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Abstract 

Pébrine disease in silkworms, caused by Nosema bombycis, significantly impacts silkworm 
reproduction and cocoon quality. Recognized as a legal quarantine concern in silkworm egg production, 
the damage from pébrine disease is on the rise. Currently, sericulture production relies on a 
combination of chemical and physical methods for pébrine control. Rapid and precise detection of N. 
bombycis is essential for effective disease management. Detection methods for microsporidia in 
silkworms include optical microscopy, electron microscopy, immunological methods, and molecular 
biology techniques such as PCR, qPCR, and LAMP technologies, along with biosensor-based methods. 
Despite their respective advantages, these methods face challenges in large-scale application. To 
effectively combat pébrine disease, future research must focus on developing innovative detection 
methods that are highly efficient, rapid, accurate, portable, and suitable for on-site instant detection of 
N. bombycis, thereby ensuring better control and swift detection of pébrine disease in silkworms. 
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Introduction 

 
Microsporidia are specialized unicellular 

intracellular eucaryotic parasites (Long et al., 2020) 
which were initially classified as Protozoa (Keeling et 
al., 2000); however, systematic classification of 
microsporidia using molecular methods (Cheng et al., 
2021) has revealed that microsporidia are more 
closely related to fungi than protozoa (Keeling and 
Fast, 2002; Keeling, 2003; Lee et al., 2008; Adl et al., 
2012). Microsporidia have a diameter of 1-40 μm 
with a three-layer structure of spore outer wall, spore 
inner wall, and protoplasm membrane. The cell wall 
is approximately 7 nm thick. The nucleus is usually 
circular or oval in shape, and the nucleus size varies 
with different life cycles. Compared with other 
eukaryotes, microsporidia have unique 
characteristics such as a lack of Golgi apparatus, 
peroxisomes, fully functional mitochondria and 
ribosomal RNA of the 70S type (Haag et al., 2014). 
There are more than 1500 species of microsporidia 
belonging to 200 genera (Franzen, 2004; Franzen, 
2005; Han et al., 2021). Microsporidia parasitize 
host cells and infect a wide range of both 
invertebrate and vertebrate hosts including 
silkworms, shrimp, bees, fish and other economically 
important species. Insects are the most susceptible 
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species to microsporidia infection. Invasion of the 
host by microsporidia usually causes lesions or 
adverse reactions in certain organs of the host, 
affecting the normal physiological activities and 
functions of the host. The pathogenicity and lethality 
of microsporidia to some economic species has 
caused significant losses. In summary, 
Microsporidia are ubiquitous pathogens that are 
important components of terrestrial and aquatic 
ecosystems worldwide and that have attracted 
attention from many scientific disciplines, including 
medicine, veterinary science, ecology, and 
evolutionary biology. This consideration led to the 
acquisition of genome data from many species of 
this phylum as a means to obtain an overview of 
their general biology. Phylogeny of Microsporidia 
species with complete genomes reconstructed using 
phylogenetic tree, based on the alignment of 19 
orthologous protein-coding sequences, and 
characteristics of their genomes (Figure 1). With the 
continuous development of microsporidian detection 
technology, studies have shown that the human 
body is also one of the important parasitic hosts of 
microsporidia, which have brought about a serious 
impact on the life and health of human beings. 

Pébrine disease in the silkworm (Bombyx mori 
L.) is an infectious disease caused by Nosema 
bombycis (Nb). This disease was first recognized in 
France in 1845, and it subsequently invaded the 
sericulture countries of Europe. Microsporidia 
infection in silkworms has a long incubation period 
and a wide range of transmission avenues including 
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both horizontal and vertical transmission. It can be 
horizontally transmitted to silkworm larvae, pupae, 
and adults through peroral infection and vertically 
transmitted to offspring through the eggs (Li et al., 
2018; He et al., 2019). The disease results in 
reduced fertility, decreased cocoon quality and great 
economic losses to production. N. bombycis is 

currently listed as the only legal quarantine object in 
sericulture, and it is also a key area of research in 
the sericulture industry (Fu et al., 2016). To 
effectively prevent and control pébrine disease in 
silkworm production, a sensitive, accurate, rapid and 
convenient method for detection of N. bombycis is 
important. The successful detection of N. bombycis 
at the egg stage is also important for the prevention 
and control of the pébrine disease. In 1870, Pasteur 
established the classic adult female microscopy 
method, which is simple and rapid. However, its 

accuracy is affected by many factors, such as the 
working environment, the inspector’s eyesight and 
the number of visual fields. Detection of N. bombycis 

in silkworms has now transitioned from traditional 
optical microscopy and electron microscopy to the 
immunological level, the molecular level and 
biosensor detection (Kajiwara and Murakami, 2019; 
Esvaran et al., 2020; Jagadish et al., 2021; 
Sivaprasad et al., 2021; He et al., 2022; Karunakar 
et al., 2022; Kiani-Azad et al., 2022; Moharrami et al., 
2022; Bagheri et al., 2023). These technologies now 

play important roles in the prevention of pébrine 
disease in silkworms. This paper reviews research 
progress on the main detection techniques and 
control methods of N. bombycis. The information 
provides a reference and guide for the rapid and 
accurate detection and control of microsporidia in 
silkworms. 

