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Development of a reverse transcription loop-mediated isothermal amplification assay 

for rapid detection of foot-and-mouth disease virus 

By: Duaa’ Muhammad Ghaith 

ABSTRACT 

Foot-and-mouth disease (FMD) is a highly contagious vesicular disease caused by foot-and-

mouth disease virus (FMDV), which infects cloven-hoofed animals resulting in severe economic 

losses. Because very early detection of the virus is considered a cornerstone for minimization of 

the spread of the disease, the development of sensitive on-site testing techniques is urgently 

needed. Loop-mediated isothermal amplification (LAMP) is a nucleic acid amplification 

technique that can be performed using basic equipment and its results can be readily observed.  

Thus it can be used as a rapid and sensitive on-site testing technique. The aim of this study was 

to develop an RT-LAMP assay as a potential on-site testing technique for the rapid detection of 

FMDV. Evaluation of LAMP additives to enhance the specificity of the reaction to allow for 

reliable diagnosis was performed; the optimized RT-LAMP assay using 1.5M formamide/N,N-

dimethylformamide additives and 6mM MgSO4 was shown to detect FMDV RNA using the 

enhanced reverse transcriptase and strand displacement activities of the Bst 3.0 DNA polymerase 

in less than 1 hour. SYBR Green I dye was used for detection of amplification products and the 

results were further validated by agarose gel electrophoresis and turbidity observation. As 

compared to conventional PCR, the RT-LAMP assay was ten times more sensitive when using 

10-fold serially diluted cDNA as a target, and while the intensity of bands in PCR became 

successively fainter as the target was diluted, the SYBR Green I detection of LAMP products 

was uniform and unambiguous over the complete range of detection making this assay a good 

candidate for point of care testing and screening. The LAMP assay showed a 90% detection rate, 

compared to 69% for PCR, when tested on cDNA prepared from 29 samples taken from animals 

with clinical signs of FMDV from 2014-2018, which is another indication of the greater 

sensitivity of the developed RT-LAMP assay. Furthermore, all positive samples detected by PCR 

were also detected by RT-LAMP. These results suggest a potential use of the visually inspected 

RT-LAMP as a more rapid and sensitive tool for simple diagnosis of FMDV. 
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 ملخص

َعخبش انكشف انًبكش  َصُب انًىاشٍ يسببا خسائش اقخصادَت فادحت. يشض انحًً انقلاعُت هى يشض فُشوسٍ شذَذ انعذوي

فئٌ حطىَش حقُُاث حشخُصُت ًَكٍ حطبُقها فٍ انحقم َعذ حاجت عٍ انًشض انعايم الأهى فٍ انحذ يٍ اَخشاس انفُشوس، نزنك 

ك فهٍ حعذ يٍ و بزن باسخخذاو أدواث بسُطتحًىض انُىوَت انخٍ َخى إجشاؤها ان يعاعفتهٍ يٍ حقُُاث  (LAMP)حقُُت يهحت. 

كخقُُت ًَكٍ  هذف هزِ انذساست هى حطىَش هزا انفحصانخٍ ًَكٍ إجشاؤها فٍ انحقم.  انسشَعت و انحساست انخقُُاث انخشخُصُت

 خلاليٍ و حقُُى أثش بعط انًىاد انًعافت عهً انخفاعم.  عٍ فُشوس انحًً انقلاعُت انسشَع نهكشف اسخخذايها فٍ انحقم

يىل/نخش يٍ كبشَخاث  يههٍ 6و  ُذ و ثُائٍ يُثم فىسيايُذيىل/نخش يٍ انفىسياي 1.5و باسخخذاو  ،ِانزٌ حى حطىَش انفحص

نفُشوس انحًً انقلاعُت فٍ وقج لا َخعذي انساعت باسخخذاو خاصُخٍ  (RNA)انًادة انىساثُت انكشف عٍ  حى انًغُُسُىو،

 SYBR Greenاسخخذاو صبغت ب انخفاعم نكشف عٍ َخائجا و حى ،Bst 3.0ى َانهخاٌ َىفشهًا اَز DNAانُسخ انعكسٍ و بهًشة 

Iبانًقاسَت يع ال .PCR  ٌو عُذ اسخخذاو انخخفُف انًخسهسم نم  انعادcDNA ٌحى حطىَشِ أكثش حساسُت ، كاٌ انفحص انز

غت َخائج واظحت فًُا َخص رنك يًا َجعم هزِ انخقُُت يششحت أعطج انصبو قذ ، بعششة يشاث فٍ انكشف عٍ انًادة انىساثُت

يٍ  2018-2014عُُت حى جًعها يا بٍُ عايٍ  29نخقُُى انفحص انزٌ حى حطىَشِ، حى اسخخذاو  .جُذة نهخشخُص انحقهٍ يسخقبلا

عٍ يٍ انكشف  PCRحًكٍ ال  .PCRَخائج ال يقاسَت انُخائج يع  و حًج هُها أعشاض يشض انحًً انقلاعُتحُىاَاث حظهش ع

حهك انخٍ حى يٍ انعُُاث بًا فُها  %90يٍ انكشف عٍ  LAMPانعُُاث بًُُا حًكٍ  يٍ %69 انًادة انىساثُت نهفُشوس فٍ

و هزا َعذ يؤششا أخشا عهً حساسُت انفحص. هزِ انُخائج حشُش إنً أٌ انفحص انزٌ حى حطىَشِ  PCRانكشف عُها بىساغت ال 

 ًَكٍ أٌ َكىٌ بذَلا واعذا نهكشف انسشَع عٍ فُشوس انحًً انقلاعُت.
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Chapter one 

1 Introduction  

1.1 Foot-and-Mouth disease 

Foot-and-mouth disease (FMD) is a highly contagious vesicular disease of cloven-hoofed 

animals and is one of the listed diseases that should be reported to the World Organization for 

Animal Health (Office International des  pi ooties, OIE) (OIE, 2008). It is caused by Foot-and-

mouth disease virus (FMDV), which is a positive sense, single stranded RNA virus that belongs 

to the Aphthovirus genus in the Picornaviridae family of the order Picornavirales (Sanfaçon et 

al., 2012). The disease is characterized by low mortality rates (Domingo et al., 1990), yet it is 

considered the most economically serious disease of livestock (James and Rushton, 2002), 

because it causes severe losses that arise from reduced productivity, trade restrictions, and 

expensive control measures (Knight-Jones and Rushton, 2013).  

The earliest description of the disease dates back to the 16
th

 century in Italy, but its causative 

agent was not identified until the end of the 19
th

 century, when it became the first animal virus to 

be discovered (Grubman and Baxt, 2004). The virus exists as 7 different serotypes that mainly 

affect cattle, pigs, sheep, goats, and buffalos. It could also infect more than 70 species of animals 

including deer, camels, giraffes and elephants (Alexandersen and Mowat, 2005). The disease is 

currently endemic in several parts of the world including Africa and parts of Asia and South 

America. Palestine, as an endemic region, suffers from annual episodes of FMD outbreaks with 

216 outbreaks reported to the OIE between 2006 and 2017 (OIE, 2018). 

1.2 FMDV structure and genome organization 

FMDVs are non-enveloped viruses that have the icosahedral capsid structure typical of the 

picornaviruses (Sanfaçon et al., 2012). The icosahedral capsid is composed of 60 protomeric 

units (Figure1.1a) each consisting of 4 different proteins termed VP1, VP2, VP3,and VP4 

(Knowles et al., 2012) . Loop structures extend from the surface structural proteins, which are 

the major determinants of antigenicity and are the sites that mediate interaction with cellular 

receptors (Knowles et al., 2012, Racaniello, 2007). The genomic RNA (Figure 1.1b) is protected 
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inside the capsid and possesses a single, long open reading frame (ORF) flanked by a 5‟-UTR, 

covalently linked to the VPg protein, which primes RNA synthesis, and a polyadenylated 3‟-

UTR (Racaniello, 2007).  

 

The virus enters target cells in culture by endocytosis upon attachment to integrin receptors 

through the ArgGlyAsp (RGD) specific sequence in the VP1 protein (Baxt and Becker, 1990, 

Fox et al., 1989). Once in the acidic compartment of the endosome, the virus dissociates through 

a low-pH mediated loss of capsid integrity releasing genomic RNA, which is translated upon 

release into the cytoplasm by cytosolic ribosomes giving a single polyprotein, which is cleaved 

co-transnationally by the action of the encoded viral proteinases (2A
pro

, 3C
pro

, 3CD
pro

) 

(Racaniello, 2007). The translation event is initiated by binding of the genomic RNA to 

ribosomes through a special sequence in the 5‟-UTR known as the internal ribosome entry site 

(IRES). The resulting polyprotein consists of 3 regions (P1, P2, and P3) preceded by the L 

Figure 1.1: Schematic representation of FMDV and its genome. (a) FMDV capsid showing the 

iscosahedral structure (ViralZone, Swiss Institute of Bioinformatics, 2008). (b) FMDV genome 

organization showing the VPg protein at the 5‟ end, the 5‟-UTR containing the IRES, the protein coding 

region, the 3‟-UTR, and the poly(A) tail (Whitton et al., 2005). 
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protein which is involved in the inhibition of cellular protein synthesis (Devaney et al., 1988). 

The P1 region contains the structural proteins VP1 through VP4, while P2 and P3 regions 

contain non-structural proteins involved in protein processing and replication (Figure 1.1b). 

1.3 Serotypes  

Seven immunologically distinct serotypes that cause indistinguishable clinical signs have been 

identified for FMDV: A, O, C, SAT1, SAT2, SAT3, and Asia1. The major antigenic 

determinants of the different serotypes are found in the VP1 protein, namely in the G-H loop and 

the C terminus (Borrego et al., 1995). The most widely prevalent serotypes are O and A, which 

are spread throughout the endemic areas in Asia, Africa, and South America (Knowles and 

Samuel, 2003, Samuel and Knowles, 2001). The other serotypes, on the contrary, appear to be 

generally restricted to specific geographic regions. Serotype Asia 1, for example, is restricted to 

Southern Asia and the Middle East, and SAT serotypes are restricted to Africa (Knowles and 

Samuel, 2003) ), although in recent years some have been detected in the Middle East (Valdazo-

González et al., 2012). Serotype C appears to be disappearing from circulation with the last 

outbreaks being reported in 2004 (Rweyemamu et al., 2008). The unequal distribution of the 

serotypes has been manifested in their classification into 7 viral pools (Figure 1.2) (Paton et al., 

2009) each containing viruses that evolve independently (Sumption et al., 2012). 

 

 

 

 

 

 

 

 

Figure 1.2: Distribution of the seven endemic pools of FMDV during 2016 (OIE/FAO 

Foot-and-Mouth Disease Reference Laboratory Network Annual Report 2016) 
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The high mutation rate of FMDVs leads to rapid evolution within the different geographic 

locations giving rise to antigenic variation even within the same serotype. Based on this fact, 

Samuel and Knowles (2001) classified serotype O viruses into 8 genotypes that reflect distinct 

geographic distribution and then used the term „topotypes‟ to relate genotype with geographic 

location. These topotypes were identified by comparing the nucleotide sequence of the 3‟ end of  

the VP1 gene, which is highly variable between serotypes. There are currently 11 known 

topotypes in serotype O, while using a similar approach; serotype A was classified into 3 

topotypes, C into 8 topotypes, Asia1 into 1 topotype, SAT1 into 8 topotypes, SAT2 into 14 

topotypes (Vosloo et al., 2004), and SAT3 into 6 topotypes (Bastos et al., 2003, Vosloo et al., 

2004). 

1.4 Clinical signs 

The clinical signs of FMD are similar to those of other vesicular diseases such as, swine 

vesicular disease, vesicular stomatitis and vesicular exanthema. The signs are usually obvious in 

cattle and pigs but are less apparent and may pass undiagnosed in sheep and goats (Barnett and 

Cox, 1999, Gibson and Donaldson, 1986). The typical clinical sign of FMD is the development 

of vesicles on the mouth, tongue, feet, nose, and teats (Figure 1.3) (Alexandersen et al., 2003). 

These vesicles result in lameness and reluctance to walk and eat, which causes weight loss, in 

addition to secondary infections due to their rupture. Other signs of the disease include fever, 

excessive salivation, loss of appetite, abortion,  reduction in milk production, and sudden death 

of young animals because of myocarditis (Alexandersen et al., 2003).  

 

Figure 1.3: Typical vesicles of FMD. (a) Ruptured vesicles on the tongue, lip, and gum. (b) Ruptured 

vesicle in the inter-digital region. 
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1.5 Host response 

The host responds to the virus by producing antibodies that can be detected 3-4 days after the 

onset of clinical signs, which coincides with a sharp decline in virus shedding (Alexandersen et 

al., 2002b). Usually, the antibodies can effectively remove the virus from circulation, but they 

are less efficient in removing it from the esophageal-pharyngeal region (Alexandersen et al., 

2003). Therefore, the virus may be detected in this area weeks after of recovery, and a proportion 

of animals could become carries of the disease (Burrows, 1966). 

1.6 Transmission and spread 

FMDV is transmitted via respiratory and oral routes and through cuts and abrasions in the skin 

(Alexandersen et al., 2003). The virus can be found in the fluid and epithelia of vesicles, in 

exhaled air, and is normally found in all body secretions of animals in the acute phase of 

infection including blood, milk, saliva, urine and semen, and could be isolated from the heart and 

other organs of the body in fatal cases (Hyde et al., 1975, OIE, 2008). 

The principal means of transmission of FMDV is via direct contact between infected and 

susceptible animals especially when the animals are kept in close proximity, which enhances the 

inhalation of aerosols carrying the virus; particularly in cattle and sheep (Grubman and Baxt, 

2004). Pigs are less susceptible to infection via the respiratory route (Alexandersen et al., 2002a, 

Alexandersen and Donaldson, 2002) and the virus is usually transmitted by consumption of 

contaminated food and through damaged skin (Alexandersen et al., 2003). Transmission through 

wind, although less common, has contributed to the spread of the disease (Henderson, 1969) and 

usually entails the transmission from pigs to cattle because pigs secrete huge amounts of the 

virus in exhaled air (Donaldson et al., 2001). FMDV could be also transmitted indirectly through 

contact with contaminated surfaces of transport vehicles, milking machines, and the hands of 

farmers and veterinarians (Alexandersen and Mowat, 2005). 

