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Abstract

Various pathogens from oomycete, fungi, and bacteria kingdoms can infect potato and significantly reduce potato
yield. The early diagnosis of potato pathogens is important for tracing disease epidemics and the subsequent
disease management. Loop-mediated isothermal amplification (LAMP) is a critical technique for pathogen detec-
tion, but available LAMP assays do not effectively meet the requirement of field diagnoses due to complexities
including co-infection of different pathogens. Hence, this study aims to develop integrated-L AMP assays (iLAMPs)

for simultaneous detection of eight common potato pathogens and apply iLAMPs to pathogen detection in field
samples from the four main potato-growing regions of China in 2023. Therefore, eight sets of primers showing gene-
and genus-specificity were designed and used for iLAMPs to determine their specificity, sensitivity, and visualization.
Subsequently, iILAMPs-mediated pathogen detection revealed that 72.82% of 206 diseased leaves and 84.94% of 239
diseased tubers carry more than one pathogen. The detection rate for each pathogen significantly varies from 1.94
t0 65.53% in diseased leaves, and ranges from 26.78 to 52.72% in diseased tubers, respectively. In addition, the detec-
tion rate of Phytophthora infestans and Alternaria solani positively correlates in both leaves and tubers, especially

for those samples from the southwestern and southern regions. Taken together, iLAMPs developed in this study
enables simultaneous detection of eight common potato pathogens from field samples and may have broad applica-
tions in early management of potato diseases.

Keywords Potato, Pathogen detection, Loop-mediated isothermal amplification, Phytophthora infestans, Alternaria
solani

*Correspondence:

Suomeng Dong

smdong@njau.edu.cn

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s42483-024-00284-3&domain=pdf

Zhang et al. Phytopathology Research (2024) 6:62

Background

Potato is characterized by its high yield, strong adapt-
ability, and comprehensive nutrition, making potato
the world’s fourth most important crop ranking after
rice, wheat, and maize (Naumann et al. 2020). In China,
potato-growing regions and potato production have con-
tinuously increased in recent years and were ranked first
in the world in 2019 (FAOSTAT 2020). However, various
pathogens cause different potato diseases, which sig-
nificantly decrease harvests in fields and storage (Horne
2010). Hence, detecting potato pathogens is vital for
securing potato production (Jansky et al. 2009; Sankaran
et al. 2010).

During potato production, various pathogens spanning
different kingdoms can infect potato plants. Known path-
ogens causing devastating diseases of potatoes include
mainly oomycete, fungal, and bacterial pathogens (Horne
2010). The oomycete pathogen Phytophthora infestans
causes late blight disease, which destroys potato leaves,
stems, and tubers and was the cause of the Irish potato
famine (Fry et al. 2015; Yuen 2021). The fungal pathogen
Alternaria solani infects potato leaves, stems, and tubers
to cause early blight disease, which reduces potato yield
by up to 50% (Yadav and Pathak 2011; Xue et al. 2019).
Similarly, Fusarium graminearum causes dry rot disease,
which leads to sunken and wrinkled brown patches on
tubers (Goswami and Kistler 2004; Xia et al. 2017; Tiwari
et al. 2020). The soil-borne fungal pathogen Rhizoctonia
solani causes black spot disease, which leads to the devel-
opment of seedling damping-off, stem canker, and root
rots (Andika et al. 2017; Abdoulaye et al. 2019). Spongo-
spora subterranea causes powdery scab disease, which
leads to potato spoilage due to the formation of scab-
like lesions on tubers (Merz 2008; Gau et al. 2013). In
addition, the bacterium Ralstonia solanacearum causes
bacterial wilt disease, which leads to stunting, root and
stem rots, vascular discoloration, and wilting (Chen et al.
2012). Pectobacterium atrosepticum causes black shank
disease, which exhibits black spots and stem rots result-
ing in plant decline, wilting, and death (Mansfield et al.
2012). Likewise, Streptomyces scabies causes potato scab
disease, which develops scab lesions on the surface of
tubers and ultimately reduces potato quality (Hill and
Lazarovits 2005; Wang and Lazarovits 2005). In short,
these eight common potato pathogens cause the major-
ity of diseases that severely reduce yield and marketabil-
ity. As a wide range of pathogens simultaneously infect
potato plants, rapid detection of each pathogen is impor-
tant for the on-site diagnosis and treatment of potato dis-
eases (Cunniffe et al. 2015; Susi et al. 2015).