 
 
 

 
 
Fig. 1 Phylogeny of Microsporidia species with complete genomes 
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Table 1 Comparison of different dyeing methods 

 

Year Dyeing method 
Target of 

dyeing 
Color Total time References 

1994 Chromotrope 2R Spore Red 90min 
(Joseph et al., 2006; Kokoskin 

et al., 1994; Niu et al., 2000) 

1996 Chromotrop Spore Purple 10min (Moura et al., 1996) 

1997 Acid-fast staining method Spore Pink 45min (Ignatius et al., 1997) 

1997 Uvitex 2B Spore Blue-white 5-10min (Ignatius et al., 1997) 

1997 MTS-Uvitex 2B Spore Blue-white 5-10min (Ignatius et al., 1997) 

2002 KMnO4-methyl violet Spore Purple 5-10min 
(Prasa et al., 2000; Tang et al., 

2002) 

2006 KOH+CFW Spore Bluish blue 5-10min (Joseph et al., 2006) 

2007 Calcofluor M2R Spore Bluish blue 5-10min (Liu and Zeng, 2007) 

2011 
Gram-chromotrope 

kinyoun (GCK) 
Spore Red 5-10min (Salleh et al., 2011) 

2017 Fluorescent brightener Spore Blue 5-10min (Dai et al., 2017) 

2017 Propidium iodide nucleus Red 5-10min (Dai et al., 2017) 

 
 
 
Research progress of detection methods for N. 
bombycis 

 
Sampling inspection of female moths is the 

most important part of the detection of N. bombycis 
in silkworms, but its accuracy is affected by many 
factors, which may lead to unqualified silkworm eggs 
entering the market and causing unnecessary 
economic losses (Yan et al., 2014; Dai et al., 2017). 
Researchers have conducted extensive exploration 
and research on the detection methods of 
microsporidia, developing from the earliest naked 
eye identification to optical microscopy, electron 
microscopy, immunological testing, and molecular 
biology-based detection methods (Stine et al., 2005; 
Liu et al., 2008; Lee et al., 2010; Sanders and Kent, 
2011; Maikai et al., 2012), which effectively 
guarantee the quality of silkworm eggs and improve 
the economic benefits of sericulture. 
 
Traditional detection methods 
 
Microscopy methods 

N. bombycis can parasitize various silkworm 

stages including the larvae, pupae, adults and eggs. 
The naked eye identification method involves 
recognizing larvae with dark (or pale) rust colored 
bodies, sluggish movement, decreased appetite, 
and stunted growth. This method is widely used in 
sericulture production due to its simplicity, 
practicality and low equipment requirements. 
However, its accuracy depends on the skill of the 
test personnel and it cannot accurately detect 
pébrine disease at the early stage of silkworm 

growth. Therefore, it can only be used as a judgment 
basis for the middle and late stages of silkworm 
infection. The detection of N. bombycis, based on 
microscopic examination technology, is often used. 
This approach predominantly observes spores by 
optical microscopy and polar filaments and other 
species-specific ultrastructural features of 
microsporidia by transmission electron microscopy 
(TEM). The most commonly used method for 
microsporidia detection in silkworm eggs is the 
microscopic detection of adult females technique 
established by Pasteur (Cao et al., 2016). This uses 

optical microscopy to determine if adult females 
carry microsporidia and, if so, blocks transovarial 
transmission of pébrine disease. However, this 
method has a low detection rate and a long 
detection period. Also, the primary color microscopy 
of female moths is susceptible to interference from 
other species such as Nomuraea rileyi and 
Aspergillus flavus. To address these problems 

microscopy has been combined with staining 
methods. Commonly used stains now include 
Giemsa stain, Gram’s stain, and propidium iodide 
stain (Table 1) (Dai et al., 2017). Combining 

microscopy with staining makes the detection 
process faster and simpler. However, its sensitivity 
is still low, making it prone to error, and the staining 
method cannot distinguish the specific species of 
microsporidia (Corcoran et al., 1995). Accordingly, 

the recognition and identification of microsporidia 
species needs to use electron microscopy as well as 
modern immunological and molecular biological 
techniques (Corcoran et al., 1995; Moharrami et al., 

2022). 
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Table 2 Immunological method assays for the detection of N. bombycis 
 
 

Methods 
Detection 

targets 
Sensitivity 

Detection 
time 

Advantages Disadvantages References 

IGSS IgG 
1.0×105 

spores/mL 
30min 

 Reduce the interference of 
endogenous enzymes of silkworm 
and moth 

 Too many operation steps 
 Low specificity and 
practicability 
 The color rendering effect is 
not obvious 

(Liu et al., 1995) 

IFA 
2G10 
2B10 

1.0×108 

spores/mL 
1-2h  High specificity 

 Cumbersome operation 
 Time-consuming 
 Low sensitivity 

(Chen et al., 2017; 
Huang et al., 2018; Li et 
al., 2007; Li et al., 2006) 

Western 
blotting 

2G10 
2B10 

1.0×106 

spores/mL 
4-5h  High sensitivity and specificity 

 Time-consuming 
 High technical requirements 
 Expensive and prone to 
false-positives 

(Chen et al., 2017; 
Huang et al., 2018; Li et 

al., 2007) 

ELISA IgG 
5.0×106 

spores/mL 
3-4h 

 High sensitivity and specificity 
 Ease of use and simple 
 Wide range of applications 
 Capable of qualitative and 
quantitative analysis 

 Poor repeatability 
 Prone to false-positives 
 Time-consuming 

(Chen et al., 2017; 
Huang et al., 2018; Li et 
al., 2007; Li et al., 2006; 

Wan M, 2008) 

CGIS SWP32 
8.0×106 

spores/mL 
15min 

 Ease of use and rapid 
 Naked eye visual observation 
 Low cost and high specificity 

 Low sensitivity 
 Not high throughput 

(Zhou, 2014) 

 
 
 
 
 
Immunological method 

The immunological detection of microsporidia is 
characterized by strong specificity and high 
sensitivity, involving specific binding reactions of 
antigen and antibody, as well as immune 
amplification technology. Table 2 shows various 
immunological detection methods that have been 
developed, including immunoassay (IA), indirect 
immunofluorescence (IFL), enzyme-linked 
immunosorbent assay (ELISA), counter 
immunoelectrophoresis (CIEP), and western blotting 
analysis. These methods mainly target IgG and IgM 
antibodies (Garcia, 2002), as well as polyclonal and 
monoclonal antibodies against N. bombycis 
prepared using the spore surface antigen, spore wall 
proteins and some recombinant proteins such as 
HSWP5, NbSLP1, NbSLP1P, and NbSLP1C 
(Sivaprasad et al., 1997; Cai et al., 2011; Dang et al., 
2013). 

