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Abstract

Infectious diseases in livestock industry are major problems for animal health, food safety, and the economy. Zoonotic
diseases from farm animals are significant threat to human population as well. These are notifiable diseases listed by the
World Organization for Animal Health (OIE). Rapid diagnostic methods can help keep infectious diseases under control
in herds. Loop-mediated isothermal amplification (LAMP) is a simple and rapid nucleic acid amplification method that is
studied widely for detection of many infectious diseases in the field. LAMP allows biosensing of target DNA or RNA under
isothermal conditions with high specificity in a short period of time. An untrained user can analyze results based on color
change or turbidity. Here we review LAMP assays to diagnose OIE notifiable ruminant viral diseases in literature highlight-
ing properties of LAMP method considering what is expected from an efficient, field usable diagnostic test.
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Introduction

Increase in global demand for animal products forces the
livestock industry to be highly productive. To increase pro-
ductivity, animals are bred in crowded lots causing infec-
tious diseases to spread fast in herds with a potential to
start an epidemic. Economic losses due to infections can
be devastating for the farmer. In addition, some infectious
diseases are zoonotic and pose a public health threat [1].
If unchecked, infectious diseases can travel long distances
through animal trade. One of the major components of dis-
ease control is surveillance. Thus, farm animals need to be
monitored closely and tested routinely to control spread-
ing of contagious diseases [2]. The gold standard method
for nucleic acid detection in disease diagnosis is quantita-
tive PCR (qPCR). qPCR can detect minute quantities of
nucleic acid. However, qPCR tests need to be conducted
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in a laboratory with a thermal cycler by trained personnel.
These requirements make qPCR hard to adopt to field con-
ditions. Serology testing is practical compared to nucleic
acid detection, but often it is hard to differentiate acute and
chronic infections. Antibody detection tests cannot give pos-
itive results until after the immune system is activated which
might take couple days in some infectious diseases. During
that period infection can spread to the entire herd. On the
other hand, long lasting antibodies that remain in circulation
even after the infection is cleared, can give false positive test
results. Thus, user-friendly, reliable, rapid, pen-side testing
is needed in the field to control and minimize the effects of
infectious diseases.

World Health Organization (WHO) identified the follow-
ing properties for an ideal infectious disease diagnostic test
that is applicable in field conditions by non-trained users:
Affordable, Sensitive, Specific, User-friendly, Rapid, Equip-
ment-free, and Deliverable to the end user, ASSURED crite-
ria in short [3]. These criteria can be considered for pen-side
animal disease diagnostics for the livestock industry. Loop-
mediated isothermal amplification (LAMP) is a rapid, user
friendly isothermal nucleic acid amplification method that
has almost all ASSURED properties as discussed below [4,
5]. Thus, LAMP can be considered as a point-of-care/pen-
side diagnostic testing method.
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LAMP Assay Principle

LAMP is a multistep isothermal nucleic acid amplifica-
tion method that requires 4—6 primers recognizing 6—8
unique sites on the target nucleic acid which makes the
assay highly specific for its target. LAMP reaction prim-
ers are inner primers (FIP and BIP), outer primers (F3
and B3), and optional loop primers (FL and BL) (Fig. 1a).
LAMP reaction can be divided into two parts. First part
is formation of the dumbbell structure (Fig. 1b), and the
seconds part is exponential amplification (Fig. 1¢). Each
part of LAMP is composed of multiple steps. For dumb-
bell structure formation, first backward inner primer

(BIP) hybridizes to its complementary sequence on the
target DNA and strand displacing DNA polymerase syn-
thesizes the complementary strand. In the second step,
outer primer, B3 hybridizes to its complement, B3¢ at
the 3’ end of target DNA. DNA polymerase displaces the
strand synthesized in the first step as it synthesizes the
new strand. In the third step, forward inner primer (FIP)
binds to its complementary region on the strand produced
in the first step and DNA polymerase completes DNA
synthesis starting from F2 site. Then in the fourth step,
forward outer primer (F3) hybridizes to its complemen-
tary sequence and DNA polymerase elongates the strand,
displacing the strand synthesized in the previous step. The
displaced strand in the fourth step has complementary
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Fig.1 Principle of LAMP reaction (a) LAMP primers: two inner
primers (FIP and BIP), two outer primers (F3 and B3), and two
optional loop primers (FL and BL). There are two parts in LAMP

reaction: formation of dumbbell structure (b) and exponential nucleic
acid amplification (c). See text for a detailed explanation
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regions (F1-Flc and B1-Blc) at each end. And when
these complementary regions hybridize, dumbbell struc-
ture is formed (Fig. 1b). Dumbbell-shaped DNA contains
many different primer-binding sites, including regions for
loop primers. Dumbbell structure serves as a template
for further amplification. Exponential amplification of
this self-priming template through strand displacement
activity of DNA polymerase results in formation of dif-
ferent length DNA products which are called concatemers
(Fig. 1c¢).