Various methods have been used to detect potato path-
ogens (Nagamine et al. 2002; Daher et al. 2016; Tameh
et al. 2020). Traditional methods rely on the isolation
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and purification of pathogens, which can be time-con-
suming and require prior experience (Perez-Sierra et al.
2022). With the development of molecular techniques,
amplification of genes through conventional polymerase
chain reaction (PCR), nested PCR, and quantitative real-
time PCR has been used for timely and accurate detec-
tion of pathogens (Smith and Osborn 2009; Green and
Sambrook 2018, 2019). So far, these molecular strategies
have been reported to detect P, infestans, Alternaria spp.,
Fusarium spp., R. solani, R. solanacearum, P. atrosepti-
cum, Streptomyces spp., and Spongospora spp. on potato
(Niepold and SchoberButin 1995; Bulman and Marshall
1998; Pastrik and Maiss 2000; Jurado et al. 2005; Okubara
et al. 2008; Kumar et al. 2013; Xu et al. 2016). However,
PCR-based detection of pathogens requires labora-
tory equipment and well-trained staff, which makes it
unsuitable for on-site field pathogen detection. Alterna-
tively, recombinase polymerase amplification (RPA) is
an effective detection technique that uses recombinase
and coenzymes with primers to amplify targeted genes
(Piepenburg et al. 2006). Recently, CRISPR/Casl12a has
been reported to be a highly sensitive and programmable
tool for pathogen detection (Chen et al. 2018). However,
both RPA and CRISPR/Cas12a are difficult to promote in
fields due to their high expense. Therefore, it is crucial to
establish a straightforward, rapid, sensitive, and precise
method to detect pathogens in fields.

Loop-mediated isothermal amplification (LAMP) has
shown to be more straightforward, cheaper, and rapid
than PCR-based detection of pathogens (Nagamine et al.
2002; Caipang et al. 2004). LAMP uses a set of four to
six primers and Bacillus stearothermophilus DNA poly-
merase to amplify targeted genes with high specificity
under a isothermal condition, which ranges from 60 to
65 °C (Notomi et al. 2000; Begum et al. 2010). In addi-
tion, LAMP is easily visualized using SYBR Green I after
gene amplification (Feng et al. 2021). These characteris-
tics make LAMP applicable for on-site pathogen detec-
tion (Shu et al. 2003). To date, LAMP has been employed
to detect the oomycete P infestans, the fungi A. solani
and Fusarium spp., and the bacteria R. solanacearum and
P atrosepticum (Niessen and Vogel 2010; Pan et al. 2011;
Lu et al. 2015b; Hu et al. 2016; Khan et al. 2017; Lees
et al. 2019; Jiang et al. 2021). However, LAMP primers in
these reports only target a certain pathogen, which make
them unfeasible for detecting complex infection of potato
pathogens in fields.

In this study, we aimed to develop integrated-LAMP
assays (iILAMPs) for simultaneously detecting eight
common potato pathogens and applied it for pathogen
detection in potato samples from the four main potato-
growing regions of China in 2023. Therefore, LAMP
primers targeting eight genes were designed to detect
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their corresponding pathogens. In addition, the specific-
ity of iLAMPs were tested for different pathogens as well
as isolates, and iLAMPs could sensitively detect gDNA
with concentration ranging from 10 fg/uL to 10 pg/pL.
Subsequently, infected potato samples prepared under
laboratory conditions were used to validate the ability of
iLAMDPs for pathogen detection. Finally, iLAMPs-medi-
ated pathogen detection in field samples revealed that P
infestans and A. solani are the two main potato patho-
gens, and are frequently co-detected in diseased leaves
and tubers. Overall, iLAMPs developed in this study can
simultaneously detect multiple potato pathogens, which
can facilitate early prevention and management of potato
diseases.

Results
Design of LAMP primers
To monitor and further prevent outbreaks of potato
diseases, this study aimed to develop a toolkit employ-
ing LAMP assays to simultaneously detect eight com-
mon potato pathogens, including P. infestans, A. solani,
E graminearum, R. solani, R. solanacearum, P. atrosep-
ticum, S. scabies, and S. subterranea, by using eight sets
of primers, which individually targets a specific gene for
each pathogen. The specific target genes were aligned
with their corresponding homologs for the design of
primers with the advantage of stronger specificity, higher
sensitivity, and easier visualization (Fig. 1a). Potato tis-
sues prepared under laboratory conditions and collected
from fields were used for gDNA extraction (Fig. 1b). Sub-
sequently, gDNA was used as the template for iLAMPs,
of which yellow-green and orange colors indicate the
presence and absence of detected pathogens, respectively
(Fig. 1c).