Monoclonal antibodies and polyclonal 
antibodies against spores such as N. bombycis and 
Encephalitozoon spp. have now been successfully 
developed (Mo and Drancourt, 2004) and used to 
test microsporidia in clinical samples (Visvesvara et 
al., 1994). Liu et al. applied a monoclonal antibody 

against the silkworm pébrine disease, together with 
immunogold-silver staining (IGSS), to detect N. 
bombycis at the light microscope level, which can 
distinguish spores from other tissues (Liu et al., 

1995). By combining monoclonal antibodies with 
immunochromatographic technique, Zhou et al. 
prepared a colloidal gold immunoassay strip (CGIS) 
for identifying N. bombycis, with a detection 
sensitivity of 8.0×106 spores/mL (Zhou et al., 2014). 

Li et al. developed an immunofluorescence assay 
(IFA) for the detection of N. bombycis, which is fast, 
specific, sensitive, stable, and easy to conduct (Li et 
al., 2006). Li et al. confirmed that ELISA, IFAT, and 
immunogold silver staining of monoclonal antibodies 
based on western blotting can specifically 
distinguish N. bombycis proteins (Li et al., 2007). IFA, 
ELISA, and western blotting require the use of 
antibodies to identify characteristic pathogens in 
silkworm tissues and in situ infections on fixed 
specimens. However, these methods use 
fluorescence microscopy examination, and some 
antibodies exhibit cross reaction to different types of 
microsporidia (Chen et al., 2017; Huang et al., 2018). 
Wan et al. developed a dual antibody sandwich 
ELISA method for detecting N. bombycis, with a 
minimum detection amount of 3.1 × 105 spores/mL 
for purified spores and 5.0 × 106 spores/mL for 
infected silkworm eggs (Wan et al., 2008). These 
immunological methods can also be used for the 
identification of other types of microsporidia and 
have good detection performance (Mo and 
Drancourt, 2004; Sheoran et al., 2005; Omura et al., 
2007; Izquierdo et al., 2017; Nagai et al., 2019; 
Chozas et al., 2023). 

Monoclonal and polyclonal antibodies have 
good efficacy in diagnosing and distinguishing 
clinical samples of different types of microsporidia, 
but they have drawbacks such as cross-reactions, 
high proportions of false-positive reactions, 
expensive fluorescence microscopy, and lower 
sensitivity in identifying microsporidia than light 
microscopy staining (Schwartz et al., 1994). Hence, 
difficulties and challenges remain in using 
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immunological techniques to distinguish and 
diagnose microsporidia. To address these issues, 
antibodies should be stained and labelled to improve 
the sensitivity and specificity of the immunological 
diagnosis. 
 
Modern molecular biological detection methods 
 

With the significant progress of modern 
molecular biology technology, detection methods 
have evolved from morphological observation and 
physiological and biochemical characteristic 
detection to molecular biology detection with higher 
sensitivity and greater specificity. The commonly 
used molecular biology detection methods mainly 
comprise nucleic acid hybridization technology, 
gene chip technology, PCR (polymerase chain 
reaction), quantitative real-time PCR (qPCR), loop 
mediated isothermal amplification (LAMP) and other 
molecular biology technologies based on the 
amplification of nucleic acid sequences of target 
genes. These methods are convenient, rapid and 
highly automated. They can meet the needs of 
modern clinical pathogen detection and have great 
application prospects. With the successful 
sequencing of more than 100 species of 
microsporidia, the use of molecular biology 
techniques to detect microsporidia has become 
routine. PCR, qPCR, and LAMP methods are the 
most common methods for detecting microsporidia 
(Verweij et al., 2007; Bellstedt et al., 2010; 
Ravikumar et al., 2011; Yan et al., 2014; Liu et al., 
2015; Choi et al., 2016; Fu et al., 2016; Wu et al., 
2017; Zhao et al., 2017; Xie et al., 2018; Dai et al., 
2019; Esvaran et al., 2019; Sivaprasad et al., 2021). 
These detection methods predominantly make use 
of specific primers to amplify SSU rRNA (small 
subunit ribosomal RNA), LSU rRNA (large subunit 
ribosomal RNA), IGS (intragenic spacers), PTP 
(polar tube protein, e.g. PTP1, PTP2, PTP3), SWP 

(spore wall protein, e.g. SWP5, SWP8) and related 
genes. Multiple molecular detection methods have 
been developed for the SSU rRNA gene and the 
variable regions of SSU rRNA gene can also be 

used to investigate the evolutionary relationships 
among microsporidia species. It should be pointed 
out that SSU rRNA gene exists in multiple copies in 
the genome, which makes its quantification of 
microsporidia less ideal (Klee et al., 2006; Liu et al., 
2013; Bateman et al., 2016). 
 
PCR detection methods 

PCR technology is commonly used because of 
its simplicity, small amount of sample required, high 
specificity and high sensitivity. Chen et al. designed 
two pairs of specific primers based on the SSU 
rRNA gene sequence of N. bombycis and 
Vairimorpha, and performed PCR detection for N. 
bombycis and other infectious microsporidia (Chen 
et al., 1996). Their results indicated that primer I is a 
highly specific primer for detecting N. bombycis, 

while primer II can also be used for detecting 
microsporidia. Liu et al. designed universal primers 
for detecting pébrine disease by comparing the SSU 
rRNA sequences of six microsporidia, including N. 
bombycis, Nosema antheraea, Nosema sp., 
Nosema hemerophila, Nosema sp. PA and Nosema 

sp. MPr (Liu et al., 2009). The results confirmed that 
the designed PCR primers specifically amplified the 
six types of microsporidia mentioned above. 
Through further improvement and optimization, PCR 
detection of microsporidia in different life stages 
(eggs, larvae, pupae, adults) of silkworms can be 
achieved (Liu et al., 2009), which will have a positive 

effect on the quarantine and prevention of pébrine 
disease in the future. Bellstedt et al. developed a 
direct PCR (dPCR) method to amplify DNA directly 
from tissue samples of N. bombycis (Bellstedt et al., 

2010). This eliminated the need for DNA isolation 
and purification, and saved experimental time and 
cost. Multiplex PCR (mPCR), with the characteristics 
of being fast, economical, and high-throughput, can 
be used for the early detection and simultaneous 
detection of several microsporidian pathogens 
causing pébrine disease (Hatakeyama and 
Hayasaka, 2003). This has future practical value for 
the diagnosis and analysis of pébrine disease. 
Furthermore, the newly developed PCR-NALFS 
(nucleic acid lateral flow strips) has good specificity 
for common microsporidia isolates in silkworms, and 
the detection results can be directly read by eye. 
Importantly, this method can directly detect silkworm 
eggs and minimize false positives through indirect 
detection (Huang et al., 2004; He et al., 2019;). 
However, further improvements in the sensitivity of 
the NALFS method are possible. 