All these steps can be carried out between 60-70 °C at
constant temperature thanks to the strand displacing DNA
polymerase which makes thermal cycling unnecessary.
Single temperature incubation is possible with simple
instruments such as a dry heat block, an incubator, or a
water bath. This makes the assay affordable and easier to
perform in the field. LAMP reaction is highly specific to
its target due to four to six primers (inner primers (FIP,
BIP), outer primers (F3, B3), and optional loop primers)
recognizing six to eight unique sites on the target nucleic
acid (Fig. 1a) [6]. At the end of the reaction, LAMP gen-
erates more products than PCR in a shorter time. The
presence of LAMP products can be observed with the
naked eye. A by-product of nucleic acid synthesis reac-
tion, magnesium pyrophosphate (Mg,P,0,) forms a pre-
cipitate making the solution opaque. Increased turbidity
due to precipitated Mg,P,0, can be observed by inspec-
tion without any instruments. Colorimetric detection is
possible with dyes such as hydroxynaphthol blue (HNB)
or fluorescent dyes such as SYBR Green I [7]. It is also
possible to identify RNA targets by adding reverse tran-
scriptase into LAMP reaction mixture (RT-LAMP) just
like RT-qPCR. In addition to easy set-up and running
condition, LAMP reaction is less sensitive to inhibitors
than PCR such as residual guanidine from nucleic acid
extraction step or complex media from biological samples
such as urine or serum [8, 9]. LAMP can be performed
with dried reaction components or dried field samples
such as dried blood. The results are comparable to reac-
tions conducted with fresh reagents [10]. Drying reaction
mixture removes the burden of transferring tests to remote
areas in cold chain which is one reason why nucleic acid
testing is hard to adopt to field conditions [10, 11]. Mul-
tiplexing is complex but possible with LAMP [12]. These
properties all point to the fact that LAMP has most of the
ASSURED criteria.

In this review article, we aim to highlight how LAMP
method can be widely applicable in veterinary disease
diagnosis and discuss developed assays for early detection
of World Organization for Animal Health (OIE) notifi-
able ruminant viral diseases (included as a list in Table 1)
in animal husbandry.
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Ruminant Viral Diseases and LAMP Assays
for Diagnosis

DNA Viruses
Bovine Herpesvirus-1 (BoHV-1)

Bovine herpesvirus-1 (BoHV-1) is a double-stranded
DNA virus that belongs to Varicellovirus genus of the
Herpesviridae family [13]. It mainly affects cattle, but
interspecies transmission is possible to sheep and goats.
Main route of transmission is through nose-to-nose con-
tact with nasal secretions, respiratory droplets, and semen
of infected animals [14] BoHV-1 is the causative agent
of acute respiratory disease, infectious bovine rhinotra-
cheitis (IBR) and correlated with abortions as well [15].
Since it is responsible for major losses of livestock, several
European countries eradicated the disease while others run
eradication campaigns against BoHV-1 and especially gE
(glycoprotein E)-deleted marker vaccines are being used
for surveillance of the disease [16, 17].

Pawar and colleagues developed the first BoHV-1
LAMP test using a set of six primers to target conserved
glycoprotein-C (gC) gene of the genome. LAMP assay
was run for 60 min at 63°C and the results were visual-
ized using SYBR Green I, HNB dye and confirmed with
agarose gel electrophoresis. The LOD of the assay was
determined as 10 fg DNA/reaction showing LAMP assay
was 100-fold more sensitive than conventional PCR. Fur-
thermore, LAMP assay was able to detect 0.2 TCIDj,
virus particles/reaction showing equal sensitivity as real-
time PCR in bovine semen samples. In clinical samples,
BoHV-1 LAMP assay had 97% sensitivity and 100%
specificity which was again indicated that results were in
agreement with real-time PCR [18]. Furthermore, same
group developed another LAMP assay to differentiate the
wild-type BoHV-1 strain from gE-deleted marker vaccine
strain [19]. Another BoHV-1 LAMP test was designed
targeting again the glycoprotein-C gene with a set of six
primers. The optimum reaction conditions were set as
65°C and 60 min. Results were analyzed with agarose gel
electrophoresis and with naked eye following the color
change after the addition of SYBR Green I dye. BoHV-1
LAMP assay showed no cross-reactivity with other tested
viruses while having an LOD equal to 1 fg DNA/reac-
tion which was comparable with conventional PCR. When
tested in clinical samples, developed test was successful to
detect the virus in all nasal swab samples [20]. Socha and
colleagues established two BoHV-1 LAMP assays with
two sets of six primers; one targeting glycoprotein-D and
the other targeting glycoprotein-E gene to differentiate
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Tablg 1 Published.LAMP. assay Virus Target sequence in genome Reaction conditions Reference
conditions for ruminant viral
infections BoHV-1 virion glycoprotein C (gC) gene 63C,1h [18]
virion glycoprotein C (gC) gene 65C, 1h [20]
virion glycoprotein D (gD) and E 66C,1h [21]
(gE) genes
CaPV poly(A) polymerase small subunit 60C, 1 h [28]
p32 gene 65°C, 25 min [29]
p32 gene 65C, 1h [24]
inverted terminal repeat (ITR) 62°C, 45-60 min [30]
DNA-polymerase gene (DPO) 63C,1h [31]
BTV VP2 gene 63C,1h [35]
NS1 gene 62C,1h [36]
Genome segment 1 65-68°C, 30-60 min 371
BRV VP6 gene 63C,1h [42]
BLV long terminal repeats (LTR) 63C,1h [50]
BVDV 5S'UTR 63C,1h [58]
5'UTR 63C,1h [59]
5'UTR 60°C, 40 min [60]
CAEV p25 gene, gag region 63C,1h [63]
p25 gene, gag region 63°C, 30 min [67]
FMDV 3D RNA-polymerase gene 65°C, 22 min [74]
3D RNA-polymerase gene 63C,1h [75]
NS2B gene 64°C, 45 min [76]
3D RNA-polymerase gene 63C,1h [771
3D RNA-polymerase gene 62°C, 15 min [79]
Akabane virus virion nucleocapsid (N) gene 63C,1h [90]
PPRV virion matrix (M) gene 63C,1h [96]
virion nucleocapsid (N) gene 58°C, 30 min [97]
virion nucleocapsid (N) gene 65°C, 20 min [98]
virion nucleocapsid (N) gene 65°C, 20 min [99]
RVFV virion large (L) segment 63°C, 30 min [104]
virion large (L) segment 61C,1h [105]
virion S segment 63C,1h [106]

