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Abstract
In this study, we developed the first genetic linkage map for the major rice insect pest, the brown

planthopper (BPH, Nilaparvata lugens). The linkage map was constructed by integrating linkage data
from two backcross populations derived from three inbred BPH strains. The consensus map consists of
474 simple sequence repeats, 43 single-nucleotide polymorphisms, and 1 sequence-tagged site, for a
total of 518 markers at 472 unique positions in 17 linkage groups. The linkage groups cover
1093.9 cM, with an average distance of 2.3 cM between loci. The average number of marker loci per
linkage group was 27.8. The sex-linkage group was identified by exploiting X-linked and Y-specific
markers. Our linkage map and the newly developed markers used to create it constitute an essential re-
source and a useful framework for future genetic analyses in BPH.
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1. Introduction

The brown planthopper (BPH), Nilaparvata lugens
Stål (Homoptera: Delphacidae), is one of the most
economically important insect pests of rice (Oryza
sativa L.) throughout Asia. The widespread damage
caused by BPH leads to substantial and unpredictable
decreases in rice yield. Continuous rice cultivation, ac-
companied by extensive use and frequent misuse of
insecticides along with a high rate of nitrogen

fertilizer application, often causes BPH outbreaks in
rice fields.1 More than 50 million ha of rice fields
throughout Asia have been heavily affected by this
insect in the past decade.2–4 In addition to directly
feeding on rice plants, BPH also causes indirect
damage by transmitting viruses that cause the
ragged stunt and grassy stunt diseases of rice.5

Host-plant resistance offers a practical approach for
BPH control, and a succession of resistant rice varieties
has been bred and cultivated widely in Asia.
Nevertheless, the appearance of BPH with new viru-
lence characteristics can overcome their resistance
soon after the varieties have been released.4,6 The† These authors contributed equally to this work.

# The Author 2012. Published by Oxford University Press on behalf of Kazusa DNA Research Institute.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://
creativecommons.org/licenses/by-nc/3.0/), which permits unrestricted non-commercial use, distribution, and reproduction in any medium,
provided the original work is properly cited.

DNA RESEARCH 20, 17–30, (2013) doi:10.1093/dnares/dss030
Advance Access publication on 29 November 2012



virulence, which refers to the ability to adapt to resist-
ant rice varieties, has been reported to be under
genetic control and is inherited as a quantitative
trait.7 Understanding the genetic basis of the viru-
lence against rice cultivars will provide significant in-
formation for future BPH management strategies. A
genetic linkage map would provide an important
framework for identifying quantitative trait loci (QTL)
related to the virulence characteristics. Unfortunately,
no detailed genetic linkage map based on molecular
markers has yet been developed for BPH or for other
closely related delphacid species.

BPH has a diploid chromosome number of 30 (28
autosomes combined with the sex determination
system XY and XX in males and females, respec-
tively).8–10 The genome size of BPH is estimated to
be 1.2 Gbp.11 Recently, a numberof genomic resources
for BPH have been made available, and they provide
highly useful information to support experimental gen-
etics studies.12–16 More than 350 expressed sequence
tag (EST)-derived simple sequence repeat (e-SSR)
markers for BPH have been successfully developed sub-
sequent to the availability of large EST datasets.17–19 In
addition, a total of 136 SSRs have been isolated from
BPH genomic DNA.20 These newly developed e-SSRs
and genomic SSR (g-SSR) markers have been used to
assess the genetic diversity of BPH populations.17,20

However, the exact genomic locations of the newly
developed SSR markers have not yet been determined
by genetic mapping.

Genetic maps are valuable genomic resources and
represent a powerful research tool for identifying
the genetic basis of phenotypic variation. The
purpose of the present study was to construct a base-
line genetic linkage map for BPH using both new and
existing SSRs and single-nucleotide polymorphisms
(SNPs). G-SSR markers were generated from the se-
quence information of repeat regions derived from
high-throughput microsatellite isolation procedures.
We also developed SNP markers using next-generation
sequencing technologies. The newly developed and
public markers were successfully applied to construct
a consensus linkage map. This map will provide initial
information for identifying the genetic basis of BPH
virulence and other important traits, including in-
secticide resistance, virus transmission, and wing poly-
morphisms. In addition, the newly developed markers
will support studies of the morphology, physiology,
evolution, and ecology of this significant insect pest.