As previously described, traditional PCR methods 
and their extended techniques can detect the DNA 
of microsporidia at all stages of their life cycle and 
differentiate parasites using specific primers 
(Refardt and Ebert, 2006). Compared with visual 
recognition alone under a microscope, their 
detection sensitivity and specificity have been 
greatly improved. However, due to the dependence 
of PCR amplification on specialized thermal cyclers, 
it is unsuitable for detection under field conditions. In 
addition, if the designed primers have weak 
specificity, false-positive results can occur. 
 
qPCR detection methods 

Although PCR methods have been widely used 
for the detection of N. bombycis (Hatakeyama and 
Hayasaka, 2003; Liu et al., 2015), PCR methods 
cannot quantify the level of spores in a single 
reaction. Quantitative real-time PCR (qPCR) can 
achieve amplification and detection in one step, 
which can be both qualitative and quantitative. 
Therefore, it can be used for the detection and 
quantification of a wide range of pathogens, 
including human pathogenic microsporidia (Wolk et 
al., 2002; Menotti et al., 2003; Verweij et al., 2007; 
Polley et al., 2011) and agricultural microsporidia 
(Bourgeois et al., 2010; Erler et al., 2012; 
Chaimanee et al., 2013). This has considerable 

advantages in sericulture quarantine work (Table 3). 
Fu et al. designed specific primers according to the 
conserved region of SSU rRNA gene in N. bombycis, 
and used qPCR to detect and quantify microsporidia 
in single silkworm eggs and newly-hatched larvae 
(Fu et al., 2016). This method had high accuracy, 
high potential for high throughput screening, and 
was expected to be applied for the detection of 
microsporidia in sericulture production (Fu et al., 
2016). Wu et al. developed a multiplex real-time 
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Table 3 PCR and qPCR assays for the detection of N. bombycis 

 

Methods 
Detectio
n targets 

Sensitivity 
Detection 

time 
Advantages Disadvantages References 

a PCR 
SSU 
rRNA 

3×102-3 
spores/mL 

4-5h 
 High specificity 
 Simple and convenient 

 Time consuming 
 Poor quantitative ability 

(Chen et al., 1996; He et 
al., 2011; Liu J et al., 
2009; Liu et al., 2004) 

a Direct PCR 
SSU 
rRNA 

2×102-3 
spores/mL 

2-3h 

 Simple, fast, and easy to 
perform 
 Suitable for large 
sample numbers 
 Cost-effective 

 Poor quantitative ability (Bellstedt et al., 2010) 

a Multiplex 
PCR 

SSU 
rRNA 

1×102-3 
spores/mL 

2-3h 
 The potential for high 
throughput screening 
 Cost-effective 

 Low stability 
 Poor quantitative ability 

(Hatakeyama and 
Hayasaka, 2003) 

b Multiplex 
qPCR 

SSU 
rRNA 

8.5×103 

copies/μL 
4-5h 

 The potential for high 
throughput screening 
 High sensitivity and 
specificity 

 Time consuming 
 Poor quantitative ability 

(Wu et al., 2017) 

b 

SYBR-green 
qPCR 

β-tubulin 100 pg/μL 2-3h 

 Convenient and rapid 
 Less prone to 
contamination and high 
sensitivity 
 No need for 
electrophoresis 

 Unable to distinguish different 
species 
 Relatively low specificity 

(Esvaran et al., 2019; Fu 
et al., 2016; Ironside, 
2013; Taniuchi et al., 

2011) 

b 

TaqMan-qPC
R 

β-tubulin 
6.9×102 

copies/μL 
2h 

 High sensitivity and 
specificity 
 The ability to distinguish 
different species 
 Good quantitative ability 
and practicality 
 Suitable for field testing 

 Expensive 
 Only suitable for a specific target 
gene 

(Alía et al., 2020; 
Jagadish et al., 2021; 

Nagy et al., 2017; 
Tajadini et al., 2014; 
Wang et al., 2020) 

c 
PCR-NALFS 

LSU 
rDNA 

1 pg/μL 2-3h 

 Ease of use, cheap, and 
rapid 
 High sensitivity and 
specificity 
 Naked eye visual 
observation 

 Poor quantitative ability 
 Require tedious DNA 
extraction 

(He et al., 2019) 

 
Note: a: Require PCR and electrophoresis instruments; b: Require quantitative PCR instruments; c: Combine PCR 
technology and NALFS technology 
 
 
 
 
 
PCR (multiplex-qPCR) method (Wu et al., 2017). 
Compared with traditional PCR, the multiplex-qPCR 
method has strong specificity, high sensitivity and 
high throughput. It can simultaneously detect three 
pathogenic bacteria (N. bombycis, BmNPV, and 
BmDNV) in silkworms (Wu et al., 2017). The rRNA 
gene is a detection target for various microsporidia 
and microsporidia strains are usually classified 
according to their rRNA sequences (Ironside, 2013). 
The highly conserved eukaryotic β-tubulin gene is an 
early gene expressed together with the reported 16s 
rRNA gene, which has been successfully used for 
detecting microsporidia in wild and commercial 
silkworms (Taniuchi et al., 2011; Esvaran et al., 
2019). Esvaran et al. developed a wide range qPCR 
method based on SYBR-green fluorescent dye for 
the detection of the β-tubulin gene of N. bombycis 
(Esvaran et al., 2019). They found that the 
expression level of β-tubulin gene varied in different 

infection stages and tissues of silkworms, with the 
highest expression level in the midgut, followed by 
the ovaries, malpighian tubules, eggs, and fat bodies. 
These data indirectly indicated that the main 
infection pathway of microsporidia is oral 

transmission (Fu et al., 2016). The high expression 
level in the ovaries confirmed that the infection of N. 
bombycis could be transmitted through the ovary, 
and the expression of β-tubulin gene in eggs 
revealed that the infection could spread from the 
midgut to the eggs, as well as from the adult females 
to their offspring. 