1.7 Disease control 

In most FMD-free countries, outbreaks are controlled by restriction of animal movement and 

culling of infected and in-contact susceptible animals when outbreaks appear. In endemic 

countries and a minority of FMD-free countries (Figure 1.2), annual vaccination campaigns with 

inactivated virus particles are performed in addition to culling and trade restrictions (Grubman 

and Baxt, 2004). Since vaccines do not provide cross-protection between different serotypes, the 
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vaccine selected should match the serotype that circulates in the region of interest. Many FMD 

vaccines are multivalent and combine a number of different serotypes or strains that are most 

likely to be found in a specific geographic region in order to confer protection against as many as 

possible of them (OIE, 2008).  

1.8 Laboratory diagnosis 

Laboratory tests are required for definitive diagnosis and effective control of FMD because the 

clinical signs of FMD are sometimes difficult to distinguish from those of other vesicular 

disease, and virus serotype, which is essential for the selection of appropriate vaccines, cannot be 

identified by FMD signs. Laboratory diagnosis of FMD involves demonstration of the presence 

of the virus or virus specific antibodies, or detection of its genomic material by molecular based 

methods followed by serotype identification if required. 

1.8.1 Detection of viable virus 

Virus detection in clinical samples is commonly achieved by virus isolation in primary cultures 

of bovine thyroid cells or pig, calf or lamb kidney cells, or in cell lines like BHK-21 and IBRS-2 

cells  (OIE, 2008). Observation for FMDV is done by examining cultures for cytopathic effect 

(CPE) after 2 days of incubation.  

1.8.2 Detection of viral proteins 

The use of lateral flow devices (LFDs) is another way for virus detection. LFDs are designed to 

capture virus particles on strips, pre-adsorbed with antibody coated beads, and positive results 

are interpreted by a simple color change. LFDs are suitable for field diagnosis of FMD because 

of their low cost, simplicity, and the minimal requirement for expertise and special facilities. 

LFDs were reported to have a sensitivity comparable to that of ELISA with the advantage of 

being faster; requiring only 30 minutes for completion (Ferris et al., 2009). 

1.8.3 Detection of virus specific antibodies 

Antibodies  produced against FMDV can be detected using virus neutralization test (VNT) or by 

enzyme-linked immunosorbent assay (ELISA). VNT is used for the detection of antibodies 

produced against FMDV structural proteins (Golding et al., 1976), so it is mainly used to confirm 

effective vaccination or infection in unvaccinated herds (OIE, 2008). ELISA, on the other hand, 

can be used for the detection of antibodies produced against structural or non-structural proteins. 
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ELISAs specific for non-structural proteins, which are conserved, have the advantage of 

distinguishing between vaccinated and infected animals (OIE, 2008). 

These methods, succeeded in providing reliable diagnoses, but they do have some drawbacks. 

For example, VNT relies on growing virus stocks in cell cultures which requires well-equipped 

bio-containment facilities and experienced personnel, making it a tedious and time consuming 

test. ELISA and also LFDs, are hindered by the requirement of high virus or antibody titers 

which requires collecting samples in the acute clinical phase of infection or an additional step of 

virus isolation in cell culture which takes a minimum of 2-4 days if primary cell cultures are 

already prepared, in addition to requiring high quality samples and intact viruses. These 

drawbacks may cause a delay in diagnosis making these tests suitable for the confirmation of 

clinical diagnosis, but not for early and rapid detection of the disease which are cornerstones for 

rapid intervention and control of  outbreaks (Anderson, 2002, Charleston et al., 2011, Nelson et 

al., 2017). Molecular based methods are, therefore, preferable. 

1.8.4 Detection of the genomic material by molecular methods 

Reverse transcription polymerase chain reaction (RT-PCR) assays have been designed for pan-

serotype detection through targeting conserved sequences in the FMDV genome, namely the 3D 

gene (Laor et al., 1992, Meyer et al., 1991), the IRES (Reid et al., 2000), and the 2B gene 

(Vangrysperre and De Clercq, 1996). However, these methods are not sufficiently sensitive to 

replace ELISA and virus isolation, and were just used to support them. Pan-serotype-specific 

real-time RT-PCR assays were later developed, also targeting the conserved regions of the 3D 

gene (Callahan et al., 2002) and the IRES (Reid et al., 2002). These assays have been automated 

(Reid et al., 2003, Shaw et al., 2007) and extensively validated (King et al., 2006, Reid et al., 

2009, Shaw et al., 2004) using a wide range of clinical samples and proved to offer a high degree 

of sensitivity, which is superior to that obtained by the traditionally used methods of ELISA and 

virus isolation. These automated assays are currently adopted by the World Reference 

Laboratory for FMD (WRLFMD) as principal means for diagnosis of FMD (OIE, 2008).  

Serotype specific assays, on the other hand, target the 1D gene which encodes VP1 . This gene is 

a suitable serotyping target because it, as mentioned  previously, shows sequence variability 

between the different serotypes and even between topotypes; especially in its 3‟ end. Several 

serotype specific assays have been designed (Callens and De Clercq, 1997, Rodríguez et al., 
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1992, Vangrysperre and De Clercq, 1996), but the evaluation of these assays on a wide range of 

field clinical samples showed that they do not offer a satisfactory degree of sensitivity and 

specificity compared to traditional methods (Reid et al., 1999, Reid et al., 2001).  

Because of the high mutation rate of FMDVs, especially in the region targeted by serotype-

specific assays, and owing to the fact that viruses belonging to the different virus pools tend to 

evolve independently, the specificity of primers designed to target an entire serotype remains an 

issue. Alternatively, designing primers based on the topotypes and lineages that circulate in 

specific geographic regions seems to be a better choice. This concept was successfully applied to 

the lineages of the serotypes that circulate in India (Giridharan et al., 2005), the Middle East 

(Reid et al., 2014), West Eurasia (Jamal and Belsham, 2015), and East Africa (Bachanek-

Bankowska et al., 2016). It was also applied for the specific detection of lineage VII of SAT2 

serotype viruses that have been circulating in Egypt (Ahmed et al., 2012). 

In spite of the successful implementation of real-time RT-PCR assays for  rapid and highly 

sensitive disease confirmation, in addition to their ability to be performed utilizing multiple 

sample types in the different phases of infection, these tests usually require sample transmission 

to distant reference laboratories where these tests are usually carried out, or to local laboratories 

that may lack the infrastructure. This major constraint causes a delay in diagnosis and eliminates 

the potential for early and preclinical diagnosis, which are the most important steps for the 

control and minimization of the spread of the disease (Nelson et al., 2017, Charleston et al., 

2011). Portable real-time PCR platforms have been developed in an attempt to  overcome this 

constraint and were evaluated as point-of-care testing (POCT) platforms and proved to be 

applicable under field conditions (Hearps et al., 2002, Howson et al., 2018, Madi et al., 2012). 

These platforms are, however, expensive and unaffordable for low-income countries, which 

makes them unsuitable for POCT (Niemz et al., 2011).  

Isothermal nucleic acid amplification techniques which could be performed using basic 

equipment, have been suggested as a better choice for POCT (Paz et al., 2014). 

1.9 Isothermal nucleic acid amplification techniques 

There has been a growing interest over the last 30 years in developing nucleic acid amplification 

techniques that can be performed isothermally using basic equipment, thus paving the way for 

on-site-testing. Isothermal amplification techniques employ different methods for pursuing the 
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amplification reaction, without temperature shifting used in PCR, thus eliminating the need for 

thermal cyclers. However, most of these methods are either compromised in their specificity 

because of the low reaction temperature (around 40 
°
C) and require probes to enhance their 

specificity, or they require labor-intensive detection methods. In addition, most of these 

techniques have complex experimental designs and require the use of either multiple enzymes or 

specially modified reagents (Guatelli et al., 1990, Compton, 1991, Walker et al., 1992a, Walker 

et al., 1992b, Vincent et al., 2004).  

Loop-mediated isothermal amplification (LAMP) is an isothermal technique that overcomes the 

shortcomings of the other isothermal methods (Notomi et al., 2000). It uses only one enzyme, 

does not require specially modified reagents or probes to enhance specificity, and its products are 

easily detected. In addition, LAMP was shown to be less affected by contaminants and inhibitors 

than PCR (Kaneko et al., 2007). This property allowed the possibility of performing the reaction 

with less sample processing, which is ideal for point of care applications. There are reports of 

performing LAMP directly from samples without DNA or RNA extraction and with non-

processed or minimally processed samples (Boehme et al., 2007, Poon et al., 2006, Yamada et 

al., 2006). 

1.9.1 Loop-mediated isothermal amplification (LAMP) 

LAMP relies on the use of a DNA polymerase with strand displacement activity such as Bst 

polymerase from Bacillus steorothermophillus and a set of 4 to 6 primers (Nagamine et al., 2002, 

Notomi et al., 2000). Besides having the DNA polymerization activity, Bst polymerase also has 

reverse transcription activity which makes it suitable for both DNA and RNA targets. LAMP 

primers include two loop-generating primers (forward inner primer (FIP) and backward inner 

primer (BIP)), two outer or displacement primers (F3 and B3), and two loop primers (LF, LB)  

(Figure 1.4). These primers correspond to 6 regions in the target gene amplifying sequences not 

longer than 300 bases, and preferably 130-200 bases including F2 and B2 (Notomi et al., 2000). 
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The LAMP reaction starts by hybridization and amplification through the inner primers (FIP, 

BIP) and displacement of the generated complementary strands by the outer primers (F3, B3), 

which results in the release of a single stranded segment with a stem and two loops at the ends 

(dumbbell structure). This structure acts as the seed for exponential LAMP reaction which ends 

up with the production of segments with various stem lengths and multiple loops (Notomi et al., 

2000) (Figure 1.5). 

1.9.2 Detection of  LAMP products 

LAMP products, just as PCR products, can be detected by gel electrophoresis but instead of 

producing a distinct band with a specific size, LAMP produces a ladder-like pattern because of 

the production of the different sized fragments (Notomi et al., 2000). Besides gel electrophoresis, 

other visual detection methods that have been developed to simplify the process are commonly 

used.  These include turbidity, which results from the precipitation of magnesium pyrophosphate 

(Mori et al., 2001), color change or fluorescence due to the addition of DNA intercalating dyes 

post amplification such as ethidium bromide, SYBR green, or propidium iodide (Hill et al., 2008, 

Iwamoto et al., 2003), and color change due to the addition of metal ion indicators to the reaction 

before amplification; such as calcein (Tomita et al., 2008),  hydroxynaphthol blue (HNB) (Goto 

et al., 2009), and malachite green (MG) (Nzelu et al., 2014), and pH indicators like phenol red, 

cresol red, and neutral red (Tanner et al., 2015). Lateral flow devices in which LAMP products 

Figure 1.4: Schematic representation of LAMP primers. FIP and BIP are the forward and 

the backward inner primer. F1c and B1c are complementary sequences of F1 and B1 

respectively. F3 and B3 are the outer or displacement primers (Eiken chemical Co. Ltd.).  
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are captured on nitrocellulose strips labeled with antibodies, or probes are also used for detection 

(Ge et al., 2013, Roskos et al., 2013, Waters et al., 2014). 

 

 

 

 

Figure 1.5: Mechanism of loop-mediated isothermal amplification. The amplification starts when F2 of FIP 

hybridizes to F2c region of the template and Bst polymerase initiates strand displacement amplification. F3 

then hybridizes to F3c region and Bst generates a new strand while displacing the old one, which results in the 

release of a single stranded DNA that contains the FIP, thus it immediately forms a loop at its 5‟ end. The 

displaced single stranded DNA serves as a template for the BIP primer and the B3 displacement primer. At the 

end of this step, the original DNA structure is reproduced along with a single stranded segment with a stem and 

two loops at the ends (dumbbell structure), which enters a cyclic reaction where the inner primers anneal to the 

loop regions and start strand displacement amplification. While this segment is being amplified from the inner 

primers annealing sites it is also self-primed at the 3‟ end of F1 and B1 producing both the original dumbbell 

structure and other segments with various stem lengths and multiple loops. (Eiken chemical Co. Ltd.) 
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1.9.3 LAMP assays for detection of FMDV 

Various LAMP assays have been developed for the diagnosis of FMDV. A pan-serotype specific 

RT-LAMP assay targeting 3D gene was developed (Dukes et al., 2006), but several isolates were 

found to escape detection by this assay. Another assay, also targeting the 3D gene, was 

developed with a special focus on serotypes O, A, Asia1, and C (Shao et al., 2010) and showed a 

higher sensitivity than that‟s of Dukes et al. (2006). A complex multiplex RT-LAMP with 

multiple primer sets was later developed to cover all 7 serotypes of the virus (Yamazaki et al., 

2013).  

Serotype specific LAMP assays were also developed. For example, serotype specific primers 

which targeted 1D gene were designed to specifically detect serotypes Asia1, C, O, and A (Chen 

et al., 2011b, Ding et al., 2014, Madhanmohan et al., 2013), in addition to another serotyping 

antigen-capture RT-LAMP with primers targeting 3D gene (Guan et al., 2013). 

However, because of the high mutation rate of FMDVs (Elena and Sanjuán, 2005, Carrillo et al., 

1990), modifications should be introduced regularly to accommodate for the high sequence 

variability. In addition, because of the use of multiple primers with high concentrations in 

LAMP, non-specific amplification is a frequently encountered problem especially when the 

assay requires targeting specific regions. 
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Chapter two 

2 Problem statement and objectives 

FMD is a devastating disease of livestock that causes serious problems in many parts of the 

world. The long-lasting limited productivity associated with FMD threatens food security 

particularly in low income endemic areas where people rely directly on livestock and livestock 

products. Minimization of the spread of FMDV is therefore of utmost importance.  

A recent study evaluated the potential for diagnosis during the different phases of infection to 

reduce FMDV transmission and concluded that clinical inspection alone is not sufficient to limit 

FMD spread and only preclinical diagnosis has the potential to reduce between-farm disease 

transmission by allowing for implementing early control measures (Nelson et al., 2017). 

Preclinical diagnosis of FMD is possible since infected animals shed the virus in secretions and 

excretions like exhaled air, blood, nasal fluid, saliva, and esophageal-pharyngeal fluid during the 

incubation period (Charleston et al., 2011, Nelson et al., 2017, Pacheco et al., 2017). This is in 

agreement with the recommendations of previous studies which stressed the importance of 

investment in the development of preclinical diagnostic tools that could be performed on site for 

effective control of FMD (Anderson, 2002, Charleston et al., 2011).  

