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Abstract

Brown planthopper (BPH), Nilaparvata lugens (Stal) and white-backed planthopper (WBPH), Sogatelia furcifera (Horvath)
are the most destructive sucking insect pests of rice in all rice growing parts of the world. For their accurate identification at
early stages, we have developed two species-specific markers (SNL4F and SNL4R for BPH; SNF2F and SNF2R for WBPH)
based on mitochondrial cytochrome oxidase I (COI) for their easy detection using Polymerase Chain Reaction (PCR). The
markers were developed based on nucleotide differences in COI gene and were subjected to various tests based on PCR-based
gel images. The designed primers were cross-checked with five other species, which confirmed their specificity. The primers
were also found to be efficient in identification of their respective species (BPH and WBPH) in all the individuals sampled
from different regions of India. The lowest detection sensitivity of both the primers was up to 1 ng/ul DNA after testing them
through a series of varied DNA concentrations. The species-specific primers developed in this study will help in easy and
rapid identification of BPH and WBPH in all the stages of their development and in turn facilitate their timely management.

Keywords Brown planthopper - White-backed planthopper - Species-specific primers - Species identification - Polymerase
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Introduction

Planthoppers are one of the main insect pests attacking rice
crop that incur quality and yield losses in all rice grow-
ing regions of the world. Among planthoppers, brown
planthopper (BPH), Nilaparvata lugens (Stal), and white-
backed planthopper (WBPH), Sogatella furcifera (Horvath)
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(Hemiptera: Delphacidae) are distinguished as the most
damaging ones. They are the sap-sucking insects that cause
the yellowing of leaves, reduced tillers/plant height, and
unfilled grains that can lead to ‘hopper burn’ under severe
attack (Padmavathi et al. 2020). Apart from that, they are
the vectors of destructive viral diseases such as, rice grassy
stunt, rice ragged stunt in India (Chowdhury et al. 2010).
Other planthoppers which are present in rice ecosystem are
small brown planthopper, Laodelphax striatellus (Ramya
and Meshram 2019), Sogatella vibix, and Sogatella kolophon
(Delphacidae; Hemipetra), which are present sporadically
in the country (Kumaresan et al. 2016). These species are
morphologically more or less similar in general structures
and coloration leading to their misidentification. As dif-
ferent planthoppers attack rice at different life stages and
plant parts, their correct identification will help in achiev-
ing better control. They are identifiable only by following
taxonomic keys (Dupo and Barrion 2009). However, these
keys are not suitable when insect is at nymphal stage and
especially when the differentiation is based on genitalia fea-
tures; they are also hard to identify by non-professionals.
Moreover, small brown planthopper is very much similar
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to BPH morphologically, and both are known to cause eco-
nomic damage to rice (Wen et al. 2021). Similarly, BPH and
WBPH are hard to distinguish by non-specialists, especially
at nymphal stages.

Rapid, timely, and accurate identification of insects is
desired but difficult as they are numerous in numbers and
diversity. As the world is witnessing rapid climate change
events, the natural habitable boundaries of planthoppers
are extending up to non-traditional rice growing areas.
This expansion is a result of increase in their overwinter-
ing ranges from their conventional East and South Asian/
Australian countries (Hu et al. 2015). This shift from their
natural geographical range will raise concern for their more
frequent introductions into new areas of Asia and Pacific
demanding stringent biosecurity and phytosanitary practices,
which will become plausible only if the insect is correctly
identified at earlier stages (Heong and Hardy 2009).

The planthoppers are highly migratory in nature; with
the onset of spring season, they migrate from the tropi-
cal areas to the temperate/sub-temperate areas every year
(Tyagi et al. 2022b; Narayana et al. 2020; Hu et al. 2017;
Krishnaiah 2014; Otuka et al. 2008). The movement of BPH
is confirmed by its unsuitability to colder regions as well
as unavailability of alternate graminaceous hosts to survive
(Tyagi et al. 2022a). The management of migratory insects is
greatly dependent on their timely forecasting and identifica-
tion. The existence of macropterous and brachypterous wing
morphs of both the insects create even more confusion for
their accurate identification, if based on morphology alone
(Narayana et al. 2022; Li et al. 2016).

