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Abstract

The oomycete pathogen causing root-rot and damping-off diseases in soybean (Glycine max) fields in the Huang-Huai region of
China was identified as Pythium spinosum. To detect P. spinosum for disease diagnosis and control, we developed a loop-
mediated isothermal amplification (LAMP) reaction with a primer set designed from the rDNA internal transcribed spacer 2
(ITS2) sequence of P. spinosum. The LAMP assay can efficiently amplify the target gene within 60 min at 63 °C. In specificity
tests using 31 Pythium spp., 12 Phytophthora spp., 6 Phytopythium spp., and 9 other fungi strains, no cross-reactions were
observed in the LAMP assay. The detection limit was 100 pg-uL " of genomic DNA per reaction. In cases of suspected disease,
P, spinosum could be detected directly, using the LAMP assay, from soybean tissues and soil collected from fields in soybean
production areas in the Huang-Huai region. This study provides a rapid method for diagnosing soybean root-rot and damping-off

diseases caused by P. spinosum.
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Introduction

There are more than 160 species in the genus Pythium
(Chen et al. 2017), which includes plant pathogens found
worldwide that frequently cause seed, seedling, and root
rot in economically important crops such as peanut
(Arachis hypogaea), wheat (Triticum spp.), and soybean
(Glycine max) (Wang et al. 2003; Wrather and Koenning
2006). Most Pythium spp. are soil-borne, facultative plant
pathogens with broad host ranges (Hendrix and Campbell
1973; Martin and Loper 2010).

Pythium spinosum infects several host species and occurs
in both soil and water. P. spinosum often infects the seeds and
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young roots of plants (Botha 1993; Plaats-Niterink 1981),
causing the plants to wilt, and also resulting in plant dieback,
damping-off, and root rot (Hendricks and Roberts 2015;
Ivimey and Collins 1937; Nawaz et al. 2016; Nzungize et al.
2011; Park et al. 2016; Takeuchi et al. 2002; Zhang and Yang
2000). For example, P. spinosum causes dieback in watermel-
on plants (Hendricks and Roberts 2015), damping-off in
Cucumis melo (Park et al. 2016), root rot in chili plants
(Nawaz et al. 2016), the common bean (Nzungize et al.
2011), and Sansevieria trifasciata (Takeuchi et al. 2002),
and wilting in Primula spp. (Ivimey and Collins 1937).
Based on our initial investigations in the Huang-Huai region
of China, P, spinosum is also one of the major agents causing
soybean root rot and damping-off.

Accurate identification of pathogens is the foundation of
disease diagnosis and control. However, the symptoms of root
rot and damping-off caused by P. spinosum are similar to those
in diseases caused by other pathogens such as Fusarium
graminearum, F. culmorum, Rhizoctonia solani,
Phytophthora sojae, and Pythium ultimum (Lu et al. 2015;
Zeng et al. 2017); thus, disease diagnosis in the field is diffi-
cult. Although many Pythium species can be identified using
conventional laboratory methods, such as morphological and
biological analyses, samples can display intraspecific
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phenotypic variation under different culture conditions (Pettitt
et al. 2002), and may not always produce sexual reproductive
structures in vitro for accurate identification (Botton et al.
2011). Therefore, the development of a rapid molecular assay
that specifically detects P. spinosum would be useful for diag-
nosing soybean root rot caused by this pathogen in the field.

The loop-mediated isothermal amplification (LAMP)
(Notomi et al. 2000) assay has high sensitivity and specificity
because it uses a set of four primers with six binding sites that
hybridise to the target gene sequence. The reaction results are
visually confirmed by adding hydroxynaphthol blue (HNB) at
the start of the assay (Goto et al. 2009). A positive result is
indicated by a sky-blue colour, whereas a negative sample
remains purple. LAMP assays have been developed to detect
several Pythium pathogens at the species level, including
P aphanidermatum (Fukuta et al. 2013), P. inflatum (Cao
et al. 2016), P. irregulare (Feng et al. 2015), P. myriotylum
(Fukuta et al. 2014), and P. ultimum (Shen et al. 2017).
However, no LAMP assay for detecting P. spinosum in soy-
bean has been reported to date.

The objective of this study was to develop a simple
LAMP detection method for specific identification of
P. spinosum. We used the LAMP assay to diagnosis soy-
bean root rot and damping-off caused by P. spinosum by
directly detecting the pathogen in diseased host tissues
and soil collected from three provinces.

