed based on the conserved region of the Asp
n 3 encoding gene allowed us to identify the presence of the
closely related fungal species A. fumigatus by detecting Asp n 3
homologous protein, which can be cross-reactive. The detection
of well-characterized fungal allergens could be considered a
tool for identifying fruit rot by Aspergillus and to identify fruit
contaminated by Aspergillus as an allergenic source.

A phylogenetic tree (based on the nearest-neighbor method)
of representatives constructed based on the nucleotide sequences
of Asp n 3 homologs (peroxisomal protein) is shown in
Figure 5. The sequence alignment of the Asp n 3 homologs
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FIGURE 1 | Complete sequence of the gene that codifies for the allergen Asp n 3 compared to the consensus sequence of the fungal species considered in the
design (A. niger, A. fumigatus, A. terreus, A. clavatus, A. nidulans, A. flavus, A. oryzae, Penicillium citrium, P chrysogenum, Trichophyton rubrum, and Neurospora
crassa). The arrows indicate the position of the two pairs of primers corresponding to complete cDNA gene and conserved region.
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TABLE 1 | GenBank accession numbers of the sequences used in multiple
alignment analysis.

Species name GenBank accession

Aspergillus niger CBS 513.88
Aspergillus terreus NIH2624

XM 001395871.2
XM 001209908.1

Aspergillus fumigatus ATCC 42202 U58050.1
Aspergillus clavatus NRRL 1 XM 001270302.1
Aspergillus nidulans FGSC A4 XM 676869.1
Aspergillus flavus NRRL3357 XM 002380885.1
Aspergillus oryzae RIB40 AB226160.1
Penicillium chrysogenum Wisconsin 54-1255 XM 002566221.1
Penicillium citrium 52-2 AF144753.1
Trichophyton rubrum CBS 118892 XM 0032380841
Neurospora crassa OR74A XM 959107.3

by BLAST, belonging to the different species considered to
construct the phylogenetic tree, A. niger, Aspergillus terreus,
Neosartorya fischeri, A. fumigatus, Aspergillus clavatus, and
Aspergillus nidulans, showed more than 90% identity; Aspergillus
flavus and Aspergillus orizae revealed 86% identity; Penicillium
species showed 81-84% identity; and Talaromyces and Ramsonia
species showed 75-80% identity.

DISCUSSION

Species from the genus Aspergillus are ubiquitous members of
Ascomycotina, which are present in numerous and different
habitats (Raper and Fennell, 1965; Christensen and Tuthill, 1986;
Bennett, 2010).

Aspergillus niger is commonly isolated worldwide from soil,
plant debris, air, and indoor environments, and it is considered
a soil saprobe and a non-ligninolytic fungus able to produce
numerous exoenzymes and organic acids involved in the
decomposition cycle of organic matter. These features justify the
capability of this fungus to cause the decay of fruits, vegetables,
nuts, cereals, wood, or herbs. A. niger has also been described
as a pathogen for humans and animals as an opportunistic
parasite that causes allergic disorders or mycotoxin production
(Gautam et al., 2011).

As a plant-pathogenic fungus, A. niger has been isolated from
a variety of substrates, but its most prominent role is in the
rotting or spoilage of numerous fruits, vegetables, and other food
products, with relevant economic loss (Sharma, 2012).

The contamination of mango fruit by A. niger results in the
qualitative deterioration of the product, showing a depressed,
circular, brown, soft area surrounding the point where the
pathogen starts the colonization (Palejwala et al., 1987; Al-Hindi
etal., 2011).

The pathogenicity assay results obtained here showed that
the mango fruit is very susceptible to contamination with
A. niger, and the type of injuries caused by fungal colonization
is compatible with that described by other authors (Kim et al,,
20205 Shen et al., 2020). These results confirm the validity and
applicability of this method for the study of the spoilage of
mangoes by A. niger.

Because A. niger is a well-recognized producer of harmful
toxins and significant allergenic proteins, exposure to A. niger-
contaminated foodstufs is likely to represent an inherent risk for
human health (Simon-Nobbe et al., 2008; Gabriel et al., 2016a).
This issue has been underestimated, and studies performed on it
are very scarce (Simon-Nobbe et al., 2008; Gabriel et al., 2017).
The precise and early detection of A. niger contamination would
be a relevant added value to establish and prevent health risks
and economic losses related to fungal colonization of foods such
as fruits and vegetables.

The development of DNA technology has provided effective
methods for microbial analysis. In recent decades, genetic studies
have provided different nucleic acid markers for microbial
identification. These markers are extensively used in PCR
or chip-based detection. Based on 16S rDNA and internal
transcribed spacer (ITS) sequencing, metagenomic approaches
are now emerging technologies for analyzing the entire microbial
community in a complex food and vegetable matrix (Shen et al.,
2020). Recently, a multiplex RTPCR has been developed, which
is able to identify common Aspergillus sections quantitatively
and detect the presence of azole-resistant strains, allowing the
successful detection of early stage fungal colonies within a day
of incubation (Kim et al., 2020).

In recent years, several fungal allergens (Alta 1, Alta 6, Asp
f1, Asp f 3, Asp n 1, Asp n 3, and others) have been presented
as valuable molecular markers of allergenicity and pathogenicity
(Matricardi et al., 2016). Accordingly, it is expected that the
use of approaches targeting the Asp n 3 gene and/or protein to
unequivocally identify and detect the pathogen A. niger will yield
privileged and powerful information regarding the quality and
biosecurity control of foodstufts (Gabriel et al., 2016b, 2017).

Previously, our research group developed a PCR-based
method targeting the gene coding for A. alternata major allergen
Alt a 1 using species-specific primer sets, and these tools
were used to successfully detect the infection of citrus fruit by
A. alternata early (Gabriel et al., 2017). With this in mind and
applying the same concept to the A. niger major allergen Asp n
3, further work was conducted to take advantage of the potential
of this early detection method to reduce and control postharvest
losses during the storage and transportation of fresh mango fruits.

The PCR based on specific Asp n 3 DNA expression gene
sequences was able to detect the contamination of mango fruit
from the first week of fungal colonization. The amplicons of the
complete gene and the amplified fragment corresponding to the
conserved region of the gene revealed positive results in 100% of
the samples of mangoes infected with A. niger. As expected, there
was a positive result in the A. fumigatus sample for the primers
that amplify the conserved region, but not for the primers that
amplify the complete Asp n 3 gene.

These results confirmed the specificity of the primers designed
for the amplification of the Asp n 3 gene for detecting A. niger
as well as the capability of detecting proteins susceptible to
present cross-reactivity with Asp n 3 using the primers designed
to amplify the conserved gene region. This technique allows the
detection of the presence of the allergen Asp n 3 and its homologs
in infected mangoes from the early stages of the infection (2 days
after inoculation). These results are similar to those found by us
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FIGURE 2 | Evolution of the injuries developed by A. niger in mango fruit: (A) 2 days post-infection (p.i.), (B) 4 days (p.i.), (C) 8 days (p.i.), and (D) 14 days (p.i.).

using the model of A. alternata infection in citrus fruit (Gabriel
etal,, 2017). These results shed light on ways to improve food and
vegetable disease prevention, quality, and environmental control.

In the previous study, the gene encoding Alt a 1 defined a
protein family associated only with the Pleosporaceae family of
fungi (Chruszcz et al., 2012; Gabriel et al., 2017). In contrast, in
this study, the peroxiredoxin Asp n 3 belongs to a large protein
superfamily associated with numerous species from different
kingdoms (Rhee, 2016; Harper et al., 2017). Thus, it could be
expected that the specificity for the model studied in this work
could be lower than that found previously for the Alt a 1 gene
in the infection of citrus fruit with A. alternata (Sienz-de-
Santamaria et al., 2006; Gabriel et al., 2015, 2017).

Classically, the macro- and micromorphology of fungi have
been the reference methodology for their identification (Visagie
et al,, 2014). Since the 1990s, DNA sequencing has become one
of the most powerful tools for taxonomists because of creating
new concepts for identifying the species and defining new tools
to establish relationships among them, bringing the opportunity
for sequence-based identification (Blaxter, 2003).

During the last decade, ITS rDNA was accepted as the official
barcode for fungal identification. Since then, the ITS has been the
most widely sequenced marker for fungi, and universal primers
for this sequence are available (Schoch et al.,, 2012). After the
introduction of ITS as the most relevant reference marker for
taxonomy and phylogenetic relationship studies, in practice,
several secondary markers have been analyzed for reliable species
identification (Fitzpatrick et al., 2006; Houbraken et al., 2012;

Samson et al., 2014; Visagie et al., 2014; Tsang et al., 2018). In
A. niger, some genes, such as the collagen-like gene, beta-tubulin
gene, and calmodulin gene, have been described as secondary
markers (Bennett, 2010; Shen et al., 2020).

Peroxiredoxins make up a wide family of proteins associated
with several biological functions, including fungal pathogenicity
toward their host plants and animals (Chen et al., 2016; Rhee,
2016). The Aspergillus group 3 main allergens (Asp f 3, Asp
fl 3, Asp n 3, Asp o 3, Asp t 3, Asp ni 3, and Neo fi 3)
are peroxisomal proteins. Thus, it would be very interesting
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FIGURE 3 | Mean values (mm?2) and standard deviation of the injured area by
A. niger in mango fruit. ¢, samples infected with A. niger spores; B, samples
inoculated with sterile phosphate-buffered saline.
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FIGURE 4 | cDNA PCR-amplified regions of Asp n gene. (A) Full cDNA gene amplicon using primers Aspn3_FW and Aspn3_RV. (B) Conserved cDNA gene region
amplified using primers CRPEROX_FW and CRPEROX_FW. Asp. Nig, Aspergillus niger (positive control). Lines 1-14: samples of mangoes inoculated with spores of
A. niger. B1 and B2: samples of mangoes inoculated with phosphate-buffered saline. Asp. fum, Aspergillus fumigatus. C- :PCR negative control.

to use the peroxiredoxin Asp n 3 as a secondary marker in
the identification of the species of this genus and to study the
phylogenetic relationships among species (Gautam et al., 2011;
Heller and Tudzynski, 2011; Sharma, 2012).

The results presented in this work demonstrate that the
Asp n 3 peroxiredoxin gene is an effective tool to identify
A. niger and establish phylogenetic differences with other species
from different taxa. The Asp n 3 peroxiredoxin gene was also
demonstrated to be an effective tool to identify pathogenic
Aspergillus of plant-based foods as well as to identify sources of
fungal allergenic sources growing in plant foods.

Fungi from Aspergillaceae play diverse and significant roles
in biotechnology and human, animal, and plant pathology.
Several genomes from Aspergillaceae have been studied, including
the two iconic genera Aspergillus and Penicillium. However,
their analysis does not fully reflect the diversity of the family.
Understanding the evolution of technologically and medically
significant fungi through their intrinsic features requires a
robust phylogeny (Steenwyk et al., 2019). Other authors suggest
that the conflicting results in the fungal classification are
likely associated with various processes, such as incomplete
lineage sorting, hybridization, or introgression as well as
with analytical issues associated with poor taxon sampling
(Yilmaz et al., 2014).

DNA markers such as ITS regions or conserved genes such
as calmodulin, tubulin, or RNA polymerase are used to conduct
molecular phylogenetic studies on Aspergillus species. Despite

the fact that phylogenetic trees based on single genes are prone
to errors, such analyses are robust and have contributed to
improving taxonomic systems (Bennett, 2010).

The alignment of genes coding for peroxiredoxin proteins
(homologous to Asp n 3) allowed the construction of an Asp n
3-based neighbor-joining phylogenetic tree of species expressing
this family of proteins. A monophyletic clade containing species
belonging to Eurotiales can be observed. In turn, this group is
divided into two differentiate clades, each one containing species
belonging to Aspergillaceae and Trichomonaceae.

In agreement with other authors, Aspergillus forms a
monophyletic clade closely related to Penicillium (Aspergillaceae)
(Samson et al., 2014). Within this clade, A. niger, A. nomius,
A. clavatus, N. fisheri, and A. fumigatus form the closest
Aspergillus species subgroup from the phylogenetic point of view.
On the other branch, A. nidulans, A. terreus, A. flavus, Aspergillus
oryzae, Penicillium citrinum, Penicillium chrysogenum, and
Penicillium digitatum complete a second subgroup of species
within the Aspergillaceae monophyletic clade closely related to
Penicillium. Both subgroups matched Aspergillaceae.

Penicillium (Talaromyces) marneffei, Talaromyces stipitatus,
and Ramsonia emersonii form a polyphyletic group matching
Trichomonaceae, differentiating from the monophyletic clade
containing Aspergillus and Penicillium species.

Some authors suggest the transference of Penicillium subgenus
Biverticillum to Talaromyces, and others separate Ramsonia
from the other genera of Trichocomaceae using a combination
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FIGURE 5 | Phylogenetic tree of the nearest neighborhood of representatives constructed on the basis of the nucleotide sequences of Asp n 3 homologs
(peroxyredoxin proteins) encoding genes belonging to species from different kingdoms, with special accent on the fungi kingdom.

of phenotypic characters, extrolite patterns, ITS, and partial This clade matches species belonging to Chaetothyriales. The
calmodulin and b-tubulin sequences (Houbraken et al., 2012; results of this work suggest that Chaetothyriales is the closest
Yilmaz et al., 2014). related order to Eurotiales within the class Eurotiomycetes.

The other monophyletic clade, including the species from A phylogenetic analysis revealed a high level of divergence of
Fonsecaea pedrosoi to Cladophialophora carrionii, is the nearest ~Asp n 3 among filamentous fungi. The Asp n 3 peroxiredoxin
phylogenetic group to the clade that contains Eurotiales species. DNA sequence is a marker able to identify A. niger species. The
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use of a highly conserved internal nucleotide region makes it
possible to detect, but not to identify, other Aspergillus species.

The alignment of peroxiredoxin nucleotides showed more
than 86% identity among species from the Aspergillus genus,
81-84% identity when Penicillium species were included, and 76—
80% identity when the alignment was extended to Talaromyces
and Ramsonia, taking into account that all these genera
belong to Eurotiales.

These results justify the detection of Aspergillus species,
but not their identification, when only highly conserved
regions are used. Species identification requires tools based on
full gene sequences.

Previously, some authors demonstrated that cytochrome B
coding genes or small heat shock protein coding genes were
useful for the most accurate classification of fungi (Yokoyama
etal., 2001; Wu et al., 2016). In our case, we demonstrate that the
peroxiredoxin Asp n 3 can be used in the analysis of phylogeny,
classification, and identification of aspergilli.

CONCLUSION

The Asp n 3 DNA sequence is a reliable tool to detect and identify
early fungal contamination by Aspergillus and postharvest
damage in M. indica fruit. The use of conserved segments of
the Asp n 3 gene or its entire sequence allows us to detect
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Enteric fever is a severe systemic infection caused by Salmonella enterica serovar Typhi
(ST) and Salmonella enterica serovar Paratyphi A (SPA). Detection of ST and SPA in
wastewater can be used as a surveillance strategy to determine burden of infection and
identify priority areas for water, sanitation, and hygiene interventions and vaccination
campaigns. However, sensitive and specific detection of ST and SPA in environmental
samples has been challenging. In this study, we developed and validated two methods
for concentrating and detecting ST/SPA from wastewater: the Moore swab trap method
for qualitative results, and ultrafiltration (UF) for sensitive quantitative detection, coupled
with gPCR. We then applied these methods for ST and SPA wastewater surveillance
in Kolkata, India and Dhaka, Bangladesh, two enteric fever endemic areas. The gPCR
assays had a limit of detection of 17 equivalent genome copies (EGC) for ST and 25
EGC for SPA with good reproducibility. In seeded trials, the Moore swab method had a
limit of detection of approximately 0.05-0.005 cfu/mL for both ST and SPA. In 53 Moore
swab samples collected from three Kolkata pumping stations between September 2019
and March 2020, ST was detected in 69.8% and SPA was detected in 20.8%. Analysis
of sewage samples seeded with known amount of ST and SPA and concentrated
via the UF method, followed by polyethylene glycol precipitation and gPCR detection
demonstrated that UF can effectively recover approximately 8, 5, and 3 logig cfu
of seeded ST and SPA in 5, 10, and 20 L of wastewater. Using the UF method
in Dhaka, ST was detected in 26.7% (8/30) of 20 L drain samples with a range of
0.11-2.10 log1g EGC per 100 mL and 100% (4/4) of 20 L canal samples with a range
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of 1.02-2.02 log1g EGC per 100 mL. These results indicate that the Moore swab and
UF methods provide sensitive presence/absence and quantitative detection of ST/SPA

in wastewater samples.

Keywords: Salmonella Typhi, Salmonella Paratyphi A, Moore swab, ultrafiltration, wastewater, surveillance

INTRODUCTION

Typhoid and Paratyphoid fevers are leading causes of severe
febrile disease in low-income countries with poor access to safe
water, food, and sanitation (Dewan et al., 2013). The etiologic
agents, S. Typhi (ST), and S. Paratyphi A (SPA), are human-
specific pathogens transmitted through consumption of food and
water contaminated by feces of an acutely or chronically infected
person (Crump, 2019). Previous studies have shown that food
and water contaminated with human feces are associated with
typhoid and paratyphoid outbreaks (Usera et al., 1995; Kobayashi
et al., 2016). In endemic urban settings, co-location of sewer
pipes and poorly maintained water supply pipes facilitate cross-
contamination and transmission of ST through the water system.
Typhoid fever outbreaks (Egoz et al., 1988; Usera et al., 1995)
have been associated with contaminated piped water and sewage-
irrigated produce, emphasizing the importance of studying these
pathways of disease transmission.

Detection of ST and SPA in drinking water, irrigation
water, and environmental waters has usually been attempted in
association with outbreak investigations (Murphy et al., 2017;
Sikorski and Levine, 2020) and assessing risk of waterborne
typhoid fever transmission in endemic settings (Andrews et al.,
2020). Recently, we and other investigators have proposed
detection of ST and SPA in wastewater from known catchment
populations as a strategy to determine the burden of typhoid
and paratyphoid fever in areas where clinic-based surveillance
has limited sensitivity or is not feasible (Matrajt et al., 2020;
Wang et al., 2020). However, environmental surveillance for
typhoid and paratyphoid fever requires sensitive and specific
methods to detect ST/SPA in wastewater, including samples
where low pathogen concentrations are expected. It is usually
necessary to concentrate ST/SPA in environmental samples in
order to increase the sensitivity of detection. A wide range
of methods have been used to concentrate bacterial pathogens
from a variety of environmental waters (Matrajt et al., 2020).
Among these methods, Moore swabs and ultrafiltration (UF)
are two important and distinct concentration methods that
have been shown to be effective in recovering ST from water
and wastewater (Sears et al., 1984). The Moore swab was first
introduced for Salmonella detection from sewage in 1948 in
England during a paratyphoid epidemic (Sikorski and Levine,
2020). Subsequently, this method has been successfully used
to isolate Vibrio Cholerae (Barrett et al, 1980), poliovirus
(Tao et al.,, 2010) and Burkholderia pseudomallei (Vongphayloth
et al, 2012) from sewage. In contrast to the Moore swab
method that only shows the presence or absence of a target
pathogen, UF is a quantitative method that can simultaneously
concentrate multiple pathogens from large volumes of water
or wastewater (Lindquist et al., 2007; Liu et al., 2012; McEgan
et al.,, 2013), and we recently reported the application of this

method to detect S. Typhi in wastewater samples (Amin et al,
2020). The Moore swab method offers several advantages over
UE, specifically, Moore swabs are inexpensive, simple to use,
and do not require collecting and transporting large volume
samples of water or wastewater. However, UF can provide
quantitative results with greater sensitivity which are valuable
for microbial risk assessment or estimating infection prevalence
(Amin et al., 2020).

The ability to detect and quantify ST/SPA in the environment
is critical for monitoring and controlling transmission
particularly in urban settings in low- and middle-income
countries. Historically, culture-based isolation and identification
methods are considered the gold standard because infectious
bacteria can be detected. However, culture of S. Typhi from
environmental samples is challenging (Antillon et al., 2018).
Alternatively, PCR and qPCR technologies have been widely used
to rapidly detect and quantify ST/SPA due to higher sensitivity
and specificity and short turnaround time. Limitations of
molecular detection methods include the inability to distinguish
between infectious and non-infectious ST/SPA cells, and the
presence of PCR inhibitors in environmental matrices in samples
that can potentially lead to an underestimation of the target
nucleic acid or false negative results.

The overall goal of this study was to develop a qualitative and
a quantitative method for ST and SPA detection in wastewater
and apply these methods to detect ST and SPA in two typhoid
fever endemic areas. The specific goals were to: (1) develop
real-time qPCR methods with standard curves for detecting
and quantifying ST and SPA DNA in sewage; (2) develop and
validate Moore swab (qualitative) and UF concentration methods
(quantitative); (3) apply the Moore swab method to detect
ST/SPA in wastewater at three pumping stations in Kolkata,
India; and (4) utilize the UF method to detect ST in drain and
canal water samples in Dhaka, Bangladesh.

MATERIALS AND METHODS

Study Sites and Environmental Sample

Collection

Wastewater collected from the WaterHub water reclamation
facility on the Emory University campus between April 2019
and July 2020 were used for the Moore swab and UF methods
development and validation studies in Atlanta. From April to
October 2019, drain and canal water samples were collected in
Mirpur, Dhaka, Bangladesh, a densely populated low-income area
where residents live in compounds containing multiple families
and the incidence of ST and SPA is high (Amin et al., 2020;
Foster et al., 2021). Large volume (20 L) samples were collected
and concentrated by UF as described below. In Kolkata, India,
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Moore swabs were placed in three municipal sewage pumping
stations between September 24, 2019 and March 19, 2020: (1)
Palmer’s Bridge station served Ward 55 with approximately
32,254 people; (2) Ambedkar station served Wards 66 and
108 with approximately 162,801 people; and (3) Topsia station
served Wards 59 and 48 with approximately 90,698 people
during the study period. The number of people served by the
pumping stations was estimated by the 2011 census data of India
(Office of the Registrar General & Census Commissioner MoHA,
Government of India, 2011).

ST and SPA Growth Conditions

ST (ATCC 19430) and SPA (ATCC 9150) cultures were prepared
by overnight growth in LB (Luria-Bertani) broth at 37°C
under shaking conditions to obtain a final concentration of 103
cells/mL, followed by 10-fold serial dilutions in 1 x PBS (0.01 M,
pH 7.4). One milliliter aliquots of the diluted culture containing
108-100 cells were used for seeding experiments.

ST and SPA DNA Standard Development

ST and SPA DNA were extracted from the overnight fresh culture,
and the DNA concentration was measured using NanoDrop™
spectrophotometer (Thermo Fisher Scientific, Waltham, MA
United States). The concentrations and equivalent genome copies
(EGC) of the ST and SPA DNA were determined from the
concentration (ng/iL), the lengths of fragments, the Avogadro
constant, and the average weight of double-stranded base pairs
(Equation 1).

X ng x 6.0221 x 10% molecules/mole
(N x 660-2-) x 1 x 10’

mole

Number of EGC =

(1)

Where: X = amount of amplicon (ng)
N = length of dsDNA amplicon (ST = 4,809,037 bp;
SPA = 4,581,797 bp)
6.0221 x 10* = Avogadro constant
660 g/mole = average mass of 1 bp dsDNA

The known EGCs for each standard were serially diluted, and
a standard curve was incorporated in each real-time PCR assay.
Ten-fold serial dilution of the standards was used to estimate the
numbers of genome copies of the target pathogens in samples.

Ultrafiltration Method Validation

Large volume wastewater samples (5-20 L) were seeded with
known amounts of ST and SPA (either 8, 5, or 3 logjo
CFU), and then each sample was concentrated by hollow fiber
ultrafiltration (Figure 1). The entire amount of the seeded
wastewater sample was circulated through Polynephron™
Synthetic Hollow-Fiber Dialyzer (NIPRO Medical United States,
Bridgewater, United States) using a peristaltic pump to achieve
approximately 100 mL of retentate (concentrated sample) which
was collected in a 500 mL bottle. Ultrafilter elution was then
performed using 500 mL of PBS with 0.01% Tween 80, 0.01%
sodium polyphosphate and 0.001% Antifoam Y-30 emulsion.
The elution solution was recirculated for 5 min, and the final
eluate was merged into the concentrated sample. After elution,
the ultrafilter was backwashed using 250 mL of PBS with 0.5%

Tween 80, 0.01% sodium polyphosphate and 0.001% Antifoam
Y-30 emulsion. The backwash fraction was added to the previous
mixture of the concentrate and the eluate.

ST and SPA Concentration Using

Polyethylene Glycol (PEG)

ST and SPA were precipitated from the merged
retentate/eluate/backflush samples by adding 12% polyethylene
glycol 8000 (Sigma, St. Louse, MO, United States), 0.9 mol
sodium chloride, 1% bovine serum albumin (Sigma) and
incubated and stirred overnight at 4°C. After centrifugation
at 12,000 g for 60 min, the pellet was suspended in 1 mL
of InhibitEX buffer provided by the QIAamp Fast DNA
Stool Mini Kit (Qiagen, Valencia, CA, United States) prior
to DNA extraction.

Moore Swab Method Validation

Moore swabs (Figure 2B) were made by cutting pieces of
cotton gauze to approximately 120 cm long x 15 cm wide and
firmly tying the center with fishing line (W.C. Bradley/Zebco
Holdings Inc., Tulsa OK). The swabs were sterilized before use
by autoclaving. A Moore swab was placed in a plastic container
filled with 2-20 L sewage collected from the Emory WaterHub,
with the end of the fishing line attached to the outside of the
container (Figure 2C). Sewage samples were seeded with either
50, 20, 10, 5, 0.05, or 0.005 cfu/mL of ST and SPA cells. The
swab was submerged in the sewage to trap the ST and SPA cells
while stirred continuously with an overhead spatula for 24 h as
shown in Figure 2C. The swabs were then transferred to 450 mL
of universal pre-enrichment broth (EPA, Standard Analytical
Protocol for Salmonella Typhi in Drinking Water) and incubated
at 37°C for 24 h with shaking. Then, a 20 mL volume of the
pre-enrichment broth was filtered through a 0.45 pm filter and
subjected to DNA extraction as described below after the addition
of 1 mL of InhibitEX buffer (Figure 2A).

ST/SPA DNA Extraction

For each sample or blank control, 1 mL of the final sample
suspension, mixed with the InhibitEX buffer, was transferred into
a 2 mL microcentrifuge tube. For membrane filtered samples
and controls, microcentrifuge tubes with the filter and 1 mL
of InhibitEX buffer were used. After 1 min of vortexing, the
solution was centrifuged at maximum speed for 2-3 min, and
the suspension was incubated at 95°C for 5 min, followed by full
speed microcentrifugation for 15 s to pellet the sample particles.
Subsequently, 600 L of the supernatant was transferred into a
2 mL microcentrifuge tube containing 25 WL proteinase K, and
then 600 L of buffer AL was added. After vortexing for 15 s, the
sample was incubated at 70°C for 10 min, and 600 pwL of 100%
ethanol was added to the lysate. A 600 L volume of lysate was
applied to a single QIAamp Mini column (Qiagen, Cat. # 51604,
Hilden, Germany), and the column was centrifuged at full speed
for 1 min. This procedure was repeated two additional times with
the same column in order to use up all of the lysate. Finally, DNA
was eluted from the column with 150 wL of the supplied elution
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FIGURE 1 | Ultrafiltration method for recovering seeded S. Typhi and S. Paratyphi A from wastewater samples. (A) Flow diagram showing procedures for ST/SPA
concentration and detection from seeded wastewater or field samples. (B) Schematic of hollow-fiber ultrafiltration setup. (C) Hollow-fiber ultrafiltration laboratory
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buffer. The extracted DNA samples were aliquoted and stored at
—80°C until analyzed by qPCR.

TaqMan Singleplex Real-Time PCR for

Detection of ST and SPA DNA

Quantitative singleplex real-time PCR assays for ST and SPA
detection were performed using a Bio-Rad CFX96 thermal
cycler (Bio-Rad Laboratories, Inc., Berkeley, CA). The SPA PCR
primers and probe described by Karkey et al. (2016) were used for
these laboratory assay evaluation experiments. For SPA detection
in Moore swab samples in Kolkata, newly developed primers and
probe targeting the intergenic region SSPAI (between SSPA1723a
and SSPA1724) were used, and their sequences are as follows;
SPA2RK_F: 5-ACCATCCGCAGGACAAATC-; SPA2RK_R:
5'-GGGAGATTACTGATGGAGAGATTAC-3'; SPA2RK_Probe:
5-Cy5-AGAG TGCAAGT GGAGTGCCTCAAA-BHQ2-3'.
For ST detection, two sets of primers/probe were used: (1) the
primers/probe described by Karkey et al. (2016) for the samples
concentrated by UF in Dhaka, and (2) a newly designed ST
primers/probe set for the method validation work in Dr. Moe’s

lab and the Moore swab samples in Kolkata. The newly designed
ST primers/probe targeted the ST stgA gene (codes for putative
fimbrial subunit protein) and the sequences are as follows:
ST2RK_F  (forward): 5-TATCGGCAACCCTGCTAATG-3';
ST2RK_R (reverse) 5-TATCCGCGCGG TTGTAAAT-3';
ST2RK_Probe 5" FAM-CCATTACAG CATCTGGCGTAGCGA-
BHQ1-3'. PCR reactions were performed in 25 pL volumes
consisting of 2 x Bio-Rad iQ power mix buffer (Bio-Rad,
Hercules, CA) including 200 wM dNTPs, 12 mM Mg?*, 1 U iTaq
DNA polymerase, 400 nM of each primer, 200 nM of each probe,
and 5 L of template DNA or negative control. The amplification
procedure consisted of a preliminary denaturation step at 95°C
for 3 min and 45 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C
for 30 s. Fluorescence was collected at the annealing steps during
the last cycles. To quantitatively detect equivalent genome copies
of each pathogen in the samples, a 10-fold serial dilution of
standards was added to each set of assay plates.

Data Analysis
ST and SPA concentrations in each sample were estimated by
interpolation of the mean Ct values from duplicate wells to
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4
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-
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-

[ Extract DNA from membrane ]

-
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( Run TagMan singleplex real-time PCR |

FIGURE 2 | Moore Swab method for recovering S. Typhi and S. Paratyphi. A from seeded sewage samples. (A) Flowchart for the Moore swab method validation
experiments. (B) Moore swab. (C) Moore swab method laboratory setup for seeded sewage samples.

the standard curve, generated by 10-fold series diluted ST and
SPA DNA standards, and the wastewater concentration factor.
The quantification was expressed as log;g EGC per 100 mL
wastewater. Experiments evaluating the limit of detection of the
Moore swab and UF concentration method were repeated three
times for each volume and reported seeding level. Experiments
for assessing ST and SPA recovery efficiencies were also repeated
three times for each volume and seeding level. The number
of equivalent genome copies in each test sample (Ngpre) Was
estimated based on the linear regression of logio (Nsample) Vs.
Ct values using Equation 2. The amplification efficiency was
estimated in each real-time PCR run using the slope m of the
standard curve (Equation 3).

Ct_observed = m x loglO(N_sample) + b (2)

E= 100w —1 (3)

Where: m = slope

N_sample = equivalent genome copies in sample
b = intercept

E = efficiency

RESULTS

Performance of ST and SPA qPCR
Assays and DNA Standards

Two singleplex TagMan real-time qPCR assays were evaluated
for the detection of ST and SPA species using primers/probe
previously described by Karkey et al. (2016). To evaluate the
analytical sensitivity of the two qPCR assays, DNA from ST
strain (ATCC 19430) and SPA strain (ATCC 9150), ranging
from 1.7 x 10* to 17 EGCs for ST, and 2.5 x 10* to 25 EGC
for SPA per reaction, were tested. Quantitative detection was
achieved in the range of template DNA concentrations and the
Ct values with R? (coefficient of determination) between 0.98-
1.00 for ST and 0.97-0.99 for SPA (Table 1 and Figure 3). The
limit of detection was 17 EGC per reaction for ST and 25 EGC
per reaction for SPA. The qPCR efficiency was between 76.3-
127.9% for ST and 81.9-99.0% for SPA. The assay coefficient
of variation (CV) was calculated by measuring the variation
in the Ct values separately for the high (4—logjo) and low
concentrations (1—logjo) in the range of standard concentrations
in three replicate experiments on different days. The inter-assay
CVs of the high and low ST concentrations from three replicate
experiments ranged from 1.81 to 2.89%, respectively, whereas
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TABLE 1 | Performance of S. Typhi and S. Paratyphi qPCR assays’ and DNA standards.

Pathogen Strain qPCR replicates Efficiency (%) R2 LOD* (EGC) High concen. CV# (%) Low concen. CV (%)
ST ATCC 19430 3 76.3-127.9 0.98-1.00 17 1.81 2.89
SPA ATCC 9150 81.9-99.0 0.97-0.99 25 1.59 2.08

TUsing primers/probes described by Karkey et al. (2016).
*Limit of detection.

#Coefficient of variation CV = <

i 0. standard deviation; p: mean.

A

5000

Y=-33X+37.5 .
R?*=1.00 i

Cycles

FIGURE 3 | Performance of S. Typhi and S. Paratyphi A qPCR assays described by Karkey et al. (2016) and DNA standards. (A) Amplification of 10-fold serially
diluted S. Typhi DNA standard. (B) Standard curve of S. Typhi DNA. (C) Amplification of 10-fold serially diluted S. Paratyphi A DNA standard. (D) Standard curve of

S. Paratyphi A DNA.

Log Starting Quantity

the inter-assay CVs of the high and low SPA concentrations
were 1.59 and 2.08%, respectively (Table 1). These results
demonstrated that both ST and SPA qPCR assays were sensitive
and reproducible.

Limit of Detection of Moore Swabs for
Recovering Seeded ST and SPA in

Different Volumes of Sewage Samples

To determine the applicability and limit of detection of
the Moore swab method and qPCR for the detection of
ST and SPA in wastewater, samples of wastewater were
collected from the Emory WaterHub and seeded with known
concentrations (50, 20, 10, 5, 0.05, and 0.005 cfu/mL)
of ST and SPA. When both ST and SPA were seeded
at high concentrations (50, 20, 10, and 5 cfu/mL), all
replicate experiments showed positive qPCR results. When
the seeding level was reduced to 0.05 cfu/mL, ST was
detected in all three replicate experiments, but SPA was only
detected in two of the three replicate experiments. When
the seeding level was further reduced to 0.005 cfu/mL, both

TABLE 2 | Limit of detection of Moore swab method for recovering ST and SPA
seeded into different volumes of sewage samples.

Sewage Seeding level ST* positive SPA* positive
volume (L) (cfu/mL) swabs/total swabs swabs/total swabs
2 50 3/3 3/3

5 20 3/3 3/3

10 10 3/3 3/3

20 5 3/3 3/3

20 0.05 3/3 2/3

20 0.005 3/3 3/3

*Using the in-house designed primers/probe targeted the ST stgA gene.
#Using primers/probe described by Karkey et al. (2016).

SPA and ST were detected in all three replicate experiments
(Table 2). Lower seeding concentrations of ST and SPA
were not examined due to the high Ct values (38-40) that
were observed at the 0.005 cfu/mL seeding level. These
results indicate the limit of detection of both ST and SPA
using the Moore swab method was approximately 0.05-
0.005 cfu/mL.
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Quantification of ST and SPA Recovered

From Seeded Sewage Samples Using UF
Quantification of ST and SPA Recovered From
Different Seeding Levels in 20 L Sewage Samples
Twenty-liter sewage samples seeded with known amounts of ST
and SPA were concentrated by UF, followed by PEG precipitation
and qPCR detection. After seeding an average of 9.13 log;o cfu
ST in 20 L of sewage and concentrating the sample using UE, the
ST qPCR assay detected a mean of 6.84 log;o EGC ST in three
replicate experiments. When an average of 5.71 logo cfu ST was
seeded into 20 L samples in three experiments, 3.20 log;o EGC ST
was recovered. Seeding 20 L wastewater samples with a mean total
of 3.49 logjo cfu ST resulted in the recovery of an average 2.81
logio EGC ST (Figure 4A). Similarly, seeding an average total of
7.94 logo cfu SPA led to a mean total recovery of 5.80 log;o EGC
SPA. When an average total of 5.0 log;o cfu SPA was seeded, an
average total of 3.62 log;g EGC SPA was recovered. Seeding with
a mean total of 4.07 logjo cfu SPA resulted a total of 3.32 logjo
EGC SPA recovery (Figure 4B). These results indicate that UF
followed by PEG concentration can effectively recover different
concentrations of ST and SPA seeded in large volumes of sewage,
but there is about a 2 logjg loss of the target bacteria during the
concentration, DNA extraction, and qPCR process.

Quantification of ST and SPA Recovered From
Different Volume of Seeded Sewage

To examine if sample volume affects ST and SPA recovery using
UFE, an average total of 9.23, 8.54, and 9.13 logjo cfu ST were
seeded into 5, 10, and 20 L sewage samples, respectively. Mean
totals of 7.57, 6.13, and 6.84 log;p EGC ST were recovered
(Figure 5A), respectively. Similarly, when an average total of 8.73,
8.74, and 7.94 logjo cfu SPA was seeded into 5, 10, and 20 L of
sewage water, respectively, a mean total of 6.82, 5.97, and 5.70
logio EGC SPA was recovered, respectively (Figure 5B). These

results indicate that sample volumes in the range of 5-20 liters
did not affect the efficiency of ST and SPA recovery by UF.

ST and SPA Detection in 20 L
Environmental Water Samples
Concentrated by UF in Dhaka,
Bangladesh

In the study neighborhood in Dhaka, wastewater from toilets
shared by multiple households discharges directly into open
drains and canals adjacent to the streets. ST was detected in 26.7%
(8/30) of drain samples and 100% (4/4) of canal samples that
were concentrated by UF. Estimated concentrations of positive
ST detected in drain samples ranged from 0.23 to 1.26 logjo
EGC/100 mL with a mean of 0.82 log;p EGC/100 mL. In the
canal samples, the estimated ST concentrations ranged from
0.71 to 2.14 log;o EGC/100 mL (mean 1.43 log;o EGC/100 mL)
(Table 3). These results indicate that ultrafiltration is an effective
quantitative method for ST detection in wastewater samples.

ST and SPA Detection in Moore Swab
Samples From Three Pumping Stations

in Kolkata, India

Between September 24, 2019 and March 19, 2020, 14 Moore
swabs were placed on a weekly basis at the Palmer Bridge
pumping station, and ST was detected in 10 (71.4%) and SPA was
detected in 4 (28.6%) of these swabs. Weekly Moore swabs were
also placed in the Ambedkar Bridge pumping station and Topsia
pumping station. ST and SPA were detected in 63.2% (12/19)
and 31.6% (6/19) of the swabs at the Ambedkar Bridge pumping
station, respectively. At the Topsia pumping station, ST and SPA
were detected in 75.0% (15/20) and 5.0% (1/20) of the swabs,
respectively (Table 4). These results suggest that ST and SPA
infections are endemic in the city wards in Kolkata that are served
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FIGURE 5 | ST and SPA mean recovery in different volumes (5, 10, and 20 L) of sewage samples using the ultrafiltration method in three replicate experiments. Error
bars represent standard deviation. The experiments were validated using Salmonella strains from ATCC (ST: 19430; SPA:9150) tested by primers/probes described
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TABLE 3 | ST Detection using the primers/probe described by Karkey et al. (2016)
in 20 L of environmental water samples concentrated by Ultrafiltration in Dhaka,
Bangladesh, April to October 2019.

Sample No. No. positive Mean* 95% CI* 95% CI
type samples (%) low high
Drain 30 8(26.7) 0.82 0.23 1.26
Canal 4 4 (100.0) 1.43 0.71 214
Total 34 12 (35.3) 1.02 0.81 1.23

“log 10 EGC/100 ML.
#Confidence interval.

TABLE 4 | ST and SPA detection between September 2019 and March 2020 in
Moore swab samples from three pumping stations in Kolkata, India.

Pumping station No. swab ST positive (%)* SPA positive (%)*
Palmer Bridge 14 10 (71.4) 4 (28.6)
Ambedkar Bridge 19 12 (63.2) 6(31.6)
Topsia Bridge 20 15 (75.0) 1(6.0

Total 53 37 (69.8) 11 (20.8)

“*Using the in-house designed primers/probes targeted the ST stgA gene.

by these pumping stations, and that the Moore swab method is an
effective low-cost method for ST and SPA sewage surveillance.

DISCUSSION

Environmental surveillance offers a low-cost, non-invasive, and
sensitive strategy to characterize the burden of infection in
specific populations for pathogens that may be challenging to
diagnose through collection and analyses of clinical specimens—
such as poliomyelitis, typhoid fever, and recently, COVID-19
(Manor et al., 1999; Hagedorn et al., 2020; Peccia et al., 2020;
Hemalatha et al., 2021). The goal of this study was to develop
and validate sensitive and specific methods for concentration

and PCR detection of ST and SPA in wastewater for typhoid
environmental surveillance and also in other environmental
samples that could serve as vehicles of ST and SPA transmission.
We report here that UF followed by PEG precipitation allowed
detection of 1,000 cells of ST and SPA seeded in 20 L (0.05
cells per ml) of sewage. Application of this method in a low-
resource neighborhood in Dhaka, Bangladesh indicated that ST
was present in 26.7% (8/30) of open drain samples and 100% (4/4)
of canal samples. Moore swabs, followed by enrichment culture,
could detect as few as 100 seeded ST and SPA cells in 20 L (0.005
cells per mL) of sewage in laboratory experiments. Application
of this detection method at three sewage pumping stations in
Kolkata, India indicated that 69.8% of Moore swab samples were
positive for ST and 20.8% were positive for SPA. These results
demonstrate that UF and Moore swabs are two sensitive and
effective methods for concentrating and detecting ST and SPA
in wastewater and other environmental water samples, and these
methods can be used for typhoid environmental surveillance and
risk assessment.

In typhoid-endemic areas of Nepal and Bangladesh, previous
investigators have reported the detection of ST in grab samples of
drinking water that were concentrated by membrane filtration,
followed by DNA extraction from the filter and PCR analyses
(Karkey et al, 2016; Saha et al, 2019). Moore swabs were
instrumental in the detection of ST in sewage canals near
Santiago, Chile that were used to irrigate vegetable crops
typically eaten without cooking (Sikorski and Levine, 2020).
These findings indicate risk of ST transmission via drinking
water and raw produce, but these samples and methods do not
provide quantitative information that could be used to estimate
the burden of typhoid infection in the population. Quantitative
detection of ST and SPA in wastewater samples collected from
sites where the population catchment can be estimated allows
modeling approaches to estimate prevalence of typhoid and
paratyphoid infection in the catchment population (Wang et al.,
2020). This goal requires careful selection of sample collection
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sites and reliable methods to detect ST and SPA in samples
that represent excreta from a defined population—typically
wastewater samples. Ideally, methods to detect ST and SPA
in wastewater for environmental surveillance are quantitative,
sensitive, specific, low-cost, and feasible for laboratories in low-
resource settings.

Currently, two types of samples have been used for ST and SPA
wastewater surveillance: grab samples and trap samples using
Moore swabs (Matrajt et al., 2020). Grab samples are typically
concentrated through some type of filtration or centrifugation,
sometimes allowed to incubate in an enrichment broth, and then
analyzed by culture or PCR. Grab samples can be collected either
in small volume or large volume, but microbial concentration
from large volume samples can improve the sensitivity of
detection. However, the volume of a grab sample that can
be feasibly processed may be limited by the turbidity of the
wastewater or environmental water that can clog filters used
for sample concentration. Grab samples are usually analyzed
without enrichment in order to obtain quantitative estimates
of the pathogen concentration in the sample. In contrast,
trap samples, such as Moore swabs, continuously filter and
trap microbial pathogens in flowing water or wastewater and
can be used successfully for turbid waters and wastewater.
Moore swabs are often analyzed with primary enrichment,
followed by PCR or culture methods, to increase the detection
sensitivity. When an enrichment step is included in processing
of grab samples or trap samples, the results only indicate the
presence/absence of ST or SPA in the sample. One important
difference between grab samples and trap samples is their
ability to capture pathogen presence in wastewater in settings
where there is large temporal variability. Results from grab
samples reflect the presence/absence and concentration of a
pathogen at a single point in time when the sample is collected.
Moore swabs concentrate pathogens present in wastewater or
environmental waters over a period of time (usually days),
and therefore can be useful for sampling sites that represent
smaller catchment populations where pathogen shedding may be
infrequent and intermittent.

UF is an effective technique for concentrating multiple
microbes simultaneously. Laboratory studies that seeded selected
viruses, bacteria, and parasites into large-volume samples of tap
water and reclaimed wastewater (100 L) reported mean recovery
rates of five bacteria, protozoa, and viruses between 38 and
130% (Hill et al., 2007; Liu et al., 2012). Two UF techniques,
hollow-fiber ultrafiltration (TFUF) using tangential-flow (Mull
and Hill, 2012) and dead-end ultrafiltration (DEUF) (Smith
and Hill, 2009), provide effective recovery of diverse microbes
from different types of water and wastewater, and both methods
have showed similar recovery efficiencies in previous studies
(Smith and Hill, 2009; Mull and Hill, 2012). The main difference
between the DEUF technique and TFUF configuration is that
one of the ultrafilter ports is closed so that the water/wastewater
sample must pass through the membrane. In contrast, the TFUF
technique allows particles and other constituents larger than the
membrane pore to be circulated and concentrated into a smaller
volume. The DEUF technique is easier to perform than the
TFUF because the water passes through the ultrafilter only once.

However, the DEUF approach is more likely to clog the ultrafilter
than the TFUF configuration and therefore is more appropriate
for samples with low turbidity (e.g., tap water or reclaimed
water). In this study, we used the hollow-fiber TFUF technique to
concentrate turbid samples (e.g., from open drains and canals).
With this method, particles and microbes are maintained in the
ultrafilter cartridge under pressure, and there is a low risk of
the ultrafilter clogging (Mull and Hill, 2012). Although the UF
method has been described previously (Hill et al., 2007; Liu et al.,
2012), our recent deployment of this technique to process field
samples in Dhaka, Bangladesh demonstrated the feasibility and
value of this method to detect a range of pathogens, including
S. Typhi, in high proportions of drain, canal, and flood water
samples in a low-resource setting (Amin et al., 2020).

“Moore swabs” have been used for decades by public health
professionals around the world to detect and isolate enteric
pathogens from wastewater and environmental waters, and their
use to recover typhoidal Salmonella bacteria has recently been
reviewed by Sikorski and Levine (2020). Consisting of a strip of
cotton gauze tied with string and suspended in flowing water,
this sampling method acts as a trap that allows collection of
pathogens over an extended period of time, especially when
pathogen shedding is intermittent and in sites with smaller
catchment populations. The Moore swab was first deployed by
Brendan Moore in 1948 to trace Salmonella Paratyphi B from
sewage in North Devon, England to determine the sources of
contamination responsible for sporadic outbreaks of paratyphoid
fever. Since the first application to detect typhoidal Salmonella
in sewage, the Moore swab method has been utilized in several
studies throughout the world to detect Salmonella Typhi in
irrigation water, surface water, municipal sewers, and storm
drains (Bowmer et al., 1959; Callaghan and Brodie, 1968; Conn
et al., 1972; Sears et al., 1984). Given its effectiveness, simplicity,
and affordability, we adapted this method for use in typhoid
environmental surveillance of wastewater in Kolkata, India. We
found that the Moore swab method has several advantages over
UF in terms of greater sensitivity, simplicity, shorter processing
time, less labor, and lower cost. However, the Moore swab
method also has several limitations. First, this method only
provides results on the presence or absence of ST and SPA in
the sample and does not allow a quantitative assessment of ST
or SPA concentration in the sample. Second, Moore swab sample
collection requires two trips to place and later retrieve the swab,
whereas grab samples only require a single collection trip. Third,
deployment of Moore swabs for environmental surveillance has
not been standardized in terms of sampling frequency, duration
of immersion, and swab processing. This study addresses some of
these information gaps by providing a standardized processing
method for ST and SPA detection in wastewater with some
benchmarks for limit of detection in wastewater matrices. We
recognize that wastewater is a complex and highly variable matrix
and that the limit of detection for this method will vary by setting.

The Moore swab method described in this study provides a
low-cost, simple, and sensitive approach for presence/absence
detection of ST and SPA in wastewater samples and is feasible
to deploy in a wide range of low-resource settings. In addition,
the UF method we have developed allows sensitive quantitative
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detection of ST and SPA in large volume (20-80 L) samples of
wastewater. Typhoid environmental surveillance strategies could
start by deploying low-cost Moore swabs at a large number of
sites in a screening stage to determine which locations provide the
most valuable information. For sites where ST or SPA is detected
in a Moore swab sample, follow-up large volume samples could
be collected and processed by UF to obtain quantitative estimates
of ST or SPA concentration which could be used to estimate
infection prevalence in specific catchment populations. This type
of two-stage approach for typhoid environmental surveillance
would optimize use of human and financial resources and allow
dynamic adaptive sampling site allocation that will more rapidly
identify typhoid hotspots (Wang et al., 2020).

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

PL wrote the manuscript and contributed to design and concept
of the study. MI performed all laboratory work at Emory and
made draft the figures and tables. RK designed the in-house
primers and probe. NA and MR led the sample collection in

REFERENCES

Amin, N,, Liu, P, Foster, T., Rahman, M., Miah, M. R,, Ahmed, G. B,, et al.
(2020). Pathogen flows from on-site sanitation systems in low-income urban
neighborhoods, Dhaka: a quantitative environmental assessment. Int. J. Hyg.
Environ. Health 230:113619. doi: 10.1016/j.ijheh.2020.113619

Andrews, J. R., Yu, A. T., Saha, S., Shakya, J., Aiemjoy, K., Horng, L., et al. (2020).
Environmental surveillance as a tool for identifying high-risk settings for
typhoid transmission. Clin. Infect. Dis. 71, S71-S78. doi: 10.1093/cid/ciaa513

Antillon, M., Saad, N. J., Baker, S., Pollard, A. J., and Pitzer, V. E. (2018).
The relationship between blood sample volume and diagnostic sensitivity
of blood culture for typhoid and paratyphoid fever: a systematic review
and meta-analysis. J. Infect. Dis. 218, $255-S267. doi: 10.1093/infdis/ji
y471

Barrett, T. J., Blake, P. A., Morris, G. K., Puhr, N. D., Bradford, H. B., and Wells,
J. G. (1980). Use of Moore swabs for isolating Vibrio cholerae from sewage.
J. Clin. Microbiol. 11, 385-388. doi: 10.1128/jcm.11.4.385-388.1980

Bowmer, E. J., Hudson, V. G., and Sunderland, W. F. (1959). Typhoid fever: where
there’s a carrier. Can. Med. Assoc. J. 80, 179-186.

Callaghan, P., and Brodie, J. (1968). Laboratory investigation of sewer swabs
following the Aberdeen typhoid outbreak of 1964. J. Hyg. 66, 489-497. doi:
10.1017/50022172400028230

Conn, N. K., Heymann, C. S., Jamieson, A., McWilliam, J. M., and Scott, T. G.
(1972). Water-borne typhoid fever caused by an unusual Vi-phage type in
edinburgh. J. Hyg. 70, 245-253. doi: 10.1017/50022172400022300

Crump, J. A. (2019). Progress in typhoid fever epidemiology. Clin. Infect. Dis. 68,
$4-89. doi: 10.1093/cid/ciy846

Dewan, A. M., Corner, R., Hashizume, M., and Ongee, E. T. (2013). Typhoid fever
and its association with environmental factors in the dhaka metropolitan area
of Bangladesh: a spatial and time-series approach. PLoS Negl. Trop. Dis. 7:¢1998.
doi: 10.1371/journal.pntd.0001998

Egoz, N., Shihab, S., Leitner, L., and Lucian, M. (1988). An outbreak of typhoid
fever due to contamination of the municipal water supply in northern Israel.
Isr. J. Med. Sci. 24, 640-643.

Dhaka, Bangladesh. MR performed all laboratory work in Dhaka,
Bangladesh. AM and SD led the sample collection in Kolkata,
India. AD performed all laboratory work in Kolkata, India. CM
contributed to conception and design of the study and revised the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This study was funded by The Bill and Melinda Gates Foundation
(BMGF) grant OPP1150697. BMGF was the funding and
management agency for this project. Funds are available for open
access publication fees.

ACKNOWLEDGMENTS

This study was funded by The Bill and Melinda Gates
Foundation (BMGF) grant OPP1150697. We are in debt to
Supriya Kumar and Megan Carey from the BMGF for their
support and guidance. We are grateful to the environmental
sample collection team from the National Institute of Cholera and
Enteric Diseases (NICED), Kolkata, India and Infectious Disease
Division, International Centre for Diarrhoeal Disease Research,
Bangladesh (ICDDR,B) for their efforts to identify sewage
sampling locations and their assistance with sample collection.