2. Materials and methods

2.1. Insect strains and crosses
Four BPH strains collected in Japan were used in

this study. (i) Hadano-66 was collected in Hadano,

Kanagawa Prefecture, in 1966 and was maintained
in a laboratory colony for �500 generations, (ii)
Chikugo-89 was collected in Chikugo, Fukuoka
Prefecture, in 1989 and was maintained in a labora-
tory colony for more than 250 generations, (iii)
Koshi-10 was collected in Koshi, Kumamoto
Prefecture, in 2010 and was maintained for �20 gen-
erations in a laboratory colony and (iv) Izumo-87 was
collected in Izumo, Shimane Prefecture, in 1987 and
was maintained in a laboratory colony for �270 gen-
erations. These BPH strains immigrated into Japan
from East Asian regions.21,22 The Izumo-87 strain
was used for whole-genome sequencing to generate
a reference sequence12 and detect SNPs. Hadano-
66, Chikugo-89, and Koshi-10 strains were used to
generate the inbred BPH strains (IBSs) and the
mapping populations. One pair of insects from each
BPH strain was selected for crossing to generate the
IBSs H66 for Hadano-66, C89 for Chikugo-89, and
K10 for Koshi-10. The IBSs were prepared without
outcrossing through three generations of single-pair,
full-sibling mating (Fig. 1). All BPH strains were
reared on seedlings of cv. ‘Reiho’, a japonica rice
variety, and maintained in the laboratory at 25+
28C under a 16L:8D photoperiod. To generate the
mapping populations, a pair of insects from two dif-
ferent IBSs was selected and crossed using single-
pair mating. Two backcross populations (BC1F1)
were generated from crosses (C �F) of K10 � H66
with backcrossing with H66 (referred to as the KH
population) and C89 � K10 with backcrossing with
C89 (referred to as the CK population).

Figure 1. Mating scheme of an experiment perform to obtain IBSs
and mapping populations.
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The crosses were performed by placing a virgin
female and a male from each IBS on ‘Reiho’ seedlings
in a glass tube. After mating and oviposition, the par-
ental insects were collected and stored in 95%
ethanol. The F1 offspring from each cross was cultured
in separate containers. Newly hatched nymphs of F1

progeny from each cross were transferred into a
plastic 800-ml container (dimensions: 8.5 cm wide
by 16 cm tall) containing 8–10 seedlings and
reared up to the fifth-instar nymph stage. An individ-
ual fifth-instar nymph of each sex was selected and
reared in a separate glass tube to obtain unmated
adults. F1 females were backcrossed with their
parent family to generate the BC1F1 generation
(Fig. 1). BC1F1 offspring from each cross were reared
up to the second- and third-instar nymph stages.
Although it is not possible to sex the insects at this
stage, using early instars greatly accelerates the ana-
lytical process and avoids viability problems that
may occur at later stages. All offspring were then col-
lected and stored in 95% ethanol. We randomly
selected 91 KH offspring and 89 CK offspring for
the linkage analysis. All crossing experiments were
conducted in the insectary at the Kyushu Okinawa
Agricultural Research Center, Kumamoto, Japan.

2.2. Total DNA extraction and whole-genome
amplification

Genomic DNA of the preserved samples (grandpar-
ents, parents, and offspring) was isolated individually
using a modified version of the potassium acetate pro-
cedure of Dellaporta et al.23 For the adult insects, only
the head and thorax were used for DNA extraction to
reduce the possibility of contamination by fertilized
eggs and bacterial symbionts.24 The whole-genome
amplification technique25 was used to produce large
amounts of DNA from individual insects for large-
scale genotyping.

2.3. Microsatellite isolation, sequencing, and primer
design

Two SSR-enrichment genomic libraries were pre-
pared from Hadano-66 genomic DNA that was
extracted from �50 insects, including nymphs,
adults, males, and females. The first library (referred
to as the SREL library) was produced by the
Savannah River Ecology Laboratory (University of
Georgia), following the method of Glenn and
Schable.26 Briefly, 2 mg of BPH genomic DNA was
digested with RsaI. The digested DNA was ligated
with double-stranded SuperSNX linkers (50–GTTTAA
GGCCTAGCTAGCAGAATC–30/50–GATTCTGCTAGCTAG
GC CTTAAACAAAA–30). The linker-ligated DNA was
hybridized with seven biotinylated oligo probes:
(AG)12, (TG)12, (AAC)6, (AAG)8, (AAT)12, (ACT)12,

and (ATC)8. The DNA fragments with a microsatellite
repeat were captured using Dynabeads (Dynal, Oslo,
Norway) under a magnetic field. The amount of
eluted DNA was increased by using the polymerase
chain reaction (PCR) to recover enriched DNA frag-
ments using the SuperSNX primer pairs.