Unlike traditional systematic approaches using morpho-
logical characters detection, using molecular marker is effi-
cient as it does not depend on polymorphism, sex, and life
stages for the species in question (Asokan et al. 2011). Spe-
cies-specific markers are easy, accurate, and economic tools
of species discrimination and determination of phylogenetic
relationship, which produce specific amplicon of the target
species, eliminating the need for sequencing (Latip et al.
2010). In previous studies, the identification of planthoppers
was mainly focused on BPH (Liu et al. 2018), while only a
few included WBPH and Small brown planthopper species
(Rahman et al. 2023; Yashiro and Sanada-Morimura 2021;
Seo et al. 2017; Wang et al. 2013). However, three-fold test-
ing of robustness of markers for efficiency, specificity, and
sensitivity has hardly been achieved in a single study and we
have tried to address this limitation.

Considering that, development of suitable species-spe-
cific markers will greatly aid in identifying a given species
quickly with a high degree of accuracy, especially when
there is an overall dearth of taxonomists. The identification
of planthoppers was mainly achieved by targeting the varied
regions of Mitochondrial cytochrome oxidase gene I (COI)
and Internal Transcribed Spacer (ITS) genes, particularly
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ITS2, in nuclear ribosomal DNA (rDNA) (Yashiro and
Sanada-Morimura 2021; Wang et al. 2013). Mitochondrial
cytochrome oxidase gene I (COI) has been widely used in
the molecular systematics to understand host associated
genetic differences, biotypes, cryptic/sister/subspecies due to
its robust interspecific differentiation, aiding in species-level
detection of insects (Arya et al. 2022; Simon et al. 1994,
Jung et al. 2011). Therefore, in the present study, we have
developed species-specific markers for BPH and WBPH
identification based on COI gene.

Materials and methods
DNA extraction and amplification

BPH and WBPH were collected from 15 traditional rice
growing parts representing the entire country using sweep
net in morning hours between 8 and 11 am when the wind
speed is slow (Fig. 1, Table 2). The hoppers were preserved
in 90% ethanol during transit and were later sorted out
under microscope using morphological keys (Dupo and
Barrion 2009). The samples were stored at —20 °C until
used for DNA extraction. DNA from individual specimens
was extracted using DNAeasy® Blood and Tissue Kit (Qia-
gen) according to manufacturer’s protocol. Quality of DNA
was ensured through Nanodrop 2000 spectrophotometer
(Thermo Fisher Scientific, USA). The COI-specific ampli-
fication of DNA through Polymerase Chain Reaction (PCR)
was achieved in Bio-Rad T100™ Thermal cycler. The PCR
conditions are as follows: initial denaturation at 94 °C for
5 min; 35 cycles of denaturation at 94 °C for 30 s; anneal-
ing at 46 °C for 40 s; elongation at 72 °C for 40 s and a final
elongation at 72 °C for 8 min. Total reaction volume was
25 ul, which consisted of 12.5 pl of TaKaRa Emerald Amp®
GT master mix, 8.5 ul of nuclease free water and 1 pl each of
forward and reverse COI primers with 2 pl of template DNA
(50 ng/pl). The universal barcode specific primers (LCO-
1490-5'GGT CAA CAA ATC ATA AAG ATA TTG G-3';
HCO-2198-5'-TAA ACT TCA GGG TGA CCA AAA AAT
CA-3") were used for amplification (Folmer et al. 1994).
The amplified DNA products were purified using
QIAquick®(Qiagen) PCR Purification Kit according to man-
ufactures instructions and then sent for sequencing at M/s
Eurofins Genomics India Pvt. Ltd. using Sanger’s sequenc-
ing method. Species identity was confirmed using BLASTn
(http://www.ncbi.nlm.nih.gov) search by comparing with
already submitted sequences in NCBI. The sequences were
edited and trimmed in BioEdit.7.0 program (Hall 2004)
after checking for InDels and stop codons. Corresponding
COI sequences of BPH and WBPH were deposited with the
National Centre for Biotechnology Information (NCBI) Gen-
Bank database and finally accession numbers were obtained
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Fig. 1 The 15 Indian sites from
where the planthopper popula-
tions have been collected for the
development and validation of
species-specific markers for N.
lugens and S. furcifera species
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(Table 2). To design WBPH specific marker, a previously
submitted sequence was also retrieved from NCBI database
(accession number: MH670907).

