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Abstract
Food-borne diseases caused by microbial contamination have always been a matter of great concern to human beings. Hence, 
the research on these problems has never stopped. With the development of microorganism amplification technology, more 
and more detection methods have come into our vision. However, traditional detection technologies presents more or less 
drawbacks, such as complicated operation, low accuracy, low sensitivity, long-time detection, and so on. Therefore, more 
convenient, accurate, and sensitive measurement for the microorganism are needed. Isothermal amplification technology is 
one of the alternative approach containing the above mentioned advantages. This work mainly summarizes the principles of 
loop-mediated isothermal amplification (LAMP) and rolling circle amplification (RCA) which belong to isothermal ampli-
fication. Meanwhile, the application of LAMP and RCA in food microorganism detection is introduced.
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Introduction

Food is essential to life, and food safety is closely related to 
every one of us. Billions of people in the world are at risk 
of unsafe food, and millions become sick while hundreds of 

thousands die yearly. Historically, chemical pollutants are 
one kind of the crucial risk in most food safety incidents. 
Microbial contamination has become an increasing cause 
in the twenty-first century (Fung et al., 2018). Accordingly, 
microbial detection technology is also in continuous devel-
opment. The traditional detection technology commonly 
used in the past is morphological detection technology, 
which is observed through electron microscope and micro-
scope after the culture of microorganisms. The colony of 
microorganisms is distinguished according to the color, 
shape and other biochemical indexes of the colony, and the 
colony number of the plate is calculated with the low cost. 
On the contrary, the drawbacks of long time, rich experience 
and skills of experimenter, and inaccuracy of the technology 
limited its extensive application. Therefore, this traditional 
method will be gradually eliminated in food detection with 
the development of society and the application of new detec-
tion technology (Swaminathan and Feng, 1994). Nowadays, 
diverse food microbiological detection methods have been 
studied not only in pursuit of accurate results but also in 
order to improve efficiency or reduce the detection limit, 
such as immunology technology, protein chip technology, 
biosensor technology, molecular biology detection technol-
ogy and so on. The immunological detection methods are 
helpful measurements with high flux and short time, but 
false-positive results and high requirements for the quality 
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of antibodies confine their common applications (Wang 
et al., 2020). Protein chip technology is to use the func-
tional proteins fixed on the carrier to capture the target pro-
teins that can specifically bind to the chips, and then detect 
them. Despite the advantages of high flux and high sensi-
tivity, the chips need high requirements for antibody and 
chip production (Cahill, 2001). Biosensors can analyze the 
species of microorganisms by detecting the spectra of com-
plex samples, but the sensitivity of the biosensors needs to 
be further developed (Palchetti and Mascini, 2008). Among 
them, analytical biological detection technology has been 
widely used in food microbial detection because of its high 
sensitivity and specificity. Among them, the most important 
one is polymerase chain reaction (PCR) detection technol-
ogy, its derivative technology and isothermal amplification 
technology. The main methods of PCR and its derivation are 
polymerase chain reaction (PCR), multiplex PCR (mPCR), 
real-time quantitative PCR (qPCR), reverse transcription 
PCR (RT-PCR). The main methods of isothermal amplifi-
cation are loop-mediated isothermal amplification (LAMP) 
and rolling circle isothermal amplification (RCA), etc. The 
application of conventional PCR technology in food micro-
biological detection is generally used to detect a variety of 
foodborne microorganisms at the same time and to identify 
the isolated and purified microorganisms. However, although 
the conventional PCR technology is the most widely used 
method due to its low-cost, it can only be applied in gene 
amplification. Subsequent gene analysis needs the help of 
electrophoresis technology (Hanada, 2020), fluorescence 
detection technology (Mackay, 2004) or sequencing tech-
nology (Shen et al., 2021) to achieve the final detection goal. 
Based on conventional PCR, qPCR is a method to quantita-
tively and qualitatively analyze the initial template by adding 
a fluorescence signal to the reaction system and then using 
the instrument to monitor the signal. Although the cost of 
equipment is relatively high, this method present the advan-
tages of high automation, labor-saving, high specificity and 
accuracy (Singh and Roy-Chowdhuri, 2016; Gadkar and Fil-
ion, 2014; Harshitha and Arunraj, 2021). The application of 
mPCR technology, mainly by adding a variety of primers to 
the detection system, can meet the requirements of one-time 
detection of a variety of pathogens, and has the advantages 
of rapid and efficient detection. However, the use of mPCR 
techniques needs to take into account the sensitivity to avoid 
errors in the test results (Chang et al., 2021; Markoulatos 
et al., 2002; Settanni and Corsetti, 2007). RT-PCR is often 
used to detect RNA virus contamination in food, such as 
novel coronavirus (Thompson et al., 2021). However, the 
application of this method becomes minority, and it is gen-
erally only used in the detection of viruses with RNA as 
genetic material, and other microbial tests are not applicable 
to this method (Singh and Roy-Chowdhuri, 2016). Although 
PCR is still the most widely used technology for nucleic acid 

