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Abstract Pratylenchus zeae parasitizes various
crops and damages the host roots, resulting in de-
creased yield and quality of the host plants.
Alignments of mitochondrial DNA (mtDNA)
Cytochrome Oxidase 1 (COI) sequences revealed
the genetic variation among Pratylenchus species.
The results indicated 0.2-2.4% intraspecific varia-
tions for mtDNA COI sequences among eight
P zeae populations, and 25.4-35.1% interspecific
variations between P. zeae and other Pratylenchus
species. Based on the mtDNA COI region, a loop-
mediated isothermal amplification (LAMP) assay
was developed for the rapid and specific detection
of P. zeae. The optimal conditions for the LAMP
assay were 64 °C for 40 min. The LAMP products
were confirmed using conventional polymerase
chain reaction (PCR), analysis with the restriction
enzyme Bam HI and visual inspection by adding
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SYBR Green I to the products. The LAMP assay
could detect P. zeae populations from different hosts
and different geographical origins specifically. The
LAMP assay was also sensitive, detecting 0.1 indi-
vidual P. zeae, which was 10 times more sensitive
than conventional PCR. This is the first report of the
detection of Pratylenchus spp. using LAMP. In ad-
dition, the results also suggested that use of the COI
gene might allow for good resolution at the
Pratylenchus species level.

Keywords LAMP- Pratylenchus zeae - mtDNA COI
region

Introduction

Root-lesion nematodes of the genus Pratylenchus are
migratory endoparasites that have a wide host range and
are distributed worldwide (Castillo and Vovlas 2007).
They feed and migrate within root cortical tissue, causing
roots necrosis and a reduction in lateral branching of roots,
which are responsible for root lesion disease (Vanstone
et al. 1998; Castillo and Vovlas 2007). Pratylenchus are
considered the third most important economically dam-
aging plant-parasitic nematodes after root-knot nematodes
and cyst nematodes (Jones et al. 2013).

To manage root lesion disease, the causative factor
must first be identified. Presently, sampling, manual
extraction and identification of Pratylenchus species is
the only method available to correctly diagnose root
lesion disease caused by root-lesion nematodes.
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Currently, over 70 Pratylenchus species have been
reported (Castillo and Vovlas 2007; Mizukubo et al.
2007; Bairwa et al. 2008; Troccoli et al. 2008; Munera
et al. 2009; Palomares-Rius et al. 2010; De Luca et al.
2010, 2012; Palomares-Rius et al. 2014; Wang et al.
2015). Among them, P. zeae is one of the most im-
portant species, which can attack various crops, such
as potato, corn, cereal and especially sugarcane, caus-
ing serious losses (Castillo and Vovlas 2007). For
unskilled observers, it is very difficult to correctly
identify P. zeae, because there is high intraspecific
variability of some morphological characters and some
species have very similar morphologies. More recently,
P parazeae was found to parasitize sugarcane in
China, with P parazeae and P. zeae being present in
mixed populations (Wang et al. 2015). Polymerase
chain reaction (PCR) has been used widely to identify
major Pratylenchus spp., including P. zeae. For exam-
ple, P. zeae from sugarcane can be identified and
detected by using SYBR-Green qPCR (Berry et al.
2008); Four Pratylenchus species, including P. zeae,
can be discriminated using rDNA-internal transcribed
spacer region (ITS) restriction fragment length poly-
morphism (RFLP) (Li and Zheng 2013); P. zeae can
be distinguished from P. parazeae using duplex PCR
(Wang et al. 2015). These studies showed that
Pratylenchus spp., including P. zeae, can be identified
and detected using molecular techniques. However, an
expensive thermal cycler is needed for these conven-
tional PCRs, limiting their routine use.

The loop-mediated isothermal amplification
(LAMP) assay, a relatively new DNA amplification
technique, was developed in 2000 (Notomi et al.
2000). The LAMP reaction is usually performed at
an isothermal temperature of 60 to 65 °C, which
negates the need for expensive thermal cyclers. All
LAMP steps can be done in a single tube within
0.5 to 1h, and the amplification product can be
detected by the naked eye using intercalating dyes,
such as SYBR Green, propidium iodide or ethidium
bromide. LAMP requires a polymerase with a high
strand displacement activity and two or three sets
of primers that identify six or eight distinct regions
on the target gene, which increases the specificity
of the reaction (Notomi et al. 2000; Nagamine et al.
2002; Maeda et al. 2005; Duan et al. 2014; Lin
et al. 2016). Thus, LAMP has the advantages over
conventional PCR in sensitivity, rapidity, specificity
and cost.
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Recently, LAMP assays have been developed to
identify and detect plant-parasitic nematodes, such
as several economically important plant-parasitic
nematodes, including Bursaphelenchus xylophilus,
Meloidogyne spp., Radopholus similis and
Tylenchulus semipenetrans (Kikuchi et al. 2009;
Niu et al. 2011, 2012; Peng et al. 2012; Lin et al.
2016). However, LAMP has not yet been developed
to detect Pratylenchus species. The aim of the cur-
rent study was to develop a LAMP assay to detect
P zeae based on the mitochondrial DNA (mtDNA)
Cytochrome Oxidase I (COI) sequence, and to eval-
uate its efficiency.