infected and vaccinated animals. Optimum reaction con-
ditions were 66°C and 60 min; and results were analyzed
visually with SYBR Green dye I and confirmed with
agarose gel electrophoresis. However, BoHV-1 LAMP
glycoprotein-D and glycoprotein-E assays have an LOD
equal to 2 x 10* copies and 2 x 10° copies of viral genome,
respectively. LOD of these differentiating LAMP assays
were high compared to previously developed BoHV-1
LAMP assays [18, 20] and conventional PCR, indicating
lower sensitivity. In clinical nasal swab samples, differ-
entiating LAMP assays have lower diagnostic sensitivity
and specificity. Neither assay developed by Socha and
colleagues showed any cross-reactivity with other alpha
herpesviruses, and LAMP glycoprotein-E successfully
differentiated gE-deleted vaccine strains from the wild-
type strains [21]. LAMP assays’ target region in the viral
genome and assay conditions are summarized in Table 1.

Capripoxviruses (CaPV): Sheeppox Virus (SPPV)
and Goatpox Virus (GTPV)

Capripoxvirus genus is a member of Poxviridae family.
Capripoxviruses are double-stranded DNA viruses and there
are three species in this genus: sheeppox virus (SPPV), goat-
pox virus (GTPV), and lumpy skin disease virus (LSDV).
[22]. Cattle are susceptible to LSDV while goatpox and
sheeppox affect goats and sheep, respectively. The infection
can be easily transmitted via aerosol or direct contact, mani-
fests as widespread skin eruption, non-wool skins, and even
internal lesions in lungs and gastrointestinal system which
leads to death [23]. Capripoxvirus infection causes great
economic losses due to reduced milk production, damaged
wool and high rates of abortion [23, 24]. Despite the avail-
ability of live-attenuated vaccines, recent outbreaks continue
to be seen in many African, Middle Eastern, and European
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countries. Sheeppox and goatpox viruses are still listed as
notifiable diseases by World Organization of Animal Health
(OIE) [25-27].

Das and colleagues developed the first LAMP assay to
detect capripoxviruses (CaPV) by targeting the conserved
poly(A) polymerase small subunit (VP39). LAMP prod-
ucts were generated at 60°C in 1 h in the presence of six
primers including loop primers. Results were monitored by
color change using hydroxynaphthol blue (HNB) dye and
confirmed with agarose-gel electrophoresis. Developed test
has similar limit of detection (6.3 TCIDsy/ml) with gold-
standard real-time qPCR. Analyzed clinical samples showed
that there is 90-95% agreement in diagnostic specificity and
89-100% agreement in diagnostic sensitivity between two
tests [28]. Similarly, a following study designed a LAMP
assay for capripoxviruses based on conserved envelope
immunogenic protein, P32 gene using a set of six primers.
Rapid amplification was observed at 65°C. Results were ana-
lyzed using DNA intercalating Picogreen dye. In addition,
LAMP primers were labeled with biotin and fluorescein. At
the end of LAMP reaction, dual-labeled products detected by
a lateral flow device enabling simple and rapid point-of-care
amplification. The CaPV LAMP test showed no cross-reac-
tivity, being able to detect all CaPV strains but none of the
other mammalian poxviruses, indicating specificity. Limit
of detection of the developed assay was measured as 163
DNA copies/pl, indicating high sensitivity which is equal
to gold-standard real-time qPCR [29]. Batra and colleagues
also focused on P32 gene to design a rapid and accurate
LAMP assay for CaPV identification. They used a set of six
primers. Optimized assay results obtained at 65°C, in 1 h in
agarose gel electrophoresis, while monitoring color change
with Picogreen dye gave results in 30 min. Their limit of
detection of this assay has proven to be 100 times more
sensitive than gold-standard qPCR technique [24]. Sheep-
pox and goatpox viruses are specific to ruminants and they
are clinically and serologically very similar. Zhao and col-
leagues designed first LAMP assay to differentiate these two
viruses by targeting inverted terminal repeat (ITR) region
of the viral genome. They used a combination of 3 set of
primers in a single assay; specific to goatpox virus (GTPV),
specific to sheeppox virus (SPPV) and universal primers
(GSPV) that can detect both viruses. Each set contains four
primers, amplification occurred at 62°C, in 45-60 min and
results were analyzed in agarose-gel electrophoresis. All
sets were highly specific, showing no cross-reactivity with
tested viruses. Universal GSPV primer set had the lowest
limit of detection (10° copies), being the most sensitive
group; SPPV primers were more sensitive (10* copies) than
GTPV primers (10° copies). In clinical samples, all primers
showed 98.8—100% detection rates, consistent with labora-
tory results. Combining all three sets of primers in a single
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assay enabled the quick and efficient detection of GTPV and
SPPV [30]. A recent study by Venkatesan and colleagues
targeted the conserved DNA polymerase gene (DPO) of
CaPV genome, using a set of four primers. The assay took
60 min at 63°C, results were analyzed with agarose gel elec-
trophoresis and color change of SYBR Green I and HNB
dyes. This assay’s LOD was 2 TCIDsy,/ml and 10 copies of
DNA template/assay indicating that it was more sensitive
than P32-based [28, 29] and ITR-based CaPV LAMP assays
[30]. This DPO-based CaPV LAMP assay is comparable to
gold-standard qPCR with 96.6% sensitivity and 100% speci-
ficity in tested clinical samples [31].