Materials and methods
Strain isolation, identification, and DNA extraction

From 2016 to 2017, 142 soybean samples with symptoms of
seed decay, seedling damping-off, and plant root rot were
collected from Jiangsu, Shandong, and Anhui provinces in
the Huang-Huai region of China. Pythium strains were isolat-
ed from the tissues of symptomatic soybean plants using se-
lective V8 juice agar medium (V8A) containing rifampicin,
ampicillin, and pentachloronitrobenzene. The isolation proce-
dure followed methods described in Benard and Punja (1995).

The purified isolates were identified by morphological ex-
amination, and by sequencing the internal transcribed spacer 2
(ITS2) (White et al. 1990) and cytochrome oxidase I (COI)
genes (Robideau et al. 2011). DNA was extracted from the
pure cultures using the DNAsecure Plant Kit (Tiangen,
Beijing, China) according to the manufacturer’s protocol.
PCR to amplify the ITS2 and COI genes was then carried
out as described previously (Chen et al. 2017). PCR products
were sent to GenScript (Nanjing, China) for purification and
sequencing. Amplicon sequences were compared with anno-
tated sequences in the GenBank database hosted by the
National Center for Biotechnology Information (http://www.
ncbi.nlm.nih.gov) using the BLASTN program. The species
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of each isolate was determined according to its best match in
the database, with matches of at least 99% for both the ITS2
and COI regions.

The strains used in this study are maintained in a collection
at the Department of Plant Pathology, Nanjing Agricultural
University, China (Table 1). Pythium, Phytopythium, and
Phytophthora strains were cultured on V8A, and the fungal
strains isolated for our study were cultured on potato dextrose
agar medium at 25 °C for at least 7 days before DNA extrac-
tion. Mycelia from each sample were harvested and then
stored at —20 °C. DNA from mycelia was extracted using a
modified hexadecyltrimethylammonium bromide (CTAB)
method (Murray and Thompson 1980).

Pathogenicity assays

Pathogenicity was confirmed using six strains of
P. spinosum isolated from Shandong, Anhui, and Jiangsu
provinces to infect two soybean cultivars, Zhonghuang 13
and Xudou 18, which are commonly grown in these prov-
inces. Pathogenicity in soybean seeds and seedlings was
determined using assays similar to those previously de-
scribed (Zhang and Yang 2000).

Pre-emergence damping-off assay: The six strains of
P spinosum were grown on V8A (Zheng 1997) for 3 days
and then transferred to 2% water agar (WA) and incubated at
room temperature (22—25 °C) for 48 h before inoculation. Six
surface-sterilised soybean seeds (70% alcohol for 30 s and 2%
sodium hypochlorite for 2 min, followed by three rinses with
sterile water) were placed on the Pythium cultures. Seeds also
were placed on WA plates without P. spinosum as controls.
The plates were incubated at 25 °C in the dark for 7 days to
allow seeds to germinate (i.e. primary root length equalled
seed length) before disease levels were assessed. Three repli-
cate plates were used for each strain. The disease levels were
categorised as follows: 0 (no symptoms) =seed germinated
without visible infection; 1 (weak)=seed germinated with
short, light discoloured roots; 2 (strong) = seed died after ger-
mination; 3 (very strong) = seed died before germination.

Post-emergence damping-off assay: Three-day-old cul-
tures of P. spinosum were cut into small pieces (5 x
5 mm), mixed with sterilised vermiculite (vermiculite
subjected to moist heat at 121 °C for 20 min), and
placed in Petri dishes (100 x 15 mm). One Petri dish
was then buried at a 13-cm depth in each pot (500-mL
plastic pots) used in this assay. Six soybean seeds were
spread out evenly in each pot at a 2-cm depth. In control
pots, seeds were planted in sterilised vermiculite mixed
with sterile V8A. Three replicate pots were used for each
isolate. All pots were incubated in a glasshouse at 25 °C
for 14 days. After 14 days, the emerged seedlings were
removed from pots, and germination status and plant
height were measured.
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Table 1 List of oomycete and

fungal cultures used in this study, Species Host(s) isolated ~ Origin No.of  Result
and results of the LAMP assay strains

Pythium spinosum Soybean Jiangsu, Shandong, Anhui 29 +
P, acanthophoron Soybean Shandong 1

