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Development of an on-site diagnostic LAMP
assay for rapid differentiation of the invasive
pest Phthorimaea absoluta (Meyrick) using
insect tissues
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Abstract

BACKGROUND: The tomato leafminer, Phthorimaea absoluta (Meyrick) (Lepidoptera: Gelechiidae), is a destructive invasive pest
that originated in South America and has spread within China since 2017. A rapid method for on-site identification of
P. absoluta is urgently needed for interception of this pest across China.

RESULTS: We developed a loop-mediated isothermal amplification (LAMP) technique to differentiate P. absoluta from Liriomyza
sativae, Chromatomyia horticola, and Phthorimaea operculella using extracted genomic DNA, which was then refined to create
an on-site LAMP diagnostic method that can be performed under field conditions without the need for laboratory equipment.

CONCLUSION: In the present research, we developed an on-site diagnostic method for rapid differentiation of P. absoluta from

other insects with similar morphology or damage characteristics in China.

© 2024 Society of Chemical Industry.
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1 INTRODUCTION

The tomato leafminer, Phthorimaea absoluta (Meyrick) (Lepidop-
tera: Gelechiidae), is a destructive insect pest native to South
America.! It mainly damages tomato, but can also harm other
Solanaceae crops, including potatoes, eggplants, and chili pep-
pers.? It has spread globally, mainly through agricultural trade
activities (especially of tomatoes and fruits), and it was reported
in 105 countries as of February 2021: ten in South America, three
in North America, 31 in Europe, 35 in Africa, and 26 in Asia.® The
damage caused to tomato and vegetable crops is mainly through
larval feeding of aboveground tissues at all developmental stages.
If not prevented, such damage can result in 80-100% yield losses
in tomato, with significant economic consequences. In the Neth-
erlands, for example, P. absoluta causes direct economic losses
to tomato production of approximately $6.2-$155 million annu-
ally. The chemical control of P. absoluta increases 13-15 fold from
one season to the next, resulting in control costs of up to $4.96
million.*?

Phthorimaea absoluta was first discovered in China in Ili, Xin-
jiang in 2017 and had spread to 13 provinces by March 2022.° It
is imperative that its further spread in China is curtailed to prevent
potentially devastating damage in vegetable-producing prov-
inces such as Shandong,” which has the largest vegetable glass-
house production system and is the largest export center for
vegetables (including fresh market vegetables and cherry toma-
toes) in China.

The invasion of an alien species typically occurs in four phases:
introduction, establishment, spread, and outbreak. Established
populations are difficult to eradicate. Curbing the spread of an
invasive species therefore relies on early surveillance and moni-
toring, which enable rapid decision-making and formulation of
appropriate prevention and control strategies. Rapid early detec-
tion and accurate identification of non-indigenous species are
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crucial for preventing their establishment and expansion.®'°
Unfortunately, it is difficult to identify P. absoluta accurately on
the basis of morphological or feeding characteristics in the field."
Most field samples are not fresh and are collected on trap boards
or in traps, resulting in poor-quality samples or mixtures of mor-
phologically similar pests. Its damage pattern is similar to that of
other common leafminer pests (Liriomyza sativae and Chromato-
myia horticola), and also has similar morphological characteristics
to those of Phthorimaea operculella, making their field identifica-
tion, especially of larvae, difficult.">'* Morphological confirma-
tion of P. absoluta involves making a slide mount of the
genitalia, which requires two or more hours of preparation by a
trained taxonomist.'® To date, a number of molecular identifica-
tion methods have been developed in the laboratory,'"'%141617
but most cannot be used for field identification. Loop-mediated
isothermal amplification (LAMP) is a rapid, efficient, and specific
detection technique, that involves DNA amplification at isother-
mal temperatures and requires only a water bath or metal heating
apparatus for the reaction. The simple and rapid LAMP process is
amenable to field use'® and has been applied to many insect
peStS.8'19_27

The aim of the present research was to develop an on-site diag-
nostic method for rapid differentiation of P. absoluta from mor-
phologically similar insects or species with similar damage
characteristics in China. We first developed a LAMP method to dif-
ferentiate P. absoluta from Liriomyza sativae, C. horticola, and
P. operculella using extracted genomic DNA. We then optimized
this diagnostic method for field deployment using only insect tis-
sue and a temperature-controlled, insulated cup. This study thus
describes an on-site LAMP diagnostic method that can be per-
formed under field conditions without specialized laboratory
equipment.