gDNA sequences of P. infestans extracellular protease
inhibitor 12 (Epi 12), A. solani 3-tubulin domain-contain-
ing protein (B-tubulin), E graminearum translation elon-
gation factor la (TEF Ia), R. solani internal transcribed
spacer (ITS), R. solanacearum 16S ribosomal RNA (16S
rRNA), P. atrosepticum gyrase beta (gyrB), S. scabies tryp-
tophan synthase subunit beta (trpB), and S. subterranea
ITS were retrieved from National Center for Biotechnol-
ogy Information (NCBI). In addition, these eight genes
were blasted to obtain homologs of pathogens belonging
to the same genus (Additional file 1: Figure S1). Each set
contains four to six primers, with a pair of outer primers
(forward primer F3 and backward primer B3), a pair of
inner primers (forward inner primer FIP and backward
inner primer BIP), and one to two loop primers (loop for-
ward primer LF and loop backward primer LB). Outer
and inner primers are used to amplify six fragments of
targeted genes, while loop primers are used to acceler-
ate gene amplification (Additional file 1: Figure S2a and
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Additional file 2: Table S1). Aligned sequences of these
eight genes and their corresponding homologs were
searched for non-conserved regions, which were subse-
quently used for primer design (Additional file 1: Figure
S2b—i and Additional file 2: Table S1).

Specificity of iLAMPs

To determine the detection specificity of iLAMPs by
using these primers, each set of genus-specific primers
was challenged against the other seven pathogens and
homologous isolates for unwanted crossover interac-
tions. When primers targeting Epi 12 of P. infestans were
used for iLAMPs, only the gDNA of P, infestans displayed
a yellow-green color, while the other oomycetes of P. cap-
sici, P. sojae, P. mirabilis, P. parasitica, and P. palmivora,
as well as the fungal and bacterial pathogens displayed
an orange color (Fig. 2, Additional file 1: Figure S3, and
Additional file 2: Table S2). These results indicate that Epi
12 specifically detects P, infestans. Similarly, when prim-
ers targeting 5-tubulin of A. solani, TEF 1a of E gramine-
arum, ITS of R. solani, 16S rRNA of R. solanacearum,
gyrB of P. atrosepticum, trpB of S. scabies, and ITS of S.
subterranea were used for iLAMPs, only the gDNA of
each targeted pathogen displayed a yellow-green color
(Fig. 2, Additional file 1: Figure S3, and Additional file 2:
Table S2). Taken together, these results indicated that
iLAMPs using these primers have high specificity for
their corresponding targeted pathogens.

To determine whether iLAMPs using these primers
could detect their corresponding isolates, four isolates
of each pathogen were used. When primers targeting
Epi 12 of P. infestans were used for iLAMPs, gDNA of
four P, infestans isolates displayed a yellow-green color
(Fig. 2 and Additional file 2: Table S2), indicating that
Epi 12 could be used for iLAMPs to detect different
P infestans isolates. Similarly, when primers target-
ing B-tubulin of A. solani, TEF la of E graminearum,
ITS of R. solani, 16S rRNA of R. solanacearum, gyrB of
P, atrosepticum, trpB of S. scabies, and ITS of S. subter-
ranea were used for iLAMPs, gDNA of respective four
isolates displayed a yellow-green color (Fig. 2 and Addi-
tional file 2: Table S2), suggesting that these genes could
also be used for iLAMPs to detect different isolates of
A. solani, F. graminearum, R. solani, R. solanacearum, P.
atrosepticum, S. scabies, and S. subterranea, respectively.
Taken together, these results indicated that the developed
iLAMPs could detect different isolates of these eight
common potato pathogens.

Sensitivity of iLAMPs

To determine the detection sensitivity of iLAMPs using
these primers, the minimum amount of gDNA of these
eight pathogens for iLAMPs was determined. Therefore,
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Fig. 1 A schematic view of iLAMPs for potato disease survey. a Primers design for various potato pathogens spanning different kingdoms.
Genus-specific genes of these eight common potato pathogens were selected, and the non-conserved regions of selected genes aligned

with their homologs were used for designing LAMP primers. b Potato tissues and cultured pathogens used for gDNA extraction. ¢ gDNA was used
as a template for iLAMPs, of which yellow-green and orange colors indicate the presence and absence of detected pathogens, respectively

diluted gDNA ranging from 100 ng/uL to 10 fg/uL with
a ten-times serial dilution was used as templates for
iLAMPs. The minimum limit of detection was 100 fg/
uL for A. solani, R. solanacearum, P. atrosepticum, and
S. scabies, 10 pg/uL for P, infestans, R. solani, and S. sub-
terranea, and 1 pg/uL for E graminearum (Fig. 3). These
results indicate that designed primers could effectively
amplify targeted genes with a gDNA concentration
down to the level between 100 fg/pL and 10 pg/pL, and

that iLAMPs with these sets of primers could be used
to detect low abundance of pathogens from diseased
samples.