There is a need therefore to have a diagnostic method that is sensitive enough to detect 

preclinical virus shedding and simple enough to be performed under field conditions to help in 

implementing control measures at early stages. Loop-mediated isothermal amplification, as a 

nucleic acid amplification technique that can be performed using basic equipment, offers such 

characteristics in terms of sensitivity and rapidity. 

The aim of this study is therefore to contribute to the local diagnostic capacity for relevant 

FMDV serotypes and topotypes, which threaten West Bank livestock. 
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Objectives: 

- To develop a visually inspected RT-LAMP assay for the detection of FMDV RNA. 

- To use the developed RT-LAMP assay to test suspected FMDV clinical samples and to 

compare its performance with that of conventional PCR. 
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Chapter three 

3 Materials and methods 

3.1 Samples  

A field isolate of FMDV from our laboratory was used as a positive control in PCR and as a 

template for LAMP assay development. The sample was obtained from a sheep farm in 

Bethlehem in September 2015 and was confirmed by PCR ( section 3.5) and Sanger sequencing. 

To validate the developed LAMP assay, 29 clinical samples suspected for FMDV infection were 

used. The clinical samples were obtained from 19 different sheep and cattle farms from the West 

Bank in the period from 2014 to 2018. The samples consisted of swabs, vesicular epithelia, and 

heart tissue and were initially tested by PCR (section 3.6). 

3.2 Sampling approach 

Sampling was performed as recommended by the OIE manual of diagnostic tests and vaccines 

for terrestrial animals (OIE, 2008). Tissue samples were collected from un-ruptured or recently 

ruptured vesicles or from the hearts of dead animals and were placed in 2 ml of transport 

medium composed of a 1:1 ratio of glycerol and phosphate buffered saline (PBS) with antibiotics 

(100 unit/ml Penicillin, 0.1 mg/ml Streptomycin). The pH of the transport medium was adjusted 

to 7.2-7.6 before use because FMDV is labile under acidic conditions. Swab samples were either 

left to dry or  placed in 2 ml of PBS with antibiotics and the pH was adjusted to 7.2-7.6. 

3.3 Sample preparation 

- Tissue samples: a maximum of 20 mg tissue samples were homogenized in PBS to prepare 

10% (w/v) suspensions. The suspensions were then centrifuged at 10000 g for 2 minutes, and 

the supernatants were used for RNA extraction. 

- Swabs: the swabs were placed into 1.5 ml eppendorf tubes containing 2ml PBS, if not 

originally placed in PBS, and incubated for 15 minutes at room temperature. Afterward the 

swabs were shaken vigorously and squeezed against tube wall and the resulting solutions 

were used for RNA extraction. 
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3.4 RNA extraction 

Total RNA was extracted from 150-200 µl swab specimens or epithelial suspension supernatants 

using innuPREP RNA Virus kit (AnalytikJena, Jena, Germany) according to the manufacturer‟s 

instructions. Briefly, 450 µl RL/carrier mix and 20 µl Proteinase K were added to 150-200 µl 

specimen and incubated for 10 minutes at room temperature. 600 µl of binding solution B were 

then added and the resulting mixture was filtered by centrifugation at 10000 g for 1 minute. RNA 

was then washed with HS and LS solutions and eluted in 60 µl of RNase free water and stored at 

-80
°
C until required. 

3.5 cDNA synthesis 

cDNA was synthesized in 20 µl reaction volumes using RevertAid First Strand cDNA Synthesis 

Kit (Thermo Fisher Scientific, Waltham, Massachusetts, USA) according to the manufacturer‟s 

instructions. A 5 µl sample of eluted RNA was mixed with 5µM random hexamer primer, and 

nuclease free water was added up to 12 µl. The resulting mixture was incubated at 65
°
C for 5 

minutes to eliminate secondary structures, then chilled on ice. 1 X reaction buffer (50 mM tris-

HCl pH 8.3, 50 mM KCl, 4 mM MgCl2, 10 mM DTT), 1 U/µl RiboLock RNase inhibitor, 1 mM 

dNTPs mixture (DNTp 100, Sigma), and 10 U/µl RevertAid M-MuLV reverse transcriptase were 

then added to the mixture. The reverse transcription reaction was performed by incubating 

reaction tubes at 25
°
C for 5 minutes followed by 60 minutes at 42

°
C and terminated by heating at 

70
°
C for 5 minutes. cDNA was stored at -20

°
C until required. 

3.6 Laboratory testing by PCR 

The primers used for the initial testing of clinical samples are listed in Table (3.1). The pan-

serotype specific primer pair 1F/1R is described by Reid et al. (2000), and corresponds to a 

conserved region in the IRES in the 5‟UTR. P1/P2 primer pair was designed based on serotype O 

as described by Amaral-Doel et al. (1993). This pair flanks the region between the 3‟ end of the 

1D gene and the beginning of the conserved 2A gene. cDNA produced from each sample was 

tested with at least one primer pair individually. 
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Table 3.1: Primers used for the primary laboratory testing of FMDV clinical samples 

Primer Sequence (5’-3’) Region Product length Reference 

1F GCCTGGTCTTTCCAGGTCT  IRES 328 bp (Reid et al., 

2000) 1R CCAGTCCCCTTCTCAGATC  

P1 CCTACCTCCTTCAACTACGG  1D/2A  216 bp (Amaral-Doel 

et al., 1993) P2 GAAGGGCCCAGGGTTGGACTC  

 

PCR for each primer pair was performed separately using the Taq DNA polymerase kit (Hy Labs 

cat # HTD0078) according to the manufacturer‟s instructions. All PCRs were performed in 25 µl 

reaction volumes containing 1X reaction buffer (10 mM KCl, 10 mM (NH4)2SO4, 20 mM Tris-

HCl (pH 8.75), 0.1% Triton X-100 , 0.1 mg/ml BSA), 2 mM MgSO4, 0.2 mM dNTPs mixture 

(DNTp 100, Sigma), 0.2 µM each primer, 0.6 unit Taq DNA polymerase, 1 µl cDNA and 

distilled water to bring the final reaction volume up to 25 µl. A no template control (NTC) was 

included in all reactions by mixing all reaction components and replacing template cDNA with 

distilled water.  

The reactions were carried out using MJ mini Bio-Rad PTC 1148 thermocycler (BioRad, USA) 

with the following temperature profile: 

Step Temperature Time Number of cycles 

Initial denaturation 94 
°
C 5 minutes 1 

Denaturation 94 
°
C 30 seconds  

35 Annealing 55 
°
C 30 seconds 

Extension 72 
°
C 45 seconds 

Final extension 72 
°
C 10 minutes 1 

Hold 4 
°
C ∞ 1 
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PCR products were detected by agarose gel electrophoresis stained with 0.2-0.5 µg/ml ethidium 

bromide. The products were electrophoresed on a 1.5% (w/v) agarose gel prepared using TBE 

buffer (5X stock TBE buffer was prepared by mixing 54 g Tris base (Amresco/ 0826), 27 g boric 

acid (Sigma/ 078K0037), 20 ml of 0.5 M EDTA (Alfa Aesar/ 10122546), and distilled water up 

to 1 L). 1X dilution of the buffer was used for agarose gel preparation and 0.5X for running 

buffer in gel electrophoresis. Amplified products were mixed with 3 µl of 6X loading dye 

(composed of 0.25% (w/v) bromophenol blue (Fluka/ 417639/1), 0.25% (w/v) xylene cyanol FF 

(Amresco/ 1897B006), and 30% glycerol (v/v) (Amresco/ 0176B017)) and loaded into the gel. 

3.7 Reverse transcription Loop-mediated isothermal amplification (RT-LAMP) 

3.7.1 Primers  

The 3D gene was chosen as a target for LAMP primer design, as it provides a relatively 

conserved segment of about 200 bases. The selection was based on the results of multiple 

sequence alignment (MSA) of the full 3D gene consensus sequences of serotypes O, A, Asia1, 

and SAT2 (Figure 3.1). To create the consensus sequences, all the full length 3D gene sequences 

were retrieved from the National Center for Biotechnology Information (NCBI) database (as of 

February 2018), classified based on the serotype, and aligned using MAFFT under the default 

conditions. The consensus sequences were then created using BioEdit Sequence Alignment 

Editor v.7.2.6 (Hall, 1999). 

A set of 6 primers (two outer primers F3/B3, two inner primers FIP/BIP, and two loop primers 

LF/LB) that was described previously (Shao et al., 2010), and found to target a relatively 

conserved region in the 3D gene based on MSA, was chosen and its specificity was evaluated in 

silico by using the Basic Local Alignment Search Tool (BLAST). The selected primers were 

modified based on the MSA (Figure 3.1) by introducing degenerate sites to certain sites to 

accommodate for sequence variability and by designing a new LB primer using PrimerExplorer 

version 5 program (Eiken Chemical Co., Tokyo, Japan). The sequences and lengths of primers 

are shown in Table 3.2. 
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Figure 3.1: Locations of RT-LAMP primers targeting the 3D gene. Partial MSA of the 3D 

gene consensus sequences of serotypes O, A, Asia1, and SAT2 showing the locations of the 6 

primers: F3, B3, FIP (F1c-TTTT-F2), BIP (B1c-TTTT-B2), LF, and LB as arrows that indicate 

the direction of extension. Rectangles mark the degenerate sites introduced. The blue arrow 

represents the newly designed LB primer and the green arrow represents the old LB primer. 
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Table 3.2: sequences, positions, and lengths of primers used for LAMP 

Primer Sequence (5’-3’) Position in 3D gene Length 

F3 TGTGATGGCYTCGAAGACC 1203-1221 19 

B3 TGCGTCACCRCACACG 1410-1395 16 

FIP TGCCACRGAGATCAACTTCTCCTTTTC

TCGARGCYATCCTCTCCTT 

(F2)   1222-1241 

(F1c) 1263-1284 

42 

BIP GAGTACCRGMGWCTCTTTGAGCTTTT

CGTTCACCCAACGCAGGTAA 

(B2)   1393-1374 

(B1c) 1312-1333 

42 

LF TGTATGGTCCCACGGCG 1246-1262 17 

LB TCTTTGAGATTCCAAGCTACAGATC 1346-1370 25 

 

3.7.2 Primary LAMP protocol 

The basic conditions of the LAMP reaction were adopted from the New England BioLabs (NEB) 

protocol (M0374). The LAMP reaction was performed using the Bst 3.0 DNA polymerase kit 

(New England BioLabs, cat # M0374) in 25 µl reaction volume containing 1X isothermal 

amplification buffer II (20 mM Tris-HCl (pH 8.8), 10 mM (NH4)2SO4, 150 mM KCl, 2 mM 

MgSO4,  0.1 % Tween 20), 8 mM MgSO4, 1.4 mM dNTPs mixture (DNTp 100, Sigma), 1.6 µM 

each of the primers FIP and BIP, 0.2 µM each of the primers F3 and B3, and 0.4 µM each of the  

primers LF and LB, 8 units Bst 3.0 DNA polymerase, 1 µl cDNA, and distilled water to bring the 

final reaction volume up to 25 µl. A no template control (NTC) was included in all reactions by 

mixing all reaction components and replacing template cDNA with distilled water. The reaction 

was carried out using Applied Biosystems thermocycler (2720) by incubating reaction tubes at 

65
°
C for 1 hour followed by polymerase inactivation at 80

°
C for 5 minutes and cooling at 5

°
C for 

5 minutes. 
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3.7.3 Optimization of the LAMP reaction 

To optimize and completely eliminate non-target amplification in the established RT-LAMP 

assay, reaction temperature, MgSO4 concentration, reaction time, and LAMP additives were 

examined. All optimization reactions were carried out in duplicate in 10 µl reactions. 

3.7.3.1 Effect of reaction temperature 

To examine the effect of temperature on target amplification and background non-specific 

amplification, the basic RT-LAMP reaction was performed at temperatures ranging from 65-

72
°
C. 

3.7.3.2 Effect of MgSO4 concentration 

In order to determine the optimal concentration of MgSO4 in the RT-LAMP reaction, four 

different concentrations in the final reaction mixture were used while keeping the concentrations 

of other components constant; 2 mM, 4 mM, 6 mM, and 8 mM. 

3.7.3.1 Effect of betaine 

Using the temperature and the concentration determined to be optimal for MgSO4, betaine 

(Sigma, B0300) was added to the reaction to final concentrations ranging from (0.5-2 M). 

3.7.3.2 Effect of reaction time 

Using the concentrations determined to be optimal in the previous sections, the RT-LAMP 

reaction was conducted for 15, 30, 45, and 60 minutes. 

3.7.3.3 Effect of carboxamide and N-alkylcarboxamide additives 

In order to eliminate non-specific amplification in the NTC, a mixture of carboxamide/N-

alkylcarboxamide was added to the RT-LAMP reaction as recommended by (Tanner and Evans, 

2013). A range of 0.3-1.8 M total concentration of formamide (FA) (Fluka/ 47680) and N,N-

dimethylformamide (DMF) (Sigma/ 15440); additives were added to the optimized LAMP 

reaction. The concentrations of additives were calculated using a (1: 0.3) molar ratio of FA:DMF 

as recommended. 

3.7.4 Optimized RT-LAMP method for the detection of FMDV 

The optimized RT-LAMP reaction was carried out using Bst 3.0 DNA polymerase kit (New 

England BioLabs, cat # M0374) in 25 µl reaction mixture containing 1X isothermal 
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amplification buffer II , 6 mM MgSO4, 1.4 mM dNTPs mixture (DNTp 100, Sigma), 1.6 µM 

each of FIP and BIP, 0.2 µM each of F3 and B3, 0.4 µM each of LF and LB, 8 units Bst 3.0 

DNA polymerase, 1.5M formamide/ N,N-dimethylformamide (1: 0.3), 1 µl cDNA, and distilled 

water to bring the final reaction volume up to 25 µl. The reaction was carried out by incubating 

reaction tubes at 65
°
C for 1 hour followed by polymerase inactivation at 80

o
C for 5 minutes and 

cooling at 4
°
C for 5 minutes. 

3.7.5 Detection of LAMP products 

LAMP products were detected by 3 methods: agarose gel electrophoresis, turbidity observation, 

and addition of either malachite green (MG) dye or SYBR green I for colorimetric detection.  