Materials and methods
Nematode populations and DNA extraction

Eight populations of P. zeae from distant geographical
areas and different hosts were used. Seventeen other
plant-parasitic nematode species collected from vari-
ous hosts, including eight Pratylenchus species
(P. parazeae, P. brachyurus, P. coffeae, P. loosi,
P vulus, P. neglectus, P. scribneri and P. thornei),
Pratylenchoides ritteri, Radopholus similis,
Hirschmanniella sp., Meloidogyne incognita,
M. javanica, Tylenchorhynchus annulatus,
Helicotylenchus dihystera, Filenchus sp. and
Criconemoides sp., were also used to verify the spec-
ificity of the primers (Table 1). All the nematodes were
identified using morphological characteristics, together
with molecular data. DNA was extracted from individ-
ual nematode specimens as described by Subbotin
et al. (2008). For Meloidogyne spp., the mtDNA
COIl/rrnL region was amplified. For the other nema-
todes, two rDNA fragments the D2D3 expansion do-
mains of large subunit (LSU D2D3) or the internal
transcribed spacer (ITS) were amplified. Primers for
mtDNA COIl/rrnL amplification were C2F3 (5'-
GGTCAATGTTCAGAAATTTGTGG-3') and 1108
(5'-ACCTTTGACCAATCACGCT-3") (Powers and
Harris 1993). Primers for ITS amplification were
TW81 (5'-GTTTCCGTAGGTGAACCTGC-3") and
AB28 (5'-ATATGCTTAAGTTCAGCGGGT-3")
(Subbotin et al. 2000). Primers for LSU D2D3 ampli-
fication were D2A (5'-ACAAGTACCGTGGG
GAAAGTTG-3') and D3B (5'-TCGG
AAGGAACCAGCTACTA-3') Subbotin et al. (2006).
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Table 1 Pratylenchus species and other nematodes used in this study

Species Collection code Host Geographical location GenBank accession
number for CO/

Pratylenchus zeae A24 Sugarcane Beihai, Guangxi, China KX349412
P, zeae A39 Sugarcane Liuzhou, Guangxi, China KX349413
P, zeae GX1004 Rice Liuzhou, Guangxi, China KX349414
P. zeae HN297 Corn Wenchang, Hainan, China KX349415
P, zeae SG209 Sugarcane Shaoguan, Guangdong, China KX349416
P, zeae ul19 Corn-Bean North Carolina, USA KX349417
P zeae YNZT Tobacco Honghe, Yunnan, China KX349418
P, zeae ZC13 Corn Guangzhou, Guangdong, China KX349419
P. brachyurus GX655 Corn Beihai, Guangxi, China KX349420
P, coffeae JS26 Peanut Yangzhou, Jiangsu, China KX349421
P, loosi FIGYT Tea Ningde, Fujian, China KX349422
P, neglectus GSY24S Sesame Lanzhou, Gansu, China KX349423
P, parazeae A65 Sugarcane Chongzuo, Guangxi, China KX349424
P, scribneri SD1275 Com Yantai, Shandong, China KX349425
P. thornei GSY24L Sesame Lanzhou, Gansu, China KX349426
P, vulnus IXP Peach Jiujiang, Jiangxi, China KX349427
Hirschmanniella sp. Miti Taro Qionghai, Hainan, China KX349428
Pratylenchoides ritteri NMG Cherry tomato Chifeng, Neimenggu, China KX349429
Radopholus similis RS Anthurium Guangzhou, Guangdong, China KX349430
Tylenchorhynchus annulatus TA Sugarcane Guangzhou, Guangdong, China -
Filenchus sp. SW Sugarcane Guangzhou, Guangdong, China -
Criconemoides sp. CB Sugarcane Guangzhou, Guangdong, China -
Helicotylenchus dihystera LX Sugarcane Guangzhou, Guangdong, China -
Meloidogyne incognita Ml Tomato Yuxi, Yunnan, China -

M. javanica MJ Water spinach Shenzhen, Guangdong, China -

Detailed protocols of the PCR amplification were de-
scribed in Tanha Maafi et al. (2003). DNA sequencing
was performed as described by Zhuo et al. (2010).

PCR amplification of the partial mtDNA COI gene

The partial mtDNA COI sequences of all Pratylenchus
species, Pratylenchoides ritteri, Radopholus similis and
Hirschmanniella sp. were amplified. The primers used
were COI F (5-GATTTTTTGGKCATCCWGARG-3")
and COI R (5-CWACATAATAAGTATCATG-3') (He
etal. 2005). Detailed protocols of the PCR amplification
were described in He et al. (2005). The newly obtained
sequences were deposited in the GenBank database
under the accession numbers listed in Table 1. The
sequences were compared in GenBank using the
BLASTn program to analyze intraspecific and interspe-
cific differences among the specimens.

Phylogenetic analyses

At the time of analysis, there were nineteen mtDNA
COI sequences of root-lesion nematodes available in
GenBank. Additionally, some mtDNA genome-, SSU-
and LSU-based phylogenetic studies have indicated that
Meloidogyne is closely related to the Pratylenchidae
(Subbotin et al. 2006; Holterman et al. 2009;
Rybarczyk-Mydlowska et al. 2013; Humphreys-
Pereira and Elling 2014; Sun et al. 2014). Thus, to
confirm the identity of the newly acquired COI se-
quences, the new sequences, the known COI sequences
of Pratylenchus and several COI sequences of
Meloidogyne from GenBank were used in phylogenetic
analyses. Outgroup taxa were chosen according to pre-
vious molecular phylogenetic analyses of plant-parasitic
nematodes (Subbotin et al. 2006; Holterman et al. 2009;
Humphreys-Pereira and Elling 2014; Sun et al. 2014).
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DNA sequences were aligned using MEGA4.0 (Tamura
et al. 2003), with default parameters and the alignment
quality was examined by eye. The model of base substi-
tution was evaluated using MODELTEST (Posada and
Crandall 1998; Huelsenbeck and Ronquist 2001). The
Akaike information criterion indicated that we should
use the TVM + I + G substitution model to construct the
Bayesian consensus tree (InL = 5479.3257; freqA
=0.2849; freqC =0.0975; freqG =0.2188; freqT
=0.3988; R(a) = 0.0339; R(b) = 6.1549; R(c) = 3.6032;
R(d) =6.9599; R(e) = 6.1549; R(f) = 1; Pinva =0.2618;
Shape =0.9910). The Bayesian analysis was performed
using MrBayes 3.1.0 (Huelsenbeck and Ronquist 2001),
running the chain for 1 x 10° generations and setting the
‘burn-in’ at 2500. The Markov Chain Monte Carlo
method was used within a Bayesian framework to esti-
mate the posterior probabilities of the phylogenetic trees
(Larget and Simon 1999) using the 50% majority rule.