Primers development

The species-specific primers for BPH and WBPH were
developed based on the differences in COI sequences of
both the species, which were determined using the sequence
alignment editor BioEdit.7.0. (Supplementary File). The
species-specific primers were designed using Primer3
(Untergasser et al. 2012), which provided possible primer
pairs for PCR templates by considering the following cri-
teria: (1) length of primer between 18 and 30 bp; (2) abso-
lute value of Delta G less than 9; (3) 3’ end contains one or
more specific bases; (4) absence of hairpin structure; (5)
GC% content from 40 to 70%; (6) false priming less than
100%. The species specificity of the designed primers was
confirmed using Primer BLAST (https://www.ncbi.nlm.nih.
gov/tools/primer-blast/). All the primers were synthesized
by M/s Eurofins Genomics India Pvt. Ltd. Bengaluru, India.

Primers selection and sensitivity test

Four sets of forward and reverse primer pairs of BPH and
three sets for WBPH were designed based on the variable
regions of their aligned sequences (Table 1). The designed
primers were validated on identified BPH and WBPH popu-
lations. PCR amplification was carried in a 20 pl reaction
mixture consisting of 7.8 ul Nuclease free water, 9 pl of
TaKaRa Emerald Amp GT master mix, 0.6 ul of each for-
ward and reverse species-specific COI primer with 2 pl of
template DNA (50 ng/ul). The conditions for PCR were
same as mentioned in “DNA extraction and amplification”
except for the annealing temperature, which was confirmed
at 64 °C for 40 s. The final annealing temperature was deter-
mined by varying annealing temperatures from 45 to 65 °C
by evaluating species specificity of different sets of BPH and
WBPH primers (Table 1).

To validate primers specificity, cross-amplification
assay was done through PCR for the primer sets developed
in the current study on six different species in five replica-
tions (Figs. 2, 3). The efficacy of the markers was assessed
with BPH and WBPH samples collected from different
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Table 1 Details of species-specific primers developed for N. lugens and S. furcifera

Species Primer name Sequence (5'-3") bp T,(°C) GC Amplicon  Specificity at T, (°C)
size (bp)
46 50 55 o4
N. lugens SNL4F TTCTGACTTTTACCCCCATCTTTA 24 5759 37.50 307 X X X v
SNL4R CAGCTAGAACAGGAAGGGATAGAA 24 61.01 45.83 X X X v
SNBPHI1F TATTTGGTCAGGATTTATAGGA 22 52.80 31.82 430 X X X X
SNBPHIR TGAAATAAAATTAATTGCAC 20  45.00 20.00 X x X X
SNBPH2F GTAGTATAATTATCCGATCAGA 22 52.80 31.82 491 X X X X
SNBPH2R AAGGAGTAAAATAGCTGTAAT 21 50.06 28.57 X X X X
SNLF3F TTCTGACTTTTACCCCCATCTTTA 24 5759 37.50 302 X X X X
SNLR3R AGAACAGGAAGGGATAGAAGGAGT 24  61.01 45.83 X X X X
S. furcifera  SNF2F TCGATCTGAACTAACCCAACCT 22 58.39 4545 349 X X X v
SNF2R GGCAATGTGGAGGGAGAAAAT 21 57.87 47.62 X X X v
SNWBPHIF GGTATGATCCGGACTAATTGGT 22 5839 4545 510 X X X X
SNWBPHIR  ACTGCGGTAATTAAAACTGAT 21 52.01 33.33 X X X X
SNWBPH2F AAGAATTTTAATTCGATCTGA 21 48.11 23.81 401 X X X X
SNWBPH2R  TTGAAATGAAATTGATAGCTCC 22 52.80 31.82 X X X X

T,, melting temperature, 7, annealing temperature, GC Guanine-Cytosine content
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Fig.2 Gel image showing specificity of N. lugens specific primer pair
among five other insect species. M—100 bp DNA ladder (BR Bio-
chem); 1: N. lugens; 2: S. furcifera; 3: Aphis gossypii; 4: Callosobru-
chus maculatus; 5: Vespula vulgaris; 6: Bactrocera correcta; 7: Blank
with Nuclease free water

locations of India (Table 2). Three individuals from each
population were assayed for PCR. The sensitivity of mark-
ers was evaluated using varying concentrations of template
DNA, i.e., 100, 50, 30, 10, 1, and 0.1 ng/ul, through PCR
assay, while keeping the concentration of primers similar.
The varied concentrations were obtained from serial dilu-
tions of a single female DNA with elution buffer. Each
test of efficacy and sensitivity was replicated thrice. The
blank consisted of Nuclease free water instead of DNA
with the same reaction mixture. COI fragments resulting
from species-specific markers for BPH and WBPH were
further sequenced and tested through BLASTn.
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Fig.3 Gel image showing specificity of S. furcifera specific primer
pair among five other insect species. M—100 bp DNA ladder (BR
Biochem); 1: N. lugens; 2: S. furcifera; 3: Aphis gossypii; 4: Calloso-
bruchus maculatus; 5: Vespula vulgaris; 6: Bactrocera correcta; 7T:
Blank with Nuclease free water

