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ABSTRACT

Rapid and accurate detection of pathogens is central to animal health, zoonosis control and food safety. The polymerase
chain reaction (PCR) and its variants, particularly real-time PCR, remain the reference molecular tools in veterinary
diagnostic laboratories because of their high sensitivity, specificity and capacity for quantification. However, PCR
depends on thermal cyclers, trained staff and well-equipped laboratories, which limits its use in field and resource-
limited settings. Loop-mediated isothermal amplification (LAMP), introduced in 2000, amplifies nucleic acids at a
constant temperature of 60-65 °C using a strand-displacing DNA polymerase and four to six primers that recognise six
to eight regions of the target. Results are obtained within 30-60 minutes and can be read by turbidity, fluorescence or
a visible colour change without electrophoresis. LAMP is also more tolerant of inhibitors present in clinical samples,
allowing simplified nucleic acid extraction. This review compares the principles, performance characteristics, cost and
practical requirements of LAMP and PCR, and summarises their applications in the diagnosis of bacterial, viral and
parasitic diseases of livestock, poultry and companion animals, including leptospirosis, brucellosis, foot-and-mouth
disease, African swine fever, avian influenza, peste des petits ruminants, lumpy skin disease and rabies. Limitations of
LAMP, such as complex primer design, carryover contamination and false-positive amplification, are discussed together
with emerging solutions including uracil-DNA-glycosylase-supplemented LAMP, CRISPR-coupled detection and
microfluidic point-of-care devices. LAMP and PCR are complementary: LAMP suits rapid field screening, while PCR
remains the confirmatory and quantitative standard.

Keywords: Loop-mediated isothermal amplification; Polymerase chain reaction; Molecular diagnosis; Veterinary
diagnostics; Point-of-care testing; One Health.

1 INTRODUCTION

Infectious diseases of animals cause major production losses, restrict trade and threaten human health, since about 60%
of known human pathogens and most emerging infections are zoonotic [1]. Early and accurate diagnosis is therefore a
cornerstone of disease surveillance, outbreak control and the One Health approach. Conventional methods such as
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culture, microscopy and serology remain useful but are often slow, need viable organisms, or cannot distinguish current
from past infection.

Nucleic acid amplification tests (NAATSs) have transformed veterinary diagnostics over the last three decades [2]. The
polymerase chain reaction (PCR), especially real-time PCR, is now the most widely used molecular method in veterinary
laboratories and is prescribed for many notifiable diseases [3]. Its dependence on precise thermal cycling, costly
instruments and skilled personnel, however, restricts its use at farm level, in veterinary dispensaries and in many
laboratories of developing countries.

Loop-mediated isothermal amplification (LAMP), described by Notomi and colleagues in 2000 [4], amplifies DNA with
high efficiency at a single temperature. Because it needs only a water bath or heat block and its products can be seen by
eye, LAMP has been proposed as a practical alternative to PCR for field diagnosis of animal diseases [5]. The objective
of this review is to compare LAMP and PCR in terms of principle, performance, cost and practicality, and to summarise
their applications and future prospects in veterinary science.

2 POLYMERASE CHAIN REACTION: PRINCIPLE AND VARIANTS

PCR, developed by Mullis and Faloona [6], exponentially amplifies a defined DNA segment through repeated cycles of
three temperature steps: denaturation of double-stranded DNA at about 94-95 °C, annealing of two oligonucleotide
primers at 50-65 °C, and extension by DNA polymerase at 72 °C. The introduction of the thermostable Taqg DNA
polymerase by Saiki et al. [7] made the process automatable and is the basis of all modern thermal cycling. Twenty-five
to forty cycles typically yield millions of copies of the target within 1.5-3 hours, followed by detection of products by
agarose gel electrophoresis in conventional PCR.

Several variants have extended its diagnostic use in veterinary medicine:

e Reverse transcription PCR (RT-PCR) converts RNA to complementary DNA before amplification and is
essential for RNA viruses such as foot-and-mouth disease, avian influenza, bluetongue and peste des petits
ruminants viruses [3].

e Real-time (quantitative) PCR monitors amplification during each cycle using intercalating dyes such as SYBR
Green or sequence-specific hydrolysis (TagMan) probes [8]. It removes post-amplification handling, reduces
contamination, gives results in about 1-2 hours and allows quantification of pathogen load. Reporting of such
assays should follow the MIQE guidelines [9].

e  Multiplex PCR uses several primer pairs in one reaction to detect multiple pathogens or genes simultaneously,
saving time and reagents [10].

o Nested PCR uses two successive rounds of amplification with outer and inner primers to increase sensitivity,
at the cost of a higher risk of contamination.