Primer design

Sequences of the partial mtDNA COI region in all
Pratylenchus species, Pratylenchoides ritteri,
Radopholus similis and Hirschmanniella sp. obtained
from this study (Table 1) and in Meloidogyne, including
M. incognita (KM887154) and M. javanica (KM887156)
obtained from GenBank, were chosen as the candidate
targets for primer design. A multiple sequence alignment
was performed to compare these sequences, using
MegAlign program in the Lasergene software
(DNASTAR Inc., Madison, WI, USA). The primers
PZF3 (5-GGTTTAGATCTTGATTCTCGG-3'), PZB3
(5'-GTAAAAATAAATCCAAAGTGGCA-3'), PZFIP
(Flc + BamHI + F2: 5'-ACCAGGTAAAAACC
TTAATTCCGGggatccGCTTATTTTAGGGGGGCT-3")
and PZBIP (Blc + aaaaaa + B2: 5'-TATT
CGTTTTGGTCCGGTTTTTTTaaaaaaCAAAATAA
CCCCAGAGCAAC-3") were then designed using
PrimerExplorer V4 software (Eiken Chemicals, Tokyo,
Japan) (Fig. 1). All primers were synthesized by
Invitrogen Biotech (Shanghai, China).

LAMP protocol optimization

According to the user manual (New England Biolabs
Ltd., London, UK), the LAMP reaction was performed
in a 25 pl volume comprising 2.5 pl of the 10 x isother-
mal amplification buffer, 3.5 ul of 10 mM dNTPS,
1.5 pul of 100 mM MgSOy, 2.5 ul of the 10 x primers
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(1.6 uM each for the PZFIP and PZBIP primers, and
0.2 uM each for the PZF3 and PZB3 primers), 1 pl of
Bst 2.0-DNA polymerase (New England Biolabs Ltd.,
London, UK), 4 ul of 5 M betaine (Sigma Aldrich Co.,
St. Louis, MO, USA), and 1 pl of the template DNA.

To optimize the reaction temperature of the LAMP
assay, the reactions were performed in a water bath
(YiHeng Technical Co. Ltd., Shanghai, China) at 62,
64, 66 and 68 °C for 90 min. Then, 10 pl of the products
were separated on standard 2% agarose gels stained with
Goldview (Toyobo Co., Shanghai, China). Trans2K
DNA markers (Transgene, Beijing, China) were used to
determine the molecular size of the bands, which were
photographed under UV light using an Alphalmager
system (Alpha Innotech Co., San Leandro, CA, USA).
The optimal temperature was determined according to
the band intensity obtained at different temperatures. The
experiment was performed three times.

To optimize the reaction time, the LAMP assay was
carried out using the TP860 system (Takara, Dalian,
China). Firstly, DNA was isolated from 1 or 100 indi-
viduals of P. zeae. Subsequently, a 10-fold dilution of
the DNA from one P. zeae, and 1.25-fold, 2.5-fold and
10-fold dilutions of the DNA from the 100 P, zeae were
obtained. All these DNA samples were subjected to real-
time PCR. The real-time LAMP reaction was performed
ina25-puL volume comprising 2.5 pL of 10 x isothermal
amplification buffer, 3.5 uL of 10 mM dNTPs, 1.5 puL
of 100 mM MgSQOy,, 2.5 uL of the 10 x primers, 1 pL of
Bst 2.0-DNA polymerase, 1 puL of template DNA, 4 uL
of 5 M betaine and 2 uL EVA green (Mayene,
Guangzhou, China). Thirty-five reaction cycles were
performed at 64 °C, and each cycle lasted 2 min: the
signal after each cycle was determined.

LAMP specificity analysis

To determine the specificity of the LAMP reaction, the
LAMP products were digested with Bam HI restriction
enzyme (Thermo Fisher Scientific, Shanghai, China)
and analyzed by electrophoresis. The restriction enzyme
site was chosen based on the appropriate sequence in-
formation (shown in the inner primer PZFIP). The re-
striction digestion system comprised 2 upl of the
10 x FastDigest green buffer, 2 pl of LAMP products,
1 pl of Bam HI and 15 pl of double-distilled water. The
reaction was conducted at 37 °C for 30 min. In addition,
the PCR product generated using the outer primers
PZF3/PZB3 was sequenced to determine the specificity
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Fig.1 Primers used for loop-mediated isothermal amplification to
detect Pratylenchus zeae. a schematic representation of the
double-stranded target DNA and loop-mediated isothermal
amplification inner (FIP and BIP) and outer (F3 and B3) primers.

of the outer primers. The PCR reaction was performed
in a 25 pl volume comprising 12.5 pl of the 2 x Taq
Green Mix (Dingguo, Guangzhou, China), 0.5 pl each
of the outer primers and 1 pl of the template DNA. The
amplification program was as follows: 95 °C for 3 min;
followed by 35 cycles at 95 °C for 30 s, 40 °C for 30 s
and 72 °C for 40 s; and an extension at 72 °C for 7 min.

To determine whether the primers were specific to
P zeae, DNA was isolated from 25 nematode popula-
tions comprising 18 different nematode species
(Table 1). Each sample was loaded in triplicate and a
negative control sample was also prepared, using
double-distilled water instead of the DNA template.
LAMP was then performed as described above. The

Ble B2c B3c
3
Bl B2 B3
5
Ble B2
BIP 5° 3
B3
B3 5 3

The FIP primer consists of Flc, Bam HI and F2; the BIP primer
consists of Blc and B2. b Multiple sequence alignment of partial CO/
sequences of eight P. zeae isolates and other Pratylenchus species.
Arrows and shadows indicate direction and location of the primers

LAMP results could be inspected visually with the
naked eye in daylight by the addition of 1 pl of
1000 x SYBR Green I solution (Dingguo, Guangzhou,
China) to the amplification products.