P. aphanidermatum Soybean Jiangsu 2 -
P, deliense Soybean Jiangsu 2 -
P, dissotocum Soybean Jiangsu 2 -
P. heterothallicum Unknown Hunan 1 -
P. hydnosporum Unknown NIMR* 1 -
P, intermedium Unknown Hunan 1 -
P irregulare Unknown NIMR 1 -
P. myriotylum Soybean Jiangsu 2 -
P, kunmingense Unknown Hainan 2 -
P, nunn Soybean Shandong 1 -
P, oopapillum Soybean Jiangsu 2 -
P, paroecandrum Soybean Jiangsu 2 -
P. periilum Unknown Hunan 1 -
P, rhizo-oryzae Soybean Jiangsu 1 -
P, splendens Unknown Guangzhou 1 -
P, terrestris Soybean Jiangsu, Shandong 6 -
P, torulosum Unknown Hunan 1 -
P, ultimum Strawberry NIMR 1 -
Phytopythium cucurbitacearum Soil Hainan 1 -
Phy. helicoides Soybean Jiangsu 2 -
Phy. litorale Soybean Jiangsu 2 -
Phy. vexans Soybean Jiangsu 1 -
Phytophthora boehmeriae Pumila NJAUP 1 -
Ph. cambivora Unknown NJAU 1 -
Ph. cactorum Malus NJAU 1 -
Ph. capsici Soybean Jiangsu 1 -
Ph. crypotogea Unknown NJAU 1 -
Ph. drechsleri Unknown NJAU 1 -
Ph. medicaginis Unknown NJAU 1 -
Ph. melonis Cucumber Jiangsu 1 -
Ph. palmivora Tobacco NJAU 1 -
Ph. parasitica Unknown NJAU 1 -
Ph. sojae Soybean Jiangsu 2 -
Fusarium equiseti Soybean Jiangsu 1 -
F oxysporum Soybean Anhui 1 -
F verticillioides Soybean Shandong 1 -
Calonectria ilicicola Soybean Jiangsu 1 -
Colletotrichum truncatum Soybean Jiangsu 1 -
Diaporthe phaseolorum var. caulivora Soybean NJAU 1 -
Macrophomina phaseolina Soybean Jiangsu 1 -
Phomopsis longicolla Soybean Hubei 1 -
Rhizoctonia solani Soybean Anhui 1 -

#NIMR: National Infrastructure of Microbial Resources
®NJAU: Nanjing Agricultural University

All data were compared using one-way analysis of variance
using the SPSS Statistics ver. 20 software for Windows (IBM,
Armonk, NY, USA). Causal agents were isolated from symp-
tomatic plants and identified based on morphological exami-
nation and comparisons of ITS and COI sequences.

LAMP primer design and screening

After comparing the sequences of different Pythium spp. from
GenBank and the PCR products, ITS2 was selected to differ-
entiate among Pythium spp. Sequences were aligned using

BioEdit (Hall 1999) (Fig. 1). Multiple sets of primers were
designed based on the polymorphic sequence regions of the
ITS2 alignment, using PrimerExplorer ver. 4 (http://
primerexplorer.jp/e), and screened using a series of specificity
and sensitivity tests. One set of primers, listed in Table 2, was
finally selected for use in our study.