Results

To make sure that we were using quality Mitochondrial
DNA for marker designing, the extracted DNA samples
were screened through spectrophotometry (NanoDrop™
2000/2000c Spectrophotometer), resulting in absorbance
values from 1.8 to 2, as well as through PCR amplification,
displaying gel bands at 658 bp, indicating that they were
of high quality. Using nucleotide polymorphisms in BPH
(OM268976) and WBPH (MH670907) sequences with
their respective species, which were earlier submitted in
NCBI database (Table 2), four and three pairs of primers
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Table 2 Details of N. lugens and S. furcifera samples used in the study

S. no.

Species

Location

Coordinates

Accession numbers”
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15

N. lugens

S. furcifera

Varanasi, Uttar Pradesh
Ludhiana, Punjab
Samastipur, Bihar
Cuttack, Odisha

Raichur, Karnataka
Rewari, Haryana
Jabalpur, Madhya Pradesh
Coimbatore, Tamil Nadu
Imphal, Manipur

Raipur, Chhattisgarh
Mohanpur, West Bengal
North 24 Parganas, West Bengal
Pantnagar, Uttarakhand
Pusa, New Delhi
Hyderabad, Telangana
Varanasi, Uttar Pradesh

Coimbatore, Tamil Nadu

25.3176 °N, 82.9739 °E
30.9010 °N, 75.8573 °E
25.8560 °N, 85.7868 °E
20.4625 °N, 85.8830 °E
16.2160 °N, 77.3566 °E
28.1920 °N, 76.6191 °E
23.1815 °N, 79.9864 °E
11.0168 °N, 76.9558 °E
24.8170 °N, 93.9368 °E
21.2514 °N, 81.6296 °E
21.8398 °N, 87.4232 °E
22.7100 °N, 88.7109 °E
29.0222 °N, 79.4908 °E
28.6377 °N, 77.1571 °E
17.3850 °N, 78.4867 °E
25.3176 °N, 82.9739 °E
11.0168 °N, 76.9558 °E

0OK076689, OK076690, OK036953
0KO076691, OK076692, OK076693
0KO076694, K076695, OL677401
MZ813272, MZ3823620, MZ828638,
MZ618359, MZ666290, MZ666238
OM268979, OM268980, OM535915
OM268983, OM268984, OM268985
OL677400, OM535919, OM535920
OM268981, OM268982, OM283785
0K428850, OM268988, OM268989
OM268986, OM268987, OM535921
OM268974, OM268975, OM535912
OL677396, OL677397, OL677398
MW751978, MW751979
OM268976, OM268977, OM535913

MZ666131, OM269032

Mohanpur, West Bengal

Jabalpur, Madhya Pradesh

1
2
3
4 Rewari, Haryana
5
6 Hyderabad, Telangana
7

Bangalore, Karnataka

21.8398 °N, 87.4232 °E OM269033
28.1920 °N, 76.6191 °E OM269031
23.1815 °N, 79.9864 °E OM269030
17.3850 °N, 78.4867 °E -

12.9716 °N, 77.5946 °E MH670907*

# Accession number of planthopper samples used in specificity tests

*COI sequence retrieved from NCBI database to design WBPH-specific marker

were developed, respectively, for BPH and WBPH (Sup-
plementary File).

Species-specific markers for BPH and WBPH showed
amplicons of sizes 307 and 349 bp, respectively, with uni-
form bands in all identified and tested individuals from dif-
ferent locations (Fig. 1). From the primers sets developed
for each species, only one pair for BPH (SNL4F & SNL4R)
and one pair for WBPH (SNF2F & SNF2R) were deemed
fit after going through a series of tests in their capability
of amplifying specific COI fragment corresponding to their
species only. The optimum annealing temperature was con-
firmed at 64 °C by observing amplification pattern of PCR
products in a gradient of annealing temperature from 45 to
65 °C (Table 1).