LAMP sensitivity analysis

DNA was firstly extracted from one and 100 individuals
of P. zeae. Then, a 10-fold dilution of the DNA from one
P, zeae or 100 P. zeae was obtained. Subsequently, the
four concentrations of DNA were subjected to LAMP
and conventional PCR separately. The LAMP reaction
was performed as described above. The conventional
PCR was conducted using the primers COI F and COI
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Fig. 2 Bayesian consensus tree
inferred from partial CO/
sequences among different
species of Pratylenchus under the
TVM + I + G model. Posterior
probability values exceeding 50%
are provided for the appropriate
clades

100

794

100

0.1

R, as described above. A negative control sample was
also prepared, using double-distilled water instead of
DNA template. Each sample was run in triplicate and
the experiment was performed three times.

Results
Analysis of the partial sequences of mtDNA CO!

PCR amplifications of the partial mtDNA COI regions
indicated that all Pratylenchus species, Pratylenchoides
ritteri, Radopholus similis and Hirschmanniella sp.
could generate a single fragment of approximately
400 bp. The sequencing results showed that these COI
amplified fragments varied from 414 to 417 bp. All
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KU198937 Pratylenchus zeae
KU198933 Pratylenchus zeae
KU198935 Pratylenchus zeae
KU198936 Pratylenchus zeae
KX349418 Pratylenchus zeae YNZT
KX349414 Pratylenchus zeae GX1004
KX349417 Pratylenchus zeae U19
KX349412 Pratylenchus zeae A24
KU520440 Pratylenchus zeae
KU198934 Pratylenchus zeae
KX349413 Pratylenchus zeae A39
KX349416 Pratylenchus zeae SG209
KX349419 Pratylenchus zeae ZC13
KX349415 Pratylenchus zeae HN297
KX349424 Pratylenchus parazeae A65

79\ KU198939 Pratylenchus thornei

J‘ KU198938 Pratylenchus thornei
KX349426 Pratylenchus thornei GSY24L

100
87

95

10i

(=]

100
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KU198947 Pratylenchus bolivianus

95| KU198943 Pratylenchus coffeae

1001 KU198942 Pratylenchus coffeae

KX349421 Pratylenchus coffeae JS26

KX349425 Pratylenchus scribneri SD1275

KX349422 Pratylenchus loosi FIGYT
98-\ GQ332425 Pratylenchus vulnus

4100‘{ NC 020434 Pratylenchus vulnus

KX349427 Pratylenchus vulnus JXP

KU 198945 Pratylenchus sp.

—— KU198944 Pratylenchus sp.

KU198946 Pratylenchus crenatus

KJ510866 Pratylenchus oleae

KX349420 Pratylenchus brachyurus GX655

99 KU198941 Pratylenchus neglectus

100/ ' KU198940 Pratylenchus neglectus

KX349423 Pratylenchus neglectus GSY24S

KU372169 Meloidogyne javanica

100 KU372163 Meloidogyne incognita

KU372158 Meloidogyne arenaria

KU372162 Meloidogyne ethiopica

JX683714 Meloidogyne enterolobii

KU174206 Meloidogyne haplanaria

KX349428 Hirschmanniella sp. Miti

KX349429 Pratylenchoides ritteri NMG

99

— FN313571 Radopholus similis
KX349430 Radopholus similis RS

these sequences were deposited in GenBank and the
accession numbers are listed in Table 1. When using
R. similis as the outgroup taxon, the Bayesian consensus
tree (Fig. 2) demonstrated that all the newly acquired
COI sequences of Pratylenchus and some known COI
sequences of Pratylenchus were clustered within the
same clade. All the newly acquired COI sequence of
the eight P. zeae populations and the six known COI
sequences of P. zeae formed a strongly supported clade
with 100% support and short branch differences, which
was sister to the P. parazeae clade, with 100% support.
Thus, the Bayesian consensus tree confirmed the iden-
tities of these newly acquired COI from Pratylenchus.
The genetic variation among Pratylenchus species
was examined by aligning the mtDNA COI sequences.
The results indicated that intraspecific variations among
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Fig. 3 Temperature optimization for the loop-mediated isother-
mal amplification reaction. The reaction was performed for 90 min
at temperatures ranging from 62 °C to 68 °C. Lane M: Trans 2 K
DNA Markers; CK: negative control (distilled water)

the mtDNA COI sequences of the eight P. zeae popula-
tions were 0.2-2.4% (1-7 bp) without gaps, and the
interspecific variations between P. zeae and other
Pratylenchus species were 25.4-35.1% (103-130 bp)
with 2—-19 gaps.

Optimization of LAMP reaction conditions

When LAMP was performed based on P. zeae DNA
at 62—-68 °C for 90 min, electrophoresis showed the
typical ladder-like bands produced at 62—-66 °C. The
bands were most intense at 64 °C, and no ladder-like
bands appeared in the negative control (Fig. 3). The
fluorescence intensity of DNA extracted from 0.1 to

100
40

— 10

CK

NN W W00 D~
oo ooO o Mo

Fluorescence (Primary Curve)

100 nematodes started to increase after 25 min of
reaction time, and reached a plateau at 40 min in the
DNA sample of 0.1 nematode (Fig. 4). Therefore,
the most suitable conditions for the LAMP assay
were determined as 64 °C for 40 min.

Specificity of the LAMP assay

Electrophoresis indicated that the products of the
LAMP assay were digested completely using the re-
striction enzyme Bam HI (Fig. 5). In addition, the
sequence of the 220-bp product amplified using the
outer primers PZF3/PZB3 was determined. The se-
quence revealed a 100% match with the mtDNA
COI sequence of original P. zeae population (data not
shown). Based on the visual evaluation with SYBR
Green | using DNA isolated from P zeae and other
nematodes, the P. zeae samples produced positive re-
actions, i.e. the SYBR Green I turned yellow-green,
while the other nematode samples and the control
double-distilled water sample produced negative reac-
tions, i.e. the SYBR Green I remained brown or or-
ange (Fig. 6). These results demonstrated that the
LAMP assay was highly specific for P. zeae.