amplification, due to its need for thermal cycle amplification 
instruments and complex amplification procedures, these 
shortcomings make the field application of PCR difficult 
and lead to an increase in the cost of screening. In contrast, 
isothermal amplification technology shows a wider range of 
applications for the original biological samples, and the effi-
ciency of clinical diagnosis is better than PCR technology. 
The isothermal amplification technology exhibited advan-
tages from sample processing to subsequent detection, which 
only needs to be carried out in a tubule with a small number 
of samples achieving rapid detection (Chang et al., 2012). 
Therefore, LAMP has been developed by leaps and bounds 
in recent years. This paper mainly discusses the general 
principles of LAMP and RCA technologies, as well as their 
application and research advance in the detection of food 
microorganisms by combining them with other technologies.

LAMP in food microbial detection

Principle of LAMP

LAMP is a novel isothermal nucleic acid amplification 
method developed by Japanese scholar Notomi et al. (2000) 
in 2000. LAMP technique uses two pairs of specially 
designed primers (Fig. 1) to provide the reaction power by 
using the chain replacement activity of BstDNA polymerase 
to amplify the target DNA at a constant temperature. The 

Fig. 1   The LAMP primer consists of a pair of internal primers (FIP 
and BIP) and a pair of external primers (F3 and B3), in which FIP is 
composed of F1c and F2 and BIP is composed of B1c and B2. FIP 
primer: upstream internal primers, is composed of F2 region, which 
is complementary to F2c region at the 3′ end of the target gene and 
identical to the F1c region at the 5′ end of the target gene. F3 primer: 
upstream external primer, is composed of F3 region and complemen-
tary to F3c region of the target gene. BIP primer: downstream inter-
nal primers, is composed of B2 region, which is complementary to 
the B2C region at the 3′ end of the target gene and the same sequence 
as the B1c region at the 5′ end of the target gene. B3 primer: down-
stream external primers, is composed of B3 region and complemen-
tary to the B3c region of the target gene
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key to the reaction lies in the formation of the stem-ring 
structure. The inner primers bind to the complementary 
sequence of the stem-ring structure and synthesize exten-
sion and chain placement under the action of BstDNA poly-
merase (Fig. 2). Since there is no annealing and renaturation 
process of conventional PCR, the reaction can be carried out 
at a constant temperature.

The overall principle of LAMP is more or less the same, 
but in order to attain the high efficiency, wide scope and so 
on, future generations have made many improvements on 
its basis. In the aspect of primer design, Nagamine et al. 
(2002) creatively designed a pair of ring primers LoopF/
LoopB between F1c-F2c/B1c-B2c, which greatly shortened 
the time of LAMP reaction, and the whole amplification 
reaction could be completed in 0.5 h. However, the non-
specific pairing between ring primers can lead to false-pos-
itive results. Zyrina et al. (2007) and others also tried to 
explain this phenomenon. Nowadays, there have been many 
primer design software to facilitate manual alignment to 