The above methods have strong specificity and 
provide quantitative detection, but they cannot 
distinguish different types of microsporidia. Jagadish 
et al. used TaqMan probe qPCR to identify specific 
microsporidia (Jagadish et al., 2021). They also 
found that the infection level of N. bombycis in the 
silkworm midgut was higher, followed by ovaries, 
malpighian tubules, eggs, and fat bodies, further 
confirming vertical transmission (Jagadish et al., 
2021). The TaqMan qPCR method has been widely 
used for the detection of viral and bacterial 
pathogens in humans, animals and plants (Nagy et 
al., 2017) as well as for genotyping, mutation 
quantification and gene expression profiling 
(Tajadini et al., 2014; Alía et al., 2020; Wang et al., 
2020). Although qPCR can quantify infected 
silkworm pathogens and has advantages such as 
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high specificity, sensitivity, and low false-positives, it 
requires expensive equipment and it is difficult to 
widely promote and apply in real-world production 
practice. 
 
LAMP detection methods 

Loop mediated isothermal amplification (LAMP) 
is an in vitro method of DNA isothermal amplification 
that overcomes the PCR and qPCR need for 
sophisticated thermal cyclers. This greatly improves 
the speed and sensitivity of detection and makes 
molecular diagnosis simpler and more suitable for 
on-site detection (Notomi et al., 2000). LAMP is now 
widely used for detection of many pathogenic 
microorganisms (Njiru et al., 2008; Techathuvanan 
et al., 2010; Jiang et al., 2012; Singh et al., 2013;). 
Liu et al. designed LAMP primers for the EB1 gene 
related to spore reproduction and replication to 
detect N. bombycis (Mori and Notomi, 2009; Liu et 
al., 2015). This could save nearly 1 hour compared 

to the conventional PCR method, with 100-fold 
higher sensitivity and without the need for expensive 
instruments. LAMP technology has also been 
continuously improved, and a variety of LAMP 
variants have emerged for the detection of N. 
bombycis and other microsporidia (Table 4) (Mori 
and Notomi, 2009). Sivaprasad et al. developed and 
validated a method named field friendly 
loop-mediated isothermal amplification (FF-LAMP), 
which eliminated the extraction and purification of 
target gDNA and did not require precision 
instruments (Sivaprasad et al., 2021). The products 

can be detected using a colorimetric system, making 
it suitable for rapid on-site detection of large 
numbers of samples in sericulture production. Xie et 
al. constructed a LAMP-pH meter platform, which 

offered the advantages of high specificity, sensitivity, 
cost-effectiveness and quantifiability (Xie et al., 
2014). This is significant for the detection of N. 
bombycis and the development of portable detection 

equipment. Dai et al. integrated LAMP technology 
with gold nanoparticles (AuNPs) to display amplified 
products using AuNP colorimetry (Dai et al., 2019). 
The LAMP-AuNP method has simple operation 
steps and low cost, making it highly suitable for the 
rapid detection of N. bombycis in small laboratories 
and production fields. LAMP-AuNP technology has 
been successfully applied to on-site detection of 
shrimp yellow head virus and Enterocytozoon 
hepatopenaei (Jaroenram et al., 2012; Suebsing et 
al., 2013). However, the applicability of the 
LAMP-AuNP method for on-site detection of N. 
bombycis requires optimization of detection 

conditions. Table 4 provides a detailed list of 
commonly used LAMP assays and their variants. 
 
Biosensor detection methods 

As previously mentioned, molecular biology 
methods, including PCR, qPCR, and LAMP, have 
been used to accurately identify N. bombycis. 
However, the detection and diagnosis of pébrine 
disease requires further improvement in sensitivity 
and specificity. While being suitable for on-site 
detection, it also needs to be more rapid and 
convenient, cost-effective and more efficient. These 
requirements have led to the development of 

innovative biosensor detection methods that 
combine multiple technologies (Table 5). 

Electrochemical proximity analysis (ECPA) is 
similar to both electrochemical DNA sensing and 
aptamer-based protein sensing. It uses a proximity 
effect to guide electrochemical active markers 
towards, or away from, the electrode in the case of 
two probes binding to protein targets (Ferapontova 
et al., 2008; Tong et al., 2011; Yu and Lai, 2013). 
Signal amplification is the key to improving the 
performance and sensitivity of protein 
electrochemical detection. The most commonly used 
method is to use enzymes for electrocatalytic 
amplification. For example, horseradish peroxidase 
(HRP) (Mani et al., 2009) was used to detect cancer 
biomarker proteins, and glucose oxidase (GOD) 
(Han et al., 2012) was used to amplify 
electrochemical signals in thrombin detection. 
However, one disadvantage is that proteases are 
expensive and labile. Therefore, DNA enzymes are 
now being used for signal amplification because of 
their chemical stability, cost-effectiveness, and ease 
of synthesis and modification compared to 
proteases (Breaker, 2000; Willner et al., 2008). 