2 MATERIALS AND METHODS

2.1 Sample collection and DNA extraction

Samples of P. absoluta were collected from Midu, Yunnan Prov-
ince and Tianjin, China. Liriomyza sativae, C. horticola, and
P. operculella were collected from Laiyang, Jinan, Angiu of Shan-
dong Province, China.?® All sampled insects were soaked in
100% alcohol and stored at —20 °C for subsequent analysis. Geno-
mic DNA was extracted from the samples using the TIANamp
Genomic DNA Kit (Tiangen) according to the manufacturer's
instructions. The extracted DNA was either used immediately for
LAMP assays or stored at —20 °C for further experiments.

2.2 LAMP primer design

Mitochondrial cytochrome oxidase subunit | (COI) sequences of
P. absoluta (target) and other common leafminer pests (non-
targets) were downloaded from the National Center for
Biotechnology Information (NCBI) database: P. absoluta
(MN066591.1), P. operculella (MF121882.1), Liriomyza sativae
(KF962594.1), C. horticola (KC136060.1), Liriomyza chinensis
(LC577649.1), and Lyonetia clerkella (MZ610728.1). The sequences
were aligned using CLUSTAL W (https://www.genome.jp/tools-
bin/clustalw), and specific points were marked with ESPript3.0
software (https://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi). Spe-
cific primers for P. absoluta COl (MN066591.1) were designed
using PrimerExplorer V5 (http://primerexplorer.jp/lampv5e/
index.html), and nine final primer sets were selected from more
than 200 potential sets after exclusion of highly repetitive primers.
The primers were synthesized by Beijing Qingke Biotech, Beijing,

Table 1. Specific loop-mediated isothermal amplification (LAMP)
primer sets used for Phthorimaea absoluta

Primer Sequence (5'-3)

F3-562 AGAATCGTAGAAAATGGAGCA

B3-562  AGCAGTAATACCAACAGCT
FIP-562  CTGAACTACCTCCATGAGCAAGGTACTGGTTGAACTGTCT
BIP-562  CTGGTATTTCATCGA AGGAGC

ATCAAATGAAAGTCCATTAACTCG

China, for subsequent experimental verification. The information
of the selected P. absoluta-specific primers is listed in Table 1.

2.3 Reaction system and conditions

The 25-pL polymerase chain reaction (PCR) system included
12.5 pL 2x LAMP master mix (Shenggong Biotechnology, Shang-
hai, China), 0.5 pL each F3/B3 primers (10 um), 4 pL each FIP/BIP
primers (10 pum), 0.5 uL DNA polymerase (Shenggong Biotechnol-
ogy, Shanghai, China), 1 pL template DNA, and sterilized double-
distilled water (ddH,0O; Shenggong Biotechnology) to 25 pL. A
movable diaphragm was placed at the upper end of the reaction
tube and was not in contact with the reaction system, thus pre-
venting the nucleic acid dye from mixing with the reaction system
in advance, which often causes inaccurate results. Prior to ampli-
fication, a 0.5-1 pL drop of SYBR Green | (Solarbio) nucleic acid
dye was placed in the cap of the reaction tube. The tube was
placed in a constant-temperature water bath at 63 °C for 45 min
for the reaction and at 80 °C for 10 min to inactivate the enzyme.
After amplification, the reaction tube was briefly centrifuged or
the SYBR Green | dye briefly shaken into the bottom of the tube
and mixed with the reaction solution.

2.4 Detection of LAMP products

The LAMP products were separated by 1% agarose gel electro-
phoresis, and positive samples exhibited clear ladder-like bands
on the gel.?® Colorimetric determination of positive LAMP reac-
tions was performed by observing the change in SYBR Green |
from colorless to green.