find primers, such as Primer Explorer V4, LAVA, BioSun 
LAMP and so on. But at the same time, manual analysis, 
screening and adjustment are still needed to minimize or 
prevent non-specific amplification. In the detection of ampli-
fied products, when the open tube detection methods such 
as electrophoresis are used, it is easy to make the product 
aerosol overflow and pollute the experimental environment, 
resulting in false positives. To solve this problem, Mori 
et al. (2004) designed a real-time turbidity detection device 
to close the tube to detect magnesium pyrophosphate pre-
cipitation. However, because the instrument is expensive, it 
is difficult to popularize and use it at the grass-roots level. 
Later, several groups solved the problem by adding indica-
tors or stains (Tomita et al., 2008; Goto et al., 2009; Tao 
et al., 2011). In 2008, Njiru et al. (2008) added fluorescent 
dye SYTO-9 to the LAMP amplification system and realized 
the real-time monitoring of LAMP amplification by using 
a real-time fluorescence PCR instrument. The development 
of real-time fluorescence quantitative LAMP detection will 

Fig. 2   LAMP reaction includes 
three stages: dumbbell template 
synthesis stage, cyclic ampli-
fication stage and elongation 
and recycling stage, whose key 
program is the formation of the 
stem-ring structure. The inner 
primers bind to the complemen-
tary sequence of the stem-
ring structure and synthesize 
extension and chain placement 
under the action of BstDNA 
polymerase
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also be described in detail below. Some people complete the 
closed tube reaction by solid paraffin sealant. Thus it can be 
seen that the solutions to the relevant principle problems 
are constantly being improved. Thus it can be seen that the 
principle is the foundation, but the related optimization still 
needs the joint efforts of generations of researchers.

Application of LAMP in food microbial detection

LAMP is widely applied in plant disease detection, animal 
disease detection, food safety detection and so on (Notomi 
et al., 2015). LAMP is constantly being optimized and devel-
oping in different areas.

In plant disease, it mainly detects fungi, bacteria, viruses 
and so on. As an example of plant virus’s detection, the 
LAMP has been greatly improved in terms of virus types 
and detection sensitivity (Panno et  al., 2020). The first 
LAMP detection method for plant virus was established by 
Fukuta et al. (2004) in 2004, which was used for the detec-
tion of tomato spotted wilt virus. At present, LAMP detec-
tion techniques have been developed for 20 species of plant 
quarantine viruses and 1 species of plant quarantine viruses 
belonging to 12 genera at home and abroad.

In animal disease, it mainly detects viruses, bacteria, par-
asites and so on. Take virus detection as an example, Pham 
et al. (2005) applied RT-LAMP technology to the diagnosis 
of animal diseases for the first time, which is the most com-
monly used method for virus detection, and established a 
LAMP method for the detection of Newcastle disease virus, 
which could be used for the rapid diagnosis of Newcastle 
disease virus infection. The discovery of a new type of 
OmniAmp DNA polymerase (POL) is an important innova-
tion of RT-PCR, which replaces DNA polymerase (Bst) and 
reverse transcriptase to realize the single enzyme detection 
of target RNA, which makes RT-PCR more promising in 
virus detection (Chander et al., 2014). POL has more advan-
tages than traditional RT-LAMP polymerase and is more 
suitable for virus diagnosis in a harsh environment, which 
lays a foundation for the portable development of LAMP.

The application of LAMP technology in the field of food 
safety detection mainly includes detection of food microor-
ganisms, detection of genetically modified foods, detection 
of food adulteration, detection of food allergens and so on. 
Among them, the earliest application of LAMP technology 
in the field of food analysis is the detection of foodborne 
pathogens. At the end of the twentieth century, there were 
a large number of cases of food poisoning caused by food-
borne pathogens at home and abroad. Taking enterohemor-
rhagic Escherichia coli (EHEC) as an example, food poi-
soning caused by this bacteria first broke out in the United 
States in 1982, and then cases were found all over the world, 
including China. In 2003, Maruyama et al. (2003) described 
a new in situ DNA amplification technique for microscopic 