The fast isolation by amplified fragment length
polymorphism of sequences containing repeats
(FIASCO) procedure described by Zane et al.27 was
used to isolate the second library (referred to as the
KU library) at the Plant Breeding Laboratory (Kyushu
University). Briefly, genomic DNA was digested with
MseI and ligated to MseI adaptors (50–TACTCAGG
ACTCAT–3/5–GACGATGAGTCCTGAG–30). The mixture
was amplified with an MseI adaptor primer (50–GA
TGAGTCCTGAGTAAN–30). The PCR product was
then hybridized with six biotinylated probes: (CT)10,
(CA)10, (CAC)7, (AAG)7, (TCC)7, and (GACA)5. The
DNA molecules that were hybridized to biotinylated
probes were captured using streptavidin magnetic par-
ticles (Roche Applied Science, Mannheim, Germany)
using a magnetic field. PCR was performed to recover
enriched DNA fragments using the MseI adaptor primer.

The SREL and KU libraries were sequenced using the
Roche 454 GS FLX Titanium system (454 Life
Sciences, Branford, CT, USA). SSRs in the read data
were detected using a Perl script in the Simple
Sequence Repeat Identification Tool (SSRIT),28 with
minimum thresholds of nine, six, five, five, five, and
five repeat units for di-, tri-, tetra-, penta-, hexa-,
and heptanucleotide repeats, respectively. The ter-
minal sequences derived from the ligated adapters
were eliminated in both directions. SSR regions were
masked by continuous N letters with the same
length as the detected SSRs. The masked sequences
were then de novo assembled using the Newbler soft-
ware (454 Life Sciences). A flanking sequence of an
appropriate length for primer design was calculated
using a Perl script and Primer3.29

To develop e-SSR markers, we obtained the EST
sequences contributed by Noda et al.12 from the
NCBI database (http://www.ncbi.nlm.nih.gov/). The
EST sequences were analysed for SSR discovery using
SSRIT with minimum thresholds of six, five, five,
three, and three repeat units for di-, tri-, tetra-,
penta-, and hexanucleotide SSRs, respectively. All EST
sequences that contained SSRs were assembled using
the CodonCode Aligner software (CodonCode
Corporation, http://www.codoncode.com/). Primer3
was used to design the primers. We designed 341
primer pairs, but only 50 primer pairs were randomly
selected and used for the polymorphism test.

The newly developed g-SSR and e-SSR markers were
named using the prefixes NLGS (Nilaparvata lugens
g-SSR) and NLES (Nilaparvata lugens e-SSR), respect-
ively, followed by the number of the marker. For the
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primers from Jing et al.,17 we retained the original
published names. Primer functionality and poly-
morphism were tested on the parents of the backcross
populations. Only clearly polymorphic markers were
employed to genotype individuals from the mapping
populations. The PCR products were electrophoresed
on 4% agarose gels in 0.5� Tris–borate–EDTA
buffer, stained with ethidium bromide, and visualized
under ultraviolet light. All PCR conditions are sum-
marized in Supplementary Tables S1–S3.

2.4. SNP discovery and analysis
SNPs were discovered by comparing whole-genome

sequence data from two BPH strains, Izumo-87 (I87)12

and IBS-C89. The reference genomic sequences of
I87 were acquired using the Roche 454 GS FLX pyrose-
quencing platform (H. Noda, National Institute of
Agrobiological Sciences, unpublished data). To obtain
reference genomic contigs, the short-read next-gener-
ation sequencing data were subjected to de novo assem-
bly using the Celera Assembler software (v6.1).30 The
genome sequence of IBS-C89 was performed using
the Illumina HiSeq 2000 platform, and a total of
about 77.3 million reads were generated. The read
data were mapped to reference genomic contigs using
the BWA software (v0.6.1).31 SNPs between I87 and
IBS-C89 were called using the SAMtools/BCFtools soft-
ware (v0.1.12a)32 and visualized using the Tablet soft-
ware (v1.12).33 We randomly selected 234 SNPs that
were homogeneous within the strain. PCR primers
were designed to amplify 500- to 600-bp fragments
carrying each potential SNP. The fragments were
sequenced using a 3730 DNA analyzer (Applied
Biosystems, Foster City, CA, USA) to screen for poly-
morphic SNPs between the reference strains (I87 and
IBS-C89) and two of the parents of the KH mapping
populations (K10 and H66). The selected polymorphic
SNPs were used to genotype individual offspring of the
KH population. The developed SNP markers were
named using the prefixes NLSP (Nilaparvata lugens
SNP), followed by the number of the marker. The
primers and the PCR conditions are summarized in
Supplementary Table S4.