3.7.5.1 Agarose gel electrophoresis: 

LAMP products were run on a 2% (w/v) agarose gel prepared using 1X TBE buffer  stained with 

0.2-0.5 µg/ml ethidium bromide. The gel was imaged using BioRad molecular imager® gel doc 

XR+. 

3.7.5.2 Turbidity observation: 

LAMP reaction tubes were visually inspected against light for turbidity after reaction completion 

relative to no template control.  

3.7.5.3 Malachite green (MG) dye: 

Malachite green dye (Sigma, M9015) was added to the LAMP reaction mixture before 

amplification as indicated by (Nzelu et al., 2014). MG was prepared as a 0.1% stock solution in 

distilled water, and added to the optimized LAMP reaction to 0.004% final concentration. 

Reaction tubes were inspected for color change after reaction completion. Positive reactions 

remain blue, while negative reactions become colorless. 

3.7.5.4 SYBR Green I : 

A working solution of 1000 X of SYBR green I dye (Sigma, S9430) was prepared in TE buffer 

and 2 µl were added per 25 µl LAMP reaction after amplification. The tubes were visually 

inspected for color change immediately after dye addition. The color of SYBR green I becomes 

bright yellow-green when added to positive reactions and retains its orange color in negative 

reactions. 
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3.7.6 Comparison of the detection limit of RT-LAMP and conventional PCR 

Following the establishment of the optimized RT-LAMP assay, its detection limit was compared 

to that of conventional PCR using a 10-fold serially diluted positive control cDNA. F3 and B3 

LAMP primers were used for the conventional PCR assay. PCR was performed in 25 µl reaction 

volume containing 1X reaction buffer (10 mM KCl, 10 mM (NH4)2SO4, 20 mM Tris-HCl (pH 

8.75), 0.1% Triton X-100 , 0.1 mg/ml BSA), 2 mM MgSO4, 0.2 mM dNTPs mixture, 0.3 µM 

each of F3 and B3 primers, 0.6 units Taq DNA polymerase, 1 µl of 10-fold serially diluted 

cDNA, and distilled water to bring the final reaction volume up to 25 µl. The reactions were 

carried out using MJ mini Bio-Rad PTC 1148 thermocycler (BioRad, USA) with the following 

program: 

Step Temperature Time Number of cycles 

Initial denaturation 94 
°
C 5 minutes 1 

Denaturation 94 
°
C 30 seconds  

35 Annealing 55 
°
C 30 seconds 

Extension 72 
°
C 45 seconds 

Final extension 72 
°
C 10 minutes 1 

Hold 4 
°
C ∞ 1 

 

The 10-fold serially diluted cDNA was also used as a template for the RT-LAMP assay and its 

performance was compared with that of PCR. Detection of amplification products was 

performed by turbidity observation and by addition of 2 µl of SYBR Green I to the RT-LAMP 

reaction tubes, followed by agarose gel electrophoresis of both PCR and LAMP products (2% 

w/v). 

3.7.7 Confirmation of RT-LAMP products 

To confirm that the LAMP reaction with the selected primer set has amplified the targeted 

FMDV gene segment, the fastest migrating band obtained from positive RT-LAMP reaction was 

excised after agarose gel electrophoresis. The amplified product was purified from the gel slice 

using the Gel/PCR DNA Fragment Extraction Kit (Geneaid, cat # DF100) according to the 

manufacturer‟s instructions and the purified product was eluted in 35µl of elution buffer. The 
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purified LAMP product was sequenced in Augusta Victoria Hospital (Jerusalem) using B3 

primer. 

3.7.8 Application of RT-LAMP to RNA targets 

The optimized RT-LAMP reaction was used to amplify FMDV RNA targets directly without 

cDNA synthesis using the Bst 3.0 polymerase which has an enhanced reverse transcriptase 

activity. The reactions were conducted by adding 2 µl of RNA to the RT-LAMP reaction 

mixture. An NTC was included in parallel. 

3.7.9 Evaluation of the established RT-LAMP assay 

To evaluate the established RT-LAMP, the assay was used to test 29 samples from 19 different 

farms collected previously between 2014 and 2018. The samples were collected from animals 

showing clinical signs of FMD and were initially tested by PCR (section 3.6). 

3.7.10 Utility of the LAMP additives to other  targets and primer sets 

To investigate whether the additives used for elimination of non-specific amplification in the 

NTC could be used with the same efficiency when using other primer sets and targets, FA and 

DMF additives were used in another assay that targeted Newcastle Disease virus (NDV). A set of 

6 primers was designed based on the nucleotide sequence of the F gene of the commercially 

available VH vaccine strain (Biovac) using PrimerExplorer version 5 program (Eiken Chemical 

Co., Tokyo, Japan). The sequences and lengths of primers are shown in Table (3.3). 

Table 3.3: Primers used for NDV-LAMP 

Primer Sequence(5’-3’) Length 

ND-F3 CAGCATTTTGTTTGGCTTG 19 

ND-B3 CCCTTGGATGCATACAACA 19 

ND-FIP ATAGGCGCCATTATTGGCGGTTTTCGCTGTTATTTGTGCGG 41 

ND-BIP CCCTCCAGATGTAGTCACAGACTTTTCATTGACCACTTTGCTCAC 45 

ND-LF TGTGGCTCTTGGGGTTG 17 

ND-LB GTATCCTACGGATAGAGTCACC 22 
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The RT-LAMP reaction was performed in 25 µl reaction volume containing 1X isothermal 

amplification buffer II (20 mM Tris-HCl (pH 8.8), 10 mM (NH4)2SO4, 150 mM KCl, 2 mM 

MgSO4,  0.1 % Tween 20), 1.4 mM dNTPs mixture, 1.6 µM each FIP and BIP, 0.2 µM each F3 

and B3, 0.4 µM each LF and LB, a range of 4 mM MgSO4, 8 units Bst 3.0 DNA polymerase, 

1.5M final concentration of FA and DMF (1: 0.3 molar ratio), 1 µl cDNA or 2 µl RNA, and up to 

25 µl distilled water. A no template control (NTC) was included in parallel. The reaction was 

carried out using Applied Biosystems thermocycler (2720) by incubating reaction tubes at 65
°
C 

for 1 hour followed by polymerase inactivation at 80
°
C for 5 minutes and cooling at 4

°
C for 5 

minutes. 

RT-LAMP products were detected by turbidity observation, addition of 2 µl of 1000 X SYBR 

green I, and running on 2% (w/v) agarose gel. 
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Chapter four 

4 Results 

4.1 Optimization of the RT-LAMP reaction 

The basic RT-LAMP assay conducted for the detection of FMDV 3D gene successfully 

produced the ladder-like pattern characteristic of LAMP in positive reactions, but there was a 

high level of non-specific amplification in the NTC (Figure 4.1 a). This was accompanied by the 

accumulation of magnesium pyrophosphate precipitate, which increased reaction turbidity, in 

both positive and no template control reaction tubes (Figure 4.1 b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: RT-LAMP products of the initial RT-LAMP assay. (a) Agarose gel electrophoresis of the 

initial RT-LAMP products. M= 100 bp DNA marker. Lane 1: Positive reaction (with target FMDV 

cDNA). Lane 2: NTC. (b) Turbidity observation of the initial RT-LAMP assay representing both 

positive and NTC reaction products, at the bottom magnesium pyrophosphate precipitate. 
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In order to completely eliminate non-specific amplification while maintaining the amplification 

of target nucleic acid, a number of reaction parameters were optimized including temperature, 

MgSO4 concentration, betaine concentration, reaction time, and carboxamide/N-

alkylcarboxamide additives. 

4.1.1 Effect of reaction temperature 

In order to examine the effect of reaction temperature on RT-LAMP, the reaction was performed 

at temperatures ranging from 65-72
°
C and the results were observed by reaction turbidity and by 

gel electrophoresis. As shown in Figure 4.2, FMDV cDNA was successfully amplified at 

temperatures up to 70
°
C, as apparent by reaction turbidity and on the gel. As the figure shows, 

increasing reaction temperature did not affect the non-specific amplification as its products were 

still evident even at these elevated temperatures. At 71
°
C and 72

°
C, inconsistent results started to 

appear, therefore temperatures above 70
°
C were excluded and 65

°
C temperature was set for all 

subsequent reactions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Effect of temperature on the RT-LAMP reaction as apparent by reaction turbidity and 

by agarose gel electrophoresis. M= 100 bp DNA marker. Lanes 1, 3, and  5 are the products of  

reactions on FMDV cDNA conducted at 65
°
C, 67

°
C and 70

°
C respectively. Lanes 2, 4, and 6, are 

the products of NTCs conducted at 65
°
C, 67

°
C and 70

°
C respectively.  



28 
 

4.1.2 Effect of MgSO4 concentration 

Figure 4.3 shows the effect of using 2, 4, 6, and 8 mM final concentration of MgSO4. A 

concentration of 2 mM of MgSO4 resulted in clear reaction tubes and failed to produce any 

visible band on the gel in both positive and negative reactions. Concentrations of 4-8 mM 

resulted in the precipitation of magnesium pyrophosphate in both positive and negative reaction 

tubes and produced the non-specific pattern in the NTCs. At 4 mM the amplification of the target 

cDNA was suboptimal, while 6 and 8 mM concentrations were suitable for amplification. A 

concentration of 6 mM of MgSO4 was set for use in subsequent reactions as there was no 

difference in the intensity of bands as compared with 8 mM MgSO4. 

 

 

  

Figure 4.3: Effect of MgSO4 concentration on the RT-LAMP reaction as apparent by reaction 

turbidity and by agarose gel electrophoresis. M= 100 bp DNA marker. Lanes 1, 3, 5, and 7 are the 

products of reactions on FMDV cDNA conducted using 2, 4, 6, and 8 mM final concentration of 

MgSO4 respectively. Lanes 2, 4, 6, and 8 are the products of NTCs conducted using 2, 4, 6, and 8 mM 

final concentration of MgSO4. 
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4.1.3 Effect of betaine 

Addition of betaine to the RT-LAMP reaction at concentrations up to 2M did not improve the 

reaction with FMDV template cDNA or reduce false positive turbidity or bands in the NTC 

(Figure 4.4), and therefore, it was excluded from all further reactions. 

 

Figure 4.4: Effect of betaine concentration on the RT-LAMP reaction  as apparent by reaction turbidity 

and by agarose gel electrophoresis. Lanes 1-5 are the NTCs conducted using 0, 0.5, 1, 1.5, and 2M final 

concentration of betaine respectively. M= 100 bp DNA marker. Lanes 6-10 are the products of reactions 

on FMDV cDNA conducted using 0, 0.5, 1, 1.5, and 2M final concentration of betaine respectively. 

 

4.1.4 Effect of reaction time 

The effect of reaction time is shown in Figure 4.5. The positive control was successfully 

amplified when conducting the reaction for all four times examined (15, 30, 45, and 60 minutes) 

as apparent on the gel, but there was a clear difference in the pattern observed in the NTCs. At 

15 and 30 minutes reaction times, the non-specific amplification in the NTC was not apparent on 

the gel, while at 45 and 60 minutes the non-specific bands appeared. In terms of reaction 

turbidity, at 15 minutes reaction time both positive and negative reaction tubes were clear, while 

at 30 minutes turbidity was apparent in positive but not in negative reaction tubes. At 45 and 60 

minutes reaction times, turbidity appeared in both positive and negative reaction tubes. 
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After the successful elimination of the non-specific amplification in the NTC, we sought to use 

malachite green and SYBR Green I dyes and to compare their performance for visual inspection 

to provide a means for a simpler and clearer interpretation of the results. To evaluate the 

performance of malachite green, the RT-LAMP reaction was conducted for 30 minutes at 65
o
C. 

Malachite green added to the reaction mixture at a final concentration of 0.004%, as 

recommended by Nzelu et al. (2014), retained a degree of blue color that is less intense than 

expected in positive reaction tubes (Figure 4.6). However, it failed to produce a clear result in the 

NTC, which also retained a faint blue color, although lighter than that observed in the positive 

reaction (Figure 4.6). 

Figure 4.5: Effect of reaction time on RT-LAMP as apparent by reaction turbidity and by agarose 

gel electrophoresis. M= 100 bp DNA marker. Lanes 1, 3, 5, and 7 are the products of reactions on 

FMDV cDNA conducted for 15, 30, 45, and 60 minutes respectively. Lanes 2, 4, 6, and 8 are the 

NTC reactions conducted for 15, 30, 45, and 60 minutes respectively. 
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SYBR Green I, contrary to malachite green dye, produced a clear visual distinction between 

positive and negative reactions when added to the reactions conducted for 15 and 30 minutes; 

positive reaction tubes turned bright yellow-green upon addition of SYBR Green I while the 

NTCs remained orange (Figure 4.7). However, when added after conducting the reactions for 45 

and 60 minutes, both positive and negative reactions turned yellow-green (Figure 4.7).  

 

Figure 4.6: Visual inspection of the malachite green-based RT-LAMP reaction before and 

after amplification. (A) Positive and negative reaction tubes before amplification with MG 

added  at a final concentration of 0.004%. (B) Positive and negative reaction tubes after 

amplification with MG added at a final concentration of 0.004%. 

Figure 4.7: Visual inspection of the SYBR Green I-based RT-LAMP reaction. Tubes 1, 3, 5, and 7 

are the positive RT-LAMP reaction tubes after reactions conducted for 15, 30, 45, and 60 minutes 

respectively and addition of SYBR Green I. Tubes 2, 4, 6, and 8 represent negative LAMP reaction 

tubes after reactions conducted for 15, 30, 45, and 60 minutes respectively and addition of SYBR 

Green I. 
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However, performing the reaction for 30 minutes may not be sufficient for weak positive 

samples, which may require longer reaction time to produce a detectable yield. Therefore another 

solution was searched to allow for performing the reaction for 1 hour while suppressing the non-

specific amplification. For this purpose, the effect of LAMP additives was evaluated. 