Sensitivity of the LAMP assay

The LAMP and conventional PCR assays, performed
on different serial dilutions of the DNA extracted
from P. zeae, demonstrated the increased sensitivity
of the LAMP assay. The conventional PCR could

homoo

Fig. 4 Optimization of the duration of the loop-mediated isother-
mal amplification reaction. Real-time PCR was used to optimize
the reaction time. Numbers on the x-axis represent the reaction
time. Lines labeled 0.1 and 1 represent 10-fold and 1-fold dilutions

40 60
Reaction time (min)

of the DNA template from one nematode, respectively. Lines
labeled 10, 40, 80 and 100 represent 10-fold, 2.5-fold, 1.25-fold,
and 1-fold dilutions of the DNA template from 100 nematodes,
respectively. CK: negative control (distilled water)
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Fig. 5 Restriction enzyme analysis of the loop-mediated isother-
mal amplification products. Lanes 1 and 2 represent DNA tem-
plates from two different populations of Pratylenchus zeae. M:
Trans DNA Marker 1I; CK: negative control (distilled water)

only detect the DNA equivalent to one individual
nematode; however, the LAMP assay could detect
approximately a tenth of the DNA extracted from a
single nematode, i.e. 10-fold dilution of the template
DNA from one nematode (Fig. 7). These demonstrat-
ed that the LAMP assay is 10 times more sensitive
than conventional PCR.

Fig. 6 Specificity of the loop-
mediated isothermal
amplification (LAMP) assay for
Pratylenchus zeae and other
nematodes. SYBR Green I was
added to the LAMP products
from: (tubes 1-8) eight different
populations of Pratylenchus zeae;
(tubes 9-25) populations of

P. parazeae, P. brachyurus,

P, coffeae, P. loosi, P. neglectus,
P, scribneri, P. thornei, P. vulnus,
Hirschmanniella sp.,
Pratylenchoides ritteri,
Tylenchorhynchus annulatus,
Filenchus sp., Criconemoides sp.,
Helicotylenchus dihystera,
Meloidogyne incongnita,

M. javanica and Radopholus
similis; (tube 26) negative control
(distilled water)
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Discussion

It is challenging to identify Pratylenchus species be-
cause of the high intraspecific variability and the inter-
specific overlap of some morphological characteristics.
Therefore, different PCR techniques, such as PCR am-
plification using species-specific primers, PCR-RFLP
and qPCR based assay, have been used to identify and
detect Pratylenchus spp. (Castillo and Vovlas 2007;
Berry et al. 2008; Li and Zheng 2013; Wang et al.
2015). These conventional PCR techniques require an
expensive thermal cycler to achieve amplification at
different temperatures, which limits their routine use,
particularly in certain developing countries and in the
field (Lin et al. 2016). About ten years ago, a fast and
inexpensive technology for sequence-specific DNA am-
plification, namely LAMP, was invented. LAMP does
not require changes in temperature during the reaction,
meaning that LAMP does not require expensive thermal
cyclers. LAMP has been applied successfully to detect
pathogenic microorganisms, including plant-parasitic
nematodes (Fu et al. 2011; Duan et al. 2014; Lin et al.
2016). Several important plant-parasitic nematodes spe-
cies, including B. xylophilus, M. incognita,

SO — T
= 4

20
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Fig. 7 Sensitivity of the loop-mediated isothermal amplification
(LAMP) and convention PCR methods. a conventional PCR and b
LAMP products. ¢ LAMP products visualized with SYBR green I
using natural daylight. Lane 1 or tube 1 represent the DNA
template from 100 Pratylenchus zeae; lane 2 or tube 2 represent
10-fold dilution of the DNA template from 100 P. zeae; lane 3 or
tube 3 represent the DNA template from one P. zeae; and lane 4 or
tube 4 represent 10-fold dilution of the DNA template from one
P. zeae; M: Trans 2 K DNA Markers; CK: negative control
(distilled water)

M. enterolobii, R. similis and T. semipenetrans, have
been detected using LAMP (Kikuchi et al. 2009; Niu
et al. 2011, 2012; Peng et al. 2012; Lin et al. 2016). In
this study, a new LAMP method, based on the partial
mtDNA COI region, was developed successfully to
detect P. zeae. This is the first application of LAMP to
identify a root-lesion nematode. To develop the LAMP

method, eight P. zeae populations, one from the USA
and seven from China, were included. The seven popu-
lations from China were collected from remote locations
and isolated from several different hosts. It has been
reported that P zeae exhibits variation in the shape of
its stylet knobs, from more or less rounded to markedly
cup-shaped anteriorly; and in its tail shape, including
almost pointed, narrowly rounded to subacute (Roman
and Hirschmann 1969; Castillo and Vovlas 2007). All of
these variations were observed in our populations. More
recently, the intraspecific variation for mtDNA COI!
sequences of P. zeae from distant localities, including
the USA, South Africa, Suriname and Kenya (Troccoli
et al. 2016), was reported as 0—1.1%, which was lower
than the 0.2-2.4% in our populations. Thus we believe
that the P. zeae populations used in this study have
enough diversity.