2.5. Genetic linkage analysis and map construction
A genetic linkage map of each mapping population

was analysed using the JoinMap software (v4.1).34 All
markers were tested for significant deviation from a
normal Mendelian segregation ratio to assess the
goodness-of-fit to the expected ratios of 1:1, 1:1:1:1,
and 1:2:1 for each marker at a 5% significance level.
The ‘outcross pollinated’ (CP) option was used as the
population type in this analysis. Grouping of markers
was performed using a minimum-independence loga-
rithm of odds (LOD) threshold of 5.0. Groups were

converted into maps using the regression algorithm
provided by JoinMap with a recombination frequency
smaller than 0.45 used for the linkages, and then
Kosambi’s mapping function35 was used to calculate
map distances. Distorted markers were retained for
mapping, if their presence did not alter the surround-
ing marker order in a given linkage group (LG).

On completion of the linkage maps for KH and CK,
the individual maps were integrated into a consensus
map by applying the ‘combine groups for map inte-
gration’ module of JoinMap. An integrated map was
created by merging bridging-SSR markers in homolo-
gous LGs into a single consensus map. Linkage maps
were drawn using the MapChart software for
Windows.36 The expected genome coverage was esti-
mated according to the method of Chakravarti
et al.,37 in which the length of each LG was multiplied
by (m þ 1)/(m 2 1), where m is the marker number
on each LG.

3. Results

3.1. SSR development and genotyping
SSR development and primer design: High-through-

put sequencing by the 454 GS FLX Titanium gener-
ated �23.6 Mbp of read data with 87 068 reads
from the SREL library. The sequence data were de
novo assembled into 1906 contigs. After the assembly,
the contigs had an average length of 303 bp. Among
the 1906 unique sequences, 970 had flanking
regions that were large enough for primer design.
For the KU library, �24.1 Mbp of read data were gen-
erated. From 83 630 reads, 4490 unique contigs were
produced, with an average length of 314 bp after the
assembly. Of the 4490 contigs, 2556 had flanking
regions that were large enough for primer design.
Finally, 860 and 2300 primer pairs were designed
from the read data for the SREL and KU libraries,
respectively.

SSR polymorphism: A total of 3160 g-SSR primer
pairs from the SSR enrichments, 50 newly developed
e-SSRs, and 351 publicly available e-SSRs were used
to screen for polymorphisms in the parents of the
KH and CK populations. Of the 3160 g-SSR markers,
2048 (64.8%) were successfully amplified by PCR.
Of these 2048 SSR primer pairs, 922 (45.0%) ampli-
fied fragments were polymorphic between the
parents. From these polymorphic g-SSRs, only 418
(45.3%) were informative in the mapping popula-
tions. The remaining 504 (54.7%) polymorphic
markers could not be scored, mostly due to banding
patterns that were too difficult to interpret, including
multiple-banding patterns, bands that amplified
poorly in the offspring, and bands that did not show
clear polymorphism on the 4% agarose gel. Of the
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50 newly developed e-SSR markers, 15 (30.0%) amp-
lified fragments were polymorphic between the
parents. Of the 351 published e-SSR markers that
we tested, 317 (90.3%) were successfully amplified
by PCR and 100 of the 317 (31.5%) showed poly-
morphism. Of the total of 1037 polymorphic
markers, including g-SSRs, public e-SSRs, and newly
developed e-SSRs, only 408 and 213 primer pairs
were selected to analyse offspring of the KH and CK
populations, respectively. Details of the polymorphic
SSR markers are summarized in Supplementary
Tables S1–S3.

3.2. SNP discovery and genotyping
Of the 234 primer pairs designed to amplify SNP

target sequences, 164 (70.1%) were successfully
used to amplify a single amplicon of the expected
size. Among them, 79 loci (48.2%) were polymorphic
between the survey strains (I87 and IBS-C89), and 48
loci (29.3%) were polymorphic between the parents
of the KH population. Six SNP markers that were not
heterozygous in the offspring of the KH population
were excluded from the analysis, leaving 42 loci.
After adding 4 SNPs from a preliminary experiment,
46 SNPs were selected and used to genotype the off-
spring of the KH mapping population. The SNP
markers and PCR conditions are summarized in
Supplementary Table S4.