Markers’ specificity

The specificity of the BPH markers (SNL4F and SNL4R)
when tested with six other species resulted in a single clear
band for BPH only, rendering blank for all other species
using uniplex PCR (Fig. 2). Similarly, there was a single
clear band observed for WBPH while using specific marker
pair SNF2F and SNF2R (Fig. 3). The amplified bands
were in correspondence with their amplicon size, viz, 307

and 349 bp, for BPH and WBPH, respectively. There was
absence of any secondary or unwanted band at the standard
annealing temperature of 64 °C in all the replications. To
confirm that amplified products were from the target COI
gene, each product was sequenced in both forward and
reverse directions, resulting in the sequences of their respec-
tive species only, after checking through NCBI BLAST
homology search. The sequences obtained using species-
specific markers for both the species showed highest hits for
their respective species in Primer-BLAST.

Markers' efficacy

BPH individuals from 15 locations of India were tested with
BPH specific marker to test whether the marker is efficient
to identify them. The populations from different locations
are described in Table 2 along with their accession num-
bers. The results clearly depicted a single, uniform band
in all the individuals at 307 bp, excluding control (Fig. 4).
Likewise, six individuals of WBPH collected from different
locations of India revealed a single, clearly uniform band in
all the individuals at 349 bp without any non-specific bands
(Fig. 5). The results of efficacy were consistent in all the
replications for both the species.
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Fig.4 Validation of N. lugens
specific primer pair on the indi-
viduals collected from different
locations of India. M—100 bp
DNA ladder (BR Biochem);
1-15: BPH from different geo-
graphical locations correspond-
ing to Table 2; 16: Blank with
Nuclease free water
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Fig.5 Validation of S. furcifera specific primer pair on the individu-
als collected from different locations of India. M—100 bp DNA lad-
der (BR Biochem); 1-6: WBPH from different geographical locations
corresponding to Table 2; 7: Blank with Nuclease free water

Markers’ sensitivity

For this purpose, DNA concentration of 200 ng/ul from
one female BPH and DNA concentration of 150 ng/ul from
another female WBPH were used in making serial dilu-
tions of template DNA (100, 50, 30, 10, 1, and 0.1 ng/
pl) by adding Elution buffer (Fig. 6; Fig. 7). The females
were differentiated morphologically from males based
on the shape of terminal abdominal segments. The PCR
assay results with different concentrations of DNA while
using same volume of species-specific primers showed a
decreasing pattern of banding intensity. The detection was
clearly visible up to 10 ng/ul with the presence of strong
intensity bands, whereas, a light band at 1 ng/ul can be
seen for both BPH and WBPH, targeting required COI
fragments at 307 and 309 bp, respectively, in all the rep-
licates. The study suggested that the lower detection limit
for both species-specific markers was 1 ng/ul and there
was no amplification observed at 0.1 ng/ul.
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Fig.6 Gel image showing sensitivity of N. lugens specific primer pair
on different concentrations of template DNA. M—100 bp DNA lad-
der (BR Biochem); 1: 100 ng/ul; 2: 50 ng/ul; 3: 30 ng/ul; 4: 10 ng/ul;
5: 1 ng/ul; 6: 0.1 ng/ul; 7: Blank with Nuclease free water
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Fig.7 Gel image showing sensitivity of S. furcifera specific primer
pair on different concentrations of template DNA. M—100 bp DNA
ladder (BR Biochem); 1: 100 ng/ul; 2: 50 ng/ul; 3: 30 ng/ul; 4: 10 ng/
pl; 5: 1 ng/ul; 6: 0.1 ng/ul; 7: Blank with Nuclease free water
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Discussion

Species-specific markers can make accurate and rapid
species identification possible, which is highly useful for
non-trained personnel in the field of entomology. They
are the future of taxonomy, pest forecasting, and biosecu-
rity (Tsai et al. 2020; Rebijith et al. 2012b; Juric et al.
2015). Keeping these things in mind we have developed
species-specific marker pairs each for BPH and WBPH
for their easy and precise identification. Species-specific
marker dependant detection is based on PCR, which is
inexpensive, stable, swift, sensitive, efficient, and is suit-
able for quarantine facilities (Zhang et al. 2016). The PCR-
based taxonomic identification is free from the trouble
of sequencing, restriction digestion or slide preparation,
which can detect species at any life stage even with para-
sitized/damaged/decayed specimens (Srinivasa et al. 2019;
Wang et al. 2019b) or museum specimens (Townson et al.
1999). The reduced costs of sequencing as well as elimina-
tion of DNA purification step are the additional advantages
of using species-specific markers.