Some studies have shown that ITS-rDNA is an im-
portant marker to identify and differentiate nematode
species (Gasser and Newton 2000; Powers et al. 1997;
Subbotin et al. 2001). However, ITS sequences within a
species or an individual species of some Pratylenchus
might have extensive polymorphisms (Waeyenberge
et al. 2009; De Luca et al. 2011), making it difficult to
design species-specific primers. Wang et al. (2015) re-
ported that intraspecific variations in the ITS sequences
of P. zeae could reach 9.5%. In this study, the intraspe-
cific variations in the ITS sequences of eight P. zeae
populations were 3.0-9.1% (data not shown), while
intraspecific variations for mtDNA COI sequences were
only 0.2-2.4%. In addition, interspecific variations of
the COI region between P. zeae and other Pratylenchus
species ranged from 25.4-35.1%. Therefore, we decid-
ed to use the COI sequences to design LAMP primers to
detect P, zeae. The results showed that the LAMP assay
could detect P. zeae specifically and there was no cross-
reaction with other Pratylenchus species. The mtDNA
COI gene is one of the most popular markers for iden-
tifying animals (Derycke et al. 2010); however, only a
few COI sequences have been obtained from
Pratylenchus species (Sultana et al. 2013; Palomares-
Rius et al. 2014; Troccoli et al. 2016). In the present
study, sixteen COI sequences from eight P. zeae popu-
lations and eight other Pratylenchus species were ob-
tained. Among these sequences, the COI sequences of
P. scribneri, P. loosi and P. brachyurus were amplified
for the first time. Intraspecific comparisons within
P. zeae showed that the COI sequences varied by
<0.03, while the interspecific comparisons between the
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nine Pratylenchus species gave values >0.2. Moreover,
the LAMP assay using the primers that targeted the COI
sequence of P. zeae was highly specific and could dis-
tinguish P. zeae from other Pratylenchus species. These
results suggested that the COI gene might provide good
resolution at the Pratylenchus species level. More
Pratylenchus samples could be included to confirm the
utility of COI to identify Pratylenchus species.

In the present study, the LAMP assay was 10 times
more sensitive than conventional PCR, which was sim-
ilar to the results for the detection of Tylenchulus
semipenetrans in soil (Lin et al. 2016). In addition, the
results of the LAMP reaction could be observed visually
by the addition of SYBR Green I staining to the prod-
ucts, which is not possible with conventional PCR. The
LAMP is also rapid, detecting P. zeae in 40 min. In
addition, LAMP only requires a constant-temperature
bath of 64 °C. In conclusion, the developed LAMP
method provides a good alternative to conventional
PCR for the rapid, specific and simple detection of
P. zeae. Hence, it will be useful for the rapid diagnosis
of root lesion disease caused by P. zeae.

Acknowledgements This work was supported by the National
Key Basic Research Program of China (973 Program, grant num-
ber 2013CB127501), the National Natural Science Foundation of
China (grant numbers 31471750 and 31171824), and the Pearl
River Nova Program of Guangzhou, China (grant number
2014 J2200069).

References

Bairwa, 1. L., Siddiqui, A. U., & Parihar, A. (2008). Two new
species of Pratylenchus Filipjev, 1936 found associated with
medicinal plants in Udaipur District of Rajasthan along with
the report of Pratylenchus zeae Graham, 1951 and P. thornei
Sher and Allen, 1953. Pakistan Journal of Nematology,
26(1), 13-19.

Berry, S. D., Fargette, M., Spaull, V. W., Morandc, S., & Cadetb, P.
(2008). Detection and quantification of root-knot nematode
(Meloidogyne Javanica), lesion nematode (Pratylenchus
Zeae) and dagger nematode (Xiphinema Elongatum) para-
sites of sugarcane using real-time PCR. Molecular and
Cellular Probes, 22(3), 168—176.

Castillo, P., & Vovlas, N. (2007). Pratylenchus (Nematoda:
Pratylenchidae): diagnosis, biology, pathogenicity and man-
agement. In D. J. Hunt & R. N. Perry (Eds.), Nematology
monographs and perspectives 6 (p. 529). Leiden: Brill.

De Luca, F., Troccoli, A., Duncan, L. W., Subbotin, S. A.,
Waeyenberge, L., Moens, M., & Inserra, R. N. (2010).
Characterisation of a population of Pratylenchus hippeastri
from bromeliads and description of two related new species,

@ Springer

P, floridensis n. sp. and P. parafloridensis n. sp., from grasses
in Florida. Nematology, 12(6), 847-868.

De Luca, F., Reyes, A., Troccoli, A., & Castillo, P. (2011).
Molecular variability and phylogenetic relationships among
different species and populations of Pratylenchus (Nematoda:
Pratylenchidae) as inferred from the analysis of the ITS rDNA.
European Journal of Plant Pathology, 130(3), 415-426.

De Luca, F., Troccoli, A., Duncan, L. W., Subbotin, S. A.,
Waeyenberge, L., Coyne, D. L., Brentu, F. C., & Inserra, R.
N. (2012). Pratylenchus speijeri n. sp. (Nematoda:
Pratylenchidae), a new root-lesion nematode pest of plantain
in West Africa. Nematology, 14(8), 987-1004.

Derycke, S., Vanaverbeke, J., Rigaux, A., Backeljau, T., & Moens,
T. (2010). Exploring the use of cytochrome oxidase ¢ subunit
1 (COI) for DNA barcoding of free-living marine nematodes.
PloS One, 5(10), e13716.

Duan, Y. B, Ge, C. Y., Zhang, X. K., Wang, J. X., & Zhou, M. G.
(2014). Development and evaluation of a novel and rapid
detection assay for Botrytis Cinerea based on loop-mediated
isothermal amplification. PloS One, 9(10), e111094.

Fu, S. 1, Qu, G. G., Guo, S. J., Ma, L., Zhang, N., Zhang, S. L.,
Gao, S. Y., & Shen, Z. Q. (2011). Applications of loop-
mediated isothermal DNA amplification. Applied
Biochemistry and Biotechnology, 163(7), 845-850.

Gasser, R. B., & Newton, S. E. (2000). Genomic and genetic
research on bursate nematodes: significance, implications
and prospects. International Journal for Parasitology,
30(4), 509-534.

He, Y., Jones, J., Armstrong, M., Lamberti, F., & Moens, M. (2005).
The mitochondrial genome of Xiphinema americanum Sensu
stricto (Nematoda: Enoplea): considerable economization in
the length and structural features of encoded genes. Journal of
Molecular Evolution, 61(6), 819—833.