3.3. Linkage analysis and map construction
Individual genetic linkage maps: The polymorphic

markers used for linkage map construction consisted
of e-SSR, g-SSR, SNP, and sequence-tagged site (STS)
markers. Based on the results of the LG analysis, we
constructed individual linkage maps for the KH and
CK populations. The KH linkage map was developed
from g-SSR, e-SSR, and SNP markers with an LOD
score of 5.0. The map consisted of 18 LGs with 357
unique positions (excluding duplicated markers),
derived from 348 SSR and 44 SNP markers and
covered 870.2 cM. The average distance between
the markers was 2.8 cM (Supplementary Table S5,
Fig. S1). The LGs ranged in length from 3.8 to
83.2 cM. Of these markers, 21 were unlinked or un-
successfully positioned. Of the 21 unmapped
markers, 13 were not linked to another marker and
the remaining 8 markers were assigned to LGs, but
no map positions were determined. Chi-square ana-
lysis indicated that more than 10% of the markers
deviated from Mendelian segregation at P , 0.01.

Only 180 g-SSR markers, 32 e-SSR markers, and 1
STS marker that showed polymorphism among the
parents (for a total of 213 markers) were selected
to analyse the offspring of the CK population. A
linkage map was constructed with a recombination

threshold of 0.45, and the minimum number of
markers per group was set to two. Linkage analysis
was performed at a minimum LOD of 5.0. The
linkage map consisted of 207 marker loci in 16 LGs
that covered 770.7 cM. (Supplementary Table S6,
Fig. S1). The LGs ranged in length from 1.4 to
85.9 cM, with an average distance of 4.4 cM
between markers. We positioned 43 distorted loci
(20.8%) in LGs 1 to 15. The majority was clustered
in LG16. We found four unlinked markers and
excluded two other distorted markers from the ana-
lysis. The Y chromosomal marker PMn3 was mapped
at the end of the LG arm next to NLGS201 in LG16
of the CK population.

Consensus linkage map: The consensus map was
constructed by integrating linkage data from the
two backcross populations (KH and CK). The
‘combine groups for map integration’ module of
JoinMap was used to integrate the two individual
maps into a consensus map. A total of 73 common
SSR markers between the homologous LGs were
used as bridges to integrate the individual maps. The
order of the bridged markers was consistent
between the two individual maps, except for 16
marker inversions in LG2 to LG8, in LG10, and in
LG12 to LG13 (Supplementary Fig. S1). The final con-
sensus map contained 400 g-SSR, 74 e-SSR, 43 SNP,
and 1 STS markers (for a total of 518), with 472
unique positions in 17 LGs. Table 1 summarizes the
statistics for the consensus LGs, and Supplementary
Table S7 reports the locus name and its position for
all loci in the 17 LGs in the consensus map. The
length of the 17 LGs ranged from 19.0 cM (LG17)
to 98.1 cM (LG13). The average genetic distance
between loci was 2.3 cM. Gaps larger than 20 cM
were found in LG 8 to LG11 and in LG14 (Fig. 2).
The largest gap in the framework map was 43.9 cM
and occurred in LG8. The large gaps observed in the
individual maps were reduced in the consensus map.
In total, 30 markers remained unlinked. The
number of integrated (consensus) LGs was close to
the actual number of haploid chromosomes in
BPH (n ¼ 15). The 17 LGs contained 518 loci that
encompassed 1093.9 cM of the total map distance
(excluding the distance from PM3n to the distal end
of LG11) and covered 92.3% of the estimated
genome size. According to the estimated genome
size of BPH (1200 Mbp),11 the recombination rate is
�0.91 cM/Mbp.