detection of bacteria carrying a specific gene. LAMP was 
used to detect stxA(2) in Escherichia coli O157:H7 cells. 
The mild permeabilization conditions and low isothermal 
temperature used in the in situ LAMP method caused less 
cell damage than in situ PCR. It allowed the use of fluores-
cent antibody labeling in the bacterial mixture after the DNA 
amplification for identification of Escherichia coli O157:H7 
cells with a stxA(2) gene. Higher-contrast images were 
obtained with this method than with in situ PCR. This is 
perhaps the earliest application of LAMP technology in the 
field of food microbiological detection. This study explains 
why they began to try to apply LAMP technology to the field 
of food microbiology. There are two main reasons. First, 
the Notomi team published the research results of LAMP 
in 2000. Second, the previously widely used situ PCR show 
some obvious shortcomings. In this report, the LAMP reac-
tion was adapted to reduce background while amplifying a 
specific gene inside the cell. Fluorescent antibody labeling 
was also applied to identify specific cells and examine the 
reliability of in situ LAMP. Simultaneous visualization of a 
functional gene and surface antigen was carried out by both 
in situ LAMP and situ PCR for comparison. In addition, this 
study also discussed the problem of optimizing the perme-
ability conditions of a gene in situ amplification and the 
result shown that embedding samples in the gel before in situ 
LAMP enables enumeration of bacterial cells carrying spe-
cific genes in a natural environment without diffusing ampli-
fied products outside the cell or causing species—selective 
cell loss and destruction in mixed microbial communities. 
In addition to Escherichia coli, LAMP is also widely used 
in foodborne pathogens such as Salmonella, Staphylococcus 
aureus, Listeria monocytogenes, Vibrio parahaemolyticus 
and so on (Srisawat and Panbangred, 2015; Yin et al., 2016; 
Tang et al., 2011; Lee et al., 2020).

As a result, the application of LAMP in food microbio-
logical detection is more and more abundant, and the update 
and combination of various technologies are more and more 
diversified, such as the development of Real-time fluorescent 
loop-mediated isothermal amplification (RealAmp), Visual 
LAMP, Immunomagnetic Separation Loop-mediated Iso-
thermal Amplification Technique (IMS-LAMP), Reverse 
Transcriptional Loop-mediated Isothermal Amplification 
Technique (RT-LAMP) and Multiplex LAMP Technique, 
which will be explained next.

Research process of LAMP in food microbial 
detection

RealAmp in food microbial detection

LAMP technology can achieve real-time fluorescence quan-
tification through the principle that the fluorescence group 
was added to the reaction system, and the whole process was 
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monitored in real-time by the accumulation of fluorescence 
signals and finally, the position template was quantitatively 
analyzed by the standard curve, so many researchers will 
develop equipment to achieve the purpose of collecting sig-
nals and achieving high throughput.

Compared with real-time PCR method, RealAmp has the 
improved specificity and sensitivity. Ye et al. (2015) com-
pared RealAmp with the API Listeria and real-time PCR 
assays to detect Listeria. All 58 L. monocytogenes strains 
from different countries were detected by the RealAmp 
assay, whereas only 57 (98.3%) and 56 (96.6%) strains were 
identified as L. monocytogenes by the API Listeria and 
PCR assays respectively, thereby demonstrating that it has 
a higher specificity and sensitivity than conventional iden-
tification assays.

In addition to comparing with other technologies, 
RealAmp itself is also improving. For example, Wang (2016) 
designed new amplification primers to make the detection 
limit of real-time fluorescent LAMP for S. aureus in food 
to be 10 fg DNA template/reaction, which is more sensitive 
than previous studies.

However, there are still some problems to be solved in 
the technological development of RealAmp. Because there 
are many substances in the food matrix that affect molecu-
lar amplification, such as fat, protein and enzyme in meat, 
they all inhibit the efficiency of amplification and affect the 
sensitivity. Therefore, at present, most of the rapid detec-
tion techniques need to improve the pre-enrichment protocol, 
which will reduce the testing time (Opet and Levin, 2013, 
2014; Caplan et al., 2013). However, in 2015, Wu et al. 
(2015) established a new method, which can greatly reduce 
the detection time while making the RealAmp method have 
higher detection sensitivity. They do not carry out a pre-
enrichment protocol but use closed activated carbon to treat 
samples, which greatly shortens the detection time, which is 
of great significance for the rapid and sensitive detection of 
pathogenic bacteria in food without pre-enrichment protocol.