iLAMPs-mediated pathogen detection in different potato
tissues prepared under laboratory conditions

To test whether iLAMPs could detect these eight path-
ogens under laboratory conditions, leaves, stems, and
tubers infected by eight pathogens were used for gDNA
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Fig. 2 Specificity of iLAMPs using gDNA of different pathogens. H,O was used as a negative control and numbers indicate gDNA of different
pathogen isolates. The numbers of 1-4 indicate P infestans, 5-8 indicate A. solani, 9-12 indicate £. graminearum, 13-16 indicate R. solani, 17-20
indicate R. solanacearum, 21-24 indicate P, atrosepticum, 25-28 indicate S. scabies, and 29-32 indicate S. subterranea. Representative pictures
of at least three experiments with similar results were shown
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Fig. 3 Sensitivity of ILAMPs using diluted gDNA of different pathogens. Diluted gDNA of eight pathogens was used for iLAMPs, and H,0O was used
as a negative control. Representative pictures of at least three experiments with similar results were shown

isolation. In addition, healthy leaves were used for the
negative control of P infestans, A. solani, F. gramine-
arum, and R. solani, healthy stems were used for the
negative control of R. solanacearum and P. atrosepticum,
and healthy tubers were used for the negative control of
S. scabies and S. subterranea. iLAMPs with primers of
Epi 12, B-tubulin, TEF 1a, ITS, 16S rRNA, gyrB, trpB, and
ITS only detected the presence of P infestans, A. solani,
E graminearum, R. solani, R. solanacearum, P. atrosep-
ticum, S. scabies, and S. subterranea, respectively, and
did not show false-positive results when used for other
pathogens, H,O, and healthy potato tissues (Fig. 4). These
results suggested that iLAMPs could be used to detect
the presence of these eight pathogens in diseased potato
leaves, stems, and tubers.

iLAMPs-mediated pathogen detection in field samples

To evaluate whether iLAMPs could detect these eight
pathogens from field samples, which were collected dur-
ing the potato production season in 2023 from the four
main potato-growing regions of China (Jansky et al
2009), a total of 206 diseased leaves and 239 diseased
tubers were collected (Fig. 5a and Additional file 2:

Table S3) and used for gDNA isolation prepared for
iLAMPs.

When diseased leaves were used for iLAMPs, P
infestans, A. solani, F. graminearum, R. solani, R. sola-
nacearum, and P atrosepticum were detected from
47.57%, 65.53%, 21.84%, 25.24%, 35.92%, and 32.04%
of all samples, respectively, while S. scabies and S. sub-
terranea were detected from 1.94% and 5.34% (Fig. 5b,
Additional file 2: Table S4 and Table S5). When sorted
by each potato-growing region, in the northern region,
P infestans, A. solani, E graminearum, R. solani, R.
solanacearum, and P. atrosepticum were detected from
32.61%, 76.09%, 30.43%, 41.30%, 23.91%, and 19.57% of
samples, respectively, while S. scabies and S. subterranea
were detected from 4.35% and 8.70% (Fig. 5b, Additional
file 2: Table S4 and Table S5). Likewise, in the central
region, P, infestans, A. solani, F. graminearum, R. solani,
R. solanacearum, and P. atrosepticum were detected from
25.00%, 37.50%, 16.67%, 12.50%, 45.83%, and 45.83%
of samples, respectively, while S. scabies and S. sub-
terranea were not detected (Fig. 5b, Additional file 2:
Table S4 and Table S5). Similarly, in the southwestern
region, P, infestans, A. solani, F. graminearum, R. solani,
R. solanacearum, and P. atrosepticum were detected from
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Fig. 4 iLAMPs specifically detect pathogens on potato grown under laboratory conditions. gDNA of infected potatoes growing under laboratory
conditions was used for iLAMPs. H,O and healthy potato (H) were used as negative controls, and the numbers of 1-8 indicate the gDNA of potatoes
infected by P infestans, A. solani, f. graminearum, R. solani, R. solanacearum, P. atrosepticum, S. scabies, and S. subterranea, respectively. The numbers

of 1-4 indicate gDNA isolated from potato leaves, 5-6 indicate gDNA isolated from potato stems, and 7-8 indicate gDNA isolated from potato
tubers. Representative pictures of at least three experiments with similar results were shown