Foster, T., Falletta, J., Amin, N., Rahman, M., Liu, P., Raj, S, et al. (2021). Modelling
faecal pathogen flows and health risks in urban Bangladesh: implications for
sanitation decision making. Int. J. Hyg. Environ. Health 233:113669. doi: 10.
1016/j.ijheh.2020.113669

Hagedorn, B. L., Gauld, J., Feasey, N., and Hu, H. (2020). Cost-effectiveness of using
environmental surveillance to target the roll-out typhoid conjugate vaccine.
Vaccine 38, 1661-1670. doi: 10.1016/j.vaccine.2019.12.061

Hemalatha, M., Kiran, U., Kuncha, S. K., Kopperi, H., Gokulan, C. G., Mohan,
S. V., etal. (2021). Surveillance of SARS-CoV-2 spread using wastewater-based
epidemiology: comprehensive study. Sci. Total Environ. 768:144704. doi: 10.
1016/j.scitotenv.2020.144704

Hill, V. R, Kahler, A. M., Jothikumar, N., Johnson, T. B., Hahn, D., and
Cromeans, T. L. (2007). Multistate evaluation of an ultrafiltration-based
procedure for simultaneous recovery of enteric microbes in 100-liter tap water
samples. Appl. Environ. Microbiol. 73, 4218-4225. doi: 10.1128/AEM.027
13-06

Karkey, A., Jombart, T., Walker, A. W., Thompson, C. N., Torres, A., Dongol,
S., et al. (2016). The ecological dynamics of fecal contamination and
Salmonella typhi and Salmonella paratyphi a in municipal kathmandu drinking
water. PLoS Negl. Trop. Dis. 10:¢0004346. doi: 10.1371/journal.pntd.000
4346

Kobayashi, T., Kutsuna, S., Hayakawa, K., Kato, Y., Ohmagari, N., Uryu, H.,, et al.
(2016). Case report: an outbreak of food-borne typhoid fever due to Salmonella
enterica serotype typhi in Japan reported for the first time in 16 years. Am. J.
Trop. Med. Hyg. 94, 289-291. doi: 10.4269/ajtmh.15-0484

Lindquist, H. D., Harris, S., Lucas, S., Hartzel, M., Riner, D., Rochele, P., et al.
(2007). Using ultrafiltration to concentrate and detect Bacillus anthracis,
Bacillus atrophaeus subspecies globigii, and Cryptosporidium parvum in 100-
liter water samples. J. Microbiol. Methods 70, 484-492. doi: 10.1016/j.mimet.
2007.06.007

Liu, P., Hill, V. R., Hahn, D., Johnson, T. B., Pan, Y., Jothikumar, N., et al. (2012).
Hollow-fiber ultrafiltration for simultaneous recovery of viruses, bacteria and
parasites from reclaimed water. J. Microbiol. Methods 88, 155-161. doi: 10.1016/
j.mimet.2011.11.007

Frontiers in Microbiology | www.frontiersin.org

July 2021 | Volume 12 | Article 684094


https://doi.org/10.1016/j.ijheh.2020.113619
https://doi.org/10.1093/cid/ciaa513
https://doi.org/10.1093/infdis/jiy471
https://doi.org/10.1093/infdis/jiy471
https://doi.org/10.1128/jcm.11.4.385-388.1980
https://doi.org/10.1017/S0022172400028230
https://doi.org/10.1017/S0022172400028230
https://doi.org/10.1017/S0022172400022300
https://doi.org/10.1093/cid/ciy846
https://doi.org/10.1371/journal.pntd.0001998
https://doi.org/10.1016/j.ijheh.2020.113669
https://doi.org/10.1016/j.ijheh.2020.113669
https://doi.org/10.1016/j.vaccine.2019.12.061
https://doi.org/10.1016/j.scitotenv.2020.144704
https://doi.org/10.1016/j.scitotenv.2020.144704
https://doi.org/10.1128/AEM.02713-06
https://doi.org/10.1128/AEM.02713-06
https://doi.org/10.1371/journal.pntd.0004346
https://doi.org/10.1371/journal.pntd.0004346
https://doi.org/10.4269/ajtmh.15-0484
https://doi.org/10.1016/j.mimet.2007.06.007
https://doi.org/10.1016/j.mimet.2007.06.007
https://doi.org/10.1016/j.mimet.2011.11.007
https://doi.org/10.1016/j.mimet.2011.11.007
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Liu et al.

Salmonella Typhi Detection in Wastewater

Manor, Y., Handsher, R., Halmut, T., Neuman, M., Bobrov, A., Rudich,
H., et al. (1999). Detection of poliovirus circulation by environmental
surveillance in the absence of clinical cases in Israel and the palestinian
authority. J. Clin. Microbiol. 37, 1670-1675. doi: 10.1128/JCM.37.6.1670-1675.
1999

Matrajt, G., Lillis, L., and Meschke, J. S. (2020). Review of methods suitable for
environmental surveillance of Salmonella typhi and paratyphi. Clin. Infect. Dis.
71, §79-S83. doi: 10.1093/cid/ciaa487

McEgan, R., Rodrigues, C. A., Sbodio, A., Suslow, T. V., Goodridge, L. D., and
Danyluk, M. D. (2013). Detection of Salmonella spp. from large volumes
of water by modified moore swabs and tangential flow filtration. Lett. Appl.
Microbiol. 56, 88-94. doi: 10.1111/lam.12016

Mull, B., and Hill, V. R. (2012). Recovery of diverse microbes in high turbidity
surface water samples using dead-end ultrafiltration. J. Microbiol. Methods 91,
429-433. doi: 10.1016/j.mimet.2012.10.001

Murphy, J. L., Kahler, A. M., Nansubuga, I, Nanyunja, E. M., Kaplan, B.,
Jothikumar, N., et al. (2017). Environmental survey of drinking water sources
in Kampala, Uganda, during a typhoid fever outbreak. Appl. Environ. Microbiol.
83:¢01706. doi: 10.1128/AEM.01706-17

Office of the Registrar General & Census Commissioner MoHA, Government
of India. (2011). Census Data. Available online at: https://censusindia.gov.in/
aboutus/personnel/perdirectory.aspx (accessed February 14, 2021).

Peccia, J., Zulli, A., Brackney, D. E., Grubaugh, N. D., Kaplan, E. H., Casanovas-
Massana, A., et al. (2020). Measurement of SARS-CoV-2 RNA in wastewater
tracks community infection dynamics. Nat. Biotechnol. 38, 1164-1167. doi:
10.1038/541587-020-0684-z

Saha, S., Tanmoy, A. M., Andrews, J. R,, Sajib, M. S. L, Yu, A. T., Baker, S,, et al.
(2019). Evaluating PCR-Based detection of Salmonella typhi and paratyphi a in
the environment as an enteric fever surveillance tool. Am. J. Trop. Med. Hyg.
100, 43-46. doi: 10.4269/ajtmh.18-0428

Sears, S. D., Ferreccio, C., Levine, M. M., Cordano, A. M., Monreal, J., Black, R. E.,
et al. (1984). The use of Moore swabs for isolation of Salmonella typhi from
irrigation water in Santiago. Chile. J Infect. Dis. 149, 640-642. doi: 10.1093/
infdis/149.4.640

Sikorski, M. J., and Levine, M. M. (2020). Reviving the “Moore Swab”: a classic
environmental surveillance tool involving filtration of flowing surface water and
sewage water to recover typhoidal Salmonella bacteria. Appl. Environ. Microbiol.
86:€00060. doi: 10.1128/AEM.00060-20

Smith, C. M., and Hill, V. R. (2009). Dead-end hollow-fiber ultrafiltration for
recovery of diverse microbes from water. Appl. Environ. Microbiol. 75, 5284
5289. doi: 10.1128/ AEM.00456-09

Tao, Z., Wang, H., Xu, A., Zhang, Y., Song, L., Zhu, S., et al. (2010). Isolation
of a recombinant type 3/type 2 poliovirus with a chimeric capsid VP1 from
sewage in Shandong. China. Virus Res. 150, 56-60. doi: 10.1016/j.virusres.2010.
02.014

Usera, M. A., Echeita, A., Aladuena, A., Alvarez, J., Carreno, C., Orcau, A., et al.
(1995). Investigation of an outbreak of water-borne typhoid fever in Catalonia
in 1994. Enferm. Infect. Microbiol. Clin. 13, 450-454.

Vongphayloth, K., Rattanavong, S., Moore, C. E., Phetsouvanh, R., Wuthiekanun,
V., Sengdouangphachanh, A., et al. (2012). Burkholderia pseudomallei
detection in surface water in southern Laos using Moore’s swabs. Am. J. Trop.
Med. Hyg. 86, 872-877. doi: 10.4269/ajtmh.2012.11-0739

Wang, Y., Moe, C. L, Dutta, S., Wadhwa, A., Kanungo, S., Mairinger, W., et al.
(2020). Designing a typhoid environmental surveillance study: a simulation
model for optimum sampling site allocation. Epidemics 31:100391. doi: 10.
1016/j.epidem.2020.100391

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Liu, Ibaraki, Kapoor, Amin, Das, Miah, Mukhopadhyay, Rahman,
Dutta and Moe. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

27

July 2021 | Volume 12 | Article 684094


https://doi.org/10.1128/JCM.37.6.1670-1675.1999
https://doi.org/10.1128/JCM.37.6.1670-1675.1999
https://doi.org/10.1093/cid/ciaa487
https://doi.org/10.1111/lam.12016
https://doi.org/10.1016/j.mimet.2012.10.001
https://doi.org/10.1128/AEM.01706-17
https://censusindia.gov.in/aboutus/personnel/perdirectory.aspx
https://censusindia.gov.in/aboutus/personnel/perdirectory.aspx
https://doi.org/10.1038/s41587-020-0684-z
https://doi.org/10.1038/s41587-020-0684-z
https://doi.org/10.4269/ajtmh.18-0428
https://doi.org/10.1093/infdis/149.4.640
https://doi.org/10.1093/infdis/149.4.640
https://doi.org/10.1128/AEM.00060-20
https://doi.org/10.1128/AEM.00456-09
https://doi.org/10.1016/j.virusres.2010.02.014
https://doi.org/10.1016/j.virusres.2010.02.014
https://doi.org/10.4269/ajtmh.2012.11-0739
https://doi.org/10.1016/j.epidem.2020.100391
https://doi.org/10.1016/j.epidem.2020.100391
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

',\' frontiers
in Microbiology

ORIGINAL RESEARCH
published: 20 July 2021
doi: 10.3389/fmicb.2021.673872

OPEN ACCESS

Edited by:
Joseph Oliver Falkinham,
Virginia Tech, United States

Reviewed by:

Matthew D. Moore,

University of Massachusetts Amherst,
United States

Leena Maunula,

University of Helsinki, Finland

*Correspondence:
Liang Xue
scutphoenix@qgq.com
Jumei Zhang
zhangim926@126.com

T These authors have contributed
equally to this work and share first
authorship

Specialty section:

This article was submitted to
Food Microbiology,

a section of the journal
Frontiers in Microbiology

Received: 28 February 2021
Accepted: 29 June 2021
Published: 20 July 2021

Citation:

Gao J, Zhang L, Xue L, Cai W,

Qin Z, Yang J, Liang Y, Wang L,
Chen M, Ye Q, Li Y, Wang J, Wu S,
Wu Q and zZhang J (2021)
Development of a High-Efficiency
Immunomagnetic Enrichment Method
for Detection of Human Norovirus via
PAMAM Dendrimer/SA-Biotin
Mediated Cascade-Amplification.
Front. Microbiol. 12:673872.

doi: 10.3389/fmicb.2021.673872

Check for
updates

Development of a High-Efficiency
Immunomagnetic Enrichment
Method for Detection of Human
Norovirus via PAMAM
Dendrimer/SA-Biotin Mediated
Cascade-Amplification

Junshan Gao't, Le Zhang't, Liang Xue', Weicheng Cai’, Zhiwei Qin’, Jiale Yang’,
Yanhui Liang’, Linping Wang', Moutong Chen’, Qinghua Ye', Ying Li', Juan Wang'?,
Shi Wu', Qingping Wu' and Jumei Zhang'*

" Guangdong Provincial Key Laboratory of Microbial Safety and Health, State Key Laboratory of Applied Microbiology
Southern China, Institute of Microbiology, Guangdong Academy of Sciences, Guangzhou, China, ? College of Food Science,
South China Agricultural University, Guangzhou, China

Human norovirus is a common cause of acute gastroenteritis worldwide, and oysters
have been found to be the main carriers for its spread. The lack of efficient pre-
treatment methods has been a major bottleneck limiting the detection of viruses in
oysters. In this study, we established a novel immunomagnetic enrichment method
using polyamidoamine (PAMAM) dendrimer/SA-biotin-mediated cascade amplification
for reverse transcriptase quantitative real-time polymerase chain reaction (RT-gPCR)
detection. We compared the capture efficiency of traditional immunomagnetic
enrichment, biotin-amplified immunomagnetic enrichment, and PAMAM dendrimer/SA-
biotin-mediated cascade-amplification immunomagnetic enrichment. The optimal
capture efficiency of the novel method was 44.26 4+ 1.45%, which increased by
183.17% (P < 0.01) and 18.09% (P < 0.05) compared with the first two methods,
respectively. Three methods were all applied in detecting norovirus in 44 retail oysters,
the detection rate of the PAMAM dendrimer/SA-biotin-mediated method was 25.0%,
which was higher than those of traditional IME (15.90%) and SA-biotin-amplified IME
(18.80%) by 9.1 and 6.2%, respectively. In conclusion, the novel method can be applied
for the rapid detection of norovirus in oysters, which can help reduce the cost and time
of detection and improve detection rates.

Keywords: noroviruses, oysters, PAMAM-mediated, immunomagnetic enrichment, biotin amplification

INTRODUCTION

Norovirus (NoV) is one of the main causes of acute gastroenteritis (Ahmed et al., 2014) and
frequently appears in closed spaces in hospitals, schools, and cruise ships (Siebenga et al., 2009).
The consumption of bivalve shellfish, such as oysters, is a common route of NoV infection (Woods
etal., 2016; Le Mennec et al., 2017). Oysters are filter feeders, and NoV particles easily accumulate
in their digestive tract (Le Guyader et al., 2012). As oysters are usually eaten raw, this increases the
rate of NoV transmission (El Moqri et al., 2019).
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Accurate diagnosis of NoV contamination in oysters is
essential to control NoV outbreaks and to ensure that patients
receive optimal treatment. Real time RT-PCR (RT-qPCR) is
the “gold standard” for NoV diagnosis and detection (Vinjé,
2015). However, this method is often affected by low amounts
of NoVs and by presence of inhibitors in the sample, such as
polysaccharides, lipids, and proteins in oyster tissue. Therefore, it
is necessary to establish an efficient NoV enrichment method to
minimize the influence of the inhibitors. Traditional enrichment
methods include direct treatment, proteinase K digestion and
proteinase K digestion combined with polyethylene glycol
precipitation (Lee and Lee, 1981; Wu et al, 2016). However,
these methods are non-specific and cannot fully remove the
interference of complex matrices.

Currently, immunomagnetic enrichment (IME) is widely
used to separate and concentrate pathogens from food samples
in a more effective way than traditional methods (Valdes
et al, 2009; Xiong et al., 2014). Traditional IME combines
magnetic beads with antibodies to enrich the target from
a complex matrix (Yao et al, 2009), and covalent coupling
is commonly used to immobilize antibodies on magnetic
beads (Cao et al, 2012). Covalent coupling is simple and
effective, but the system is easily affected by small changes in
the pH and cross-linking time. The streptavidin (SA)-biotin
mediated IME has gained widespread applications because of
its high affinity and specificity. SA is a tetrameric protein
composed of identical subunits. One streptavidin molecule can
bind to four biotin molecules to achieve signal amplification
(Yuan et al., 2000).

Polyamidoamine (PAMAM) is a dendritic polymer with
a large number of functional groups available for surface
modifications such as acetylation and glycosylation (Yellepeddi
et al, 2009). PAMAM has good biocompatibility and no
immunogenicity, it can be used as a coupling carrier for drugs
and genes, and has good application prospects in the fields of
biology and medicine. The molecular surface of PAMAM has a
large number of positively charged amino groups, which can be
combined with biotin to amplify the biotin signal. This makes
a PAMAM-biotin monoclonal antibody (mAb) molecule capture
more NoVs than SA-biotin mAb, increasing the capture efficiency
(CE) of the enrichment process (Figure 1). In this study, cascade
signal amplification was achieved by PAMAM as the coupling
carrier for biotin. To the best of our knowledge, there are no
reports on PAMAM as a carrier for cascade-amplification for
NoV enrichment in oysters. We aimed to establish a sensitive
and efficient PAMAM dendrimer/SA-biotin-mediated cascade-
amplification IME (P-SA-BA-IME) method, which was combined
with RT-qPCR to detect NoVs in oysters.

MATERIALS AND METHODS

NoV Stool Samples, Oyster Samples and
Anti-NoV mAb

NoV-positive stool samples used in this study were collected
from The Third Affiliated Hospital of Sun Yat-sen University
in our previous works and stored at —80°C in our laboratory

(Xue et al,, 2013, 2016, 2019). In brief, the stools samples were
diluted using diethyl pyrocarbonate (DEPC)-treated phosphate
buffered saline (PBS) solution to 10-20% (m/v), and then
centrifuged at 7,000 x g for 5 min. The supernatant was stored
as the viral stock at —80°C. The sample was identified as GII.4 by
one-step RT-PCR and sequencing (Xue et al., 2013, 2016, 2019).
Before use, the virus supernatant was taken out to extract total
RNA, and the titer was determined by RT-qPCR as 6.24 x 10°
copies/i L. The appropriate titers used in this study were obtained
by dilution with DEPC-treated PBS (Zhang et al., 2020). Oysters
were obtained from Huangsha Aquatic Product Trading Market
in Guangzhou. The anti-NoV mAb was prepared by immunizing
P particles of GIL.4 NoV in our previous experiment, it could
react with GIL.2, GIL3, GII.4, GIL.6, GII.17 NoVs and be used in
enzyme linked immunosorbent assay (ELISA) and colloidal gold
immunochromatographic assay (Gao et al., 2021).

Processing of the Oyster Samples

The oysters were dissected, and the digestive glands were
removed and grounded to a homogenized state. One milliliter
PBS and 1.5 g of oyster sample were mixed, centrifuged at
3,000 x g at 4°C for 10 min, and the supernatant was transferred
to another clean tube for enrichment (When comparing the
detection rates of the three methods, the supernatant of 4.5 g
digestive glands was divided into three evenly). Oyster negative
sample and oyster positive sample were used as a negative control
and a positive control to avoid cross-contamination, they were
tested by the P-SA-BA-IME method and a modified ISO/TS
15216-2:2013 standard method which was based on the protease
K method with the increasing extraction buffer volume and PEG
precipitation (Zhang et al., 2020).

Preparation of the Traditional

Immunomagnetic Beads (IMBs)

Nanomagnetic beads (750 nm) (Aorun Micronano New Material
Technology Company, Shanghai, China) were washed with
morpholine ethanesulfonic acid (Sigma Aldrich, St. Louis, MO,
United States) three times at a volume ratio of 1:10 to ensure
monodispersion, then 24 pL 1- (3-Dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC-HCI) (200 mM)
(Thermo Fisher Scientific Inc., Rockford, United States) and
240 pL N-hydroxysulfosuccinimide (Sulfo-NHS) (200 mM)
(Thermo Fisher Scientific Inc.) were added to 1 mg magnetic
beads. The magnetic beads were mixed with 40 g monoclonal
antibody for 30 min at 37°C, then 1 mL 1% (w/v) BSA (Sigma
Aldrich, St. Louis, MO, United States) blocking buffer was added
at 37°C for 2 h and stored at 4°C.

Preparation of Biotinylated Monoclonal

Antibody (Biotin-mAb)

The mAb was mixed with sulfo-NHS-LC-biotin (Thermo Fisher
Scientific Inc.) at a volume ratio of 1:20 and placed on a
dynabeads MX mixer (Thermo Fisher Scientific Inc.) at 15 rpm at
room temperature for 30 min. The biotin-mAb was centrifuged
in a 30 KDa ultrafiltration tube (Millipore, MWCo, 30000)
(Millipore, Carrigtwohill, County Cork, Ireland) at 6,000 x g for
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FIGURE 1 | Schematic illustration of (A) traditional immunomagnetic enrichment (T-IME), (B) streptavidin-biotin amplified IME (SA-BA-IME), and (C) polyamidoamine
(PAMAM) dendrimer/SA-biotin mediated cascade-amplification IME (P-SA-BA-IME). In the T-IME method, antibodies are directly coupled on the surface of magnetic
beads by covalent bonds to prepare immunomagnetic beads. In the SA-BA-IME system, the antibody is labeled with biotin to enrich the norovirus concentration in
the sample, and then forms an immunomagnetic bead complex with streptavidin magnetic nanoparticles. Based on the P-SA-BA-IME, PAMAM is selected as the
coupling carrier of biotin. The surface of PAMAM contains a large number of amino sites to perform the amplification of biotin.
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10 min to remove unbound biotin, and washed four times with
PBS with 0.05% Tween 20 (PBST) (0.01 M, pH 7.4).

Preparation of Biotin-PAMAM-mAb

PAMAM (Chenyuan Organic Silicon New Material Co., Ltd.,
Shandong, China) was dissolved in a pH 9.0 PBS solution for a
final concentration of 10 mg/mL, then mixed 1.6 mg of sulfo-
NHS-LC-biotin with 1 mL PAMAM on a rotary mixer for
2 h. The unbound sulfo-NHS-LC-biotin was removed using an
ultrafiltration tube, and 2-iminosulfane hydrochloride (Trauts
reagent) (Sigma Aldrich) at a final concentration of 1 mg/mL
under nitrogen for 1 h to obtain biotin-PAMAM-SH. Sulfo-
SMCC (Sigma Aldrich) and anti-NoV mAb were mixed at a
ratio of 10:1 and incubated for 2 h at room temperature. The
unbound sulfo-SMCC was removed using an ultrafiltration tube.
SMCC-mAb and biotin-PAMAM-SH were mixed at a ratio of
10:1 and incubated overnight at room temperature, and then
N-ethylmaleimide (Sigma Aldrich) was used to block unbound
sulthydryl groups.

Pre-treatment Methods

Three NoV enrichment methods were compared: traditional IME
(T-IME), SA-biotin-amplified IME (SA-BA-IME), and P-SA-BA-
IME (Figure 1).

T-IME
Anti-NoV mAb-conjugated magnetic beads were added to 1 mL
PBS containing 1 x 10° copies of NoVs or the supernatant of

1.5 g oyster homogenate to enrich at room temperature. The
IMBs were placed on a magnetic stand to remove the supernatant,
resuspended and shaked with 1 mL 0.01 M PBST (pH 7.4)
washing buffer, then placed on the magnetic stand to remove the
supernatant for 3 times. Finally, the IMBs were resuspended in
140 L PBS buffer, and RNA was extracted and stored at —80°C.

SA-BA-IME

One milliliter of PBS containing 1 x 10° copies of NoVs or
the supernatant of 1.5 g oyster homogenate with biotin-mAb
was placed on the dynabeads MX mixer, then SA nanomagnetic
beads (750 nm) (Aorun Micronano New Material Technology
Company) were added and placed on the dynabeads MX mixer
at 15 rpm at room temperature. The mixture was placed on a
magnetic stand for magnetic separation and washed three times
with 1 mL of PBST. The IMBs were resuspended in 140 pnL PBS,
and RNA was extracted and stored at —80°C.

P-SA-BA-IME
The procedure was the same as SA-BA-IME, with only biotin-
mAb being replaced by biotin-PAMAM-mAb.

RNA Extraction

Viral RNA was extracted from 140 pL IMBs suspension after
enriching the NoVs with a High Pure Viral RNA Mini Kit
(Magen, Guangzhou, China) following the manufacturer’ s
instructions. After repeated washing to remove impurities, 50 uL
of eluate was added to the column to elute the RNA.
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RT-qPCR Analysis

We quantitated enriched NoVs by RT-qPCR (Jothikumar et al.,
2005) using a LightCycler® 96 System (Roche, Basel, Switzerland)
using a RNA PrimeScript™ One-Step Quantitative RT-PCR
System (TaKaRa, Dalian, China) and 2 pL of the template was
added in a total reaction volume of 20 wL. The primers and
probes for NoVs included QNIF2d (5 ATG TTC AGR TGG
ATG AGR TTC TCW GA 3"), COG2R (5-"TCG ACG CCA TCT
TCA TTC ACA 3'), and QNIFs (5 FAM-AGC ACG TGG GAG
GGG ATC G-TAMRAC). Cycling times and temperatures were
42°C for 5 min and 95°C for 10 min, followed by 45 cycles of
95°C for 5 s and 60°C for 20 s. A standard virus titer curve was
generated by extracting viral RNA from serially diluted (107!~
10~7) virus stock. RT-qPCR was performed, and the resulting
cycle threshold (Ct) values were plotted against their respective
dilutions. The highest measurable Ct was assigned the value
of one RT-PCR unit, and a logarithmic trend line was plotted
(R? = 0.999). The copy numbers of positive and experimental
samples were calculated using the standard curve equation. The
samples showed a characteristic sigmoidal curve with a Ct-
value < 43 were regarded as positive (> one viral genomic copy),
the number of genome copies per gram of the oyster digestive
gland tissue is less than 25 as negative.

Calculation of Capture Efficiency

Capture efficiency (CE) was defined as the percentage of NoVs
enriched by IMBs to the total number of NoVs. The CE
(%) was calculated according to the following equation: CE
(%) = C1/Cp x 100%, C1: NoV genomic copy after enrichment,
and C0: NoV genomic copy before enrichment.

Statistical Analysis

Statistical analyses were performed with Graphpad Prism 8.0.1.
The CE of three methods were compared by using One-way
ANOVA. Three independent experiments were conducted to
determine assay consistency. The detection rate of three methods
were compared through Chi-square test. For all analyses,
significantly different was set as a P-value less than 0.05.

RESULTS
T-IME Optimization

The conditions to increase CE of the T-IME were optimized
(Figure 2A and Supplementary Table 1). When the coupling
time was 30, 60, and 90 min, the CE increased to 12.68 & 1.00%,
and longer coupling times did not increase it any further. IMBs
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FIGURE 2 | Optimization of traditional immunomagnetic enrichment (T-IME) conditions. (A) Optimization of couple time. (B) Optimization of immunoreaction time.
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were incubated during five different times (15, 30, 45, 60, and
75 min). The optimal enrichment time was 60 min, resulting
in a nearly constant CE in prolonged times (Figure 2B and
Supplementary Table 2).

The amount of IMB was also optimized (Figure 2C and
Supplementary Table 3). We tested different amounts of
magnetic beads: 0.1, 0.15, and 0.2 mg. However, the CE was
nearly stable at all quantities. Therefore, 0.1 mg of IMB was
selected as the optimum amount of IMBs. The result of the
separation time is shown in Figure 2D and Supplementary
Table 4. When the magnetic separation time was 7 min, the CE
increased to 15.63 4= 0.43%, and longer separation times did not
increase CE any further.

SA-BA-IME Optimization
The amount of biotin mAb was optimized. When the amount
of biotin-mAb was 40 g, CE was the highest. Application
of more than 40 pg biotin-mAb resulted in a sharp drop
in CE (Figure 3A and Supplementary Table 5). To calculate
the optimal immunoreaction time we used five different
incubation times (5, 15, 25, 35, and 45 min). When the
immunoreaction time reached 25 min, CE was stable (Figure 3B
and Supplementary Table 6).

The results of the amount of SA magnetic beads are shown
in Figure 3C and Supplementary Table 7. When the amount

of SA magnetic beads was 40-80 g, the CE increased from
22.07 £ 0.43% to 36.62 £ 1.43%, and then tended to stabilize
with higher amounts. The incubation time was prolonged to
30 min, which was selected as the incubation time, as the
CE of IME increased to 37.48 £ 0.20% (Figure 3D and
Supplementary Table 8).

P-SA-BA-IME Optimization

P-SA-BA-IME conditions were the same as for SA-BA-IME
optimization except that biotin-mAb was replaced with biotin-
PAMAM-mAD. The results are presented in Figure 4. When
we increased the amount of biotin-PAMAM-mAb from 40
to 50 pg, the CE of NoVs dropped from 40.34 + 2.04%
to 17.18 £ 0.57%. Therefore, the optimal amount of biotin-
PAMAM-mAb was 40 g (Figure 4A and Supplementary
Table 9). The optimal immunoreaction time for CE was 15 min,
after that there was no increasing effect (Figure 4B and
Supplementary Table 10). The optimal amount of SA magnetic
beads was 60 pg (Figure 4C and Supplementary Table 11),
and the best incubation time was 20 min (Figure 4D and
Supplementary Table 12). Under these optimized conditions,
the CE was 44.26 + 1.45%. Compared with the above T-IME
(15.63 £ 0.43%) and SA-BA-IME (37.48 + 0.20%), the CE of
P-SA-BA-IME were increased by 183.17% (P<0.01) and 18.09%
(P<0.05), respectively.
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App|ication of Novel Methods in NoVs effective removal of inhibitors and specific enrichment of

Detection in Retail Oysters pathogens in the samples. In this study, the T-IME, SA-BA-IME,
and P-SA-BA-IME methods were established and compared. The

T-IME enrichment method has limitations (Wang et al., 2011).
It is based on the coupling of antibodies with magnetic beads

The three methods were applied for NoV detection in retail oyster
samples (n = 44), and all NoV-positive results were shown in
Table 1. The detection rate of P-SA-BA-IME was higher than
that of the other two methods. The detection rate of T-IME was
15.90% (7/44), of SA-BA-IME was 18.80% (8/44), and of P-SA-
BA-IME was 25% (11/44). There is no significant difference in

TABLE 1 | NoVs-positive oysters detected by three novel methods.

the detection rates of the three methods (P > 0.05). One sample  Oyster samples  T-IME (genome SA-BA-IME P-SA-BA-IME
tested positive by T-IME, but negative by SA-BA-IME and P-SA- copies/g tissue)* (genome . (genome X
BA-IME; One sample tested positive by SA-BA-IME, but negative Gopies/g tissue)” _copies/g tissue)
by T-IME and P-SA-BA-IME. 1902-3 - 9.8 x 10! -
1905-3 - 4.4 x 10 8.0 x 10
1908-5 - - 9.8 x 10!
DISCUSSION 1909-1 - - 35 x 10*
1909-2 6.7 x 10° 5.0 x 10° 1.1 x 108
In recent years, NoV outbreaks have attracted increasing 1910-1 1.2 x 102 - -
attention from public and researchers, and oysters are one of the ~ 1910-4 - - 9.1 x 10?
main causes of the outbreaks (Cheng et al., 2005). Oysters are ~ 1910-5 3.8 x 10° 2.2 x 10° 5.5 x 10°
filter-feeding animals, and their digestive glands have substances ~ 1911-1 4.8 x 10° 43 x10° 9.4 x 10
similar to the NoVs receptor Human blood group antigens 1911-2 1.1 x 10 - 32 x 10°
(HBGAs), which could help the virus be accumulated in the 1911-3 - 2.4 x 10? 3.3 x 10?
oysters (McLeod et al., 2009). Therefore, the digestive gland is ~ 1911-4 3.8 x 10 1.9 x 10 1.6 x 10
used as the target tissue for the NoV detection in oysters in the  1911-5 1.2 x 10 1.8 x 102 1.3 x 107
ISO/TS 15216-2:2013 standard method. Total number 7.0 x 10° 8.0 x 10° 1.1 x 10

IME pre-treatment methods have the advantage of being easy 7,6 pumpers of Nov genome copies per gram of oyster digestive gland were left
to use, not requiring complicated equipment, and achieving uncorrected.
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directly through covalent bonds, however, the surface of the
magnetic beads is rigid, and the connection stability is extremely
poor, which may lead to changes in the spatial structure of the
antibody and reduce its activity (Shan et al., 2014). Changes in
the spatial direction of antibodies increase the steric hindrance
between them, which will also reduce the CE (Jo et al., 2015). SA-
BA-IME combines magnetic bead-coupled SA and biotinylated
antibodies, which improves the stability during the reaction and
indirectly increases the area where the antibody molecule binds to
the target, so a higher CE can be obtained. P-SA-BA-IME consists
of a two-stage amplification based on SA one-stage amplification.

IMS methods have been applied for detecting NoVs in
different food samples (Park et al, 2008; Lee et al, 2013;
Ha et al, 2014), the antibodies are the main factor affecting
the broad spectrum of enrichment methods. Park et al. used
polyclonal antibody coupled with magnetic beads (280 pm)
combined with real-time RT-PCR to detect GIL.1 and GIL4
NoV in artificially contaminated strawberries, the polyclonal
antibody used in this method can react with more than 31 NoV
genotypes (Park et al., 2008). The maximum recovery rate of
this method was 30% lower than that of P-SA-BA-IME, but it
had a good broad-spectrum combination. It should be noted
that GI NoVss are also widely detected in foods such as shellfish.
However, the diversity of human NoVs poses a challenge for the
simultaneous capture of GI and GII NoVs. The development
of high-titer and broad-spectrum antibodies is the key to the
development of the NoV enrichment method with broader
spectrum in the future.

As the particle size of the magnetic beads decreased, the
number of magnetic beads that could be bound to the pathogen
surface increased significantly. Yang et al. (2007) studied the CE
of nanomagnetic beads and micromagnetic beads, and the results
showed that the capture efficiency of nanomagnetic beads was
1-2 times higher than that of micromagnetic beads. The lower
concentration of the targets in the solution, the stronger capture
ability of the nanomagnetic beads. Therefore, nanomagnetic
beads were selected for this study instead of micromagnetic beads
to improve the CE.

In this study, PAMAM was used as the coupling carrier
of biotin to achieve biotin amplification. However, when the
amount of biotin-mAb was excessive, it competed to bind to
SA magnetic beads, resulting in a decrease in CE. The anti-
NoV mAb used in this study was prepared by using GI1.4 NoV
capsid P protein as immunogen with the titer>10°, ELISA results
showed that the anti-NoV mAb could react with GII.2, GIL3,
GIIL.4, GII.6, GII.17 NoVs (Gao et al., 2021), which ensured the
high efficiency of NoVs enrichment. The amount of biotin-mAb
and the selection of anti-NoVs mAb are both the important
factors affecting CE. And oysters purchased from the market
were directly used for the evaluation of the three methods, the
detection rate of the P-SA-BA-IME method was 25.0% which
is higher than that of ISO/TS standard method for detection
of retail oysters (20.71%, 16.9%) in China (Jiang et al., 2018;
Zhang et al., 2021). However, we developed a modified ISO/TS
15216-2:2013 standard method which combined with the PEG
precipitation concentration method to increase the detection rate
to 34.21% (Zhang et al., 2020). In the next work, the sensitivity

of P-SA-BA-IME method can be further improved by changing
the antibody or optimizing the conditions. Few samples were
tested negative by P-SA-BA-IME but positive by T-IME and
SA-BA-IME, which may have been caused by the low viral load.
Besides, the genome copies numbers in some oyster detected
by the new method were also not the highest, this may be due
to insufficient mixing when the sample is divided into three
equal parts resulting in uneven distribution, or the influence of
impurities, IMBs and the NoVs in the suspension did not fully
bind during the limited incubation time. A large number of
samples may reflect the advantages of the P-SA-BA-IME method.
The results showed that the CE of the T-IME was 15.63 =+ 0.43%,
and the SA-BA-IME improved the CE to 37.48 £ 0.20%. P-SA-
BA-IME efficiently binds SA magnetic beads and PAMAM-
conjugated biotin-mAb, with a CE of 44.26 =+ 1.45%.

In summary, we established a sensitive and efficient pre-
treatment method for NoV detection in oysters. PAMAM-
conjugated biotin-mAb combined with SA-biotin IMBs were
used for the enrichment of NoVs in oysters for the first time,
showing the utility of this method to increase the detection
rate of NoVs in oysters. This is important for preventing NoV
infection from shellfish.
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Detection of pathogens in a food matrix is challenging due to various constraints including
complexity and the cost of sample preparation for microbial analysis from food samples, time
period for the detection of pathogens, and high cost and specialized resources required for
advanced molecular assays. To address some of these key challenges, this study illustrates
a simple and rapid colorimetric detection of target bacteria in distinct food matrices, including
fresh produce, without prior isolation of bacteria from a food matrix. This approach combines
bacteriophage-induced expression of an exogenous enzyme, alkaline phosphatase, the
OPEN ACCESS specific colorimetric substrate that generates insoluble color products, and a simple filtration
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tetrazolium/5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP). This substrate forms a dark
purple precipitate upon interactions with the released enzyme on a filter membrane. This
approach successfully detected 10 CFU/ml of E. coli in coconut water and 10? CFU/g of
E. coli on baby spinach leaves with 5 h of enrichment. Success of this approach illustrates
potential for detecting target bacteria in food systems using a simple visual assay and/or
quantitative colorimetric measurements.

Keywords: engineered bacteriophage, Escherichia coli, colorimetric detection, alkaline phosphatase, 5-bromo-4-
chloro-3-indolyl phosphate

INTRODUCTION

Globally, human illness due to foodborne pathogens is a major cause of morbidity and mortality.
Even within the United States, which has advanced sanitation systems, an estimated 48 million
people experience foodborne illness each year (Centers for Disease Control and Prevention, 2018).
The leading cause of foodborne illnesses has been the contamination of food, such as fresh
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produce, dairy and meat products with microbial pathogens,
for example, among those pathogens of most concern are Shiga
toxin-producing Escherichia coli (STEC), which are reported
as a cause for an estimated 265,000 illnesses and 3,600
hospitalization annually in the United States (Scallan et al,
2011). Therefore, rapid and efficient detection of the microbial
contaminants plays an important role in mitigating the risk
of food borne outbreaks and improving sanitary controls in
the food supply chain. Several approaches for pathogen detection
have been deployed in the industry. However, rapid and sensitive
detection of bacteria, especially in complex food matrices,
continues to be a challenge.

In the food industry, multiple detection methods are used
for the food safety assessment process. The conventional culture-
dependent detection method is considered as the gold standard
for bacterial detection; however, it is both time-consuming
and labor-intensive. These limitations can be acute for food
industries, such as the fresh produce industry, as products
have limited shelf life (Cho and Ku, 2017). Therefore, more
advanced rapid detection methods, including nucleic acid-based
and immunological-based methods, are currently being employed
in the food industry. Polymerase chain reaction (PCR) is a
nucleic acid-based technique offering rapid and specific pathogen
detection. This approach has high sensitivity enabling
simultaneous amplification and quantification of specific nucleic
acid sequences (Kralik and Ricchi, 2017). The most commonly
used immunological-based method is  enzyme-linked
immunosorbent assay (ELISA) that can be automated to enable
rapid detection of pathogens with reduced labor.

However, these advanced methods also have some drawbacks.
PCR has suffered from complicated sample preparation, costly
reagents, and technical support requirements. Using nucleic
acid-based methods to detect pathogens in food samples can
be challenging since foods are highly complex biomolecular
matrices with diverse arrays of biomolecules such as proteins,
carbohydrates, fats, oil, polyphenolics, and other small molecules.
These compounds may act as inhibitors of the enzymatic
reactions in PCR, resulting in false-negative results or limit
sensitivity of the assay (Jaykus, 2003). The use of PCR in
food is also limited by high sample volumes (>25 ml or g)
compared to small amplification volumes (10-50 pl) used for
the PCR detection (Stevens and Jaykus, 2014). In the case of
ELISA, reduced specificity due to the cross-reactivity of
polyclonal antibodies with closely related antigens can be a
limitation (Hornbeck, 2015). Therefore, constraints for the
detection of foodborne pathogens by ELISA include a large
number of background microflora present in food samples.
Even though these microbes may not cause any health problems,
they can interfere with the selective identification and isolation
of target pathogenic bacteria, which are usually found in
relatively low numbers. In order to improve the sensitivity
of these detection methods, at least 4-5 h of enrichment is
still required for both PCR and ELISA assays, which prolongs
the overall turnaround time. Despite these enrichment steps,
the detection sensitivity of typical RT-PCR assays using the
isolation and detection of bacteria from food matrices ranges
from 10” to 10* CFU/ml and for ELISA assays ranges from

10° to 10° CFU/ml (Sharma and Mutharasan, 2013). In addition,
the standard PCR and ELISA methods provide limited specificity
for differentiating live vs. dead microbes (De Boer and
Beumer, 1999; Liu et al., 2017).

Considering the above challenges, there is still a significant
unmet need for rapid, cost-effective, and easy-to-perform
bacterial detection methods that can be applied to detect
specific bacteria in the presence of complex food samples.
Bacteriophages have become a valuable tool for developing
bacterial detection assays due to their ability to recognize
and infect specific strains of bacteria with the time of analysis
ranging from 15 min to 8 h (Paczesny et al., 2020). For the
detection of bacteria in complex food matrices, the common
approach is to genetically engineer bacteriophages to express
reporter genes upon infecting the target host bacteria. One
of the most commonly used reporter genes is bacterial luciferase
(lux) that generates a bioluminescence signal (Loessner et al.,
1997; Kim et al,, 2014), for example, the E. coli O157:H7-
infecting bacteriophage phiV10 was genetically modified to
express the lux operon and used for the detection of E. coli
0157:H7. This approach was reported to detect 10 CFU/cm?,
13 CFU/ml, and 17 CFU/g of E. coli O157:H7 in romaine
lettuce, apple juice, and ground beef, respectively, by detecting
bioluminescence using a luminometer with 5-h pre-enrichment
(Kim et al., 2017). Another commonly used reporter gene
is lacZ encoding f-galactosidase. Using this approach, E. coli
infected with T7 bacteriophage with the lacZ operon
overexpresses [-galactosidase and allowed the detection of
10 CFU/ml of E. coli using a colorimetric substrate within
7 h and enabled the detection of 10> CFU/ml of E. coli in
food samples (Chen et al,, 2017a,b). The gene that encodes
alkaline phosphatase (phoA) is another reporter gene that
has been engineered into the bacteriophage T7 genome to
induce the overexpression of alkaline phosphatase.
Overexpression of alkaline phosphatase gene has been detected
using both soluble colorimetric substrate, p-nitrophenyl
phosphate (pNPP), which allows for the detection of 10* CFU/ml
within 7.5 h and 10° CFU/ml of E. coli in 6 h using a
chemiluminescent substrate (Alcaine et al., 2015). Enzyme-
labeled fluorescence-97 (ELF-97), alkaline phosphatase substrate
that gives insoluble fluorescent precipitated products, has been
used to detect the engineered bacteriophage-induced alkaline
phosphatase activity at the single-cell level using fluorescent
imaging and image analysis. This approach was tested in
beverage samples and was able to detect 10> CFU/ml of target
bacteria within 6 h (Wisuthiphaet et al., 2019). Even though
these methods have been proven to detect a low number of
the specific bacteria in complex matrices, maintaining both
rapidity and simplicity of the procedure can be challenging
due to a range of issues related to sample preparation including
bacteria isolation steps, instruments required for signal analysis,
and distinguishing signal from high background noise in
food samples.

The goal of this study was to develop a rapid bacteriophage-
based colorimetric bacterial detection that is low-cost, easy-
to-perform, and can be applied to detect bacteria in complex
food samples without isolation of bacteria from food matrices.
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Isolation of bacteria from food samples is a time, equipment,
and labor-intensive process (Stevens and Jaykus, 2014). The
approach evaluated in this study does not use any isolation
of bacteria from food samples and thus reduces complexity
of the assay. Furthermore, colorimetric detection approach was
selected as it provides a simple read out for a visual analysis
as well as quantitative measurement using a camera. For
colorimetric detection, we evaluated insoluble substrates, nitro
blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate
(NBT/BCIP) and commonly used soluble substrate, pNPP to
detect the enzymatic activity. NBT/BCIP yields insoluble dark
purple precipitate that is localized at the site of the reaction
and can be visualized by the naked eye. After applying this
substrate to the bacterial cells with overexpressed alkaline
phosphatase, the precipitated product was accumulated inside
the cells. After separation of bacterial cells from the combined
culture medium and the food samples by filtration, the signal
was concentrated and was enabled the detection of visible
color change. The efficiency of bacterial detection using NBT/
BCIP and engineered bacteriophage T7 was evaluated in coconut
water and baby spinach leaves and compared with those of
the commonly used soluble substrate, pNPP. Overall, the results
of this study demonstrate the potential of visual detection of
bacterial contaminants in food samples using engineered
bacteriophages without extensive sample preparation steps.

MATERIALS AND METHODS

Bacteriophage and Bacterial Strain
Engineered bacteriophage used in this study, designated
bacteriophage T7-ALP, was bacteriophage T7 that has been
genetically modified to carry the gene for alkaline phosphatase
production, phoA. The bacteriophage T7-ALP strain was kindly
provided by Dr. Sam Nugen (Alcaine et al., 2015). Escherichia
coli BL21 (ATCC BAA-1025) obtained from the American type
culture collection was used as a host for the bacteriophage
T7-ALP. Bacteria were stored in tryptic soy broth (TSB; Sigma-
Aldridge, St. Louis, MO, United States) containing 15% (vol/vol)
glycerol at —80°C. For short-term storage, the glycerol stock
was streaked onto tryptic soy agar (Sigma-Aldridge, St. Louis,
MO, United States) plates. After incubation at 37°C for 24 h,
the culture plates were stored at 4°C. Overnight culture of
E. coli BL21 was prepared by inoculation a loop-full of culture
on an agar plate in TSB, after 16 h of aerobic incubation at
37°C, bacteria with the concentration of 10° CFU/ml
were obtained.

Sample Preparation and Bacterial
Inoculation

Overnight culture of E. coli BL 21 was centrifuged at 16100 xg
for 1 min. The cell pellet was washed twice and re-suspended
in sterile phosphate buffer saline (PBS; Fair Lawn, NJ,
United States) at the population of 10° CFU/ml. The serial
dilutions were performed using sterile PBS to obtain bacterial
concentrations of 10° and 10> CFU/ml.

Sterile TSB was portioned to 10 ml in a 50-ml sterile
centrifugal tube. Pasteurized coconut water (Vita coco 100%
coconut water) purchased from local grocery store, and 5 ml
was mixed with 5 ml of double concentrated TSB in a 50-ml
sterile centrifugal tube. Escherichia coli BL21 with the final
concentration of 10 CFU/ml was inoculated in 10 ml of the
liquid media. The fresh produce sample was represented by
baby spinach leaves. Store-bought baby spinach leaves were
weighted 25 g in sterile sampling bag before inoculated with
E. coli BL21 to achieve the final concentration of 10> CFU/g.
The bags were tightly sealed and kept at 4°C for 24 h. Then
225 ml of TSB was added to 25 g inoculated spinach in the
sampling bags.

Enrichment and Bacteriophage Infection
The enrichment of all samples was carried out at 37°C with
constant shaking at 200 rpm for 5 h. For spinach leaf samples,
10 ml of the TSB was collected in a 50-ml centrifugal tube.
Genetically engineered bacteriophage T7-ALP was added into
10 ml of the enriched samples with a concentration of 10°
PFU/ml. For liquid samples, the infection time was fixed at
30 min at 37°C with constant shaking at 200 rpm. For 25-g
spinach leaf samples, the infection time was fixed at 2 h at
37°C with constant shaking at 200 RPM. Negative controls of
each experiment were E. coli inoculated samples without
bacteriophage infection and samples without bacteria inoculation
with bacteriophage added.

Colorimetric Assay of Alkaline
Phosphatase Activity Using NBT/BCIP

After phage infection, 10 ml of TSB and coconut water samples,
and 2 ml of spinach leaf samples were filtered through a 0.22-
micron white polycarbonate membrane discs with a 19-mm
diameter (Nucleopore Polycarbonate, Whatman) using a vacuum
filtering system in order to capture infected bacterial cells
harboring bacteriophage-induced alkaline phosphatase. After
the filters were completely dry, 20 ul of 1-Step™ NBT/BCIP
substrate solution (Thermo Scientific, Rockford, IL, United States)
was spotted on a petri dish. The filter was then transferred
directly onto the NBT/BCIP drop with topside down. The
visible color change due to the formation of black-purple
precipitated product was observed and compared with those
of negative controls and tryptic soy broth without bacteria
and bacteriophage. The Hunter’s color values (L*, a*, and b*)
of the filters were measured at five locations of each filter
using the ColorFlex EZ Spectrophotometer (Hunter Lab, Reston,
VA, United States). The delta E (dE) value was calculated
using Equation 1.

AEZb:\/(LEfL’{)2+(a§faf)2+(b§—bl*>2 (1)

Colorimetric Assay of Alkaline
Phosphatase Activity Using pNPP

After bacteriophage infection, 10 ml of all samples were
centrifuged at 4025 xg for 10 min at room temperature.
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The liquid media were discarded and the precipitated cells
were re-suspended with 50 pl of sterile PBS. Amplite™
Colorimetric Alkaline Phosphatase Assay Kit (AAT Bioquest,
Sunnyvale, CA) was used to perform the assay. After adding
the substrate, the absorbance at 400 nm was measured every
10 min for 4 h using a SpectraMax 340 spectrophotometric
plate reader (Molecular Devices, Sunnyvale, CA, United States).
The experiments were performed in parallel with the blank,
which was TSB without E. coli and bacteriophage inoculation
and negative control of E. coli without bacteriophage inoculation.

Statistical Analysis

All experiments were repeated three times. Color value was
measured at five random positions on the filter, and the mean
and standard deviation values were calculated within the samples.
The Tukey’s HSD test were used to determine significant
differences (¢ = 0.05) between mean values. All experimental
data were analyzed using the R software.

RESULTS

Colorimetric Detection of E. coli Using
Engineered Bacteriophage T7-ALP and
Alkaline Phosphatase Assay

The schematic diagram (Figure 1) depicts the detection procedure
developed in this study. One of the most challenging aspects
in the detection of bacteria from a complex food system is
the presence of food components and non-pathogenic microbes
associated with the food. These elements can influence both
the sensitivity and accuracy of the detection method. Developing
a general protocol to separate and purify target cells from
different food matrices is difficult as food matrices vary

Cl

BCIP %
B || ALP
| ()—'|’—()“ —
N OH

H H

Cl

significantly in composition and structure (Frederick et al,
2013). In order to overcome these constraints, the bacteriophage-
based detection method developed in this study requires no
complicated sample preparation and bacterial separation or
concentration steps. The food samples, coconut water, and baby
spinach leaves were simply mixed with the TSB before enrichment
and used for the detection of bacteria using a simple colorimetric
approach. The steps for sample preparation are illustrated in
Figure 1. The steps include enrichment of bacteria (step 1),
incubation with T7-ALP (step 2), filtration (step 3), and
incubation with ALP substrate to form colorimetric precipitate
(step 4). The details of these steps are described in the Material
and Methods section. Among these steps, the incubation and
infection time was a critical factor in this assay, as our goal
was to overexpress and entrap the expressed enzyme inside
the bacterial cells, thus the infection time should be long
enough for the expression of the enzyme but not too long to
have complete lysis of the bacterial cells and release of the
enzyme. This approach helps to localize the colorimetric signal
on a filter and increase sensitivity of the detection. According
to a previous study, after 30 min of co-incubation with
bacteriophage T7-ALP, E. coli BL21 cells were infected and
alkaline phosphatase was produced while the majority of the
cells were still intact (Wisuthiphaet et al., 2019). By filtration
(Figure 1; step 3), bacterial cells with alkaline phosphatase
were captured on the filter and the colorimetric signal was
concentrated on the filter membrane for visual detection.

Alkaline phosphatase activity was analyzed with the
chromogenic substrate 5-bromo-4-chloro-3-indolyl phosphate
(BCIP) that forms a dark purple precipitated produce (Figure 1;
step 4). The color development was enhanced by nitro blue
tetrazolium (NBT) yielding an insoluble black-purple precipitate
as shown in the following reaction Equation 2 (Jékely and
Arendt, 2007; Kundu, 2014).

5.5"-dibromo-4.4'-dichloro-indigo white
Cl
-2H

cl ¢l
o O
o tautomerism Br ” I Br
OH T 0 i
| + HPO3 )
v " o

| NBT NBT-formazan
H H H

)

3 Sml coconut water ] [ ] = L ]
: ¥ ] e Re
= 5ml TSB doubled
concentration 1 ‘ 2 %
Enrichment at 37°C Bacteriophage Infectiol E
for 5 hours at 37°C (30 min — 2h}
Inoculation with 108 PFU/ml of Arl‘kahrxe ght:)spha(}sle 7
bacteriophage T7-ALPin 10 ml sample peoductionin bactertal.ce
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5 N in 225ml TSB
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polycarbonate membrane (5 min) Reaction with NET/l‘BCIP substrate
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FIGURE 1 | Schematic diagram of the detection protocol based on alkaline phosphatase activity assay using colorimetric alkaline phosphatase substrates: NBT/
BCIP. (1) Enrichment of bacteria in spinach leaves without separation step (5 h). (2) Adding bacteriophage T7-ALP 10° PFU/m for the infection of £. coli and alkaline
phosphatase expression (30 min — 2 h). (3) Filtration to harvest the infected E. coli cells (5 min). (4) Adding NBT/BCIP substrate for enzymatic reaction and forming of
precipitated products (5-30 min). (5) Color measurement using colorimeter.
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TABLE 1 | Filters with 5-h enriched 10 CFU/ml Escherichia coli BL21 and 30 min with and without infection with bacteriophage T7-ALP in TSB and bacteriophage

T7-ALP in TSB after enzymatic reaction with NBT/BCIP for 5, 10, 20, and 30 min.

Reaction condition

Reaction time with substrate (min)

Escherichia coli T7 infection 0 5 10 20 30
inoculation
+ +
+ —
- +

This enzymatic reaction took place on the filter. Therefore,
the change in filter color to dark purple indicates the presence
of the target bacteria. Color formation was observed visually
as well as using a colorimeter (Figure 1; step 5). The detection
method using a precipitated colorimetric substrate was compared
to the soluble colorimetric alkaline phosphatase substrate, pNPP.
In this method, infected cells with alkaline phosphatase were
harvested by centrifugation before re-suspension in sterile PBS
prior to the enzymatic reaction. Colorless pNPP was hydrolyzed
to yellow p-nitro-phenol (pNP) in the presence of alkaline
phosphatase and was quantified at 400 nm (Jackson et al., 2016).

Detection of Bacteria Using Bacteriophage
T7-ALP and Alkaline Phosphatase
Substrate NBT/BCIP

For the proof-of-concept demonstration, the detection of bacteria
was first investigated in TSB, which is the media for supporting
bacterial growth and bacteriophage infection. Table 1 shows
the filters after adding NBT/BCIP substrate and incubating
the filter at room temperature for 0, 5, 10, 20, and 30 min.
For the samples with bacteriophage infection, after 10 min of
incubation with the substrate, a visible dark purple color was
observed and the color intensity increased with an increase
in incubation time. In contrast, the negative control sample,
i.e., filtered bacteria without bacteriophage infection showed
no color change after 30 min of incubation with the substrate.
The negative control of TSB with bacteriophage but without
bacteria also showed no visible color change. In order to
quantify the color change, the filters were also characterized
using the Hunter’s color scale measurements using a colorimeter.

In this measurement, the L*¥, a*, and b* color values were
measured at random five locations of the filter and the dE
values were calculated using the Equation 1. The dE value of
the samples with T7-ALP infected bacteria and the negative
control of bacteria without bacteriophage infection are shown
in the Figure 2. After 5 min with the substrate, the dE value
of the sample with T7-ALP infected bacteria is significantly
higher than those of the controls and the dE value increases
dramatically with an extended reaction time. On the other
hand, the negative controls showed no significant change in
the dE value after 20 min of incubation with the substrate.