The morphological ambiguity between BPH, WBPH
and other related species have been hampering their man-
agement for a long time. Insecticide resistance, host-range
or natural enemy interactions vary from species to species,
and thus, single tactic, say application of a certain insecti-
cide would not work for all the species causing problem of
resistance and resurgence (Rebijith et al. 2012b). The use
of species-specific markers is more valued at quarantine
stations where early detection is paramount for restrict-
ing any chance introduction (Wang et al. 2019a; Shim
et al. 2016). Information on DNA barcoding-based spe-
cies identification through molecular markers is valued for
enhancing biosecurity via planning pest control programs
for the management of introduced germplasm (Marullo
et al. 2020). These markers will aid in decision making by
the traditional taxonomists when the morphology-based
identification is difficult.

In current study, polymorphism present in COI
sequences of BPH and WBPH was utilized in develop-
ing species-specific markers. The markers developed in
the study were able to distinguish their respective species
clearly from others by forming specific COI bands of their
own amplicon sizes. The markers showed amplification
in all the samples that were collected from different loca-
tions of India proving their robustness. Their sensitivity
to amplify as low as 1 ng/ul template DNA showed their
ability to recognize the species even when only a trace
amount of DNA is available.

The COI based barcoding of insects and development
of species-specific markers based on it have been achieved
successfully in insects like aphids (Rebijith et al. 2012a),

fruit flies (Zheng et al. 2019; Jiang et al. 2013), mealy bugs
(Wang et al. 2019a), Tribolium spp. (Zhang et al. 2016),
Cryptolestes spp. (Varadinova et al. 2015). Very recently,
identification of three planthopper species was achieved
by developing six species-specific primers based on partial
COI sequences, which showed positive results for con-
ventional, multiplex PCR, and loop-mediated isothermal
amplification (LAMP) assays (Rahman et al. 2023).

Newer image-based techniques, such as spectrometry and
scanning electron microscopy are also gaining momentum in
species discrimination; their implementation, though, need
much sophisticated system, and as for now they are unavail-
able for BPH and WBPH (Liu et al. 2018). Other non-COI-
based molecular markers such as internal transcribed spacers
(ITS) DNA sequence and direct multiplex PCR have shown
potential in the identification of planthoppers, Fall Army-
worm and other insects (Liu et al. 2018; Tsai et al. 2020).
Yashiro and Sanada-Morimura (2021) developed a multiplex
PCR assay utilizing markers based on 5.8S-ITS2 rDNA for
the identification of S. furcifera, N. lugens, and L. striatel-
lus individuals. Furthermore, multiplex real-time PCR tech-
nique employing ITS2 region was used for the detection and
quantification of S. furcifera, N. lugens, and L. striatellus in
the guts of spiders for determining predatory relationships
with planthoppers in rice ecosystems (Wang et al. 2013).

In way forward, it is recommended to test the markers
efficacy on the species collected outside from geographical
range of India. Use of multiplex PCR in amplifying genes
other than COI such as, ITS1, ITS2 and nuclear 12S-16S-
18S ribosomal RNA for the development of molecular mark-
ers is encouraged. It is also advisable to remove allochtho-
nous micro-organisms attached with the insect body by
washing 2-3 times with ethanol as they can obstruct the
truthful identification by forming non-specific bands (Kerst-
ing et al. 2018).

Conclusions

To conclude, the use of PCR-based species-specific markers
for species discrimination and identification is not only easy
and quick but it is also irrespective of the life stage, sex, and
expertise level or specimen condition. In light of this, we
have developed two COI-based marker pairs specific to each
BPH (SNLAF and SNL4R) and WBPH (SNF2F and SNF2R)
to eliminate the identification error between them and also
between their sister/cryptic species such as N. bakeri, N.
maeander, N. muiri, S. vibix, and S. kolophon. These mark-
ers were specific, efficient, and showed detection sensitivity
with as low as 1 ng/ul DNA. This work will be encouraged at
quarantine stations where early detection is highly appreci-
ated. Species-specific markers operate as guiding tools for
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the monitoring programs in order to develop sound manage-
ment strategies.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13205-023-03693-x.
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