4.1.5 Effect of carboxamide and N-alkylcarboxamide additives 

Figure 4.8 shows the effect of adding FA/DMF additives to the reaction mixture at 

concentrations ranging from 0.3-1.8 M. Concentrations lower than 1.2M did not have any effect 

neither on positive nor on negative reactions as the non-specific amplification was evident in the 

NTCs as indicated by reaction turbidity and by agarose gel electrophoresis (Figure 4.8). Higher 

concentrations (1.5M and above) completely eliminated the non-specific amplification pattern in 

the NTCs while maintaining the amplification of the target as evident on the gel  and by reaction 

turbidity (Figure 4.8). Therefore, 1.5 M total concentration of FA/DMF additives was used in all 

subsequent reactions. 

Figure 4.8: Effect of FA/DMF additives on the RT-LAMP reaction as apparent by reaction 

turbidity and by agarose gel electrophoresis. Turbidity (+/-): (+) indicates turbid reaction tubes 

while (-) indicates clear reaction tubes. M= 100 bp DNA marker. Lanes 1, 3, 5, 7, 9, 11 and 13 are 

the products of  reactions on FMDV cDNA conducted using 0, 1.8, 1.5, 1.2, 0.9, 0.6, and 0.3 M 

final concentration of FA/DMF additives respectively. Lanes 2, 4, 6, 8, 10, 12, and 14 are the 

products of NTCs conducted using 0, 1.8, 1.5, 1.2, 0.9, 0.6, and 0.3 M final concentration of 

FA/DMF additives respectively.  
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Figure 4.9 shows the visual inspection results of the RT-LAMP reaction using 1.5M of FA/DMF 

additives. 

 

         

 

 

 

 

 

 

 

 

 

 

 

4.2 Detection limit of the RT-LAMP and PCR assays 

The detection limit of LAMP with the FA/DMF additives was assessed using 10-fold serial 

dilution of positive control cDNA and compared to that of conventional PCR. Figure 4.10 shows 

that LAMP is 10 times more sensitive than conventional PCR as detectable by SYBR Green and 

by agarose gel electrophoresis. LAMP detected cDNA down to 10
-4

 dilution (Figure 4.10 a,b) 

while conventional PCR detected cDNA down to 10
-3

 dilution (Figure 4.10 c).  

 

 

 

 

 

Figure 4.9: visual inspection of RT-LAMP reaction tubes after using 1.5M total concentration 

of FA/DMF additives. (A) RT-LAMP products detected by inspection of turbidity following the 

reaction, the first tube shows a positive reaction tube with magnesium pyrophosphate at the 

bottom, the second tube shows a clear NTC. (B) RT-LAMP products detected by adding SYBR 

Green I dye to the tubes after the completion of the reaction. The first tube is a positive reaction 

tube that turned yellow/green after the addition of SYBR Green I, the second tube is an NTC 

that remained orange after the addition of SYBR Green I. 
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Figure 4.10: Detection limit of LAMP vs. conventional PCR for detection of 10-fold serially 

diluted FMDV cDNA. (a) SYBR Green I-based visual detection of the optimized LAMP assay 

products. (b) Agarose gel electrophoresis of the products of the optimized LAMP assay. (c) 

Agarose gel electrophoresis of the products of conventional PCR using F3 and B3 primers. 
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4.3 Application of RT-LAMP to RNA targets 

The established LAMP assay successfully amplified FMDV genomic RNA without cDNA 

synthesis or the addition of reverse transcriptase. Figure 4.11 shows the amplification products of 

FMDV RNA. 

 

 

 

                                            

                                   

 

 

Figure 4.11: Application of the optimized RT-LAMP assay to RNA targets. (a) visual 

inspection of the RT-LAMP amplification products by SYBR Green I, tube 1: positive 

control FMDV cDNA, tube 2: FMDV RNA, tube 3: NTC. (b) Agarose gel electrophoresis of 

the LAMP amplification products, M= 100 bp DNA marker, lane 1 positive control cDNA, 

lane 2 FMDV RNA, lane 3 NTC. 
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4.4 Validation of the established RT-LAMP assay 

To evaluate the established RT-LAMP assay, we tested it using 29 isolates collected from 

animals showing clinical signs of FMD. The samples were collected from 19 different farms and 

were tested by PCR (section 3.6). Of the tested samples 26 (90%) were found to be positive by 

RT-LAMP and 20 (69%) by PCR.  

4.5 Utility of the additives for other targets and sets of primers 

To test whether the FA/DMF LAMP additives, used for the suppression of non-specific 

amplification, can be applied with the same efficiency when using other targets and primer sets, 

a completely different target and a completely different primer set was tested. Newcastle Disease 

virus (NDV), which is an RNA virus that belongs to the Paramyxoviridae family, was selected 

and a set of 6 primers targeting its F gene was designed.  

When performing the LAMP reaction for 1 hour without using the additives, NDV cDNA was 

successfully amplified and a similar non-specific amplification pattern to that observed in the 

FMDV-LAMP assay was observed (Figure 4.12).  

 

 

 

 

Figure 4.12: Agarose gel electrophoresis of the NDV-LAMP without additives. M = 50 bp 

DNA marker. Lane1: Positive reaction (with target NDV cDNA). Lane 2: NTC. 
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When using 1.5 M concentration of  FA/DMF additives at 65
o
C, the positive control was still 

amplified but the nonspecific amplification was completely eliminated (Figure 4.13). The 

performance of the NDV-LAMP assay using RNA was also tested. Figure 4.13 shows the results 

of NDV RNA amplification.  

 

                           

   

 

 

 

 

  

Figure 4.13: RT-LAMP products of the NDV-LAMP assay. (a) Visual inspection of the RT-

LAMP amplification products by SYBR Green I, tube 1: positive control NDV cDNA, tube 2: 

NDV RNA, tube 3: NTC. (b) Agarose gel electrophoresis of the RT-LAMP amplification 

products, M= 100 bp DNA marker, lane 1 positive control cDNA, lane 2 NDV RNA, lane 3 

NTC. 
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Chapter five  

5 Discussion 

Foot and mouth disease is a highly contagious disease of livestock that causes severe economic 

losses and threatens food security of low income countries that rely directly on livestock and 

livestock products. Since control depends upon culling infected animals at the earliest stage of 

infection, accurate and rapid diagnostic techniques are considered the keys to effectively 

minimize the spread of the disease (Anderson, 2002, Charleston et al., 2011). Nucleic acid 

amplification techniques offer such characteristics in terms of accuracy and rapidity, but these 

usually require sample transport to diagnostic laboratories. This may cause difficulties in 

laboratory diagnosis if the samples were inadequately submitted or at least cause a delay in 

diagnosis. The development of on-site testing techniques is, therefore, strongly recommended to 

provide timely and accurate diagnosis (Anderson, 2002, Charleston et al., 2011).  

Loop-mediated isothermal amplification is a nucleic acid amplification technique that can be 

performed using basic equipment. This technique offers the advantages of NAATs while 

obviating the need for being performed in the lab. The aim of this study was, therefore, to 

develop an RT-LAMP assay that can be visually inspected for the detection of FMDV. The 

developed assay successfully detected FMDV RNA using only one enzyme and allowed for 

naked-eye interpretation of the results by turbidity observation or by the addition of SYBR green 

I nucleic acid dye, thus fulfilling the requirements for POCT. The optimized RT-LAMP assay 

was 10 times more sensitive than conventional PCR and succeeded in detecting 26 out of 29 

clinical samples suspected of FMDV infection as compared to conventional PCR which detected 

20 samples. 

For establishment of the LAMP assay, the relatively conserved 3D gene was chosen as a target 

and a set of 6 primers that was described previously was selected and modified based on the 

results of MSA. The IRES, besides the 3D gene,  are the two genome sites usually targeted for 

pan-serotype detection of FMDV. However, the preliminary comparison of the MSA results of 

the IRES (data not shown) and the 3D gene sequences belonging to the different serotypes 

showed that the 3D gene was more suitable for LAMP primer design as it provides a relatively 
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conserved segment of about 200 bases, which is within the range of the length preferred for 

LAMP amplification (Notomi et al., 2000). This is in agreement with the conclusion of a 

previous study, which stated that LAMP oligonucleotides designed to target the IRES had poor 

diagnostic sensitivity (Yamazaki et al., 2013). 

The original primer set described by Shao et al. (2010) was based on the 3D gene sequences of 

serotypes O, A, Asia1, and C. In Palestine, FMD outbreaks are most commonly caused by 

serotype O and to a lesser extent by serotypes A and Asia1 while serotype C has never been 

reported in the region (OIE, 2018). Furthermore, sporadic outbreaks caused by serotype SAT2 

were reported in Palestine in 2012 and recently in 2017 in addition to SAT2 outbreaks reported 

in Egypt in around the same period of time (OIE, 2018). In order, therefore, to be relevant to the 

regional situation and especially to allow for effective screening with the LAMP assay for any 

re-incursions of SAT2, the previously described primers were modified based on MSA of the 3D 

gene sequences of serotypes O, A, Asia1, and SAT2, particularly the topotypes detected in 

Palestine. In addition, modifications were introduced to accommodate for sequence variability. 

The modifications included the introduction of degenerate sites to certain positions in the primers 

and the design of a new LB primer to target a more conserved region (Figure 3.1). Degenerate 

sites were introduced at the positions that showed sequence variability, as shown in Table 3.2, 

with special emphasis on the viruses that circulate in the Middle East.  

The primer set used successfully amplified the target FMDV 3D gene, but there was initially a 

level of non-specific amplification in the NTC. Non-specific amplification is a frequently 

encountered problem in LAMP, which arises because of the use of multiple primers with high 

concentrations, which increases the probability of the formation of primer dimers and secondary 

structures (Tanner and Evans Jr, 2014, Wang et al., 2015) This, in combination with the high 

concentration of Mg
2+

 and dNTPs used in LAMP enhance non-specific amplification and false 

positive interpretation of the results; particularly when indirect methods such as turbidity or dyes 

are used for the detection of secondary LAMP products. The non-specific amplification products 

were observed both by agarose gel electrophoresis and by reaction turbidity (Figure 4.1). The 

pattern observed for the non-specific amplification on the gel is distinct from the ladder-like 

pattern characteristic for LAMP products. However, in terms of reaction turbidity, positive and 

negative reactions cannot be distinguished because magnesium pyrophosphate produced as a 
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byproduct in the LAMP reaction precipitated similarly in both positive and negative reaction 

tubes. Since the developed LAMP assay is intended to be used as an on-site testing technique, 

non-specific amplification should be completely eliminated to allow for visual interpretation of 

the results without the step of agarose gel electrophoresis. Therefore, a number of reaction 

parameters were optimized to completely eliminate non-specific amplification including reaction 

temperature, MgSO4 and betaine concentrations, reaction time, and the use of carboxamide/N-

alkylcarboxamide additives. 

The LAMP reaction was primarily performed at 65
°
C, but because of the non-specific 

amplification observed at this temperature, the effect of higher temperatures up to 72
°
C, which is 

the upper limit at which Bst 3.0 polymerase functions optimally, were examined. Higher reaction 

temperatures are recommended to minimize non-specific amplification since they destabilize 

non-specific priming (Tanner and Evans Jr, 2014). Within the temperature range examined, 

target cDNA was amplified efficiently at temperatures up to 70
°
C, but non-specific amplification 

was still evident even at these elevated temperatures. Beyond 70
°
C, inconsistent results were 

observed. Therefore, temperatures above 70
°
C, which are close to the limit beyond which Bst 3.0 

polymerase loses activity, were excluded, and 65
°
C was set for performing all subsequent 

reactions.  

MgSO4 concentration is another  reaction parameter that was reported to have a profound effect 

on the sensitivity and specificity of LAMP (Lee et al., 2016, Liu et al., 2013). Mg
+2

 is a cofactor 

for DNA polymerases and is a component of the reaction mixture that binds to the dNTPs, 

primers, and templates (Markoulatos et al., 2002). Mg
+2

 is required at high concentrations for 

maximum activity of the Bst polymerase (Rittié and Perbal, 2008), but high concentrations of 

MgSO4 were reported to increase the level of non-specific amplification (Lee et al., 2016, Liu et 

al., 2013, Chandra et al., 2015). This is because Mg
+2

, as a divalent cation, decreases the 

electrostatic repulsion between the negatively charged phosphodiester backbones thus stabilizing 

mis-priming and enhancing non-specific amplification (Markoulatos et al., 2002). Therefore, 

MgSO4 concentration should be adjusted to minimize non-specific amplification while 

maintaining the amplification of the target. For this purpose, MgSO4 concentrations ranging from 

2-8 mM were tested (Figure 4.3). The concentration already available in the standard buffer, 2 

mM, was insufficient for amplification of the target, while higher concentrations increased the 
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intensity of the ladder-like products of the amplified target and the non-specific amplification 

products as well. A final concentration of 6 mM MgSO4 was set for performing all subsequent 

LAMP reaction because this concentration provided comparable amplification efficiency to 8 

mM, but better efficiency than 4 mM concentration of MgSO4. 

Betaine, is an enhancer of nucleic acid amplification reactions and an additive used to increase 

reaction specificity (Frackman et al., 1998, Tanner and Evans Jr, 2014). Betaine was used in the 

original LAMP assay developed by Notomi et al (2000), and was reported to elevate 

amplification efficiency by facilitating DNA strand separation and to reduce amplification of 

irrelevant sequences. However, more recent reports stated that betaine is necessary only for 

amplifying GC-rich templates (Zhou et al., 2014). The effect of betaine was examined on the 

developed RT-LAMP assay, and under the conditions used, no difference was observed on 

amplification of both positive and no template controls, so it was excluded from further 

experiments. 

The effect of reaction time was then examined and target amplification was evident even at 15 

minutes. Non-specific amplification bands were detectable on the gel, and by turbidity, when the 

reactions were conducted for extended periods of time (45-60 minutes), but when conducting the 

reactions for 30 minutes or less, non-specific amplification was eliminated (Figure 4.5). After 

successful elimination of the non-specific amplification in the NTC when conducting the 

reaction for 30 minutes, the use of dyes for colorimetric detection of LAMP products was 

investigated. The use of dyes is preferred for the detection of LAMP products because reaction 

turbidity is sometimes difficult to detect specially for weak positive samples (Fischbach et al., 

2015, Venkatesan et al., 2016), and as it was observed at 15 minutes reaction time, reaction 

turbidity was not apparent although the ladder like pattern was apparent on the gel (Figure 4.5). 

Malachite green dye was next used for the detection of LAMP products. Malachite green dye is 

added to the LAMP reaction before amplification giving it an intense blue color. This dye is 

supposed to remain blue in positive reactions and to turn colorless in negative reactions. 