Based on the characteristics of electrocatalytic 
reduction of Fe3O4 nanoparticles (Fe3O4NPs) to 
small molecule dyes (Zheng et al., 2014), Wang et al. 
used the ECPA system as the basis, Fe3O4NPs as 
the catalyst, and the electrocatalytic reduction 
electron medium methylene blue (MB) for signal 
amplification to detect the total protein of N. 
bombycis (TP N.b) (Wang et al., 2016). This method 

has the advantages of flexibility and simplicity in 
proximity analysis, as well as high sensitivity in 
electrochemical detection. It also overcomes the 
drawbacks of proteases in electrocatalytic signal 
amplification, shortens the interaction distance 
between catalysts and detection substances and 
greatly improves electrocatalytic efficiency. 
Therefore, the ECPA system with the function of 
signal amplification provides the possibility for 
quantitative analysis of many other types of protein 
biomarkers, and also has broad application 
prospects in real-time detection and microanalysis of 
proteins. Artificial mimic enzymes with catalytic 
abilities similar to peroxidase can also serve as 
catalysts for signal amplification in electrochemical 
biosensors, which can effectively catalyze the 
oxidation of methylene blue, thionine, and ferrocene 
mediated by H2O2, and enhance electrochemical 
signals (Zhou et al., 2013). Willner et al. found novel 
catalytic activity of hemin/G-quadruplex as an 
DNAzyme, which can catalyze the oxidation of thiols 
to their respective disulfides during the in-situ 
generation of H2O2 (Willner et al., 2008). Based on 
these findings, Wang et al. used the spore wall 
protein of N. bombycis as the target protein, 

L-cysteine as the stable electrocatalytic substance, 
and C60@Pt-Pd nanoparticles as the support carrier 
to construct a hemin/G-quadruplex induced 
pseudo-double enzyme electrochemical biosensor 
(Wang et al., 2014; Wang et al., 2015). This 
electrochemical biosensor possesses high 
sensitivity and provides a rapid and sensitive 
diagnostic method for detecting N. bombycis (Wang 
et al., 2014; Wang et al., 2015). 
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Table 4 LAMP assays and its variants for the detection of N. bombycis 

 

Methods 
Detection 

targets 

Limit of 

Detection 

Detection 

time 
Advantages Disadvantages References 

LAMP EB1 
1.0×102 

copies/μL 
90min 

 Low cost 

 Ease of use and rapid 

 Limited pre-sample 

processing 

 Naked eye visual 

observation 

 Complicated primer design 

 Low efficiency of DNA 

extraction 

 Weak quantitative ability 

 Non-discrimination 

between pathogenic and 

non-pathogenic microsporidia 

(Liu et al., 2015; Mori and 

Notomi, 2009) 

FTA-LAMP 
LSU 

rRNA 

10 

spores/mL 
45-60min 

 Ease of use and rapid 

 High efficiency of 

DNA extraction 

 Complicated primer design 

 Unable to distinguish 

different species 

 Weak quantitative ability 

(Huang et al., 2004; Keeler et 

al., 2012; Pan et al., 2007; 

Subrungruang et al., 2004; 

Yan et al., 2014) 

pH-LAMP PTP1 0.5 fg/µL 45-60min 

 Low cost 

 Ease of use and rapid 

 Good quantitative 

ability 

 Portable testing 

equipment 

 Require certain operational 

skills 

 Require electrochemical 

equipment 

 The problem of signal 

resolution 

(Salm et al., 2014; Toumazou 

et al., 2013; Zhang et al., 

2014) 

ATP-LAMP PTP1 0.47 fg/μL 45-60min 

 Low cost 

 Ease of use and rapid 

 Portable testing 

equipment 

 Require certain operational 

skills 

 Require electrochemical 

equipment 

 Complex design of 

aptamers 

 Need more materials 

(Guo et al., 2015; Jansson and 

Jansson, 2002; Sun et al., 

2010; Xie et al., 2018; Xie et 

al., 2015) 

AUNP-LAMP 
SSU 

rRNA 

10 

spores/mL 
65min 

 No cross reaction 

 Ease of use and rapid 

 Simple and portable 

equipment 

 Suitable for small 

laboratory, field testing 

 Complex synthesis and 

modification of nanoparticles 

(Dai et al., 2019; Jaroenram et 

al., 2012; Suebsing et al., 

2013; Wang and Ma, 2009) 

FF-LAMP 
SSU 

rRNA 

10 

spores/mL 
45-60min 

 Without DNA 

extraction and purification 

step 

 More suitable for field 

testing 

 Weak quantitative ability 

(Sivaprasad et al., 2021; 

Toumazou et al., 2013; Xie et 

al., 2014) 

 
 
 
 

The above methods provide new approaches 
for the detection of pébrine disease, as well as new 
ideas for the detection of other pathogens. However, 
due to the lack of direct, interpretable results, they 
are rarely applied for on-site testing. Other advanced 
modern analytical tools are now being used to 
identify N. bombycis. For example, Kajiwara et al. 

used MALDI-TOF MS (matrix-assisted laser 
desorption/ionization time of flight mass 
spectrometry) to quickly distinguish and identify 
different microsporidia in silkworms (Kajiwara and 
Murakami, 2019). The application of mass 
spectrometry has become a popular method for 
microbial identification (Hatakeyama and Hayasaka, 
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2003; Sauer et al., 2008). In the future, MALDI 
bio-typing may become the first choice for insect 
disease diagnosis and a powerful analytical and 
testing tool in life sciences (Buchan and Ledeboer, 
2014; Kajiwara et al., 2016; Kajiwara and Murakami, 
2019; Spanu et al., 2012; Zhou et al., 2017). The 
advantages and disadvantages of the newly 
developed biosensor and MALDI-TOF MS 
technologies are listed in Table 5. 
 
Research progress of control methods for 
pébrine disease 

 
The prevention and control of N. bombycis is a 

key and difficult area in the sericulture industry. At 
present, according to the characteristics of 
horizontal and vertical transmission of microsporidia, 
the prevention and control methods developed in 
sericulture production are to detect the presence of 
microsporidia in adult females through microscopy to 
interrupt vertical transmission, and prevent 
horizontal infection of microsporidia during the 
sericulture period. At the same time, under the 
prerequisite of placing prevention first and 
combining with control, chemical and physical 
methods are also primarily used to prevent and 
control the pébrine disease. 
 