Visual LAMP in food microbial detection

Visualization technology is a technology suitable for rapid, 
on-site and qualitative detection. At present, visual LAMP 
technology is mainly divided into two kinds: dye indi-
cator and Lateral flow dipstick (LFD). In 2008, Tomita 
et al. (2008) proposed for the first time: In LAMP, a large 
amount of DNA is synthesized, yielding a large pyroph-
osphate ion by-product. Pyrophosphate ion combines with 
divalent metallic ion to form an insoluble salt. Adding 
calcein, a fluorescent metal indicator, to the reaction solu-
tion allows visualization of substantial alteration of the 
fluorescence during the one-step amplification reaction, 
which takes 30–60 min. In 2009, Goto et al. (2009) added 

hydroxy naphthol blue (HNB) as an indicator of the LAMP 
reaction for the first time. Pre-addition of 120 μM HNB 
to the LAMP reaction solution did not inhibit amplifica-
tion efficiency. A positive reaction is indicated by a color 
change from violet to sky blue. The technique of detect-
ing trace antigens established by Sano et al. (1992) is the 
basis of LFD. LAMP-LFD technology combines molecular 
biology and immunochromatography. After the end of the 
LAMP reaction, the test strip is directly inserted into the 
mixed solution of the buffer and the amplification prod-
uct for 5–10 min. The biotin-labeled LAMP product is 
hybridized specifically with the probe labeled by fluores-
cein isothiocyanate (FITC) to form an immune complex, 
which is diffused by chromatography and colored by com-
bining with the biotin-resistant detection line on the test 
strip. The unhybridized probe and antibody form a binary 
complex, continue to spread and combine with the quality 
control line to develop color (Kaewphinit et al., 2013).

Although visual LAMP can only be used as a qualita-
tive detection method, compared with PCR, it has obvi-
ous advantages in the lowest detection limit, detection 
time, sensitivity, detection rate and so on. Anupama et al. 
(2020) established a method for rapid visual detection 
of Vibrio parahaemolyticus in seafood by LAMP with 
HNB. The assay was carried out on 62 seafood samples 
that included clam and shrimp and compared with the 
conventional LAMP assay performed with the commonly 
used HNB, conventional PCR, and RT-PCR. The HNB-
LAMP assay was found to be highly sensitive, specific, 
and superior to conventional PCR (P < 0.05). RT-PCR 
presented higher sensitivity than HNB-LAMP; however, 
it has the limitation of being cost-intensive and requiring 
technical expertise to perform. Besides, Mei et al. (2019) 
established a LAMP-LFD method for rapid detection of 
Salmonella strains in food samples. Compared with PCR 
and real-time PCR methods, the LAMP-LFD assay has the 
same specificity and higher sensitivity and required only 
40 min (10 min for LFD detection) at 65℃. All 52 strains 
of Salmonella yielded positive results using the LAMP-
LFD assay and showed no cross-reaction with 37 tested 
non-Salmonella strains. The detection limit of the LAMP-
LFD assay was 13.5 fg/μl (genomic DNA) and 6.7 CFU/
ml (cell), which was 1000-fold more sensitive than con-
ventional PCR and 100-fold more sensitive than real-time 
PCR. Additionally, the LAMP-LFD method could detect 
Salmonella in artificially contaminated food samples when 
present as low as 144 CFU/ml or CFU/g and without the 
use of an enrichment step.

Thus it can be seen that visual LAMP not only has the 
convenience of rapid detection and naked eye observation, 
but also has certain advantages in sensitivity, lowest detec-
tion limit and detection time.
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IMS‑LAMP in food microbial detection

The purpose of immunomagnetic separation technology is 
to enrich and separate the target bacteria. The principle is 
to make use of the magnetism of magnetic beads and the 
characteristics of functional groups that can be modified to 
combine the modified magnetic beads with microorganisms, 
and the complex will undergo mechanical transfer under the 
action of a magnetic field, so as to achieve the rapid separa-
tion of microorganisms and maintain the activity of micro-
organisms. IMS-LAMP is to modify specific antibodies on 
the surface of immunomagnetic beads, concentrate and iso-
late the target microorganisms in immunomagnetic beads by 
antigen–antibody reaction, and then detect them by LAMP 
technology (Escalante-Maldonado et al., 2015).