However, when used in our LAMP assay, conducted for 30 minutes, a faint blue color was 

retained in the NTC, which could be confused with a weak positive amplification of a diluted 

target. In addition, the intensity of the blue color retained in the positive reactions was not as 

supposed to be (Nzelu et al., 2014). Therefore, it was concluded that MG dye is not a reliable 
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colorimetric indicator of LAMP products, and SYBR Green I nucleic acid dye was tested 

instead. 

SYBR Green I is a nucleic acid dye that intercalates between the bases of double stranded DNA 

(Dragan et al., 2012). It serves in the LAMP reaction as a colorimetric indicator because it 

changes color upon binding to the amplified DNA from orange to bright yellow-green, thus 

providing a means for detection of the products without agarose gel electrophoresis. The results 

showed that SYBR Green I dye provided excellent visual discrimination between positive and 

negative samples that are in agreement with the results of agarose gel electrophoresis. As shown 

in Figure 4.7, SYBR Green I showed higher sensitivity than turbidity observation as it was able 

to detect amplification products at 15 minutes reaction time that were not detectable by turbidity.  

Although performing the reaction for 30 minutes produced good results, the reaction does not 

reach saturations within this time when using diluted templates, and extending reaction time is 

sometimes required to increase the yield (data not shown). Therefore, a method that allows for 

performing the LAMP reaction for longer periods of time, while preventing non-specific 

amplification is required. Amides have traditionally been used to increase the specificity of PCRs 

(Chakrabarti and Schutt, 2001), where they exert their action through binding in the major and 

minor grooves of DNA  thus destabilizing the double helix. Tanner and Evans (2013) suggested 

the use of mixtures amides (a carboxamide and an N-alkyl carboxamide) at specific ratios that 

depend on the compounds used to enhance the specificity of isothermal amplification techniques. 

Such additives were reported to act synergistically to eliminate background non-specific 

amplification without reducing the amplification of the target, thus allowing for performing the 

LAMP reactions for longer periods of time to increase the sensitivity in case of diluted templates. 

This is the first report of the application of this LAMP chemistry to an animal virus. 

When used at suitable concentrations, the compounds suggested were reported to act similarly 

with no preference for specified pairs. Therefore, formamide from the carboxamides, and N,N-

dimethylformamide from the N-alkyl carboxamides, were chosen for testing in the FMDV-

LAMP reactions. The additives were mixed at a ratio of (1: 0.3) molar concentration of FA: 

DMF as recommended (Tanner and Evans, 2013), and combined mixture concentrations ranging 

from 0.3-1.8M were tested. This range was selected based on the individual additive 

concentration required for suppression of non-template amplification (Tanner and Evans, 2013). 
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FA concentration required individually for complete suppression of non-specific amplification 

was reported to be 1.8M, while DMF was reported to be 0.77M. Since the additives used as a 

mixture were claimed to act synergistically to prevent non-specific amplification at lower 

concentrations, an upper limit of 1.8 M of additives mixture at 65
°
C was used. Of the 

concentrations tested, 1.5M and 1.8M succeeded in completely suppressing non-specific 

amplification, while efficiently amplifying the target at 65
°
C. A 1.5M concentration was 

therefore set for performing all subsequent reactions. It is noteworthy to mention that we have 

also tested the effect of this concentration at temperatures up to 68
°
C and found a complete 

suppression of non-specific amplification while maintaining target amplification at temperatures 

up to 67
°
C. 

Under the optimized conditions of the LAMP assay (6 mM MgSO4, 1.5 M FA/DMF additives, 

65
°
C) and using FMDV cDNA as a target, the reported visually inspected RT-LAMP assay was 

10 times more sensitive than conventional PCR using F3 and B3 primers. Relative to 

conventional PCR, which requires an average of 2-2.5 hours for thermal cycling and 1-1.5 hours 

for agarose gel electrophoreses, the developed RT-LAMP assay is faster requiring 1 hour or less 

for amplification and its results are readily evaluated. 

FMDV is an RNA virus, but the preceding optimization reactions were performed using cDNA 

as a template in order to prevent the possibility of adventitious RNase contamination influencing 

some of the results, which would cause a reproducibility problem over the course of a lengthy 

series of experiments. RNA is much less stable than DNA.  

However, most of the LAMP assays that have been developed so far for the detection of FMDV 

targeted RNA in a one-step RT-LAMP with the addition of reverse transcriptase in addition to 

Bst DNA polymerase (Dukes et al., 2006, Shao et al., 2010, Yamazaki et al., 2013, Ranjan et al., 

2014, Madhanmohan et al., 2013, Farooq et al., 2015, Ding et al., 2014, Chen et al., 2011b, Chen 

et al., 2011a). Bst polymerases in general have a weak reverse transcriptase activity that is not 

sufficient to replace the activity of reverse transcriptases (Tanner and Evans Jr, 2014). Recently, 

Bst 3.0 polymerase, which is an in-silico designed homolog of Bst DNA polymerase I large 

fragment, was commercialized. This enzyme has an enhanced reverse transcription activity in 

addition to DNA polymerizing activity, so it is a good choice for LAMP reactions with RNA 

viruses, as it means that there is no need to add reverse transcriptase. To date, however, very few 
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published studies have employed the dual activity of Bst 3.0 polymerase for the amplification of 

RNA targets; these include Zika virus, Newcastle disease virus, and Japanese encephalitis virus  

(Lee et al., 2016, Tian et al., 2016, Li et al., 2018). The optimized LAMP assay discussed above, 

which uses Bst 3.0, was used for the amplification of FMDV RNA directly and it succeeded in 

amplifying it, but further work to compare the sensitivity of the reaction using RNA with that 

using cDNA as a template is suggested. However, it is worth mentioning that a number of studies 

reported the observation of higher background non-specific amplification (Lee et al., 2016, 

Wang et al., 2017) and lower specificity of SNP-LAMP (Mohon et al., 2018) when using the Bst 

3.0 polymerase, which could be attributed to the higher amplification efficiency of this enzyme 

as compared to the other Bst polymerases. 

Since non-specific amplification is a frequently encountered problem in LAMP, modifications 

that can help in increasing their specificity would be of considerable value. Amide additives, 

which now have been successfully applied to suppress the non-specific amplification in RT-

LAMP for FMDV, have received little attention since they were patented in 2013. To date, only 

one group has applied these additives (Valeramide and N,N,-diethylformamide), and they 

reported a significant enhancement of specificity with negligible effect on sensitivity (Poole et 

al., 2015). Therefore, to gauge whether these additives could be of more general value to 

researchers in the LAMP field, another RNA virus target and another primer set was chosen and 

used at the same additives concentration and temperature as before. Newcastle disease virus 

(NDV) RNA was chosen as a target and a set of 6 primers was designed for this purpose. 

Initially, the NDV-LAMP assay also had a high level of non-specific amplification, but when 

using FA/DMF additives at 1.5M concentration a complete inhibition of non-specific 

amplification was observed. So, it was confirmed that these additives exert their effect regardless 

of the target and primers sequences used, in support of the claims of Tanner and Evans (2013), 

and the value of these additives to the development of LAMP assays for animal virus detection is 

demonstrated. 

We recommend that Bst 3.0 and amide mixtures be more widely used by those seeking to 

develop future LAMP assays. Also, although a visually inspected LAMP assay for the detection 

of FMDV and NDV using RNA as a target, without the addition of reverse transcriptase, has 

been developed, it is desirable that an on-site-testing technique be performed using unprocessed 
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samples to achieve the full promise of the technique, which requires further research and 

implementation.  
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Chapter five  

6 Conclusion 

In conclusion, the established LAMP assay combined with SYBR Green I visual inspection 

method is a simple, rapid, and sensitive detection technique that can provide results in less than 

an hour. The assay developed can be used for the amplification of RNA targets through using Bst 

3.0 polymerase without the addition of reverse transcriptase or a prior step of cDNA synthesis. 

The reaction and the detection of amplification products do not require sophisticated equipment, 

therefore it can be potentially used as a POCT technique for the early detection of FMDV. This 

study also proved that mixtures of amide additives, which have been rarely utilized before, can 

be used at certain concentrations to suppress non-specific amplification frequently encountered 

in isothermal amplification techniques, thus avoiding the need for testing multiple sets of 

primers. The system used for suppression of non-specific amplification was also proved to be 

applicable for different targets and different sets of primers, which could impact upon the 

application of the LAMP technique for the detection of other diseases that are of veterinary 

importance. Further work is now required to include the appropriate controls and to test the 

performance of the developed assay using unprocessed or minimally processed samples so that it 

could serve as a POCT technique on the farm. 

 

 

 

 

 

 



47 
 

7 References 

 

AHMED, H., SALEM, S., HABASHI, A., ARAFA, A., AGGOUR, M., SALEM, G., GABER, A., SELEM, O., 
ABDELKADER, S. & KNOWLES, N. 2012. Emergence of Foot‐and‐Mouth Disease Virus SAT 2 in 
Egypt During 2012. Transboundary and emerging diseases, 59, 476-481. 

ALEXANDERSEN, S., BROTHERHOOD, I. & DONALDSON, A. 2002a. Natural aerosol transmission of foot-
and-mouth disease virus to pigs: minimal infectious dose for strain O 1 lausanne. Epidemiology 
& Infection, 128, 301-312. 

ALEXANDERSEN, S. & DONALDSON, A. 2002. Further studies to quantify the dose of natural aerosols of 
foot-and-mouth disease virus for pigs. Epidemiology & Infection, 128, 313-323. 

ALEXANDERSEN, S. & MOWAT, N. 2005. Foot-and-mouth disease: host range and pathogenesis. Foot-
and-Mouth Disease Virus. Springer. 

ALEXANDERSEN, S., ZHANG, Z., DONALDSON, A. & GARLAND, A. 2003. The pathogenesis and diagnosis of 
foot-and-mouth disease. Journal of comparative pathology, 129, 1-36. 

ALEXANDERSEN, S., ZHANG, Z. & DONALDSON, A. I. 2002b. Aspects of the persistence of foot-and-mouth 
disease virus in animals—the carrier problem. Microbes and infection, 4, 1099-1110. 

AMARAL-DOEL, C., OWEN, N., FERRIS, N., KITCHING, R. & DOEL, T. 1993. Detection of foot-and-mouth 
disease viral sequences in clinical specimens and ethyleneimine-inactivated preparations by the 
polymerase chain reaction. Vaccine, 11, 415-421. 

ANDERSON, I. 2002. Foot and mouth disease: Lessons to be learned inquiry report HC888. London: The 
Stationary Office. 

BACHANEK-BANKOWSKA, K., MERO, H. R., WADSWORTH, J., MIOULET, V., SALLU, R., BELSHAM, G. J., 
KASANGA, C. J., KNOWLES, N. J. & KING, D. P. 2016. Development and evaluation of tailored 
specific real-time RT-PCR assays for detection of foot-and-mouth disease virus serotypes 
circulating in East Africa. Journal of virological methods, 237, 114-120. 

BARNETT, P. & COX, S. 1999. The role of small ruminants in the epidemiology and transmission of foot-
and-mouth disease. The Veterinary Journal, 158, 6-13. 

BASTOS, A. D., ANDERSON, E. C., BENGIS, R. G., KEET, D. F., WINTERBACH, H. K. & THOMSON, G. R. 2003. 
Molecular epidemiology of SAT3-type foot-and-mouth disease. Virus Genes, 27, 283-290. 

BAXT, B. & BECKER, Y. 1990. The effect of peptides containing the arginine-glycine-aspartic acid 
sequence on the adsorption of foot-and-mouth disease virus to tissue culture cells. Virus Genes, 
4, 73-83. 

BOEHME, C. C., NABETA, P., HENOSTROZA, G., RAQIB, R., RAHIM, Z., GERHARDT, M., SANGA, E., 
HOELSCHER, M., NOTOMI, T. & HASE, T. 2007. Operational feasibility of using loop-mediated 
isothermal amplification for diagnosis of pulmonary tuberculosis in microscopy centers of 
developing countries. Journal of clinical microbiology, 45, 1936-1940. 

BORREGO, B., CAMARERO, J., MATEU, M. & DOMINGO, E. 1995. A highly divergent antigenic site of foot-
and-mouth disease virus retains its immunodominance. Viral immunology, 8, 11-18. 

BURROWS, R. 1966. Studies on the carrier state of cattle exposed to foot-and-mouth disease virus. 
Epidemiology & Infection, 64, 81-90. 

CALLAHAN, J. D., BROWN, F., OSORIO, F. A., SUR, J. H., KRAMER, E., LONG, G. W., LUBROTH, J., ELLIS, S. 
J., SHOULARS, K. S. & GAFFNEY, K. L. 2002. Use of a portable real-time reverse 
transcriptasepolymerase chain reaction assay for rapid detection of foot-and-mouth disease 
virus. Journal of the American Veterinary Medical Association, 220, 1636-1642. 



48 
 

CALLENS, M. & DE CLERCQ, K. 1997. Differentiation of the seven serotypes of foot-and-mouth disease 
virus by reverse transcriptase polymerase chain reaction. Journal of virological methods, 67, 35-
44. 

CARRILLO, C., PLANA, J., MASCARELLA, R., BERGADA, J. & SOBRINO, F. 1990. Genetic and phenotypic 
variability during replication of foot-and-mouth disease virus in swine. Virology, 179, 890-892. 

CHAKRABARTI, R. & SCHUTT, C. E. 2001. The enhancement of PCR amplification by low molecular weight 
amides. Nucleic acids research, 29, 2377-2381. 

CHANDRA, A., KEIZERWEERD, A. T., QUE, Y. & GRISHAM, M. P. 2015. Loop-mediated isothermal 
amplification (LAMP) based detection of Colletotrichum falcatum causing red rot in sugarcane. 
Molecular biology reports, 42, 1309-1316. 

CHARLESTON, B., BANKOWSKI, B. M., GUBBINS, S., CHASE-TOPPING, M. E., SCHLEY, D., HOWEY, R., 
BARNETT, P. V., GIBSON, D., JULEFF, N. D. & WOOLHOUSE, M. E. 2011. Relationship between 
clinical signs and transmission of an infectious disease and the implications for control. Science, 
332, 726-729. 

CHEN, H.-T., ZHANG, J., LIU, Y.-S. & LIU, X.-T. 2011a. Detection of foot-and-mouth disease virus RNA by 
reverse transcription loop-mediated isothermal amplification. Virology journal, 8, 510. 