RNA Viruses
Bluetongue Virus (BTV)

Bluetongue virus (BTV) genome is composed of ten dou-
ble-stranded RNA fragments. BTV is from orbivirus genus
within the Reoviridae family and classified into 29 con-
firmed serotypes worldwide [32]. BTV can infect ruminants,
cattle, deer, and camelids. Depending on the infection caus-
ing serotype the symptoms can vary widely from subclini-
cal infection to fetus malformation in pregnant animals to
mortality. Clinical signs of infection are more pronounced in
sheep such as severe facial edema, hemorrhages in the nose,
lips, and tongue. Bluetongue name is derived from some-
times occurring cyanosis of the infected animal’s tongue.
Transmission of BTV occurs mainly through insects, but
direct contact and mother to fetus (vertical) transmission
was reported recently. Live-attenuated vaccines contrib-
ute to control BT outbreaks, but strict surveillance is still
needed especially during outbreaks [33, 34]. There are live-
attenuated and inactivated vaccines against BTV with vari-
ous drawbacks, thus alternative BTV vaccine development
continues [32].

Mulholland et. al. developed first RT-LAMP assay spe-
cific for serotype 8 of BTV targeting VP2 region of the viral
genome. Serotype 8 caused a major epidemic in Europe in
2006. RT-LAMP reaction was conducted at 63°C and ampli-
fication was detected with three different methods: fluores-
cent dye, UV light, and agarose gel electrophoresis. Specific-
ity of the assay was confirmed with all BTV strains and four
strains of closely related epizootic hemorrhagic disease virus
(EHDV). System was able to detect more than 5 x 10> copies
of BTV-8 RNA specifically after 60 min at 63°C. This is less
sensitive than pan-serotype RT-PCR assay that can detect a
single copy of BTV-8 RNA [35]. Another study targeting
highly conserved NS1 gene of BTV was able to detect seven
serotypes with RT-LAMP assay. RT-LAMP reaction was
conducted at 62°C for one hour. The assay results were visu-
alized colorimetrically and by agarose gel electrophoresis.
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Specificity of the assay was assessed by testing foot and
mouth disease, peste-des-petits-ruminants, goatpox, sheep-
pox, and orf viruses along with seven serotypes of BTV.
Sensitivity of the assay was reported to be 0.3 TCIDs/reac-
tion which was very similar to RT-PCR test [36]. A 2016
publication by Maan et. al. differentially identified genome
segment-1 of eastern and western topotype of BTV strains
in circulation in India with RT-LAMP assay. RT-LAMP
reaction was conducted at 65-68°C for 30 min for eastern
and 60 min for western topotypes. Results were analyzed
colorimetrically and by agarose gel electrophoresis. LOD
of RT-LAMP assay for eastern topotype was 10 copies in
30 min which was 1000 times more sensitive than RT-PCR.
Whereas LOD of RT-LAMP assay for western topotype was
5000 copies in one hour which was 10 times more sensitive
than RT-PCR. Specificity of the assay was confirmed with
viruses causing similar clinical symptoms to BTV infection:
foot-and-mouth-disease, peste des petits ruminants, capri-
pox, and Orf viruses [37].

Bovine Rotavirus (BRV)

Bovine rotavirus (BRV) is a double-stranded RNA virus
that belongs to Rotavirus genus of Reoviridae family
[38, 39]. Rotavirus A is one of the 7 serotypes and it is a
zoonotic virus causing acute diarrheal disease in livestock
and humans [40] Rotavirus transmission occurs through
fecal-oral route [41].