Holterman, M., Karssen, G., van den Elsen, S., van Megen, H.,
Bakker, J., & Helder, J. (2009). Small subunit rDNA-based
phylogeny of the Tylenchida sheds light on relationships
among some high-impact plant-parasitic nematodes and the
evolution of plant feeding. Phytopathology, 99(3), 227-235.

Huelsenbeck, J. P., & Ronquist, F. (2001). MR BAYES: bayes-
ian inference of phylogenetic tress. Bioinformatics, 17(8),
1754-1755.

Humphreys-Pereira, D. A., & Elling, A. A. (2014). Mitochondrial
genomes of Meloidogyne chitwoodi and M. incognita
(Nematoda: Tylenchina): comparative analysis, gene order
and phylogenetic relationships with other nematodes.
Molecular and Biochemical Parasitology, 194, 20-32.

Jones, J. T., Haegeman, A., Danchin, E. G. J., Gaur, H. S.,
Johannes, H., Jones, M. G. K., Kikuchi, T., Manzanilla-
Lopez, R., Palomares-Rius, J. E., Wesemael, W. M. L., &
Perry, R. N. (2013). Top 10 plant-parasitic nematodes in
molecular plant pathology. Molecular Plant Pathology,
14(9), 946-961.

Kikuchi, T., Aikawa, T., Oeda, Y., Karim, N., & Kanzaki, N.
(2009). A rapid and precise diagnostic method for detecting
the pinewood nematode Bursaphelenchus xylophilus by
loop-mediated isothermal amplification. Phytopathology,
99(12), 1365-13609.

Larget, B., & Simon, D. L. (1999). Markov chain Monte Carlo
algorithms for the Bayesian analysis of phylogenetic trees.
Molecular Biology and Evolution, 16, 750-759.



Eur J Plant Pathol (2017) 148:435-446

445

Li, X. Q., & Zheng, J. W. (2013). Identification of four
Pratylenchus species based on morphology and PCR-RFLP
of IDNA-ITS. Acta Physica Sinica, 43(4), 444—448.

Lin, B. R, Wang, H. H., Zhuo, K., & Liao, J. L. (2016).
Loop-mediated isothermal amplification for the detection
of Tylenchulus semipenetrans in soil. Plant Disease,
100(5), 877-883.

Maeda, H., Kokeguchi, S., Fujimoto, C., Tanimoto, 1., Yoshizumi,
W., Nishimura, F., & Takashiba, S. (2005). Detection of
periodontal pathogen Porphyromonas gingivalis by loop-
mediated isothermal amplification method. FEMS
Immunology and Medical Microbiology, 43(2), 233-239.

Mizukubo, T., Sugimura, K., & Uesugi, K. (2007). A new species
of the genus Pratylenchus from chrysanthemum in Kyushu,
western Japan (Nematoda: Pratylenchidae). Japanese
Journal of Nematology, 37(2), 63-74.

Munera, G., Bert, W., & Decraemer, W. (2009). Morphological
and molecular characterisation of Pratylenchus araucensis n.
sp. (Pratylenchidae), a root-lesion nematode associated with
Musa plants in Colombia. Nematology, 11(6), 799-813.

Nagamine, K., Hase, T., & Notomi, T. (2002). Accelerated reac-
tion by loop-mediated isothermal amplification using loop
primers. Molecular and Cellular Probes, 16(3), 223-229.

Niu, J. H., Guo, Q. X., Jian, H., Chen, C. L., Yang, D., Liu,
Q., & Guo, Y. D. (2011). Rapid detection of
Meloidogyne spp. by LAMP assay in soil and roots.
Crop Protection, 30(8), 1063—1069.

Niu, J. H., Jian, H., Guo, Q. X., Chen, C. L., Wang, X. Y., Liu, Q.,
& Guo, Y. D. (2012). Evaluation of loop-mediated isothermal
amplification (LAMP) assays based on 5S rDNA-IGS2 re-
gions for detecting Meloidogyne enterolobii. Plant
Pathology, 61(4), 809-819.

Notomi, T., Okayama, H., Masubuchi, H., Yonekawa, T.,
Watanabe, K., Amino, N., & Hase, T. (2000). Loop-
mediated isothermal amplification of DNA. Nucleic Acids
Research, 28(12), €63.

Palomares-Rius, J. E., Castillo, P., Liebanas, G., Vovlas, N.,
Landa, B. B., Navas-Cortés, J. A., & Subbotin, S. A.
(2010). Description of Pratylenchus hispaniensis n. sp. from
Spain and considerations on the phylogenetic relationship
among selected genera in the family Pratylenchidae.
Nematology, 12(3), 429-451.

Palomares-Rius, J. E., Guesmi, ., Horrigue-Raouani, N.,
Cantalapiedra-Navarrete, C., Liébanas, G., & Castillo, P.
(2014). Morphological and molecular characterisation of
Pratylenchus oleae n. sp. (Nematoda: Pratylenchidae) para-
sitizing wild and cultivated olives in Spain and Tunisia.
European Journal of Plant Pathology, 140(1), 53-67.

Peng, H., Peng, D. L., Hu, X. Q., He, X. F., Wang, Q., Huang, W.
K., & He, W. T. (2012). Loop-mediated isothermal amplifi-
cation for rapid and precise detection of the burrowing nem-
atode, Radopholus similis, directly from diseased plant tis-
sues. Nematology, 14(8), 977-986.

Posada, D., & Crandall, K. A. (1998). Modeltest: testing the model
of DNA substitution. Bioinformatics, 14(9), 817-818.

Powers, T. O., & Harris, T. S. (1993). A polymerase chain reaction
method for identification of five major Meloidogyne species.
Journal of Nematology, 25(1), 1-6.