LAMP assay reactions and pathogen detection

The LAMP assay was performed for each 26-uL sample con-
taining 2.5 puL. 10x ThermoPol Buffer (0.1% Triton X, 20 mM
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F3
[ 1 [
Pythium spinosum 1 CTTCGGCTGGACAATGTTGCTTATTGTGTGTT-TGTTCCGTGTTCGCCTTGAGGTGTACT 59
Pythium huanghuaiense 1 G....C-....... C. 59
Pythium terrestris 1 G....C-....... Coot 59
Pythium dissotocum 1 o cc...TT..CA...G.C..-.A. LT T TCUTT s C 59
Pythium oopapillum 1 oo cc...TT..CA...G.CA.C..... G.T...T..TC.TT... ... ....... C 60
Pythium aphanidermatum 1 . . . . . .. ccC .GT CA...G.CA.A GG.T...T..TC.TT. ... ... ..... C 60
Pythium myriotylum 1 cCC...TT..CA...G.CG.G..... G.T...T..TC.TT. ... ... ... C 60
F2 F1
Pythium spinosum 60 GGTAGTTGTGGGATTGAACTGGTTACTGTTGTTAGTAGTGTGTAGTGCGTTGTCGTGGA - 118
Pythium huanghuaiense 60 .. LG L C L G.C..C......... GG 119
Pythium terrestris 60 .. G L. CL L CG.CT........... G- 118
Pythium dlissotocum 60 T..C-..... T..GGC TG.TC.GGGCAAA.GGT T. ... ... AG.AA. . T.C---- 114
Pythium oopapillum 61 T..C-..... T..GGC TG.TC.GGGCAAA .GGT. . .T........ AG.AA. . T.C---- 115
Pythium aphanidermatum 61 T . A . - . .. .. T..GGC TG.TC.GGGCAAA .GGT.GC. .. .. ... AG.G.T.T.C---- 115
Pythium myriotylum 61 T..C-..... T.GGGC TG.TC.GGGCAAA .GGT.GT. . ... ... AGAA . T.T.C---- 115
B1
Pythium spinosum 119 TGCATCTGTCTTTTGTGCACTTTTGTGTGTGCAGTTGATAGAAGAGG-AGTTTGAATTTG 177
Pythium huanghuaiense 120 . .. G. . . GC........ -L.L..CLCl L 178
Pythium terrestris 119 ... ... G....-..T... . ------..... A...GC........ -...CcLCL o 170
Pythium diissotocum 115 .. TCT.AAACGC.C.AGCT.C=--=--=---- .GTTAGAG. .A.G. .C.ACACC...... 166
Pythium oopapillum 116 .. TCT. . .AACGC.C. .GCT.CA-~----- C.GTTAGAG. .A.G. .C.ACACC. .. ... 169
Pythium aphanidermatum 116 .. TCT..GACGCCC. . TTT.C=-=--=--~--- .G.TAG.G. .A.G....C.ACACC...... 167
Pythium myriotylum 116 .TCT. .GGCGCCC . TT . T-=-->-->----- - - - G.G A.GA...C.ACACC. ... .. 160
B2 B3
[
Pythium spinosum 178 GGAAA-TTAGTGTACTGTGGGTT-AATCCTGCGTGTATATCTCAATTGGA--CCTGATAT 233
Pythium huanghuaiense 179 ... .. A..T. ... ... cC..... SG L e 235
Pythium terrestris 71 ... L. L cCc. .. .. TG. . oo T.GAC. ... .... 229
Pythium dissotocum 167 T.G.CGT. . A--=--=---- .T.TCAA--T.GCGC.C.T. . T.A.T.GA- ... ... .. 215
Pythium oopapillum 170 T.6G.C.T.T.-------- A.T.AAA.T.GCGC.C.T T.A.T.GA-. ... .... 220
Pythium aphanidermatum 168 LCTG. .T.CAA- - - - - - - - . T.T.G---T.AAC.AC.T T.A.T.GA-. ... ... .. 215
Pythium myriotylum 161 .C.G.CTTGTG. --.A.TT.CGGC. . .... AG.CGCT.T.TC.A.T.GA-. ... .... 217

Fig. 1 Nucleotide sequence alignment of the ITS2 region used for designing the LAMP primers. The primers are F3, B3, FIP (F1 + F2), and BIP
(B1 + B2). The reverse complements of F1 and B1 are Flc and Blc, respectively

Tris-HCI, 10 mM KCI, 10 mM (NH,4),SO4, pH 8.8), 8 mmol:
L! MgSOy, 0.8 umol-Lf1 betaine, 1.2 mmol-L ! dNTPs,
1.6 umol-L ™" each of the primers FIP and BIP, 0.4 pmol-L ™"
each of the primers F3 and B3, 0.8 pumol-L™' each of the
primers LB, 180 mmol-L ™" HNB, 8 U-uL ™" Bst DNA polymer-
ase, and 2 uL DNA template. Amplification was conducted
using the Gene Amp PCR system 2700 (ABI, Tokyo, Japan).

The LAMP assay was performed with the selected
ITS2 primers using serial seven-fold dilutions (10 ng:
uL ™! to 10 fg-uL™") of pure P spinosum genomic DNA
to determine the detection limit of the LAMP assay. The
optimal reaction conditions for distinguishing P. spinosum
from other species were found to be 63 °C for 60 min. A
positive control (standard P. spinosum DNA as the tem-
plate) and negative control (double-distilled water in place

of template) were included in each run, and each sample
was analysed at least three times. After the reaction, the
LAMP product was visually inspected to note any colour
changes due to HNB. A change in colour of the reaction
mixture from purple to sky blue denoted positive ampli-
fication, whereas nothing was amplified in reaction mix-
tures that remained purple.