The results indicate that, after 30 min of infection, the
E. coli cells were still intact and the alkaline phosphatase
induced by T7-ALP infection was produced inside the cells,
which were captured on the filter after filtration. The results
of the negative control sample, i.e., bacterial cells without
T7-ALP infection, demonstrate a lack of significant endogenous
alkaline phosphatase activity in the bacteria since this enzyme
is usually produced by the bacteria only during phosphate
starvation (Rani et al., 2012). When the bacteria are enriched
in TSB, a nutrient rich environment for bacterial growth,
endogenous bacterial alkaline phosphatase enzyme is not
highly expressed in bacterial cells. Overall, these results
demonstrate that using a combination of engineered
bacteriophage T7-ALP and colorimetric substrate NBT/BCIP,
E. coli cells can be specifically detected at the initial inoculation
levels of 10 CFU/ml within 6 h using a simple visual analysis
or quantitative color imaging.

In order to validate this method using complex food materials,
the detection of target bacteria in coconut water and baby
spinach leaves were evaluated. Coconut water was selected as
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FIGURE 2 | The dE value of the filter with bacteriophage T7-ALP in TSB, 5-h enriched 10 CFU/mL E. coli BL21 and 30 min with and without infection with
bacteriophage T7-ALP in TSB after enzymatic reaction with NBT/BCIP for 5, 10, 20, and 30 min. Treatments with “*” are significantly different (p < 0.05). Error bars

TABLE 2 | Filters with 5-h enriched 10 CFU/ml E. coli BL21 and 30 min with and without infection with bacteriophage T7-ALP in TSB-coconut water mixture and
bacteriophage T7-ALP in TSB-coconut water mixture after enzymatic reaction with NBT/BCIP for 5, 10, 20, and 30 min.

Reaction condition

Reaction time with substrate (min)

Escherichia coli T7 infection 0 5 10 20 30
inoculation
+ —

it represents a beverage product with sugars, fatty acids, and
amino acids (Prades et al., 2012). Before bacterial inoculation,
coconut water was mixed with a double concentrated TSB in
order to provide nutrients to support bacterial growth. The
samples were then inoculated with E. coli BL21 10 CFU/ml
and incubated at 37°C for enrichment for 5 h followed by
infecting the enriched sample with the T7-ALP bacteriophage
for 30 min and the detection of the alkaline phosphatase
activity after filtration of the coconut water sample. As shown
in Table 2, after adding NBT/BCIP substrate for 10 min, the
color change to dark purple color was observed and the color
intensity increased with extended reaction time while the

negative controls showed no color change after 30 min with
the substrate.

The result indicates that this detection method can be applied
to detect 10 CFU/ml of the target bacteria in coconut water
samples within 6 h. The samples with infected E. coli gave
significantly higher dE value compared to negative controls.
The dE value increased with longer reaction time while there
was no increase in dE value for the negative controls (Figure 3).
The results for the detection of bacteria inoculated in coconut
water were similar to those of the detection of bacteria inoculated
in pure TSB (Figure 2.). However, the dE values of the bacteria
inoculated in coconut water samples were lower than those
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FIGURE 3 | The dE value of the filter with bacteriophage T7-ALP in TSB-coconut water mixture, 5-h enriched 10 CFU/m E. coli BL21 and 30 min with and without
infection with bacteriophage T7-ALP in TSB after enzymatic reaction with NBT/BCIP for 5, 10, 20, and 30 min. Treatments with “*” are significantly different
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TABLE 3 | Filters with 5-h enriched 10 CFU/ml E. coli BL21 and 30 min with and
without infection with bacteriophage T7-ALP in TSB-spinach and bacteriophage
T7-ALP in TSB-spinach after enzymatic reaction with NBT/BCIP for 0 and

30 min.

Reaction condition Reaction time with substrate (min)

Escherichia coli T7 infection 0 30
inoculation
+ +
+ - -
|
(
\
- +
—

of bacteria inoculated in TSB, indicating reduced alkaline
phosphatase expression or activity in coconut water. Therefore,
the composition of coconut water may have an influence on
the signal from alkaline phosphatase enzymatic reaction and
the formation of the precipitated colorimetric product.

Fresh produce is one of the food samples that is considered
as challenging for bacterial detection since the plant samples
contain solid particles, pigments, and diverse microflora. In order
to validate this detection method, baby spinach was selected to

represent leafy greens. The sample size of baby spinach leaves
was 25 g, which represent a more realistic sample size used in
the industry. After inoculation with E. coli BL21, the sampling
bags containing inoculated leaves were sealed and stored at 4°C
for 24 h to simulated a scenario in the industry, where the
harvested spinach leaves are stored at refrigerated temperature
prior to washing and packaging. After 5 h of enrichment, spinach
samples were then incubated with the bacteriophage T7-ALP
for 2 h. The extended infection time was selected to reduce the
influence of non-target microbes and the plant exudate from
the spinach leaves. The release of plant exudate from the wound
and cut of spinach leaves results in a green color that may
interfere with the color change measurement induced by the
overexpression of alkaline phosphatase and its colorimetric substrate.
Moreover, an increase in the level of non-target bacteria may
slow the growth of E. coli during enrichment and may physically
obstruct the binding of bacteriophage and the target bacteria.
Increase in infection time to 2 h allows an additional growth
of E. coli during incubation with bacteriophages and increase
the infection efficiency. Detection of E. coli in small scale of
1-gram spinach leaves was also conducted. With less interference
from the plant exudate, the optimal coincubation time was 30 min
which the result is reported in the supplementary material.
After 2 h of infection with bacteriophage, 2 ml of enriched
TSB was filtered through a 0.2-micron polycarbonate filter.
Since the spinach samples contain solid plant particles and
also native microflora from plant tissue that would clog the
pores of the filter, the volume of sample subjected to filtration
was limited to 2 ml. As shown in Table 3, the filters after
filtration appeared slightly green due to the presence of released
plant pigments. After 30 min of enzymatic reaction with the
NBT/BCIP substrate, the filter appeared darker and the dE
value of inoculated spinach samples with bacteriophage infection
on a filter was significantly higher than the negative controls
(Figure 4.). The results demonstrate that this detection method
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FIGURE 4 | The dE of the filter with 5 h-enriched 10 CFU/ml E. coli BL21 and 2 h infection with bacteriophage T7-ALP in 225 ml TSB with 25 g spinach leaves
after enzymatic reaction with NBT/BCIP for 30 min. Treatments with “*” are significantly different (p < 0.05). Error bars indicate +standard deviation of means.
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FIGURE 5 | The OD400 of 5 h-enriched 10 CFU/ml E. coli BL21 and 30 min infection with bacteriophage T7-ALP in TSB after enzymatic reaction with pNPP for
2 h. Treatments with different letters are significantly different (o < 0.05) error bars indicate +standard deviation of means.

can be applied to detect bacteria using a realistic spinach
sample size without isolating bacteria from the inoculated
plant samples.

Detection of Bacteria Using Bacteriophage
T7-ALP and Alkaline Phosphatase
Substrate pNPP

To detect the expression of alkaline phosphatase using
colorimetric assays, often substrates, such as pNPP, that generate
a soluble colorimetric signal are used. The advantage of the
homogeneous assay is the ease of detection using a simple
UV-Vis measurement. In this study, one of our objectives was
to compare the sensitivity of colorimetric detection of target
bacteria using both insoluble and soluble enzymatic substrates.

For this comparison, the experimental conditions for the
enrichment and infection steps were maintained the same as
in the case of when using the substrate that yields precipitated
products, NBT/BCIP. The only difference was that after initial
infection, the cells were harvested using a centrifuge and then
the isolated cell pellet was re-suspended in PBS and incubated
with the pNPP substrate as described in the Materials and
Methods section. The absorbance of the resulting solution was
measured at 400 nm using a UV-Vis spectrophotometer.
Figure 5 shows the results for the detection of E. coli
in TSB that was enriched for 5 h and infected with
bacteriophage T7-ALP for 30 min. After 2 h of incubation
with pNPP substrate, E. coli infected with bacteriophage
had significantly higher absorbance compared to negative
controls. For the soluble substrate assay, bacteria are incubated
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FIGURE 6 | The OD400 of 5 h-enriched 10 CFU/m E. coli BL21 and 30 min infection with bacteriophage T7-ALP in coconut water-TSB after enzymatic reaction
with pNPP for 2 h. Treatments with different letters are significantly different (p < 0.05) error bars indicate +standard deviation of means.
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in PBS for 2 h and this incubation of bacteria in a low
nutrient environment can increase the endogenous expression
of alkaline phosphatase compared to bacteria incubated with
TSB. Increase in an endogenous expression of alkaline
phosphatase can reduce the sensitivity of the detection using
the soluble substrate.

Similar to the results in Figure 5, coconut water was used
as a model liquid food system for the detection of E. coli.
The mixture of 1:1 coconut water and double-concentrated
TSB inoculated with 10 CFU/ml of E. coli was enriched for
5 h followed by 30 min of infection with bacteriophage T7-ALP.
Then the bacterial cells were incubated with the soluble substrate
for 2 h. The inoculated samples with bacteriophage infection
had the highest OD400 followed by coconut water with E. coli
without bacteriophage infection and coconut water and
bacteriophage without E. coli, respectively (Figure 6). The trend
was similar to those of bacteria in TSB alone.

This method using soluble substrate was not applicable for
the detection of E. coli in 25 g of spinach samples and larger
volume of media since enrichment steps results in the growth
of other local microbes, and the centrifugation also harvested
plant particles along with microbial cells, resulting in high
turbidity after re-suspension, which interfered with the
absorbance measurement.

DISCUSSION

Detection of specific bacteria in food matrices is a challenging
task. This challenge results because of low counts of target
bacteria in food systems and also the interference due to
the food matrix and other microbes. To address these
challenges various processes have been designed to isolate,
concentrate, and separate target bacteria from the food
matrix using both physical and biochemical methods.

Physical methods, such as filtration and centrifugation, can
improve the detection sensitivity but their drawback is that
the solid food debris will also be concentrated along with
bacteria (Benoit and Donahue, 2003) and can further limit
detection sensitivity. Immunomagnetic separation has been
used coupled with several bacterial detection methods in
order to specifically separate target bacteria from food debris
and other endogenous microbes. The significant challenge
results due to the binding affinity and specificity of antibodies
that can be reduced by food components due to the diversity
of mechanisms (Van Aken and Lin, 2011). Moreover, an
attachment of bacteria to food surface can significantly limit
the overall capture efficiency using both physical and
biochemical methods. In addition to these constraints, sample
preparation for the detection of bacteria in food materials
is often one of the key labor and resource intensive steps
with a series of manual handling steps to prepare samples
for enrichment and detection. These handling practices can
lead to contaminations of the samples especially when multiple
samples are being processed simultaneously (Benoit and
Donahue, 2003). To overcome these limitations, the detection
methods developed in this study require no sample preparation
steps to isolate bacteria from diverse food matrices. Coconut
water and baby spinach leaf samples, representing a liquid
and a fresh produce model system inoculated with bacteria
were added directly to the bacterial enrichment media that
can enrich a diversity of bacteria, thus providing a general
framework for the detection of bacteria. Furthermore, the
time required for bacterial enrichment step was comparable
or less than the average enrichment time used prior to
other detection methods, such as RT-PCR and other nucleic
acid or ELISA based methods (De Boer and Beumer, 1999),
and was achieved in less than a single work shift in the
industry. In addition, unlike PCR or other nucleic acid-
based methods, the detection approach developed in this

Frontiers in Microbiology | www.frontiersin.org

4

August 2021 | Volume 12 | Article 691003


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Wisuthiphaet et al.

Bacteria Detection Using Engineered Bacteriophage

study does not require isolation and purification of nucleic
acids. Thus, overall, the simple workflow of the method
described in the study significantly reduces the labor and
resources typically required for the sample preparation and
detection of bacteria. These simplifications combined with
visual detection of bacteria using colorimetric analysis provide
a simple yet effective approach to detect bacteria in
food systems.

Colorimetric detection provides simple and low-cost
operations since it does not require any advanced instruments,
which allows portable and easy-to-use diagnostic. Prior studies
have developed colorimetric assays for E. coli detection tested
in culture media, drinking water, and liquid food matrices as
summarized in Table 4.

To the best of our knowledge, most of these studies have
focused on using soluble substrates whose chromatic products
will be dissolved in the bulk solution. This limits the detection
sensitivity compare to using substrates that yield localized
enzymatic products inside the infected cells. Moreover, using
soluble substrates requires the release of enzyme from cells
to the aqueous phase, which may not be efficient as alkaline
phosphatase have high molecular weight of 94 kDa. In our
prior research, we have observed a significant retention of
cellular content including DNA and cell membrane after
bacteriophage lysis of cells (Yang et al., 2020). Thus, an
extended time of incubation may result in more efficient
release of enzymes from residual cellular content after lysis
as well as multiple repeat cycles of phage infection and the
expression of exogenous enzyme can increase the effective
enzyme concentration.

In order to increase the sensitivity and simplicity of the
detection, the substrate that forms colorimetric precipitated
product after the enzymatic reaction, NBT/BCIP, were
investigated in this study. This substrate has been used as
the substrate for alkaline phosphatase in the in-situ
hybridization for gene expression study (Jékely and Arendt,
2007; Trinh et al., 2007). The dark purple insoluble precipitated
product is the result of the enzymatic reaction, and it can
be visualized by the naked eye. The use of this substrate
to detect bacterial alkaline phosphatase was supported by
the study of Hinkley et al. (2018), which reported that
BCIP substrate can be used to visualize bacterial colonies

infected by engineered bacteriophage with alkaline
phosphatase. This method allows quantitative analysis of
bacteria within 10 h of operation (Hinkley et al, 2018).
For the detection method developed in this study, the samples
after bacteriophage infection were filtered to capture bacterial
cells with alkaline phosphatase. Since the product of NBT/BCIP
is water insoluble and will localize inside bacterial cells,
the release of enzyme was not required. The enzymatic
product can be concentrated simultaneously with the bacterial
cells by filtration, which can improve the detection sensitivity.
The substrate can be applied directly to the filter and the
color formation can be visualized within 10 min without
any instruments or imaging system. As bacteriophage T7
is highly specific to E. coli infection; therefore, other bacteria
present in the sample will not be infected thereby there is
no overexpression of alkaline phosphatase, which eliminates
the cause of false-positive result. Prior to this study, the
T7-ALP has been tested against with food and agriculture
related bacterial strains, including Pseudomonas fluorescens
and Listeria innocua, and the results indicated no significant
increase of alkaline phosphatase after bacteriophage T7-ALP
infection (Wisuthiphaet et al., 2019).

Compared to the previous colorimetric bacteriophage-
based detections, the detection approach developed in this
study offers a rapid detection method that can be applied
to detect target bacteria in beverage and fresh produce
samples with more realistic sample size. The results indicated
the successful detection of bacteria 10 CFU/ml and 10> CFU/g
in coconut water and spinach leaves with 5-h enrichment.
However, for the food samples containing solid particles
and pigments like spinach, the filtration step could limit the
detection efficiency. Due to the solid plant particles, the
sample volume for filtration is limited, which affects
the detection sensitivity. Moreover, the leaf pigments can
interfere with the color readout. The higher sample volume
results in the more food debris and local microbes, which
leads to reduced filtration volume and detection sensitivity.
Therefore, the reaction time was extended to 2 h to increase
the alkaline phosphatase level to achieve the detection limit
of 10° CFU/g of bacteria. The detection using pNPP substrate
is not applicable since the centrifugation step did sediment
all the debris and local microbes that might outgrow the

TABLE 4 | Summary of the previous studies on colorimetric bacteriophage-based detection of E. coli.

Sample matrices Colorimetric detection approach

Detection limit References

Drinking water
phage-induced lysis of Escherichia coli
Culture medium
bacteriophage T7 using pNPP

Culture medium
Escherichia coli

Drinking water, Skim

milk, and Orange juice infection on Escherichia coli

Culture medium 100 ml
bacteriophage T7 infection on Escherichia coli

Chromogenic soluble substrate detection of p-galactosidase released after

Detection of alkaline phosphatase overexpression induced by engineered

Detection of p-galactosidase induced by engineered T7 phage infection on

Detection of B-galactosidase induced by freeze-dried engineered T7 phage

Detection of alkaline phosphatase overexpression induced by engineered

10 CFU/ml with 6 h of
pre-enrichment

10* CFU/ml within 7.5 h

Chen et al., 2015

Alcaine et al., 2015
10 CFU/ml within 7 h Chenetal., 2017a
10% CFU/ml within 7 h Chenetal., 2017b

<10 CFU/ml within 8 h Singh et al., 2019
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target bacteria causing high turbidity of the samples and
prevent an accurate absorbance measurement.

Further refinement of the detection procedure is still needed
in order to develop more efficient detection methods that can
be applied to detect bacteria in complex food samples by
focusing on eliminating the background noise from food particles
and non-target microbes. Multistep filtration can be introduced
to remove coarse suspended solids in the samples before
harvesting the bacteriophage-infected bacteria. Selective media
can be applied during the enrichment step to support the
growth of the target bacteria and reduce the proportion of
other non-target microbes. In addition, quantitative analysis
of bacteria using this detection method can be further investigated
as well as combining this detection approach with digital
imaging and image processing also improve the detection
specificity and sensitivity.

CONCLUSION

This study demonstrates an isolation-free rapid bacterial detection
strategy using engineered bacteriophage to induce alkaline
phosphatase expression. The NBT/BCIP substrate of alkaline
phosphatase allows the rapid colorimetric bacterial detection.
The proposed method was validated to detect E. coli in complex
food samples, coconut water, and baby spinach. The detection
limit of 10 CFU/ml of bacteria in coconut water was achieved
within 6 h of operation. For baby spinach leaves, 10* CFU/g
of bacteria can be detected with an extended detection time
of 8 h. Further study may be conducted in order to address
some of the drawbacks including limitations of filtering large
volume samples with food particulate matter and analyzing
large number of samples.
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assay (ELISA) for testing the broad spectrum of anti-NoV antibodies. Capsid P proteins
from 28 representative NoV strains (Gl.1-GI.9 and GIl.1-Gll.22 except Gll.11, GlI.18,
and Gll.19) were selected, prepared, and used as coating antigens on one microplate.
Combined with incubation and the horseradish peroxidase chromogenic reaction,
the entire process for testing the spectrum of unknown antibodies required 2 h for
completion. The intra-assay and inter-assay coefficients of variation were less than
10%. The new method was successfully performed with monoclonal antibodies and
polyclonal antibodies induced by multiple antigens. In conclusion, the indirect ELISA
assay developed in this study had a good performance of reliability, convenience, and
high-throughput screening for broad-spectrum antibodies.

Keywords: norovirus, capsid P protein, enzyme-linked immunosorbent assay, broad-spectrum antibodies,
inter-assay/intra-assay variation

INTRODUCTION

Foodbone Norovirus (NoV) is one of the leading causes of epidemic acute gastroenteritis (AGE)
worldwide, accounting for one-fifth of all gastroenteritis cases globally (Lopman et al., 2016).
Annually, NoV has been estimated to cause 677 million episodes of diarrheal disease (95%
uncertainty interval [UI]: 468-1,153 million) and 213,515 deaths (95% UI: 171,783-266,561) for
all ages and among all modes of transmission (Pires et al., 2015). NoV is extremely contagious,
and transmission occurs directly from person to person via fecal-oral and vomit-oral routes, but
can also be caused by food-borne, water-borne, or environmental factors (Verhoef et al., 2015).
Vomitus and feces of infected patients contain a considerable number of virions, whereas as few

Frontiers in Microbiology | www.frontiersin.org 48

September 2021 | Volume 12 | Article 670488


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2021.670488
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2021.670488
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2021.670488&domain=pdf&date_stamp=2021-09-03
https://www.frontiersin.org/articles/10.3389/fmicb.2021.670488/full
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Zuo et al.

Testing of NoV Antibody

as 10 infectious particles are sufficient to cause AGE (Teunis
et al., 2010). Additionally, NoV shedding after infection usually
lasts for several weeks, and prolonged shedding post-infection
can also contribute to spreading (Sukhrie et al., 2010). Thus, NoV
remains a major threat to public health. Owing to the significant
social and economic burden associated with the disease, adequate
preventive measures against this virus should be formulated.

NoV strains can be classified into 10 genogroups (GI-GX) and
at least 48 genotypes based on the diversity of the VP1 amino acid
sequence; GI, GII, and GIV have been shown to cause infections
in humans (Chhabra et al, 2019). Human histo-blood group
antigens (HBGAs) can be used as receptor or co-receptor for
NoV infection (Lindesmith et al., 2003; Rockx et al., 2005). The
binding ability between NoVs and HBGAs is diverse, resulting
in different infectivity. The global pandemic GIL.4 NoV can
infect almost all secretory individuals (Nordgren and Svensson,
2019); GL.1 VLP binds to A, AB, and O type, but not to B type
saliva (Morozov et al., 2018); individuals with O type saliva are
relatively susceptible to NoV, while with B type are not (Hutson
et al., 2002); some strains do not bind any phenotype of HGBAs
(Almand et al., 2017).

Several possible barriers hinder the development of effective
NoV vaccines (Cortes-Penfield et al., 2017). First, circulating
NoV exhibits genetic diversity and high variation, which may
limit the durability of protection conferred by a vaccine that
does not elicit broadly neutralizing antibodies. Second, the
lack of sufficient cell lines for virus culture and successful
animal models further hinders the development of antiviral
drugs and vaccines. The following three types of NoV vaccines

have been developed: virus-like particles (VLPs) that resemble
the organization and morphology of native virus, P particles
that resemble the P domain of native virus, and recombinant
adenoviruses (Esposito and Principi, 2020).

Enzyme-linked immunosorbent assay (ELISA) is a sensitive
and specific analytical biochemistry assay utilized for the
detection and quantitative or qualitative analysis of an analyte
without the requirement for sophisticated or expensive
equipment (Gan and Patel, 2013). Currently, ELISA is used
as an ideal method for the detection of viruses and antibodies
(Fan et al., 2013; Ledesma et al., 2017; Ding et al., 2019). However,
few ELISA techniques demonstrate the ability to directly detect
the broad-spectrum binding activities of antibodies against all
NoV strains that infect humans. Therefore, it is necessary to
develop an indirect ELISA technique for the detection of a wide
range of antibodies.

In this study, we aimed to develop an ELISA technique for
vaccine development via rapid, efficient, and accurate screening
of a substantial number of broad-spectrum antibodies.

MATERIALS AND METHODS

Selection of Representative Strains

The antigen used in this experiment was capsid P protein for each
representative strain of NoV stored in our laboratory. We selected
nine GI strains (GI.1-GI.9) and nineteen GII strains (GIL.1-
GIIL.22) as representative NoV strains; GII.11, GII.18, and GII.19,
which were detected in swine (Vinjé, 2015), were excluded. In our

Pre-coated 28 capsid
P protein microplate

1%t antibody

Antigen

27 HRP-antibody

>

4

v

FIGURE 1 | Step-by-step schematic representation of ELISA. Before addition of the antibody to be tested, the dilution corresponding to the OD value of 0.8-1.2

was determined. Broad-spectrum norovirus antibodies were determined within 2

Adding unknown antibody,
37°C, 1h
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previous study, GII.2, GIL3, GIL.4, GIL.6, GIL.8, and GII.17 NoV by calculating the mean, standard deviation, and coefficient of
were detected and preserved (Xue et al., 2015; Xue et al., 2016;  variation (CV%).
Xue et al., 2019), which could be directly used for cloning. Others

thesized. .
were synthestze Inter-Assay Precision

. For determination of inter-assay reproducibility, three replicates
Pre-coated of Antigen for each sample were analyzed in different microplates.

For preparation of microplates, 96-well plates were coated with  Precision was determined by calculating the mean, standard
0.2 ug of 28 NoV capsid P proteins after incubation at 4°C  deviation, and CV%.

overnight (three well per P protein). After subjecting the wells to
washing steps with phosphate-buffered saline containing Tween

20 (PBST) three times, the wells were blocked using 5% skim milk

. . TABLE 1 | Selection of norovirus strains used as coating antigens.
for 2 h at 37°C; then, the wells were washed three times using I 9.antg

PBST, dried, and stored at 4°C until further use. A combination of  strain designation GenBank accession no.

glutathione S-transferase (GST)-tagged protein and commercial

anti-GST antibodies was used as a quality control. The negative Gl NC_001959
serum was used as a negative control. al2 L7418

GI.3 KJ196292

Gl.4 AB042808
Enzyme Linked Immunosorbent Assay Gls ABO39774
(ELISA) Gle LC342057
The indirect ELISA method was used to detect the broad GI.7 KU311161
spectrum of antibodies (Figure 1). Briefly, the pre-coated GI.8 KJ196298
microtiter plate was taken out. Serum samples were added at GI.9 KF586507
an appropriate dilution, which corresponded to the OD value Gil.1 HCU07611
in the range of 0.8-1.2, followed by incubation for 1 h at 37°C.  Gll.2 MK729086
Subsequently, secondary horseradish peroxidase-conjugated goat ~ Gll-3 KY348697
anti-mouse IgG antibodies (diluted 1: 3,000) were added and the ~ Gll-4 KT202793
plates were incubated for 30 min at 37°C. Tetramethylbenzidine = GIl.5 KJ196288
was added as a peroxidase chromogenic substrate and reaction  Cll.6 JX989075
for 8 min at 37°C was performed. After terminating the substrate ~ GIl.7 KJ196295
reaction with 2 M H,SOy4, the optical density (OD) was measured ~ Gil-8 MK213549
at 450 nm. Positive signal is defined as a mean ODys¢ >0.2 after ~ Gll.9 AY038599
background subtraction (Uusi-Kerttula et al., 2014; Jin et al, Gll.10 AF504671
2016; Tamminen et al., 2019). Gll.12 AB045603

Gll.13 KJ196276

Gll.14 KJ196278

Gll.15 KJ196290
PERFORMANCE ANALYSIS Gll16 AY772730

Gll.17 KT970369
Intra-Assay Precision Gll20 EU424333
Three replicates for each monoclonal antibody sample were Gi.21 KJ196284
analyzed using the same microplate. Precision was determined  GI.22 MGA495082

Gl1 GI1.2 GI.3 Gl.4
GL5 GL6 GL7 GI.8 4
GL.9 GIL1 GII.2 GIL3 /¢
Gll.4 GILS GIL.6 GIL.7 /
GIL.8 GIL9 GIL10 GIIL.12
GIIL.13 GIL.14 GIL.15 GIL.16
GIL.17 GI1.20 GIlL.21 GIL.22
Positive Negativ
control control

FIGURE 2 | Distribution of antigen coating in 96-well microplate. In the plate, each well was coated with 0.2 jug P protein, and each P protein was coated with three
multiple wells. Wells coated with GST and coating buffer served as positive control and negative control, respectively.
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FIGURE 3 | Characterization the broad spectrum of antibodies. 9 Gl and 19 Gl P proteins were used as antigens with enzyme-linked immunosorbent assay (ELISA),
reacting with Gll.4-4A21C1 (A), Gll.4-5D41A12 (B) mAbs, and Gll.4 + GlI.8 pAbs (C), and each protein was coated with three wells. The horizontal line at 0.2
illustrates the cut-off value for samples that are considered positive. 0.2-0.6 OD is considered a moderate binding. OD > 0.6 represents robust binding. P, positive
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Statistical Analysis

Statistical analyses were performed using Microsoft Excel 2016
and GraphPad Prism 8.0 software. Broad spectrum plot data are
presented as mean = standard deviation.

RESULTS

Assembly of Microplates

To perform this experiment, we selected representative
strains for capsid P proteins of all genotypes in GI (GIL.1-
GI.9) and GII (GII.1-GIIL.22), except for GIL.18, GIL.19, and
GIL.20 (Table 1 and Supplementary Figure 1). As shown in
Figure 2, the microplate was coated with 28 capsid P proteins
obtained from representative strains, and each P protein was
coated in three wells.

Broad-Spectrum Antibody Assay

To determine the effectiveness of the method, two GIL4
monoclonal antibodies (GII1.4-4A21C1 and GII1.4-5D41A12) and
one bivalent (GII.4 4+ GIL8) polyclonal antibody were tested for
broad-spectrum detection. When the OD was in the range of

0.8-1.2, the dilution of the above three antibodies were between
1:4000-1:16000, 1:4000-1:16000, and 1:500-1:1000, respectively
(unpublished data). Accordingly, the two monoclonal antibodies
dilution of 1:5000 and the polyclonal antibody dilution of 1:500
were used for broad-spectrum detection.

The GIL.4-4A21C1 monoclonal antibodies only showed
reaction with GII.4 P particles at a high OD value of 0.96 and
did not exhibit reaction with the other 27 NoV P particles
(Figure 3A), demonstrating that this monoclonal antibody
had strong specificity. Similarly, GII.4-5D41A12 monoclonal
antibodies had a binding signal of 0.95 (Figure 3B). The
polyclonal antibodies (GIL.4 + GIIL.8) showed the highest signal
reaction with GII.4 and GIL8 P particles, followed by GI.1,
GIL2, GIL7, GIL.9, GII.14, GIL.20, and GII.22, and moderate
signals were observed for the remaining antibodies (Figure 3C).
GST bound with GST monoclonal antibodies at OD values
of 0.98, 0.96, and 0.98, indicating that the developed ELISA
technique was reliable.

Reproducibility of ELISA

Next, we evaluated intra-assay and inter-assay variabilities
to test the reproducibility of the method. The monoclonal

TABLE 2 | Intra- and inter-assay coefficients of variation (%) for the broad-spectrum detection of Gll.4-4A21C1 monoclonal antibodies by ELISA.

Gll.4-4A21C1 Intra-assay Precision CV/% Inter-assay Precision CV/%
Antigen designation 1 2 3 -
Gl 1.80 8.02 9.01 3.52
Gl.2 3.87 4.02 5.76 1.83
Gl.3 9.45 3.22 2.94 5.37
Gl.4 212 0.83 2.22 1.65
GlL.5 3.81 4.68 7.88 1.98
Gl.6 1.67 5.08 7.58 1.43
GL7 2.50 1.85 7.22 1.08
Gl.8 5.65 2.66 8.41 1.52
Gl.9 2.55 3.77 6.42 5.26
Gill.1 2.59 3.13 5.80 4.07
Gll.2 2.31 3.87 0.81 0.22
GI.3 6.32 4.49 7.12 1.27
Gll.4 3.36 4.82 5.24 9.08
Gll.5 4.63 3.28 3.72 3.18
Gll.6 0.63 0.65 2.62 1.85
Gll.7 8.62 3.13 2.34 1.54
Gll.8 1.86 6.25 6.78 1.59
Gll.9 8.09 0.97 2.71 1.39
Gll.10 1.75 6.81 5.59 1.54
Gll.12 2.35 8.70 5.28 2.99
Gll.13 3.20 4.92 4.58 0.26
Gll.14 1.64 3.70 9.23 1.08
Gll.15 0.00 8.84 0.88 5.09
Gll.16 4.01 3.23 8.80 3.13
GllA7 0.82 3.28 9.62 0.24
Gll.20 2.55 2.30 5.88 1.24
Gill.21 1.61 2.40 1.52 1.33
Gll.22 3.81 3.44 3.28 7.69
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antibodies GII1.4-4A21C1 and GII.4-5D41A12 and the polyclonal
antibodies GIL.4 + GIL8 were analyzed three times in each
microplate. Intra-assay CVs were observed to be in the ranges
of 0.63-9.62% (Table 2), 0-9.99% (Table 3), and 0.55-9.88%
(Table 4), respectively. After repeating the experiments in three
batches of plates prepared for 3 days, the inter-assay CVs
were found to be in the ranges of 0.22-9.08% (Table 2),
0.3-9.76% (Table 3), and 0.21-9.99% (Table 4). These results
indicated that the developed ELISA technique showed good
reproducibility.

DISCUSSION

Owing to the high frequencies of NoV outbreaks (Hall
et al, 2011; Verhoef et al, 2013; Grytdal et al, 2016)
and severe acute gastroenteritis (Atmar and Mullen, 2013;
Cardemil et al., 2017), high risk of infection transmission
(Sukhrie et al., 2010; Teunis et al., 2010; Verhoef et al., 2015),
and enormous socioeconomic burden after infection (Pires
et al., 2015), the development of NoV vaccines is critical for
improving public health. However, the characteristics of NoV

genetic diversity and high variation have markedly hindered
vaccine development.

At present, NoV vaccines rely on VLP and P particles
prepared by bioengineering technology as subunit vaccines. The
morphology and antigenicity of recombinant NoV VLP are
similar to natural virus particles (Estes et al., 2000). Preclinical
studies have shown that VLP is immunogenic when administered
by intranasal, oral or parenteral routes, which can induce serum
and mucosal immune responses, and co-administration with
mucosal adjuvants induces stronger immune responses (Estes
et al., 2000). Three surface loops per P domain are potential
sites for foreign antigen presentation, which could enhance the
antigenicity and immunogenicity of antigens (Tan et al., 2011).
Su et al. (2015) have shown that immune P particles induced
antiserum in both mice (1:245,600) and rabbits (1:145,700), and
also induced neutralizing antibodies to block the binding of NoV
variants and receptors. The results prove the immunogenicity of
P particles. Therefore, both NoV VLP and P particles are suitable
choices for vaccine preparation.

Several NoV vaccines using a variety of different technologies
have been developed, including three in clinical trials. The
first is the bivalent intramuscular GI/GIL.4 vaccine developed

TABLE 3 | Intra- and inter-assay coefficients of variation for the broad-spectrum detection of Gll.4-5D41A12 monoclonal antibodies by ELISA.

Gll.4-5D41A12 Intra-assay Precision CV/% Inter-assay Precision CV/%
Antigen designation 1 2 3 -
Gl 5.41 6.14 2.83 2.59
Gl.2 1.81 2.41 1.32 8.92
Gl.3 1.61 1.63 5.53 9.76
Gl.4 2.71 4.27 2.34 8.71
Gl.5 9.88 4.41 0.83 2.87
Gl.6 4.20 0.00 6.40 4.07
GL7 4.68 3.68 3.08 5.57
Gl.8 0.00 6.83 3.63 8.63
Gl.9 2.26 2.71 3.89 2.98
Gill.1 0.00 1.82 2.79 1.23
Gll.2 2.08 7.23 2.51 6.57
Gll.3 8.52 3.76 1.95 8.95
Gll.4 6.80 5.54 5.38 3.81
Gll.5 3.12 1.68 1.79 3.26
Gll.6 3.72 6.59 1.28 9.47
Gll.7 4.27 2.36 1.79 2.28
Gll.8 8.52 2.94 9.05 3.38
Gll.9 0.98 1.76 1.64 5.77
Gll.10 0.88 2.37 6.09 5.61
Gll.12 1.67 2.11 5.62 3.61
GIl.13 5.23 5.91 9.99 1.77
Gll.14 8.65 413 5.95 0.30
Gll.15 0.00 0.91 1.61 1.54
Gll.16 2.44 2.30 5.00 2.85
GllA7 4.20 4.26 2.17 1.64
Gll.20 2.22 2.31 3.74 5.82
Gill.21 3.59 1.49 2.37 2.36
Gll.22 4.68 0.83 5.01 2.52
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TABLE 4 | Intra- and inter-assay coefficients of variation for the broad-spectrum detection of Gll.4 + GII.8 polyclonal antibodies by ELISA.

Gll.4 + 11.8 Intra-assay Precision CV/% Inter-assay Precision CV/%
Antigen designation 1 2 3 -
Gl 3.44 2.81 3.88 9.21
Gl.2 5.49 3.50 4.21 0.94
Gl.3 2.50 2.94 6.57 9.99
Gl.4 3.26 4.40 2.81 1.27
Gl.5 2.68 2.40 2.60 3.63
Gl.6 6.46 4.00 5.03 4.48
GL7 3.72 4.73 0.97 8.74
Gl.8 3.77 1.27 1.24 9.16
Gl.9 3.43 0.92 1.71 3.56
Gill.1 4.67 1.43 3.76 4.39
Gll.2 3.29 3.22 2.27 3.31
Gll.3 4.35 4.22 3.07 1.88
Gll.4 3.35 1.48 1.68 2.43
Gll.5 4.03 6.63 5.23 3.83
Gll.6 4.35 0.95 0.62 9.79
Gll.7 4.59 1.88 3.77 2.50
Gll.8 1.75 2.09 3.40 4.95
Gll.9 4.46 0.55 5.55 2.25
Gll.10 3.20 2.84 3.00 1.12
Gll.12 0.82 1.10 1.01 2.25
Gll.13 4.42 3.09 2.85 9.25
Gll.14 3.65 1.58 2.52 2.73
Gll.15 8.80 8.86 4.57 7.19
Gll.16 2.43 3.79 4.28 2.12
Gll17 0.75 4.23 3.17 1.79
Gll.20 1.76 0.81 4.09 1.89
Gll.21 1.47 1.71 4.89 0.21
Gll.22 2.03 0.49 6.46 3.27

by Takeda Pharmaceutical Company Limited (Treanor et al.,
2014). The second, developed by Vaxart, Inc., is based on a
G I.1 NoV sequence (Kim et al., 2018). The third is the NoV
tetravalent vaccine developed by Institut Pasteur of Shanghai
Chinese Academy of Sciences and Chonggqing Zhifei Biological
Products Co., Ltd. (XINHUANET, 2019). Therefore, analysis of
cross-protection among different strains is a significant step for
the development of a successful NoV vaccine.

The immune cross-protection between different genotypes
is complicated. Studies have shown GI.1 can induce blockade
antibodies against other GI strains (Lindesmith et al., 2015); GI1.4
antiserum and GIL.17 antiserum have limited cross-reactivity
or no cross-protection; Malm et al. (2015) demonstrated
there is no cross-cluster protection between GI and GII, but
the research of Czakd et al. (2015) showed GI.1 infection
will cause an increase of GIL4 antiserum. In short, the
development of effective vaccines must contain both GI
and GII viruses.

In addition to vaccine development, detection technology
is also an important part of NoV prevention and control.
The immunoassay methods mainly include enzyme linked
immunosorbent assay (ELISA) and immunochromatographic
(ICG). In this study, capsid P proteins of 28 representative

NoV strains were used as coating antigens for the development
of an indirect ELISA to detect their binding ability with
antibodies. The broad spectrum of NoV antisera could
be quickly detected using this method. Furthermore, one
genotype or a combination of genotypes with broad-spectrum
detection could be screened for the design of multivalent
vaccines. Owing to the genetic diversity of NoV and 5%-
10% cross-reactivity observed among genotypes (lower
cross-reactivity among genogroups), the development of a
broad-spectrum multivalent vaccine platform is necessary to
protect against as many NoV-prevalent strains as possible
(LoBue et al., 2006).

In summary, in this study, we developed an indirect ELISA
with the potential to serve as a rapid, reliable, and high-
throughput method for screening broad-spectrum antibodies to
expedite the development of NoV vaccines.
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Brown root rot caused by Phytopythium vexans is a new destructive root disease on
many plants such as Gingko, Citrus, kiwifruit, and ramie. The establishment of loop-
mediated isothermal amplification (LAMP) technology for detecting R vexans can help
monitor and control brown root rot quickly, efficiently, and accurately. LAMP technology
is known for its simplicity, sensitivity, and speed; and it does not require any specialized
equipment — a water bath or a thermoblock is sufficient for isothermal amplifications.
LAMP products can be visualized by using hydroxy naphthol blue (HNB) dye or agarose
gel electrophoresis. In this study, by searching and comparing the internal transcribed
spacer (ITS) sequences of P vexans and the related species in oomycete genera
Pythium, Phytopythium, and Phytophthora, we designed specific primers targeting the
ITS gene region of P vexans. Using HNB dye, we established a LAMP technique for
rapid detection of P vexans by visible color change. In addition, we optimized the
protocol to enhance both sensitivity and specificity for P vexans detection. Under the
optimized condition, our protocol based on LAMP technology could detect as low
as 24 copies of the R vexans genomic DNA, which is ~100 times more sensitive
than conventional PCR. This method can successfully detect P vexans using cell
suspensions from R vexans — infected ramie root tissues.

Keywords: Phytopythium vexans, loop mediated isothermal amplification, internal transcribed spacer (ITS)
sequence, hydroxynaphthol blue (HNB), diagnosis

INTRODUCTION

Oomycetes belong to the Kingdom Stramenopila (Baldauf et al., 2000; Yoon et al., 2002),
which includes diverse microorganisms living in marine, freshwater, and terrestrial environments
(Sparrow, 1960; Karling, 1981). Phytopythium is a genus in the family Pythiaceae of
oomycete. At present, there are over 20 species in this genus, with most of them showing
strong association with the freshwater environment (Tkaczyk, 2020) and being saprophytes.
However, a few Phytopythium species have been observed to cause diseases in plants, such
as Phytopythium litorale infecting the Old-World sycamore Platanus orientalis (Dervis et al.,
2020); Phytopythium helicoides causing citrus fruit and root rot (Chen X. R. et al, 2016);
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and Phytopythium vexans (de Bary) (Lévesque et al., 2008; Bala
et al., 2010) causing root rot in many economically important
plants (Adhikari et al., 2013; de Cock et al., 2015).

Phytopythium vexans, formerly known as Pythium vexans, is
found in many parts of the world. In recent years, diseases caused
by P. vexans have been frequently reported. In Africa, the species
was identified to infect citrus trees and grapevine (Spies et al.,
2009; Benfradj et al., 2017; Langenhoven et al., 2018). In the
United States, P. vexans was reported to cause root and crown
rot of woody ornamentals (flowering cherry, Ginkgo, and red
maple) (Panth et al., 2020; Baysal-Gurel et al., 2021). In China,
P. vexans has been reported to cause diseases on ramie, tobacco,
rubber trees, and dendrobium (Zeng et al., 2005; Tao et al., 2011;
Bian et al., 2015; Chen B. et al., 2016; Yu et al., 2016). In addition,
P. vexans can cause patch canker, damping-off, and crown rot,
stem rot, and root rot in many economically important fruit trees,
such as durian, kiwifruit, apple, and avocado in Vietnam, Turkey,
Morocco, and Mexico, respectively (Polat et al., 2017; Herndndez
et al., 2019; Jabiri et al., 2020; Thao et al., 2020). The increasing
reports of diseases caused by P. vexans suggest that this pathogen
has the potential to cause large-scale disease outbreaks across
multiple plants in the future.

Pathogen detection is a fundamental part of disease control.
At present, the identification method of P. vexans mainly relies
on visible disease symptoms and microbial cultures. However,
due to (i) difficulties in isolation and cultivation of Phytopythium
spp. and Pythium spp., (ii) similarities in hyphal and spore
morphologies among related Phytopythium species (Schroeder
et al., 2006), and (iii) similarities in disease symptoms caused
by P. vexans and many other disease agents belonging to genera
Phytopythium and Pythium, and even plant fungal pathogens, it’s
been difficult to identify P. vexans based on disease symptom
and culture characteristics as the causal agent of diseases (Li
et al., 2018). Indeed, traditional identification methods require
a wealth of knowledge and experience, is time-consuming and
laborious, and lacks accuracy, all of which contribute to making
them difficult to apply for the analysis and identification of
large samples (Wang et al., 2020). In recent years, with the
rapid development of molecular biological technology, a variety
of detection technologies based on polymerase chain reaction
(PCR) and real-time fluorescent quantitative PCR have been
developed. These methods have become the main means for
rapid, accurate and specific identification of pathogens, avoiding
the shortcomings of uncertainty in traditional morphology-
based identifications (Schroeder et al., 2013). However, most
current molecular detection technologies require professional
instruments, reagents, and strict environmental conditions in a
lab setting. The instruments and reagents are often expensive,
the operation requirements are high, the process is complex,
and the detection time is still long. These shortcomings make
most of these methods not suitable in the field or in resource-
limited laboratories.

Loop-mediated isothermal amplification (LAMP) is a
molecular detection technology with limited technical and
instrumental requirements. It uses four to six specific primers
to amplify the target DNA in a short time under constant
temperature by using Bst DNA polymerase (Notomi et al., 2000).

The reaction products can be detected using multiple methods,
of which gel electrophoresis is the most accurate and generates
typical ladder-like banding patterns. The amplified products
can also be detected visually by adding different dyes, including
SYBR green, hydroxynaphthol blue (HNB), or calcein, which
can be seen with the naked eye (Mori et al., 2001; Goto et al.,
2009). The advantages of LAMP include being simple, having
easy detection of products, and low cost, as well as being suitable
for rapid detection of pathogens in both lab and field conditions
(Parida et al., 2010). So far, LAMP technology has been widely
used in the rapid detection of oomycete, fungi, bacteria, viruses,
nematodes, including many plant and animal pathogens (Liu
et al, 2010; Fukuta et al., 2013a,b; Feng L. et al.,, 2015; Wei
etal., 2016; Zeng et al., 2018). However, a LAMP rapid detection
method for P. vexans has not been reported.

The objective of this study is to develop a LAMP assay for the
detection of P. vexans. Here, we selected the internal transcribed
spacer (ITS) regions of the nuclear ribosomal RNA gene cluster
as the detection target sequence. We designed and evaluated the
specificity of the primers, optimized the LAMP protocol, and
determined the sensitivity of this method. Using this protocol,
we successfully identified P. vexans in laboratory-infected ramie
samples. Our method should facilitate the rapid diagnosis of
P. vexans in agricultural and forestry environments.

MATERIALS AND METHODS

Isolates Used in the LAMP Assay

Although Phytopythium is a relatively newly defined genus
different from the Pythium and Phytophthora genera, organisms
in all three genera have similar micromorphology and growth
patterns. Therefore, in this study, 20 representative isolates
of Phytopythium, Pythium, and Phytophthora, as well as of
selected Fusarium species that are also common causes of
brown root rot in plants (Table 1) were selected for this study.
The 20 isolates representing 19 brown root rot species were
collected from different provinces in China and were maintained
at the Institute of Bast Fiber Crops, Chinese Academy of
Agricultural Sciences (Changsha, China). All isolates were
grown on potato dextrose agar (PDA) medium at 25°C for
3-5 days before extracting DNA. Mycelia were harvested,
collected, and stored at —20°C. Mycelial DNA was extracted
by a Rapid Extraction Kit for Fungi Genomic DNA (Aidlab,
Beijing, China) following the user’s manual. Conventional
PCR amplification was carried out with the specific primers of
P. vexans (PvF1/PvR1) (Spies et al., 2011b). The ITS region (ITS1,
5.8S, and ITS2) of all 20 isolates was amplified and sequenced
using primers V9G  (5-TTACGTCCCTGCCCTTTGTA-
3') and 18266 (5-GCATTCCCAAACAACTCGACTC-3')
(van den Ende and de Hoog, 1999).

Designing and Screening of LAMP

Primers

In this study, the ITS sequence was selected as the target gene for
LAMP assay. To identify the portions of ITS sequence that are
unique to P. vexans, we performed multiple sequence alignment
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TABLE 1 | Isolates used to test the specificity of the loop-mediated isothermal amplification (LAMP) method and the assay results.

Species Clade? Clade® Origin Locality LAMP detection®
Phytopythium vexans HF1 K Phytopythium Boehmeria nivea Hunan +
Phytopythium vexans K Phytopythium Nicotiana tabacum Shandong +
Pythium spinosum F F Boehmeria nivea Hunan -
Pythium irregulare F F B. nivea Henan -
Pythium sylvaticum F F B. nivea Henan -
Phytopythium helicoides K Phytopythium B. nivea Hunan —
Pythium ultimum | | B. nivea Shandong -
Pythium myriotylum B1 B B. nivea Shandong —
Phytopythium litorale (FL242) K Phytopythium B. nivea Henan —
Pythium oligandrum D D Nicotiana tabacum Henan -
Pythium heterothallicum | | N. tabacum Hunan -
Pythium carolinianum E N. tabacum Henan —
Pythium guiyangense N. tabacum Guizhou -
Pythium aphanidermatum N. tabacum Henan —
Pythium recalcitrans F F N. tabacum Hunan —
Fusarium oxysporum Dioscorea batatas Hunan —
Fusarium graminearum D. batatas Hunan —
Fusarium solani D. batatas Hunan -
Fusarium verticillioides Lilium brownii Hunan —
Phytophthora capsici Clade 2 Capsicum frutescent Hunan —

aPhylogenetic clades of Pythium species from Lévesque and de Cock (2004).
bde Cock et al. (2015).

CLAMP specificity detection using primer set Pv8.

“+” and “—" indicate positive and negative results, respectively.

including sequences of tested isolates as well as sequences of type
strains of P. vexans (GenBank accession number: HQ643400.2),
P. irregulare (AY598702.2), Pythium ultimum (AY598657.2),
Pythium spinosum (AY598701.2), Pythium aphanidermatum
(AY598622.2), Pythium myriotylum (AY598678.2), P. litorale
(NNIBRFG9359), Pythium sylvaticum (AY598645), P. helicoides
(AB108026), Pythium  recalcitrans (KJ716861), Pythium
oligandrum (AY598618), Pythium heterothallicum (AY598654),
Pythium carolinianum (HQ643484.1), Pythium guiyangense
(AY987037), and Phytophthora capsici (FN257939) that were
retrieved from the NCBI databases. The program ClustalW2!
(Larkin et al., 2007) was used to perform multiple sequence
alignment to find the regions within ITS which were specific
for P. vexans. Based on the aligned sequences, a set of primers
was designed. The LAMP primers were designed using
PrimerExplore V5,* all the parameters were set by default, and
primers were synthesized by TSINGKE Biotechnology Co.
Ltd. Nine primers sets were tested (Supplementary Table 1),
however, the best primers (Pv8 primers set) were screened by
specificity and sensitivity test. In addition, a phylogenetic tree was
constructed with the maximum likelihood method implemented
in MEGA 7.0 (Kumar et al., 2016). A Poisson correction was used
for multiple substitution models and a pairwise deletion was
used for handling missing data. Statistical support for individual
branches of the phylogenetic tree showing taxa relationships was
assessed with 1,000 bootstrap replicates.

Uhttp://www.ebi.ac.uk/Tools/msa/clustalw2/
Zhttp://primerexplorer.jp/

LAMP Reaction Condition and
Optimization

The LAMP reaction was carried out in a total volume of 25 wL
containing 1.6 wM of each FIP and BIP primer, 0.2 pM of each
F3 and B3 primer, 20 mM Tris-HCL (pH 8.8), 10 mM KCl,
0.1% Tween20, 0.8 M betaine (Shanghai Yuanye Bio-Technology,
Shanghai, China), 8 mM MgSOy4, 10 mM (NH4),SO4, 1.4 mM
dNTPs, and 8U Bst DNA polymerase large fragment (New
England Biolabs Japan, Tokyo, Japan), 180 uM HNB (Macklin,
Shanghai, China), and 2 pL template DNA (Feng W. et al., 2015).
The mixture was incubated at 64°C for 60 min to perform the
LAMP reaction. The genomic DNA template of P. vexans was
diluted in a 10-fold series after concentration determination, so
that the DNA concentration gradient was 100 ng/pL, 10 ng/pL,
1 ng/pL, 100 pg/nL, 10 pg/nL, 1 pg/nL, 100 fg/pnL, 10 fg/pL, and
1 fg/nL. Among them, 1 pg DNA contained 23.4 copies of the
P. vexans genome.

Based on the above LAMP reaction system, the reaction
time and temperature, the concentration of MgSOy, betaine,
dNTPs were optimized using a gradient of values. Specifically,
the reaction temperatures were set at 60, 62, 64, 66, and 68°C; the
reaction times were set at 10, 20, 30, 40, 50, 60, 70, and 80 min; the
concentrations of betaine were 0, 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 M;
of MgSOy4 were 0,2, 4, 6, 8, and 10 mM; and of ANTP were 0,
0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6 mM. In all optimizations,
a negative control was set up with sterilized distilled water
instead of DNA template. The LAMP products were visualized
by adding HNB before amplification. Samples that turned blue
were considered positive, while samples that remained violet
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were negative. In addition, the LAMP products were detected diameter) obtained from 3-day-old culture of each of the 20
through electrophoresis in 1.5% agarose gel by staining with isolates of Phytopythium spp., Pythium spp., and Phytophthora
GelRed (TSINGKE Biological Technology, Beijing, China), and  spp. on PDA were placed upside-down on the roots. Plants
positive reactions resulted in a ladder-like banding pattern. The inoculated with agar disks without mycelia were used as controls.

reaction was performed with three biological repeats. Both the inoculated and control plants were grown in the
greenhouse at 26 &= 1°C with a 12 h photoperiod. After 10 days,
Detection of P vexans From Extracted tissues surrounding the infected region was harvested for DNA

extraction by a Rapid Extraction Kit for Fungi Genomic DNA
(Aidlab, Beijing, China). These DNA samples were evaluated
using the developed LAMP technique.

Genomic DNA From Pure Culture

Using the selected primers, the genomic DNA of 20 strains were
used as templates, and sterilized distilled water instead of DNA
template was used as negative control. The optimized LAMP
reaction system was used for amplification. After the reaction,a RESULTS
color change in the products was assessed with the naked eyes of

at least two independent investigators. Selection of Primers in LAMP Detection
System
Detection of P. vexans in Infected Plants In total, two P. vexans isolates, two isolates of two other

To evaluate the application of the developed LAMP protocol as  Phytopythium species, 11 isolates of 11 Pythium species, one P.
a tool for the diagnosis of P. vexans in infected plants, ramie  capsici isolate, and four isolates of four Fusarium species obtained
cultivar “Zhongzhu No. 1”7 roots were inoculated as described from different provinces in China (Table 1) were used to test
below. Two-week-old seedlings (approximately 20-30 cm tall)  the specificity of the LAMP primers and reaction conditions.
were prepared via the cutting propagation method (Yu et al.,  All tested strains were first analyzed with the above-mentioned
2015). To inoculate ramie plants, mycelial disks (8 mm in P. vexans diagnostic primers PvF1 and PvR1, a reported specific

B
bp

10 11 12 13 14 15 16 17 18 19 20 21

5000 —
3000 —

2000 —

1000 —
750 —

500 —

250 —

100—

FIGURE 1 | Colony morphology and specific polymerase chain reaction (PCR) primer detection of Phytopythium vexans. (A) Colony morphology of P vexans.
(B) Confirmation of primer specificity for P vexans, lanes 1 and 2 are strains of P vexans, lanes 3-20 correspond to the following species Pythium spinosum,

Pythium irregulare, Pythium sylvaticum, Phytopythium helicoides, Pythium ultimum, Pythium myriotylum, Phytopythium litorale, Pythium oligandrum, Pythium

heterothallicum, Pythium carolinianum, Pythium guiyangense, Pythium aphanidermatum, Pythium recalcitrans, Fusarium oxysporum, Fusarium graminearum,

Fusarium solani, Fusarium verticillioides, and Phytophthora capsici, respectively; lane 21 is a negative control.
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primer of P. vexans. The results showed that lanes 1 and 2
are strains of P. vexans, and the other tested strains were not
P. vexans (Figure 1). For all 20 isolates, their species identities
were confirmed based on their ITS sequences. Based on the
ITS sequences of type strains of these species, we constructed a
phylogeny among the tested species (Supplementary Figure 1).