The first BRV-based RT-LAMP test was designed target-
ing the conserved VP6 gene of rotavirus group A. A set of
six primers used at 63°C with 60 min of incubation time
and test results were determined with naked-eye monitoring
turbidity and color change with SYBR Green I dye. The test
detected only BRV among other tested bovine pathogens
proving its specificity. BRV-based RT-LAMP test had an
LOD equal to 3 copies/tube which was equal to LOD of
gold-standard RT-PCR technique. Furthermore, in tested
clinical samples novel RT-LAMP test showed 100% agree-
ment with RT-PCR which indicated RT-LAMP assay was
highly reliable [42].

Bovine Leukemia Virus (BLV)

Bovine leukemia virus (BLV) is a positive-sense RNA virus
that belongs to the Deltaretrovirus genus of the Retroviri-
dae family [43]. It causes enzootic bovine leukemia (EBL)
mainly in dairy and beef cattle [44]. Recently, BLV was
found to be in circulation in sheep in Colombia [45]. Infec-
tion affects B cells in cattle, impairs the immune system,
reduces milk yield, shortens lifespan, and causes tumor for-
mation in approximately 1-5% of animals [46, 47]. BLV
infection spread to the herd during standard farm practices

via infected blood or bodily fluids and vertical transmission
is possible to the fetus as well [48]. BLV infection is asymp-
tomatic in 70% of animals, thus its infection rate is quite
high which causes great economic losses in livestock indus-
try. The OIE declared BLV as a serious disease affecting
animal trade, thus eradication of the infection has become
a priority of the European Union. Even though research on
vaccine development continues, there is no approved vaccine
for BLV yet [49].

Komiyama and colleagues targeted the LTR region of
BLV genome using six primers to develop the first BLV
LAMP test. The LAMP reaction was incubated at 63 °C for
1 h and the results were confirmed by turbidity and agarose
gel electrophoresis. The LAMP assay was able to detect 2
copies of BLV DNA and it was found to be more sensitive
compared to conventional PCR and real-time PCR. In the
study conducted with field samples, results of the LAMP
assay was in agreement with serology test results [50].

Bovine Viral Diarrhea Virus (BVDV)

Bovine viral diarrhea virus (BVDV) is a single stranded,
positive-sense RNA virus, and a member of Pestivirus genus
of Flaviviridae family [51]. The two strains (BVDV-1 and
BVDV-2) mainly infect cattle. Other member of Pestivirus
genus border disease virus (BDV) mainly infects ruminants;
but it is known that BVDV and BDV are not host-specific
viruses. BVDV is able to infect especially sheep and goats
that are in close-contact with cattle [52, 53]. Main transmis-
sion route of the virus is through bodily fluids and close-con-
tact [54]. BVDV has various clinical manifestation such as
enteric and respiratory disease, reduced milk production and
high mortality due to immunosuppressive effects. Depend-
ing on the time of gestation, fetal infections can result with
abortions or birth of persistently infected (PI) calves which
secretes the virus throughout their lives and continuously
transmit BVDV to the herd [55]. BVDV also reduces the
reproductivity of animals causing major economic losses
[56]. There are live attenuated, inactivated, and recombinant
vaccines available against BVDV. However, it is still a major
threat against livestock industry worldwide and diagnosis
and isolation of PI lambs are crucial for eradication of the
disease [56, 57].

The first BVDV RT-LAMP test was designed to target
most conserved region of the genome, 5’UTR with a set
of four primers. Optimum reaction conditions were 63°C,
60 min. Test results were analyzed by turbidity and color
change of SYBR Green I, and confirmed with agarose gel
electrophoresis. The LOD of the BVDV RT-LAMP test was
determined as 4.7 x 10° RNA copies/reaction which was a
1000-fold better than RT-PCR, indicating high sensitivity.
Also, developed test showed no cross-reactivity with other
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tested viruses and was able to detect both strains of BVDV.
In field samples, BVDV RT-LAMP test results were in
agreement with real-time RT-PCR results [58]. Aebischer
and colleagues modified the previously designed primer set
[58] and added an LF primer to target same 5’ UTR region of
BVDV with an RT-LAMP test. Optimum reaction conditions
were 63°C, 60 min and results were obtained in real-time
monitoring ResoLight dye signal. The LOD of the novel
RT-LAMP test was 5 x 10* RNA copies/reaction which was
low compared to gold-standard RT-qPCR. However, BVDV
RT-LAMP test showed high specificity by demonstrating
no cross-reactivity with other tested pestiviruses. In clini-
cal samples, BVDV RT-LAMP test was able to detect all
BVDV-1 and BVDV-2a infected samples, indicating speci-
ficity for these strains only [59]. A recent study targeted the
5’UTR region of the BVDV genome with a primer set called
“P25” containing three novel primers (BIP, B3, and BL)
and three primers (FIP, F3, and FL) from Aebischer et al.
study. Additionally, P25 primer set contained total eight
primers, 2 BIP and 2 BL species-specific primers to detect
both BVDV-1 and BVDV-2 strains. Reaction conditions
were 60°C, 40 min. P25 primers were able to detect both
strains with higher sensitivity compared to primers of previ-
ous study by Aebischer et al. However, authors reported that
P25 primer set weakly cross-reacts with pestivirus D and H.
In clinical samples, BVDV RT-LAMP test had comparable
results with RT-qPCR. An additional species-specific primer
set (P26) designed to differentiate BVDV-1 from BVDV-2
as well [60].