CHEN, H.-T., ZHANG, J., LIU, Y.-S. & LIU, X.-T. 2011b. Rapid typing of foot-and-mouth disease serotype 
Asia 1 by reverse transcription loop-mediated isothermal amplification. Virology journal, 8, 489. 

COMPTON, J. 1991. Nucleic acid sequence-based amplification. Nature, 350, 91-92. 
DEVANEY, M., VAKHARIA, V., LLOYD, R., EHRENFELD, E. & GRUBMAN, M. 1988. Leader protein of foot-

and-mouth disease virus is required for cleavage of the p220 component of the cap-binding 
protein complex. Journal of Virology, 62, 4407-4409. 

DING, Y.-Z., ZHOU, J.-H., MA, L.-N., QI, Y.-N., WEI, G., ZHANG, J. & ZHANG, Y.-G. 2014. A reverse 
transcription loop-mediated isothermal amplification assay to rapidly diagnose foot-and-mouth 
disease virus C. Journal of veterinary science, 15, 423-426. 

DOMINGO, E., MATEU, M. G., MARTÍNEZ, M. A., DOPAZO, J., MOYA, A. & SOBRINO, F. 1990. Genetic 
variability and antigenic diversity of foot-and-mouth disease virus. Virus variability, 
epidemiology and control. Springer. 

DONALDSON, A. I., ALEXANDERSEN, S., SORENSEN, J. H. & MIKKELSEN, T. 2001. Relative risks of the 
uncontrollable (airborne) spread of FMD by different species. The Veterinary Record, 148, 602-
604. 

DRAGAN, A., PAVLOVIC, R., MCGIVNEY, J., CASAS-FINET, J., BISHOP, E., STROUSE, R., SCHENERMAN, M. 
& GEDDES, C. 2012. SYBR Green I: fluorescence properties and interaction with DNA. Journal of 
fluorescence, 22, 1189-1199. 

DUKES, J., KING, D. & ALEXANDERSEN, S. 2006. Novel reverse transcription loop-mediated isothermal 
amplification for rapid detection of foot-and-mouth disease virus. Archives of virology, 151, 
1093-1106. 

ELENA, S. F. & SANJUÁN, R. 2005. Adaptive value of high mutation rates of RNA viruses: separating 
causes from consequences. Journal of virology, 79, 11555-11558. 

FAROOQ, U., LATIF, A., IRSHAD, H., ULLAH, A., ZAHUR, A., NAEEM, K., KHAN, S. H., AHMED, Z., 
RODRIGUEZ, L. & SMOLIGA, G. 2015. Loop-mediated isothermal amplification (RT-LAMP): a new 
approach for the detection of foot-and-mouth disease virus and its sero-types in Pakistan. 
Iranian journal of veterinary research, 16, 331. 

FERRIS, N. P., NORDENGRAHN, A., HUTCHINGS, G. H., REID, S. M., KING, D. P., EBERT, K., PATON, D. J., 
KRISTERSSON, T., BROCCHI, E. & GRAZIOLI, S. 2009. Development and laboratory validation of a 
lateral flow device for the detection of foot-and-mouth disease virus in clinical samples. Journal 
of virological methods, 155, 10-17. 



49 
 

FISCHBACH, J., XANDER, N. C., FROHME, M. & GLÖKLER, J. F. 2015. Shining a light on LAMP assays' A 
comparison of LAMP visualization methods including the novel use of berberine. Biotechniques, 
58, 189-194. 

FOX, G., PARRY, N. R., BARNETT, P. V., MCGINN, B., ROWLANDS, D. J. & BROWN, F. 1989. The cell 
attachment site on foot-and-mouth disease virus includes the amino acid sequence RGD 
(arginine-glycine-aspartic acid). Journal of General Virology, 70, 625-637. 

FRACKMAN, S., KOBS, G., SIMPSON, D. & STORTS, D. 1998. Betaine and DMSO: enhancing agents for 
PCR. Promega notes, 65, 27-29. 

GE, Y., WU, B., QI, X., ZHAO, K., GUO, X., ZHU, Y., QI, Y., SHI, Z., ZHOU, M. & WANG, H. 2013. Rapid and 
sensitive detection of novel avian-origin influenza A (H7N9) virus by reverse transcription loop-
mediated isothermal amplification combined with a lateral-flow device. PLoS one, 8, e69941. 

GIBSON, C. & DONALDSON, A. 1986. Exposure of sheep to natural aerosols of foot-and-mouth disease 
virus. Research in veterinary science, 41, 45-49. 

GIRIDHARAN, P., HEMADRI, D., TOSH, C., SANYAL, A. & BANDYOPADHYAY, S. K. 2005. Development and 
evaluation of a multiplex PCR for differentiation of foot-and-mouth disease virus strains native 
to India. Journal of Virological Methods, 126, 1-11. 

GOLDING, S. M., HEDGER, R. & TALBOT, P. 1976. Radial immuno-diffusion and serum-neutralisation 
techniques for the assay of antibodies to swine vesicular disease. Research in Veterinary Science, 
20, 142-147. 

GOTO, M., HONDA, E., OGURA, A., NOMOTO, A. & HANAKI, K.-I. 2009. Section of Animal Research, 
Center for Disease Biology and Integrative Medicine, Graduate School of Medicine, The 
University of Tokyo, Tokyo, Japan 2 Department of Veterinary Medicine, Tokyo University of 
Agriculture and Technology, Tokyo, Japan 3 Department of Microbiology, Graduate School of 
Medicine, The University of Tokyo, Tokyo, Japan BioTechniques, Vol. 46, No. 3, March 2009, pp. 
167–172. Biotechniques, 46, 167-172. 

GRUBMAN, M. J. & BAXT, B. 2004. Foot-and-mouth disease. Clinical microbiology reviews, 17, 465-493. 
GUAN, H., LI, Z., YIN, X., ZHANG, Y., GAO, P., BAI, Y. & LIU, J. 2013. Rapid detection and differentiation of 

foot and mouth disease virus serotypes by antigen-capture reverse transcriptase loop-mediated 
isothermal amplification. Asian J. Anim. Vet. Adv, 8, 647-654. 

GUATELLI, J. C., WHITFIELD, K. M., KWOH, D. Y., BARRINGER, K. J., RICHMAN, D. D. & GINGERAS, T. R. 
1990. Isothermal, in vitro amplification of nucleic acids by a multienzyme reaction modeled after 
retroviral replication. Proceedings of the National Academy of Sciences, 87, 1874-1878. 

HALL, T. A. BioEdit: a user-friendly biological sequence alignment editor and analysis program for 
Windows 95/98/NT.  Nucleic acids symposium series, 1999. [London]: Information Retrieval Ltd., 
c1979-c2000., 95-98. 

HEARPS, A., ZHANG, Z. & ALEXANDERSEN, S. 2002. Evaluation of the portable Cepheid SmartCycler real-
time PCR machine for the rapid diagnosis of foot-and-mouth disease. The Veterinary Record, 
150, 625-628. 

HENDERSON, R. 1969. The outbreak of foot-and-mouth disease in Worcestershire. An epidemiological 
study: with special reference to spread of the disease by wind-carriage of the virus. The Journal 
of hygiene, 67, 21. 

HILL, J., BERIWAL, S., CHANDRA, I., PAUL, V. K., KAPIL, A., SINGH, T., WADOWSKY, R. M., SINGH, V., 
GOYAL, A. & JAHNUKAINEN, T. 2008. Loop-mediated isothermal amplification assay for rapid 
detection of common strains of Escherichia coli. Journal of Clinical Microbiology, 46, 2800-2804. 

HOWSON, E. L. A., ARMSON, B., LYONS, N. A., CHEPKWONY, E., KASANGA, C. J., KANDUSI, S., NDUSILO, 
N., YAMAZAKI, W., GIZAW, D., CLEAVELAND, S., LEMBO, T., RAUH, R., NELSON, W. M., WOOD, B. 
A., MIOULET, V., KING, D. P. & FOWLER, V. L. 2018. Direct detection and characterization of foot-



50 
 

and-mouth disease virus in East Africa using a field-ready real-time PCR platform. 
Transboundary and emerging diseases, 65, 221-231. 

HYDE, J., BLACKWELL, J. & CALLIS, J. 1975. Effect of pasteurization and evaporation on foot-and-mouth 
disease virus in whole milk from infected cows. Canadian Journal of Comparative Medicine, 39, 
305. 

IWAMOTO, T., SONOBE, T. & HAYASHI, K. 2003. Loop-mediated isothermal amplification for direct 
detection of Mycobacterium tuberculosis complex, M. avium, and M. intracellulare in sputum 
samples. Journal of clinical microbiology, 41, 2616-2622. 

JAMAL, S. M. & BELSHAM, G. J. 2015. Development and characterization of probe-based real time 
quantitative RT-PCR assays for detection and serotyping of foot-and-mouth disease viruses 
circulating in West Eurasia. PloS one, 10, e0135559. 

JAMES, A. D. & RUSHTON, J. 2002. The economics of foot and mouth disease. Revue scientifique et 
technique-office international des epizooties, 21, 637-641. 

KANEKO, H., KAWANA, T., FUKUSHIMA, E. & SUZUTANI, T. 2007. Tolerance of loop-mediated isothermal 
amplification to a culture medium and biological substances. Journal of biochemical and 
biophysical methods, 70, 499-501. 

KING, D. P., FERRIS, N. P., SHAW, A. E., REID, S. M., HUTCHINGS, G. H., GIUFFRE, A. C., ROBIDA, J. M., 
CALLAHAN, J. D., NELSON, W. M. & BECKHAM, T. R. 2006. Detection of foot-and-mouth disease 
virus: comparative diagnostic sensitivity of two independent real-time reverse transcription-
polymerase chain reaction assays. Journal of veterinary diagnostic investigation, 18, 93-97. 

KNIGHT-JONES, T. & RUSHTON, J. 2013. The economic impacts of foot and mouth disease–What are 
they, how big are they and where do they occur? Preventive veterinary medicine, 112, 161-173. 

KNOWLES, N. & SAMUEL, A. 2003. Molecular epidemiology of foot-and-mouth disease virus. Virus 
research, 91, 65-80. 

KNOWLES, N. J., HOVI, T., HYYPIÄ, T., KING, A. M. Q., LINDBERG, A. M., PALLANSCH, M. A., 
PALMENBERG, A. C., SIMMONDS, P., T SKERN, STANWAY, G., YAMASHITA, T. & ZELL, R. 2012. 
Family Picornaviridae. In: KING, A. M., ADAMS, M. J., ERIC, B., CARSTENS, E. B. & LEFKOWITZ, E. 
J. (eds.) Virus taxonomy: classification and nomenclature of viruses: Ninth Report of the 
International Committee on Taxonomy of Viruses. San Diego: Elsevier Academic Press. 

LAOR, O., TORGERSEN, H., YADIN, H. & BECKER, Y. 1992. Detection of FMDV RNA amplified by the 
polymerase chain reaction (PCR). Journal of virological methods, 36, 197-207. 

LEE, D., SHIN, Y., CHUNG, S., HWANG, K. S., YOON, D. S. & LEE, J. H. 2016. Simple and highly sensitive 
molecular diagnosis of Zika virus by lateral flow assays. Analytical chemistry, 88, 12272-12278. 

LI, L., LI, S. & WANG, J. 2018. CRISPR-Cas12b-assisted nucleic acid detection platform. bioRxiv, 362889. 
LIU, J., XU, L., GUO, J., CHEN, R., GRISHAM, M. P. & QUE, Y. 2013. Development of loop-mediated 

isothermal amplification for detection of Leifsonia xyli subsp. xyli in sugarcane. BioMed research 
international, 2013. 

MADHANMOHAN, M., NAGENDRAKUMAR, S., MANIKUMAR, K., YUVARAJ, S., PARIDA, S. & SRINIVASAN, 
V. 2013. Development and evaluation of a real-time reverse transcription-loop-mediated 
isothermal amplification assay for rapid serotyping of foot-and-mouth disease virus. Journal of 
virological methods, 187, 195-202. 

MADI, M., HAMILTON, A., SQUIRRELL, D., MIOULET, V., EVANS, P., LEE, M. & KING, D. P. 2012. Rapid 
detection of foot-and-mouth disease virus using a field-portable nucleic acid extraction and real-
time PCR amplification platform. The Veterinary Journal, 193, 67-72. 

MARKOULATOS, P., SIAFAKAS, N. & MONCANY, M. 2002. Multiplex polymerase chain reaction: a 
practical approach. Journal of clinical laboratory analysis, 16, 47-51. 



51 
 

MEYER, R., BROWN, C., HOUSE, C., HOUSE, J. & MOLITOR, T. 1991. Rapid and sensitive detection of foot-
and-mouth disease virus in tissues by enzymatic RNA amplification of the polymerase gene. 
Journal of virological methods, 34, 161-172. 

MOHON, A. N., MENARD, D., ALAM, M. S., PERERA, K. & PILLAI, D. R. A Novel Single-Nucleotide 
Polymorphism Loop Mediated Isothermal Amplification Assay for Detection of Artemisinin-
Resistant Plasmodium falciparum Malaria.  Open forum infectious diseases, 2018. Oxford 
University Press US, ofy011. 

MORI, Y., NAGAMINE, K., TOMITA, N. & NOTOMI, T. 2001. Detection of loop-mediated isothermal 
amplification reaction by turbidity derived from magnesium pyrophosphate formation. 
Biochemical and biophysical research communications, 289, 150-154. 

NAGAMINE, K., HASE, T. & NOTOMI, T. 2002. Accelerated reaction by loop-mediated isothermal 
amplification using loop primers. Molecular and cellular probes, 16, 223-229. 

NELSON, N., PATON, D. J., GUBBINS, S., COLENUTT, C., BROWN, E., HODGSON, S. & GONZALES, J. L. 
2017. Predicting the ability of preclinical diagnosis to improve control of farm-to-farm foot-and-
mouth disease transmission in cattle. Journal of clinical microbiology, 55, 1671-1681. 

NIEMZ, A., FERGUSON, T. M. & BOYLE, D. S. 2011. Point-of-care nucleic acid testing for infectious 
diseases. Trends in Biotechnology, 29, 240-250. 