Qin et al. (2018) established a rapid and specific detection 
of Escherichia coli O157: H7 in ground beef using IMS-
LAMP. The LAMP method results analyzed with real-time 
turbidity measurements showed high specificity and sensitiv-
ity, with a positive detection rate of amplification of EHEC 
O157: H7 DNA diluted to a minimum equivalent concentra-
tion of 1.8 × 101 CFU/ml, which was 10 times more sensitive 
than the conventional PCR assay. The IMS followed with 
LAMP could capture and detect a bacterial concentration as 
low as 3 × 101 CFU/ml from the meat samples, which was 
close to the sensitivity of LAMP assay with pure culture.

Thus it can be seen that immunomagnetic beads have 
unique advantages in the separation and detection of micro-
organisms, such as strong specificity, high sensitivity, short 
detection time and low toxicity to microorganisms. However, 
its application is limited because of its different surface-
modified antibodies. The disadvantage of immunomagnetic 
beads is that their sensitivity is affected by antibody titer, 
and the specificity of magnetic beads depends on the speci-
ficity of antibodies, which will affect the detection effect 
because of the lower activity of antibodies. Because the spe-
cific immunomagnetic beads are connected with monoclonal 
antibodies, and the production cost of monoclonal antibodies 
is high, the cost of immunomagnetic beads is also very high, 
which limits its practical application in microbial detection 
(Romero et al., 2016).

RT‑LAMP in food microbial detection

RT-LAMP was proposed at the same time as LAMP. Notomi 
et al. (2000) not only proposed LAMP, but also mentioned 
that when using reverse transcriptase, the amplification reac-
tion is also suitable for RNA. In that study, they mentioned: 
“This method (reverse transcription-coupled LAMP) eas-
ily detected prostate-specific antigen (PSA) mRNA in one 
PSA-expressing LNCaP cell mixed with 1,000,000 PSA-
negative K562 cells”, which present that RT-LAMP has a 

high sensitivity for detecting RNA target genes. Therefore, 
RT-LAMP entered the field of RNA virus detection.

It is not only specific for RNA virus but also has advan-
tages over other RNA virus detection methods in terms of 
sensitivity or detection time. Fukuda et al. (2008) developed 
a two-step isothermal amplification assay system combining 
nucleic acid sequence-based amplification and RT-LAMP, 
which achieved the detection of norovirus (NoV) genomes 
in oysters with a sensitivity similar to that of reverse tran-
scription-seminested PCR. The time taken for the amplifi-
cation of NoV genomes from RNA extracts was shortened 
to about 3 h. Xie et al. (2012) developed an RT-LAMP for 
visual detection of avian reovirus. The detection limit of the 
RT-LAMP assay was 10 fg total RNA, which was 100-fold 
lower than that of reverse transcriptase-polymerase chain 
reactions. The specificity of the assay was supported by the 
lack of cross-reaction with other avian pathogens. Techathu-
vanan and D’Souza (2012) established an RT-LAMP method 
for Salmonella enterica detection in liquid whole eggs with 
results obtainable within 24 h, which is significantly faster 
than traditional cultural assays.

Thus it can be seen that the RT-LAMP detection scheme 
designed for different RNA viruses can improve the sensitiv-
ity or detection time. The specific aspects of improvement 
still need to be determined by the specific circumstances. 
But overall advantages have always been needed as the goal 
of the development of this technology.

Multiplex LAMP in food microbial detection

Most of the conventional detection methods of LAMP 
amplification products are based on double-stranded DNA 
products or their by-products of polymerization, which can 
only judge whether amplification occurs or not, but it is dif-
ficult to identify the target source and specificity of multiple 
amplification products. In order to realize the highly specific 
detection of multiple targets, scholars from various countries 
have developed a series of multiplex LAMP amplification 
detection techniques through ingenious improvement or cou-
pling with other technologies.