Caprine Arthritis-Encephalitis Virus (CAEV)

Caprine arthritis-encephalitis virus (CAEV) is a single-
stranded positive-sense RNA virus that belongs to the
genus Lentivirus, Retroviridae family [61, 62]. The virus
targets host immune system and causes multi-organ pro-
gressive inflammatory diseases such as chronic polyarthri-
tis, cachexia, leukoencephalomyelitis, chronic pneumonia,
mastitis, and progressive weight loss in goats [63, 64]. Main
route of disease transmission occurs vertically through
ingestion of colostrum or milk, but horizontal transmission
via aerosol and bodily fluids of infected animals is also pos-
sible [65]. Infected animals become life-long carriers of the
virus and shed virus throughout their lives [66]. There are no
vaccine or approved treatment for CAEV infection. There-
fore, CAEV poses a great risk against dairy goat industry
with a potential to create significant economic losses [67,
68].

First CAEV RT-LAMP assay was developed targeting
highly conserved p25 gene in gag region using a set of six
primers. The assay was developed with CAEV DNA and
gave positive result within 1 h at 63°C in a real-time turbi-
dimeter. Furthermore, when whole blood extract was tested
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with RT-LAMP assay result was positive without separa-
tion of PBMCs and nucleic acid extraction processes. The
overall test time was reduced from 150 to 80 min. This test
was also confirmed to work in field samples [63]. Another
RT-LAMP assay was designed targeting the gag region of
CAEYV genome sequence obtained in Philippines and it was
able to give result in 30 min at 63°C. Gag region target-
ing RT-LAMP assay was two times faster than previously
developed test [63]. Assay results were visualized with
SYBR Green dye in agarose gel electrophoresis. This assay
showed no cross-reactivity with porcine epidemic diarrhea
(PED) and foot-mouth disease (FMD), proving its specific-
ity. CAEV RT-LAMP showed comparable sensitivity in field
samples against a conventional nested PCR method [67].

Foot and Mouth Disease Virus (FMDV)

Foot and mouth disease virus (FMDV) is a single-stranded
positive-sense RNA virus that belongs to Aphthovirus genus
of the Picornaviridae family and it has 7 serotypes (A, C,
0, Asia 1, South African Territories 1, 2, and 3) [69, 70].
FMDYV can affect all members of Artiodacytla; specifically
cattle, swine, sheep, goats, and many wildlife species [71].
FMDV is the causative agent of the foot and mouth dis-
ease (FMD) which is transmitted through close-contact and
aerosol. It is correlated with weight lost and reduced milk
production in animals [72]. It is a highly contagious virus
that is responsible for many outbreaks throughout the history
all around the world. The cost of vaccines and production
losses were estimated to be between 5.3—17 billion euros
per year to countries in FMDV-endemic areas (in Asia, Sub-
Saharan Africa, and South America) [71]. Traditional FMD
vaccines have certain drawbacks, especially related to high
heterogeneity of the virus, hence, efforts to develop alterna-
tive vaccines continue [73].

The first RT-LAMP assay was developed targeting 3D
RNA-polymerase gene of FMDV with a set of six primers.
Amplification was done at 65°C and results were interpreted
from color change and real-time measurements with Pico-
green dye. RT-LAMP test was proven to have high speci-
ficity since it showed no cross-reactivity with viruses that
showed similar clinical symptoms. Its LOD was equal to
10 RNA copies detected in 22 min while real-time PCR
detected same number of copies in 55 min. In field samples,
FMDV RT-LAMP successfully identified 82.3% of all 7
FMDYV serotypes [74]. Similarly, another study targeted 3D
RNA polymerase gene of FMDV using a set of six primers.
Developed RT-LAMP assay was run at 63°C for an hour.
Results were analyzed with naked eye using SYBR Green I
and confirmed with agarose gel electrophoresis. The LOD
of the assay was determined as 10 DNA copies which was
equal to real-time PCR but tenfold higher than RT-PCR.
Novel test results were in agreement with RT-PCR and
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real-time PCR when tested in field samples and 98% of O, A,
Asia-1, and C serotypes were detected successfully [75]. In
another study, Chen and colleagues designed an RT-LAMP
test targeting FMDV 2B region with a set of four primers.
Amplification conditions were 64°C, 45 min and results were
analyzed with agarose gel electrophoresis. The RT-LAMP
assay in question has an LOD equal to 10 RNA copies per
reaction which was tenfold higher than RT-PCR. In field
samples, FMDV 2B RT-LAMP identified O, A, Asia-1, and
C serotypes while showing no cross-reactivity with other
tested viruses [76]. Yamazaki and colleagues established a
multiplex RT-LAMP test to cover all 7 serotypes of FMDV.
For this purpose, they designed 4 novel primer sets target-
ing 3D RNA polymerase gene of the FMDV and combined
those with 2 previously designed primer sets targeting
the same region [74, 75]. Reaction conditions were 63°C,
60 min and results were analyzed with real-time turbidim-
eter. The combination of primer set 82 and a previous set
[75] has highest diagnostic sensitivity (98%) and specificity
(98.1%) in tested field samples [77]. Lim and colleagues
designed a probe-based real-time RT-LAMP assay targeting
3D RNA polymerase gene of FMDV. They modified their
earlier primer design [78] and also designed assimilating
probes from scratch. Reaction temperature was 62°C and
results were detected within 15 min by measuring real-time
fluorescence intensities of FAM-labeled probes. The LOD
of the assay was 10> RNA copies/ul which was equal to
RT-qPCR sensitivity. Developed test identified all 7 FMDV
serotypes while having no cross-reactivity with other tested
viruses. In diagnostic samples, RT-LAMP assay had 97.1%
agreement with gold-standard RT-qPCR as well [79]. There
were other FMDV RT-LAMP assays designed to identify
serotypes circulating in Korea [78], India [80], and Middle
East [81]. Furthermore, RT-LAMP assays for differentiat-
ing serotypes A [82], Asia-1 [83], C [84], and O [85] were
reported in literature.