The phylogenetic relationships among these strains and species
are overall consistent with what has been described previously
for these organisms. Specifically, the fungal genus Fusarium
is distinct from the oomycetes. Among the three oomycete
genera, the genus Phytophthora was diverged first, followed by
Phytopythium and Pythium (Supplementary Figure 1).

Phytopythium vexans
Phytopythium vexans
Pythium irregulare
Pythium sylvaticum
Pythium heterothallicum
Pythium aphanidermatum
Pythium spinosum
Pythium ultimum
Pythium myriotylum
Pythium oligandyum
Pythium carolinianum
Pythium recalcitrans
Phytopythium helicoides
Pythium guiyangense
Phytopythium litorale
Consensus
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Pythium carolinianum
Pythium recalcitrans
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Phytopythium litorale
Consensus
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FIGURE 2 | Nucleotide sequence alignment of internal transcribed spacer (ITS) sequences from P vexans and closely related isolates. Partial sequences of ITS and
the location of the Pv8 set consists of four loop-mediated isothermal ampilification (LAMP) core primers [Pv8F3, Pv8B3, Pv8FIP (F1c-F2), and Pv8BIP (B1c-B2)] are
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GCAGGATTCAGTGAGTCATCGARCTTTTGARCGCATATTGCACTTTCGGGTTACGCCTGGARGTATGTCTGTATCAGTGTCCGTACACTARACTTGCGTC
GCAGGATTCAGTGAGTCATCGAACTTTTGARCGCATATTGCACTTTCGGGTTACGCCTGGARGTATGTCTGTATCAGTGTCCGTACACTARACTTGCGTC
GCAGAATTCAGTGAGTCATCGARATTTTGARCGCATATTGCACTTCCGGGTTATGCCTGGARGTATGTCTGTATCAGTGTCCGTARARTCARACTTGCGTT
GCAGARTTCAGTGAGTCATCGARATTTTGARCGCATATTGCACTTCCGGGTTATGCCTGGARGTATGTCTGTATCAGTGTCCGTARRTCARACTTGCCTT
GCAGARTTCAGTGAGTCATCGARATTTTGARCGCATATTGCACTTCCGGGTTATACCTGGARGTATGTCTGTATCAGTGTCCGTARATCARACTTGGCTT
GCAGAATTCAGTGAGTCATCGARATTTTGARCGCATATTGCACTTTCGGGTTATGCCTGGARGTATGTCTGTATCAGTGTCCGTARARTCARACTTGCCTT
GCAGARTTCAGTGAGTCATCGARATTTTGARCGCATATTGCACTTTCGGGTTAGACCTGGARGTATGTCTGTATCAGTGTCCGTACATCARACTTGCCTC
GCAGARTTCAGTGAGTCATCGARATTTTGARCGCACATTGCACTTTCGGGTTATGCCTGGARGTATGCCTGTATCAGTGTCCGTACATCARACTTGCCTT
GCAGAATTCAGTGAGTCATCGARATTTTGARCGCACATTGCACTTTCGGGTTATGCCTGGARGTATGCTTGTATCAGTGTCCGTACATCARACTTGCCTT
GCAGAATTCAGTGAGTCATCGARATTTTGARCGCATATTGCACTTTCGGGTTATGCCTGGAAGTATGCCTGTATCAGTGTCCGTACATCARACTTGCCTT
GCAGAATTCAGTGAGTCATCGARATTTTGARCGCATATTGCACTTCCGGGTTATGCCTGGARGTATGTCTGTATCAGTGTCCGTARATCAACCTTGTCTT
GCAGAATTCAGTGAGTCATCGARATTTTGARCGCATATTGCACTTTCGGGTTATACCTGGARGTATGTCTGTATCAGTGTCCGTACATCARACTTGCCTC
GCAGARTTCAGTGAGTCATCGARATTTTGARCGCATATTGCACTTTCGGGTTATACCTGGARGTATGTCTGTATCAGTGTCCGTARRTCARACTTGCCTC
GCAGGATTCAGTGAGTCATCGARATTTTGARCGCATATTGCACTTTCGGGTTATGCCTGGARGTATGTCTGTATCAGTGTCCGTACACTARACTTGCCTC
GCAGGATTCAGTGAGTCATCGARATTTTGARCGCATATTGCACTTTCGGGTTCTGCCTGGARGTATGTCTGTATCAGTGTCCGTACACTARACTTGCCTT
GCAGaATTCAGTGAGTCATCGARATTTTGARCGCATATTGCACTTELCGGGTTatgCCTGGARGTATGTCTGTATCAGTGTCCGTAcAtcARACTTGeeTe
F3 . F2 .
TCTTCCGTC-GTGTAGTCGTCG----GTTGTTTGATTGCAGATGTGAGGTT--GTCTCGCGATCCGTT
TCTTCCGTC-GTGTAGTCGTCG====GTTGTTTGATTGCAGATGTGAGGTT-=GTCTCGCGATCCGT T—--=-~
GAGGAGAG-TTGCAGATGTGARGT---GTCTCGCTGTGGTTG:
GAGGAGAG-TTGCAGATGTGARGT---GTCTCGCTGTGGTTG
TCTTCCTTCCGTGTAGTCGGTG----GAGGAGAG-TTGCAGATGTGARGT---GTCTCGCTATGGT TG=-~
TCTTTTT-CTGTGTAGTCAGGG----ATGGA-AT-GTGCAGATGTGARGT--~-GTCTCGC-ATGGTTG---
TCTTTTTTCTGTGTAGTCAGGA----TTGGAGAC-GTGCAGATGTGAAGT--~GTCTCGC-GCACTTG======~|

“—
GTCGACA

GCTT

TCTTT-TTCTGTGTAGTCAGGG----AGAGAGAT-GGCAGAATGTGAGGT---GTCTCGC--TGGCTC: CCTTTT: CGGAGGAGA
TCTTT-TTTTGTGTAGTCARGA----TTAGAGAT-GGCAGARTGTGAGGT---GTCTCGC--TGGCTC CCTCTT: CGGAGGAGA

TTAGAGAT-GGCAGAATGTGAGGT---GTCTCGC----GCTG TCTTTT: TARAGA

GCGGAGAG-TTGCAGATGTGARGT=--GTCTCGCTGTTGCTG==—==~ GTGGTGCATTTTT----GTGCCGCCG
TCTTTC-TTGGTGTAGTCCAGT----ATCGAGCA-GAGCAGATGTGAGGT--~-GTCTCGCGGCTGTTGTGTGTAGARGGTTTGTATGARCTTTGTATGCG
TCTTTG-TCGGTGTAGTCCGGC----TTGGAG-T-GCGCAGATGTGAAGT===GTCTCGCG=CT=======mm=m=mm| ACGTCAGTCTTTA--TTGTACTAG
CTTTGCGTC-GTGTAGTCGTCGCGTTGGARATTTGTGGCAGATGTGAGGT--~-GTCTTGTTTGCTGTG TCTT TGTTGATG
TCTTGCGTC-GTGTAGTCGTCG-=-—~ CTGGGARTGCGCAGATGTGAGGTTTTGTCTTGCTCTGGCTC GAATT: CGTTGGGC

teTT,c.Te, GTGTAGTCg, .g.....t.2ag...2. GCAGATGTGAZGT, , .GTCTCGC, Jbogobsseess o bonrrssoenssseesBlofons

Flc Blc
GGGTTG-CGAGTCCCTTTARAGTCGGACGCGTGTTTT-TCCGTTTTGTGCTTGA-—-———= TGGGGTGCG=====~ GETGEGEEEGTGTETGIITGEE---
GGGTTG-CGAGTCCCTTTARAGTCGGACGCGTGTTTT-TCCGTTTTGTGCTTGA======= TGGGGTGCG=====~ GCTGCGGCCGTGTCTGCTGGC ===

AGCTTG-CGAGTCCTTTTAAA--TGGACACGA-CTTTCTCTTTTTTGTATGTGCGC---GGTGCTGTGCGTG-AACGCGGTGGTT--TTCGGATCGCTC-
AACTTG-CGAGTCCTTTTARA--TGGACACGA-CTTTCTCTTTTTTGTATCTGCGC---GGTGCTGTGCGTG-ARCGCGGTGGTT--TTCGGATCGCTC-
AGCTTG-CGAGTCCTTTTAAA--TGGACACGA-CTTTCTCTTTTTTGTATCTGCGT---GGTGCTGTGTATG-AACGCGGTGGTT--TTCGGATCGCTC-
ATCTGT-CGAGTCCTTTTAAA--TGGACACGG-TCTTTTCTATG--GTTTCTATGA---AGTGTAATGGT TGGARGGCAGTGATT--TTCGGATTGCTG-
AGCTGT-CGAGTCCTTTTARA--GCGACACGA-TCTTT-CTATT--GTTTCTGTGA---AGCGTATTGCTCG-ARCGCGGTGATT--TTCGGATCGCTC-
AGACG--CGAGTCCCTTTARA--TGTAC---G-TTCGCTCTTTCTTGTGTCTARGATGARGTGTGATTCTCGARTCGCGGTGATCTGTTTGGATCGCTTT
AGACG--CGAGTCCCTTTAAA--TGTAC---G-TTCGCTCTTTCTTGTGTCTARGATGAAGTGTGACTTTCGAR-CGCAGTGATCTGTTTGGATCGCTCT
TGGTT--CGAGTCCCTTTAAA=--TGTAC---G-TTGATTCTTTCTTGTGTCTGCGA---ATTGCGATGCTATGCTCTTTGTGATCGGTTTAGATTGCTTT
AGTTTG-CGAGTCCTTTTAAA--TGGACACGACTTTTCTCTTTTTTGTATCTGCTT---GGTGGTGTGCTCG-AGCGCGGTGGTT--TTCGGATCGCTC-
AAGCTT-CGAGTCCCTTTAAA--ACGACACGA--TCTTTCTATTTGCTTTCTACA----GAGCGCATATTTCGAACGCGGCGGTC--CTCGGATCACTC-
GCGCG--CGAGTCCTTTTARA--TGGACACGA--TCTTTCTATT-GCTTTCTGCG----GAGCGCATCATTTGARCGCGGCGGTC--TTGGGATCGCCT-
CGGCGGGCAAGTCCCTTGARAGTCGGACGCGT-ATCTTTGCGTGCGTTGGGTGCC-~~~GGTGEGCTGT Gmmmmmmmmmmm GGACGCGTCTGTTGAC--—
AGGAG--CAAGTCCCTTTAAAGTCGGACGTGTTTTCTCTCTGCGGTGTG-CTGTGT---CGGCGCTGGCGGCGCGTGGGACTCTCTTGTCTGTTGAC--~
.gg.t. .CgAGTCCcTTLARR, . .gGAC,cG. .tTeT, Tet . ttttgTgteTge..  ggtgg..tgeg......geggeggte. . Te.Gal.gC..

B2 B3

GGGTCCGGTGAC=-CTTTGGCGATGGCAT-GAGAGTGGATTGCTCGATTTGCGGTATGTTAGGCTTCG==mm=mmi GCTTTGACARTGCAGC-TTAT-TG
GGGTCCGGTGAC--CTTTGGCGATGGCAT-GAGAGTGGATTGCTCGATTTGCGGTATGTTAGGCTTCG=======~GCTTTGACARTGCAGC-TTAT-TG
GCGGCTGTCGGCGACTTCGGTGARTGCAT-ARTGGAGTGGACCTCGATTCGCGGTATGTTGGGCTTCG=======-=-GCTG-GACARTGTTGC-TTAT-TG
GCGGCTGTCGGCGACTTCGGTGARTGCAT-TATGGAGTGGACCTCGATTCGCGGTATGTTGGGCTTCG========GCTG-GACARTGTTGC-TTAT-TG
GCGGCTGTCGGCGACTTCGGTGARTGCAT-TATGGAGTGGACCTCGATTCGCGGTATGTTGGGCTTCG========GCTG-GACARTGTTGC-TTAT-TG
GCGGCTTTTGGCGACTTCGGTATGARCGT-AT-GGAGACTAGCTCARTTCGTGGTATGTTAGGCTTCG========-GCTC-GACARTGTTGCGTART-TG
GCAGTCGTCGGCGACTTCGGTGAGARCAT-ARAGGAGGARACCTCARTTCGCGGTATGTTCGGCTTCG========GCTC~-GACARTGTTGC-TTAT-TG
GCGCATTTGGGCGACTTCGGTTAGGACATTARAGGARGCARCCTCTATTGGCGGTATGTTAGGCTTCG========-GCCC~-GACGTTGCAGC-TGAC-AG
GCGCGAGTGGGCGACTTCGGTTAGGACATTARAGGARGCARCCTCTATTGGCGGTATGTTAGGCTTCG——= ~-GCCC-GACTTTGCAGC-TGAC-GG
GCGCTGGTGGGCGACTTCGGTTAGGACAT--ATGGARGCARCCTCARTTGGCGGTATGTTCGGCTTTG==~ ~--CCT-GACGTTA-AGC-TARG-CG
GCGGCTGTCGGCGACTTCGGTGAATGCAT-GATGGAGTGGACCTCGATTCGCGGTATGTTGGGCTTCG==~ ~GCTG-GACARTGTTGC-TTAT-TG
GCAGTCGACAGCGACT TGGGCAGAGACAT--ATGGGAGARACCTCTATTCGCGGTACGTTCGGCTTCG========GCTC-GACARTGTTGCGATGT-AG

GCAGTCGATAGCGACTTTGGTAGAGACAT--ATGGARGARCCCTCATTTCGCGGTACGTTAGGCTTCG==mmmmm=i GCTC-GACARTGTTGCGTAGTGAG
GAGTCTGGCGAC--CTTTGGCGCGTGCATGCTTGG--GCACTGTGTATTGGCGGTATGTTAGGCTGCGTTCGCGCGGCTTTGACARTGCAGC-TGATGCG
GAGTCTGGCGAC--CTTTGGCTCGTGCAT--TGCGGGGTGTGCTCGATTGGCGGTATGTTAGGCTTCG==mmmmm=i GCTTTGACARTGCAGCTTATTGGG

Geg.c.G.cgglgaCTTLGGeg, .ggCAT, ,atgh.g8....cTc,al T, GCGGTALGTTAGGCTLCG, o4 oo+ .GCTE ,GACAATGcaAGE .tL AT, .G

shown. Arrows indicate the 5’->3" direction of primer extension during amplification.
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FIGURE 3 | Specificity of LAMP detection of P vexans. (A) Detection of LAMP products by 2% agarose gel electrophoresis. (B) Detection of LAMP products
detected by HNB, 1 and 2, R vexans; 3-20 indicate R spinosum, P, irregulare, RP. sylvaticum, P. helicoides, R ultimum, P myriotylum, P, litorale, P. oligandrum,
P, heterothallicum, P, carolinianum, P. guiyangense, P. aphanidermatum, P. recalcitrans, F. oxysporum, F. graminearum, F. solani, F. verticillioides, and P. capsici,

10 11 12 13 14 15 16 17 18 19 20

without any template DNA.
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FIGURE 4 | Optimization of loop-mediated isothermal amplification (LAMP) reaction system for P vexans. (A) The reaction time of lanes 1-8 were 10, 20, 30, 40, 50,
60, 70, and 80 min, lane 9 was negative control. (B) The reaction temperature of lanes 1-5 were 60, 62, 64, 66, and 68°, lane 6 was negative control. (C) Lanes 1-9
corresponded to 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6 mM dNTPs, respectively, and lane 10 was negative control. (D) Lanes 1-6 indicated that the
concentrations of MgSO4 were 0, 2, 4, 6, 8, and 10 mM, respectively, lane 7 was negative control. (E) Lanes 1-7 indicated that the concentrations of betaine were
0,0.2,0.4,0.6,0.8, 1.0, and 1.2 M, lane 8 was negative control. In all optimizations, a negative control was set up that contained pure sterilized distilled water
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To identify P. vexans -specific LAMP primers at the ITS
region, multiple sequence alignment of ITS sequences between
P. vexans and other 18 isolates was carried out. The variable
regions of ITS between P. vexans and other isolates were found
(Figure 2). Based on the sequence variability patterns, nine
primer sets were designed using the online tool PrimerExplore
V5 (Supplementary Table 1). Then, according to the LAMP
amplification system and procedure, reactions were set up for
all the 20 isolates. The specificity and sensitivity of various
primer combinations were compared. Finally, among these
nine sets of primer combinations, the Pv8 set consists of four
core primers Pv8F3 (5-CGTGTAGTCGTCGGTTGTT-3'),
Pv8B3 (5-CGCAAATCGAGCAATCCACT-3'), Pv8FIP (5'-
CGCGTCCGACTTTAAAGGGACTTGCAGATGTGAGGTTG
TCTC-3'), and Pv8BIP (5-GTTTTGTGCTTGATGGGGTG
CGGCCATCGCCAAAGGTCAC-3') performed the best and
was the most consistent for detecting P. vexans (Figure 2).
Using the Pv8 primer combinations, positive amplifications were
obtained only with the two P. vexans isolates in Table 1 while no
amplification product (Figure 3A) nor color change (Figure 3B)
was observed for the remaining 18 isolates.

Optimization of LAMP Reaction System

for P. vexans

A 25 pL LAMP reaction system was established with P. vexans
DNA as template for optimizing the reaction temperature and
time, and the concentrations of dNTPs, MgSO4 and betaine in
the system. The evaluated reaction temperatures were set at 60,
62, 64, 66, and 68°C; the reaction times were set at 10, 20, 30,
40, 50, 60, 70, and 80 min; the concentrations of betaine were
0, 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 M; of MgSOy4 were 0, 2, 4, 6,
8, and 10 mM; and of ANTP were 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2,
1.4, and 1.6 mM. In each series of amplifications, we included
a negative control where pure sterilized distilled water without
any DNA template was used. The results showed that under
the recommended LAMP condition, the amplification products
could be detected between reaction time 20-80 min. However, the
brightest amplification products and the amplification efficiency
was reached at a reaction time of 60 min (Figure 4A). Thus, we
chose 60 min as the reaction time to observe the LAMP amplified
products, and with coloration intensity from HNB staining
and/or DNA band brightness through agarose gel electrophoresis
as indicators of amplification efficiency in each reaction. Among
the tested temperature range 60-68°C, we found little difference
among the five temperature treatments in both color change
and in the amounts of amplified products as shown on the
electrophoretic gel. The temperature experiments indicated that
the LAMP reaction condition was robust in the 60-68°C
temperature range; therefore, for the following experiments, we
chose the optimum temperature of Bst DNA polymerase, i.e.,
at 64°C (Figure 4B). Among the concentrations of dNTP from
0.2 to 1.6 mM, the amplification products could all be detected,
but the highest amplification product was observed at the dNTP
concentration of 1.4 mM (Figure 4C). Similar to the limited effect
of ANTP concentration change, the change of concentration had
relatively little effect on amplification efficiency, but the highest

amplification efficiency was observed at the concentration of
6.0 mM MgSOy4 (Figure 4D). In contrast to MgSOy4, where
no MgSOy resulted in no amplification product, betaine was
found to be not essential in our LAMP protocol. However,
because betaine has the effect of stabilizing enzyme activity and
promoting melting (Rees et al., 1993; Notomi et al., 2000), to
improve the stability of the reaction system, especially for field
applications, 0.8 M betaine where the color change was the most
obvious was added to the system (Figure 4E). In conclusion,
the optimal LAMP reaction system was determined as follows:
1.6 wM FIP/BIP, 0.2 pM F3/B3, and 8U Bst DNA polymerase,
1x isothermal amplification buffer [20 mM Tris—HCL (pH 8.8),
10 mM (NHy4),SO4, 50 mM KCI, 0.1% Tween20], 6 mM MgSOy,
14 mM dNTPs, 0.8 M betaine, 180 uM HNB, 2 pL DNA
template in a total volume of 25 L with the final volume adjusted
with sterilized distilled water, with the reaction temperature of
64°C for 60 min.

Comparison of the Sensitivity of LAMP

and Conventional PCR Assays

To determine the sensitivity of primer set Pv8, ten-fold serial
dilutions of P. vexans genomic DNA were tested. The DNA
template concentrations ranged from 10 ng/uL to 1 fg/uL.
The detection limit of the conventional PCR assay using the
specific primers Pv8F3 and Pv8R3 was 100 pg/inL DNA (~2,350
copy of the P. vexans genome) (Figure 5A). In comparison,
as indicated by a color change and DNA amplification of the
reaction products, the lowest limit of P. vexans detection was
1 pg/iL DNA (~24 copy of the P. vexans genome) for the LAMP
assay (Figures 5B,C). This indicates that the LAMP assay has a
wider dynamic range, with a sensitivity at least 100 times greater
than that of conventional PCR for the detection of P. vexans.

Successful Detection in P vexans

Infected Plants

All 15 Phytopythium and Pythium isolates were inoculated onto
the “Zhongzhu No. 1”7 cultivar of ramie plants. After 10 days at
25°C, the fibrous roots of all inoculated plants turned red-brown
surrounding the inoculation site. However, no symptom was
observed on the roots of negative control plants (Supplementary
Figure 2). Genomic DNA was extracted from the infected
region and subjected to the LAMP reaction. The results of
electrophoresis showed that, except for P. vexans, no DNA bands
were produced in the DNA system of ramie roots infected
by other 13 tested pathogens (Figure 6A). The results were
confirmed based on color change as shown in Figure 6B. Both
assay systems indicate that LAMP amplification reaction using
primer set Pv8 can accurately detect P. vexans in ramie roots.

DISCUSSION

Phytopythium vexans is the most well-known plant-pathogenic
species of the genus Phytopythium. This pathogen can attack
roots, stems, and crown of a wide range of plants worldwide
(Spies et al., 2011a; Panth et al., 2020). For example, brown root
rot of ramie caused by P. vexans has become an increasingly
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FIGURE 5 | Sensitivity of conventional PCR and the LAMP assays for detecting P vexans. (A) Detection of conventional PCR products by agarose gel
electrophoresis. (B) Detection of LAMP products by agarose gel electrophoresis. (C) Detection of LAMP products using HNB as a visual indicator.
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important disease endangering ramie production in China,
resulting in >40% yield loss in some ramie plantations (Zhu
et al., 2014; Yu et al,, 2016). Therefore, a rapid and accurate
detection of P. vexans is especially important for its identification
and disease management. In this study, a rapid, sensitive, and
accurate LAMP detection method for P. vexans based on color
observation was established by using ITS gene sequence as the
detection target. This technique was successfully used to detect
P. vexans in infected ramie root tissues. It should be directly used

in field conditions for the rapid diagnosis of ramie brown root rot
caused by P. vexans.

A key factor influencing the LAMP method is target selection.
Due to the divergence of ITS sequences among many closely-
related species and its high copy number in each genome,
ITS is often used as the detection target gene in oomycete.
For example, ITS has been used as target gene for sequence-
based identification of P. aphanidermatum (Fukuta et al,
2013a,b), P. helicoides (=P. helicoides) (Takahashi et al., 2014),
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FIGURE 6 | Detection of P, vexans in infected ramie roots. (A) Detection of LAMP products by 2% agarose gel electrophoresis. (B) Detection of LAMP products

detected by HNB. Lanes 1-4, P vexans; lanes 5 and 6, P spinosum; lanes 7 and 8, P, irregulare; lanes 9 and 10, P, sylvaticum; lanes 11 and 12, P helicoides; lanes
13 and 14, P, ultimum; lanes 15 and 16, P myriotylum; lanes 17 and 18, R, litorale; lanes 19 and 20, R oligandrum; lanes 21 and 22, P, heterothallicum; lanes 23 and
24, R carolinianum; lanes 25 and 26, P, guiyangense; lanes 27 and 28, P aphanidermatum; lanes 29 and 30, R, recalcitrans; lanes 31 and 32, CK. Lane 33, negative

control.

P. myriotylum (Fukuta et al., 2014), Pythium irregulare (Feng W.
et al., 2015), and Phytophthora infestans (Ristaino et al., 2019).
In our study, ITS sequence was successfully used in LAMP
detection of P. vexans. However, in other pathogen groups such
as P. ultimum and related Pythium species (Shen et al., 2017),
Phytophthora alni and Phytophthora cambivora (Brasier et al.,
2004), the ITS sequences of closely related sister species are often
too similar to allow effective discrimination. In the Phytopythium
genus, Phytopythium chamaehyphon, and P. helicoides also have
highly similar ITS sequences that can’t be used to design LAMP
primers for detection (de Cock et al., 2015). In the case of similar
ITS sequences among closely related species, researchers have
recently developed other genes for LAMP-based species-specific
detection. For example, a target gene encoding a spore wall
protein was developed to detect P. ultimum (Shen et al., 2017);
while a target gene encoding trypsin protease was used to detect
P. aphanidermatum (Li et al., 2018).

Another key factor of molecular detection technology is
sensitivity. The higher the sensitivity is, the more favorable it is
to detect target pathogens from samples. It is generally believed
that compared with conventional and real-time PCR assays, the
LAMP assay is simple, rapid, specific, and sensitive. However,
previous studies also suggest that the LAMP assay has the same
sensitivity than the PCR assay (Fukuta et al., 2013a,b; Ishiguro
etal., 2013; Feng W. et al.,, 2015). Due to differences in target gene
copy number among species and strains in their genomes and
to differences in their genome sizes, the detection limit among
species and strains could be different. For example, previous
studies have shown the detection limits of LAMP ranging from
100 fg/wL to 1 pg/L, while the detection limits of conventional
PCR ranging from 100 fg/pL to 100 pg/pL (Takahashi et al., 2014;
Shen et al., 2017; Ristaino et al., 2019). In this study, the LAMP
assay was about 100 times more sensitive than conventional PCR,
even though the primers of LAMP assay and conventional PCR
primers were all designed according to ITS sequence. Specifically,
the sensitivity evaluation showed that the detection limit of
LAMP was 1 pg/nL (~24 copies of P. vexans genome), while

that of conventional PCR was 100 pg/pwL (~2,350 copies of
P. vexans genome).

Our analyses showed that our LAMP protocol could become
a new reliable method for the diagnosis of P. vexans infection.
However, the method has only been tested on pure DNA and
laboratory-infected plant tissues. Direct field applicability has
not been conducted and additional optimization may be needed
in agricultural and forestry field application. In addition, our
analyses used fresh cultures and recently infected plant tissues,
the applicability of our LAMP technology to old samples and
shipped materials from distant locations needs further testing.
Regardless, the technology described here represents a promising
approach for rapid, specific, and sensitive identification of
P. vexans using DNA from pure cultures and from plant tissues
infected with this pathogen.

In conclusion, we developed a visual LAMP assay for the
diagnosis of P. vexans. This LAMP method has high specificity,
sensitivity, and accuracy, and can identify P. vexans in infected
plants. This method should facilitate the early and accurate
diagnosis of P. vexans in the field so that timely plant protection
measures can be initiated.
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Salmonella spp. is one of the most common foodborne disease-causing pathogens
that can cause severe diseases in very low infectious doses. Rapid and sensitive
detecting Salmonella spp. is advantageous to the control of its spread. In this study,
a conserved short fragment of the Salmonella invA gene was selected and used to
design primers and specific crBNA (CRISPR RNA) for establishing a one-tube and
two-step reaction system for Salmonella spp. detection, by combining recombinase
polymerase amplification (RPA) with CRISPR-Cas13a (Clustered Regularly Interspaced
Short Palindromic Repeats associated protein 13a) cleavage. The established one-tube
RPA-Cas13a method can complete the detection within 20 min and the two-step RPA-
Cas13a method detection time within 45 min. The designed primers were highly specific
to Salmonella spp. and had no cross-reaction with the other nine diarrheal bacteria. The
one-tube RPA-Cas13a could detect the Salmonella genome with the limit of 102 copies,
which was the same as real-time polymerase chain reaction (PCR), but less sensitive
than two-step RPA-Cas13a (109 copies). The detection results of one-tube or two-step
RPA-Cas13a and real-time PCR were highly consistent in clinical samples. One-tube
RPA-Cas13a developed in this study provides a simple, rapid, and specific detection
method for Salmonella spp. While two-step assay was more sensitive and suitable for
samples at low abundance.

Keywords: Salmonella, foodborne disease, RPA, CRISPR-Cas13a, molecular detection

INTRODUCTION

Salmonella, a gram-negative bacillus, is the most common diarrheal pathogenic bacteria and infects
millions of people across the world every year, with the most common clinical manifestations being
acute gastroenteritis, encephalitis, pericarditis, sepsis, and even death (Hugas and Beloeil, 2014;
Ferrari et al., 2019). According to statistics by the World Health Organization, the number of
outbreaks of different food-borne intestinal diseases since 2010 has reached 582 million, with nearly
350,000 deaths, including 52,000 Salmonella cases (World Health Organization [WHO], 2016)].
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RPA-Cas13a Assay Detect Salmonella spp.

In the United States, the Centers for Disease Control and
Prevention (CDC) estimated food was one of the main sources
of Salmonella infection; Salmonella caused approximately 1.35
million infections, 26,500 hospitalizations, and 420 deaths every
year (CDC, 2020). In the European Union, European Centre
for Disease Prevention and Control reported 91,857 Salmonella
infection cases in humans, and Salmonella caused 30.7% of
all food-borne outbreaks during 2018 (European Food Safety
Authority, & European Centre for Disease Prevention and
Control, 2020). In China, the previous study has estimated the
incidence of non-typhoid salmonellosis at 626.6 cases per 100,000
people (Yue et al., 2020). Timely screening of Salmonella is
the key to prevent and control diarrheal disease outbreaks. To
date, the detection methods for Salmonella, including traditional
biochemical culture, immune testing, and molecular biological
approaches, are represented by polymerase chain reaction
(PCR)/real-time PCR. These methods are time-consuming, or
poor in specificity or of low sensitivity, and sometimes require
expensive instruments for laboratory setup. Especially, many
diarrheal pathogenic bacteria, including Salmonella, can cause
severe infectious diseases at low infectious doses. More sensitive
and specific Salmonella detection methods are urgently needed.

Over the past year, researchers have applied the latest
recombinase polymerase amplification (RPA)/recombinase aided
amplification (RAA) techniques to achieve amplification for
Salmonella. However, the detection of amplification products
by agarose gel electrophoresis showed poor sensitivity, and
fluorescent probes for visual detection were expensive. A typical
detection of pathogenic Salmonella was reported by Zhang et al.
(2017) using the real-time fluorescence RAA detection system,
but the detection limit was 10> copies/|LL, equivalent to ~5 fg
plasmid DNA. An optical biosensor reported by Zheng et al.
(2020) could detect 1.8 x 10! copies/iL but was not useful in
POCT (point-of-care testing).

The CRISPR-Cas (Clustered Regularly Interspaced Short
Palindromic Repeats-CRISPR associated protein) system is
a sophisticated adaptive immune system, and the different
CRISPR-Cas nucleases display specific cleavage activity when
target-specific crRNA recognizes the DNA target (Bhaya et al,,
2011; Jackson et al., 2014; Kirchner and Schneider, 2015). In
recent years, researchers have found that the cleavage activity of
CRISPR-Cas nucleases could be used not only as a programmable
tool for gene editing but also for in vitro nucleic acid detection
(Arslan et al, 2014; Zhou et al, 2020). In this study, we
established a one-tube and a two-step reaction system for
Salmonella spp. detection by combining RPA with CRISPR-
Casl3a cleavage, which provided a sensitive and convenient
molecular detection method for the early diagnosis of diarrheal
diseases of Salmonella infection.

MATERIALS AND METHODS

Cas13a Protein Expression and

Purification
Casl3a was purified as referred to in previous studies (East-
Seletsky et al., 2016, 2017; Su et al., 2020). Briefly, the Cas13a

gene in plasmid pCO019-LwCasl3a from Leptotrichia wadei
(Addgene, United States) was subcloned into the psmarti vector
(xhol restriction site), and the correct plasmid was transformed
into BL21(DE3) (General Biosystem, China). The expression
of the target protein was induced at different temperatures
(15 and 37°C) and different concentrations of IPTG (0.2
and 1.0 mM) (Amresco, United States). The Casl3a protein
was purified by Ni-NTA (Smart-Lifesciences, China) using the
6 x His Tag antibody and horseradish peroxidase conjugate
(Invitrogen, United States). After the addition of SUMO Protease
(General Biosystem, China) to remove the fusion SUMO label,
and the purified target protein was dialyzed into protein
buffer [50 mM Tris, pH 7.5, 600 mM NaCl, 5% (vol/vol)
glycerol, and 2 mM DTT].

Strains, Clinical Samples, and Nucleic

Acid Extraction

Salmonella  and  other diarrheal pathogenic bacteria
(Staphylococcus aureus, Listeria monocytogenes, Enterococcus
faecalis, Shigella flexneri, Vibrio parahemolyticus, Escherichia
coli O157, Yersinia enterocolitica, Campylobacter jejuni, Vibrio
vulnificus) were provided by Jiangsu Provincial Center for
Disease Control and Prevention. A total of 84 clinical stool
samples that were selected for clinical validation of the method
were collected from different hospitals in Jiangsu Province in
2019. The nucleic acid was extracted by EX-DNA Bacterial
Genomic Extraction Kit (Tianlong, China) on a fully automatic
nucleic acid extractor (Tianlong, China).

Preparation of Primers, Probes, and
crRNA

Salmonella-specific invA gene was retrieved from GenBank, and
the conservative sequence region was selected to design RPA
amplification primers using Primer 5 software, and Primer-
BLAST software was used to verify the specificity of the primer
sequence. The designed primers, probes, and oligonucleotides
were synthesized by Sangon Biotech (Shanghai, China). The
oligonucleotides containing T7 promoter, repeat, and spacer
sequences were annealed with a T7 primer. Then, the crRNA
was synthesized by incubating at 42°C for 2 h with T7
RNA polymerase (TaKaRa, China). The synthesized crRNA was
digested with DNase I (TaKaRa, China) at 37°C for 1 h followed
by purification with RNA rapid concentration and purification
kit (Sangon Biotech, China) according to the manufacturer’s
protocol. The concentration of crRNA was quantified using Qubit
2.0 (Invitrogen, United States). All nucleic acid sequences used in
this study are shown in Table 1.

Collateral Cutting Capacity of
CRISPR-Cas13a

The amplicon of the RPA reaction was used as the template
for transcription in vitro with T7 RNA polymerase, and the
transcription product was purified to obtain the Salmonella
target RNA. Then, the target RNAs were diluted gradiently (10°-
10° pM). The synthesized oligonucleotide Salmonella-RPA-R was
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TABLE 1 | RPA primers, crRBNA, and RNA reporter probe sequences.

Name Sequences(5'-3')

Salmonella RPA-F
Salmonella RPA-R

TGTTGTCTTCTCTATTGTCACCGTGGTCCAG

TAATACGACTCACTATAGGGTAC
CGGGCATACCATCCAGAGAAAATCGGGCCGC
GACACGTTCTGAACCTTTGGTAA

TAACGG AGTCCCCTTCG GGGGTA
GTCTAAATCCCTAT AGTGAGTCGTATTA

FAM-TrUrUrUrUrUrC-BHQ1

Salmonella crRNA

RNA probe

used as a non-target control (500 ng/jLL). Verification of CRISPR-
Casl3a cutting activity was completed as follows: 5 x reaction
buffer 5 wL (final concentration 20 mM HEPES, 60 mM NaCl,
6 mM MgCl,, pH 6.8), 25 mM NTP mix 1 pL (ATP, GTP, CTP,
UTP, Bio Lab, China), Recombinant RNase Inhibitor (TaKaRa,
China) 0.5 pL, 1.2 pM crRNA 0.6 pL, 10 pM RNA-probe 0.5
L, 1 uM Casl3a 1 pL, or 10° pM target RNA or non-target
control 2 pL, adding RNase-free ddH,O to 25 L. The reaction
was conducted at 39°C for 30 min, and RNase A was used as the
positive control.

Two-Step RPA-Cas13a

In the two-step RPA-Casl3a assay, basic RPA reactions were
first conducted according to the instructions of the TwistAmp
Basic Kit (Twist Dx, Cambridge, United Kingdom). Each RPA
reaction was carried out in a 50 L reaction volume containing
Primer Free Rehydration buffer 29.5 pL, 0.24-0.96 wM forward
and reverse primers each 0.5 pL, target DNA template 2
L, and RNase-free ddH,O 15 pL. The reaction mixes were
vortexed and spun briefly, and then 280 mM magnesium
acetate (MgOAc) 2.5 pL was added and mixed well to start
a reaction in fluorescence detector F1620 (Qitian, China) at
37, 39, and 41°C for 20 min. Then, a 25 wL CRISPR-Casl3a
reaction system was performed with 5 x reaction buffer
5 wL, 25 mM NTP mix 1 pwL, Recombinant RNase Inhibitor
0.5 nL, 1.2 uM Salmonella-crRNA 0.6 L, 10 pM RNA-probe
0.5 pL, T7 RNA Polymerase 0.3 pL, 1 wM Casl3a 1 pL, and
added RNase-free ddH,0 to 23 pL, and RPA products 2 L.
The fluorescent signals were collected at 39°C for 30 min in
fluorescence detector F1620.

One-Tube RPA-Cas13a

The one-tube RPA-Casl3a assay combined RPA with CRISPR-
Casl3a in a one-tube reaction system. Briefly, the 50 wL one-
tube reaction system consisted of Primer Free Rehydration
buffer 29.5 pL, 25 mM NTP mix 4 pL, Recombinant
RNase Inhibitor 4 pnL, T7 RNA Polymerase 1 pL, 0.24-
0.96 uM primers each 0.5 pL, 1.2 pM crRNA 1 plL,
10 pM RNA-probe 1 pL, 1 pM Casl3a 2 pL, target
DNA template 2 pL, and RNase-free ddH,O 1 pL. The
reaction mixes were vortexed and spun briefly, and then
280 mM MgOAc 2.5 pL was added to the tube cap
and was centrifuged into the reaction solution. Fluorescent
signals were collected at 37, 39, and 41°C for 2 h in
fluorescence detector F1620.

Sensitivity and Specificity of One-Tube
and Two-Step RPA-Cas13a

To evaluate the minimum detection limit, serial dsDNA
standards were prepared as follows: using the extracted nucleic
acid of Salmonella as a template, a 50 wL LA Taq PCR
(TaKaRa, China) containing LA Taq 0.5 pL, 2.5 pM dNTP
4 pL, 10 x buffer 5 pL, 10 pM forward/reverse primer each
1 nL, and RNase-free ddH,O 37.5 L was performed. The PCR
amplification product was purified by High Pure PCR Product
Purification Kit (Roche, CH). The dsDNA quantification was
performed in a Qubit digital fluorimeter using the Qubit dsDNA
BR Assay (Invitrogen, Waltham, United States). The dsDNA
copy number was then determined using the following formula:
{[6.02 x 10'* x dsDNA concentration (ng/iL) x 10~°]}/[DNA
in length x 660]. The gradiently diluted dsDNA standards
(107~10"1! copies/|LL) were detected by the one-tube and two-
step RPA-Cas13a. We also chose real-time PCR (Hein et al,
2006) (TaKaRa, China) as the reference test. The specificity of
the one-tube and two-step RPA-Casl3a was tested by using
nucleic acid extracted from diarrheal pathogenic bacteria strains:
Salmonella, S. aureus, L. monocytogenes, E. faecalis, S. flexneri,
V. parahemolyticus, E. coli 0157, Y. enterocolitica, C. jejuni, and
V. vulnificus.

Real-Time Polymerase Chain Reaction
Real-time PCR was performed on the LightCycler 2.0 instrument
in which premix Ex TaqTM (Takara, China) was used (Hein et al.,
2006). The reaction was performed as follows: 95°C for 30 s,
followed by 40 cycles of 95°C for 5 s and then 60°C for 20 s.

Consistency Comparison Using
Real-Time Polymerase Chain Reaction

Genomic DNAs from 84 clinical stool samples were selected for
a clinical comparison experiment. All samples were tested with
the two-step, one-tube RPA-Casl3a, and real-time PCR assay
(Hein et al., 2006). The consistency of the three methods above
was compared using SPSS 24.0 software. k-tests were used for
consistency analysis.

RESULTS

Collateral Cutting Capacity of
CRISPR-Cas13a

A significant fluorescent signal in the reactions of the positive
control within was verified with RNase A. Compared with the
detection of Cas13a for target RNA and non-target RNA control,
the results showed that Cas13a could achieve specific detection
for target RNA of Salmonella in the presence of its corresponding
crRNA. Furthermore, there was no detection signal generated for
Casl2a compared to Casl3a. The detection signal of CRISPR-
Casl3a for 103> pM was almost identical to that of the positive
control (Figure 1). The results of different dilutions for RNA
standards showed that the minimum test limit was 10 pM
(Figure 2).
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FIGURE 1 | The collateral cutting activity of CRISPR-Cas13a. NC, negative
control (RNase-free ddH.0); PC, positive control (RNase A); E1, Cas13a with
10° pM target RNA; E2, Cas13a with 10° pM non-target control; E3, Cas12a
with 103 pM target RNA; E4, Cas13a with non-crRNA.
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FIGURE 2 | The sensitivity of CRISPR-Cas13a. 10°~10° pM were the
concentrations of RNA standards. NC, negative control (RNase-free ddH»O).
Unpaired two-tailed t-test was used to analyze the difference from NC.

o < 0.01; ™p < 0.001; *p < 0.0001. ns, not significant.

Optimization of Two-Step RPA-Cas13a

Detection System

We first tested the best RPA amplification temperature using
0.48 WM primer concentration. The results showed the highest
fluorescent signals were obtained at 39°C in all three Casl3a
detecting time points (Figure 3A). Therefore, 39°C was selected
as the best RPA amplification temperature. Then, the best primer
concentrations were explored at 39°C. The optimal primer
concentration of 0.48 wM was found (Figure 3B). Therefore, we
chose 0.48 M and 39°C as the best RPA primer concentration
and amplification temperature.

Optimization of One-Tube RPA-Cas13a
Detection System

We first tested the different temperature (37, 39, 41°C) in a one-
tube RPA-Cas13a detection system and found that 39°C had the
highest fluorescent signals. The detection signal grew stronger
from 10 to 90 min and reached its peak at 90 min, whereas
the negative control had no visible detection signal (Figure 4A).
We then explored the optimal primer concentration under
39°C and found the highest fluorescent signals were obtained
at 0.48 pM primer concentrations. Therefore, the optimized
conditions of one-tube RPA-Casl3a were 39°C with 0.48 pM
primer concentration (Figure 4B).

Sensitivity and Specificity of One-Tube
and Two-Step RPA-Cas13a

As shown in Figure 5A, the limit of detection of one-tube RPA-
Casl3a for Salmonella was 10? copies/wL, which showed the
same sensitivity to real-time PCR (10? copies/j.L, Figure 6) and
slightly lower than that of two-step RPA-Cas13a (10° copies/pL,
Figure 5B). The whole detection time of one-tube RPA-Casl3a
for 10> copies/uL was only 20 min (Figure 5A), which was
shorter than those for two-step RPA-Casl3a (RPA: 20 min,
transfer time: 5 min, and CRISPR-Cas13a: 20 min, Figure 5B)
and real-time PCR (60 min or much longer, Figure 6). For
specificity assessment, whether one-tube RPA-Cas13a at 60 min
(Figure 7A) or two-step RPA-Cas13a at 30 min (Figure 7B), only
the Salmonella showed detection signals among the 10 common
diarrheal bacteria, and no cross-reactions were found.

Consistency Comparison Using
Real-Time Polymerase Chain Reaction

For evaluating the applicability of developed one-tube and two-
step RPA-Cas13a for Salmonella in clinical stool samples, a total
of 84 clinical stool samples from different hospitals were selected
and tested by real-time PCR, two-step RPA-Cas13a, and one-
tube RPA-Casl3a. Sixteen samples were detected positive for
Salmonella by real-time PCR. Besides those 16 samples, three
additional samples were judged as positive by two-step RPA-
Casl3a in which one was also detected positive by one-tube RPA-
Casl3a. However, the signal intensity was significantly lower than
that of the other 16 positive samples but significantly higher than
that of the negative control sample. At the same time, those three
samples were also identified by Sanger sequencing technology
and determined to be positive for Salmonella. The two-step RPA-
Casl3a detection results are in good consistency with real-time
PCR (k = 0.892), the one-tube RPA-Cas13a detection results are
also in good consistency with real-time PCR (k = 0.962), and the
statistical results are shown in Table 2.

DISCUSSION

Currently, the isothermal amplification of nucleic acid
technology has been used for the rapid pathogen detection
of infectious diseases because of its high specificity, efficiency,
and simplicity and plays an increasingly important role in
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FIGURE 4 | Single factor screening results of one-tube RPA-Cas13a detection. (A) The effect of temperature on one-tube RPA-Cas13a. 37, 39, and 41°C
represented the temperature of the one-tube RPA-Cas13a reaction. NC, negative control (RNase-free ddH»O). (B) The effect of primer concentration on one-tube
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promoting field detection and control of pathogen diseases.
But the isothermal amplification of nucleic acid technology
has its disadvantages, such as the LAMP (loop-mediated
isothermal amplification) having an intricate primer design
and non-specific reactions. Compared with other isothermal
amplification technologies, RPA/RAA can be performed near

ambient temperature (37-42°C) and has higher amplification
efficiencies in recent years. The RPA process relies on three
core enzymes, the recombinant enzymes uvsX and uvsY, SSB
gp32 (Single-stranded DNA-binding protein), and Bsu DNA
polymerase helping target regions of the template that can
exponentially amplify within 20 min (Ahmed et al., 2015;
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FIGURE 7 | The specificity of one-tube and two-step RPA-Cas13a. (A) The specificity of one-tube RPA-Cas13a. 60 min was the time of one-tube RPA-Cas13a. NC,
negative control (RNase-free ddH»0). (B) The specificity of two-step RPA-Cas13a. 30 min was the time of CRISPR-Cas13a reaction. NC, negative control
(RNase-free ddH»0).

TABLE 2 | Clinical samples consistency comparison using three detection methods.

Real-time PCR result Total Sensitivity (%) (95% CI) Specificity (%) (95% Cl) K
+ -_—

One-tube RPA-Cas13a + 16 1 17 100 98.50 0.962
- 0 67 67
Total 16 68 84

Two-step RPA-Cas13a + 16 3 19 100 95.60 0.892
- 0 65 65
Total 16 68 84

+, Positive; —, negative; Cl, confidence interval. Data determined by SPSS 24.0 software. One-tube RPA-Cas13a-positive result, 17, one-tube RPA-Cas13a-negative
result, 67; two-tube RPA-Cas13a-positive result, 19; two-tube RPA-Cas13a-negative result, 65; real-time PCR-positive result, 16, real-time PCR-negative result, 68.
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Ma et al.,, 2019). Most importantly, the RPA/RAA has a fairly
simple primer design. Commonly, the detection platforms most
used for post-RPA detection are fluorescence RPA/RAA, gel
electrophoresis, or LFD (lateral flow dipstick), but these methods
require an expensive design for the probe, low sensitivity, or lack
of specificity. It is necessary to establish a more sensitive and
specific detection method that can be combined with RPA.

In recent years, studies have found that the collateral cutting
activity of CRISPR-Casl3a is activated by a specific crRNA that
targets a specific single-stranded RNA sequence, and collateral
cutting activity can then cleave nearby non-specific RNAs (Knott
etal, 2017; Zuo et al., 2017). Based on this principle, non-specific
RNA reporting probes can add to the reaction system to achieve
specific detection of target molecules (Abudayyeh et al., 20165
Gootenberg et al., 2017). The feature of collateral cutting activity
has been used in the field of nucleic acid detection (Shen et al.,
2020), among which the most representative is the SHERLOCK
(Specific High-sensitivity Enzymatic Reporter UnLOCKing) by
combining RPA with CRISPR-Cas13a (Myhrvold et al., 2018).
This method provides a new direction for developing nucleic
acid detection technology for pathogenic microbes, with the
advantages of simplicity, rapidity, sensitivity, and specificity.
The current detection based on SHERLOCK is mainly a two-
step method. The one-tube method has been reported, but its
sensitivity is insufficient.

The T7 promoter sequence is introduced into the RPA
amplification primer, and the RPA amplification products are
transcribed into a large amount of RNA by T7 RNA polymerase,
which improves the sensitivity of detecting Salmonella targets.
The results showed that two-step RPA-Cas13a is more sensitive
than real-time PCR. Its detection limit for Salmonella can reach
10° copies/pL, One-tube RPA-Cas13a could achieve the same
detection sensitivity as real-time PCR with 10? copies/pL. In
addition, the crRNA design of CRISPR-Casl3a is relatively
simple, requiring only 24 bases. The target-specific crRNA would
further increase the detection specificity. The specificity results
showed that there is no cross-reaction between the RPA-Casl3a
of Salmonella and the other nine diarrheal pathogenic bacteria.
Compared with the fluorescence probes used in RPA/RAA
assay, the CRISPR non-specific detection probe is pretty easy
to design in the present study and cost saving. In addition,
both RPA and CRISPR detection can be conducted on a simple
constant temperature equipment, which greatly reduces the
requirements for equipment and personnel. The one-tube RPA-
Casl3a detection process can detect Salmonella within 20 min,
while two-step RPA-Casl3a costs 45 min, which was shorter
compared with LAMP and real-time PCR method. The influence
of clinical samples on RPA-Casl3a detection performance was
verified: the Salmonella detection rate of the two-step or one-tube
RPA-Casl3a detection method was highly consistent as that of
real-time PCR and could even detect clinical stool samples at low
infectious doses, whereas three samples with low doses cannot
be detected by real-time PCR. Of the three low infectious dose
samples, one can detect by one-step assay, and three can detect by
two-step assay. Although the two-step RPA-Cas13a assay is more

sensitive, it is also more easily contaminated. Some intervention
measures, such as using oily non-interfering substances to seal the
liquid surface, the use of specific reagent tubes, and so on, can be
used to reduce or avoid the contamination, which would help this
assay to be used in routine clinical trials. We recommend one-
tube RPA-Cas13a assay as the rapid POCT method for Salmonella
in rural hospitals with resource-poor settings, whereas two-step
RPA-Casl3a for low abundance detection.

CONCLUSION

In this study, a novel molecular diagnostic method based
on CRISPR-Casl3a combined with RPA was successfully
demonstrated for rapid, sensitive, and specific detection of
Salmonella and provides a new approach for the rapid screening
of clinical samples in hospitals.
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Vibrio vulnificus is an important zoonotic and aquatic pathogen and can cause vibriosis
in humans and aquatic animals (especially farmed fish and shrimp species). Rapid and
sensitive detection methods for V. vulnificus are still required to diagnose human vibriosis
early and reduce aquaculture losses. Herein, we developed a rapid and sensitive
diagnostic method comprising a recombinase-aided amplification (RAA) assay and the
CRISPR/Cas12a system (named RAA-CRISPR/Casi12a) to detect V. vulnificus. The
RAA-CRISPR/Cas12a method allows rapid and sensitive detection of V. vulnificus in
40 min without a sophisticated instrument, and the limit of detection is two copies
of V. wulnificus genomic DNA per reaction. Meanwhile, the method shows satisfactory
specificity toward non-target bacteria and high accuracy in the spiked blood, stool,
and shrimp samples. Therefore, our proposed rapid and sensitive V. vulnificus detection
method, RAA-CRISPR/Cas12a, has great potential for early diagnosis of human vibriosis
and on-site V. vulnificus detection in aquaculture and food safety control.

Keywords: Vibrio vulnificus, recombinase-aided amplification assay, CRISPR/Cas12a, early diagnosis, on-site
detection

INTRODUCTION

Vibrio vulnificus, a zoonotic and aquatic pathogen found worldwide, causes vibriosis in aquatic
animals and humans (Oliver, 2015; Baker-Austin and Oliver, 2018), which can bring heavy
economic losses to aquaculture and seriously affect the personal safety of fishermen and consumers,
respectively. The fatality rate of human vibriosis caused by foodborne V. vulnificus infection is as
high as 50%, while it is about 25% if caused by wound infection (Jones and Oliver, 2009). Clinical
studies have found that timely treatment after the onset of vibriosis will significantly reduce the
mortality of patients, from 100% after 72 h to 33% after 24 h (Klontz, 1988; Heng et al., 2017).
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However, the key to timely treatment is to detect V. vulnificus
rapidly and sensitively. Furthermore, to detect V. vulnificus
in outdoors and resource-poor areas, rapid method without a
sophisticated instrument is favored by inspectors (Choi et al,
2017). Therefore, it is important to develop a rapid, sensitive,
and unsophisticated method for detection of V. vulnificus to
better control its spread and permit the early diagnosis of
human vibriosis.

The traditional methods for detection of V. vulnificus are
laborious, time-consuming, and even false positive (O’'Hara et al.,
2003; Hartnell et al., 2019), which is obviously not suitable for
early diagnosis and on-site detection; thus, they are gradually
being replaced by simpler and faster nucleic acid amplification
technology (NAT) comprising thermocycler-dependent NAT
and thermocycler-independent (isothermal) NAT (Asiello and
Baeumner, 2011; El Sheikha et al,, 2018). In thermocycler-
dependent NAT, quantitative PCR (qPCR) assay has been
widely used in V. vulnificus detection (Campbell and Wright,
2003; Panicker and Bej, 2005). However, qPCR depends on an
expensive real-time PCR instrument and well-trained operators,
limiting its usage in on-site detection and resource-poor areas.
With the development of NAT, isothermal NAT (iNAT)—which
does not require sophisticated equipment, is time-saving, and
can be carried out under constant temperature conditions—
has emerged, such as recombinase-aided amplification (RAA)
(Piepenburg et al, 2006; Qi et al, 2019), loop-mediated
isothermal amplification (Han and Ge, 2010) and strand
displacement amplification (Lu et al, 2017). Based on the
advantages mentioned above, iNAT is a very promising method
for on-site detection and early diagnosis, especially RAA, which
can even be completed within 10 min using body heat (Wang
et al., 2017b). Frustratingly, RAA also has some flaws, such as
the lower sensitivity compared with gPCR (Moore and Jaykus,
2017; Gallardo et al., 2019) and the relatively complex terminal
test involving purification and gel electrophoresis (Daher et al.,
2015; Mayboroda et al., 2018).