DNA extraction from inoculated soybean tissues

After surface disinfection, the soybean seeds were planted
in sterilised vermiculite and maintained in a glasshouse at
25 °C. When the first true leaf expanded, seedlings were
inoculated by transferring culture discs (5 mm in diame-
ter) from 3-day-old cultures of P. spinosum to the soybean

Table 2 Primers used for the LAMP assay of Pythium spinosum

Primer name Sequence (5’ — 3') Length
F3 (forward outer primer) TGTTTGTTCCGTGTTCGC 18 nt
B3 (backward outer primer) TGAGATATACACGCAGGATT 20 nt
FIP (forward inner primer) (Flc +F2) ACGACAACGCACTACACACTA-GTACTGGTAGTTGTGGGAT 40 nt
BIP (backward inner primer) (Blc + B2) GCATCTGTCTTTTGTGCACTTTT-AACCCACAGTACACTAATTT 45 nt

CcC
LB (loop backward primer) GTGTGTGCAGTTGATAGAAGAGG 23 nt
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hypocotyls using a sterilised metal needle. As a control,
seedlings were inoculated with agar plugs from sterile
V8A. The plants were incubated at 25 °C for 4 days with
a 12-h photoperiod in the greenhouse. DNA was extracted
from the tissues using the DNAsecure Plant Kit according
to the manufacturer’s protocol.

DNA extraction from diseased tissues collected
in the field

To assess the feasibility of using the LAMP assay to rap-
idly diagnose soybean disease caused by P. spinosum,
samples of soybean plants suspected to be infected were
collected, and DNA was extracted from the diseased root
and basal stem tissues for LAMP assays using the
DNAsecure Plant Kit. The same method was used to ex-
tract DNA from healthy soybean tissues, which served as
negative controls.

DNA extraction from soil

Spore suspensions of P. spinosum containing 0, 10, 50, 100,
1000, and 10,000 oospores were added to 0.25-g replicate
samples of sterilised soil. DNA was extracted from soil sam-
ples using a PowerSoil DNA Isolation Kit (MO BIO,
Carlsbad, CA, USA), according to the manufacturer’s proto-
col. In addition, 20 soil samples were collected from soybean
fields in Shandong, Anhui, and Jiangsu provinces to evaluate
the effectiveness of the LAMP assay in directly detecting
P. spinosum in soil.

Results
Isolation and identification of P. spinosum

From 2016 to 2017, a total of 108 Pythium and Phytopythium
strains were isolated from 142 soybean plants that displayed
root-rot and damping-off symptoms in the fields. Among the
isolates, 29 strains (27%) were identified as P. spinosum using
both morphological and molecular methods, including 21, 2,
and 6 strains isolated from 92, 20, and 30 diseased soybean
plants collected in Jiangsu, Anhui, and Shandong provinces,
respectively (Table 3).

Morphological observations indicated that strains of
P. spinosum were homothallic and could be distinguished
from other Pythium spp. by the presence of hyphal swell-
ings, oogonia with finger-like ornamentations, and
monoclinous antheridia (Fig. S1). In addition, the cloned
ITS2 and COI sequences of all isolates had the best
matches (at least 99%) with GenBank sequences annotat-
ed as belonging to P. spinosum (GenBank IDs: ITS2,
HQ643793; COIL, HQ708834).

Pathogenicity of isolates of P. spinosum

We randomly selected two isolates of P. spinosum from each
province for pathogenicity assays using the Zhonghuang 13
and Xudou 18 soybean cultivars. After growing on plates
inoculated with P. spinosum for 7 days, most of the soybean
seeds were dead before or after germination, whereas those
grown on plates without P. spinosum did not display any vis-
ible disease symptoms (Fig. 2a—d). Zhonghuang 13 seeds
displayed near-strong (close to Level 2) disease levels upon
infection, whereas infected Xudou 18 seeds displayed strong
(Level 2) and very strong (Level 3) disease levels (Fig. 2e).
Conversely, almost all non-infected seeds exhibited no disease
symptoms (Fig. 2e).