Real-time PCR is now the reference molecular method for many diseases listed by the World Organisation for Animal
Health (WOAH) [11], and validated real-time RT-PCR protocols underpin national control programmes for major
livestock diseases [3]. Its main constraints are the need for a thermal cycler (and an optical module for real-time PCR),
stable electricity, purified nucleic acid, and trained staff working in separated pre- and post-amplification areas.

3 LOOP-MEDIATED ISOTHERMAL AMPLIFICATION: PRINCIPLE

LAMP amplifies DNA at a constant 60-65 °C using a DNA polymerase with strong strand-displacement activity, most
commonly the large fragment of Bst DNA polymerase from Geobacillus stearothermophilus [4]. Because the enzyme
displaces the downstream strand as it synthesises, no heat denaturation step is required after the start of the reaction.

3.1 Primer design

A basic LAMP assay uses four primers that recognise six distinct regions of the target (F3, F2, F1 upstream and Blc, B2c,
B3c downstream) [4]:

e Outer primers (F3 and B3) displace newly synthesised strands.

e Inner primers (FIP and BIP) each consist of two target-binding sequences (F1c + F2 and Blc + B2) joined
together, so that the products fold back on themselves.

e Loop primers (LF and LB), added optionally, bind the loop regions and cut reaction time roughly in half,
often to under 30 minutes [12].
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The requirement for six to eight binding sites gives LAMP very high specificity, but it also makes primer design more
demanding than for PCR. Free software such as PrimerExplorer is widely used for this purpose [13].

3.2 Amplification mechanism

In the initiation phase, an inner primer anneals and is extended, and its product is displaced by synthesis from the outer
primer. The released strand forms a loop at its 5’ end; the same events at the other end produce a dumbbell-shaped
structure with loops at both ends. This dumbbell is the starting structure for the cycling phase, in which inner primers
repeatedly bind the loops and self-primed extension generates long stem-loop concatemers containing many inverted
repeats of the target. Notomi et al. [4] showed that a few copies of target DNA can be amplified to about 10° copies in
less than one hour. RNA targets are detected in a single tube by adding reverse transcriptase (RT-LAMP).

3.3 Detection of LAMP products

LAMP generates large amounts of DNA and of the by-product magnesium pyrophosphate, which allows several simple
read-outs:

o Turbidity: a white precipitate of magnesium pyrophosphate is visible by eye or measurable in a real-time
turbidimeter [14].

o Fluorescent dyes: SYBR Green I or calcein give a colour change visible under daylight or ultraviolet light [13].

e Metal-indicator dyes: hydroxy naphthol blue changes from violet to sky blue as free magnesium falls; it is
added before amplification, so tubes need not be opened [15].

e pH-sensitive dyes: phenol red and similar indicators change colour as protons released during synthesis
acidify a weakly buffered reaction [16].

e Other formats: agarose gel electrophoresis (characteristic ladder pattern), lateral flow dipsticks with labelled
primers, and real-time fluorescence on portable devices.

The combination of isothermal incubation, short run time and visual read-out underlies the description of LAMP as a
rapid, accurate and cost-effective diagnostic method [17]. LAMP is also less affected than PCR by inhibitors in culture
media and biological substances, so crude or heat-treated samples can often be used [18].

4 COMPARATIVE EVALUATION OF LAMP AND PCR

LAMP and PCR reach comparable analytical sensitivity in most published veterinary assays, but they differ sharply in
speed, equipment and suitability for field use (Table 1).

Table 1: Comparison of LAMP with conventional and real-time PCR

Parameter Conventional PCR Real-time PCR LAMP
Temperature profile | Cycling, 3 steps (%95, 55-65, | Cycling, 2-3 steps Isothermal, 60-65 °C
72 °C)
Enzyme Taq DNA polymerase Taq DNA polymerase Bst (strand-displacing) DNA
polymerase
Primers / target | 2 primers / 2 regions 2 primers * probe / 2-3 | 4-6 primers / 6-8 regions
regions regions
Time to result 2-4 h including | 1-2h 15-60 min
electrophoresis
Equipment Thermal cycler, | Real-time thermal cycler | Water bath or heat block;
electrophoresis, gel | with optics optional turbidimeter or
documentation portable fluorometer
Detection Agarose gel Fluorescence curves (Ct | Visual turbidity or colour,
value) fluorescence, lateral flow, gel
Quantification No Yes Semi-quantitative (time to
positivity)
Tolerance to | Low Low to moderate High
inhibitors
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Sample preparation

Purified nucleic acid

Purified nucleic acid

Crude or heat-treated samples
often adequate

Multiplexing Well established Well established Limited

Primer design Simple Simple Complex; specialised software

Carryover Moderate Low (closed tube) High if tubes are opened after

contamination risk amplification

Cost per test Moderate Highest Low

Suitability for field / | Poor Poor (portable units | Good

point-of-care emerging)

Regulatory standing | Accepted Reference method for | Validated for some diseases;
many WOAH-listed | fewer standardised protocols
diseases

Sources: compiled from references [3-5, 11, 13, 17-22].