Recently, a new detection platform based on clustered
regularly interspaced short palindromic repeats (CRISPR) and
CRISPR-related protein (Cas) called the CRISPR/Cas system has
strongly promoted the development of nucleic acid detection
technology (Gootenberg et al., 2017; Chen et al,, 2018; Li et al,,
2018). This platform relies on the collateral cleavage capability
of CRISPR RNA (crRNA)-guided Casl2a or Casl3 to ssDNA
or ssRNA reporter after recognizing the target nucleic acid
(DNA for Casl2a and RNA for Casl3), can satisfy simplicity,
speed, and specificity at the same time, and is considered a
very promising technology in pathogen detection. Because of the
advantages of the CRISPR/Cas system and the DNA-targeting
property of Cas12a, CRISPR/Cas12a system shows great potential
for the early diagnosis and on-site detection of bacteria and
viruses. However, the detection sensitivity of CRISPR/Casl2a
alone is very low (Chen et al., 2018; Li et al., 2018). A seminal
study by the Doudna lab (Chen et al, 2018) created the
DETECTR method, which consists of a recombinase polymerase
amplification (RPA) assay and the CRISPR/Casl2a system, and
the sensitivity of DETECTR can be as low as the attomolar
level. This method not only inherits the advantages of RPA and

the CRISPR/Casl12a system, but also avoids the shortcomings of
RPA and the CRISPR/Casl12a system. At present, the DETECTR
method has been used to detect a variety of pathogens, such
as SARS-CoV-2 (Broughton et al., 2020; Wang et al., 2020),
Vibrio parahaemolyticus (Zhang et al., 2020) and Pseudomonas
aeruginosa (Mukama et al., 2020).

In this study, we employed an RAA assay and the
CRISPR/Casl2a system to develop a V. vulnificus detection
method (Figure 1), RAA-CRISPR/Casl2a, targeting the vvhA
gene. The whole process using this method takes 40 min; the
limit of detection is 2 copies/reaction, which is comparable with
qPCR; the readout can be evaluated by the naked eye using a UV
torch; the fluorescence signal can only be detected in all samples
spiked with V. vulnificus. The rapid and sensitive characteristics
of this method make it a promising candidate for early diagnosis
of human vibriosis and on-site V. vulnificus detection.

MATERIALS AND METHODS

Bacterial Strains

A total of 10 bacterial strains (five reference strains and
five isolation strains) employed in this study were stored in
our lab. The five reference strains were V. vulnificus (ATCC
27562), V. harveyi (ATCC 14126), V. alginolyticus (ATCC
17749), Staphylococcus aureus (ATCC 25923), and Bacillus cereus
(ATCC 14579). The five isolation strains were V. vulnificus,
V. parahaemolyticus, Salmonella typhimurium, Edwardsiella
piscicida, and Aeromonas hydrophila, which were isolated
from eel, clinical sample, clinical sample, carp, and crucian,
respectively. All strains were verified by PCR assays targeting the
specific segment of 16S rRNA gene.

Genomic DNA Extraction

Two DNA extraction methods, NaOH-based and Kit-based,
were employed to extract bacterial genomic DNA. The NaOH-
based method was used to crudely extract the genomic DNA
of V. vulnificus. Briefly, 50 WL of V. vulnificus suspension was
added to 200 L of 0.5 M NaOH solution and incubated at room
temperature for 3 min. After being diluted 20-fold with nuclease-
free water (Qiagen, Germany), 2 pL of cell lysate was used as
template for the RAA assay. A MiniBEST Bacterial Genomic
DNA Extraction Kit (TaKaRa, China) was also used to extract
bacterial genomic DNA according to the user manual.

Nucleic Acid Preparation
The wvvhA gene fragment of V.
27562)  obtained by PCR wusing primer F (5-
CTCTGTTTACCCTTTCTCTTTTAGC-3') and primer R
(5'- GAGTTTGACTTGTTGTAATGTGGGT-3) was cloned
into the pMD19-T vector and then sequenced by Tsingke
(Tsingke Biotechnology, China).

Five published vvhA sequences (accession number: M34670.1,
KC821520.1, FJ222405.1, AB124802.1, and AB124803.1) were
downloaded from GenBank and aligned with the obtained vvhA
gene sequence using the Clustal Omega'. Nine pairs of RAA

vulnificus  (ATCC

'https://www.ebi.ac.uk/Tools/msa/clustalo/
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FIGURE 1 | Schematic diagram of RAA-CRISPR/Cas12a assay in the detection of V. vulnificus. FL, fluorescence.

primers targeting the conserved region of the vwvhA sequence
were designed according to the Assay Design Manual of the
TwistAmp™ DNA Amplification Kits> and were listed in
Supplementary Table 1.

As for crRNA design, two factors must be considered:
one is that the crRNA sequence lacks overlap with the RAA
primers, and the other is that the crRNA sequence targets the
conserved region of the RAA amplicon. The ssDNA-FQ reporter
modified with fluorophore 6-FAM and quencher BHQ1 (5'-/6-
FAM/TTATT/BHQ1/-3") was used to be trans-cleaved by Cas12a
and then indicate the presence or absence of the target gene
(Chen et al., 2018; Li et al., 2018). crRNA and ssDNA-FQ were
synthesized by Sangon Biotech (Shanghai, China), and they were
then dissolved in the desired concentration (200 nM for crRNA
and 500 nM for ssDNA-FQ) with 1 x NEB buffer 2.1 (NEB
ENGLAND BioLabs Inc., United States), aliquoted into 10 pL per
tube, and stored at —80°C.

The genomic DNA of V. vulnificus (ATCC 27562) extracted
by Kit was diluted with 1 x NEB buffer 2.1, and different
concentrations (1 x 10° to 1 x 108 copies/iL) of V. vulnificus
genomic DNA were obtained and stored at —80°C with 6 pL of
an aliquot of each gradient.

RAA-CRISPR/Casi12a Assay

The RAA assay was conducted with an RAA Nucleic Acid
Amplification Kit (Jiangsu Qitian Gene Biological Co., China)
according to the user manual. Briefly, 25 WL of buffer V, 2 pL
of forward primer (10 pM), 2 pL of reverse primer (10 M),
2 uL of DNA template, 16.5 pL of purified water, and 2.5 pL
of magnesium acetate were mixed in tube and then incubated

Zhttps://www.twistdx.co.uk

at 37°C for 40 min. The RAA products were analyzed with 2%
agarose gel or with the CRISPR/Cas12a system.

A Casl2a-mediated collateral cleavage assay was conducted
similarly to the methods used by Chen et al. (2018) and Li
et al. (2018). Briefly, 10 nL of 200 nM Cas12a (NEB ENGLAND
BioLabs Inc., United States) diluted with 1 x NEB buffer 2.1
was preincubated with 10 pL of 200 nM c¢rRNA for 20 min at
37°C. After this, 10 WL of 500 nM ssDNA-FQ and 2 nL of RAA
products were mixed with 20 pL of Cas12a-crRNA complex, and
the 32 pL mixture was immediately incubated at 37°C for 35 min.
Upon incubation, the readout could be observed using a UV
device, such as a UV torch, or detected using a multifunctional
microplate reader (hex: 485 nm and hep: 520 nm). In this study,
the RAA reaction time and Cas12a cleavage time were optimized.

qPCR Assay
A gPCR assay used as a standard method to detect

V. vulnificus (Campbell and Wright, 2003; Panicker
and Bej, 2005) was performed with vvhA-F (5'-
TGTTTATGGTGAGAACGGTGACA-3') and vvhA-R

(5'-TTCTTTATCTAGGCCCCAAACTTG-3') using a CFX96
real-time PCR detection (Bio-Rad, United States) system. The
qPCR reaction mixtures contained 10 pL of SYBR® Premix Ex
TaqTM II (TaKaRa, China), 0.8 L of each primer (5 wM), 2 wL of
DNA template, and 6.4 uL of nuclease-free water. The reaction
condition was: 95°C for 30 s, and 39 cycles of 95°C for 5 s and
60°C for 30 s.

Detection of Shrimp Samples Using
RAA-CRISPR/Cas12a Assay

Eleven fresh shrimps purchased from a local supermarket
were proved to be free of V. vulnificus by qPCR. Eight of
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them were spiked with V. vulnificus by a researcher according
to the methods used by Zhang et al. (2020) and Wang
et al. (2017a). Briefly, the fresh shrimps were de-headed
and sterilized with 75% ethanol for 2 min. The obtained
shrimp samples were incubated in V. vulnificus suspensions
(1.1 x 10* CFU/mL) for 30 min at 23°C and then transferred
onto a clean workbench for bacterial attachment. After 30 min
of attachment, 11 shrimps were numbered by this researcher.
The RAA-CRISPR/Casl2a assay was then conducted by the
other researcher, who did not know the real situation of
these shrimps. A Q-tip was used to sample the shrimp by
wiping it, and it was then placed into 200 pL of nuclease-
free water to obtain V. vulnificus suspension. The NaOH-
based method mentioned above was performed to extract
V. vulnificus genomic DNA, and the Kit-based extraction method
was used as a comparative test. 2 pL of genomic DNA extracted
by these two methods was used as template for the RAA-
CRISPR/Casl12a assay.

Detection of Human Blood and Stool
Samples Using RAA-CRISPR/Cas12a
Assay

Blood and stool samples were collected from three healthy
volunteers, and 100 L of blood or 200 mg of stool was added into
the tube containing 1.1 x 10* CFU of V. vulnificus. Then, these
blood and stool samples were used to extract genomic DNA using
the MiniBEST Universal Genomic DNA Extraction Kit Ver.5.0
(TaKaRa, China) and the TTANamp Stool DNA Kit (TTANGEN,
China), respectively. 2 pL of genomic DNA extracted from
spiked blood and stool samples were then used as templates for
RAA-CRISPR/Casl12a assay, while 2 wL of blood or stool DNA
was used as a negative control.

RESULTS

Screening an Optimal Primer Set for RAA
Assay

To obtain the optimal primers, nine primer sets were designed
(Supplementary Table 1), and the RAA assay was performed
with V. vulnificus genomic DNA and each primer set. The
primers were then screened according to the gel electrophoresis
of RAA products. As shown in Figure 2A, the predicted bands
of each RAA product were visible; however, the intensity
of two bands amplified with the No. 1 primer set (F1: 5'-
TTCAACGCCACACGAGACTGGTGTAATGCGG-3" and RI:
5-  CCAATGTAAGTGCGGCGGTTTGCCCAACTCTGG-3')
and the No. 7 primer set (F7: 5- TTATGGTGAGA
ACGGTGACAAAACGGTTGCGGG-3" and R7: 5'- CCTTCC
CAATACCATTTCTGTGCTAAGTTCGC-3') were significantly
stronger than the other seven bands, indicating the high
amplification efficiency of the No. 1 and No. 7 primer sets.
Therefore, these two primer sets were selected as candidates
for subsequent RAA assay, and their amplicons were used
to design crRNA.

Screening an Optimal crRNA for
RAA-CRISPR/Cas12a Assay

According to the two factors mentioned in Materials and
Methods, only four crRNAs (CR1 and CR2 targeting the No.
1 amplicon; CR3 and CR4 targeting the No. 7 amplicon) were
designed (Figure 2B). Because the efficiency of each crRNA
and crRNAmix (crRNA mixture) in triggering the trans-cleavage
capability of Casl2a may be different (Creutzburg et al., 2020;
Wang et al, 2020), the RAA-CRISPR/Casl2a assay was
performed using V. vulnificus genomic DNA as template and
F1/R1 or F7/R7 as primer set to test the capacity of CRI,
CR2, CR1 + 2, CR3, CR4, and CR3 + 4 and then screen an
optimal crRNA. As shown in Figure 2C, all four crRNAs and
the two crRNAmixs could trigger fluorescence signal generation;
however, the fluorescence signals triggered by crRNAmixs were
stronger than those triggered by single crRNA. Furthermore,
CR3 + 4 triggered a stronger fluorescence signal than CR1 + 2.
Therefore, CR3 + 4 and its corresponding primer set, F7/R7, were
chosen as the optimal crRNA and primer set, and would be used
in the subsequent RAA-CRISPR/Cas12a assay.

Optimizing RAA Reaction Time and

Cas12a Cleavage Time

To shorten the assay time with minimal difference in reaction
efficacy, we optimized the RAA reaction time and Casl2a
cleavage time using the RAA-CRISPR/Cas12a assay with the same
template concentration of V. vulnificus genomic DNA (1 x 10*
copies/iL). As for optimization of RAA reaction time, 0, 5,
10, 15, 20, 25, 30, 35, and 40 min were tested. The results
showed that fluorescence intensity reached a plateau after 20 min
(Figure 3A), indicating that 20 min was the optimal time for
RAA reaction. As for optimization of Casl2a cleavage time, 0,
5, 10, 15, 20, 25, 30, 35, 40, and 45 min were tested. The results
shown in Figure 3B indicated that 20 min was the optimal time
for Casl2a cleavage. Therefore, the reaction time for the RAA-
CRISPR/Casl12a assay we developed to detect V. vulnificus was
40 min, consisting of 20 min for the RAA reaction and 20 min for
Casl2a cleavage.

Sensitivity of RAA-CRISPR/Cas12a
Assay in the Detection of Vibrio

vulnificus
To evaluate the sensitivity of the RAA-CRISPR/Casl2a assay
in detecting V. vulnificus, 2 pL of different concentrations
(1 x 10% to 1 x 10° copies/wL) of V. vulnificus genomic DNA
and nuclease-free H,O were used as RAA templates, and 2 pL
of RAA product was then detected with a Casl2a-mediated
cleavage assay. As shown in Figure 4A, all samples except H,O
could generate fluorescence signals detected by a multifunctional
microplate reader or a UV device, indicating that the limit of
detection (LOD) of this method in V. vulnificus detection reached
2 copies/reaction.

To compare the sensitivity of RAA-CRISPR/Casl2a with
RAA, qPCR, or CRISPR-Casl2a in the detection of V. vulnificus,
we also assessed the sensitivity of the RAA, qPCR, and
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primer set. M, 500 DNA marker; lanes 1-9, RAA products amplified by primer set 1, 2, 3, 4, 5, 6, 7, 8, and 9, respectively. (B) crRNA sequences designed in this
study. (C) Analysis of fluorescence signals triggered by the different crBNA using a multifunctional microplate reader (upper) or a UV torch (below). Data is one
representative of three experiments.
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FIGURE 3 | Optimizing the RAA reaction time and Cas12a cleavage time. The RAA-CRISPR/Cas12a assay was performed using 1 x 10* copies/pL of V. vulnificus
genomic DNA as the template, F7/R7 as the primer set, and CR3 + 4 as the crRNA to optimize the RAA reaction time (A) and Cas12a cleavage time (B), and the
fluorescence signal was analyzed using a multifunctional microplate reader (upper) or a UV torch (below).

CRISPR-Casl2a assay. As for the sensitivity of the RAA assay the sensitivity of RAA-CRISPR/Cas12a. The LOD of qPCR assay
that was performed under the same condition as the RAA- was 2 copies/reaction (Figure 4C), consistent with the sensitivity
CRISPR/Cas12a assay, the result of gel electrophoresis employed = of RAA-CRISPR/Casl2a assay. As for the CRISPR-Cas12a assay,
to analyze the RAA products showed that the LOD of the RAA  we did not detect a fluorescence signal from all samples, even
assay was 1 x 10° copies/pL (Figure 4B), which was lower than  though the sample concentration was 1 x 108 copies/jLL (data not
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FIGURE 4 | Evaluating the sensitivity of the RAA-CRISPR/Cas12a, RAA, and qPCR assay in V. vulnificus detection. 2 L of nuclease-free water and 1 x 109 to

1 x 10° copies/uL of V. vulnificus genomic DNA were used as templates in these assays. (A) The sensitivity of the RAA-CRISPR/Cas12a assay. The results were
detected using a multifunctional microplate reader (upper) or a UV torch (below). (B) The sensitivity of the RAA assay. RAA reaction time was 20 min, consistent with
the RAA-CRISPR/Cas12a assay. The results were analyzed using gel electrophoresis. (C) The sensitivity of the gPCR assay. gPCR was conducted with the CFX96
real-time PCR detection systems, and the amplification curves of each sample were shown in this figure. Data is one representative of three experiments.

shown), which was consistent with the reports that the detection
sensitivity of CRISPR-Cas12a alone was very low (Chen et al.,
2018; Li et al., 2018).

Taken together, the sensitivity of the RAA-CRISPR/Casl2a
assay we established was two copies of V. vulnificus genomic DNA
per reaction, which is comparable with qPCR but significantly
higher than that of RAA and CRISPR-Cas12a.

Specificity of RAA-CRISPR/Cas12a
Assay in Detecting Vibrio vulnificus

The genomic DNA extracted from two V. vulnificus strains
and eight other strains of foodborne pathogenic bacteria were
used to assess the specificity of the RAA-CRISPR/Casl2a
assay in V. vulnificus detection. The results showed that the
fluorescence signal could be detected in those two V. vulnificus
strains using this method, but not in the strains of Bacillus
cereus, Edwardsiella piscicida, Staphylococcus aureus, Salmonella
typhimurium, Aeromonas hydrophila, V. harveyi, V. alginolyticus,
and V. parahaemolyticus (Figure 5), indicating no cross-
reactions of the RAA-CRISPR/Casl2a assay in the detection of
V. vulnificus. Therefore, the method we established displayed a
high specificity for V. vulnificus detection.

Detection of Vibrio vulnificus in Spiked
Samples With RAA-CRISPR/Cas12a

Assay

Finally, we evaluated the performance of the RAA-

CRISPR/Casl2a assay in the detection of shrimp samples,
drawing on eight V. wvulnificus-spiked samples and three

V. vulnificus-free samples. This experiment was conducted by
two researchers: one was responsible for preparation of the
1.1 x 10* CFU/mL V. vulnificus-spiked samples and numbered
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FIGURE 5 | Evaluating the specificity of RAA-CRISPR/Cas12a assay in

V. vulnificus detection. Ten bacterial strains were used to evaluate the
specificity of RAA-CRISPR/Cas12a assay, and the fluorescence sigils were
analyzed using a multifunctional microplate reader (upper) or a UV torch
(below). V. vulnificus strain 1 was isolated from eel, and strain 2 was isolated
from human.
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FIGURE 6 | Analysis the feasibility of RAA-CRISPR/Cas12a assay in the detection of V. vulnificus in spiked samples. The genomic DNA was extracted from 11
shrimps, eight of which were spiked with 1.1 x 10 CFU/mL of V. vulnificus, using the NaOH-based DNA extraction method. (A) The RAA-CRISPR/Cas12a assay
was performed to detect V. vulnificus in those 11 DNA samples using a multifunctional microplate reader (below) or a UV torch (upper). (B) The gPCR assay was
performed as a standard method to detect V. vulnificus in those 11 DNA samples. The amplification curves of each sample were shown. Data is one representative
of three experiments. (C) Human blood and stool samples were employed to evaluate the feasibility of RAA-CRISPR/Cas12a assay in diagnosis of human vibriosis.
100 pL of blood or 200 mg of stool was added into the tube containing 1.1 x 10 CFU of V. vulnificus, and then these samples were used to extract genomic DNA.
2 uL of genomic DNA extracted from spiked samples were used as templates for RAA-CRISPR/Cas12a assays, while 2 L of blood DNA or stool DNA was used as
a negative control. Fluorescence signals were analyzed using a multifunctional microplate reader (upper) or a UV torch (below). Data is one representative of three

experiments.

TABLE 1 | Comparison of different methods for detection of Vibrio vulnificus.

Method Equipment required Speed Sensitivity Specificity References
Culture Incubator Days Variable Case-specific O’Hara et al., 2003; Hartnell et al., 2019
qPCR Real-time PCR instrument Hours High High Campbell and Wright, 2003; Panicker and Bej, 2005
INAT# Real-time PCR instrument Minutes High High Han and Ge, 2010; Yang et al., 2020

LFD* or electrophoresis apparatus ~ Minutes, hours Medium High Surasilp et al., 2011; Yang et al., 2021
RAA-CRISPR/Cas12a UV torch Minutes High High This study

#lsothermal nucleic acid amplification technology.
*Lateral flow dipstick.

the 11 shrimps, while the other one with no idea about the
situation of shrimps extracted the genomic DNA from shrimps
using the NaOH-based and Kit-based methods and then carried
out the RAA-CRISPR/Casl2a assay. As shown in Figure 6A,
the fluorescence signal could only be detected in eight spiked

samples using the RAA-CRISPR/Casl2a assay, which was
exactly matched with the results of the qPCR assay (Figure 6B),
indicating the high accuracy of this method in V. vulnificus
detection. Moreover, the RAA-CRISPR/Casl2a assay was also
performed using the DNA template extracted through the
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Kit-based method, which still only detected all the spiked
samples (Supplementary Figure 1).

To investigate whether our proposed RAA-CRISPR/Casl2a
method has potential to diagnose human vibriosis using human
blood or stool samples, the blood and stool samples spiked with
1.1 x 10*® CFU of V. vulnificus were prepared and used to extract
genomic DNA. 2 pL of genomic DNA extracted from blood or
stool samples were used as templates. As shown in Figure 6C,
apart from the negative controls, the fluorescence signal could be
detected in all spiked samples. These results indicated that the
RAA-CRISPR/Casl12a assay could resist the influence of human
genomic DNA and gut flora DNA, further implying the great
feasibility of this assay in the detection of human samples.

Taken together, these results showed that the presented RAA-
CRISPR/Casl2a assay could be used to detect V. vulnificus in the
samples collected from seafood and human beings.

DISCUSSION

Vibrio vulnificus is a mesophilic and zoonotic bacterium (Oliver,
2015; Baker-Austin and Oliver, 2018). With global warming, the
populations of V. vulnificus are larger, and cases of vibriosis
are increasing (Baker-Austin et al, 2013, 2018), seriously
threatening aquaculture, food safety, and human health. A more
rapid and sensitive detection method is good for reducing
the harm caused by V. vulnificus infection. Currently, the
reported methods for V. vulnificus detection are based on
NAT and can be divided into two main types: qPCR-based
method (Campbell and Wright, 2003; Panicker and Bej, 2005)
and iNAT-based method (Table 1), which mainly depends
on a real-time PCR instrument or lateral flow dipstick (Han
and Ge, 2010; Surasilp et al, 2011; Yang et al, 2020, 2021).
However, the qPCR-based and iNAT-based pathogen detection
methods depending on the real-time PCR instrument are not
convenient for use in on-site detection and resource-poor areas,
while the iNAT-based pathogen detection methods depending
on the lateral flow dipstick or gel electrophoresis analysis
show lower sensitivity than qPCR (Panicker and Bej, 2005;
Surasilp et al, 2011; Wang et al, 2017b; Gallardo et al,
2019). To circumvent these defects, we developed an RAA-
CRISPR/Casl2a assay to detect V. vulnificus (Figure 1), which
does not require a sophisticated instrument, only takes 40 min
from adding DNA templates to obtaining the results (Figure 3),
and can detect V. wvulnificus genomic DNA in as low as
2 copies/reaction (Figure 4A).

The target gene of the presented method is vvhA, which
encodes an important toxin hemolysin in V. vulnificus
pathogenicity (Kreger and Lockwood, 1981; Lee et al., 2004).
Because of the species specificity and high conservation of
vvhA gene (Wright et al., 1985; Morris et al., 1987; Hill et al.,
1991), detection of the vvhA gene has been used as a standard
method to identify V. vulnificus (Hill et al., 1991; Campbell
and Wright, 2003). Because of the diversity of vvhA gene
(Senoh et al., 2005), six vvhA sequences were aligned, and the
conserved region was then used to design the RAA primers and
crRNA sequences. The specificity tests showed that only two

V. vulnificus strains (a clinical isolate and an eel isolate) could
be detected using the RAA-CRISPR/Cas12a method (Figure 5),
indicating that the primers and crRNA sequences we designed
were valid. Moreover, we also evaluated the feasibility of this
method in the detection of spiked samples. As for detection
of V. vulnificus in shrimps (Figure 6A), the results showed
that the RAA-CRISPR/Casl2a assay could detect all the spiked
samples, indicating the great potential of this assay for on-site
V. vulnificus detection.

Apart from detection of V. vulnificus in spiked shrimp samples
using the RAA-CRISPR/Cas12a method, we also investigated the
feasibility of this method in diagnosis of human vibriosis. As we
all known, primary septicemia and gastroenteritis are two major
clinical syndromes of V. vulnificus infections (Chuang et al.,
1992; Shapiro et al., 1998). Therefore, human blood and stool
samples were used to conduct this experiment (Figure 6C). The
results demonstrated that our proposed RAA-CRISPR/Casl2a
method showed high accuracy in the detection of human samples,
indicating the great potential of this method for the early
diagnosis of human vibriosis.

In conclusion, our presented method, the RAA-
CRISPR/Cas12a assay, simultaneously satisfies speed, specificity,
sensitivity, and unsophisticated to detect V. vulnificus, and shows
great potential for on-site V. vulnificus detection in aquaculture
and food safety and for the early diagnosis of human vibriosis,
especially in resource-poor areas.
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Enterotoxigenic Escherichia coli (ETEC) is the leading cause of severe diarrhea in children
and the most common cause of diarrhea in travelers. However, most ETEC infections in
Shenzhen, China were from indigenous adults. In this study, we characterized 106 ETEC
isolates from indigenous outpatients with diarrhea (77% were adults aged >20 years) in
Shenzhen between 2015 and 2020 by whole-genome sequencing and antimicrobial
susceptibility testing. Shenzhen ETEC isolates showed a remarkable high diversity,
which belonged to four E. coli phylogroups (A: 71%, B1: 13%, E: 10%, and D: 6%)
and 15 ETEC lineages, with L11 (25%, O159:H34/0159:H43, ST218/ST3153), novel
L2/4 (21%, O6:H16, ST48), and L4 (15%, 025:H16, ST1491) being major lineages.
Heat-stable toxin (ST) was most prevalent (76%, STh: 60% STp: 16%), followed by
heat-labile toxin (LT, 17%) and ST + LT (7%). One or multiple colonization factors (CFs)
were identified in 68 (64%) isolates, with the common CFs being CS21 (48%) and CS6
(34%). Antimicrobial resistance mutation/gene profiles of genomes were concordant
with the phenotype testing results of 52 representative isolates, which revealed high
resistance rate to nalidixic acid (71%), ampicillin (69%), and ampicillin/sulbactam (46%),
and demonstrated that the novel L2/4 was a multidrug-resistant lineage. This study
provides novel insight into the genomic epidemiology and antimicrobial susceptibility
profile of ETEC infections in indigenous adults for the first time, which further improves
our understanding on ETEC epidemiology and has implications for the development of
vaccine and future surveillance and prevention of ETEC infections.

Keywords: enterotoxigenic Escherichia coli (ETEC), molecular epidemiology, whole genome sequencing (WGS),
virulence factor, antimicrobial resistance (AMR), pathogenicity, public health surveillance
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INTRODUCTION

Enterotoxigenic Escherichia coli (ETEC) is the leading cause of
severe diarrhea particularly among young children aged less than
five in developing countries, and is also the most common cause
of diarrhea in travelers to ETEC-endemic areas, accounting for
more than 200 million diarrheal cases and 50,000 deaths annually
(Khalil et al., 2018; Fleckenstein and Kuhlmann, 2019). ETEC
is defined by production of heat-stable toxin (ST) and/or heat-
labile toxin (LT), and ST includes two subtypes, human ST (STh)
and porcine ST (STp). STh is the most prevalent enterotoxin
associated with human diarrhea, while STp is originally isolated
from a porcine source and more prevalent in isolates from
animals (So et al,, 1976, 1978). There is a remarkable genetic
diversity of ST and LT, and multiple variants have been identified
(Joffré et al., 2015, 2016). In addition to enterotoxins, most
ETEC isolates express one or more plasmid-encoded colonization
factors (CF), which are fimbrial or afimbrial surface structures
that enable adherence to intestinal epithelium. At least 27
known or putative CFs have been identified to date, including
a novel CF, CS30 identified by genomic analysis, and the most
prevalent CFs are colonization factor antigen I (CFA/I) and
coli surface antigens 1-6 (CS1-CS6) (Gaastra and Svennerholm,
1996; Nada et al,, 2011; von Mentzer et al., 2017; Vidal et al,,
2019). Besides the classic virulence factors of enterotoxins and
CFs, multiple non-classic virulence factors have been identified
in recent years, including a cytoplasmic protein (LeoA), three
adhesins (Tia, TibA, and EtpA), an extracytoplasmic protein
(CexE), a hemolysin (ClyA), two mucinases (EatA and Ygh]),
three iron acquisition systems (Irpl, Irp2, and FyuA), and an
enteroaggregative heat-stable toxin 1 (EAST1) (Turner et al,
2006; Pilonieta et al., 2007; Del Canto et al., 2011; Gonzales et al,,
2013; Luo et al., 2014; Sjoling et al., 2015).

Enterotoxigenic Escherichia coli is genetically highly diverse,
and more than 100 serotypes have been identified in clinical
isolates (Wolf, 1997; Isidean et al., 2011). Multi-locus sequence
type (MLST)-based studies showed that ETEC isolates can be
found across five E. coli phylogroups including A, Bl, B2, D,
and E, with A and Bl being more prevalent (Turner et al,
2006; Sahl et al.,, 2011). Whole genome sequencing (WGS) of
a large collection of representative global ETEC isolates further
identified 21 robust lineages (L1-L21) characterized by distinct
enterotoxin and CF profiles, which belonged to phylogroups
A (12 lineages), Bl (7 lineages), C (1 lineage), and E (1
lineage) (von Mentzer et al, 2014; Denamur et al., 2021).
Despite the diversity, a clear association between lineage and
enterotoxin, CF, serotype, and plasmid content was identified. For
example, close related lineages L1 and L2 encoded CS1 + CS3
and CS2 + CS3 (with/without CS21), respectively, but shared
common enterotoxin profiles (STh + LT) and O antigen (O6)
(von Mentzer et al., 2014). In addition, WGS has been used to
characterize the epidemiology of ETEC infections in Bangladesh
and Chile, and identified remarkable diversity of local circulating
phylogroups and lineages. However, the dominant pathogenic
phylogroups were distinct, with more Bangladeshi isolates
belonging to phylogroup Bl while most Chilean isolates were
from phylogroup A (Sahl et al., 2017; Rasko et al., 2019).

With the widespread use of antimicrobial agents,
antimicrobial resistance (AMR) has emerged in ETEC isolates
from both children and travelers with diarrhea (Qadri et al.,
2005). AMR to commonly used agents such as nalidixic acid
(NAL), ampicillin (AMP), tetracycline (TET), and sulfonamides
has been frequently detected in ETEC isolates in Peru (Rivera
et al., 2010), Bangladesh (Begum et al., 2016), South Korea (Oh
et al., 2014), and China (Li et al, 2017), and the emergence
of extended-spectrum p-lactamase (ESBL)-producing ETEC
poses a new challenge to clinical treatment and public health
(Margulieux et al., 2018; Guiral et al, 2019). Moreover,
high-level and multidrug-resistant (MDR) had developed in
ETEC isolates, which might be related to heavy clinical use of
antimicrobial agents (Begum et al., 2016; Li et al., 2017). Due to
the increased AMR in many areas over time, azithromycin and
fluoroquinolones have been used as the first-line drugs for ETEC
infections (Xiang et al., 2020). However, azithromycin-resistant
ETEC also emerged in multiple countries (Abraham et al., 2014;
Begum et al.,, 2016; Xiang et al., 2020), and is highly prevalent in
Shanghai, China (Xiang et al., 2020), highlighting the necessity
of ongoing surveillance of AMR, especially to first-line drugs.

While ETEC mainly causes diarrhea among children and
travelers, most ETEC infections in Shenzhen, a populous
developed city in southern China, were from indigenous adults,
and the genomic epidemiology of Shenzhen ETEC isolates
remains unclear. In this study, we sequenced the whole genomes
of 106 ETEC isolates from indigenous outpatients with diarrhea
in Shenzhen between 2015 and 2020, and compared them
to a global collection of representative E. coli and ETEC
genomes (von Mentzer et al, 2014; Horesh et al, 2021), to
characterize the genomic diversity and virulence factors of ETEC
in Shenzhen. Moreover, we integrated WGS-based in silico AMR
mutation/gene detection and antimicrobial susceptibility testing
to characterize the AMR profiles of Shenzhen ETEC isolates.

MATERIALS AND METHODS

Strain Collection

ETEC strains were isolated from stool samples of outpatients
with diarrhea in 16 sentinel hospitals in Shenzhen, China during
routine foodborne disease surveillance between 2015 and 2020
as previously described (Li et al., 2017). Stool samples were
enriched or inoculated on selective medium to isolate common
foodborne pathogens, including Salmonella, Shigella, Vibrio
cholerae, Vibrio parahaemolyticus, Staphylococcus aureus, E. coli
0157:H7, ETEC, enteropathogenic E. coli, enteroinvasive E. coli,
enterohemorrhagic E. coli, Bacillus cereus, group A Streptococcus,
and Listeria monocytogenes. For ETEC, stool samples were
further inoculated on CHROMagar ECC plates and incubated
at 37°C overnight. Then, three colonies were randomly selected
and inoculated on triple sugar iron agar for incubation and
identification by screening ST and LT genes using a modified
molecular beacon-based multiplex real-time PCR assay (Chen
Q. et al, 2014). ETEC isolates were defined by either ST or
LT gene was positive, and a total of 106 ETEC isolates were
included in this study.
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Whole Genome Sequencing and Genome

Dataset

Genomic DNA was extracted using the QIAamp DNA Mini
Kit (QIAGEN, Hilden, Germany) according to manufacturer’s
instructions. Pair-end libraries with a mean insert size of 350 bp
were prepared for sequencing using Illumina NovaSeq 6000
platforms. The average read length is 150 bp, and ~1.2 Gb
clean data were generated for each isolate on average. Short-
read sequencing data of Shenzhen isolates have been deposited
in the NCBI Sequence Read Archive under the BioProject
PRJNA739477, and the accession numbers were listed in
Supplementary Table 1.

A total of 177 genomes were analyzed in this study, including
106 newly sequenced genomes of Shenzhen isolates and 71
publicly available representative genomes. These representative
genomes were from the largest 50 E. coli lineages (Horesh et al.,
2021) and 21 global ETEC lineages (von Mentzer et al., 2014),
representing the phylogenetic diversity of E. coli and ETEC.

Genome Assembly, Annotation, and

Pan-Genome Analysis

We performed de novo assembling of genomes using SPAdes
v3.14.1 (Bankevich et al., 2012) and obtained the assembled
genomes of 106 ETEC isolates. The average number of contigs
and size of assemblies were 123 (61-244, >500 bp) and
5.0 Mb (4.7-5.2), with an average of 102-fold (88-128) depth
for each genome.

The assembled genomes were annotated using Prokka
(Seemann, 2014) with default settings, and the gene annotation
results (GFF3 files) were used in Panaroo (Tonkin-Hill et al.,
2020) to identify the pan-genome and generate the matrix
of accessory gene presence/absence. Genes presented in >99%
isolates were defined as core genes, and the other genes were
defined as accessory genes. EggNOG-mapper (Huerta-Cepas
et al., 2019) was used to annotate the Clusters of Orthologous
Groups (COGs) classifications of accessory genes.

Serotyping and Multi-Locus Sequence
Typing

In silico serotyping was performed using ECTyper' based
on assembled genomes. MLST sequence type (MLST-ST) was
obtained by scanning the sequences of seven house-keeping genes
(adk, fumC, gyrB, icd, mdh, purA, and recA) against PubMLST
typing schemes using mlst.?

Virulence Factors and Plasmid Detection
and Typing

The presence or absence of classic virulence genes (enterotoxins
and CFs) and non-classic virulence genes were identified using
ABRicate’ and BLASTN by scanning against the ETEC virulence
database* and a custom non-classic virulence genes database. We

Uhttps://github.com/phac-nml/ecoli_serotyping
Zhttps://github.com/tseemann/mlst
3https://github.com/tseemann/abricate

4https:/ /github.com/avonm/ETEC_vir_db/

analyzed a total of 11 non-classic virulence genes, including leoA
(accession number: AF170971), tia (U20318), tibA (AF109215),
etpA  (AY920525, position: 2718-8021), cexE (LR883053,
position: 25424-25792), clyA (AY576657, position: 241-1152),
eatA (AY163491), ygh] (DQ866820, position: 322-622), irp2
(NC_003143, position: 2156049-2162156), fyuA (NC_003143.1,
position: 2140840-2142861), and astA (AB042005). A gene was
considered present if the overall coverage and identity were
larger than 80%.

The ST and LT nucleotide sequences of Shenzhen isolates
were extracted from assembled genomes using BLASTN and
were aligned against the sequences of previously reported ST
and LT variants® (Joffré et al., 2015, 2016; von Mentzer et al.,
2021) using MAFFT v7.480 (Katoh and Standley, 2013). Multiple
sequence alignments were used to construct the maximum
likelihood phylogenetic trees, and the ST and LT variants of
Shenzhen isolates were determined based on the phylogenetic
trees (Supplementary Figure 1).

PlasmidFinder v2.1 (Carattoli et al., 2014) was used to detect
and determine the incompatibility groups of plasmids based on
assembled genomes with default settings.

Single-Nucleotide Polymorphism Calling
and Phylogenetic Analyses

Core-genome (regions present in >99% strains) single-
nucleotide polymorphisms (SNPs) were identified using
Snippy v4.6.0 pipeline,’ with E. coli K12 (accession number:
NC_000913) as the reference genome. Briefly, for each isolate,
clean sequencing reads were mapped to reference genome using
BWA-mem (Li and Durbin, 2009), and SNPs were called using
SAMtools (Li et al., 2009) and FreeBayes (Garrison and Marth,
2012). Repetitive regions of the reference genome were identified
using Tandem Repeats Finder (TRF) (Benson, 1999) and by
self-aligning using BLASTN as previously described (Yang et al.,
2019). SNPs located in repetitive regions were removed prior to
phylogenetic analysis. The maximum likelihood trees based on
non-repetitive core-genome SNPs and alignments of ST and LT
nucleotide sequences were constructed using IQ-TREE v2.0.3
(Minh et al., 2020) with auto-detected best-fitting substitution
model, respectively.

Antimicrobial Resistance Mutation/Gene

Detection and Phenotype Testing

ResFinder 4.1 (Bortolaia et al., 2020) was used to detect
the AMR related mutations and genes based on clean
sequencing reads with default settings. Based on the lineage
classification and AMR mutation/gene distribution, we selected
52 representative isolates for AMR phenotype testing. The
susceptibilities of the representative isolates were determined
using disc diffusion assay against 17 antimicrobial agents,
including NAL, AMP, TET, ampicillin/sulbactam (AMS),
cefotaxime (CTX), trimethoprim/sulfamethoxazole (SXT),
azithromycin (AZI), streptomycin (STR), ciprofloxacin (CIP),

B https://github.com/avonm/ETEC_toxin_variants_db
Chttps://github.com/tseemann/snippy
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ceftazidime (CAZ),
(CHL), colistin  (CT), ceftazidime/avibactam  (CZA),
ertapenem (ETP), meropenem (MEM), and tigecycline
(TGC). Breakpoints for sensitive, intermediate, and
resistant were defined by the Clinical and Laboratory
Standards Institute (CLSI) document M100-S26, and E. coli
ATCC25922 was used as the control. ESBL-producing isolates
were identified by assessing susceptibility phenotype to
CTX, CAZ, and CZA.

amikacin (AMK), chloramphenicol

RESULTS

Demographic and Clinical Symptom

Characteristics

A total of 106 ETEC isolates from indigenous outpatients
with diarrhea collected during routine foodborne disease
surveillance between 2015 and 2020 were included in this
study (Supplementary Table 1). These outpatients had
a median age of 27 years (interquartile range: 21-36), of
which only seven (7%) was children aged <5 years and
82 (77%) were adults aged >20 years. There were more
males (51%, 54/106) than females (49%, 52/106), and
the clinical symptoms included diarrhea (95%, 100/106),
abdominal pain (29%, 31/106), vomiting (8%, 9/106), and
fever (8%, 9/106).

Escherichia coli Phylogroup and

Enterotoxigenic Escherichia coli Lineage
To investigate the E. coli phylogroup and ETEC lineage
classification of Shenzhen isolates, we compared the 106
Shenzhen isolates to 71 representative isolates from the largest
50 E. coli lineages (Horesh et al,, 2021) and 21 global ETEC
lineages (von Mentzer et al., 2014), and constructed a maximum-
likelihood (ML) tree of 177 isolates based on 267,822 SNPs
in the core-genome (Figure 1). Shenzhen isolates showed a
remarkably high diversity, which can be attributed to four
E. coli phylogroups and 15 ETEC lineages (Table 1 and
Figure 1). The majority of Shenzhen isolates belonged to
phylogroup A (71%, 75/106), and the remaining were assigned
into phylogroup Bl (13%, 14/106), D (6%, 6/106), and E
(10%, 11/106). Phylogroup A can be further divided into eight
ETEC lineages, and lineage L11 (25%, 26/106), a novel lineage
L2/4 (between L2 and L4, 21%, 22/106, Figure 1), and L4
(15%, 16/106) were major circulating lineages. Phylogroup Bl
can be divided into five lineages (L5, L8, and L17-L19) each
with few isolates (n < 3), and D and E each contained one
lineage, a novel lineage L-N1 (n = 6) and L7 (n = 11),
respectively (Figure 1).

Phylogroup A has always been dominant during the 6-year
sampling period, while the fractions of other phylogroups were
variable. At the end of sampling in 2020, only two phylogroups A
and Bl persisted (Figure 2A). The fractions of different ETEC
lineages were also variable. Lineage L11 was dominant before
2016; since 2017, multiple lineages coexisted and no obvious
dominant lineage was identified (Figure 2B).

Serotype and Sequence Type

To compare with traditional subtyping results, we performed
in silico serotyping and MLST-ST based on assembled genome
sequences. There was a close association of ETEC lineage with
serotype and MLST-ST, with isolates within a lineage belonging to
1-2 serotypes or STs (Table 1). The most prevalent serotype was
06:H16 (26%, 28/106), followed by 0159:H34 (21%, 22/106) and
025:H16 (15%, 16/106). The most prevalent MLST-ST was ST48
(21%, 22/106), followed by ST218 (19%, 20/106) and ST1491
(15%, 16/106). The serotype and MLST-ST of three major lineages
were O159:H34/0159:H43 and ST218/ST3153 for L11, O6:H16
and ST48 for L.2/4, and O25:H16 and ST1491 for L4 (Table 1).

Virulence Factors

Heat-stable toxin (ST)-positive ETEC has been most prevalent
(76%, 81/106) in Shenzhen throughout the sampling period
(Figure 2C), followed by LT-positive ETEC (17%, 18/106). ST
and LT-positive ETEC was only detected in seven isolates (7%) in
three of the 6-year sampling period. Among ST-positive ETEC,
STh-positive isolates (60%, 64/106) was more prevalent than
STp-positive ones (16%, 17/106) throughout the sampling period
(Figure 2C). More specifically, the most prevalent ST variant
was STa3/4 (57%, 60/106), followed by STa5 (15%, 16/106) and
STa7 (8%, 9/106); the most prevalent LT variant was LT17 (15%,
16/106). Two novel variants of STp and LT, designated as STa8
and LT29, were identified in one isolate, respectively (Table 1,
Supplementary Table 1, and Supplementary Figure 1).

One to three known CFs were identified in 68 (64%)
Shenzhen isolates. The most prevalent CF was CS21 (48%,
51/106, with or without other CFs), followed by CS6 (34%,
36/106) throughout the sampling period (Figure 2D). Except
CS21 and CS6, the fraction of other CFs was low and they were
only detected in 3 years. The most prevalent combination was
CS6 + CS21 (18%, 19/106).

In addition to enterotoxins and CFs, 10 of 11 detected
non-classic virulence genes were identified in Shenzhen isolates
with different frequencies (2-100%, Table 1 and Supplementary
Table 1). The hemolysin gene clyA (100%, 106/106) and mucinase
gene yghJ (97%, 103/106) were most prevalent in Shenzhen
isolates, followed by enteroaggregative heat-stable toxin gene
astA (75%, 79/106), adhesion gene etpA (63%, 67/106), and
another mucinase gene eatA (30%, 32/106). The other five non-
classic virulence genes were detected with low frequencies (2-
8%). Co-presence of classic and non-classic virulence genes was
identified. The etpA (94%, 60/64) and astA (91%, 58/64) genes
were mostly detected along with STh, and eatA (89%, 16/18) gene
was mostly detected along with LT.

The distribution of classic and non-classic virulence genes
in different lineages was shown in Table 1 and Supplementary
Table 1. Twelve (80%) of 15 lineages were ST-positive (53%, 8/15)
or contained ST-positive isolates (27%, 4/15), and STh-positive
lineages (40%, 6/15) or lineages containing STh-positive isolates
(20%, 3/15) were more prevalent than STp-positive lineages
(13%, 2/15) or lineages containing STp-positive isolates (13%,
2/15). CFs were detected in 11 lineages (73%), and the most
prevalent CFs, CS21, and CS6 were detected in seven (47%) and
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TABLE 1 | Classification, enterotoxin, and colonization factor distribution of 106 ETEC isolates in Shenzhen, 2015-2020.

E. coli phylogroup ETEC No. of Serotype! Sequence type (ST)' Enterotoxin variant Colonization factor Non-classic virulence Plasmid
lineage isolates genes incompatibility
groups
An=75) L1 2 O6:H16 ST6955 STh (STa8/4) + LT CS1 + CS3 + CS21 tia, etpA, cexE, clyA, FIl, FIB, 11 (n = 1); FII,
(LT20) eatA, yghd, astA FIB, 1, B/O/K/Z (n = 1)
L2 4 0O6:H16 ST4 STh (STa3/4) + LT CS2 + CS3 + CS21 etpA, clyA, eatA, yghd, Fll, FIB (n = 2); FlI, FIB,
(LT20) astA 2(n=29)
L2/4 22 O6:H16 ST48 STh (STa3/4, n = 21); CS21 (n=21) etpA, clyA, yghd, astA FIl, FIB, 11 (n = 18); FII,
STp (STal, n=1) (n = 21); etpA, clyA, FIB (n=1); FIl, FIB, I1,
eatA, yghJ, astA (n = 1) B/O/K/Z (n =1); FIl, 11,
N(n=1)
L4 16 025:H16 ST1491 LT (LT17) CS6 + CS21 clyA, eatA, yghJ Fll, FIB (n = 4); FII, FIB,
B/O/K/Z (n = 6); FII,
FIB, B/O/K/Z, Y (n = 1);
FIl, FIB, 11 (h=1)
L11 26 0159:H34 (n = 20); ST218 (n = 20), STh (STa3/4) etpA, clyA, yghd, astA Fil (h = 13); Fll, B/O/K/Z
O159:H43 (n = 6) ST3153 (n = 6) (n=7);Fll, 1 (h=6)
L13 3 O-H10 ST226 STh (STa3/4) etpA, clyA, yghd, astA Fil, 11
L14 1 025:H42 ST1201 STh (STa2) CS4 + CS6 clyA, eatA, yghd, astA Fll, FIB, B/O/K/Z
L15 1 O107/117:H27 ST10 STh (STa7) Ccs21 etpA, clyA, eatA, yghJ Fll, FIB
B1(n=14) L5 3 0159:H20 ST2040 STh (STa3/4) etpA, clyA, yghd, astA Fll, B/O/K/Z
L8 3 0148:H28 ST94 STh (STa7) CS6 + CS21 clyA, astA Fll, FIB
L17 3 027:H7 ST316 STp (STab) CS6 clyA, yghd Fll, FIB
L18 3 O159:H34 (n = 2); ST1490 (h = 2), ST- STp (n =2, STab), LT CS6 + CS23 (n =2) clyA, eatA, yghd, astA Fil, FIB
023:H16 (n=1) (n=1) (n =1, LT29)
L19 2 029:H12 (n =1); ST155 STh (n = 1, STa3/4), LT etpA, clyA, yghd, astA Fll (n = 1); FIl, FIB
O153:H12 (n = 1) (n=1,LT15) (n=1);clyA,yghd (n=1)  (n=1)
D(h=06) L-N1 6 015:H18 (n = 5); ST69 (n = 5), ST1380 STh (n =5, STa7), CS21 (n=4) etpA, clyA, eatA, yghd, Fll, FIB (n = 4); Fll
O-/H18 (n=1) (nh="1) STp + LT (STa8 + LT4, i2, fyuA (n = 5); clyA,  (n=1); Fll, FIB,
n=1) yghd, astA (n = 1) B/O/K/Z, FIA (n =1
Enh=11) L7 1 0169:H41 (n = 10); ST182 (n =10), STp (STab) CS6 leoA, tia, clyA, yghd, Fil, FIB
O167:H41 (n=1) ST3930 (n =1) astA (n = 7); clyA, yghd,

astA (n=4)

! Untypeable serotype O and MLST sequence type was denoted by O- and ST-, respectively.
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FIGURE 1 | Maximum-likelihood phylogenetic tree of 177 E. coli and ETEC isolates. Colors of the tree tip labels indicated the source of isolates, black for
representative E. coli isolates from the largest 50 E. coli lineages, green for representative isolates from 21 global ETEC lineages, and red for 106 Shenzhen ETEC
isolates. Background colors of the phylogenetic branches indicated the E. coli phylogroups.
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six (40%) lineages, respectively. Except two prevalent non-classic
virulence genes clyA and yghJ, astA, etpA, and eatA genes were
detected in 12 (80%), 9 (60%), and 8 (53%) lineages, respectively.

In addition to the association between lineage and serotype
and MLST-ST, the association of lineage with enterotoxin and
CF was also identified. Most isolates within a lineage shared
identical virulence gene (classic and non-classic) profiles, except
for five lineages (L2/4, L7, L18, L19, and L-N1) in which two
or three types of virulence gene combinations were detected. In

contrast, the virulence gene profiles of different lineages were
largely distinct (Table 1 and Supplementary Table 1).

Plasmid Incompatibility Groups

In silico plasmid typing analysis identified replicons belonging
to eight incompatibility (Inc) groups in all the 106 Shenzhen
isolates, with one to four Inc groups present in each isolate
(Table 1 and Supplementary Table 1). The replicon IncFII was
most prevalent and can be detected in all Shenzhen isolates,
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6-year sampling period. Colors indicated different classifications as shown in the legends above.
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followed by IncFIB (67%, 71/106), IncIl (31%, 33/106), and
IncB/O/K/Z (20%, 21/106); the other replicons (IncFIA, Incl2,
LncN, and LncY) were only detected in one isolate, respectively.
There was an association between the replication IncFIB and
virulence gene CS21, and 72% (51/71) IncFII-positive isolates
also encode CS21. Only one type of replicon profile was
identified in eight lineages, and the other seven lineages each
contained two to four types of replicon profiles (Table 1 and
Supplementary Table 1).

Pan-Genome Analysis

We performed pan-genome analysis of 127 ETEC genomes
of Shenzhen isolates (n = 106) and globally representative
isolates (n = 21) to identify genes unique to or significantly
associated with Shenzhen isolates. A total of 11,813 pan-genes
were identified in these 127 genomes, including 3,307 core-
genes (present in >99% isolates) and 8,506 accessory genes.
There were no genes unique to Shenzhen or non-Shenzhen
isolates; however, we identified significant differences (p < 0.01,
Fisher’s exact tests) in the frequencies of 589 accessory genes
between Shenzhen and non-Shenzhen isolates (Supplementary
Table 2). There were 178 accessory genes significantly enriched
in Shenzhen isolates, of which two were known virulence
genes STh and etpA, and the other genes encoded hypothetical
proteins with unknown functions (46%) or were associated

with replication and repair (COG category L; 37%) and cell
wall/membrane/envelop biogenesis (COG category M; 19%). For
example, STh was present in 66% Shenzhen isolates and 29% non-
Shenzhen isolates, respectively; the gene group_4545 encoding a
hypothetical protein was present in 91% Shenzhen isolates but
in only 19% non-Shenzhen isolates. In addition, there were 411
accessory genes significantly enriched in non-Shenzhen isolates
including the virulence gene LT (Supplementary Table 2).

We further attempted to identify genes unique to two novel
lineages L2/4 and L-N1. A total of 25 L2/4 lineage unique genes
were identified (Supplementary Table 3), of which 76% encoded
hypothetical proteins and 20% were associated with replication
and repair (COG category L). There were 105 genes unique to
L-N1 lineage (Supplementary Table 3), of which 72% encoded
hypothetical proteins, 10% were associated with cell motility
(COG category N) and intracellular trafficking and secretion
(COG category U), and 5% were associated with transcription
(COG category K). None of these L2/4 and L-N1 lineage unique
genes were known ETEC virulence genes.

Antimicrobial Susceptibility

To characterize the AMR profiles of Shenzhen isolates,
we firstly scanned the genomes to identify AMR related
mutations and genes. A total of 21 AMR mutations/genes
were detected (Figure 3), which were involved in resistance to
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five classes of antimicrobial agents, including fluoroquinolone
(two mutations and two genes), beta-lactam (seven genes),
tetracycline (two genes), macrolide (one gene), and folate
pathway antagonist (seven genes).

Fluoroquinolone resistance mutations/genes were most
prevalent, which were detected in 99 (93%) isolates. For example,
DNA gyrase gene gyrA p.S83L mutation and quinolone resistance
gene gnrS1 were detected in 63 (59%) and 37 (35%) isolates,
respectively. Beta-lactam resistance genes ranked second and
were detected in 63 (59%) isolates, of which blargy_1p and
blacrx—n—15 were more prevalent and were detected in 40 (38%)
and 18 (17%) isolates, respectively. Tetracycline resistance genes
were detected in 34 (32%) isolates, of which tet(A) and tet(B)
were detected in 24 (23%) and 11 (10%) isolates, respectively.
A macrolide resistance gene mph(A) was detected in 29 (27%)
isolates. Notably, this gene has been reported to mediate
azithromycin resistance, which is usually less frequent in ETEC
(Xiang et al., 2020). Folate pathway antagonist resistance genes,
including sull, sul2, dfrAl, dfrA8, dfrAl4, dfrAl5, and dfrA17
were detected in 22 (21%) isolates, and each gene appeared
in 3-13 isolates.