Powers, T. O., Todd, T. C., Burnell, A. M., Murray, P. C. B.,
Fleming, C. C., Szalanski, A. L., Adams, B. A., & Harris,
T. S. (1997). The rDNA internal transcribed spacer region as

a taxonomic marker for nematodes. Journal of Nematology,
29(4), 441-450.

Roman, J., & Hirschmann, H. (1969). Morphology and morpho-
metrics of six species of Pratylenchus. Journal of
Nematology, 1(4), 363-384.

Rybarczyk-Mydlowska, K., van Megen, H., van den Elsen,
S., Mooyman, P., Karssen, G., Bakker, J., & Helder, J.
(2013). Both SSU rDNA and RNA polymerase II data
recognise that root-knot nematodes arose from migratory
Pratylenchidae, but probably not from one of the eco-
nomically high-impact lesion nematodes. Nematology,
16, 125-136.

Subbotin, S. A., Waeyenberge, L., & Moens, M. (2000).
Identification of cyst forming nematodes of the genus
Heterodera (Nematoda: Heteroderidae) based on the ribo-
somal DNA-RFLPs. Nematology, 2(2), 153—164.

Subbotin, S. A., Vierstraecte, A., De Ley, P.,, Rowe, J.,
Waeyenberge, L., Moens, M., & Vanfleteren, J. R. (2001).
Phylogenetic relationships within the cyst-forming nema-
todes (Nematoda, Heteroderidae) based on analysis of se-
quences from the ITS regions of ribosomal DNA. Molecular
Phylogenetics and Evolution, 21(1), 1-16.

Subbotin, S. A., Sturhan, D., Chizhov, V. N., Vovlas, N., &
Baldwin, J. G. (2006). Phylogenetic analysis of
Tylenchida Thorne, 1949 as inferred from D2 and D3
expansion fragments of the 28S rRNA gene sequences.
Nematology, 8(3), 455-474.

Subbotin, S. A., Ragsdale, E. J., Mullens, T., Roberts, P. A.,
Mundo-Ocampo, M., & Baldwin, J. G. (2008). A phyloge-
netic framework for root lesion nematodes of the genus
Pratylenchus (Nematoda): evidence from 18 s and D2-D3
expansion segments of 28 s ribosomal RNA genes and mor-
phological characters. Molecular Phylogenetics and
Evolution, 48(2), 491-505.

Sultana, T., Kim, J., Lee, S. H., Han, H., Kim, S., Min, G. S.,
Nadler, S. A., & Park, J. K. (2013). Comparative analysis of
complete mitochondrial genome sequences confirms inde-
pendent origins of plant-parasitic nematodes. BMC
Evolutionary Biology, 13, 12.

Sun, L., Zhuo, K., Lin, B., Wang, H., & Liao, J. (2014). The
complete mitochondrial genome of Meloidogyne
graminicola (Tylenchina): a unique gene arrangement and
its phylogenetic implications. PloS One, 9(6), €98558.

Tamura, K., Dudley, J., Nei, M., & Kumar, S. (2003).
MEGA4: molecular evolutionary genetics analysis
(MEGA) software version 4.0. Molecular Biology and
Evolution, 24(8), 1596—-1599.

Tanha Maafi, Z., Subbotin, S. A., & Moens, M. (2003). Molecular
identification of cyst-forming nematodes (Heteroderidae)
from Iran and a phylogeny based on the ITS sequences of
rDNA. Nematology, 5(1), 99-111.

Troccoli, A., De Luca, F., Handoo, Z. A., & Di, V. M. (2008).
Morphological and molecular characterization of
Pratylenchus lentis n. sp. (Nematoda: Pratylenchidae) from
Sicily. Journal of Nematology, 40(3), 190—196.

Troccoli, A., Subbotin, S. A., Chitambar, J. J., Janssen, T.,
Waeyenberge, L., Stanley, J. D., Duncan, L. W., Agudelo,
P., Uribe, G. E. M., Franco, J., & Inserra, R. N. (2016).
Characterisation of amphimictic and parthenogenetic popu-
lations of Pratylenchus bolivianus Corbett, 1983 (Nematoda:

@ Springer



446

Eur J Plant Pathol (2017) 148:435-446

Pratylenchidae) and their phylogenetic relationships with
closely related species. Nematology, 18(6), 651-678.

Vanstone, V. A., Rathjen, A. J., Ware, A. H., & Wheeler, R. D.
(1998). Relationship between root lesion nematodes
(Pratylenchus neglectus and P. thornei) and performance of
wheat varieties. Australian Journal of Experimental
Agriculture, 38(2), 181-188.

Waeyenberge, L., Viaene, N., & Moens, M. (2009). Species-
specific duplex PCR for the detection of Pratylenchus
penetrans. Nematology, 11(6), 847-857.

@ Springer

Wang, H. H., Zhuo, K., Ye, W. M., & Liao, J. L. (2015).
Morphological and molecular characterisation of
Pratylenchus parazeae n. sp. (Nematoda: Pratylenchidae)
parasitizing sugarcane in China. European Journal of Plant
Pathology, 143(1), 173-191.

Zhuo, K., Cui, R. Q., Ye, W. M., Luo, M., Wang, H. H., Hu, X. N,
& Liao, J. L. (2010). Morphological and molecular charac-
terization of Aphelenchoides fujianensis n. sp. (Nematoda:
Aphelenchoididae) from Pinus massoniana in China.
Zootaxa, 2509, 39-52.



	Loop-mediated isothermal amplification based on the mitochondrial COI region to detect Pratylenchus zeae
	Abstract
	Introduction
	Materials and methods
	Nematode populations and DNA extraction
	PCR amplification of the partial mtDNA COI gene
	Phylogenetic analyses
	Primer design
	LAMP protocol optimization
	LAMP specificity analysis
	LAMP sensitivity analysis

	Results
	Analysis of the partial sequences of mtDNA COI
	Optimization of LAMP reaction conditions
	Specificity of the LAMP assay
	Sensitivity of the LAMP assay

	Discussion
	References