2.5 Specificity and sensitivity of the LAMP assay
Specificity of the LAMP primers was tested using DNA extracted
from adult and larval P. absoluta collected in several geographic
regions and from adult insects of Liriomyza sativae, C. horticola,
and P. operculella (non-target samples). The sterile ddH,0 was
used as the non-template control. Meanwhile, the results were
confirmed using the species-specific COl primers of P. absoluta.'?
Sensitivity of the primers was tested using various concentra-
tions of P. absoluta template DNA. The initial concentration of
the extracted P. absoluta DNA was 83.05 ng/pL, and this was used
as the template stock solution. Furthermore, 1 plL aliquots of the
stock solution were used to prepare a ten-fold dilution series
(107", 1072, 1073, and 107 by sequential addition of 9 pL
ddH,O0. The different concentrations of template DNA were used
for LAMP reactions, with sterile ddH-0 as the blank control. After
the reaction, 1puL of SYBR Green | was added. Positive
reactions showed visible green fluorescence, whereas negative
reactions appeared orange.
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2.6 LAMP assay using insect tissue and an insulated cup

Confirmation of the presence of P. absoluta at monitoring sites
such as large glasshouses and green spaces, require use of tissues
such as abdomen, legs, and so forth. from mixed samples of pests
collected from traps. We therefore assessed the performance of
the LAMP assay with adult or larval tissues (about one half of a
leg, one half of an abdomen, or one third to one half of a larva)
of P. absoluta placed directly into the LAMP reaction mixture,
replacing template DNA. For ease of field use, constant tempera-
tures were maintained by replacing the laboratory water bath
with a portable, insulated, temperature-controlled hot-water cup
as shown later (USB smart cup, model TXJ-U1 with adjustable tem-
perature; Tan Xun Jia Co, Zhongshan, Guangdong, China). The cup
was constructed with a double-layer vacuum to provide 24-h insu-
lation, and the temperature of the water in the cup was controlled
through a USB-C interface using the manufacturer's application
installed on a cellular phone. Individual reaction tubes were

1 2 3 4 5 6 7 8 910 11

M1 2 3 45 6 7 8 9 1011

(©)

Figure 1. Phthorimaea absoluta specificity testing loop-mediated isother-
mal amplification (LAMP). The LAMP assay was performed with extracted
DNA from P. absoluta and other pest species. (A) Phthorimaea absoluta
(1-3), Liriomyza sativae (4-6), Chromatomyia horticola (7-9), and sterile
double-distilled water (ddH,0) (10, 11). (B) Phthorimaea absoluta (1), Lirio-
myza sativae (2-4), C. horticola (5-7), Phthorimaea operculella (8-10), and
sterile ddH,O (11). (C) DL2000 DNA Marker (TaKaRa, Shiga, Japan) (M),
P. absoluta (1-3), C. horticola (4-6), Liriomyza sativae (7-9), and sterile
ddH,0 (10, 11). Explanatory note: In (A, B), the top image was obtained
under normal indoor lighting, and the lower image was obtained under
an ultraviolet light.

placed in a circular holder within the cup. All other aspects of
the assay remained the same, and the entire process took approx-
imately 1 h.

In field applications, insect tissues may not be processed imme-
diately after field collection. We therefore assessed the effects of
sample storage duration on the results obtained with the LAMP
assay. Insect samples were stored under indoor conditions (27
+ 2 °C, 16 h:8 hlight/dark photoperiod, 60 + 10% relative humid-
ity) for 1, 2, or 3 weeks, then used for LAMP assays as described
earlier.

3 RESULTS

3.1 Specificity of the LAMP assay using genomic DNA

The COI gene was used to design nine sets of specific LAMP
primers, using the P. absoluta sequence as the target and those
of Liriomyza sativae, Liriomyza chinensis, and P. operculella as neg-
ative controls. All tested P. absoluta individuals produced ampli-
fied products in the LAMP assay, with amplification occurring
within 1 h. None of the other tested species, including closely
related leafminer species, produced any amplification within
1 h. Agarose gel electrophoresis revealed that the products of
positive LAMP reactions showed a typical ladder-like appearance
(Fig. 1), and no amplification was observed in the negative control
reactions without the DNA template. All samples were tested in at
least three independent runs, which produced comparable
results. Among the nine validated primers, only one set had a
100% amplification for P. absoluta DNA and had no amplification
for Liriomyza sativae, C. horticola, and P. operculella samples, which
were used as negative controls. The results were confirmed by
the species-specific COl primers,'? which was consistent with
the LAMP method in this experiment (Fig. 2). We therefore
used this specific LAMP primer set for P. absoluta in all
subsequent work.