Akabane Virus

Akabane virus is a single-stranded negative-sense RNA
virus that belongs to the Orthobunyavirus genus of the Bun-
yaviridae family. It is the causative agent of Akabane disease
which affects cattle and ruminants [86]. Transmission occurs
horizontally through blood-sucking insect vectors; and ver-
tically from mother to child [87]. Akabane disease causes
abortions, stillbirths, and birth anomalies in the herd and
most common symptoms are hydranencephaly and arthro-
gryposis [88]. A live-attenuated vaccine and inactive vac-
cines have been applied in Japan and Korea but antigenic
differences in vaccine strains create the need for new vaccine
development [89].

An RT-LAMP test against Akabane virus was developed
targeting the conserved nucleoprotein (N) gene of the virus,

using a set of four primers. Optimum conditions were set
as 63°C and 60 min. Test results were visualized with color
change using SYBR Green I and confirmed with agarose gel
electrophoresis. Developed RT-LAMP test was successful at
differentiating the Akabane virus from the other viruses with
similar clinical symptoms such as BVDV, Bluetongue virus,
Bovine parvovirus, and Bovine herpesvirus-1. Its LOD is 5.0
TCIDs, /mL and when it was used to test clinical samples, it
showed 97% agreement with well-established semi-nested
RT-PCR [90].

Peste des Petits Ruminants Virus (PPRV)

The causative agent of peste de petits ruminants (PPR)
disease, peste de petits ruminants virus (PPRV) belongs to
Morbillivirus genus of Paramyxoviridae family [91]. It is
a single-stranded negative-sense RNA virus [92]. PPRV is
highly contagious virus that can be transmitted through close
contact. Symptoms associated with PPRV are high fever,
nasal and ocular discharge, severe diarrhea and pneumonia
in ruminants [93]. PPR disease is responsible for major eco-
nomic losses and thus, the World Organization of Animal
Health (OIE) and the Food and Agriculture Organization
(FAO) runs a campaign to globally eradicate PPRV until
2030 [94]. Although live-attenuated vaccines are available
against PPRYV, they have certain drawbacks and outbreaks
continue to be seen in Africa, Asia, and Europe [95].

First PPRV RT-LAMP assay was developed using a set of
six primers and targeting matrix protein, M-protein gene of
the virus. Reaction was carried out at 63°C, for 1 h. Results
were observed by color change using FDR as fluorescent
detection agent and confirmed with agarose-gel electropho-
resis. The LOD of the test was 1.41 x 10 ng total RNA
per assay, which was tenfold more sensitive compared to
RT-PCR. PPRV RT-LAMP test was highly specific that it
showed no cross-reactivity with other tested viruses. Fur-
thermore, it was able to detect 8 strains and results were in
agreement with gold-standard RT-PCR in clinical samples
[96]. Another RT-LAMP test was developed against PPRYV,
targeting nucleocapsid N-protein gene of the virus with a
set of six primers. Optimum amplification temperature was
58°C and developed test detected positivity around 30 min.
Results were observed in fluorimeter, confirmed with aga-
rose-gel electrophoresis; and addition of SYBR Green dye
enabled naked-eye detection by color change. RT-LAMP test
has a 10 TCID5,/ml LOD which indicates tenfold higher
sensitivity than gold-standard RT-PCR. Furthermore, ana-
lytical sensitivity and specificity of novel RT-LAMP test
showed perfect agreement with RT-PCR [97]. Mahapatra
and colleagues developed PPRV RT-LAMP assay targeting
conserved N-protein gene region of the virus using a set
of six primers. Template RNA was detected in 20 min at
65°C and results were monitored using a fluorimeter. PPRV
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RT-LAMP test has an LOD of 10> RNA copies which is
tenfold lower than PPRV RT-qPCR. On the other hand,
both N gene-based RT-LAMP assays had equivalent diag-
nostic sensitivity. RT-LAMP assay developed by Ashraf
and colleagues could only detect two lineages (II and IV)
[97], whereas RT-LAMP assay developed by Mahapatra and
coworkers was able to detect all four lineages of the virus
while showing no cross-reactivity, indicating higher sensi-
tivity[98]. A recent RT-LAMP assay against PPRYV, also tar-
geted N-protein gene using a set of six primers. Two primer
sets were able to amplify all four-lineages of PPRV with-
out showing any cross-reactivity with other tested viruses.
Amplification of the target RNA was observed in less than
20 min at 65C in a fluorimeter. Developed assay has an
LOD around 0.3-0.8 log;, TCID5y/ml. In clinical samples
collected from recent PPRV outbreaks and experimentally
infected goats, PPRV RT-LAMP test showed 97% diagnostic
sensitivity and 100% specificity compared to gold-standard
technique RT-PCR [99]. Summary of assay conditions and
target region of the viral genome are listed in Table 1.