Generally speaking, multiplex LAMP is mainly used in 
three aspects: to achieve the combined screening of a variety 
of targets to be tested; to improve the detection rate of patho-
gens with large sequence variation and many subclasses, and 
to introduce reference genes to improve the reliability of 
diagnosis and detection. And food microbiological detection 
belongs to the first two kinds. For example, Kasahara et al. 
(2014) established a multiplex LAMP method for the detec-
tion of two types of yeasts that can conditionally cause deep 
mycosis in dairy products, which promotes the quality and 
safety control of dairy products. Single-ended mycotoxins on 
wheat can cause harm due to human and animal consump-
tion of contaminated wheat, and there are many species of 
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Fusarium oxysporum producing these toxins. To monitor 
the contamination of grain and feed, Denschlag et al. (2014) 
designed two groups of LAMP primers to amplify differ-
ent genes of two kinds of Fusarium, and combined them 
to achieve the purpose of rapid and sensitive detection of 
Fusarium oxysporum.

Prospect and possible technical problems of LAMP

As a new type of nucleic acid amplification technology, 
LAMP plays an important role in more and more fields as 
its various advantages are gradually known by researchers. 
Because of its simple operation, high sensitivity, strong 
specificity and no need for expensive instruments, it is faster 
and simpler than other amplification methods. The key of 
LAMP lies in the design of the four specific primers. For 
different detection objects, the researchers also use differ-
ent primers screening and different improvements to LAMP 
technology. Moreover, LAMP easily causes false positive 
and pollution. Its product development and other aspects 
need to be more in-depth research. Through further optimiz-
ing and improving this technology, LAMP will play a more 
and more important role in food microbial detection.

RCA in food microbial detection

The principle of RCA​

Rolling circle amplification (RCA) is a nucleic acid ampli-
fication technique based on the rolling loop replication of 
DNA molecules of circular DNA in nature (Mok and Mar-
ians, 1987). It is a DNA amplification technique that occurs 
at constant temperature. In the mid-1990s, Fire and Xu 
(1995) at the Carnegie Institute in the United States and Liu 
et al. (1996) at Stanford University described the principle of 
RCA successively. In the RCA reaction, when there is a cir-
cular DNA template and polymerase, through the action of 
DNA polymerase, the circular DNA is used as the template 
to replicate, and finally a DNA single strand of repetitive 

sequences complementary to the circular DNA template is 
formed (Fig. 3).

The most basic RCA includes two forms: linear amplifi-
cation and exponential amplification. Linear RCA refers to 
the extension of a primer to cyclic DNA under the action of 
DNA polymerase, resulting in a linear DNA single strand 
with a large number of repetitive sequences (completely 
complementary to cyclic DNA). When linear RCA is used 
for target nucleic acid amplification, it is limited to viruses, 
plasmids and circular chromosomes with cyclic nucleic 
acids, and the length of the rings should be less than 200 bp. 
Because of its single strand amplification property, one end 
of the amplification product can always be connected to the 
primer of the solid phase support, which is very suitable 
for the detection of local specific signal of the solid phase 
microarray.

The principle of the exponential RCA technique is the 
same as that of the linear RCA. On the basis of the linear 
RCA, a primer is added which is completely consistent with 
the circular DNA sequence. The primer complements and 
extends with the partial sequence of the first linear RCA 
product. At the same time, the primers that were hybrid-
ized downstream to other copy segments of the amplifica-
tion product were removed, and then the replaced extension 
product could be used as the template of the first primer. 
in this way, the amount of amplification product increased 
exponentially in a very short time.

Application of RCA​

RCA technology has a good application in medical diag-
nosis, basic research, nanomaterials, food safety detection 
and so on. In the field of medical diagnosis, RCA can be 
combined with immune chip technology. The detection and 
diagnosis of some diseases and the screening of drug targets 
have been partially optimized by immune chip technology, 
but the detection with high throughput and high sensitivity 
is beyond the ability of traditional signal amplification detec-
tion. Immune chip detection based on RCA technology not 