3.2 Sensitivity of the LAMP assay using genomic DNA

To assess its sensitivity, the LAMP assay was next performed using
a ten-fold dilution series of P. absoluta template DNA (Fig. 3). Reac-
tion solutions with DNA concentrations of 0.83 ng/pL or higher

M1 2 3 456738

Figure 2. Phthorimaea absoluta specificity testing (polymerase chain
reaction). DL2000 DNA Marker (TaKaRa, Shiga, Japan) (M), P. absoluta
(1, 2), Chromatomyia horticola (3, 4), Liriomyza sativae (5, 6), and Phthori-
maea operculella (7, 8).
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Figure 3. Sensitivity evaluation. The loop-mediated isothermal amplifica-
tion (LAMP) reaction was performed with a dilution series of Phthorimaea
absoluta DNA [1, P. absoluta DNA concentration 83.05 ng/pL; 2, 83.05 ng/
pl x 107"; 3, 83.05 ng/pL x 107% 4, 83.05 ng/pL x 107>; 5, 83.05 ng/
uL x 107% 6, sterile double-distilled water (ddH,O)].

2 3 4 5 6

Figure 4. Field apparatus and loop-mediated isothermal amplification
(LAMP) results. The reaction tubes are placed in heated water in a com-
mercial insulated cup, whose temperature is controlled by a phone appli-
cation. Insect tissues are placed directly into the reaction tubes. Tubes
shown at the bottom are: Phthorimaea absoluta larvae (1, 2), P. absoluta
adults (3-5), and sterile double-distilled water (ddH,0) (6).

showed green fluorescence, whereas those with lower DNA con-
centrations were orange. We therefore concluded that the lowest
detection limit of the LAMP assay for P. absoluta DNA was approx-
imately 0.83 ng/pL.

3.3 LAMP assay using insect tissues and an insulated cup

Both larvae and adults of P. absoluta were successfully identified
based on the fluorescent SYBR Green | color which developed
when insect tissues were placed directly into the LAMP reaction
mixture and the reaction temperatures were controlled in an insu-
lated cup (Fig. 4). This assay is therefore applicable for the identi-
fication of P. absoluta under field conditions. Tissue storage

First week

Second week

Third Week

Figure 5. Loop-mediated isothermal amplification (LAMP) assay results
after sample storage for 3 weeks under indoor conditions. Phthorimaea
absoluta DNA (1), larval tissue (2), adult tissue (3-5), and sterile double-
distilled water (ddH,0) (6, 7).

duration of up to 21 days under indoor conditions had no discern-
able effect on the LAMP results for larval tissues, which were still
clearly detected 21 days after storage; by contrast, positive detec-
tion of adult tissues declined with storage duration (Fig. 5).

4 DISCUSSION

Phthorimaea absoluta share similar morphological features with
other common insect pests such as P. operculella (both Gelechii-
dae) and also similar feeding damage, such as that of Liriomyza
larvae."*'32%3% which complicates its accurate identification. To
date, many molecular methods for identifying P. absoluta have
been developed in the laboratory.'"'%'*'® These include
sequencing of the mitochondrial COl gene,'®'”3! real-time
PCR,"" and droplet digital PCR,'* which require various PCR instru-
ments and relatively complex detection procedures using imag-
ing systems or sequencing. They are therefore unsuitable for
rapid, large-scale detection during field monitoring or port quar-
antine testing.

Compared with other molecular diagnostic methods, the LAMP
method is more suitable to field application because of its speed
and simplicity.'® It offers several advantages for the identification
of P. absoluta. First, unlike PCR-based methods that require special
equipment and reagents, this method requires only a basic means
of temperature control (such as a water bath or dry bath) and a
limited number of chemicals. Second, no DNA extraction is
required for this assay and can be completed within 1 h. Third,
the LAMP assay is cost effective, as one reaction costs less than
$US1 (DNA extraction, $US0.25; primers, $US0.07; Bst polymerase,
$US0.5; dNTP, $US0.04; SYBR, $US0.04)."° Fourth, the results can
be visualized by simply observing the color of the reaction mix-
ture without the use of specialized equipment.®? Thus, the assays
presented here can be used by non-professionals with a limited
knowledge of molecular biology.
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