56.15%, 66.92%, 19.23%, 23.08%, 38.46%, and 33.85% of
samples, respectively, while S. scabies and S. subterra-
nea were detected from 1.54% and 5.38% (Fig. 5b, Addi-
tional file 2: Table S4 and Table S5). Additionally, in the
southern region, P. infestans, A. solani, F. graminearum,
R. solanacearum, and P. atrosepticum were detected from
66.67%, 66.67%, 33.33%, 33.33%, and 33.33% of samples,
respectively, while R. solani, S. scabies, and S. subterranea
were not detected (Fig. 5b, Additional file 2: Table S4 and
Table S5).

When diseased tubers were used for iLAMPs, P
infestans, A. solani, FE graminearum, R. solani, R. sola-
nacearum, P atrosepticum, S. scabies, and S. subter-
ranea were detected from 26.78%, 38.08%, 52.30%,
46.03%, 52.72%, 41.00%, 33.05%, and 40.59% of all sam-
ples, respectively (Fig. 5¢c, Additional file 2: Table S4 and
Table S6). In the northern region, P infestans, A. solani,
E graminearum, R. solani, R. solanacearum, P. atrosep-
ticum, S. scabies, and S. subterranea were detected from
26.36%, 32.73%, 46.36%, 31.82%, 43.64%, 40.00%, 30.00%,
and 40.00% of samples, respectively (Fig. 5c¢, Additional
file 2: Table S4 and Table S6). Likewise, in the central
region, P, infestans, A. solani, E graminearum, R. solani,
R. solanacearum, P. atrosepticum, S. scabies, and S. sub-
terranea were detected from 17.54%, 61.40%, 85.96%,
45.61%, 52.63%, 59.65%, 33.33%, and 38.60% of sam-
ples, respectively (Fig. 5c, Additional file 2: Table S4
and Table $6). Similarly, in the southwestern region, P

infestans, A. solani, F. graminearum, R. solani, R. solan-
acearum, P. atrosepticum, S. scabies, and S. subterranea
were detected from 36.84%, 29.82%, 40.35%, 63.16%,
66.67%, 22.81%, 35.09%, and 42.11% of samples, respec-
tively (Fig. 5¢, Additional file 2: Table S4 and Table S6).
Additionally, in the southern regions, P infestans, A.
solani, E graminearum, R. solani, R. solanacearum, P,
atrosepticum, S. scabies, and S. subterranea were detected
from 26.67%, 20.00%, 13.33%, 86.67%, 66.67%, 46.67%,
46.67%, and 46.67% of sample, respectively (Fig. 5¢, Addi-
tional file 2: Table S4 and Table S6). Taken together, these
results indicated that iLAMPs could detect these eight
pathogens in diseased potato tissues collected from field
samples.

Co-existence of P. infestans and A. solani in both leaf
and tuber samples
Plants are constantly infected by a variety of pathogens
and complex infection of Fusarium spp. and R. solani as
well as P sojae in soybean has been reported (Ye et al.
2020; Wang et al. 2023). Since various pathogens simulta-
neously infect potatoes in fields and that 72.82% diseased
leaves and 84.94% diseased tubers carry more than one
pathogen, iLAMPs detection results were analyzed for
the complex infection of pathogens in diseased leaves
and tubers.

When diseased leaves were used, 90.78% of them
contained one to five pathogens, 0.49% contained six
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Fig. 5 iLAMPs specifically detect pathogens from field potato samples. a A illustration for sample collection sites from the four main
potato-growing regions. Green represents diseased leaves, orange represents diseased tubers, and circle size represents the number of collected
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pathogens while 8.74% were free of these eight pathogens  when diseased tubers were used, 6.69% were free of these
(Fig. 6a). In addition, 31.55% and 20.39% of them contain  eight pathogens, 8.37% of them contained only one path-
two and three pathogens, respectively (Fig. 6a). Likewise, ogen while 2.51% and 0.42% contained seven and eight
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pathogens, respectively (Fig. 6b). In addition, two to six
pathogens were detected in 82.01% of diseased tubers, in
which 20.08% and 20.50% contained two and three path-
ogens, respectively (Fig. 6b). Taken together, these obser-
vations revealed that the majority of diseased leaves and
tubers are likely to simultaneously contain two to three
pathogens.