Similar results were obtained when seeds were grown
in pots with soil mixed with hyphal plugs of P. spinosum
or only with sterilised soil for two weeks. Compared with
control seeds, seeds grown in P. spinosum-treated soil
died before germination, or produced weaker seedlings
with significantly shorter plant height, and shorter and
fewer lateral roots (Fig. 2f—i). In addition, P. spinosum
could be isolated from the diseased soybean seedlings
and was identified based on morphological characteristics
and comparisons of ITS2 and COI sequences. These re-
sults confirm that P. spinosum is a soybean pathogen.

Development of the LAMP assay for P. spinosum

The ITS2 region was selected as the target for developing the
LAMP assay to distinguish P, spinosum from other congenerics
(Fig. 1), and a set of LAMP primers was then selected after
screening. The specificity of the LAMP assay to P. spinosum
was tested using DNA from 20 randomly selected strains iso-
lated from diseased soybean roots harvested from fields in
Jiangsu, Anhui, and Shandong provinces. Positive and negative

Table 3 Isolation and LAMP

detection of P. spinosum in Collection site

Suspect samples

Isolated samples LAMP-detected samples

diseased soybean tissues collected

from soybean fields Jiangsu Province 92
Anhui Province 20
Shandong Province 30
Total 142

21 (23%) 48 (52%)
2 (10%) 2 (10%)

6 (20%) 10 (33%)
29 (20%) 60 (42%)
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Fig. 2 Pathogenicity of isolates of P. spinosum. Examples of symptoms
observed in the pre-emergence damping-off assay in the (a) non-
inoculated and (b) inoculated Zhonghuang 13 seeds, and (¢) non-
inoculated and (d) inoculated Xudou 18 seeds. e Mean disease levels in
the pre-emergence damping-off assay. Disease levels were classified as
follows: 0, no symptoms; 1, weak; 2, strong; and 3, very strong.
Examples of symptoms observed in the post-emergence damping-off

results could be easily distinguished based on visual detection
using HNB; only samples containing P. spinosum displayed a
sky-blue colour (Fig. 3a). From assays using decreasing
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assay in (f) Zhonghuang 13 and (g) Xudou 18 seedlings. The non-
inoculated plant is indicated by CK. h Germination rates and (i) seed
and seedling heights measured in the post-emergence damping-off assay.
SD, JS, and AH refer to strains of P. spinosum isolated from samples
collected from Shandong, Jiangsu, and Anhui provinces, respectively,
TR indicates inoculation with P. spinosum. * P <0.05

concentrations of DNA from 10 ng-uL ™" to 10 fg-uL ™", the
minimum DNA concentration required for detection by the
LAMP assay was 100 pg-uL ™" (Fig. 3b).
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Fig. 3 a Specificity and (b)
sensitivity of the LAMP assay
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The ability of the LAMP assay to distinguish P. spinosum
from other pathogens was tested using the DNA of various
strains of P. spinosum, other Pythium spp., and non-Pythium
species (Table 1). Only samples containing P. spinosum
displayed a positive result (sky blue), whereas samples of
related oomycete or fungi strains (many of which are also
soybean root pathogens) all remained purple, indicating
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31
32

26 27 28 29 30

36
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53 54 55

56 57 33
34-35
36-37

38

58 59 60

negative results (Fig. 4). Negative controls using double-
distilled water as a template remained purple as well.

Detection of P. spinosum in diseased soybean tissues

DNA samples from artificially inoculated soybean seed-
lings produced positive reactions in the LAMP assay,

Pythium spinosum (+) 39 Phytophthora boehmeriae
Pythium acanthophoron 40 Ph. cambivora
P. aphanidermatum 41 Ph. cactorum
P. deliense 42  Ph. capsici
P. dissotocum 43 Ph. cryptogea
P. heterothallicum 44  Ph. drechsleri
P. hydnosporum 45 Ph. medicaginis
P. intermedium 46 Ph. melonis
P. irregulare 47  Ph. palmivora
P. myriotylum 48 Ph. parasitica
P. kunmingense 49-50 Ph. sojae
P. nunn
P. oopapillum 51 Fusarium equiseti
P. paroecandrum 52 F. oxysporum
P. periilum 53 F. verticillioides
P. rhizo-oryzae 54 Calonectria ilicicola
P. splendens 55 Colletotrichum truncatum
P. terrestris 56 Diaporthe phaseolorum var. caulivora
P. torulosum 57 Macrophomina phaseolina
P. ultimum 58 Phomopsis longicolla
59 Rhizoctonia solani