Conventional control methods 

 
According to the occurrence and development 

laws of pébrine disease, the key to prevention and 
control is to eliminate transovarial transmission, 
strictly prevent foodborne transmission, and produce 
non-toxic silkworm eggs. In the sericulture industry, 
the production supervision regulations should be 
strictly implemented, and the microscopic inspection 
of adult females, pre-examination and remedial 
inspection should be carried out. The silkworm 
breeding department should strictly implement the 
national regulations on the microscopic examination 
of adult females, and conscientiously carry out the 
microscopic examination of bagged moths and 
stored moths. For female moths carrying 
microsporidia, their eggs should be eliminated 
according to regulations. The management of 
imported silkworm eggs ought to be strengthened 
and make sure that there is no pébrine disease 
before large-scale rearing of silkworms. Meanwhile, 
it is necessary to strictly select the silkworm rearing 
area, investigate the distribution of pathogens in the 
environment, mulberry garden conditions, sericulture 
equipment, and strengthen the management and 
technical guidance of the silkworm rearing area. 
Furthermore, during the sericulture period, 
disinfection methods are used to prevent foodborne 
transmission. The disinfection of silkworm rooms 
and tools before sericulture should be strictly carried 
out, and the silkworm rearing bed and silkworm body 
should also be regularly sterilized to cut off the 
source of infection and ensure the safety of 
sericulture. The weak and sick silkworms should be 
strictly abandoned, and diseased silkworms should 
be concentrated disinfected and deeply buried. The 
silkworm excrement should be promptly removed to 
prevent the spread and contamination of pathogens. 
Additionally, prevention and control of pests in 

mulberry field and disinfection of mulberry leaves 
should be reinforced, and cross infection of wild 
poisonous insects with silkworms must be 
eradicated. 
 
Physical control methods 

 
Physical prevention and control of pébrine 

disease mainly includes ultraviolet disinfection, 
high-temperature immersion, and high-temperature 
steam (Huang et al., 2011; Huang et al., 2016; Xing 
et al., 2018; Li et al., 2023). Soaking silkworm eggs 
in hydrochloric acid at 45-47 °C for 6-10 minutes will 
sterilize the egg pathogens. This reduces the 
pathogen incidence rate and helps prevent and 
control pébrine disease. Xing et al. demonstrated 

that 20 h-egg stage silkworm eggs treated with 
hydrochloric acid at a concentration of 1.075 g/mL 
and a high temperature of 48 °C for 6 minutes 
effectively prevented the occurrence of pébrine 
disease (Xing et al., 2018). Because the host has 
greater tolerance to high temperature than N. 
bombycis, it is possible to kill or inhibit the schizonts 
or spores of N. bombycis at a certain temperature 

without harming the silkworm eggs. Based on the 
temperature tolerance, together with a 
high-temperature steam method, Wang et al. found 
that treatment with steam at 60 °C for 30 min can 
effectively reduce the incidence rate of pébrine 
disease. The treatment effect of pébrine disease 
transmitted transovarially is 97.25%, and has no 
adverse effects on egg hatchability, larval feeding 
and cocoon quality (Xing et al., 2018). The results of 
fixed-point production experiments in rural areas 
showed that silkworm eggs treated with 
high-temperature steam can significantly reduce the 
incidence of pébrine disease in newly-hatched 
silkworms and 1-3rd instar late silkworms, and 
improve the yield and quality of silkworm cocoons 
(Xing et al., 2018). Huang et al. confirmed that 

irradiation with a 20 w ultraviolet lamp at a distance 
of 50 cm for more than 12 minutes can effectively kill 
the microsporidia in silkworms (Huang et al., 2011). 
However, ultraviolet radiation impacts the genetic 
material and immune system of silkworms and other 
organisms, and it can only be used as an indirect 
disinfection method. For example, it can be used for 
the surface disinfection of silkworm rearing auxiliary 
facilities, including walls, doors and windows of the 
sericulture rooms. 
 
Chemical control methods 

 
Chemical control methods mainly use chemical 

drugs for the disinfection and treatment of pébrine 
disease. Pharmacological disinfection can result in 
denaturation of the protein of pathogenic 
microorganisms, and cause them to lose 
pathogenicity. In contrast, pharmacological 
treatment utilizes the specificity of drugs to block the 
proliferation of N. bombycis, thereby achieving the 

purpose of treating pébrine disease. Disinfectants 
containing chlorine are currently the longest lasting 
and most widely used in sericulture production. Both 
chloroisocyanuric acid and glutaraldehyde 
methylbromide show good disinfection and 
sterilization effects. Li et al. found that when treated 
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Table 5 Biosensor and MALDI methods for the detection of N. bombycis 

 

Methods 
Detection 

targets 

Limit of 

detection 

Detection 

time 
Advantages Disadvantages References 

C60@Pt-Pd-hemin/G-quadruplex 

Spore 

wall 

proteins 

0.56 pg/mL 50-60min 

 Ease of use and 

rapid 

 No cross reaction 

and time saving 

 High sensitivity and 

specificity 

 Without the labeling 

process of protein 

enzymes and 

electronic media 

 Complex synthesis 

of nanoparticles 

 Require certain 

operational skills 

 Need 

electrochemical 

equipment 

 Not suitable for 

field applications 

(Golub et al., 

2013; Wang et 

al., 2014; Wang 

et al., 2015; 

Zhou et al., 

2013) 

ECPA- Fe3O4NPs 
Total 

proteins 
0.54 pg/mL 60min 

 No cross reaction 

 Ease of use and 

rapid 

 Good quantitative 

ability 

 High sensitivity and 

specificity 

 Overcoming the 

shortcomings of 

proteases in 

electrocatalytic 

signal amplification 

 Complex synthesis 

and modification of 

nanoparticles 

 Require certain 

operational skills 

 Need 

electrochemical 

equipment 

 Not suitable for 

field applications 

(Ferapontova 

et al., 2008; 

Tong et al., 

2011; Wang et 

al., 2016; Yu 

and Lai, 2013; 

Zheng et al., 

2014) 

MALDI-TOF MS / / 40min 

 Ease of use and 

rapid 

 High sensitivity, 

specificity, and 

accuracy 

 The ability to 

distinguish different 

species 

 Require certain 

operational skills 

 Expensive and 

complex 

instruments 

(Buchan and 

Ledeboer, 

2014; Kajiwara 

et al., 2016; 