To determine the co-existed pathogens in potato leaves
and tubers, the frequency of simultaneous detection of
multiple species was calculated. In diseased leaves, P,
infestans was frequently concurrent with A. solani, which
was found in 87.50% of P. infestans-positive samples and
was significantly higher than those of other pathogens
(Fig. 6¢c and Additional file 2: Table S7). Likewise, A.
solani was frequently concurrent with P. infestans, which
was found in 61.11% of A. solani-positive samples and
was significantly higher than those of other pathogens
(Fig. 6¢ and Additional file 2: Table S7). In addition, com-
binations such as F graminearum-R. solani and R. solan-
acearum-P. atrosepticum were also frequently concurrent
in diseased leaves, but their correlation rates were not as
high as the correlation rate between P. infestans and A.
solani (Additional file 1: Figure S4a and Additional file 2:
Table S7). In diseased tubers, P. infestans was frequently
concurrent with A. solani and R. solani, which were
found in 57.38% and 62.30% of P. infestans-positive sam-
ples, respectively (Fig. 6d and Additional file 2: Table S8).
Likewise, A. solani was frequently concurrent with P
infestans, which was found in 38.46% of A. solani-positive
samples (Fig. 6d and Additional file 2: Table S8). More-
over, combinations such as A. solani-E graminearum,
A. solani-R. solani, F. graminearum-P. atrosepticum, R.
solani-R. solanacearum, and S. scabies-S. subterranea
were also frequently concurrent in diseased tubers (Addi-
tional file 1: Figure S4b and Additional file 2: Table S8).
Furthermore, when sorted by each potato-growing
region, the combination of P infestans-A. solani was
higher in both southern and southwestern regions than
other regions (Fig. 6e, f). Taken together, diseased leaves
and tubers from the four main potato-growing regions
of China mainly contained two to three pathogens, and
frequent occurrence of co-existence of P, infestans and A.
solani was observed.

Discussion

Potato production is severely affected by various patho-
gens, and detection of these pathogens is vital for identi-
fication and control of potato diseases. However, current
methods do not meet the requirement for simultaneous
detection of multiple potato pathogens. In this study, a
toolkit termed iLAMPs was developed to provide a fast
and accurate detection system for monitoring up to eight
common potato pathogens simultaneously.
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Currently, P infestans has been targeted for LAMP
assays using the genes of ITS-II (Hansen et al. 2016),
ITS-I (Verma et al. 2019), ras-related protein (Khan et al.
2017), and P infestans specific multiple copy (PiSMC)
(Kong et al. 2020). In this study, Epi 12 was selected for
iLAMPs with a stronger sensitivity than ITS and a com-
parable sensitivity to PiSMC, which makes Epi 12 suitable
for detecting P, infestans. As for A. solani, histidine kinase
1, which is a genetic marker, alternaria allergen 1, and
B-tubulin were used for PCR-based detection of A. solani
(Pavon et al. 2010; Kumar et al. 2013; Khan et al. 2018).
In this study, S-tubulin was used to detect A. solani by
iLAMPs, enabling easy-visualization of detection results
and making it more convenient than traditional PCR.
Similarly, ITS of S. scabies and S. subterranea has been
used for PCR to detect these two pathogens (Bulman
and Marshall 1998; Xu et al. 2016), and in this study,
trpB and ITS were used for iLAMPs-mediated detection
of S. scabies and S. subterranea, respectively, which pro-
vides a simpler way to detect these two pathogens when
compared with PCR methods. Additionally, cytochrome
P450 51C (CYP51C) of E graminearum has been used
for LAMP-mediated detection of this pathogen with a
sensitivity of 100 pg/pL (Lu et al. 2015b). In this study,
TEF la of F graminearum was selected for iLAMPs-
mediated detection of this pathogen and had a higher
sensitivity of 1 pg/uL when compared to CYP5IC. Hence,
primers targeting specific regions of ITS, 16S rRNA, and
gyrB were redesigned for iLAMPs detecting R. solani, R.
solanacearum, and P. atrosepticum, respectively (Lenar-
cic et al. 2014; Hu et al. 2016; Huang et al. 2017). Taken
together, this study provides eight pairs of primers, which
could be used for iLAMPs-mediated detection of corre-
sponding potato pathogens.