Phytopythium cucurbitacearum

60 negative control (-)

Phy. helicoides
Phy. litorale
Phy. vexans

Fig. 4 Ability of the LAMP assay to distinguish P. spinosum from congenerics

@ Springer



560

H. Feng et al.

Fig. 5 Ability of the LAMP a
assay to detect P. spinosum in
infected soybean tissues and
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whereas samples from non-inoculated soybean seedlings
displayed no colour change, similar to the negative control
(Fig. 5a). We also analysed 142 samples of diseased soy-
bean tissues collected from fields in Jiangsu, Shandong,
and Anhui provinces in 2016 and 2017. Using the LAMP
assay, P. spinosum was detected in the tissues of 60 sam-
ples (Fig. 5b). The detection rate for P. spinosum using
LAMP was higher than that using the isolation method
(42% vs. 20%; Table 3). In addition, DNA of
P. spinosum was isolated from some of the samples testing
positive for disease using LAMP, but not from samples
with negative LAMP results.

Detection of P. spinosum in soil

The LAMP assay detected the presence of P. spinosum
when at least ten oospores of P. spinosum were present
in 0.25 g of soil (Fig. 5c). We also analysed soil col-
lected in different soybean fields. Using LAMP,
P. spinosum was detected in some of the soil samples.
Using a baiting method (Benson 1997), P. spinosum was
isolated from some soil samples that tested positive in
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the LAMP assay, but not from any samples that tested
negative (unpublished data).

Discussion

Root-rot and damping-off diseases have a substantial negative
impact on soybean production. The soybean cultivars
Zhonghuang 13 and Xudou 18, commonly grown in
Jiangsu, Shandong, and Anhui provinces within the Huang-
Huai region, the second largest soybean production area in
China, were found to be susceptible to most isolated strains
of P. spinosum. Here, we present the first report of P. spinosum
causing soybean root rot and damping-off in China.

In recent years, molecular detection based on PCR has been
applied to investigate P. spinosum (Feng et al. 2019; Nzungize
et al. 2011; Toda et al. 2015). So far no research has been
conducted to detect P. spinosum in soybean, and this is the
first report of P. spinosum causing root rot and damping-oft of
soybean in China. Compared with PCR methods, LAMP as-
says are faster and easier to perform: a diagnosis can be ob-
tained in only two to three hours, results can be scored visually
by adding HNB, and the assay requires only a standard
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laboratory water bath or heat block to achieve isothermal
conditions. Using the LAMP assay, P. spinosum can be
detected directly from diseased soybean tissues and field soil
without interference from impurities. Feng et al. (2019) ap-
plied the ITS-LAMP to detect P. spinosum in lettuce; howev-
er, their amplification products were separated on a 3% aga-
rose gel, stained with GelRed, and photographed under UV
light. HNB can be added before incubation so that amplifica-
tion is completed in a closed tube system, and detection of the
colour change requires no equipment (Duan et al. 2014;
Ghosh et al. 2015). And our positive and negative results
could be easily distinguished based on visual detection using
HNB in this study.

The LAMP primer set designed from the ITS2 sequence
specifically amplified DNA of P. spinosum only. The targeted
ITS sequence is flanked by regions that are highly conserved
within Pythium spp. (Le Floch et al. 2007), and has been used
for the efficient detection and identification of Pythium spp.
(Fukuta et al. 2013, 2014; Villa et al. 2006). A total of 142
samples of putatively diseased soybean plants were collected
from the soybean fields. Our assay was able to detect
P, spinosum successfully from samples containing the pathogen,
indicating that the ITS2-based LAMP assay can be used to
rapidly diagnose infections by P. spinosum in diseased soybean
plants. The successful isolation of P. spinosum from the major-
ity of tissue and soil samples testing positive in the LAMP
assay, but not from the samples testing negative, indicates that
the LAMP assay is robust and highly specific to P. spinosum.
The oomycetes can remain viable for more than several years in
soil as oospore, which makes it difficult to control (Zheng
1997). Residual pathogens in the soil can be used as primary
infection sources to infect plants. Once plants are infected by
Pythium, it is difficult to control. Our LAMP assay could pro-
vide an important preventive management tool for reducing loss
by accurate soil and seedling testing. Therefore, the LAMP
assay developed in our study provides a useful method for the
rapid diagnosis of soybean root rot caused by P. spinosum.
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