Fig. 3   In the RCA reaction, 
when there is a circular DNA 
template and polymerase, the 
circular DNA is used as the 
template to replicate through the 
action of DNA polymerase, and 
finally a DNA single strand of 
repetitive sequences comple-
mentary to the circular DNA 
template is formed
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only overcomes this defect, but also ensures the spatial inde-
pendence of chip targets and the integrity of antigen–anti-
body binding (Göransson et al., 2012; Bi et al., 2013). In the 
field of basic research, such as the study of molecular biol-
ogy, RCA can be well applied to the study of larger annular 
DNA templates (Bi et al., 2013). In addition, RCA tech-
nology has also been extended to pre-genome amplification 
(Rockett et al., 2015). In the field of nanomaterials, RCA 
can be used to synthesize specific DNA nanostructures and 
simulate complex DNA replication in vitro. In the field of 
food safety detection, RCA is widely used in the detection of 
food microorganisms, biotoxins, heavy metals, agricultural 
and veterinary drug residues and so on. In the following con-
tent, the specific application of RCA in food microbiological 
detection will mainly be introduced.

RCA in food microbial detection

Similar to LAMP, in practical applications, these techniques 
generally do not appear alone and are usually combined with 
other technologies. For RCA, it is most often combined with 
saltatory technology, which is called saltatory rolling circle 
amplification (SRCA). Under the action of BstDNA poly-
merase, SRCA technology only needs a pair of primers to 
amplify the linear template, then "crosses" the gap at the end 
of the target sequence by adding bases, and replaces the pre-
viously synthesized complementary DNA strands to realize 
the rolling loop circle amplification of linear DNA. When 
RCA amplifies the linear template, it needs lock probe, 
ligase and artificial cyclization process, which is complex 
and time-consuming. By contrast, SRCA technology has the 
advantages of high amplification efficiency, low economic 
cost and simple operation.

SRCA in food microbial detection

Yang et al. (2019) established a SRCA method for the detec-
tion of S. aureus in milk. The results of the SRCA method 
can be assessed visually by the presence of white precipitate 
or by fluorescence measurement. In the detection of pure 
bacteria, the method by precipitation detected 7.8 × 101 fg/
μl and the method by fluorescence detected 7.8 × 100 fg/μl. 
In the detection of food sample, the method by precipitation 
detected 5.6 × 102 CFU/ml and the method by fluorescence 
detected 5.6 × 101 CFU/ml. Compared with conventional 
PCR method, the SRCA assay achieved at least 100-fold 

higher sensitivity. Yuan et al. (2020) established a SRCA 
method for the detection of Alicyclobacillus acidoterrestris 
in apple juice. Similarly, compared with the traditional 
PCR method, SRCA exhibited at least a 100-fold higher 
sensitivity and 100-fold lower detection limit. However, the 
sensitivity of the SRCA method is not necessarily higher 
than that of the general PCR method. Wang et al. (2018) 
established a SRCA method for Shigella spp. in vegetable 
salad, whose detection limit was 100-fold lower than that in 
traditional PCR method. However, the SRCA method has 
lower economic requirements and is more suitable for use 
in grass-roots or economically underdeveloped areas. Thus 
it can be seen that our research on the development of new 
technology is not limited to higher and stronger, but needs 
to adapt measures to local conditions and seek more suitable 
and economical testing methods.

Prospect and possible technical problems of RCA​

As can be seen from the previous article, RCA has rich 
applications in the field of food microbiological detection. 
But as a detection technology, it also has some defects. First 
of all, specificity and sensitivity are always a pair of contra-
dictions perplexing the development of RCA technology. 
The key to solve this contradiction lies in the efficiency 
of hybridization and connection between nucleic acid 
chains. In the study, Banér et al. (2001) found that ligase 
can also catalyze single-chain link in some cases. Moreo-
ver, the connection conditions and efficiency between DNA 
chains with DNA as template and DNA chains with RNA 
as template are quite different. At the same time, some 
studies have discussed the connection efficiency of the 
lock probe, and there are some solutions. In the aspect of 
nucleic acid chain hybridization, the hybridization process 
of DNA and DNA chain and RNA and DNA chain is also 
different due to the influence of a series of factors such as 
ion strength, temperature, chain composition and so on. 
Therefore, the pre-test of condition optimization must be 
carried out before the experiment to find out the hybridiza-
tion kinetic curve between different nucleic acid chains, so 
as to improve the hybridization efficiency as much as pos-
sible, so as to further improve the detection sensitivity. In 
conclusion, with the gradual maturity of RCA technology, 
the application in food microbial detection will be more 
mature, as well (Table 1).
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