The diagnose of potato diseases in fields is difficult
because of simultaneous infections by various pathogens
and a lack of visible symptoms at early infection stage.
Thus, a rapid and sensitive on-site detection technique
is important for diagnosing potato diseases. To meet
this requirement, LAMP has been used for the detec-
tion of P. infestans, E graminearum, and R. solani with
sensitivities of 1 pg/pL, 100 pg/uL, and 10 pg/pL, respec-
tively (Lu et al. 2015a, b; Kong et al. 2020). In this study,
iLAMPs-mediated detection of P. infestans, E gramine-
arum, and R. solani had a sensitivity of 10 pg/uL, 1 pg/
pL, and 10 pg/pL, respectively, which has a comparable
sensitivity for the detection of these pathogens. In addi-
tion, iLAMPs-mediated detection of A. solani, R. solan-
acearum, P. atrosepticum, and S. scabies has a sensitivity
down to 100 fg/pL, and of S. subterranea has a sensitiv-
ity of 10 pg/pL. Overall, iLAMPs using primers designed
in this study were found to be precise and sensitive for
accurate detection of these eight potato pathogens.
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In this study, P, infestans and A. solani were found to be
the two main pathogens in diseased leaves, which is con-
sistent with the fact that these are the two main potato
pathogens and aligns with survey data showing these two
pathogens are widely presented in areas where samples
were collected (Zhang et al. 2012, 2017; Meno et al. 2021;
Yuen 2021). In addition, the combination of P. infestans-
A. solani was prevalently detected in diseased leaves and
tubers collected from the southern and southwestern
potato-growing regions. Since co-infection of P. infestans
and A. solani enhances infection in potatoes (Brouwer
et al. 2023), the high detection rate of P infestans-A.
solani suggests that measurements are needed to prevent
the outbreaks of diseases caused by these two pathogens.
Although it remains unknown whether combinations
other than P, infestans-A. solani might enhance infection
or not, the observation that pathogens with low detection
rates also co-exist should raise the alarm to monitor the
abundance of certain pathogen populations in order to
prevent outbreaks of potato diseases.

Conclusions

This study developed a toolkit termed iLAMPs for simul-
taneous detection of eight common potato pathogens
in field samples. In short, eight sets of primers show-
ing gene- and genus-specificity were designed to effec-
tively amplify targeted genes. In addition, iLAMPs could
simultaneously, efficiently, and accurately detect multiple
common pathogens. Furthermore, iLAMPs-mediated
pathogen detection revealed that P infestans and A.
solani are the two main potato pathogens and these two
pathogens tend to co-exist in both diseased leaves and
tubers from the four main potato-growing regions of
China.

Methods

Strain sources

Strains of Streptomyces coelicolor, S. recifensis, S. gramini-
folii, S. xiangtanensis, S. lutosisoli, S. camponoticapitis,
S. rubellomurinus, S. sporoverrucosus, S. xiangtanensis,
S. hygroscopicus, Agrobacterium pusense, Kitasatospora
acidiphila, and R. solanacearum were provided by Prof.
Zhong Wei (Nanjing Agricultural University). P atrosep-
ticum was provided by Prof. Jiagin Fan (Nanjing Agricul-
tural University), A. solani was provided by Prof. Qinghe
Chen (Fujian Academy of Agricultural Sciences), R.
solani was provided by Prof. Xuehong Wu (China Agri-
cultural University), and S. scabies was provided by Prof.
Bo Zhou (Shandong Agricultural University). Other
pathogens used in this study are self-maintained in labo-
ratory. The information relating to origin, host, and path-
ogen quantity used in this study are listed in Additional
file 2: Table S2.
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Culture conditions

P infestans was grown on rye-sucrose plates at 18°C for
8 d in the dark. A. solani, E graminearum, and R. solani
were grown on potato dextrose agar (PDA) plates at
28°C for 5 d in the dark. R. solanacearum was grown on
nutrient agar (NA) plates at 28°C for 2 d in the dark. P
atrosepticum was grown on luria bertani (LB) plates at
28°C for 1 d in the dark. S. scabies was grown on oatmeal
agar plates at 28°C for 2 d in the dark. S. subterranea was
stored on potato tubers.

To prepare pathogens for gDNA isolation, 20 mycelium
plugs, which have the size around 1 mm?, of P infestans
were cultured in green bean liquid medium at 18°C,
220 rpm in the dark and mycelia were collected after 5 d.
Similarly, 20 mycelium plugs, which have the size around
1 mm?, of A. solani, E graminearum, and R. solani were
grown in PDA liquid medium at 28°C, 220 rpm in the
dark and mycelia were collected after 3 d. In addition,
R. solanacearum was cultured in NA liquid medium at
28°C, 220 rpm for 2 d, P. atrosepticum was amplified in
LB liquid medium at 28°C, 220 rpm for 1 d, and S. sca-
bies was amplified in oatmeal liquid medium at 28°C,
220 rpm for 2 d. Moreover, S. subterranea was used to
infect potato tubers, and reproduced S. subterranea was
harvested from diseased tissues. Harvested mycelia and
pathogens were used for further gDNA isolation.