Kajiwara and 

Murakami, 

2019; Spanu et 

al., 2012; Zhou 

et al., 2017) 

 
 
 
 
 
with the chlorine disinfectant trichloroisocyanuric 
acid at a concentration of at least 800 mg/L for more 
than 6 min, the mortality rate of N. bombycis was 
100% (Li et al., 2023). However, this chemical has a 
strong irritant effect on silkworms and humans and 
also is strongly corrosive to metal equipment. The 
mixed disinfectant of aldehydes and ammonium 
salts, treated at a concentration of at least 200 mg/L 

for more than 6 min, can result in a 100% mortality 
rate of N. bombycis (Li et al., 2023). It has low 
toxicity, little corrosion to metals and can be used as 
a partial substitute for chlorine-containing 
disinfectants. The main method of pharmacological 
treatment is through the use of antifungal and 
antiparasitic drugs. Some chemical drugs, including 
carbendazim, lebendazole, and albendazole, can be 
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Fig. 2 The detection and control methods of N. bombycis 

 
 
 
 
 
used to treat pébrine disease. Huang et al. showed 
that albendazole had a good therapeutic effect and 
low toxicity to silkworms (Huang et al., 2016). 
Consequently, albendazole can be used to treat 
pébrine diseases either by soaking mulberry leaves 
in a solution (1000 mg/L) or directly spraying 
medicinal powder on mulberry leaves (1 g/kg), 
together with adding the medicine once a day, which 
can achieve good therapeutic efficacy (Huang et al., 

2016). It can also be blended with cosolvents to form 
a combinatorial drug containing albendazole, which 
not only has good therapeutic effects on pébrine 
disease via peroral infection, but also has the same 
therapeutic effect on pébrine disease transmitted 
through silkworm eggs (Huang et al., 2016). The 
combination drug of albendazole has no toxicity to 
silkworms and can further enhance their vitality. The 
discovery and utilization of these therapeutic drugs 
sufficiently demonstrate their therapeutic prospects 
for pébrine disease. According to above research, 
the prevention and control of pébrine disease may 
also be developed from a single prevention-oriented 
approach in the past to a comprehensive control 
system based on prevention and control. Although a 
variety of chemical drugs have therapeutic effects on 
pébrine disease, the production and application of 
these chemical drugs still have significant limitations 
due to the toxic effects of the drugs themselves, the 
intracellular parasitic characteristics of N. bombycis, 

their resistance to imidazole drugs and the strong 
secondary infectivity of microsporiasis in the 
silkworm bed. Further research is needed to develop 
composite control agents that have a long retention 

time on mulberry leaves or silkworms and address a 
variety of silkworm diseases. 
 
Conclusion and prospect 

 
Pébrine disease causes a decline in cocoon 

quality and also poses potential food safety issues 
for silkworms. Since the discovery of N. bombycis in 
silkworms, it has caused huge economic losses to 
the sericulture countries around the world and is 
currently listed as the only quarantine object for 
silkworm egg production. As the sericulture 
production scale has increased, the occurrence 
frequency and harmfulness of pébrine disease has 
also increased. Therefore, the immediate and 
efficient detection of N. bombycis is beneficial for the 
prevention and control of pébrine disease and also 
guarantees the healthy development of sericulture 
production. Efficient detection of pébrine also 
reduces the safety risk of silkworm food. The 
detection methods of N. bombycis have evolved 

from visual observation to microscopic examination 
and then to immunological and molecular biological 
detection. The cross-combination of technologies 
have been developed in multiple fields, including 
electrochemical technology, nanomaterials, and 
artificial enzymes. New biosensor methods have 
also been developed for the detection of N. 
bombycis (Figure 2). However, the most mainstream 

detection method remains the microscopic 
examination of adult females. Examination using 
optical microscopy is relatively simple and reliable; 
but, its sensitivity is very low, and it usually needs to 
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be observed in a late stage of infection. This often 
results in a significant lag in detection. Electron 
microscopy examination must be conducted using 
ultra-thin sections before observation, which has 
high requirements for technical equipment and 
operator training. Therefore, microscopic detection 
is mainly used for scientific research and is not 
suitable for on-site diagnosis and identification of 
pébrine disease. In sericulture production, the 
detection from adult females and incubated larvae 
alone cannot completely prevent the occurrence of 
pébrine disease. Notably, N. bombycis should be 
strictly monitored at all stages of sericulture to 
prevent infection from external infectious sources, 
such as mulberry leaves and contaminated breeding 
materials. This can only be achieved on-site using 
applicable testing methods. In terms of sensitivity, 
specificity, detection speed, and reproducibility, the 
practical value of nucleic acid-based assays is 
superior to traditional techniques, such as 
microscopy and immunology. However, PCR 
technology requires strong experimental skills in 
operators, and the staining solution used during 
observation results has significant human toxicity. 
The sensitivity and specificity of qPCR and LAMP 
technologies are higher than the PCR method, and 
their detection results are also quantifiable. However, 
the main disadvantage is that precise instruments 
and equipment are needed to monitor the results. 
The biosensor detection method has high sensitivity 
and specificity, and is not limited by precision 
instruments. In addition, newly emerging detection 
technologies such as FF-LAMP and biosensors 
have characteristics of high throughput, 
quantification, and simultaneous analysis of multiple 
pathogen specimens. However, further research is 
needed to determine whether the above methods 
can be applied to real-world production. In summary, 
although each of the detection methods has its 
advantages, there are also limitations that make it 
difficult to be successfully used in production. As a 
consequence, introducing more detection methods 
into production and on-site for instant detection in 
the field remains a challenge. To manage pébrine 
disease in the sericulture industry and reduce 
sericulture losses, researchers should develop new 
testing methods that are highly efficient, portable, 
easy to operate and suitable for immediate on-site 
detection. These methods should rapidly detect 
pébrine disease and allow for immediate control 
procedures. 
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