Rift Valley Fever Virus (RVFV)

Rift valley fever virus (RVFV) is a single-stranded negative-
sense RNA virus which is a member of Phlebovirus genus of
Bunyaviridae family [100]. RVFV has an economic impact
in animal husbandry since it is associated with abortions and
high mortality rates of newborns of ruminants. It is a zoonotic
virus that can be transmitted through infected mosquito bites
to domestic livestock and close contact with sick animals
cause infections in humans [101]. Infected humans generally
have mild flu-like symptoms but in a small percentage of the
patients, it might lead to severe disease [102]. Despite the
availability of live and inactivated vaccines for ruminants,
there is an urgent need for a human vaccine to prevent spread
of RVFV from Africa to non-endemic areas [103].
Peyrefitte and colleagues developed first RVFV RT-
LAMP assay by targeting large (L) segment of the virus
which encoded the polymerase with a set of six primers. The
assay was optimized to give results in less than 30 min at
63°C. Results were obtained in real-time with fluorescence
reading using ethidium bromide, also with turbidity and con-
firmed with agarose gel electrophoresis. Developed assay
was able to detect 7 strains containing 4 subtypes of RVFV
while it showed no cross-reactivity with other phleboviruses,
flaviviruses, and alphavirus, indicating high specificity.
RVFV RT-LAMP test has an LOD of 10 RNA copies per
assay, the same sensitivity as the gold-standard RT-qPCR
[104]. Another study also targeted RNA-dependent RNA
polymerase gene in the L segment of RVFV genome with
a set of six primers. Optimum amplification was reached
at 61°C in 60 min and results were monitored in real-time
turbidimeter and agarose gel electrophoresis. Moreover,
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fluorescent detection reagent FDR was added to LAMP
reactions for naked-eye visualization. This RVFV RT-LAMP
assay had high specificity since it was able to detect all
RVFV strains collected between 1944 and 2007. Developed
test had an LOD of 10 RNA copies per reaction, equal ana-
lytical sensitivity with RT-qPCR. Furthermore, RVFV RT-
LAMP and RT-qPCR showed same diagnostic sensitivity in
clinical samples from humans and animals [105]. Another,
recent study established RVFV RT-LAMP assay with a set
of six primers targeting S segment of ZH501 strain which
encoded nucleocapsid and non-structural proteins. Optimum
amplification was achieved at 63°C, around 60 min. Different
from previous studies a vertical flow visualization strip was
designed to amplify results with sandwich strategy, labeling
5’ end of LF and LB primers with FITC and biotin, respec-
tively. The LOD of the test was found as 1.94 x 10° copies/
pl which proved that it was 100 times more sensitive than
RT-qPCR. Developed test also showed no cross-reactivity
with other viruses causing similar symptoms proving assay’s
high specificity [106].

Conclusion

This review discusses loop-mediated isothermal amplifi-
cation (LAMP) method-based assays developed to detect
eleven OIE notifiable, highly contagious viral disease agents
infecting ruminants in the livestock industry. Due to crowded
living conditions in industrial animal farms, animals must
be closely monitored for infections. Otherwise, infection can
spread to the entire herd rapidly and may cause an epidemic.
There is an urgent need for rapid, affordable testing method
to make disease monitoring easier in the field. LAMP is
highly specific, rapid, affordable nucleic acid detection
method, and comparable with qPCR in performance. As a
result, there is increasing trend in developing LAMP-based
diagnostic assays for these infectious diseases.

Despite these advantages, currently there are no com-
mercial animal disease diagnostic test working with LAMP
method in the market yet [107]. There are commercial
LAMP tests available for food industry and for some human
pathogens such as malaria, tuberculosis, and SARS-CoV-2.
These LAMP tests are recommended to be used in labora-
tory setting because most often sample preparation requires
nucleic acid isolation before LAMP reaction. There is no
efficient, field applicable nucleic acid isolation method in the
market yet and it is the bottleneck for field usable isother-
mal nucleic acid assays. Coronavirus pandemic accelerated
sample preparation, nucleic acid isolation methods, how-
ever, improvement is still needed especially when separating
nucleic acid material from tissue, blood, or serum [108].
Visual detection with color change can be improved with
these other dyes in the literature [109-116].
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Due to its practicality and high tolerance to presence of
inhibitors in sample solution increased use of LAMP-based
diagnostics systems in laboratories would pave the way for
field usable LAMP tests. As the nucleic acid isolation meth-
ods improve, field usable LAMP systems are expected to
increase in number.
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