Unlike the close association of lineage with serotype, MLST-
ST and virulence factors, there was no obvious association
between lineages and most AMR mutations/genes, with multiple
AMR mutations/genes combinations being identified in isolates
of a lineage (Figure 3). Notably, most isolates of two
major lineages L11 and L2/4 had gyrA p.S83L mutations,
and all the L2/4 lineage isolates also carried blarpy—1p and
mph(A) genes.

We further selected 52 isolates representing all the lineages
and AMR mutations/genes combinations for AMR phenotype
testing against 17 antimicrobial agents (Table 2 and Figure 3).
AMR mutations/genes distributions were generally concordant
with phenotype testing results. The resistance to a quinolone
agent, NAL was highest (71%, 37/52) in Shenzhen isolates,
and 78% (29/37) of them carried gyrA (p.S83L or p.S83A)
mutations. However, only two (4%) isolates were resistant
to another quinolone agent ciprofloxacin. The resistance
to beta-lactam agents, including AMP (69%, 36/52), AMS
(46%, 24/52), and CTX (31%, 16/52) was also prevalent.
Sixteen (31%) representative isolates were identified as ESBL-
producing, of which 81% (13/16) encode at least one type
of P-lactamase associated gene, with blacrx_p—15 (50%,
8/16) and blacrx—pm—14 (25%, 4/16) being most common. In
addition, the resistance to other three classes of antimicrobial
agents were detected, including AZI (38%, 20/52, macrolide
class), TET (37%, 19/52, tetracycline class), and SXT (29%,
15/52, folate pathway antagonist class). There was a close
association between azithromycin resistance and the presence
of mph(A) gene, with 18 of 20 azithromycin-resistant isolates
encoding mph(A). No resistance to seven antimicrobial
agents was detected, including AMK, CHL, CT, CZA,
ETP, MEM, and TGC. All (12/12) the tested representative
L2/4 lineage isolates were resistant to at least three classes
of agents, ie., multidrug-resistant (MDR); 16 (40%) of 40
representative isolates of non-L2/4 lineages were MDR (Table 2
and Figure 3).

DISCUSSION

Despite the high prevalence in children and travelers, ETEC
also lead to substantial infections in adults in endemic areas
(Lamberti et al., 2014). Moreover, it is intriguing that most ETEC
infections in Shenzhen (Li et al., 2017), as well as several other
developed cities and province in China (Chen Y. et al.,, 2014;
Qu et al,, 2014; Pan et al., 2015), such as Beijing and Shanghai,
were from indigenous adults. However, there is currently a lack
of understanding on the epidemiology of ETEC infections in
indigenous adults. Compared to traditional molecular subtyping
methods, WGS not only provides the ultimate resolution on
reconstruction the relationships between isolates, but also can be
used for secondary in-depth virulence factors and AMR genes
analysis, which has been one of the most powerful methods to
characterize the epidemiology of pathogens (Didelot et al., 2012;
Allard et al,, 2016; Ronholm et al., 2016). We reconstructed
the WGS-based population structure of Shenzhen isolates in
the context of global ETEC and E. coli lineages, and linked
the genomic diversity to traditional subtyping results based on
serotyping and MLST-ST. In addition, we characterized the
virulence factors, AMR mutation/gene and phenotype profiles of
Shenzhen isolates. To our knowledge, this is the first study on the
genomic epidemiology and AMR profile of ETEC infections in
indigenous adults.

Shenzhen ETEC isolates showed a remarkable diversity, which
can be attributed to four E. coli phylogroups, with the majority
falling into phylogroup A (71%). The phylogroup distribution
is different from that of global (von Mentzer et al., 2014) and
Bangladeshi (Sahl et al.,, 2017) isolates [high fraction (>40%)
of Bl isolates], and is similar to that of Chilean isolates
(phylogroup A: 81%) (Rasko et al., 2019). More specifically, three
major lineages, L11 (25%), L2/4 (21%), and L4 (15%), persisted
in Shenzhen throughout the 6-year sampling period, together
accounting for 60% cases. L11 can be detected in children aged
<5 years and adult travelers from multiple countries, but at a low
fraction (4%) in the global dataset (von Mentzer et al., 2014). If
taken serotype and MLST-ST into consideration, L11 (0159:H34,
ST218) isolates was only identified in local diarrheal cases of
Korea (Chung et al, 2019) and China (Chen Y. et al, 2014;
Pan et al,, 2015; Li et al., 2017), and the virulence factor profiles
(STh+, without known CS) of isolates from two countries were
identical, indicating the possibility of recent transmission. L2/4
was a previously undefined lineage, which located between L2 and
L4 in the phylogenic tree. However, it had a different virulence
factor profile (STh: 21/22, STp: 1/22, CS21:22/22) from L2 (global
dataset: STh + LT, CS2 + CS3 £ CS21) or L4 (global dataset:
STh/LT, CS6 4= CS21/CS6 + CS8/CS21). The serotype and MLST-
ST of L2/4 was O6:H16 and ST48, respectively, and ETEC isolates
with this subtyping combination were previously identified from
pigs in Denmark (Garcia et al., 2020) and from human cases in
China (Chen Y. et al,, 2014; Li et al.,, 2017). However, no CF
was reported in Danish isolates whereas all Shenzhen isolates
carried CS21. L4 lineage was also detected at low fraction (6%) in
the global dataset (von Mentzer et al., 2014), and the subtyping
combination of Shenzhen isolates, i.e., L4 (025:H16, ST1491),
was only identified in isolates from few travelers returning to the
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FIGURE 3 | Antimicrobial resistance related mutation and gene distribution in Shenzhen isolates. Maximum likelihood tree of 106 Shenzhen isolates was shown on
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extended-spectrum B-lactamase (ESBL)-producing isolates (blue triangles), multidrug-resistant (MDR) isolates (blue stars), and the presence (gray bars) or absence
(white bars) of antimicrobial resistance related mutation and gene were shown on the right.

UK (Boxall et al., 2020) and from local diarrheal cases of China
(Chen Y. et al, 2014; Pan et al,, 2015; Li et al., 2017). Taken
together, these results revealed that the major circulating ETEC
lineages in Shenzhen, as well as in several other developed regions
of China were distinctive, which are not the commonly detected
global or endemic lineages.

In addition to subtyping, the virulence factor profile of
Shenzhen and other Chinese ETEC isolates was also distinctive.
ST-positive ETEC has been dominant (76%) in Shenzhen
throughout the sampling period and 80% circulating lineages
were ST-positive (53%) or contained ST-positive isolates (27%),
whereas the fractions of LT-positive and ST + LT-positive isolates
and lineages were lower. CS21 was the most prevalent CF
(48%) in Shenzhen isolates, followed by CS6 (34%). Similar
virulence factor profile was also observed in ETEC isolates
from diarrheal cases in Shanghai, China (ST: 74%, CS21: 63%,

CS6: 41%) (Panetal,2015). In contrast, a systematic review
showed that globally, ST-positive, LT-positive, and ST + LT-
positive ETEC accounted for 50, 25, and 27% non-travel human
infections, respectively, and the most prevalent CFs were CFA/I,
followed by CS21 and CS6 (Isidean et al, 2011). There was
a considerable variability of virulence factor profiles across
regions and populations. High ST-prevalence was only observed
among travelers in East Asia/Pacific (75%) and non-travelers in
Europe/Central Asia (77%), however, the most prevalent CF in
East Asia/Pacific was CFA/I and CS21 was rarely detected (CF-
prevalence in Europe/Central Asia is unavailable) (Isidean et al.,
2011). Interestingly, CS21 was most prevalent CFs in ETEC-
endemic regions including Latin America/Caribbean and the
Middle East/North Africa, and among global travelers with a
frequency of ~22% (Isidean et al., 2011). Notably, the most
commonly detected CF globally, CFA/I, was not identified in
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TABLE 2 | Antimicrobial resistance of 52 representative Shenzhen ETEC isolates.

Antimicrobial agent’

Antimicrobial resistance rate (%)

L11(n=7) L2/4 (n =12) L4 (n =10) L7 (n=4) L-N1 (n=4) Other? (n = 15) Total (n = 52)
NAL 71 92 60 75 50 67 71
AMP 86 100 40 75 25 67 69
AMS 29 100 20 25 0 47 46
AZ| 14 100 20 25 0 27 38
TET 43 50 20 100 100 27 37
CTX 57 25 30 25 0 47 31
SXT 14 50 30 25 75 33 29
STR 43 25 0 25 50 20 19
CIP 0 0 10 0 0 7 4
CAZ 0 0 0 0 0 7 2
ESBL 57 8 30 25 0 47 31
MDR 43 100 30 50 75 33 54

"Only 10 of 17 antimicrobial agents with at least one resistant isolate were shown. 2 Lineages with <3 isolates together were defined as others. NAL, nalidixic acid; AMF,
ampicillin; TET, tetracycline; AMS, ampicillin/sulbactam; CTX, cefotaxime; SXT, trimethoprim/sulfamethoxazole; AZI, azithromycin,; STR, streptomycin, CIF, ciprofloxacin;
CAZ, ceftazidime. ESBL, extended-spectrum B-lactamase; MDR, multidrug-resistant, defined as resistant to >3 classes of antimicrobial agents.

Shenzhen isolates. Moreover, a recent Global Enteric Multicenter
Study (GEMS) report (Vidal et al., 2019) showed that the
prevalence of ST, LT, and ST + LT among ETEC isolates from
children aged <5 years with moderate-to-severe diarrhea in
Africa and Asia were 36, 32, and 32%, respectively; the prevalence
from the matched controls were 21, 47, and 33%, respectively.
The most commonly detected CFs were CFA/IV (CS6 alone or
with CS4 or CS5), CS5 + CS6, and CFA/I. Among all the sampling
sites of this study, ST-positive ETEC isolates were not dominant
(<50%), and CS21 was rarely detected (<2%). More specifically,
the most prevalent ST variants in Shenzhen isolates were STa3/4
and STa5, which were consistent with that in global isolates (Joffré
etal., 2016). However, the most prevalent LT variant in Shenzhen
isolates was LT17. By contrast, the most prevalent LT variant in
global isolates was LT1 (41%), while LT17 was rarely detected
(2.1%) (Joffré et al., 2015).

The unique ETEC epidemiology in Shenzhen and China,
i.e., most infections were from indigenous adults, might be
related to several reasons. First, the pathogenicity of China
ETEC isolates may be higher in adults than in children,
given the distinctive lineage and virulence factor profiles. This
hypothesis was supported by the observation in Guatemala
(Torres et al., 2015), where ST-positive ETEC infections were
significantly more prevalent in adult travelers compared to
indigenous children, suggesting higher pathogenicity of ST-
positive ETEC in adults, whereas most Chinese ETEC isolates
were ST-positive. Moreover, a recent study showed that a ST
enterotoxin variant STa5 was associated with ETEC infections
in adults, suggesting that specific type of ETEC may have
higher pathogenicity in adults (Joffré et al., 2016). However,
the prevalence of STa5 variant in Shenzhen isolates was only
15%, indicating the existence of other known/unknown virulence
genes associated with ETEC infections in adults. We identified
multiple accessory genes significantly enriched in Shenzhen
isolates by pan-genome analysis including the known virulence
genes STh and etpA, which provides candidate targets for further

studies. Second, different characterization between children and
adult populations, such as eating habits and immunity, may also
be associated with the unique ETEC epidemiology. For example, a
study showed that dietary calcium can improve human resistance
to ETEC infection (Bovee-Oudenhoven et al.,, 2003), while
children usually tend to consume more calcium than the adult
population. Besides, it has been reported that breastfeeding
may protect infants against severe ETEC infection (Clemens
et al., 1997). Furthermore, eating out is a major risk factor of
foodborne disease (Liu et al., 2018), and the frequency in the adult
population is usually higher than that in children. In addition, the
immunity provided by previous ETEC infection or vaccine may
decrease over age, leading to more ETEC infections in adults.
Characterizing the antibiotic susceptibility profile of ETEC
would be helpful to guide the clinical treatment. In this study,
we investigated the AMR mutation/genes and phenotype of
Shenzhen ETEC isolates by integrating WGS-based analysis and
antimicrobial susceptibility testing. AMR mutation/gene profile
was generally concordant with the phenotype testing results of
52 representative isolates, which revealed high resistance rate
to NAL (71%), AMP (69%), and AMS (46%). In recent years,
high resistance of ETEC to these commonly used agents was
also reported in multiple other countries including Peru (Rivera
et al,, 2010), Bangladesh (Begum et al., 2016), South Korea (Oh
et al., 2014), and in other cities of China (Chen Y. et al., 2014;
Pan et al,, 2015). Due to the increased AMR, new antimicrobial
agents such as azithromycin have been used as the first-line
agent for ETEC infection treatment. Azithromycin is a broad-
spectrum macrolide antimicrobial agent against several bacterial
species, and is very effective for Enterobacteriaceae infection
treatment (Gomes et al., 2019). However, azithromycin-resistant
ETEC isolates from diarrheal patients have recently been reported
in several countries at a moderate frequency (10-30%) (Begum
et al,, 2016; Guiral et al,, 2019), and in Shanghai, China at a very
high frequency (87%) (Xiang et al., 2020). Macrolides inactivation
mediated by macrolide-resistant phosphotransferase mph(A)
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gene was the most common mechanism for the azithromycin
resistance (Gomes et al., 2019; Xiang et al., 2020). We found
that 38% representative Shenzhen ETEC isolates were resistant
to azithromycin, and most of these isolates carried mph(A)
gene. Moreover, we showed that the prevalence of ESBL-
producing ETEC isolates from outpatients was 31% in Shenzhen,
China, which is similar to that of diarrheal patients in Nepal
post-2013 (30%) (Margulieux et al., 2018) and travel cases to
Southeast Asia/India (43%) (Guiral et al., 2019). In addition,
nearly all the isolates of a major circulating lineage L2/4
carried gyrA p.S83L mutation, blargy—1p and mph(A) genes,
and AMR phenotype testing showed that all the representative
L2/4 isolates were resistant to AMP, AMS, and AZI and
most (11/12) of them were resistant to NAL, suggesting that
L2/4 was a MDR lineage. The identification of azithromycin-
resistant, ESBL-producing ETEC and a major MDR lineage
L2/4 in Shenzhen highlighted the importance of ongoing
AMR surveillance.

In summary, during routine foodborne disease surveillance,
we found that the epidemiology of ETEC infections in
Shenzhen, China is distinctive, with most infections occurring
in indigenous adults. By integrating WGS and antimicrobial
susceptibility testing, we characterized the temporal dynamics
of population structure and virulence factors, and the AMR
mutation/gene and phenotype profile of Shenzhen ETEC isolates
in 6 years. Shenzhen ETEC isolates showed a remarkable
high diversity, which belonged to four E. coli phylogroups
and 15 ETEC lineages, and the major virulence factors were
enterotoxin ST and CF CS21 and CS6. Intriguingly, the major
circulating lineages in Shenzhen and their virulence factor
profiles were distinctive, which are different from the commonly
detected global or endemic ETEC lineages. Furthermore, we
showed that AMR mutation/gene profiles of genomes were
concordant with the phenotype testing results, and revealed
that Shenzhen isolates had high resistance rates to several
commonly used antimicrobial agents and identified a MDR
lineage. To our knowledge, our study provides novel insight
into the genomic epidemiology and antimicrobial susceptibility
profile of ETEC infections in indigenous adults for the first time,
which will not only enhance our comprehensive understanding
on ETEC epidemiology, but also have implications for the
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Escherichia albertii is a recently recognized human enteropathogen that is closely related
to Escherichia coli. As E. albertii sometimes causes outbreaks of gastroenteritis, rapid
strain typing systems, such as the O- and H-serotyping systems widely used for E. coli,
will be useful for outbreak investigation and surveillance. Although an O-genotyping
system has recently been developed, the diversity of E. albertii H-antigens (flagellins)
encoded by fliC genes remains to be systematically investigated, and no H-serotyping
or genotyping system is currently available. Here, we analyzed the fliC genes of 243
genome-sequenced E. albertii strains and identified 73 sequence types, which were
grouped into four clearly distinguishable types designated E. albertii H-genotypes 1-4
(EAHg1-EAHg4). Although there was a clear sign of intraspecies transfer of fliC genes
in E. albertii, none of the four E. alberti H-genotypes (EAHgs) were closely related to
any of the 53 known E. coli H-antigens, indicating the absence or rare occurrence
of interspecies transfer of fliC genes between the two species. Although the analysis
of more E. albertii strains will be required to confirm the low level of variation in their
fliC genes, this finding suggests that E. albertii may exist in limited natural hosts or
environments and/or that the flagella of E. albertii may function in a limited stage(s) in
their life cycle. Based on the fliC sequences of the four EAHgs, we developed a multiplex
PCR-based H-genotyping system for E. alberti (EAH-genotyping PCR), which will be
useful for epidemiological studies of E. albertii infections.

Keywords: Escherichia albertii, flagellin, fliC, H-antigen, genotyping

INTRODUCTION

Escherichia albertii is a recently recognized human enteropathogen and an avian pathogen (Albert
et al., 1992; Huys et al., 2003; Oaks et al., 2010; Ooka et al., 2012). E. albertii is often misidentified
as enteropathogenic Escherichia coli (EPEC) or enterohemorrhagic E. coli (EHEC) due to similar
phenotypic and genetic characteristics, including similar biochemical properties and possession of
a locus of enterocyte effacement (LEE) encoding a type III secretion system (Ooka et al., 2012;
Gomes et al., 2020). In addition, as multiple outbreaks of E. albertii have recently been reported
(Konno et al,, 2012; Ooka et al., 2013; Masuda et al., 2020), rapid strain typing systems, such as
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the PCR-based O- and H-genotyping systems widely used for
E. coli (Iguchi et al., 2015; Banjo et al, 2018), should be
useful for E. albertii outbreak investigation and surveillance.
In E. albertii, although only a genotyping system based on the
variation in O-antigen biosynthesis genes has been developed
thus far (Ooka et al, 2019), rapid, and low-cost effective
H-genotyping system are useful to increase the discrimination
power and to assist epidemiological studies in combination with
O-genotyping system.

H-antigens (flagellins) are used for the serotyping of strains
in many Gram-negative bacteria (Orskov and Orskov, 1992). In
E. coli, flagellin is encoded by the fliC gene in the fliY-T region
on the chromosome or its homologs, such as fliK, fliA, and fimA
(Ratiner, 1998; Wang et al., 2003; Tominaga, 2004; Feng et al,,
2008; Ratiner et al., 2010), and a total of 53 H-antigens have been
identified thus far. The flagellar filament is composed of a single
protein, flagellin. Flagellin is composed of four major domains:
the N- and C-terminal domains (DO and D1, respectively) form
the inner and outer tubules of the flagellum, respectively, and
internal D2 and D3 domains are exposed on the surface of the
flagellar filament. The DO and D1 domains are highly conserved
among bacterial species, whereas the D2 and D3 domains are
highly variable even between strains belonging to the same
species (Samatey et al., 2001). In E. albertii, the gene cluster
associated with flagellar biosynthesis and its regulation, including
the fliY-T region, is conserved in most strains (Ooka et al., 2015).
Although the flagellum is not produced under routine culture
conditions, it has recently been revealed that its production
is induced under conditions of low temperature and nutrient
limitation (Tkeda et al., 2020; Murakami et al., 2020). However,
the sequence variation of the fliC gene has not yet been examined.
To clarify this issue, we systematically analyzed the fliC genes
of 243 E. albertii strains sequenced thus far and compared them
with the sequences of 53 known E. coli H-antigens. In addition,
we attempted to develop a multiplex PCR-based H-genotyping
system for E. albertii strains based on the sequence diversity of
their fliC genes.

MATERIALS AND METHODS

Escherichia albertii Genome Sequences
and Strains Analyzed in This Study

In this study, we analyzed the 243 E. albertii genome sequences
used in our previous study (Ooka et al, 2019). Detailed
information of the strains is shown in Supplementary Table 1.
The strain information for the 92 E. albertii strains used
for the evaluation of EAH-genotyping PCR is provided in
Supplementary Table 2.

Identification of fliC Genes

In previously sequenced E. albertii genomes, the fliC gene has
been found to be located between fliA and fliD (Ooka et al., 2015).
In the first-step analysis, as it is known that fliC sequences are
highly diverse in E. coli (Ratiner et al., 2010), the fliC-containing
regions of the 243 E. albertii genomes were identified by blastn
search using the fliA and fliD sequences of E. albertii strain

CB9786 as queries, with an E-value threshold of 0.01. The fliC
gene of each strain was then manually annotated with in silico
Molecular Cloning Genomics Edition software version 7.29L
(IMC-GE; In Silico Biology, Japan). For the strains not identified
the fliC gene in the first-step analysis, we performed the second-
step analysis by blastn search using the fliC sequences identified
in the first step analysis or the primer sequences designed for
EAH-genotyping PCR, which was described below, as queries,
with an E-value threshold of 0.01.

Sequence Comparison and Phylogenetic
Analysis

Multiple alignment of nucleotide sequences of the fliC gene
of E. albertii strains and amino acid sequences of the flagellin
of E. albertii and Salmonella Typhimurium strain SJW1103
was prepared using GENETYX (version 15.0.1). After identical
sequences showing no SNPs were deduplicated, the nucleotide
sequence alignment of E. albertii fliC genes with those of 53
known E. coli H-serotypes (H1-H56, but missing H13, H22, and
H50; Supplementary Table 3) was performed using the ClustalW
program in MEGA (version 7.0.26) with the default parameters
(Kumar et al., 2016).

The phylogenetic analysis of fliC genes was performed with
MEGA using the obtained multiple alignment. A phylogenetic
tree was reconstructed by the neighbor-joining (NJ) method
with the p-distance model. Bootstrap analysis with 1000
replicates was performed to assess the significance of internal
branching. The core-gene SNP-based maximum-likelihood
(ML) phylogenetic tree of the 243 E. albertii strains was
constructed previously (Ooka et al, 2019) using RAXxML v8
(Stamatakis, 2014) and displayed and annotated using iTOL v4'
(Letunic and Bork, 2016).

Development of a Multiplex PCR-Based
Escherichia albertii H-Genotyping

System

Based on the variation in the sequences of the E. albertii fliC
genes, we designed four pairs of PCR primers to specifically
detect each of the four E. albertii H-genotypes (EAHgs) (Table 1).
As a positive control for PCR and a genetic marker of

Uhttps://itol.embl.de

TABLE 1 | Primer information for EAH-genotyping PCR.

Primer Sequence (5'-3') Product Reference Note
name size (bp) strain

EAHg_F CAGGTTGGCGCGAATGA - - -
(common) TGG

EAHg1_R  GCATCTAGTTTAACTGACTG 167 EC05-81 EAHg1
EAHg2_ R GGTTGCAGAAGTAACGGTAG 309 NIAH_Bird 25 EAHg2
EAHg3_R  GGCTGACCAGTTTGTTTCGC 404 NIAH_Bird 3 EAHg3
EAHg4_R  GTACCATTTGTACCAGCAAG 515 NIAH_Bird 5 EAHg4
E_al_1_NF CAGTCGATGGTTTCACCTGA 731 - E. albertii-
E_al_1_NR ACACCGTGGCGAAATGGCA specific
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E. albertii, one primer pair targeting an E. albertii-specific region
(E_al_1_NF/NR primers) (Ooka et al., 2019) was also included
in the primer set. Template DNA for PCR was prepared by the
alkaline boiling method. KOD -Multi&Epi- DNA polymerase
(TOYOBO, Osaka, Japan) was used for PCR. Each reaction
mixture (25 pl) contained 1 pl of template DNA, each primer
at 1 uM, and 0.5 U of polymerase. PCR was performed with 25
cycles of 94°C for 2 min for initial denaturation, followed by 10 s
at 98°C, 30 s at 60°C, and 60 s at 68°C. The PCR products were
analyzed by agarose electrophoresis using 2% agarose S (Nippon
Gene, Tokyo, Japan).

RESULTS

Identification and Sequence Comparison
of fliC Genes in Escherichia albertii

Genomes

Among the 243 E. albertii genomes examined by the first and
second step analysis, intact and partial sequence of the fliC genes
were identified in 231 and 9 genomes and no sequences were
detected in the remaining 3 genomes (Supplementary Table 1).
Through the clustering analysis of the 231 of intact fliC gene
sequences, we identified a total of 73 sequence types with one
or more SNPs (Supplementary Table 1), among which 42 were
singletons, and 31 were composed of sequences from multiple
genomes (named clusters C1-C31).

Phylogenetic Analysis of Escherichia
albertii fliC Genes With Those of

Escherichia coli as References

The phylogenetic analysis of the 73 fliC sequences identified in
E. albertii with 53 fliC sequences of known E. coli H-serotypes
as references revealed that the fliC genes of E. albertii formed a
monophyletic branch, separate from those of E. coli (Figure 1A).
To obtain more detailed information on the sequence variation
in E. albertii fliC genes, we performed a phylogenetic analysis of
only the E. albertii fliC genes (Figure 1B). This analysis revealed
that the E. albertii fliC genes can be divided into four distinct
groups, in which the nucleotide sequence identities between the
groups were less than 90%, and those within each group were over
97%. We defined these four groups as the genotypes of E. albertii
fliC genes and named them E. albertii H-genotypes 1-4 (EAHg1-
EAHg4). In addition, by the primer screening analysis for the
nine strains with partial sequences of the fliC gene, all nine strains
could be genotyped into either of the four EAHgs. Together with
the results of in silico analysis of 231 genome-sequenced strains,
the most dominant type among the 243 E. albertii genomes was
EAHg4 (109 strains; 44.9%), followed by EAHgl (59 strains;
24.3%), EAHg3 (50 strains; 20.6%), EAHg2 (22 strains; 9.0%), and
no fliC gene (3 strains; 1.2%) (Table 2).

Amino acid sequence comparison of the representative
fliC-encoded flagellin of the four genotypes and Salmonella
Typhimurium strain SJW1103 revealed that while the sequences
of the DO and D1 domains were highly conserved, those of the D2
and D3 domains were variable (Supplementary Figure 1).

(7)

(S
232808 of
SSS T B G
BobOsS, (§°.§,@ & E. albertii
oRgseiEaasy

Cluster 5 (7)

Cluster 1 (8)

FIGURE 1 | (A) Neighbor-joining tree of 73 fliC sequences identified from 231
E. albertii strains. The sequences of 53 known fliC genotypes of E. coli are
included as references. The number of strains with identical fiC sequences is
shown in parentheses for each cluster. (B) Neighbor-joining tree of only the 73
fliC sequences of E. albertii. The number of strains with identical fliC
sequences is shown in parentheses for each cluster.

Development and Evaluation of the
Multiplex H-Genotyping PCR System for

Escherichia albertii

We designed a multiplex PCR primer set (Table 1) based on the
sequence variation in the fliC genes of the four EAHgs. A forward
universal primer was designed based on the highly conserved
sequences of all four EAHgs, and reverse primers were designed
based on the variable regions of each EAHg (Supplementary
Figure 2), so that the amplicons generated with the combinations
of the universal forward primer and the reverse primers exhibited
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TABLE 2 | Summary of in silico- and PCR-based EAH genotyping.

EAH-genotype Number of strains (%)

In silico* PCR
EAHg1 59 [1] (24.3%) 24 (26.1%)
EAHg2 22 [0] (9.0%) 16 (17.4%)
EAHg3 50 [2] (20.6%) 13 (14.1%)
EAHg4 109 [6] (44.9%) 39 (42.4%)
Not identified 3(1.2%) 0 (0%)
Total 243 92

*The number of strains genotyped by primer screening were shown in brackets.

a ladder pattern that ranged from 167 to 515 bp. One E. albertii-
specific primer pair (E_al_1_NF/E_al_1_NR) (Ooka et al., 2015)
was included in the primer set as a marker to detect E. albertii
and as a positive control for PCR. The examination of the primer
set in four strains representing each of the four EAHgs confirmed
that the primer set yielded PCR products of the expected sizes for
each genotype (Figure 2). To validate the PCR-based genotyping
system, we performed the comparison of in silico and PCR-based
genotyping on the same dataset of genomes. In this analysis,
only 42 strains were used because the remaining 201 strains are
not available in our laboratories. As shown in Supplementary
Figure 3, all of the 42 strains exhibited the same results between
in silico and the PCR-based genotyping. In addition, we applied
the mixed DNA samples containing four strains with different
EAH-genotypes as a template for the system to evaluate the
specificity and obtained the primer set yielded PCR products of
the expected sizes for four genotypes (Supplementary Figure 4).

To further evaluate the performance of the system, we
determined the H-genotypes of 92 E. albertii strains using this
system. These strains were isolated from diarrheal patients and
birds in various regions of Japan. In this analysis, we were
able to genotype all strains (Supplementary Table 2). Similar
to the results of in silico analysis of the 240 genome-sequenced
strains, EAHg4 (48 strains; 43.6%) was found to be predominant,
followed by EAHgl (29 strains; 26.4%), EAHg2 (18 strains;
16.4%), and EAHg3 (15 strains; 13.6%) (Table 2). These results
suggest that our system is useful for the H-genotyping of
E. albertii and that the four genotypes cover the most of the
diversity of H-genotypes in the E. albertii lineage.

Distribution of the 4 Escherichia albertii
H-Genotypes and the 40 Escherichia
albertii O-Genotypes in
Genome-Sequenced Escherichia albertii

Strains

Finally, we investigated the relationship between the phylogeny
of the genome-sequenced strains used in this study and the
distribution of the four EAHgs and the 40 Escherichia albertii
O-genotypes (EAOgs), identified in our previous study (Ooka
et al,, 2019), in these strains by mapping H- and O-genotype
information in a core-gene sequence-based ML phylogenetic
tree of the strains (Figure 3). This analysis revealed that
although very closely related strains shared the same H-genotype,

EAHg2 (NIAH_Bird 25)

EAHg3 (NIAH_Bird 3)
EAHg4 (NIAH_Bird 5)

=
@
[Ye)
=
O
w
=z
o)
T
<
i

FIGURE 2 | Electrophoresis patterns obtained by EAH-genotyping PCR.

A total of four strains representing the four EAHgs were analyzed using a PCR
primer mix designed in this study. Strain names are indicated in parentheses.
An arrowhead indicates the bands derived from the E. albertii-specific primer
pair E_al_1_NF/NR. Lane M, 100 bp DNA ladder.

each EAHg appeared in multiple sublineages in both clades 1
and 2, suggesting relatively frequent within-species transfer of
fliC genes in E. albertii. In addition, there is no correlation
between the combination of the H- and O-genotypes and their
phylogenetic relationship.

DISCUSSION

In this study, we analyzed the sequence variation of fliC
genes among 231 genome-sequenced E. albertii strains and
identified 73 sequence types, which were grouped into four
clearly distinguishable genotypes (EAHgl-EAHg4). The four
genotypes showed >97% sequence identity within each group
and <90% identity between groups. As seen in E. coli fliC genes
(Samatey et al., 2001), the sequences encoding domains D0 and
D1 (corresponding to the N- and C-terminal regions of flagellin,
respectively) were highly conserved, but those of domains D2 and
D3 (forming the surface exposed region) were variable between
H-genotypes (Supplementary Figure 1). In our previous analysis
(Ooka et al., 2015), we revealed that flagellar biosynthesis-related
genes other than fliC show high conservation of nucleotide
sequences (>90% identity). Therefore, it appears that the fliC
gene is under a certain amount of immunological selection in
its hosts or environmental selection. However, it was notable
that only four H-genotypes were identified in E. albertii, in
sharp contrast to the situation in E. coli, in which as many as
53 H-genotypes have been identified. Although the analysis of
more E. albertii strains will be required to confirm the low level
of variation in their fliC genes, this finding may suggest the
possibility that this species is living in limited natural hosts or
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FIGURE 3 | Phylogenetic view of the 225 E. albertii strains that have been genome sequenced thus far (9) and the distribution of the four EAHgs and the 40 EAOgs
in these strains. Strain names are indicated at each tip, and the 14 completely sequenced strains are indicated. Information on the distribution of the four EAHgs and

environments and/or that their flagella are required in a limited
stage in their life cycle. This possibility may receive some support
from the recent finding that flagella are produced only at lower
temperatures and under nutrient-limited conditions (Ikeda et al.,
2020; Murakami et al., 2020). It is also noteworthy that although
a low level of sequence variation was observed for E. albertii fliC
genes, we detected a sign of relatively frequent within-species
transfer of this gene in E. albertii (Figure 3). However, none
of the four H-genotypes identified in this study were closely
related to any of the 53 H-genotypes of E. coli, suggesting the
absence or very rare occurrence of interspecies transfer of fliC
between E. albertii and E. coli. This is in marked contrast to
the situation for O-antigen biosynthesis loci, which show clear
signs of interspecies transfer between the two species (Ooka et al.,
2019). Although the mechanism(s) generating such a difference is
currently unknown, there may be some restriction of the flagellin
sequence of E. albertii.

Although only four H-genotypes were identified in
E. albertii, the multiplex PCR system that we constructed
to identify H-genotypes in E. albertii will be a useful tool for
epidemiological studies of E. albertii infections, particularly
if used in combination with the O-genotyping system that
we previously constructed (Ooka et al, 2019). In addition,
the H-genotyping system will be useful for further analyzing
the diversity of fliC genes in E. albertii or searching for
additional genotypes.
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Various diseases caused by food-borne or environmental pathogenic microorganisms
have been a persistent threat to public health and global economies. It is necessary
to regularly detect microorganisms in food and environment to prevent infection
of pathogenic microorganisms. However, most traditional detection methods are
expensive, time-consuming, and unfeasible in practice in the absence of sophisticated
instruments and trained operators. Point-of-care testing (POCT) can be used to detect
microorganisms rapidly on site and greatly improve the efficiency of microbial detection.
Lab-on-chip (LOC) is an emerging POCT technology with great potential by integrating
most of the experimental steps carried out in the laboratory into a single monolithic
device. This review will primarily focus on principles and techniques of LOC for detection
of microbial nucleic acid in food and environment, including sample preparation, nucleic
acid amplification and sample detection.

Keywords: food, environment, microorganism enrichment, LOC, isothermal amplification, biosensor

INTRODUCTION

Pathogenic microorganisms refer to any microorganism capable of injuring its host by competing
with it for metabolic resources, destroying its cells or tissues, or secreting toxins. The injurious
microorganisms include viruses, bacteria, parasites, fungi, chlamydia, mycoplasma, etc. They can
reside in food and the environment (e.g., water, soil, and air) and transmit disease, posing a serious
threat to human health (Table 1). About 420,000 deaths and 600 million foodborne illnesses caused
by 31 species of food-borne pathogenic microorganisms were reported in 2010. The burden of
foodborne disease is rather high in low-income areas such as Africa, South-east Asia and the Eastern
Mediterranean (Havelaar et al., 2015). Therefore, more convenient, rapid and economical microbial
detection methods are needed to strengthen the detection of pathogenic microorganisms in food
and environment, so as to achieve the purpose of prevention, timely diagnosis and isolation.

Cell culturing and identification of the pathogen type by microscopy or other biochemical
tests is the most common method of detecting pathogenic microorganisms, but it takes several
days. In addition, some bacteria such as Staphylococcus aureus and E. coli can enter a viable but
non-culturable state under severe harsh survival pressure. In this case, these bacteria remain to
be harmful because of their virulence and pathogenicity (Chen et al., 2020; Liao et al., 2021).
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Thus, scientists have designed nucleic acid-based or
immunological detection methods such as DNA probe,
polymerase chain reaction (PCR), reverse transcription
polymerase chain reaction (RT-PCR), lateral flow dipstick (LFD),
enzyme linked immunosorbent assay (ELISA) and enzyme linked
fluorescent assay (ELFA), etc. Unfortunately, most of them are
expensive and unaffordable in low-income areas. What’s more,
these technologies usually rely on sophisticated instruments and
trained operators, which prevents them from on-site testing of
food and environmental pathogenic microorganisms.

Point-of-care testing (POCT) is carried out in the field
of sampling. It can quickly obtain results by using portable
analytical instruments, while no professional laboratorians are
needed. The development of POCT equipment that can be
applied to low-income developing countries should follow
the “ASSURED” principles as proposed by the World Health
Organization, namely “(1) affordable, (2) sensitive, (3) specific,
(4) user-friendly, (5) rapid and robust, (6) equipment-free and
(7) deliverable to end-users” (Chen et al, 2019). Currently
a research hotspot in the field of POCT is microfluidic
technology, which allows precise control of micro-scale fluids in
micro-nano scale space. Microfluidic technology offers unique
advantages such as faster response, smaller volume of sample
and reagent, greater sensitivity, shorter diffusion distances,
and smaller system sizes. Lab-on-chip (LOC) uses microfluidic
technology to integrate all steps from sample preparation to
sample testing into a micro device. Here, we reviewed the recent
advances in the application of LOC in food and environmental
microbial detection. Since nucleic acid detection techniques
have made great progress recently, this paper focuses on
application of LOC for the nucleic acid detection of food and
environmental microorganisms.

OVERVIEW OF LAB-ON-CHIP

Lab-on-chip, also known as a micro total analysis system, uses
microfluidic technology to integrate sample input, dilution,
reaction and separation within a single monolithic device.
The micro total analytical system was first proposed by A.
Maz, N. Gaber and H.M. Idmer in 1990. Based on flow
injection analysis, chromatography and electrophoresis, the
micro total analytical system can achieve faster and more efficient
chromatographic separation, faster electrophoresis separation
speed, shorter transmission time, and remarkably reduce the
consumption of carrier, reagent or mobile phase (A. Manz et al,,
1990). Since then, LOC has attracted attention of researchers in
biology, medicine, chemistry, electronics, materials science and
many other fields. The preparation materials were developed
from silicon and quartz glass to high polymer such as thiol-
ene polymer, polystyrene, polycarbonate, polydimethylsiloxane
(PDMS), polymethylmethacrylate (PMMA), cellulose acetate
paper (Mauk et al., 2015; Hansen et al., 2018; Xiong et al.,
2019; Hasan et al, 2020; Yin et al, 2020). The chip
was prepared with ultraviolet lithography, soft lithography
(Hansen et al., 2018), and 3D printing technology (Kim
et al,, 2018). New materials and fabrication processes make

it possible to produce large numbers of identical chips
within a short time.

Most of the existing LOC equipment for microbial detection
in food and the environment are based on immunological
principles, as immunological-based methods are simple to
operate. In contrast, nucleic acid testing often requires elaborate
sample handling to release, separate, and concentrate nucleic
acid, and is not commonly used in LOC equipment. But
sensitivity and specificity of nucleic acid testing is superior to
immune assays. By in vitro amplification, nucleic acid-based tests
can achieve a higher specificity and sensitivity (1,000 times or
more) than immunoassay (Mauk et al., 2015).

As shown in Figure 1, the main steps of nucleic acid detection
of microorganisms in the food environment include pathogen
capture, cell lysis, nucleic acid extraction and purification, nucleic
acid amplification and nucleic acid detection. Each step can be
accurately controlled by micro-pump, micro-valve, and micro-
column on the chip (Romao et al., 2017).

SAMPLE PREPARATION IN LOC FOR
NUCLEIC ACID DETECTION OF FOOD
AND ENVIRONMENTAL
MICROORGANISMS

Generally the content of target microorganisms and nucleic
acids in the matrix of food environmental samples is too few
to be used directly for nucleic acid amplification. Moreover,
the efficiency of nucleic acid amplification reaction is affected
by many disadvantages in the complex sample matrix, such
as plasmin and calcium ion in milk, myoglobin in muscle,
humic acid in soil, particulate matter in indoor air, etc.
(Hedman and Radstrom, 2013). Therefore, a reliable sample
preparation method, namely pathogen capture, is required to
isolate the target microorganisms from the complex sample
matrix before nucleic acid amplification. After being isolated
from a complex sample matrix, the target microorganism
can be used for nucleic acid amplification after elution, cell
lysis, nucleic acid extraction and purification. Currently,
methods of pathogen capture commonly used in LOC devices
include microsphere, filter or membrane, dielectrophoresis
(DEP), magnetophoresis, acoustophoresis, etc, which are
highlighted below.

Microspheres, Filters or Membranes

The target microbes in samples can be attracted by specific
antibodies in the microspheres, and then detected quickly
by immunofluorescence and other technologies (Chen and
Park, 2018). Zhao et al. (2021) developed a highly sensitive
fluorescent immunosensor to detect E. coli O157:H7 in milk. In
this system, the target cells are captured by the microspheres
marked with carbon dots (CDs). CDs has excellent optical
properties, so the microspheres have strong fluorescence
intensity, good stability and uniformity, and great potential
as a fast and sensitive tool for detecting pathogens in
milk and other foods. Cai et al. (2019) modified magnetic
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TABLE 1 | Common pathogenic microorganisms in food, environment, related diseases, and main source.

Pathogen Disease Main source References
Norovirus Acute gastroenteritis. Bivalve shellfish, vegetables, drinking water, surface water, Kittigul et al., 2019; Miura et al.,
sewage, recycled water, etc. 2019; Sarmento et al., 2020
Salmonella Salmonellosis, such as Animal-derived foods such as pork, lamb, beef and poultry Arce et al., 2018; Phan-Thien
septicaemia, typhoid fever, acute and poultry products such as laying hens, turkeys, eggs, et al., 2020; Mejia et al., 2021
gastroenteritis, etc. drinking water, ocean, surface water, low temperature,
organic manure improved clay, etc.
Campylobacter Acute self-limited Poultry, especially broiler chickens, surface water, drinking Kaakoush et al., 2015; Ferrari

Escherichia coli

Vibrio cholerae

Shigellai

Hepatitis A virus

Staphylococcus aureus

Rotavirus

Clostridium tetani

Bacillus anthracis

Clostridium perfringens

Yersinia pestis

Leptospira

Soil-transmitted helminths

Mycobacterium
tuberculosis

Measles virus
Legionella
Varicella-zoster virus
HIN1 virus
COVID-19
Non-tuberculous

mycobacteria

Sporothrix

Aspergillus fumigatus

enteritis,autoimmune diseases such
as Miller Fisher syndrome, reactive
arthritis, etc. Bacteremia and
Guillain-Barre syndrome can occur
in people with low immunity.
Diarrhea, especially infants and
childhood diarrhea in developing
countries.

Choler, acute gastroenteritis,
wound infection, otitis media,
sepsis.

Bacillary dysentery.

Acute hepatitis A.
Food poisoning.

Diarrhea, especially in children

below five years old worldwide.
Tetanus.

Anthrax.

Gas gangrene, food poisoning.
Plague.

Leptospirosis.

Diarrhea, malnutrition, anemia,
stunted growth, and impaired
intellectual development.

Tuberculosis, such as puimonary
TB,TB meningitis, and TB lymph
nodes.

Measles.

Legionnaires’ disease.

Varicella, zoster.

Bird flu.

Novel coronavirus pneumonia.
Opportunistic lung infection.

Sporotrichosis.

It can lead to invasive lung disease
in immunocompromised patients.

water, etc.

Dairy and meat products, surface waters, tap and well
water, bottled drinking water, forest and pasture soils, etc.

Fishes, shrimps, shellfish, crustaceans and other aquatic
animals, coastal waters, reservoir, estuary, lake water, etc.

Fresh vegetables, fresh fruit, meat, drinking water, surface
water, municipal wastewater, etc.

Bivalve shellfish, vegetables, fruit, etc.
Dairy products, meat, etc.

Drinking water, surface water, sewage, recycled water and
contaminated food, etc.

Neutral or alkaline soils, with temperatures >20°C and
humidity reaching at least 15%.

Clayey soils rich in organic matter and Ca2+, with pH above
6.0 and temperatures above 15.5°C.

Soil contaminated with feces, acid soils with pH values
between 4.5 and 6.5.

Arid, highly saline soils.

Warm, moist soils. There is a significant positive relationship
between presence of Leptospira and concentration of iron,
manganese and copper in soil.

Warm moist soil contaminated with feces.

Bioaerosol and droplets containing Mycobacterium
tuberculosis exhaled by patients with active tuberculosis.

Bio aerosol and droplets containing measles virus,
produced when an infected person coughs.

Aerosols containing Legionella bacteria from cooling tower
or other air-conditioning systems.

Aerosol containing varicella-zoster virus from blistering skin
lesions.

Biological aerosols and droplets containing influenza A
viruses produced when an infected person coughs, speaks,
and sneezes.

Respiratory droplets and air pollution particles (>1 wm)

It is ubiquitous and abundant in soil, but most of it is
abundant in cold, damp, acidic soil, and the abundance is
positively correlated with the content of iron in sail.

Its distribution is related to a variety of plants, flowers,
sawdust, reed leaves, corn stalks, leaves and sawdust,
etc., and can survive in soil at temperatures from 6.6 to
28.84°C and 37.5% to 99.06% relative humidity.

Can live in a wide range of pH and moisture conditions in
the soil, heat resistant but not thermophilic, continuous
temperature of 60°C will cause significant growth
slowdown.

etal., 2019; Sinulingga et al.,
2020

Dusek et al., 2018; Abri et al.,
2019; Topalcengiz and Danyluk,
2019; Vasconcellos et al., 2019

Fu et al., 2020; Daboul et al.,
2020; Mavian et al., 2020

Shahin et al., 2019; Vadde

et al., 2019; Gebrewahd et al.,
2020

Lowther et al., 2019

Velasco et al., 2018; Dai et al.,
2019

Miura et al., 2019; Tarek et al.,
2019; Ahmed et al., 2020
Popoff, 2020

Salgado et al., 2020

Voidarou et al., 2011

Barbieri et al., 2020

Lall et al., 2018; Cucchi et al.,

2019

Moser et al., 2019

Patterson et al., 2020

Zemouri et al., 2020

Crook et al., 2020

Lachiewicz and Srinivas, 2019
Prost et al., 2019

Nazarenko, 2020

Walsh et al., 2019; Glickman

et al., 2020

Ramirez-Soto et al., 2018

Wang D. et al., 2018; Stewart
etal., 2020
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FIGURE 1 | Schematic diagram of LOC process for nucleic acid detection of food and environmental microorganisms. (A) Sample injection. (B) There are a large
number of micro-pumps and micro-valves on the chip to precisely control the flow direction and flow rate of microfluids. (C) Sample preparation including pathogen
capture, cell lysis, nucleic acid extraction and purification, etc. The methods of pathogen capture mainly include microsphere, filter or membrane, dielectrophoresis,
magnetophoresis, acoustophoresis, etc. This part often needs external electric field, magnetic field, ultrasonic, and its strength is controlled by the controller. (D)
Nucleic acid amplification. In addition to traditional PCR, various emerging isothermal nucleic acid amplification techniques have been applied to LOC equipment.
The substrate used for nucleic acid amplification is packed into a micro chamber in advance, and the temperature of the reaction process is controlled by a
temperature controller. (E) Sample detection devices, primarily sensors. Such as fluorescence sensors, surface plasma resonance (SPR) sensors, surface enhanced
Raman scattering (SERS) sensors, electrochemical biosensors. (F) Results are visually displayed on the display.

monitor —7

nanoparticles with anti-Salmonella monoclonal antibodies for
the enrichment of Salmonella Typhimurium from samples.
Then they were conjugated with anti-Salmonella polyclonal
antibody and catalase modified polystyrene microspheres to form
magnetic nanoparticle-bacteria-polystyrene-catalase sandwiches.
Catalase from the complex passes through a micromixer
to catalyze the decomposition of hydrogen peroxide to
produce oxygen. The oxygen increases the pressure in the
microchannel and pushes the indicative red dye solution to
move along the channel. The movement distance of the
red dye can be visually seen using calibration scales and is
related to the number of Salmonella typhimurium. In the
LOC equipment based on nucleic acid detection, various
methods such as magnetophoresis and acoustophoresis are
needed to separate the bacteria-microspheres complex from
the microspheres without bacteria. After washing and cell
lysis, DNA/RNA is obtained for nucleic acid amplification
(Kant et al, 2018). Kubo et al. (2020) designed a LOC
device to detect Salmonella in egg yolks using magnetic beads
modified with anti-Salmonella antibodies. After thermal lysis,
the target genes were amplified by PCR, and then detected by
fluorescence probe.

Filters or membranes can also be used for pathogen
enrichment. Kim and Oh (2019) inoculated E. coli O157:H7
on beef, then filtered the beef homogenate at a concentration
of 10> CFU/mL with 0.45 pm cellulose fiber membrane. DNA
in concentrated E. coli was amplified and analyzed by loop-
mediated isothermal amplification (LAMP). The results showed
that the sensitivity of sample testing of the filtered samples
was 100 times higher than that of the unfiltered samples, for
the homogenate at a concentration of 10> CFU/ml, while the
total reaction time from sample preparation to confirmation
of E. coli was within 3 h. Vibbert et al. (2015) used hollow
fiber membranes with a diameter of 0.28 mm to microfilter
the chicken homogenate after endopeptidase treatment, which

could increase the microbial concentration to the detectable level
within a few of hours.

Dielectrophoresis

Dielectrophoresis is a method of separating suspended particles
by producing a polarizing force in a non-uniform electric field.
The particles in DEP are uncharged but must be polarizable
(Zhang et al., 2019). Large amounts of electrical charges can be
generated at the surface of the polarizable particles exposed to a
non-uniform electric field. These charges form dipoles (a pair of
charges with opposite signs that are very close together) arranged
in parallel with the applied magnetic field. Each half of the dipole
in a non-uniform electric field is subjected to an unequal force,
so the net force on the particle is not zero, which then pushes
the particle toward or away from a region of strong electric field.
Cells are typically polarizable particles. The net force depends on
the dielectric constant, size and shape of the particle, and the
dielectric constant of the medium, so it can selectively target the
particle according to its phenotype (Khoshmanesh et al., 2011).
Abdullah et al. (2019) used positive dielectrophoresis (pDEP)
based focusing electrodes and biosensors to detect Salmonella in
concentrations as low as 10 pieces/mL from chicken products in
less than 1 h. Cai et al. (2018) designed a kind of microfluidic
device based on pDEP, which integrated H-type filter desalination
and pEDP, and could directly enrich E. coli from physiological
samples with high conductivity and viscosity such as milk. In the
main channel of the H-type filter, the electrolyte is continuously
diffused into the deionized water, while the bacteria remain in
the sample. After desalination, the sample is pumped into the
DEP chamber, where the bacterial cells are captured through the
pDEP. Jasim et al. (2019) designed a microfluid-based impedance
biosensor that could rapidly detect three Salmonella serogroups
simultaneously. It consists of three microchannels, and in which
Salmonella cells are focused on the centerline and guided to the
sensing area by pDEP to obtain highly concentrated samples.
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Magnetophoresis

Magnetophoresis is a technology that uses a flexible and
controllable magnetic field to manipulate the motion of magnetic
beads in a microchannel (Cao et al., 2014). The magnetic
beads can be separated according to their different size and
magnetic content, which leads to different direction of magnetic
beads deviating from laminar flow (Pamme and Manz, 2004).
Magnetophoresis can be used to separate various bacterial
microbead complexes from microbeads without bacteria.
Ngamsom et al. (2016a) used two different commercial magnetic
beads (Dynabeads® Salmonella resistant magnetic beads and
Hyglos-Streptavidin magnetic beads) to multiple separate
Salmonella typhimurium and E. coli in food preconcentration.
The mixed cultures of the bacterial microbead complexes
are introduced into the separation chamber with the buffer,
and the two types of microbeads are isolated because of
different magnetic forces under the influence of the array
magnets. Malec et al. (2018) designed a microfluidic device
based on magnetophoresis and obtained reliable parameters
for predicting E. coli concentration. In this system, E. coli is
captured by streptavidin coated magnetic particles (MPs) to form
magnetically labeled bacteria (MLBs). The MLBs are suspended
in the liquid of the microchannel and are accelerated toward
the exit by means of a magnetic field gradient. The magnetic
field gradient is generated by the integrated microconductor and
controlled by the microcontroller. As a reference, the reference
MPs was added to the same liquid in parallel microchannel, and
the velocities of MLBs and reference MPs were compared in real
time using a digital camera mounted on an optical microscope
combined with particle track tracking software.

Acoustophoresis

Acoustophoresis can be used to separate particles with different
acoustic physical properties without labeling, that is, antibody
staining or other labeling is not needed. Acoustophoresis uses
ultrasonic waves in microchannels to control the migration of
suspended particles of different size, compressibility, and density.
The denser or less compressible particles move more rapidly
toward the pressure node in the center of the channel than the less
dense or more compressible particles. Therefore, acoustophoresis
can selectively direct suspended particles with different acoustic
physical properties to different microchannel outlets (Olm et al.,
2021). The recovery of Salmonella typhimurium from chicken
and beef samples by acoustophoresis has achieved high recovery
rates (60-90%) (Ngamsom et al., 2016b). GN6 aptamer is a type
of aptamer that binds specifically to gram-negative bacteria, so
when mixed with a complex sample matrix, it can selectively
capture gram-negative bacteria and leave gram-positive bacteria
behind. Lee S. et al. (2019) mixed microspheres coated with GN6
aptamers with samples and injected them into microchannels.
As the mixture enters the acoustic standing wave field, the
microspheres bound to gram-negative bacteria migrate along
the buffer center and exit the system through the outlet center.
Gram-positive bacteria remained in the original buffer flow along
the side wall and were removed through the side wall. Using
ultrasound to manipulate particles in microfluidics channels is a

promising research direction. Aghakhani et al. (2021) reported
an acoustophoresis system based on flexural wave, which can
capture micron-sized particles or cells on the soft wall. The
acoustophoresis system is expected to play an important role in
enhancing immunoassays and particle sensors.