NOTOMI, T., OKAYAMA, H., MASUBUCHI, H., YONEKAWA, T., WATANABE, K., AMINO, N. & HASE, T. 
2000. Loop-mediated isothermal amplification of DNA. Nucleic acids research, 28, e63-e63. 

NZELU, C. O., GOMEZ, E. A., CÁCERES, A. G., SAKURAI, T., MARTINI-ROBLES, L., UEZATO, H., MIMORI, T., 
KATAKURA, K., HASHIGUCHI, Y. & KATO, H. 2014. Development of a loop-mediated isothermal 
amplification method for rapid mass-screening of sand flies for Leishmania infection. Acta 
tropica, 132, 1-6. 

OIE 2008. Foot and Mouth Disease. Manual of diagnostic tests and vaccines for terrestrial animals: 
(mammals, birds and bees). 6th ed. Paris, France: Office International des Epizooties. 

OIE. 2018. OIE reporting history [Online]. Available: 
http://www.oie.int/wahis_2/public/wahid.php/Countryinformation/reporting/reporthistory 
[Accessed 14 Jul 2018]. 

PACHECO, J., BRITO, B., HARTWIG, E., SMOLIGA, G., PEREZ, A., ARZT, J. & RODRIGUEZ, L. 2017. Early 
Detection of Foot‐And‐Mouth Disease Virus from Infected Cattle Using A Dry Filter Air Sampling 
System. Transboundary and emerging diseases, 64, 564-573. 

PATON, D. J., SUMPTION, K. J. & CHARLESTON, B. 2009. Options for control of foot-and-mouth disease: 
knowledge, capability and policy. Philosophical Transactions of the Royal Society B: Biological 
Sciences, 364, 2657-2667. 

PAZ, H. D., BROTONS, P. & MUÑOZ-ALMAGRO, C. 2014. Molecular isothermal techniques for combating 
infectious diseases: towards low-cost point-of-care diagnostics. Expert review of molecular 
diagnostics 14, 827-843. 

POOLE, C. B., ETTWILLER, L., TANNER, N. A., EVANS JR, T. C., WANJI, S. & CARLOW, C. K. 2015. Genome 
filtering for New DNA biomarkers of Loa loa infection suitable for loop-mediated isothermal 
amplification. PloS one, 10, e0139286. 

POON, L. L., WONG, B. W., MA, E. H., CHAN, K. H., CHOW, L. M., ABEYEWICKREME, W., TANGPUKDEE, N., 
YUEN, K. Y., GUAN, Y. & LOOAREESUWAN, S. 2006. Sensitive and inexpensive molecular test for 
falciparum malaria: detecting Plasmodium falciparum DNA directly from heat-treated blood by 
loop-mediated isothermal amplification. Clinical chemistry, 52, 303-306. 

RACANIELLO, V. R. 2007. Picornaviridae:  the viruses and their replication. In: KNIPE, D. M., HOWLEY, P. 
M., GRIFFIN, D. E., LAMB, R. A., MARTIN, M. A., ROIZMAN, B. & STRAUS, S. E. (eds.) Fields 
Virology. 5th ed. Philadelphia: Lippincott Williams & Wilkins. 

http://www.oie.int/wahis_2/public/wahid.php/Countryinformation/reporting/reporthistory


52 
 

RANJAN, R., KANGAYAN, M., SUBRAMANIAM, S., MOHAPATRA, J. K., BISWAL, J. K., SHARMA, G. K., 
SANYAL, A. & PATTNAIK, B. 2014. Development and evaluation of a one step reverse 
transcription-loop mediated isothermal amplification assay (RT-LAMP) for rapid detection of 
foot and mouth disease virus in India. Virusdisease, 25, 358-364. 

REID, S., FERRIS, N., HUTCHINGS, G., DE CLERCQ, K., NEWMAN, B., KNOWLES, N. & SAMUEL, A. 2001. 
Diagnosis of foot-and-mouth disease by RT-PCR: use of phylogenetic data to evaluate primers 
for the typing of viral RNA in clinical samples. Archives of virology, 146, 2421-2434. 

REID, S. M., EBERT, K., BACHANEK-BANKOWSKA, K., BATTEN, C., SANDERS, A., WRIGHT, C., SHAW, A. E., 
RYAN, E. D., HUTCHINGS, G. H. & FERRIS, N. P. 2009. Performance of real-time reverse 
transcription polymerase chain reaction for the detection of foot-and-mouth disease virus 
during field outbreaks in the United Kingdom in 2007. Journal of veterinary diagnostic 
investigation, 21, 321-330. 

REID, S. M., FERRIS, N. P., HUTCHINGS, G. H., SAMUEL, A. R. & KNOWLES, N. J. 2000. Primary diagnosis of 
foot-and-mouth disease by reverse transcription polymerase chain reaction. Journal of 
Virological Methods, 89, 167-176. 

REID, S. M., FERRIS, N. P., HUTCHINGS, G. H., ZHANG, Z., BELSHAM, G. J. & ALEXANDERSEN, S. 2002. 
Detection of all seven serotypes of foot-and-mouth disease virus by real-time, fluorogenic 
reverse transcription polymerase chain reaction assay. Journal of virological methods, 105, 67-
80. 

REID, S. M., GRIERSON, S. S., FERRIS, N. P., HUTCHINGS, G. H. & ALEXANDERSEN, S. 2003. Evaluation of 
automated RT-PCR to accelerate the laboratory diagnosis of foot-and-mouth disease virus. 
Journal of virological methods, 107, 129-139. 

REID, S. M., HUTCHINGS, G. H., FERRIS, N. P. & DE CLERCQ, K. 1999. Diagnosis of foot-and-mouth disease 
by RT-PCR: evaluation of primers for serotypic characterisation of viral RNA in clinical samples. 
Journal of virological methods, 83, 113-123. 

REID, S. M., MIOULET, V., KNOWLES, N. J., SHIRAZI, N., BELSHAM, G. J. & KING, D. P. 2014. Development 
of tailored real-time RT-PCR assays for the detection and differentiation of serotype O, A and 
Asia-1 foot-and-mouth disease virus lineages circulating in the Middle East. Journal of virological 
methods, 207, 146-153. 

RITTIÉ, L. & PERBAL, B. 2008. Enzymes used in molecular biology: a useful guide. Journal of cell 
communication and signaling, 2, 25-45. 

RODRÍGUEZ, A., MARTÍNEZ-SALAS, E., DOPAZO, J., DÁVILA, M., SÁIZ, J. C. & SOBRINO, F. 1992. Primer 
design for specific diagnosis by PCR of highly variable RNA viruses: typing of foot-and-mouth 
disease virus. Virology, 189, 363-367. 

ROSKOS, K., HICKERSON, A. I., LU, H.-W., FERGUSON, T. M., SHINDE, D. N., KLAUE, Y. & NIEMZ, A. 2013. 
Simple system for isothermal DNA amplification coupled to lateral flow detection. PLoS One, 8, 
e69355. 

RWEYEMAMU, M., ROEDER, P., MACKAY, D., SUMPTION, K., BROWNLIE, J., LEFORBAN, Y., VALARCHER, J. 
F., KNOWLES, N. & SARAIVA, V. 2008. Epidemiological patterns of foot‐and‐mouth disease 
worldwide. Transboundary and emerging diseases, 55, 57-72. 

SAMUEL, A. & KNOWLES, N. 2001. Foot-and-mouth disease type O viruses exhibit genetically and 
geographically distinct evolutionary lineages (topotypes). Journal of General Virology, 82, 609-
621. 

SANFAÇON, H., GORBALENYA, A. E., JKNOWLES, N. & CHEN, Y. P. 2012. Order Picornavirales. In: KING, A. 
M. Q., ADAMS, M. J., CARSTENS, E. B. & LEFKOWITZ, E. J. (eds.) Virus taxonomy: classification 
and nomenclature of viruses: Ninth Report of the International Committee on Taxonomy of 
Viruses. San Diego: Elsevier Academic Press. 



53 
 

SHAO, J., CHANG, H., ZHOU, G., CONG, G., LIN, T., GAO, S., HE, J., LIU, X., LIU, J. & GAO, J. 2010. Rapid 
detection of foot-and-mouth disease virus by reverse transcription loop-mediated isothermal 
amplification (RT-LAMP). International Journal of Applied Research in Veterinary Medicine, 8, 
133-142. 

SHAW, A., REID, S., KING, D., HUTCHINGS, G. & FERRIS, N. 2004. Enhanced laboratory diagnosis of foot 
and mouth disease by real-time polymerase chain reaction. Rev Sci Tech, 23, 1003-1009. 

SHAW, A. E., REID, S. M., EBERT, K., HUTCHINGS, G. H., FERRIS, N. P. & KING, D. P. 2007. Implementation 
of a one-step real-time RT-PCR protocol for diagnosis of foot-and-mouth disease. Journal of 
virological methods, 143, 81-85. 

SUMPTION, K., DOMENECH, J. & FERRARI, G. 2012. Progressive control of FMD on a global scale. 
Veterinary Record, 170, 637-639. 

TANNER, N. & EVANS, T. C. 2013. Compositions and methods for reducing background DNA 
amplification. United States patent application 13/799 463. 

TANNER, N. A. & EVANS JR, T. C. 2014. Loop‐Mediated Isothermal Amplification for Detection of Nucleic 
Acids. Current protocols in molecular biology, 105, 15.14. 1-15.14. 14. 

TANNER, N. A., ZHANG, Y., THOMAS, C. & EVANS, J. 2015. Visual detection of isothermal nucleic acid 
amplification using pH-sensitive dyes. BioTechniques, 58, 59-68. 

TIAN,  ., MA, J.,  ARD N   ME  DE LA TORRE, T.,   LINT, A. D. M., DONOLATO, M.,  ANSEN, M. F., 
SVEDLIND ,  . & STR M ER , M. 2016. Rapid Newcastle Disease Virus Detection Based on 
Loop-Mediated Isothermal Amplification and Optomagnetic Readout. Acs Sensors, 1, 1228-1234. 

TOMITA, N., MORI, Y., KANDA, H. & NOTOMI, T. 2008. Loop-mediated isothermal amplification (LAMP) 
of gene sequences and simple visual detection of products. Nature protocols, 3, 877. 

VALDAZO-GONZÁLEZ, B., KNOWLES, N. J., HAMMOND, J. & KING, D. P. 2012. Genome sequences of SAT 
2 foot-and-mouth disease viruses from Egypt and Palestinian Autonomous Territories (Gaza 
Strip). Journal of virology, 86, 8901-8902. 

VANGRYSPERRE, W. & DE CLERCQ, K. 1996. Rapid and sensitive polymerase chain reaction based 
detection and typing of foot-and-mouth disease virus in clinical samples and cell culture isolates, 
combined with a simultaneous differentiation with other genomically and/or symptomatically 
related viruses. Archives of virology, 141, 331-344. 

VENKATESAN, G., BHANUPRAKASH, V., BALAMURUGAN, V., KUMAR, A., BORA, D., REVENIAH, Y., ARYA, 
S., MADHAVAN, A., MUTHUCHELVAN, D. & PANDEY, A. 2016. Simple and rapid visual detection 
methods of orf virus by B2L gene based Loop-mediated Isothermal amplification assay. Adv. 
Anim. Vet. Sci, 4, 152-159. 

VINCENT, M., XU, Y. & KON ,  . 2004.  elicase‐dependent isothermal DNA amplification. EMBO reports, 
5, 795-800. 

VOSLOO, W., DWARKA, R., BASTOS, A., ESTERHUYSEN, J., SAHLE, M. & SANGARE, O. 2004. Molecular 
epidemiological studies of foot-and-mouth disease virus in sub-Saharan Africa indicate the 
presence of large numbers of topotypes: implications for local and international control. Report 
on the European Commission for the Control of Foot-and-Mouth Disease, Session of the Research 
Group of the Standing Technical Committee, Food and Agriculture Organisation of the United 
Nations, Chania, Crete, Greece, 1115. 

WALKER, G. T., FRAISER, M. S., SCHRAM, J. L., LITTLE, M. C., NADEAU, J. G. & MALINOWSKI, D. P. 1992a. 
Strand displacement amplification—an isothermal, in vitro DNA amplification technique. Nucleic 
acids research, 20, 1691-1696. 

WALKER, G. T., LITTLE, M. C., NADEAU, J. G. & SHANK, D. D. 1992b. Isothermal in vitro amplification of 
DNA by a restriction enzyme/DNA polymerase system. Proceedings of the National Academy of 
Sciences, 89, 392-396. 



54 
 

WANG, D.-G., BREWSTER, J. D., PAUL, M. & TOMASULA, P. M. 2015. Two methods for increased 
specificity and sensitivity in loop-mediated isothermal amplification. Molecules, 20, 6048-6059. 

WANG, G., DING, X., HU, J., WU, W., SUN, J. & MU, Y. 2017. Unusual isothermal multimerization and 
amplification by the strand-displacing DNA polymerases with reverse transcription activities. 
Scientific reports, 7, 13928. 

WATERS, R. A., FOWLER, V. L., ARMSON, B., NELSON, N., GLOSTER, J., PATON, D. J. & KING, D. P. 2014. 
Preliminary validation of direct detection of foot-and-mouth disease virus within clinical samples 
using reverse transcription loop-mediated isothermal amplification coupled with a simple lateral 
flow device for detection. PLoS One, 9, e105630. 

WHITTON, J. L., CORNELL, C. T. & FEUER, R. 2005. Host and virus determinants of picornavirus 
pathogenesis and tropism. Nature reviews Microbiology, 3, 765. 

YAMADA, Y., ITOH, M. & YOSHIDA, M. 2006. Sensitive and rapid diagnosis of human parvovirus B19 
infection by loop‐mediated isothermal amplification. British Journal of Dermatology, 155, 50-55. 

YAMAZAKI, W., MIOULET, V., MURRAY, L., MADI, M., HAGA, T., MISAWA, N., HORII, Y. & KING, D. P. 
2013. Development and evaluation of multiplex RT-LAMP assays for rapid and sensitive 
detection of foot-and-mouth disease virus. Journal of virological methods, 192, 18-24. 

ZHOU, D., GUO, J., XU, L., GAO, S., LIN, Q., WU, Q., WU, L. & QUE, Y. 2014. Establishment and application 
of a loop-mediated isothermal amplification (LAMP) system for detection of cry1Ac transgenic 
sugarcane. Scientific reports, 4, 4912. 

 