Infected potato samples and field potato samples

To generate samples for iLAMPs under laboratory con-
ditions, mycelium plugs of P infestans were attached
to detached potato leaves with 10 pL. H,O added to
the gap between plugs and leaves, which were subse-
quently stored in an incubator with 8 h in the dark and
16 h in the light at 18°C. Samples infected by A. solani,
E graminearum, and R. solani were similarly treated like
P infestans except that the temperature was 28°C. After
5 d, diseased potato leaves infected by these four patho-
gens were collected. As for R. solanacearum, P. atrosep-
ticum, and S. scabies, these three pathogens were grown
in liquid medium. Cultured medium was used to water
potato roots and diseased stems or roots were collected
after 7 d. As for the biotrophic pathogen S. subterranea,
S. subterranea-infected potato tubers were mixed with
healthy tubers and infected tubers were collected after
two months.

As for field samples for iLAMPs, diseased leaves and
tubers were separately collected from the four main
potato-growing regions, namely the northern, central,
southwestern, and southern regions, in China. Diseased
leaves and tubers were washed with H,O for three times.
Next, washed leaves and tubers were dried by papers.
Subsequently, around 1 g leaf and tuber tissues with
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diseased symptom were collected for further gDNA
isolation.

DNA extraction

Total gDNA was isolated by DNA secure Plant Kit (Tian-
gen Biotech) and quantified by NanoDrop One (Thermo
Fisher Scientific). As for assays determining iLAMPs sen-
sitivity, DNA was serially diluted in a ten-times dilution
using RNA-free water to a range of 100 ng/pL to 10 fg/
pL. For the rest assays, gDNA of pathogens, diseased
leaves and tubers was 100 ng/pL. Diluted gDNA was
used for further iLAMPs and stored at —20°C.

Selection of targeted genes and designing of primers

for iLAMPs

Genus-specific genes of these eight common potato
pathogens were selected, and the non-conserved
regions of selected genes following alignment with their
homologs were used for designing LAMP primers. Tar-
get genes were found in the literature for each pathogen
including Epi 12 (AY586284.1) of P infestans, S-tubulin
(MK388240.1) of A. solani, TEF la (GQ848544.1) of E
graminearum, ITS (DQ356412.1) of R. solani, 16S rRNA
(AH004176.2) of R. solanacearum, gyrB (JF311589.1) of
P, atrosepticum, trpB (NC013929.1) of S. scabies, and ITS
(MT116436.1) of S. subterranea. In addition, homologous
genes were obtained from NCBI (https://www.ncbi.nlm.
nih.gov/) and aligned by Bioedit V7. Finally, non-con-
served regions of targeted genes were selected for primer
design using PrimerExplorer V5 program (http://prime
rexplorer.jp/lampv5e/index.html). For each gene, a set of
four to six primers was designed with high genus-speci-
ficity and sensitivity.

Optimization of iLAMPs

Each LAMP assay was performed in a PCR tube with a
25 pL reaction mixture, which consisted of 0.8 uM FIP
and BIP (Sangon Biotech), 0.1 uM F3 and B3 (Sangon
Biotech), 0.1 uM LF and LB (Sangon Biotech), 2.5 pL
10x ThermoPol buffer (New England Biolabs), 0.8 M
Betaine (Sigma), 1.4 mM dNTPs (Takara Bio), 6 mM
MgSO, (New England Biolabs), 3 uL. H,O, 8 U Bst DNA
polymerase (New England Biolabs), and 4 pL diluted
gDNA. In the absence of LF or LB, H,O was added to the
final volume of 25 pL. iLAMPs were incubated in T100
Thermal Cycler (Bio-Rad) at 62°C for 80 min. Once fin-
ished, each reaction mixture was mixed with 0.25 pL
SYBR Green I (Guyu Shengwu Company) for visualiza-
tion in the fume hood. Yellow-green or orange color
indicates the presence or absence of targeted pathogens,
respectively.
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Statistical analysis

Statistical analyses for co-existence were conducted by
using the chi-square calculator for 2x2 contingency
table (https://www.socscistatistics.com/tests/chisquare/
default2.aspx/).
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Epi 12 Extracellular protease inhibitor 12
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NA Nutrient agar
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16S rRNA  16S ribosomal RNA
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