NUCLEIC ACID AMPLIFICATION IN LOC
FOR NUCLEIC ACID DETECTION OF
FOOD AND ENVIRONMENTAL
MICROORGANISMS

Polymerase Chain Reaction

Polymerase chain reaction (PCR) is a molecular biology
technique to greatly increase the amount of nucleic acid in vitro
(Saiki et al., 1988). After the completion of nucleic acid
amplification, methods such as gel electrophoresis are needed
to quantify the DNA. Real-time quantitative PCR is a technique
for real-time amplification of target DNA and quantification
of products in a system, but its not absolutely quantitative
(Singh and Roy-Chowdhuri, 2016). Digital PCR is a kind of
absolute quantitative method. It mainly disperses the diluted
nucleic acid solution into microreactors or droplets of the chip,
and the number of nucleic acid templates in each reactor or
droplet is <1. After the PCR cycle, only the reactor with a
template of the nucleic acid molecule will give a fluorescence
signal (Catarsi, 2019). Reverse transcription polymerase chain
reaction (RT-PCR) is used to detect RNA. In RT-PCR, RNA is
firstly transcribed into complementary DNA (cDNA), which can
then be amplified by PCR (Elfman and Li, 2020). Microfluidic
digital PCR has been successfully used to detect norovirus and
hepatitis A in soft berries, water samples and lettuce, and hepatitis
E virus in naturally contaminated pig liver products (Coudray-
Meunier et al.,, 2015; Martin-Latil et al., 2016; Fraisse et al.,
2017). A shunt PCR method was reported by Salman et al.
(2020). In this microfluidic device, the PCR reaction chamber
can be heated or cooled in a short period of time by a thin
layer of fluid and a large static heating system with high thermal
inertia elements and stabilized at a preset reaction temperature.
The reaction chamber is not fixed, but is cycled between the
reaction temperatures required for the denaturation, annealing
and extension stages. Fluorescent dyes were embedded in the
PCR products, and the whole PCR process was monitored in real
time by the fluorescence detection lock-on photodetector.

Isothermal Nucleic Acid Amplification

Polymerase chain reaction-based nucleic acid amplification
is complex and requires expensive instruments, which does
not meet the goals of LOC development. Isothermal nucleic
acid amplification is an ideal alternative to PCR given
that it is performed at constant temperatures and can be
used for nucleic acid amplification without programmable
thermal cyclers. In recent vyears, isothermal nucleic acid
amplification technology has been developed rapidly, and
the most mature ones include loop-mediated isothermal
amplification (LAMP), recombinase polymerase amplification

Frontiers in Microbiology | www.frontiersin.org

November 2021 | Volume 12 | Article 765375


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Yang et al. The Application of LOC
F3c F2c  Flc Bl B2 B3
- . (R |
- OO =] a3
O” FIP B R A Blc B2c B3c E ———
= ] =
FI1C ‘ 0 oy I D | (=
——
= F3 primer e " Blc B B1 ; = i
o F3C F2C FIC Bl B2 B3 - — = ‘ D =
= - xl ==y ] B2 DIcm Cere 1 g g7em ':’:] \
B2 s BIP Flc& F2 ‘ = EI Blcgzcm B2 B2 ? % cycling reaction continues
Blc Flc B1 < g
. B2 Blc
? B3 primer F3C F2C FIC B1 B2 B3 D ~ ' e’
B:
S = ‘ o n P pic B2c Bl . 82 e
‘ BST DNA ‘E ? - . ] - —ar
polymerase m& 2 (e Evee S =="rmm] N — [=| <
F3c F2c  Flc Bl B2 B3 - ] e Flc ‘ 81
— o HBc
- . = - Fic o1
[ =] ] m— ‘ - -
3 F2 F1 Blc B2c B3c P2 D - -
o =2 (| B2
Rl ] = | o F1 Blc B2 Bl B1
Flo F2 F1 = Blc B2c B3c - - Fie Blc'
F2c 3 =
‘ 5 F2 DI c Fic 81 a_ FI P2 Flc 81
F1 Blc Ble B2 B3c Bl; BZc - B —
- |:| E -g o Flc V' F1 o1 F1c2 le:l {138 mc-BZC 52
- f2c I 2T —
Flc ‘ 83 B2 s - Blm'
Fle F2 f1 Blc B2 B3 F1
- =] Fé E i
N N} s I | F2 F2c B2
83
F1 F Flc Bl B2 s - = ‘ - FL fx  Flc B1
Blc Flc% F1 O F2 Blc - =
Fle R F Blc B2 B3c o Fic o e e 1) BIC-BZCDBZ
- R0 é 4 P2 e .
- O e R - — Qo == r [l =
F1  F2c Flc Bl B2 F1 Blc
F1 Blc Ditto
FIGURE 2 | Schematic diagram of loop-mediated isothermal amplification.

(RPA), helicase-dependent amplification (HDA), rolling circle
amplification (RCA), nucleic acid sequence-based amplification
(NASBA), cross priming amplification (CPA) (Wozniakowski
etal., 2018), strand swat amplification (SDA) (Walker et al., 1994)
and recombinant enzyme assisted amplification assay (RAA)
(Shen et al., 2019).

Loop-Mediated Isothermal Amplification

Loop-mediated isothermal amplification, which was first
proposed by Notomi et al. (2000), has the advantages of high
specificity, sensitivity, speediness and simplicity (Guan and Ma,
2014). As shown in Figure 2, it requires a BST DNA polymerase
with strand displacement activity and four primers specifically
designed to identify six different regions of the target DNA, and
the reaction takes place at 60-65°C. The four primers include
forward internal primer (FIP), F3 primer, reverse internal primer
(BIP), B3 primer. As is shown in Figure 2, FIP consists of F2 and
Flc region, which are complementary to F2c and F1 regions in
the two strands of DNA, respectively. The primer of this structure
is the basis of the formation of stem-loops in the subsequent
amplification process. The F3 primer, also known as forward
outer primer, is complementary to the F3c region. Similarly, BIP
consists of B2 and Blc region, and B3 primer, also known as
backward outer primer, is complementary to B3c region. At first,
the F2 region of FIP hybridizes with the F2¢ region of DNA to
initiate complementary strand synthesis with the action of BST
DNA polymerase. The F3c region is exposed at this moment.
However, since F3 primer is shorter than FIP and has a lower
concentration in the system, F3 primer will hybridize with F3c

region for a period of time after FIP mediates amplification with
the action of BST DNA polymerase and releases complementary
chain connected to FIP. The end of the released complementary
chain includes F1 and Flc regions, thus forming a loop, while the
other end serves as a template for BIP-initiated DNA synthesis
and subsequent B3 prime-initiated strand replacement. The
first stage eventually produces dumbbell-shaped DNA, which
serves as the starting material for the second stage of the LAMP
reaction. The LAMP reaction then continues in this manner,
eventually producing a mixture of stem-loop DNA with different
stem lengths and cauliflower shaped structures with multiple
loops (Notomi et al., 2000; Li et al., 2016).

Zhou et al. (2021) developed a microfluidic chip integrating
real-time fluorescence and LAMP technology, which could
simultaneously detect 10 pathogenic microorganisms. They used
a universal genomic DNA extraction kit in advance to extract
total DNA from the sample and then added it to the system for
sample testing. The average detection time was less than 30 min.
The limits of detection of bacterial genomic DNA was 10°-
107! pg/pL, and the limits of detection of recombinant plasmid
DNA was 1074-107> pg/pL. Compared to the conventional
microbial detection method, its specificity and sensitivity were
85.53% and 93.52%, respectively. Trinh and Lee (2018) designed
a LAMP-based plastic microdevice for the detection of E. coli
O157:H7, Staphylococcus aureus, Salmonella, and others in milk
samples. Jiang et al. (2016) developed a LAMP-based microfluidic
chip for rapid capture, enrichment and detection of airborne
Staphylococcus aureus. The entire analysis process took about
4 h and 40 min, and the detection limit was as low as about 27
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cells. LAMP has also been used in LOC applications for Vibrio
parahaemolyticus in aquatic products, Aspergillus fumigata in
clinical and environmental isolates, and Salmonella in food (Pang
etal., 2017; Wang et al., 2020; Yu L. S. et al., 2020).

Recombinant Enzyme Polymerase Amplification
Recombinant enzyme polymerase amplification was first
proposed by Piepenburg et al. (2006). The whole reaction system
consists of bacteriophage recombinase uvsX and cofactor uvsY,
primers, single-stranded DNA-binding protein (SSB) T4 GP32,
DNA polymerase, deoxynucleotide triphosphate (dNTP) and
buffer, etc. RPA is usually performed under isothermal conditions
between 37°C and 42°C, which is suitable for on-site pathogenic
diagnosis in field lack of instruments and for preventing heat-
induced DNA mutations. The reaction time is usually 15-40 min,
which is shorter than most PCR reactions (Yang et al., 2018;
Lee . et al., 2019).

The principle of PRA is shown in Figure 3. Firstly, the
recombinase forms a complex with the primers, which scans the

DNA sequence and inserts the primers into homologous locus
through the strand displacement activity of the recombinant
enzyme. Meanwhile, SSB stabilizes the replaced single-stranded
DNA. The recombinase then disintegrates, making it easy for
DNA polymerase with strand displacement activity to enter
the 3’-end of the primers to prolong the primers. Exponential
amplification is achieved by repeating the process over and over
again (Lobato and O’Sullivan, 2018). Lee et al. (2021) introduced
a high-performance nanogap impedimetric sensor that uses RPA
to amplify nucleic acids in real time. The nanogap impedimetric
sensor was immersed in the RPA reaction solution to detect E. coli
O157:H7. The amplification of the target DNA was evaluated
by impedance spectroscopy changes per minute during the RPA
process. Yin et al. (2020) presented an integrated multiplex digital
RPA (ImdRPA) microfluidic chip that successfully detected E. coli
O157:H7, Salmonella enteritis and Listeria monocytogenes in
milk within 45 min. Ahn et al. (2018) developed an RPA method
based on a paper chip device, which is made by simply stacking
functional paper and drying the RPA reagent and fluorescent
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FIGURE 4 | Schematic diagram of helicase-dependent ampilification.
probe in the reaction zone of a poly (ether sulfone) membrane. hydrolysis to break the hydrogen bonds between the

E. coli, Staphylococcus aureus and Salmonella typhimurium can
be detected simultaneously based on fluorescent signal of paper
chip, and the detection limit was 10> CFU/mL.

Helicase-Dependent Amplification
Helicase-dependent amplification was first proposed in 2004 by
Vincent et al. (2004). The whole reaction system is composed
of helicase, SSB, DNA polymerase, two primers, dNTP, and
buffer. The helicase and the polymerase must work jointly to
prevent the polymerase from being replaced by the helicase. Pairs
of helicases/polymerases that work together in natural systems
must therefore be used. Vincent et al. initially used E. coli
UvrD helicase/DNA polymerase I Klenow fragment, which can
be performed at 37°C. If thermophilic helicase/polymerase is
used for HDA, the reaction can be carried out at 60~65°C,
which is called thermophilic helicase dependent HDA (tHDA)
(Xu et al., 2018).

The principle of HDA is shown in Figure 4. In the reaction
system, the helicase uses energy of adenosine triphosphate

complementary bases of double-stranded DNA, thus untying
the double-stranded DNA. Therefore, the dNTPs mixture
must be rich in dATP as a cofactor of the helicase. If E. coli
UvrD helicase is used, the methyl directed mismatch repair
protein (MUTL protein) should be added to the reaction
system. This collaboration between UvrD helicase and MutL
protein is associated with the repair of DNA mismatches in
E. coli. After the double chain is unchained, the SSB binds to
the unchained single chain to prevent recombination of the
complementary chains. After stabilizing the DNA, the two
primers bind to the target sequence, and DNA polymerase
extends the primers using dNTP to produce a double-stranded
amplification product (Barreda-Garcia et al., 2018). Chen et al.
(2015) extracted genomic DNA from lysed bacteria using silica
coated magnetic nanoparticles and amplified it using tHDA to
detect Staphylococcus aureus in dairy and meat products. The
detection limit of the system was 5 x 10° CFU/mL for milk
powder samples and 5 x 10! CFU/mL for pork samples within
less than 2 h. HDA has also been used to detect Enterobacter
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sakazakii in infant formula with high sensitivity (94%) and
specificity (100%) (Xu et al., 2018).

Rolling Loop Amplification

The concept of RCA was first presented in the 1990s (Liu et al.,
1996), using circular DNA/RNA templates and special DNA or
RNA polymerases to amplify short DNA or RNA primers into
long single-stranded DNA or RNA. A typical DNA amplification
reaction system consists of primers P, T4 ligase, bacteriophage
¢29 DNA polymerase, ANTP and buffer, and the reaction usually
takes place at 30~40°C. The principle of RCA is shown in
Figure 5.

The circular DNA/RNA template is generated by hybridizing
primer P with long chain T. Primer P is designed to have
a larger and a shorter overlap with T, and the long chain
T can be converted into circular molecules by T4 ligase.
The RCA reaction for DNA amplification is performed with
bacteriophage ¢29 DNA polymerase, which has special chain
displacement properties. The polymerase begins to synthesize
the complementary chain at primer P. After a round of

polymerization, it displaces the newly synthesized strand and
continues to polymerize, which eventually leads to the formation
of a single long strand with a repeating sequence of T (Beyer et al.,
2005). Minero et al. (2019) designed a microfluidic device that
uses magnetic microspheres to capture the target microorganism
and amplify nucleic acids with RCA, which is expected to be used
in the detection of microorganisms in food and environment.
Jiang et al. (2020) proposed a novel dual-RCA microfluidic
platform for the detection of E. coli O157:H7, which could
significantly improve the detection signal by about 250 times.
RCA was used twice in this process. The first RCA was used
for in situ amplification of aptamers conjugated to the surface
of microchannels. The aptamers are used to capture E. coli
0157:H7, and its nucleic acid sequence will be amplified several
times by RCA. The target cells captured by RCA amplified
microchannels were 3 times more than those without RCA
amplified microchannels. The second RCA reaction was aimed
to amplify the detection signal of E. coli O157:H7. The product
was a long extended repetitive E. coli O157:H7 DNA sequence
complementary to the signal probe. The microfluidic platform
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can be used in a variety of food matrices, including orange juice
and milk, with a detection limit of 80 cells/mL.

Nucleic Acid Sequence-Dependent Amplification
Nucleic acid sequence-dependent amplification is a technique
for isothermal RNA amplification firstly proposed by
Compton (1991). The entire reaction system consist of
Avian Myeloblastosis Virus Reverse Transcriptase (AMV
RT), bacteriophage T7 RNA polymerase, ribonuclease H,
two primers (the 5 end of primer 1 contains a T7 promoter
sequence recognized by bacteriophage T7 RNA polymerase),
dNTP, nucleotide triphosphates (NTP), and buffer. AMV RT
can synthesize DNA using either DNA or RNA as templates.
Bacteriophage T7 RNA polymerase is a DNA-dependent
5'—3'RNA polymerase that highly specifically recognizes the
T7 promoter sequence. RNase H specifically hydrolyzes RNA in
the DNA-RNA heterozygote. The reaction usually takes place
at around 42°C (Huang et al,, 2019). Its principle is shown in
Figure 6.

The reaction consists of two parts, namely non-cyclic phase
and cyclic phase. In the non-cyclic phase, the forward primer
(primer 1) hybridizes with the single-stranded RNA to synthesize

complementary DNA strands with the action of AMV RT, and
then RNase H hydrolyze the RNA strand. The reverse primer
(primer 2) hybridizes with the remaining DNA single strand, and
the DNA is synthesized to form double stranded DNA with the
help of the AMV RT. The T7 RNA polymerase then recognizes
the promoter sequence of the DNA and transcribes it into single
stranded RNA. In the cyclic phase, single-stranded RNA binds
to reverse primers to synthesize single-stranded DNA under the
action of AMV RT. The RNA strand in DNA-RNA heterozygote
strand will be hydrolyzed by RNase H, and the remaining DNA is
hybridized with forward primers to synthesize the DNA sequence
with the T7 promoter sequence with the help of AMV RT. T7
RNA polymerase can then use DNA as a template to produce
large amounts of single-stranded RNA (Wang J. et al., 2018).
Aufdembrink et al. (2020) used a set of fluorescent aptamers as
NASBA labels to significantly improve sensitivity of the assay,
which can be used for nucleic acid detection of microorganisms
in food and environment by using a fluorescent microplate
reader and 3D-printed microfluidic platform. NASBA-based
LOC devices have been successfully used to detect E. coli and
Rotavirus in water and Salmonella in pork, beef and milk (Zhao
etal., 2012; Zhai et al., 2019; Pilevar et al., 2021).
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SAMPLE DETECTION IN LOC FOR
NUCLEIC ACID DETECTION OF FOOD
AND ENVIRONMENTAL
MICROORGANISMS

Besides pathogen capture, cell lysis, nucleic acid extraction, and
nucleic acid amplification, LOC equipment also need a variety
of sample testing methods to detect microorganisms qualitatively
or quantitatively. Biosensor is a device that measures biological
or chemical reactions by producing a signal proportional to the
concentration of an analyte. Molecules that specifically recognize
the analyte are called biological receptors. The signal generation
resulting from the interaction between the biological receptors
and the analyte is called biometrics, and mainly in the form
of light, heat, pH, charge or mass changes. Most transducers
produce optical, electrical, or other measurable signals. These
energy signals are then processed and monitored by electronic
equipment (Bhalla et al., 2016). Several common sensors such as
fluorescence sensor, SPR sensor, SERS sensor and electrochemical
biosensor are briefly introduced as below.

Fluorescence Detection

Fluorescent probes are often used to detect nucleic acids
in real-time PCR (Ahn et al., 2018; Aufdembrink et al,
2020; Salman et al., 2020; Zhou et al., 2021). Some nucleic
acids have a very weak internal fluorescence that is hardly
detected. Fluorescent probes are small fluorescent molecules
which can enhance the fluorescence intensity after binding
with nucleic acid. Fluorescence signal was then detected by
fluorescence microscope and fluorescence biosensor. Fluorescent
probes include organic fluorescent dyes, metal complexes, metal
particles, nanoparticles, etc. (Kricka and Fortina, 2009). For
example, 4’, 6-diamidino-2-phenylindole (DAPI) is a DNA-
specific probe that forms fluorescent complexes by attaching
to A-T-rich DNA sequences (Kapuscinski, 1995). Wei et al.
(2020) designed and synthesized a small-molecule fluorescent
probe based on adenine-coumarin derivative. The probe showed
significant fluorescence enhancement to nucleic acid at 495 nm
(DNA) and 487 nm (RNA), and the fluorescence intensity showed
a good linear relationship with the concentration of nucleic acid.
Peptide nucleic acids (PNAs) are synthetic DNA analogizes that
can be used as probes to strongly hybridize with DNA (Park
et al,, 2019). Klimkowski et al. (2019) synthesized a series of
thiazole orange (TO) functionalized oligonucleotides for nucleic
acid detection. They found that 2’ -OME RNA probes with TO
at uracil 5 or ribose 2’ were extremely effective, showing up to
44-fold fluorescence enhancement to DNA and RNA.

Nucleic acid detection based on CRISPR/Cas system also
utilizes fluorescence detection methods. The CRISPR/Cas system
is an adaptive immune system which is widely present in
bacteria and archaea. It includes three stages: adaptation,
expression, and interference. In the adaptation phase, bacteria
or archaea carrying one or more CRISPR loci can integrate
short DNA fragments homologous to foreign virus or plasmid
sequences into host chromosomes. In the expression stage, pre-
CrRNA, a primary transcript of the CRISPR gene sequence,

is produced and processed into crRNA. crRNA matches the
target sequence of the virus or plasmid. In the interference
stage, crRNA guides Cas protein to the target sequence of
virus or plasmid to form the effector complex, and uses Cas
protein to cut the target sequence (Makarova et al, 2011).
Nucleic acid detection based on CRISPR/Cas system mainly
utilizes Cas9, Casl2, and Cas13. Cas9 has two domains, HNH
domain and RuvC_like domain, which cleave complementary
and non-complementary strands of target DNA, respectively.
Zhang et al. (2017) mutated these two domains of Cas9 and
obtained nuclease-deactivated Cas9 (dCas9). The luciferase was
divided into two parts (NFluc or CFluc) and fused with two
dCas9 proteins, respectively. Using two types of single guide
RNA (SgRNA) complementary to the upstream and downstream
segments of the target DNA sequence, two dCas9 were guided to
the upstream and downstream segments of the target DNA, and
the distance between the two parts of luciferase was shortened.
Its catalytic activity was restored to emit light to achieve the
detection effect. Different from Cas9, Casl2 and Casl3 have
additional accessory cutting activity. When Cas protein forms
an efficacious complex with sgRNA and target sequence, its
accessory cutting activity is activated to indiscriminately cut the
surrounding non-target nucleic acid that has been labeled by
fluorescence, thus releasing signals for detection (Abudayyeh
et al, 2016). Gootenberg et al. (2017) designed a platform
called SHERLOC that utilizes this accessory cutting activity
of CRISPR/Casl3a to detect Zika virus and Dengue virus.
Chen et al. (2018) designed a platform called DETECTR that
utilizes this accessory cutting activity of CRISPR/Cas12a to detect
human papillomavirus. However, the CRISPR-based nucleic acid
detection methods mentioned above still rely on traditional
PCR or isothermal amplification technology to amplify target
molecules. For example, SHERLOCK and DETECTR both use
RPA to amplify target nucleic acids. Nucleic acid detection
technology based on CRISPR/Cas system is rarely used in
LOC of nucleic acid detection of food and environmental
microorganisms, though it has great research prospects.

Surface Plasmon Resonance

The principle of Surface plasmon resonance (SPR) is shown
in Figure 7. SPR is an optical phenomenon. The evanescent
wave, which occurs when light is completely reflected at the
glass interface, can trigger free electrons on the metal surface
to produce plasmon. Under certain circumstances, the surface
plasma and the evanescent wave will resonate if their frequency
and wave number of are equal. Then the incident light is
absorbed and the reflected light energy drops sharply, so a
resonance peak will appear on the reflected spectrum when the
reflected intensity reaches the lowest value. The resonance angle
or resonance wavelength varies with the surface medium of metal
film. Therefore, SPR spectrum can reflect changes of the surface
of the metal film. The resonance angle or resonance wavelength
will be changed by combining the biological receptors with the
analyte (Fathi et al., 2019). Huang et al. (2020) designed a portable
multi-angle scan SPR sensor that uses a motor to rotate and drive
the belt to control the angle of the motor’s incident and reflected
light for real-time monitoring. The nucleic acid hybridization
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experiment on gold film chip can obtain the sample information
by observing the reflection spectrum.

Surface-Enhanced Raman Scattering

Raman spectra is a kind of scattering spectrum, which can obtain
molecular structure information by analyzing the scattering
spectrum caused by different incident light frequencies. After the
analyte is fixed on the metal surface through interaction with
biological receptors, its molecular structure can be identified by
Raman spectra. It is found that the intensity of Raman spectra
can be greatly improved when the sample is adsorbed on nano-
metal particles or metal pieces with rough surface, which is called
surface enhanced Raman scattering (SERS) (Butler et al., 20165
Barbosa et al.,, 2021). Yu H. et al. (2020) developed a new SERS-
based sensor, which uses gold nanoflowers (AuNFs) to improve
the intensity of Raman spectra. The sensor enables sensitive and
quantitative analysis of biomolecules. It can distinguish different
bacteria with a sensitivity as low as a single bacteria, suggesting
a great application prospect. Zhou et al. (2020) designed an
SERS-based biosensor for the detection of E. coli O157:H7 from
food. Aptamer (APT-1) and signaling molecule Rhodamine B
(RhB) were bound to gold nanorods (GNRs) to form a gold

nanobone (NBs). Apt-1 and RhB were embedded in NBs, and
the combination showed good recognition, excellent stability
and significant enhancement of Raman signal strength in the
detection of E. coli O157: H7.

Electrochemical Biosensors

Biological reactions often cause consumption or production of
electrons or ions, and the reaction between the receptors and the
targets is no exception. The electrical properties of the solution,
such as potential and current, may thus change. The transducer
can be used to transform the biological signal into a detectable
electrical signal proportional to the target concentration
(Ferapontova, 2018; Wu et al.,, 2019). Conductance/impedance,
amperometric/voltammetric, and potentiometric methods are
the most commonly used electrochemical biosensing methods
that can be integrated into microfluidic devices (Kant et al.,
2018). Park et al. (2018a) designed a membrane based integrated
chip to detect Staphylococcus aureus and E. coli in food. The
system can simultaneously perform nucleic acid amplification
and electrochemical detection, and accurately analyze the target
pathogen genes by square wave voltammetry (SWV) in 25 s.
But before these samples can be used in the developed sensor,

TABLE 2 | Five typical Lab-on-chip (LOC) devices for detection of microbial nucleic acid in food and environment.

Pathogen Sample Nucleic acid Nucleic acid Sample test method Detection limit Detection References
extraction amplification time
method method
Salmonella Pork Immunomagnetic LAMP Real-time fluorescence 50 cells per test. 40 min Sun et al.,, 2015
beads detection.
E. coliO157: H7, Listeria MILK Magnetic bead RPA Real-time fluorescence 10 cells for each kind of 15 min Yin et al., 2020
monocytogenes and detection. pathogen.
Salmonella
Staphylococcus aureus Milk Silica-coated HDA Fluorescence detection 5 x 10 (1) CFU/mL for milk 2 h Chen et al., 2015
powder magnetic powder samples and
and pork nanoparticles 5 x 10 (1) CFU/mL for pork
samples.
Staphylococcus aureus Air Don’t require. LAMP Fluorescence detection 27 cells per test. 4 hand Jiang et al., 2016
40 min
E. coli O157: H7 Orange Poly-aptamers RCA Fluorescence detection 80 cells/mL - Jiang et al., 2020
juice and modified
milk. microchannels
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DNA must be extracted and purified, which can take a long
time. Liébana et al. (2016) proposed an electrochemical magneto-
genosensing approach for the detection of Salmonella, Listeria,
and E. coli. This method used a set of specific primers for each
pathogen, followed by electrochemical magneto-genosensing
on silica magnetic particles. Park et al. (2018b) produced
highly ordered nanocolumnar electrodes by means of soft
lithography and metal evaporation. It had wide electrochemical
and mechanical properties and wide reaction space, which could
be used for sensitive analysis. The gold and silver electrodes
prepared on the nanocolumn array shows strong and stable
electrochemical performance and can detect amplified genes
from foodborne E. coli pathogens.

SUMMARY AND PROSPECT

Microfluidic technology integrates sample preparation, nucleic
acid amplification, and sample detection on a chip. The
technology of nucleic acid amplification and sample detection
has been well developed, and a variety of emerging experimental
technologies have been timely designed and implemented
on chip. However, the development of sample preparation
technology is relatively slow, and most LOC equipment still
needs sample pretreatment in advance, which is inconsistent
with the concept of micro total analysis system and LOC.
As mentioned above, the microfluidic chip integrated with
real-time fluorescence loop-mediated isothermal amplification
technology developed by Zhou et al. (2021) has good sensitivity
and specificity, but preprocessing of samples is required to
enrich target DNA. The integrated chip designed by Park et al.
(2018a) for the detection of Staphylococcus aureus and E. coli
in food integrates nucleic acid amplification and electrochemical
detection, but also requires advance DNA extraction and
purification. This makes them unable to meet the requirements
of POCT. In fact, most LOC equipment used for food and
environmental microbiological detection have not yet been
integrated with sample processing equipment. Although several
techniques have been developed for sample preparation in LOC,
including microsphere, filter or membrane, dielectrophoresis,
magnetophoresis, acoustophoresis, an equipment that can
directly test the obtained samples without sample processing
is the ideal LOC. For example, Sun et al. (2015) reported on
an 8-chamber LOC system that integrates microsphere-based
sample preparation, LAMP, and real-time fluorescence detection
for rapid quantitative detection of Salmonella in food samples.
The entire diagnostic procedure is performed in a single chamber,
and up to eight samples can be processed simultaneously. Yin
et al. (2020) successfully detected E. coli O157:H7, Listeria
monocytogenes and Salmonella enteritidis in milk within 45 min
by integrating magnetic bead enrichment target nucleic acid and
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Listeria monocytogenes is a foodborne human pathogen that affects public health
worldwide. Whole-genome sequencing (WGS) can classify L. monocytogenes isolates
and identify virulence islands and resistance genes potentially influencing infectivity.
Herein, WGS was used to assess 151 L. monocytogenes isolates from 120 cases
of clinical infection in Beijing, China, between 2014 and 2018. Most isolates were
either serogroup 1/2a,3a or serogroup 1/2b,3b,7, with 25 multilocus sequence typing
(MLST) types (STs) represented, of which ST8, ST87, and ST5 were the most common.
Core-genome MLST (cgMLST) grouped the 151 isolates into 116 cgMLST types.
The discriminatory power of cgMLST was greater than other subtypes, revealing that
isolates from the same patient were highly related (only differing at one allele). Eighty-six
isolates formed 30 complexes with < 7 cgMLST alleles between neighboring isolates,
suggesting possible outbreaks. Compared with isolates in the United States, ST8,
ST121, ST619, ST87, and ST155 isolates were grouped into unified clades. All 151
isolates were positive for common virulence-associated loci, and 26 lineage | isolates
harbored the pathogenicity island 3 (LIPI-3) locus, while 42 lineage | isolates harbored
the complete LIPI-4 locus. Eleven ST619 isolates had both LIPI-3 and LIPI-4. Among
the 151 isolates, 13 were resistant to at least one antibiotic, and no multidrug-resistant
isolates were identified. Resistance phenotypes correlated with genotypes, apart from
two meropenem resistance isolates. The findings provided insight into the nature of
L. monocytogenes strains currently causing clinical disease in Beijing, and WGS analysis
indicated possible outbreaks.

Keywords: genomic characterization, Listeria monocytogenes, clinical isolates, virulence islands, resistance
genes

INTRODUCTION

Listeria monocytogenes ubiquitous in the environment and is a major foodborne pathogen affecting
public health (de Noordhout et al., 2014). It causes listeriosis, a severe infection characterized
by sepsis, meningitis, pregnancy loss, and can even be fatal to immuno-compromised or older
patients. Listeriosis accounts for a disproportionate share of the foodborne disease burden, with
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high hospitalization and fatality rates (Scallan et al, 2011;
de Noordhout et al, 2014), ranging from 15 to 30%,
the highest among all foodborne infectious diseases (Barton
Behravesh et al., 2011; Scallan et al., 2011; Hernandez-Milian
and Payeras-Cifre, 2014). As a special pilot project of the
National Foodborne Disease Surveillance Plan, human listeriosis
surveillance has been implemented in 2013, and the fatality
rate of listeriosis was 26.1% in China during 2013—2017
(Li et al,, 2019).

L. monocytogenes causes sporadic cases or protracted
outbreaks, and even multi-country outbreaks, and often the
specific source may not be known (Halbedel et al., 2018).
A subtyping method with high resolution, reproducibility,
and exchangeability is required for international surveillance
and investigation. Different methods are used to subtype
L. monocytogenes. Pulsed-field gel electrophoresis (PFGE), the
typing golden standard, has been used internationally, but
lacks comparability between different networks and sufficient
discriminatory power, and does not reflect the evolutionary
relationships among strains (Gerner-Smidt et al., 2006). The
other standardized genotyping method, multilocus sequence
typing (MLST) based on seven genes, is an internationally
comparable subtyping method, but lacks the discriminatory
power required for epidemiological surveillance (Ragon et al.,
2008; Chenal-Francisque et al., 2011; Haase et al., 2014). Whole-
genome sequencing (WGS), a powerful epidemiological typing
tool, can differentiate isolates that are indistinguishable by
other typing methods (Harris et al., 2010; Mutreja et al., 2011;
Maury et al.,, 2016; Moura et al., 2016). Thus, WGS has been
widely applied for investigating outbreaks and contamination
of food production plants (Schmid et al., 2014; Stasiewicz et al.,
2015; Bergholz et al., 2016; Kwong et al., 2016). WGS can also
help to predict pathogenic loci in virulent or hypervirulent
strains. Furthermore, WGS can reveal population structure
and infer evolutionary relationships among strains from a wide
range of geographic, temporal and epidemiological origins
(Moura et al., 2016).

L. monocytogenes encodes internalins and genomic islands
(Listeria pathogenicity islands, LIPIs), that play important
roles in pathogen virulence. Internalins help L. monocytogenes
invade host cells (Gaillard et al., 1991). Some L. monocytogenes
strains isolated from environment and food sources produce
a truncated form of the InlA protein, and virulence is
reduced (Jacquet et al., 2004; Nightingale et al., 2008). LIPI-
1, the main pathogenicity island, is well conserved across
strains independent of lineage (Gouin et al., 1994). LIPI-3,
encoding a second haemolysin known as listeriolysin S (LLS),
is strongly associated with lineage I strains (Cotter et al., 2008).
LIPI-4, which includes a cellobiose family phosphotransferase
system, is strongly associated with certain lineage I strains
that are associated with invasion of the central nervous system
(Maury et al., 2016).

In this study, we used WGS to assess the genomic diversity of
L. monocytogenes in Beijing, China, to compare methods (PFGE,
MLST, cgMLST, and wgSNP) for determining relatedness of the
isolates. We also aim to characterize the distribution of virulence
determinants of L. monocytogenes, to detect the absence/presence

of antimicrobial resistance-encoding genes and their relationship
with antimicrobial resistance profiles.

MATERIALS AND METHODS

Bacterial Isolates

Human listeriosis surveillance in Beijing, as a special pilot project
of the National Foodborne Disease Surveillance Plan has been
implemented since 2013. In this surveillance, all the suspected
clinical cases of listeriosis were included in the survey. Samples
were collected and used to isolate L. monocytogenes. We defined
invasive listeriosis as isolation of L. monocytogenes strains from
a normally sterile site or from products of conception (Li et al.,
2018). A total of 129 human patients who had a severe illness with
serious suspicion of L. monocytogenes infection were supervised
between 2014 and 2018. Among the 129 human patients, 151
isolates were isolated from 120 human patients, while the isolates
in other 9 cases were lost. All L. monocytogenes isolates identified
by clinical microbiology laboratories were sent to the Beijing
CDC lab. All isolates were firstly identified using a VITEK 2-
compact System (bioMérieux, Lyons, France) or matrix-assisted
laser desorption/ionization time of flight (MALDI-TOF) mass
spectrometry (Bruker, Leipzig, Germany).

Furthermore, the genome sequences, which were downloaded
from Genbank, of 368 human L. monocytogenes strains from the
United States were used for comparing with that of our isolates
(Moura et al., 2016). The 368 strains were isolated between
2009 and 2014. The information of these strains were shown in
Supplementary Table 1.

Serotyping, Multilocus Sequence Typing
and Pulsed-Field Gel Electrophoresis
Analyses

L. monocytogenes isolates were serotyped by multiplex PCR
assay (Doumith et al., 2004). MLST analysis was performed by
sequencing seven housekeeping genes. Alleles and sequences
types (STs) were determined by comparison with allelic profiles
for L. monocytogenes in the MLST database.! For PFGE analysis,
the Ascl restriction enzyme was used according to the PulseNet
International protocol (Almeida et al., 2017).

Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing of L. monocytogenes isolates
was performed using the broth dilution method. We measured
the minimum inhibitory concentrations (MICs) of ampicillin
(AMP), penicillin (PEN), tetracycline (TET), meropenem
(MRP), trimethoprim-sulfamethoxazole (SXT), erythromycin
(ERY), vancomycin (VAN), and ciprofloxacin (CIP) (Xingbai,
Shanghai, China). The MICs of AMP, PEN, SXT, and MRP
were interpreted using the Clinical and Laboratory Standard
Institute (CLSI) International Guidelines, and the MIC of
ERY was interpreted according to European Committee on
Antimicrobial Susceptibility Testing (EUCAST) International

'http://bigsdb.pasteur.fr/listeria/listeria.html
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Guidelines. Resistance criteria have not been reported for TET,
VAN or CIP for L. monocytogenes, hence, the MICs of these
three antimicrobials were interpreted using those recommended
for Staphylococcus spp. ATCC29213, which was used as the
reference strain.

Whole-Genome Sequencing

Isolates of L. monocytogenes were routinely grown in brain
heart infusion broth overnight at 37°C. DNA was extracted
using a DNeasy UltraClean Microbial Kit (Qiagen, Germany).
Sequencing was performed using an Illumina Novaseq apparatus
(lumina Inc., San Diego, CA, United States) and constructing
two paired-end (PE) libraries with average insertion lengths
of 350 and 2,000 bp, respectively. Raw data were processed
in four steps, including removing reads with 5 bp of
ambiguous bases, removing reads with 20 bp of low quality
(< Q20) bases, removing adapter contamination, and removing
duplicated reads. Finally, 100 x libraries were obtained with
clean PE read data.

Phylogenetic Analysis

The WGS raw data were imported into BioNumerics software
(version 7.6 Applied Maths, Kortrijk, Belgium), then uploaded to
the National Molecular Tracing Network for Foodborne Diseases
Surveillance (TraNet) calculation engine at aliyun for de novo
assembly, core genome MLST (cgMLST), and whole-genome
single-nucleotide polymorphism (wgSNP) analyses using default
settings (Li et al., 2021). The ¢gMLST scheme included 1748
loci for L. monocytogenes in BioNumerics. The wgSNP analysis
was further carried out on the 86 isolates with cgMLST < 7
different alleles. F2365, EGDe and ICDC_LM188 were chosen as
reference genomes for 4b,4d,4e, 1/2a,3a, and 1/2b,3b,7 serogroup
strains, respectively. SNPs were filtered using the BioNumerics
strict SNP filtering template. CgMLST and wgSNP spanning tree
were created in BioNumerics using categorical differences and
the unweighted-pair group method with arithmetic mean.

Virulence and Resistance Gene Profiles

For virulence identification, the 151 isolates were analyzed
using the virulence factor database (VFDB)* on August 15th,
2021. The analysis was performed with a minimum 75% identity
and 60% coverage.

For resistance gene identification, the 151 isolates
were analyzed using ResFinder 3.0 (Center for Genomic
Epidemiology). Genes involved in pathogenicity islands,
internalins, adherence, invasion, stress, intracellular growth,
immunomodulator, peptidase function, immune evasion and
bile resistance were investigated. The analysis was performed
with a minimum 90% identity and 60% coverage.

Nucleotide Sequence Accession Number
These assembled genomes were uploaded to NCBI under
the Bioproject ID PRJNA759341, accession SAMN21163725-
SAMN21163875.

Zhttp://www.mgc.ac.cn/VFs/main.htm

RESULTS

Origins of Isolates

One hundred and fifty-one isolates were isolated from 120
cases between 2014 and 2018 in Beijing, China. The origins
of the cases are summarized in Table 1. Sixty-three cases
were pregnancy-associated infections, in which all mothers
were cured; 32 neonates survived, and 28 fetuses died in
the womb or after birth. No data were available for three

TABLE 1 | Characteristics of 120 isolates isolated from 120 cases in Beijing,
China, between 2014 and 2018.

Characteristics Pregnancy-

associated, no

Non-pregnancy-
associated, no

Total, no.(%)

(%) (%)
Total 63 (52.5) 57 (47.5) 120 (100.0)
Age
Newborns and 12 (19.0) 0 12 (10.0)
fetus
<20 0 13 (22.8) 13(10.8)
21~40 50 (79.4) 13 (22.8) 63 (52.5)
> 40 1(1.6) 31 (54.4) 32 (26.7)
Gender
Female 63 (100.0) 26 (45.6) 89 (74.2)
Male 0 31 (54.4) 31(25.8)
Specimen type
Blood 38 (60.3) 41 (71.9) 79 (65.8)
CSF* 2(3.2) 11 (19.3) 13(10.8)
Placenta 18 (28.6) 0 18(15.0)
Other 5(7.9) 5(8.8) 10(8.9)
Outcome
Survival 32 (50.8) 36 (63.2) 68 (56.7)
Death or fetal loss 28 (44.4) 6 (10.5) 34 (28.9)
Unknown 3(4.8) 15 (26.3) 18 (15.0)
Serotype
1/2a,3a 21(33.3) 36 (63.2) 57 (47.5)
1/2b,3b,7 35 (55.6) 14 (24.6) 49 (40.8)
4b,4d,4e 7 (11.1) 7 (12.3) 14 (11.7)
ST#
ST8 8(12.7) 14 (24.6) 22 (18.9)
ST87 13 (20.6) 7(12.3) 20 (16.7)
ST5 11(17.5) 1(1.8) 12 (10.0)
ST619 5(7.9) 4(7.0) 9(7.5)
ST155 0 8(14.0) 8 (6.67)
ST121 4 (6.3) 4(7.0) 8 (6.67)
Others 22 (34.9) 19 (33.3) 41 (34.2)
Pulsotypes
GXB6A16.BJ0012 10 (15.9) 1(1.8) 11(9.2)
GX6A16.BJ0003 7(11.1) 9(15.8) 16 (13.3)
GXB6A16.BJ0044 4(6.3) 1(1.8) 5(4.2)
GX6A16.BJ0132 4(6.3) 0 4 (3.3
GX6A16.BJ0176 0 4(7.0) 4 (3.3)
GX6A16.BJ0013 2(3.2) 2 (3.5 4 (3.3

*CSF, cerebrospinal fluid; *ST, multilocus sequence typing (MLST) types.
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fetuses. Most of the 57 non-pregnancy-associated patients were
older people, or patients with various underlying diseases
such as cancer and autoimmune disease. The median age of
patients with non-pregnancy-associated infections was 46 years
old, 18 patients were > 60 years old and 10 patients
were < 6 years old. Thirty-one non-pregnancy-associated
patients were males and 26 were females. Among the 57
non-pregnancy-associated patients, 35 patients were cured, 7
patients died and 15 patients were lost during follow-up. Blood
(65.8%) was the largest sample source. The sample source for
13 cases was cerebrospinal fluid (10.8%) and for 18 pregnancy-
associated cases it was placenta (15.0%). Ten samples were
from other sources, including neonate pharyngeal smear and
external ear canal, infant cord blood, cervical smear, amniotic
fluid, ascites, pleural effusion, cystic fluid, bone marrow and
subcutaneous drainage.

Distribution of Serotypes, Multilocus
Sequence Typing and Pulsed-Field Gel

Electrophoresis Types

More than one isolate were isolated from different samples
at different times (2 cases) or different locations (17 cases)
in each of the 19 cases. Among the 19 cases, 11 were
mother-infant cases. Isolates from the same cases had the
same serogroup, antimicrobial susceptibilities, PFGE types
(PTs), and STs. Therefore, only one isolate from each patient
was used for these analyses. Almost half of the strains
belonged to serogroup 1/2a,3a (n = 57, 47.5%), followed by
serogroup 1/2b,3b,7 (n = 49, 40.8%) and serogroup 4b,4d,4e
(n = 14, 11.7%). Serogroup distribution differed between
pregnancy-associated cases and non-pregnancy-associated cases
(Figure 1A). Serogroup 1/2a,3a was more common in non-
pregnancy-associated cases, and serogroup 1/2b,3b,7 was more
common in pregnancy-associated cases. One hundred and twenty
isolates belonged to 25 STs, with one new ST designated
(Figure 1B). ST8 (22 isolates, 18.3%), ST87 (20 isolates, 16.7%)
and ST5 (12 isolates, 10.0%) were the most frequent STs, followed
by ST619 (9 isolates, 7.5%), ST155 (8 isolates, 6.7%), ST121
(8 isolates, 6.7%), ST1 (7 isolates, 5.8%) and ST2 (7 isolates,
5.8%). The other 17 STs contained between one and three
isolates. The distribution of STs differed between pregnancy-
associated cases and non-pregnancy-associated cases. All ST155
strains were isolated from non-pregnancy-associated patients,
whereas 11 of the 12 ST5 isolates were linked to pregnancy-
associated infection. One hundred and twenty isolates belonged
to 59 PTs, and GX6A16.BJ0003 (16 isolates, 13.3%) was the
most frequent PT, followed by GX6A16.BJ0012 (11 isolates,
9.2%), GX6A16.BJ0044 (5 isolates, 4.2%), GX6A16.BJ0132
(4 isolates, 3.3%), GX6A16.BJ0176 (4 isolates, 3.3%) and
GX6A16.BJ0013 (4 isolates, 3.3%). The distribution of PTs
differed between pregnancy-associated cases and non-pregnancy-
associated cases (Table 1). Most GX6A16.BJ0012 isolates (CC87)
were from pregnancy-associated cases. All GX6A16.BJ0132
isolates (CC5) were from pregnancy-associated cases, while
all GX6A16.BJ0176 isolates (CC87, CC2) were from non-
pregnancy-associated cases.

Cluster Detection Using Core Genome

MLST

All 151 isolates were divided into 116 cgMLST types (CTs;
Figure 2). Twenty-four CTs contained more than one isolate. Of
17 CTs among these 24 CTs, each CT contained strains isolated
from the same patient, with 13 pregnancy-associated cases and
4 non-pregnancy-associated cases, albeit from different sample
sources or different sample times. The same CT contained up to
five isolates belonging to a single patient. Not all isolates from the
same patient had the same CTs. Isolates from the same patient for
three cases had a single allele difference in cgMLST. Eighty-six
isolates formed 30 complexes with < 7 different alleles between
a pair of neighboring isolates (Supplementary Figure 1). The 30
complexes contained between 2 and 13 isolates, between 1 and 8
cases, and between 1 and 4 PTs, but isolates in the same complex
had the same STs (Table 2). Isolates in 16 complexes were from
two or more cases, indicating possible outbreaks. Among them,
seven complexes had no different alleles (C1, C3, C6, C7, C9,
C12, C24). In Cl1, these two strains were isolated from separate
patients in the same hospital, but more than 7 months apart. In
C6 and C7, the two strains were isolated from different years.
WgSNP analysis carried on the 86 isolates yielded similar results
to cgMLST (Supplementary Figure 2). Using wgSNP < 12 as
a cutoff, eight complexes were detected with more than one
case (Table 2).

Typing Resolution of Different Typing
Methods

All 151 isolates were grouped into 2 lineages, 3 serogroups,
258Ts, 59PTs and 116 CTs. The discriminatory power of cgMLST
is apparently superior to the other four types. For example,
62.1% (18) PTs with > 2 isolates (29 PTs) could be further
differentiated by cgMLST. Isolates in five PTs with the same
CTs were from different patients, and isolates in six PTs with
the same CTs were from the same patients. By contrast, only
one CT with > 2 isolates could be further discriminated by
PFGE, and there was only one pattern difference between these
two isolates.

Comparison With Isolates in the
United States

Compared with genomes of 368 human isolates from the
United States downloaded from Genbank (Moura et al., 2016),
the cgMLST results showed that some of our isolates were
dominant in several clusters (Figure 3). Almost all isolates
of ST8, ST121, ST619, ST87, and ST155 in our study were
clustered with no or few isolates from the United States. Also,
there were some Chinese isolates located with the same cluster
with isolates from the United States. However, no complexes
with < 7 cgMLST alleles were found between isolates of China
and the United States.

Listeria Pathogenicity Islands

The virulence and stress resistance gene results revealed
important differences between lineage I and lineage II (Figure 4).
As expected, the major pathogenicity island LIPI-1 was highly
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FIGURE 1 | Basic epidemiological characteristics of 120 L. monocytogenes isolates
according to their molecular serogroup (A) and their MLST sequence type (B).

M Not pregnancy-associated
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isolated from 120 cases in this study. The distribution of isolates is shown

conserved except in one isolate (h92). LIPI-3 was present in
some lineage I isolates (16 1/2b,3b,7 isolates and 10 4b,4d,4e
isolates) but no lineage II isolates. LIPI-3 was present in all
clonal complex (CC) 224, CC3, ST619 and CCl isolates. Forty-
two isolates (41 serogroupl/2b,3b,7 and 1 serogroup 4b,4d,4e)
had a complete LIPI-4 recently described and one isolate (h92,
serogroup 1/2a,3a) had an incomplete LIPI-4 with no x7012 gene.
Among these isolates, 13 were from 12 non-pregnancy-associated
cases, and the other 29 isolates were from 19 pregnancy-
associated cases. The presence of LIPI-4 was confirmed in all
CC87,all ST619, and one CC2 isolates. Eleven ST619 isolates were
confirmed to have both LIPI-3 and LIPI-4. Isolate h92 (1/2a,3a,
CC121) had no LIPI-1 but an incomplete LIPI-4 lacking the
x7012 gene.

All isolates encoded full-length inlA except one isolate (182).
inlC, J and K were present in all isolates, while InternalinB was
found in all but one isolate. inlF was present in almost all isolates
except 11 1/2a,3a isolates (8 CC121, 2 CCl11, 1 CC14). Genes
involved in adherence (ami, fbpA, lap, lapB) were present in all
isolates. Three of the genes involved in invasion (cwhA, IpeA,
gtcA) were present in all isolates, while aut was detected in all

isolates with the exception of 4b,4d,4e isolates, and vip was found
in some of the 1/2a,3a isolates.

Antimicrobial Resistance and Antibiotic

Genes

All 151 isolates were found to be susceptible to CIP, VAN, PEN
and AMP. Resistance to the other four antibiotics was as follows:
TET (11 isolates, 7.28%), ERY (4 isolates, 2.65%), MRP (2 isolates,
1.32%) and SXT (1 isolates, 0.66%). Thirteen isolates (8.6%) were
resistant to at least one antibiotic. Four isolates were found to be
resistant to two antibiotics. No isolate was defined as multidrug-
resistant (MDR). Antibiotic resistance genes were identified in 11
of the 13 isolates (Figure 5). Resistance phenotypes correlated
with genotypes, with the exception of MRP resistance, since
two isolates were resistant to MRP, but no genes known to
encode resistance to MRP were detected. Some resistance genes
were identified, including tetM (encoding resistance to TET),
drfG (encoding resistance to SXT), msrD and mefA (encoding
resistance to ERY). As shown in Figure 5, all resistant isolates
belonged to serogroup 1/2a,3a and 1/2b,3b,7, CC155 and CC87.
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FIGURE 2 | The phylogenomic tree of 151 L. monocytogenes isolates based on cgMLST (Core-genome MLST) (n = 1,748). The corresponding data, including the
name of the isolates (Strain ID), serogroups, MLST type (ST), MLST clonal complexes (CC), PFGE types (PT), were shown alongside the dendrogram to the right.
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ha3-1 123 CCISS  GX6AI6.BI0059
h32 12k CCISS  GX6AI6.BJ00S9 ho4 V25 ccs GX6A16.8)0003
hs3 123 CCISS  GX6AI6.BI00S hos 12838 ccs GX6A16.8)0003
158 12a3a  STISS CCISS  GX6A16.BJ0004 150 12252 €cs QX6AI6.RI00S1
h32 12030 STISS CCISS  GX6A16.B10057 h33 12838 ccs GX6A16.8J0003
hs1 ST155 CC155 GX6A16.B10028 h83-1 12a,3a ccs GX6A16.BJ0149
hs2 ST155 CC155 GX6A16.BJ0028 h83-2 12a,3a ccs GX6A16.BJ0149
159 ST705  CCISS  GX6AI6.BJ002S 833 123 ccs GX6AI6.BJ0149
155 STISS CCISS  GX6A16.BJ0008 h83-4 ccs OX6AI6.BI0149
201609 STISS CCISS  GX6A16.B10008 has-5 ccs QXEA16.BY0149
h74 ST37 cc3? GX6A16.BJ0070 201611 ccs GX6A16.BJ0003
h09 sT7 cc1 GX6A16.BJ0113 b2 ccs GX6A16.8)0015
o Va3 ST7 ccr GX6AI6.BJ0113 h34 ccs OX6A16.80003
L 200605 1203 s17 ccr GX6A16.B10095 . ccs QX6AI6RI0003
165 ccs GX6A16.BJ0003
201603 ccs GX6A16.BJ0003
ccs 201604 ccs GX6A16.BJ0003
103 ccs GX6A16.BJ0003
hd4 ccs GX6A16.BJ0003
h79 ccs GX6A16.BJ0003
L 164 ccs GX6A16.BJ0003
ha? STNEW - GX6A16.8J0003 201608 ccs GX6A16.BJ0003
166 191 CCl4 GX6AI6BIO0G 151 ccs GX6A16.BJ0003
[ h84 ST191 cCca GX6A16.B10162 h61 ccs GX6A16.BJ0003
L hot S191 cCla GX6A16.BJ0064 201619 ccs GX6A16.BJ000S
178 s19 cco GX6A16.8J0002 102 ccs GX6A16.BJ0005
— STI8 CCIS  GX6AI6.BJ00S6 201616 ccs GX6A16.810003
h26 ST307 CC307 GX6A16.BJ0065 hot 12a.3a ccs GX6A16.BJ00S1
I'{ h72 ST307 C€C307 GX6A16.B10088 h77 12a.3a ccs GX6A16.BJ0071
Lo ST307  CC307  GX6AI6.BI0OS2
o157 ST378  CCI9 GX6AI6BIOS
L h66 ST378 ccr9 GX6A16.B10109
160 ST621 ccn GX6A16.B10075
hss ST621 ccn GX6A16.BJ0075
h89 STI4 CCl4 GX6AI6BI0I06
201606 sTI21 cci21 GX6A16.B10056
190 sTi21 CCI21 GX6AI6BI0S6
175 STI121 cenl GX6A16.B10056 has 1/2b,3b,7 GX6A16.BJ0176
h37 1/2a,3a GX6A16.B10062 hs4 1/2b,3b,7 ST! GX6A16.BJ0026
W38 112332 GX6A16.B10062 168 112036, GX6AI6.BJ0176
ho2 12332 GX6A16.B10157 201618 126,307 GX6AI6.BJ0176
23 1203 GX6A16.BJ0009 ho7 126,307 GX6A16.BJ0024
201615 1/2a3a GX6A16.BJ0063 17 172b,36,7 (GX6A16.B10026
201622 1/2a,3a GX6A16.B10063 201601 1/2b,3b,7 GX6A16.BJ0135
201607 12a3a CCI01 GX6A16.8J0097 h73 1726367 S GX6A16.810012
h6s 126,307 GX6A16.8J0012
h69 112636, GX6A16.BJ0012
c87 170 12,307 GX6A16.BJ0012
h67 126,307 S GX6A16.BJ0012
W71 1/2b.3b,7 ST GX6A16.810012
153 .7 § GX6A16.BJ0012
h38 1/2b,3b,7 ST429 CC429  GX6A16.B10137 nos 1/2b.3b,7 GX6A16.BJ0012
201612 172b3b,7 STS9 ccs9 GX6A16.B10011 hd0 1/2b.3b7 ST GX6A16.BJ0012
21 1/2b.3b,7 STS9 CC59 GX6AI6BIOI2T hso 120,367 GX6A16.BJ0014
h64 126,307 STS9 CC59 GX6AI6BIOII h60 1/2b36,7 GX6A16.B10014
h6s 1/2b,3b,7 ST59. ccs9 GX6A16.B0011 201610 1/2b3b,7 GX6A16.BJ0012
h2s 172367 ST3 ccs GX6A16.BJ0046 n3 1/2b,36,7 GX6A16.BJ0012
| o 126307 ST3 ccs GX6A16.BJ0046 h20 126,367 S GX6A16.B10012
1 wo ST3 €C3 GX6A16.BJ0046 h78-1 1/2b3b,7 S GX6A16.BJ0049
162 ST224 GX6A16.BJ0025 h78-2 1/2b,3b,7 GX6A16.B10049
T w 1726307 ST224 GX6A16.BJ0045 h3s 112b36,7 GX6A16.B10012
161 126307 ST619 GX6A16.BJ0139 h36 126367 S GX6A16.B10012
| 176 112b,36.7 ST619 GX6A16.BJ0013 2016202 1/2b,3b7 S GX6A16.BJ0012
h8s 19 GX6A16.BJ0119 201620-3  1/2b,3b,7 GX6A16.BJ0012
— h62 .7 ST619 GX6A16.BJ0013 GX6A16.B10012
h63 112b,3b.7 ST619 GX6A16.B10013 126,367 S GX6A16.BJ0012
169 126307 ST619 GX6A16.BJ0066 12,367 GX6A16.BJ0012
181 126307 ST6I9  ST619  GX6AI6.BJ0066
W75 126,307 ST619 (619 GXG6AI6.BJOOI3
h76 1/2b,3b,7 ST619 ST619 GX6A16.BJ0181
hil 1/2b,3b,7 ST619 ST619 GX6A16.810013
hi2 ST619  ST6I9  GX6AI6.BIOOI3
h81 STS ccs GX6A16.BJ0170
h§7 STS CCs GX6A16.B10044
201614-1 STS ccs GX6A16.BJ0044
2016142 126307 STS ccs GX6A16.BJ0044
182 112b3b,7 STS ccs GX6A16.BJ0044
h27 126307 STS ccs GX6A16.BJ0125
h19 126307 STS ccs GX6A16.BJ0132
w31 112b,36,7 STS ccs GX6A16.BJ0132
201613-1 1/2b,3b,7 STS Cccs GX6A16.BJ0132
174 126307 STS ccs GX6A16.BJ0137
h24 126307 STS GX6A16.BJ0132
173 1/2b,3b,7 STS GX6A16.BJ0044
167 1/2b,3b.7 STS GX6A16.BJ0044
sTI GX6A16.8J0023
STI GX6A16.8J0023
STI GX6A16.810023
GX6A16.8J0023
GX6A16.8J0020
GX6A16.8J0020
GX6A16.810020
GX6A16.810020
GX6A16.B0020
GX6A16.B10164

GX6A16.BJ0176
GX6A16.B0017
GX6A16.BJ0019
GX6A16.BJ0165
GX6A16.BJ0165
GX6A16.BJ0165
GX6A16.B0016
GX6A16.B0027
GX6A16.BJ0027
GX6A16.BJ0027
GX6A16.B0024

DISCUSSION

In this study, analysis of 5 years of data (2014—2018) on
clinical L. monocytogenes isolates in Beijing, China, showed that
pregnancy-associated cases and non-pregnancy-associated cases

accounted for half each. Listeriosis is an important disease that
needs attention and continuous surveillance. Some listeriosis and
deaths might go undiagnosed and unreported (Anand et al,
2016; Kylat et al., 2016; Fan et al., 2019). Serogroups 1/2a,3a and
1/2b,3b,7 were the dominant serogroups in our study, consistent
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TABLE 2 | Relatedness of isolates as determined by cgMLST (< 7 different alleles).