4.1 Sensitivity and specificity

Many studies report that LAMP detects as few as 1-10 copies of target, a limit equal to real-time PCR and often 10-100
times lower than conventional PCR [5, 20, 21]. The use of six to eight recognition sites gives LAMP high specificity,
provided primers are carefully designed and validated against related organisms. Diagnostic performance, however,
depends on the assay, sample type and target, and must be established for each test against a reference method.

4.2 Speed, cost and practicality

LAMP results are typically available in 30-60 minutes, without electrophoresis. Equipment costs are a fraction of those
of a real-time thermal cycler, and lyophilised or ready-to-use master mixes reduce the need for a cold chain [17, 22]. A
multicentre robustness evaluation found that LAMP performed reliably when transferred to laboratories with limited
experience in molecular diagnostics [19].

4.3 Where PCR remains superior

Real-time PCR offers accurate quantification, mature multiplexing, extensive validation data and international
acceptance for trade and confirmatory testing [3, 11]. Conventional PCR products are also readily sequenced for
genotyping and molecular epidemiology, whereas LAMP concatemers are less suitable for direct sequencing. For these
reasons the two methods are best viewed as complementary rather than competing [22].

5 APPLICATIONS IN VETERINARY SCIENCE

LAMP and RT-LAMP assays have now been developed for most economically important bacterial, viral and parasitic
pathogens of animals, usually with PCR or real-time PCR as the comparator (Table 2).

Table 2: Selected LAMP assays developed for pathogens of veterinary and zoonotic importance

Disease Pathogen Category Assay Reference

Leptospirosis Pathogenic Leptospira spp. Bacterial, zoonotic | LAMP [23, 24]

Brucellosis Brucella spp. Bacterial, zoonotic | LAMP [25]

Johne's disease Mycobacterium avium subsp. | Bacterial LAMP [26]

paratuberculosis (IS900)

Salmonellosis Salmonella spp. Bacterial, food- | LAMP [27]
borne

Foot-and-mouth disease FMD virus Viral (RNA) RT-LAMP [28]

African swine fever ASF virus Viral (DNA) LAMP [29]

Avian influenza (H5) Influenza A virus Viral (RNA), | RT-LAMP [30]
zoonotic

Peste des petits ruminants PPR virus Viral (RNA) RT-LAMP [31]
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Sheep pox, goat pox, lumpy | Capripoxviruses Viral (DNA) LAMP [32]
skin disease

Canine parvoviral enteritis Canine parvovirus Viral (DNA) LAMP [33]
Rabies Rabies virus Viral (RNA), | RT-LAMP [34]

zoonotic

Trypanosomosis African trypanosomes Parasitic LAMP [35]
Toxoplasmosis Toxoplasma gondii Parasitic, zoonotic | LAMP [36]
MRSA  contamination  of | Methicillin-resistant Bacterial, food- | LAMP s | [37]
chevon Staphylococcus aureus borne, AMR PCR

5.1 Bacterial diseases

Leptospirosis illustrates the value of LAMP in endemic, resource-limited settings. Culture of Leptospira is slow and
insensitive, and the microscopic agglutination test detects antibodies only after the first week of illness. LAMP assays
targeting pathogenic leptospires have shown sensitivity comparable to or better than PCR [23], and a prospective
clinical evaluation in Thailand [24] underlined that diagnostic accuracy in patient samples must be established
separately from analytical sensitivity. Such assays are relevant to dogs, cattle and buffaloes in leptospirosis-endemic
regions of India, where field diagnosis is a recurring challenge. LAMP assays have also been reported for Brucella spp.,
which are hazardous to culture [25], for M. avium subsp. paratuberculosis, whose culture takes weeks [26], and for
Salmonella in food and faecal samples [27].

5.2 Viral diseases

RT-LAMP has been developed for transboundary animal diseases where speed directly limits spread. Assays for foot-
and-mouth disease virus [28] and African swine fever virus [29] have shown sensitivity comparable to real-time PCR
and are suited to pen-side or mobile laboratory use. RT-LAMP for H5 avian influenza [30] and peste des petits ruminants
[31], and LAMP for capripoxviruses causing sheep pox, goat pox and lumpy skin disease [32], are particularly relevant
to India and other endemic countries. In companion animals, LAMP has been applied to faecal samples for canine
parvovirus [33], and RT-LAMP to brain tissue for rabies virus [34], a key zoonosis in India.

5.3 Parasitic diseases

Parasitic infections are often of low intensity and difficult to confirm microscopically. LAMP has been developed for
African trypanosomes [35] and Toxoplasma gondii [36], and similar assays have been reported for Babesia, Theileria,
Anaplasma and Fasciola species [5]. The ability to test blood with minimal processing makes LAMP useful for
epidemiological surveys of haemoprotozoan infections in cattle.

5.4 Food safety and One Health

In veterinary public health, LAMP is used to screen foods of animal origin for food-borne pathogens, to detect zoonotic
agents in reservoir hosts and vectors, and to support rapid surveillance during outbreaks [5, 21]. For example, Thakur
et al. [37] compared LAMP with PCR for methicillin-resistant Staphylococcus aureus (MRSA) in 26 S. aureus isolates
recovered from 150 raw chevon samples. Both methods detected MRSA in 2 samples (1.33%) with 100% specificity,
but the detection limit of LAMP was 10-fold lower than that of PCR, supporting its use for antimicrobial resistance
surveillance in meat. Its portability allows testing at slaughterhouses, dairy collection centres and border check-posts,
linking animal, human and environmental health surveillance.

6 LIMITATIONS, CHALLENGES AND FUTURE PERSPECTIVES

6.1 Limitations of LAMP

e Primer design: designing four to six compatible primers is difficult for short, highly variable or GC-rich targets,
and limits multiplexing [21].

o False-positive amplification: primer dimers and self-amplifying hairpins can produce non-specific products,
especially in RT-LAMP, which visual read-outs cannot distinguish from true amplification [38].

e Carryover contamination: the very large amount of product generated means that opening tubes after
amplification can contaminate the laboratory and later reactions [20].

e Limited quantification and sequencing: time to positivity is only semi-quantitative, and the concatemeric
products are poorly suited to downstream sequencing.
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e Standardisation: fewer LAMP assays have undergone formal multi-laboratory validation or been adopted in
WOAH reference procedures than real-time PCR assays [11].

6.2 Limitations of PCR

PCR requires costly instruments, stable electricity, purified nucleic acid and skilled staff, and is sensitive to inhibitors in
faeces, blood and tissues. Turnaround time, including sample transport to a central laboratory, can delay control
measures during outbreaks [2, 3].

6.3 Emerging solutions and future directions

e Contamination control: closed-tube dyes added before amplification [15] and uracil-DNA-glycosylase-
supplemented LAMP (UDG-LAMP), which destroys carryover amplicons [39], reduce false positives.

e CRISPR-coupled detection: Cas12 and Cas13 enzymes cut reporter molecules only after recognising a specific
sequence [40]. Combined with RT-LAMP, this increases specificity, as shown for SARS-CoV-2 [41], and similar
platforms are being adapted for animal pathogens.

o Point-of-care devices: microfluidic chips, battery-operated heaters, smartphone-based fluorescence readers
and lateral flow read-outs bring testing to the farm and the veterinary clinic [42].

e Reagent stabilisation: lyophilised master mixes stable at ambient temperature remove the need for a cold
chain in the field [22].

e Portable PCR: compact and rapid thermal cyclers are narrowing the gap from the other side, so the choice of
method will increasingly depend on cost, throughput and validation status rather than portability alone.

For wider adoption in veterinary practice, LAMP assays need validation on field samples from local animal populations,
inter-laboratory comparisons, and inclusion in national and WOAH diagnostic standards.

7 CONCLUSION

LAMP and PCR are complementary tools in veterinary diagnostics. LAMP offers speed, simplicity, low cost, tolerance to
inhibitors and visual read-out, which make it well suited to field screening, outbreak response and laboratories with
limited infrastructure, as are common in India. Real-time PCR remains the confirmatory and quantitative standard, with
mature multiplexing, international acceptance and extensive validation. A tiered approach, in which LAMP is used for
rapid screening near the animal and PCR for confirmation, quantification and genotyping in reference laboratories, can
strengthen disease surveillance and zoonosis control. Wider adoption of LAMP will depend on robust field validation,
contamination-resistant formats and integration with CRISPR-based and point-of-care technologies.
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