Complexes Possible Isolates Number Maximum number of Maximum ST Serogroup
outbreaks of cases cgMLST alleles number of SNPs
C1 o1 201615, 201622 2 0 0 121 1/2a,3a
C2 h37, h38 1 0 0 121 1/2a,3a
C3 02 h51, h52 2 0 0 155 1/2a,3a
C4 03 155, 201609 2 2 4 155 1/2a,3a
C5 h43-1, h43-2 1 0 0 155 1/2a,3a
C6 04 h02, 201619 2 0 0 8 1/2a,3a
c7 05 h91, 201616 2 0 1 8 1/2a,3a
C8 06 h05, h04, h50, h03, h33, h22, 8 7 34 8 1/2a,3a
h34, h83-1, h83-2, h83-3,
h83-4, h83-5, 201611
C9 o7 2016083, 201604, 156, 165 3 0 3 8 1/2a,3a
C10 h09, h10 1 1 2 7 1/2a,3a
Ci1 08 h08, h40, 153 3 3 87 1/2b,3b,7
C12 09 h59, h60 2 0 87 1/2b,3b,7
C13 010 h13, 201610 2 7 15 87 1/2b,3b,7
C14 h78-1, h78-2 1 0 87 1/2b,3b,7
C15 h35, h36 1 0 87 1/2b,3b,7
C16 O11 201620-1, 201620-2, 2 5 7 87 1/2b,3b,7
201620-3, 201620-4, h18
C17 h67, h68, h69, h70, h71 1 1 1 87 1/2b,3b,7
C18 h64, h65 1 0 0 59 1/2b,3b,7
C19 h28, h29, h30 1 0 3 1/2b,3b,7
C20 012 161, 176 2 5 18 619 1/2b,3b,7
C21 h62, h63 1 0 619 1/2b,3b,7
C22 013 h75, h76 2 7 9 619 1/2b,3b,7
C23 h11, h12 1 0 0 619 1/2b,3b,7
C24 014 169, 181 2 0 0 619 1/2b,3b,7
C25 015 h81, h87 2 3 4 5 1/2b,3b,7
C26 201614-1, 201614-2 1 0 0 5 1/2b,3b,7
c27 0o16 201621-1, 201621-2, 3 4 6 1 4b,4d,4e
201621-5, h55, 179
Cc28 h41, h42 1 1 4b,4d,4e
C29 h82-1, h82-2, h82-3 1 4b,4d,4e
C30 h14, h15, h16 1 0 0 4b,4d,4e

with food source strains in China, but different from clinical
source strains from other countries (Mammina et al., 2009;
Centers for Disease Control and Prevention, 2014; Chen et al,,
2015; Maury et al., 2016; Wu et al., 2016; Jennison et al., 2017).
In many countries such as the United States, Australia, France
and Italy, serotype 4b is the most commonly identified serotype
of clinical L. monocytogenes (Mammina et al., 2009; Centers for
Disease Control and Prevention, 2014; Jennison et al., 2017).
The distribution of STs in clinical L. monocytogenes strains in
Beijing, China differs from those in other countries (Maury et al.,
2016; Bergholz et al., 2018; Halbedel et al., 2018). The three most
common STs were ST8, ST87 and ST5. While ST8 is distributed
globally and ST5 caused several outbreaks in the United States in
recent years (Lomonaco et al., 2013; Centers for Disease Control
and Prevention, 2015; Jackson et al., 2015), ST87 is seldom linked
to human infection in other countries. Approximately 7.5% of
STs were ST619 (9 isolates), which has been seldom reported
in other countries. The possible reasons for these differences in

serogroups and STs are that some clonal groups may not be
disseminated widely because of their own characteristics, also
there are different types of circulating food, production links,
processing techniques and eating habits among regions, resulting
in relatively unique clonal groups in different regions. However,
some STs prevalent worldwide such as ST1, ST2, ST9, ST121 and
ST155 were also identified in this study.

We  present a collection of genome-sequenced
L. monocytogenes isolates from listeriosis patients in Beijing,
China, over 5 years. Typing resolution increased from serogroups
(3) to MLST (25 STs) to PFGE (59 PTs) to cgMLST (116 CTs),
which is consistent with other studies (Kwong et al., 2016;
Moura et al., 2016; Halbedel et al., 2018). In our study, most
PTs with > 2 isolates could be further differentiated by cgMLST.
Only two isolates with the same CTs were further discriminated
by PFGE, with one pattern difference. Genomic variation
outside the core genome or variations in intergenic region may
account for this variability in isolates with identical CTs. In
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CC105

FIGURE 3 | Comparison with isolates in the United States. Clustering of 151 L. monocytogenes isolates in our study and 368 human L. monocytogenes isolates
from the United States based on single-linkage analysis of the cgMLST profiles. Red color represents isolates in our study.

*

our study, a maximum of one cgMLST locus and two wgSNP
loci were found in isolates from the same case isolated in
different sample sources or at different sample times that were
expected to be highly related. Each of seven CTs included two
or three cases, indicating that isolates in the same CTs are
likely to be phylogenetically linked. However, following further
retrospective investigation, no epidemiological links between the
cases in the same CTs could be determined. Previous research

(Moura et al.,, 2016) showed that most isolates sampled during
investigations of single outbreaks had seven or fewer allelic
mismatches, and isolates with no documented epidemiological
links typically differed by more than 10 mismatches. In our
study, we used cgMLST < 7 as a cutoff for the classification of
closely linked isolates, and 16 complexes were identified. When
wgSNP < 12 was used as a cutoff, eight complexes were found.
These results imply that strains in the same complex should
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FIGURE 4 | Virulence profiles across the phylogeny of the

151 L. monocytogenes isolates. The presence/absence gene matrix
represents, from left to right, genes located in the pathogenicity islands LIPI-1
(orfA, plcA, hly, mpl, actA, plcB), LIPI-3 (IsAGHXBYDP) and LIPI-4
(LM9005581_70009 to LM9005581_70014), genes coding for internalins
(inNABCFGK) and other genes involved in adherence (@mi, fopA, lap, lapB),
invasion (aut, cwhA, IpeA, vip, gtcA), stress (clpC, clpE, clpP), intracellular
growth (hpt, [plA1, prsA2), immunomodulator (IntA), peptidase (IspA), immune
evasion (oatA, pdgA) and bile-resistance (bsh).

arise the potential for common source outbreaks. CgMLST
is supposed to become a universal tool for cluster detection
and international communication during regional or global

listeriosis outbreaks because it improves L. monocytogenes
typing and reduces unnecessary epidemiological investigations
(Moura et al,, 2016). CgMLST typing results do not require
a multiple sequence alignment step, and they are easier to be
interpreted by microbiologists, epidemiologists and public health
professionals (Moura et al., 2016). Simplified cgMLST data can
be readily exchanged between global laboratories (Halbedel
et al, 2018). However, linking L. monocytogenes isolates to
listeriosis outbreaks without epidemiological data is not feasible
(Hilliard et al., 2018).

The use of cgMLST analysis helps to determine the population
structure, and indicates cross-country and intercontinental
transmission of L. monocytogenes (Moura et al, 2016). To
date, only a few cross-country outbreaks have been recognized
(Schmid et al., 2014; Wang et al.,, 2018), and most listeriosis
outbreaks have gone unreported (Leclercq et al., 2014). In our
study, we compared isolates with those from the United States.
No closely linked isolates were found between the United States
and the isolates in our study, suggesting lack of the transmission
behavior of L. monocytogenes. The results revealed some isolates
located in the same cluster with those from the United States,
suggesting long-standing widespread dispersion. The results also
demonstrated that ST87 and ST169 were seldom linked to human
listeriosis in the United States. Consistent with our results, a
study comparing ST87 isolates from various regions of the world
showed that the core gene sequence-based phylogeny grouped the
majority of clinical and food isolates from China into a unified
clade (Yin et al., 2020).

As discussed above, WGS can be used to identify the presence
of genes or pathogenicity islands associated with hypervirulence
or particular modes of pathogenesis (Maury et al,, 2016). In
our study, LIPI-1 was present in almost all isolates, consistent
with other studies (Hilliard et al., 2018). LIPI-3 plays a role
in gastrointestinal colonization (Quereda et al.,, 2016), and is
strongly associated with lineage I strains (Hilliard et al., 2018). In
our study, LIPI-3 was detected in 26 lineage I strains, including
CC224, CC3 and ST619 of serotype 1/2b,3b,7, and CCl1 of
serotype 4b,4d,4e. As shown in other studies (Hilliard et al,
2018), there was no LIPI-3 in CC2 of 4b,4d,4e strains. LIPI-4
was recently described as a gene cluster involved in neural and
placental infection (Maury et al., 2016), and it appears to be
strongly associated with CC4 isolates (Maury et al., 2016; Hilliard
et al,, 2018). In our study, there were no CC4 isolates, and this
island appears to be associated with CC87 and ST619 isolates, and
neural and placental infection. Among 19 pregnancy-associated
patients with isolates possessing LIPI-4, 6 (31.6%) patients had
abortion or fetal death, 11 (57.9%) patients were cured or infants
survived, and the outcome of two cases was unknown. Among
44 pregnancy-associated patients with isolates without LIPI-4,
22 (50.0%) patients had abortion or fetal death, 21 (47.7.0%)
patients were cured or infants survived, and the outcome of
two cases was unknown. The outcomes of patients with isolates
possessing LIPI-4 were different, suggesting that other factors
contributing to virulence remain to be characterized. Clinical
ST619 isolates were especially specific to China (Wang et al.,
2018; Zhang et al., 2019), and harbored the most virulence
genes. ST619 isolates carried many virulence genes, including
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lIsX and ptsA that were also found in various food products
in China (Wang et al, 2018, 2021; Chen et al, 2019a,b,
2020). However, to date, little information is available on the
pathogenicity of ST619 strains, which should be focused on
in future studies.

In this study, 13 (8.6%) of the 151 L. monocytogenes
isolates were resistant to at least one of the tested antibiotics
that are commonly used to treat listeriosis in animals and
humans in China. Using WGS, antibiotic resistance phenotypes
were established. Antibiotic resistance of L. monocytogenes is
not as serious as that in Salmonella, E. coli, Campylobacter
and some other organisms. Previous study showed that the
frequency of acquired resistance in clinical isolates is low,
such as in France since 1926 (1.27%), in Poland between
1997 and 2013 (0.29%), resistance is more commonly observed
in animal and food isolates (Morvan et al., 2010; Wieczorek
and Osek, 2017; Kuch et al, 2018). In a study on 2,862 L.
monocytogenes isolates from food surveillance in China, the
resistance rate for tetracycline (8.7%) was the highest, followed by
erythromycin (2.2%), trimethoprim/sulfamethoxazole (0.98%)
and chloramphenico (0.8%), similar to our current study (Yan
et al, 2019). In this previous study, 11 MDR isolates were
identified belonging to ST9, and 13 of the other 17 isolates
resistant to trimethoprim/sulfamethoxazole belonged to ST155.
In our study, six of the 11 antibiotic resistance isolates belonged
to ST155. Two isolates were resistant to MRP, but no genes
known to encode resistance to MRP were found. More research
is therefore needed.

WGS of L. monocytogenes isolates from cases of human
listeriosis in Beijing, China, between 2014 and 2018 has provided
an overview of locally circulating clinical strains of the pathogen.
This work identified particular STs responsible for disease in
Beijing, China. CgMLST analysis revealed that isolates from

the same patient were highly related, and indicated possible
outbreaks, although retrospective follow-up failed to prove any
clear epidemiological links. WGS also confirmed the presence of
pathogenicity genes or islands and resistance genes.
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Metagenomics is a new approach to study microorganisms obtained from a specific
environment by functional gene screening or sequencing analysis. Metagenomics
studies focus on microbial diversity, community constitute, genetic and evolutionary
relationships, functional activities, and interactions and relationships with the
environment. Sequencing technologies have evolved from shotgun sequencing to
high-throughput, next-generation sequencing (NGS), and third-generation sequencing
(TGS). NGS and TGS have shown the advantage of rapid detection of pathogenic
microorganisms. With the help of new algorithms, we can better perform the taxonomic
profiing and gene prediction of microbial species. Functional metagenomics is helpful
to screen new bioactive substances and new functional genes from microorganisms
and microbial metabolites. In this article, basic steps, classification, and applications of
metagenomics are reviewed.

Keywords: metagenomics, shotgun sequencing, next-generation sequencing, third generation sequencing,
antibiotics resistance genes, bioremediation

INTRODUCTION

Traditionally, research on microorganisms is based on cultured organisms, which has several
disadvantages (Kellenberger, 2001). In 1998, Metagenome, also known as microbial environmental
genome (Handelsman et al., 1998), is defined as “the genome of the total microbiota found
in nature.” Metagenome currently refers to the sum of the genomes of bacteria and fungi in
environmental samples. Metagenomics is the study of a collection of genetic material (genomes)
from a mixed community of organisms. In short, metagenomics is a new way to study
microorganisms in a specific environment by using functional gene screening or sequencing
analysis. The main areas of concern of metagenomics research are microbial diversity, population
structure, genetic and evolutionary relationships, functional activity, and cooperative relationships,
and relationship with the environment. Metagenomics research is developing rapidly in medicine,
agriculture, environmental protection, and other fields.

This article reviews the development and application of metagenomics detection technology.
The review is divided into three parts. The first part focuses on molecular biology technology from
the extraction of all microbial genes, heterologous expression of gene fragments, to the screening
of target genes or active products, and finally the sequencing of target genes. The second part
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introduces the main classification or branch of metagenomics
from the research purpose or objects. The third part is about the
application of metagenomics in various fields.

BASIC STEPS OF METAGENOMICS

Metagenomics is based on gene cloning. The basic procedure
of metagenomics consists of the following steps. First, all genes
in environmental microbial samples are extracted and enriched.
Second, the genes are cloned into the vector, which is transformed
into host bacteria to establish the metagenomic library. Finally,
the metagenomic library is screened and analyzed. The extraction
of metagenomic DNA and construction and screening of
metagenomic library are essential.

Extraction and Enrichment of
Metagenomic DNA

The traditional approach is to culture microorganisms and
then extract the DNA, but 99% of the microorganisms in
the environment cannot be cultured (Torsvik et al, 1990;
Handelsman et al., 1998). Extracting high concentration and
large fragment environmental microbial total DNA is the first and
most critical step in building a metagenomic library. There are
two key points to extracting metagenomic DNA. First, to extract
all the genes of all microorganisms in the sample. Second, to
keep the integrity and purity of the fragment. Sample collection
must follow a strict procedure to extract as much DNA as
possible from environmental microorganisms and maintain large
DNA fragments.

According to whether or not the cells are isolated before DNA
extracting, it can be divided into direct extraction and indirect
extraction. Direct extraction uses physical (such as freeze-thaw)
and chemical (such as the addition of protease or SDS) to lyse
microorganisms directly to release microbial DNA (Gabor et al.,
2003). The total DNA in all samples can be obtained by the
direct extraction method, which is suitable for extracting 1-50 kb
DNA. The direct extraction method is simple and efficient, but
the purity is low (Schneegurt et al., 2003; Wang et al., 2011). The
indirect extraction method requires isolating the microbial cells
at first and then extracting DNA using a gentle method. The DNA
obtained by indirect extraction is of high purity and suitable for
the extraction of 20-500 kb DNA. The indirect extraction method
is cumbersome and inefficient, which may cause the loss of some
microbial DNA (Gabor et al., 2003).

The sample size depends on microbial concentration. The
high density of microorganisms such as stool samples may
require only an anal swab sample. To study the marine
microbial community, which is a low-density microorganism,
large numbers of water samples are captured and concentrated
through filters. Samples need to be decontaminated. For example,
humic acid in soil is often tightly bound to DNA, so humic acid
needs to be removed during sample preparation (Daniel, 2005).
When studying microorganisms in humans or animals, the DNA
contamination in samples and host must be removed.

For DNA samples with low abundance, enrichment at the
cell level and gene level can be carried out after DNA fragment

extraction, but this may cause certain deviations (Probst et al.,
2015). The common methods of gene enrichment are stable
isotope probing (SIP) (Chen and Murrell, 2010), suppression
subtractive hybridization (SSH) (Galbraith et al., 2008; Chew and
Holmes, 2009), DNA chip technology, etc. (Avarre et al., 2007).

Construct Metagenome Libraries

In the construction of a metagenome library, microbial DNA
should first be cut mechanically or digested into a certain size of
DNA, and then randomly recombined with an appropriate clone
vector, and finally transformed into suitable host cells. The goal
is to isolate some target genes or preserve the entire DNA of an
organism. The strategy of building microorganism DNA library
changes with the research objective: low abundance genes or high
abundance genes and small segments of a single gene or large
segments of gene clusters in a metabolic pathway.

The vector is selected only if it is conducive to the
amplification of the target DNA fragment and is convenient for
screening after the transformation and expression. The common
vectors include plasmid, cosmid, fosmid, or bacterial artificial
chromosome (BAC), yeast artificial chromosome (YAC), and
phage. Plasmids are suitable for cloning DNA fragments below
10 kb. Cosmid and fosmid are suitable for cloning large genes or
multiple gene fragments (20-40 kb). BAC and YAC can be used
to clone DNA fragments of 200-450 kb. The BAC shuttle vector,
which can be duplicated and expressed in a variety of hosts, can
be used to expand the host range (Kakirde et al., 2011).

The host cells are generally the ones with good stability of
the recombinant vector, high efficiency of transformation, and
effective expression of the target gene fragment. Usually, different
host strains are selected according to different research purposes.
Escherichia coli is easy to culture and is the most common host,
but it is a prokaryotic host with limitations. Some new host cells
are gradually applied, such as host Streptomyces (Rebets et al.,
2017), pseudomonas (Craig et al., 2010), and mycobacterium.

There are many barriers to the study of foreign gene
expression in metagenomics. For example, the target gene may
be lost in the process of library construction, and the host cell
cannot recognize the unique promoter, failing the expression
of heterologous gene fragments. To solve this problem, multi-
host expressions can be adopted. A research group expressed
DNA fragments in 6 different bacteria (Craig et al., 2010). If the
target gene is in cluster form, large segments of DNA need to be
inserted to obtain complete metabolic enzymes and pathways. At
present, the failure of DNA cloning in large fragments may be
caused by the destructive effects of physical and chemical actions
during the extraction process or the limited receptive capability
of host bacteria.

Screening of Metagenome Library

Currently, there are three approaches to environmental
metagenomic library screening: function-driven screening,
sequence-driven  screening, and substrate-induced gene
expression screening (SIGEX). Other techniques include
DNA stable-isotope probing (DNA-SIP) (Chen and Murrell,
2010) and fluorescence in situ hybridization.
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There are two kinds of functional screening. One is to
screen the expression of active products of exogenous genes in
host cells according to special characterization (such as color
and plaque) on various selective media to obtain target clones
(Apolinar-Hernandez et al., 2016; Popovic et al, 2017). The
other is to screen the host strain and its mutants based on their
complementary growth characteristics under selective conditions
(Cheng et al,, 2017). The function-driven screening method
is fast, simple, and does not rely on any known sequence
information. Most biocatalysts, such as protease (Apolinar-
Herndndez et al., 2016), esterase (Popovic et al., 2017), are
obtained by this method. The biggest disadvantage is that it
depends on the expression of functional genes in foreign hosts,
so the success rate of screening is very low. Thus, selecting the
right host and cloning the full length of a gene or gene cluster
is required. Functional analysis is suitable for gene screening of
large fragment DNA libraries.

Sequence analysis usually uses oligonucleotide primers or
probes to screen target genes by molecular biological methods
such as PCR and gene hybridization. Only target clones with
known sequences can be screened. Sequence analysis is suitable
for screening highly conserved sequence enzyme genes, such as
polyketide synthase gene (Ginolhac et al., 2004) and cellulase
genes (Voget et al, 2003). Sequence analysis is also suitable
for gene screening of small DNA fragments. The advantage of
sequence analysis is that it need not rely on host cells to express
the cloned genes, but the disadvantage is that it is unable to screen
the unknown genes with completely different sequences from the
existing genes.

Some new methods such as microarray, stable isotope labeling,
and fluorescence in situ hybridization can also be applied
to sequence screening. The DNA microarray technology, also
known as gene chip technology, is based on nucleic acid
hybridization (Avarre et al., 2007). First, DNA fragments are
densely and orderly arranged on the solid support such as
silicon wafer to form DNA microarray. Then the labeled samples
are hybridized with the DNA microarray, and the genes are
analyzed according to the hybridization sites and signal strength.
DNA microarray technology can be used to study key genes
in metabolic pathways. The DNA microarray technology has
advantages of rapid detection and preliminary screening, but
its specificity and sensitivity are only 1/100-1/10,000 of PCR
method, so it is unsuitable for the detection of unknown
functional genes (Call, 2005; Palka-Santini et al., 2009; Mauk
etal., 2015).

The principle of substrate-induced gene expression screening
is that metabolism-related genes or enzyme genes are usually
expressed in the presence of substrate-induced conditions
(Uchiyama et al, 2005, Yun and Ryu, 2005). SIGEX has
several advantages, such as no modification of the substrate is
required and functions of unknown enzymes and genes can
be inferred from the substrate. SIGEX is a high-throughput
screening method that is suitable for industrial use. But it is
highly demanding on the structure and fitness of the target
gene in the host and is only suitable for substrates that
can enter the cytoplasm and target gene, which itself has
a promoter.

What metagenomics need now are high-throughput
screening methods. In 2015, a research team attempted to
apply microfluidic chips integrating sample detection and
automatic analysis (Colin et al, 2015), which is known
as lab-on-chip (LOC). LOC only requires a sample of
nanoliters or picoliter level, but the technical requirements
are high. LOC requires advanced technologies such as
chip sampling technology, microfluidic technology, and
focusing electrophoresis technology. LOC implements various
experimental steps in the laboratory, such as sample preparation,
biochemical reaction, and sample detection, on a chip of
several square centimeters. LOC meets the objective of overall
miniaturization, automation, integration, and portability of
sample testing.

Metagenomic Sequencing and Analysis

Techniques

Rapid progress has been made in sequencing technologies,
from shotgun sequencing to high-throughput, next-generation
sequencing (NGS) (Mardis, 2008; van Dijk et al.,, 2014), and
third-generation sequencing (TGS) (Branton et al., 2008).

Preparation of Metagenomic Sequencing Samples
Metagenomic DNA can be sequenced from DNA libraries
obtained from target gene cloning or directly from samples.
The purity and content of the DNA must be ensured before it
is sequenced.

History of DNA Sequencing Technologies and
Platforms

Second-generation DNA sequencing was established on PCR
techniques. The first-generation sequencing is the shotgun
sequencing based on the traditional Sanger sequencing
technology (Olson, 1993; Bankier, 2001; Quince et al,
2017; Figure 1), and the sequencing using the dideoxy chain
termination method is the gold standard of sequencing. The
accuracy of shotgun sequencing is higher than those of second
and TGS. It has a high accuracy of long reads from 700 to 1,000
bp and can deal with repeated sequences well. The disadvantage
is that only one template can be detected at a time, which is slow
and time-consuming.

Next-generation sequencing uses large-scale parallel
sequencing technology, which can simultaneously synthesize
millions of complementary chains of sequencing templates
and acquire sequence data. High-throughput and low-cost
NGS is used worldwide in large-scale genome sequencing and
resequencing. The NGS mainly used sequencing by synthesis
(SBS) technology and sequence by ligation (SBL). Roche has
developed GS FLX and GS Junior sequencing platforms with 454
sequencing technology and SBS (Marsh, 2007; Harrington et al.,
2013; Figure 2), which can read more than 400 bp. Illumina
used SBS and a 3’ blocked reversible terminator for sequencing
(Shendure and Ji, 2008; Ansorge, 2009; Figure 3). Based on
this technology, the Genome Analyzer platform reads 125 bp.
Mumina sequencing has become the mainstream product of
NGS. Applied Biosystems, InC. (ABI) used SBL to develop the
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FIGURE 1 | Sanger sequencing process. (A) Genome DNA is cut into different DNA fragments by ultrasound or enzyme, connected into a plasmid, and transformed
into Escherichia coli. (B) The Dideoxy chain termination method is used for sequencing. The reaction system is a mixture of template, primer, DNA polymerase, and
dNTPs. Four kinds of ddNTP (ddATP, ddTTP, ddCTP, and ddGTP) with radioisotope marks are, respectively, added to four reaction systems. If ddNTP is incorporated
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terminated. (C) Four PCR reaction system products are added to gel electrophoresis, and autoradiography was used to determine the DNA sequence according to

the location of electrophoresis.

ABI Solid Sequencer (Mardis, 2008; Shendure and Ji, 2008;
Ansorge, 2009). The advantage of sequencing by oligonucleotide
ligation and detection (SOLiD) (Figure 4) is that each base can
be detected two times by two-base encoding, and the detection
accuracy is higher than the other NGS. The disadvantage is that
only 40 bp can be read, which is only suitable for SNP mutation
detection. In addition, ion torrent sequencing technology

developed by Life Technologies/Thermo Fisher Scientific adopts
semiconductor chip technology (Figure5). Four kinds of
dNTPs sequential flow through the chip in turn, if one dNTP
is complementary to the DNA molecule in a specific microhole
of the chip, the dNTP is synthesized into the DNA strand.
Subsequently, the hydrogen ions are released as the DNA strand
stretches, causing the change of the pH. Finally, voltage changes
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are caused. Ion Torrent has the advantages of low cost, only
an electrical signal detection system, and no light/fluorescence
detection system (Pennisi, 2010).

Third-generation sequencing also called de novo sequencing
technology, is a milestone in sequencing technology, which is
based on single-molecule sequencing technology (SMS) (Xu
et al, 2009) and large-scale parallel sequencing technology.
There are two methods for the TGS. The first is single-molecule
fluorescence sequencing. The representative technology is the
American Helicos SMS (True single molecular sequencing,

TSMS) and single molecular real-time sequencing (SMRT)
technology from Pacific Bioscience (Xu et al., 2009; Rhoads and
Au, 2015; Midha et al., 2019). SMRT Principle is SBS. DNA
polymerase is anchored to the nanopore. The four fluorescent-
labeled dNTPs emit different light in the base-pairing stage.
The type of entering base can be determined according to
the light wavelength and peak value. The phosphate group of
dNTP is labeled with fluorescence in SMRT. The long reads
are determined by DNA polymerase activity. SMRT requires a
high-efficient optical detection system.
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The second is nanopore sequencing, which is based on
electrical signals and single-molecule long-read detection.
The representative company is Oxford Nanopore (Branton
et al, 2008; Midha et al., 2019; Figure6). The principle of
nanopore sequencing is to use electrophoresis technology to
drive individual molecules through nanopores one by one for
sequencing. The electrification properties of each ATCG base
are different during nanopore sequencing, and the difference
of electrical signals detected can correspond to different bases.
Compared with NGS, TGS is single-molecule sequencing. TGS
has no PCR amplification preference or GC preference and can
be sequenced directly without PCR amplification. The TGS has
a very long read length, with an average read length of 10-15kb

and a maximum read length up to 40 kb. TGS can directly detect
DNA methylation. The disadvantages of TGS are mainly shown
in the following three aspects. First, sequencing errors occur
randomly, with error rates of each base as high as 15%, which can
be overcome and corrected by multiple sequences. Second, the
cost of sequencing is high. Third, SMRT sequencing technology
requires enzymes, and currently, better enzymes with much more
activity and stability are needed.

When selecting different sequencing methods, there are many
factors to consider, including the length of the target gene, the
requirement of sequencing accuracy, the purpose of sequencing
(whole genome sequencing, resequencing, or SNP), and the
gene abundance of the sample. The sequencing platform should
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consider factors such as sequencing speed, read length, cost,
error rate, methylation, and others. At present, NGS is the
mainstream sequencing method, but TGS is still in the initial
stage of development due to its high cost and high error rate
in a single base. In practical applications, the advantages in long
reads of 10-15kb with low assembly difficulty of TGS and the
characteristics of high quality in short reads of NGS can be
utilized (Kumar et al., 2019; Table 1).

Different sequencing methods have their advantages and
disadvantages. Shotgun sequencing is still in use today and
serves as the gold standard because of its high accuracy. NGS
has parallel sequencing after PCR amplification of the template
and shows high throughput. At present, the market share of
NGS is the highest. Illumina is currently the most widely used
platform in the NGS. The Roche 454 sequencing technology
has been withdrawn from the market due to its high cost.
The TGS sequence directly, and the read length is longer, but
the error rate is higher. Therefore, below are some suggestions

for sequencing method selection. (1) For SNP detection of
genome or insertion DNA sequencing of positive clones, shotgun
sequencing is recommended. (2) If whole genome sequencing
is carried out, Illumina is a better choice among NGS. (3) If
cost is not considered, the combination of NGS and TGS is
the best choice, which has high-quality short reads of NGS to
correct wrong bases generated by TGS. The future direction of
sequencing is to expand the microbial reference gene database
and increase the accuracy of long reads.

Processing of DNA Sequencing Information Data
After a large number of reads are obtained by preliminary
metagenomic DNA  sequencing, the reads should be
assembled into a complete genome sequence by software,
and taxonomic profiling should be obtained at the same
time. Then gene prediction and function annotation are
carried out.
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FIGURE 5 | lon torrent process. (A) Emulsion PCR. After the emulsion is
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attached to the magnetic beads. Magnetic beads are fixed in the micropores
of the semiconductor chip, and each micropore can only contain one
magnetic bead. (B) SBS. Fix the ssDNA in the micropore of the semiconductor
chip and add different dNTPs in turn. When the DNA polymerase polymerizes
the nucleotide onto the DNA strand in the extension, it will release an H*,
causing the change of pH value and voltage in the reaction system. (C) The
electrical signal is accepted and converted into base information.

Genome sequencing mainly includes quality control (QC),
sequence assembly, sequence binning, taxonomic profiling, gene
prediction, and function annotation.

Quality control mainly includes two parts: de-noising and
de-host sequence. It is necessary to establish a database of
host sequences to be used for comparing and removing by
sequence alignment (Schmieder and Edwards, 2011; Hong et al.,
2014). Data analysis includes assembly-based and assembly-
free metagenomic profiling. If the microbial genetic information
database is complete, the post-QC data can be directly analyzed
without assembly. There are currently two approaches to
sequence assembly, relying on reference sequence assembly
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FIGURE 6 | Nanopore sequencing process. Nanopore sequencing mainly
uses nanopore protein, also known as reader protein, which is a
transmembrane channel protein. Different voltages are applied on both sides
of the membrane. DNA double strand is decoiled under the traction of motor
protein, and a single molecule is driven by electrophoresis to pass through
reader protein one by one. Different electrical signals are produced and
detected when the bases of ATCG pass through.

and de novo assembly (Igbal et al., 2012; Quince et al., 2017;
Breitwieser et al., 2019; Olson et al., 2019; Anyansi et al., 2020).
Binning refers to the sorting and clustering of metagenome
sequenced segments by species. Binning operations may result
in bins of unknown microbial genome sequences that cannot
be cultured in the laboratory. Binning can be divided according
to different types of aggregation sequence: reads binning before
assembly, contig binning after assembly, and gene binning
based on annotation (Alneberg et al, 2014; Cleary et al,
2015; Quince et al, 2017). Contig binning usually classifies
contigs with similar composition and consistent abundance
patterns into the same species. In addition, contigs binning
has a better effect on contigs with higher abundance and is
often applied by many software. It is possible to obtain low
abundance species with reads binning, and even cluster species
with abundance as low as 0.00001% (Cleary et al., 2015). Gene
binning method is used in many published metagenome-wide
association studies, and gene abundance is calculated (Wang and
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TABLE 1 | Performance COMPARISON of seven sequencing instruments.

Platform Sequencing rules Advantages Disadvantages Signal received
Shotgun sequencing Dideoxy chain termination Accuracy 99.999%, Low-throughput, high cost Fluorescence
method, Reads 1,000 bp,
capillary electrophoresis High accuracy of processing
repeated base,
De novo
Roche 454 Pyrophosphate sequencing, Accuracy 99%, Base insertion and deletion Light
SBS, Reads 400-600 bp, errors
Emulsion PCR Parallel sequencing
lllumina SBS, Accuracy 99%, Base substitution error Fluorescence
Bridge PCR, Reads 75-300 bp,
Reversible terminator Parallel sequencing
ABI solid SBL, Accuracy 99.94%, Prone to continuous base Fluorescence
Emulsion PCR, Reads 40 bp, interpretation errors

ABI/lon torrent

Pacific bioscience

Oxford nanopore

Solid phase template shift,
Two base encoding

Semiconductor sequencing,
SBS,
Emulsion PCR

SMRT, SBS

Nanopore sequencing

Single-molecule sequencing,

Direct detection of bases

Parallel sequencing, each base
for sequencing twice

Accuracy 99%, reads 200 bp,
Parallel sequencing

No light/fluorescence
detection system

Sequencing without PCR
Detecting methylated bases
average reads 10-15kb

Sequencing without PCR,

No light/fluorescence detection
system,

Detecting methylated bases
average reads 10-15 kb, longest

Difficult to identify
homopolymers >8 bases,
Base insertion and
deletion errors

Random errors (5-15%) for
a base, repeated
sequencing can correct
random errors

Random errors (5-15%) for
a base,

Repeated sequencing can
correct random errors

Electrical signal

Fluorescence

Electrical signal

to 40kb

SBS, sequencing by synthesis; SLB, sequence by ligation; sSDNA, single-stranded DNA; SMRT, single molecular real time sequencing. Solid (sequencing by oligonucleotide Ligation

and Detection).

Jia, 2016). Currently, gene binning and contig binning are most
widely used.

If the sequence assembly and sequence sorting are not
correct, it is often impossible to identify new microorganisms.
In the metagenomic sequencing report, species annotation and
abundance statistics are required. The former refers to the
analysis of species in the phylum, while the latter refers to the
relative abundance of various microorganisms.

Metagenomic gene prediction is to use prediction tools to
identify potential open reading frames (ORF) in genomic libraries
and to predict the structure and function of unknown sequences
of genes. Metagenomic gene prediction includes homology
prediction and de novo prediction. Homology prediction can
be obtained by alignment of homologous sequences with gene
database, but the disadvantages are dependent on the existing
gene database, and new genes cannot be annotated. De novo
prediction is based on the sequence characteristics obtained by
sequencing, which can predict both known and unknown genes
based on different characteristics in the coding region and the
non-coding region.

Function annotation is to compare a gene or protein
sequence in a specific functional database, associate a gene
or protein with a specific function, and help understand the
relevant metabolic pathway. Through gene prediction and

functional annotation analysis, the information of metabolic
pathways can be obtained. To improve the quality of sequencing
analysis, Bowers RM formulated Genome Sketch Standards of
Metagenome-Assembled Genome (MAG) in 2017. High-quality
drafts require gene integrity >90%, contamination <5%, and
inclusion of 16S, 23S, and other highly conserved genes in
assembly quantity (Bowers et al., 2017).

Commonly Used Software for Data Analysis of
Sequencing Information

Data analysis relies on continuous improvement of existing
databases and analysis software. Each process such as QC,
binning, assembly, gene prediction, and function annotation
has its own software with its own advantages. Megan is
selected for the analysis and comparison of multiple groups
of metagenome data, while the software GeneMark and
metagenemark are often selected for gene prediction. In 2017,
researchers compared and evaluated several software regarding
assembly, binning and taxonomic profiling, to help researchers
to select appropriate software (Sczyrba et al, 2017). The
assembly software (MEGAHIT, Minia, and Meraga) performs
well, assembling significant portions of the genome over a wide
range and reducing misassembly. The MaxBin2.0 genome binner
has the highest good performance (70-80% integrity, >92%
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purity), followed by other programs (MetaBAT, CONCOCT, and
MetaWatt). The taxonomic software of PhyloPythia$S and Kraken
have good results before the family level.

CLASSIFICATION OF METAGENOMICS

Metagenomics technology does not rely on isolation and culture
but directly extracts the genetic material of microorganisms
from the natural environment. Then, the characteristics of
microbial communities can be studied through genetic analysis.
Metagenomics is classified according to research purpose and
research object.

Metagenomics Can Be Divided Into
Functional Metagenomics and Sequencing

Metagenomics for Research Purposes
Functional Metagenomics Is Mainly Used for the
Discovery of New Bioactive Substances and the
Screening of New Microbial Functional Genes
Metagenomics technology has found many new genes, including
the biocatalyst gene (Voget et al., 2003; Uchiyama et al., 2005),
polyketide synthase coding gene (Ginolhac et al., 2004), antibiotic
resistance genes (ARGs) (Riesenfeld et al., 2004), and others.
In 2004, researchers used functional metagenomics to find that
microorganisms in the soil had aminoglycoside and tetracycline
antibiotic resistance genes that were significantly different from
the original gene sequences in the database (Riesenfeld et al.,
2004).

Active products produced by heterologous expression of
metagenomic library genes, such as antibiotics, antitumor
substances, and enzymes, are screened, sequenced, and analyzed.
Metagenomics has great potential for application in the discovery
of new enzymes without culture. Various enzymes found in
metagenomes may be derived from microbial metabolism or
microbial secondary metabolites. In the last two decades,
metagenomics has shortened the discovery cycle of new enzymes,
such as esterase, glycosidase, and oxido-reductase. Zhang et al.
(2007) screened a specific low-temperature lipase at the South
Pole. A strain showing extracellular lipolytic activity toward
tributyrin was isolated from the deep-sea sediment of Prydz Bay
and identified as a Psychrobacter species. The genomic DNA
library was constructed from the strain with the highest lipolytic
activity and the recombined plasmids were transformed into E.
coli. The clones with lipase activity from 28,000 clones were
identified. The insert DNA sequence of the selected clone was
sequenced and an open reading frame of 954 bp coding was
identified for a lipase gene by BLAST analysis. The effects of
temperature on enzyme activity indicated that it was a typical
cold-adapted enzyme.

There are many advantages to functional metagenomics.
(1) Functional metagenomics can obtain target genes or
active products through screening without culture conditions.
(2) The development of new drugs was accelerated from
marine and extreme environmental microbial resources. (3)
Functional metagenomes help us to discover new members
of existing enzyme families or enzymes that function only

under specific physicochemical conditions, which can be better
used in industry. (4) Functional metagenomics combined with
metabolomics helped study the C, N, and S cycle metabolism of
microorganisms in the environment.

There are many challenges in functional metagenomics.
(1) The living conditions of the microbial community in the
environment are complex, and the genes of the microorganisms
with low abundance may not be extracted. (2) There is a loss of
DNA fragments in the gene cloning process. (3) The frequency of
heterologous expression of foreign genes is low. (4) The existing
screening methods are limited and cannot meet all the enzyme
screening requirements. (5) Screening is low efliciency, and only
a few positive clones can be selected from tens of thousands
of clones. Therefore, we need to develop higher throughput,
high sensitivity, rapid, and simple screening methods in the
future. (6) Due to temperature, pH, and other limitations, only
a small part of the newly discovered enzymes can be used for
industrial needs. (7) Current functional metagenomic studies are
geographically uneven. It is mainly concentrated in developed
countries. The vast microbial resources of developing countries
are underexploited.

Sequencing Analysis of Metagenomics

To study the diversity and abundance of microbial community
composition, species identification by microbial taxonomy is
required. The traditional identification of microbial species
composition is performed using the 16S/18S ribosomal DNA
identification (165/18S rDNA) in prokaryotic and eukaryotic
cells, respectively; 16S rDNA sequencing is a commonly used
molecular clock for bacterial taxonomic studies, but 16S
rDNA provides limited information and may not be able to
successfully identify species. Metagenomic sequencing is capable
of identifying the species or the strain of a microbial community.
For example, a research team used a combination of metagenome
sequencing and single-cell sequencing to identify an extremely
thermophilic bacterium Candidatus kryptonia, a new bacterium
that could not be detected by 16S rDNA (Eloe-Fadrosh et al.,
2016).

Metagenomic sequencing can be applied to bacteria, fungi,
virus, and other microorganisms. In the absence of any available
sequence information, metagenomic sequencing mainly uses
de novo sequencing for microbial identification. Bioinformatics
analysis methods were used to obtain the genomic sequence of
microorganisms, such as COVID-19 (Wahba et al., 2020; Wu
etal., 2020). In the presence of reference sequences, metagenome
sequencing can focus on genetic variation information such as
SNP, insertion/deletion of microbial significance, for example,
the detection of YMDD (tyrosine—methionine—aspartic acid—
aspartic acid) caused by point mutation of HBV polymerase gene
region. At present, one of the hotspots of metagenomics research
is disease-related human whole-exome sequencing (Wei et al,,
2011).

There are many advantages to studying sequencing
metagenomics. (1) Microorganisms in extreme environments
are difficult to culture. Metagenomics can find such unculturable
microorganisms. (2) Species, genetic, and evolutionary
information of microorganisms can be obtained by studying
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the diversity of the microbial community. (3) New pathogenic
microbial evidence can improve the current diagnosis of medical
infections. (4) In terms of emerging infectious diseases, the target
of pathogenic microorganisms can be quickly identified.

The sequencing of metagenomics is facing many challenges.
(1) The DNA of environmental microorganisms cannot be
extracted completely. (2) Sequencing process may miss low-
abundance microorganisms. (3) There is no “gold standard” for
sequencing processing software. (4) Because of the imperfection
of the microbial database, many sequencing data might not be
analyzed, including species annotation and functional analysis.
(5) A sequencing platform with long reads and high accuracy
is urgently needed. (6) The determination of the abundance
of microorganisms in a microbial community is influenced by
many factors.

According to the Microorganism Studied,
Metagenomics Can Be Divided Into
Bacterial Metagenomics, Fungal
Metagenomics, and Viral Metagenomics

At present, bacterial metagenomics is the most studied one,
while the development of sequence analysis metagenomics is the
fastest-growing one. Fungal and viral metagenomics are mainly
used in sequence analysis metagenomics. Virus metagenomics
can be used for systematic analysis and identification of overly
scattered and low abundance viruses from the environment, a
virus can be obtained directly from the environment without
isolation and culture. With the advance in metagenome
sequencing, most of the new information on virus databases
comes from metagenomics rather than cultures. The Bundibugyo
Ebola virus was discovered in 2007 in patients having Ugandan
hemorrhagic fever using viral metagenomics (Towner et al,
2008).

APPLICATION FIELDS OF
MICROORGANISM METAGENOMICS

Applications of environmental metagenomics include the study
of microorganisms in oceans, soils, deep oceans, glaciers,
craters, and other environments. Metagenomics also has many
applications in the medical field, such as the identification of
pathogenic microorganisms in the intestinal tract, bloodstream
infections, lung infections, central nervous system infections, and
other infections. At present, metagenomic research focuses on
antibiotic-resistant bacteria (ARB) and antibiotic-resistant genes
(ARGs) (Gillespie et al., 2002; Riesenfeld et al., 2004; Arango-
Argoty et al., 2018; Karkman et al.,, 2018; Nnadozie and Odume,
2019), biocatalysts, drugs, and others.

Environmental Object of Microorganism

Metagenomics Continues to Expand

Metagenomics is used in research related to agriculture, biology,
pollution control, energy, environment, atmosphere, and other
fields. Microbial subjects range from land to sea and extreme
environments. There are huge microorganisms in the soil,
and metagenomics studies have shown that soil is a potential

cornucopia of antibiotics and antifungal agents. In 2002, the
antibiotics Turbomycin A and Turbomycin B with broad-
spectrum antibacterial activity were screened and named from
the soil metagenomic library (Gillespie et al., 2002).

Compared with soil microorganisms, marine microorganisms
have a broad prospect. Oceans, rivers, and lakes account for more
than 70% of the earth’s area, presenting great differences in the
species, genes, and biological characteristics of microorganisms
in the water. Marine microorganisms have special metabolites
and metabolic regulation mechanisms. Metagenomic techniques
are used to study the synthetic pathways of various marine
secondary metabolites. A good example is marine actinomycetes-
related metabolites (polyketone biosynthesis gene cluster),
which can be used as a source of new drugs. In terms of
ARGs, ARB levels in most river and lake systems are high,
in particular, vancomycin-resistant enterococcus (VRE) and
methicillin-resistant Staphylococcus aureus (MRSA) (Nnadozie
and Odume, 2019).

The majority of extremophiles that survive in various types
of extreme environments cannot be cultured artificially. In such
extreme environments, it is more likely to obtain unique enzymes
and abundant microbial resources. The active compounds can
be screened by direct sequencing, sequence alignment with
database, and functional analysis, some of which may be selected
out for commercial development (Zhang et al., 2007).

Metagenomics for Prevention and Control

of Environmental Pollution

Bioremediation is a new bioengineering technology that uses the
natural purification ability of environmental microorganisms.
Bioremediation is expected to reduce pollutants or make them
harmless by using the metabolic activities of microorganisms
in the treatment system. Bioremediation needs
conditions: (1) Pollutants are organic and can be degraded
by microorganisms. (2) The microorganisms possess certain
metabolic activities. (3) The environment is suitable for
degradation, meanwhile, for the maintenance of microbial
activity. Metagenomics may help explore new functional
microorganisms and genes, and construct and screen out
new microbial strains with high degradation efficiency, broad
applicability, and stable expression.

In the sewage treatment project, not only the organic
matter in the sewage needs to be degraded but also the
nitrogen and phosphorus elements in the sewage need to
be removed. The wastewater treatment process deals with
diverse microbial populations, such as anaerobic ammonium
oxidation bacteria, phosphorus-accumulating bacteria, and
electrochemically active bacteria. Metagenomic studies of water
microorganisms contribute to biological nitrogen removal
processes and enhanced biological phosphorus removal.
Functional genes have been found in microorganisms that can
degrade pesticides, plastics, polycyclic aromatic hydrocarbons,
petroleum hydrocarbons, and other organic pollutants, which
can play an important role in environmental bioremediation.
Researchers screened a variety of new proteolytic enzymes from
yard compost to degrade pesticides (Laimmle et al., 2007). In

several
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2005, a researcher screened benzoate anaerobic degradation
genes from Black Sea sediment, which contributes to the
anaerobic degradation of aromatic compounds (Kriiger et al,
2003). Microbial electrochemical systems (MES) use electroactive
bacteria enriched in anodes to recover electrical energy directly
from organic waste (Wang and Ren, 2013; Venkata Mohan et al.,
2014). As an emerging sewage treatment technology, MES has
been developed rapidly.

Metagenomics Are Used in the Medical

Diagnosis of Pathogenic Microorganisms
Metagenomics findings suggest that the intestinal microbiome
is associated with a variety of diseases, such as non-alcoholic
fatty liver disease (Aron-Wisnewsky et al., 2020), autoimmune
diseases (Svoboda, 2021), and tumors (Andrews et al., 2021).
Metagenomics can be used to detect drug-resistant genes for
pathogens and monitor outbreaks of infectious diseases in
hospitals and communities. In 2021, the Laboratory Medicine
Branch of the Chinese Medical Association published an expert
consensus, recommending the use of NGS on the samples of
suspected infection sites in case that no evidence of etiology
is obtained by routine biochemical examination or microbial
culture, and empirical anti-infection therapy is ineffective. It
is recommended to select sequencing metagenomics when the
cause and site of infection are unknown and the pathogenic
microorganisms cannot be determined by the existing detection
technology. NGS can deal with a wide range of pathogenic
microorganisms, including bacteria, viruses, fungi, and parasites.
Samples may be collected in case of suspected central nervous
system infection, respiratory tract infection, bloodstream
infection, etc. Now metagenomic sequencing has been widely
used in the detection of medical pathogens. Respiratory RNA
viruses such as Picornaviridae, Coronaviridae, Paramyxoviridae,
and Orthomyxoviridae can be diagnosed by NGS (Thorburn
etal,, 2015). Five organisms (Neisseria meningitidis, Streptococcus
agalactiae, Candida albicans, Mycobacterium fortuitum, and
Mpycobacterium abscessus) were detected by mNGS testing in the
cerebrospinal fluid (Miller et al., 2019).

Limitations of metagenomics in the medical diagnosis of
pathogenic microorganisms are as follows: (1) Pathogenic
microorganisms detected by metagenomics might be dead or
dormant microorganisms, and their clinical significance should
be carefully judged by combining with other clinical data.
(2) Real-time quantitative PCR has been applied in clinical
practice, and its stability and accuracy have been confirmed.
While the accuracy of metagenomics on microbial abundance
needs to be verified by large sample data. (3) In the case of
intracellular bacterium infection, the false-negative result may
occur due to an incorrect cell wall rupture method. (4) It is
recommended that metagenomics should not be the first choice
when immunoassay or PCR methods are available for pathogen
diagnosis. (5) When interpreting whether the SNP in microbial
genes is related to function, large-scale clinical trials are needed
to verify the conclusion. (6) It is important to remove DNA
contamination from environmental microorganisms or hosts
before data analysis.

Applications of Metagenomics in Other
Aspects

Metagenomics studies the diversity, species composition, and
genetic evolution of microorganisms in different environments.
People have applied metagenomics to winemaking, farming,
and authentication of Chinese medicine. It is found that the
diversity of microbial composition and population characteristics
in a wine cellar is very important to improve the flavor and
quality of the wine (Stefanini and Cavalieri, 2018; Liu et al.,
2021). The pharmaceutical value of Chinese medicine from
different producing areas is different, which may be related to the
composition of microorganisms under their unique climate and
soil. The increase in crop yield is inseparable from the correlation
between plant roots and soil microbial community (Sharma et al.,
2018).

OUTLOOK

At present, metagenomics is advancing rapidly in many fields.
The bottlenecks of functional metagenomics lie in the failure of
large fragment DNA extraction and expression of genes from
metagenome libraries in heterologous hosts. High-throughput
screening in metagenomic libraries is also a problem to be solved
in the future. The development of NGS and TGS technology
has promoted the progress of metagenomics. Although the cost
of NGS sequencing is reducing and the speed of sequencing is
increasing, the microbiological database is incomplete, so it is
difficult to correctly assemble and bin without sequencing data
for reference. For example, most viral sequences obtained by viral
metagenomics have no similarity to any known sequences in the
existing databases and, therefore, cannot be annotated for gene
and function. In the future, with the progress of TGS sequencing
technology, the accuracy rate will be greatly improved. The
emergence of new computer algorithms can better process post-
sequencing data.

In the future, metagenomics will be combined with
metatranscriptomics, ~ proteomics, and  metabolomics.
Metagenomics provides genetic information of all the
environmental microorganisms. Metatranscriptomics is to study
the species, functions, and expression activities of transcripts in a
microbial community at the RNA level. Metaproteomics can also
provide real-time information on the functional expression of
environmental genes, while metabolomics studies the metabolic
pathways of metabolites. The linking of these omics will
lead us to study from genes to proteins and from structure
to function.
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