3.4. Identification of markers linked with the sex
chromosomes

We found that most SSR and SNP markers in LG16
of the CK population deviated significantly from the
expected Mendelian segregation ratio of 1:2:1
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Table 1. Description of the integrated consensus map

LG Total length
(cM)

No. of
loci

No. of
markers

Average
distance
(cM)

No. of distorted
markers
(P , 0.01)

Estimated
genome
size (cM)

Genome
coverage
(%)

Largest
interval
(cM)

No. of
bridging
markers

DNA markers

e-SSR g-SSR SNP STS

LG1 45.7 42 42 1.1 8 48.0 95.3 5.7 3 4 32 6 0

LG2 67.1 37 46 1.8 2 70.1 95.7 12.3 7 10 30 6 0

LG3 75.0 39 40 1.9 3 78.8 95.1 8.5 6 13 24 3 0

LG4 81.0 32 37 2.5 3 85.5 94.7 18.7 7 2 34 1 0

LG5 43.5 35 36 1.2 1 46.0 94.6 6.5 10 3 33 0 0

LG6 58.6 42 46 1.4 2 61.2 95.7 10.1 5 5 40 1 0

LG7 19.2 24 40 0.8 6 20.2 95.1 5.4 6 4 34 2 0

LG8 97.9 29 32 3.4 5 104.2 93.9 44.0 2 3 25 4 0

LG9 69.7 20 22 3.5 0 76.4 91.3 34.8 0 5 14 3 0

LG10 74.6 29 29 2.6 4 79.9 93.3 21.7 8 1 28 0 0

LG11 53.5 27 27 2.0 22 57.8 92.6 16.3 3 8 11 7 1

LG12 75.6 26 26 2.9 3 81.6 92.6 9.0 5 6 17 3 0

LG13 98.1 23 24 4.3 5 106.6 92.0 19.8 3 5 16 3 0

LG14 77.0 26 27 3.0 0 82.9 92.9 23.4 3 1 25 1 0

LG15 52.4 18 18 2.9 0 58.5 89.5 11.4 3 3 12 3 0

LG16 86.0 16 19 5.4 3 95.6 90.0 19.2 2 1 18 0 0

LG17 19.0 7 7 2.7 0 25.3 75.0 6.5 0 0 7 0 0

Total 1093.9 472 518 67.0 1178.6 273.0 73 74 400 43 1

Average 64.3 27.8 30.5 2.3 3.9 69.3 92.3 16.1 4.3 4.4 23.5 2.5 0.1
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(homozygous parental: heterozygous: homozygous
parental). The segregation of all marker loci in LG16
was exploited to distinguish the X chromosome from
the autosomes. If the genotypes of the F1 maternal
and BC1 paternal parents are designated as X1X2 and
X1Y1, respectively, there would be four equal propor-
tions of BC1F1 genotypes in the offspring in which
the females are X1X1 or X1X2 and the males are X2Y1

or X1Y1. In addition, a ratio of 2:1:1 [homozygous/
hemizygous paternal bands (X1X1/X1Y1): heterozy-
gous (X1X2): homozygous maternal band (X2Y1)]
would be expected from the amplified DNA bands.
The Y-specific dominant marker PM3n, which was in-
formative in the CK population segregated in a 1:1
ratio, suggested that the CK population had an equal
number of males (43) and females (44) in the
BC1F1 generation. The observed ratio for all SSR
markers in LG16 of CK population matched the

expected ratio of 2:1:1, suggesting that these
markers are located on the X chromosome (Table 2).

Based on LG11 in the integrated map, the bridged
markers in LG16 of the CK population were located
in LG11 of the KH population. Of the 22 markers in
LG11 of the KH population, 12 loci were codominant
markers. Because the PM3n marker was not inform-
ative for the KH population, the sexes of BC1F1 were
not determined. If we assume that the KH population
had an equal number of males and females in the
BC1F1 generation, the ratio of 2:1:1 would be
expected for codominant markers. The codominant
markers, including seven SNPs and five SSRs, segre-
gated in a 2:1:1 ratio of homozygous/hemizygous pa-
ternal bands: heterozygous: homozygous maternal
band in the KH offspring. Using 4% agarose gel to visu-
alize the amplified fragments, we could not distin-
guish between heterozygous and homozygous

Figure 2. A genetic linkage map of BPH. The LGs were constructed by integrating linkage data from two backcross populations (KH and CK).
Grouping of markers was performed using an independence LOD threshold of five. Groups were converted to maps using the regression
algorithm provided by JoinMap, with a recombination frequency smaller than 0.45 and Kosambi’s mapping function applied for
calculation of map distances. The LGs have been arbitrarily numbered LG1–LG17 based on the order generated by JoinMap (v4.1).
Distances in centimorgans are indicated at the left of each LG. Marker names starting with NLGS (black) represent g-SSRs, those
starting with NLES and BM represent e-SSRs (blue), and those starting with NLSP (red) represent SNP markers. PM3n is an STS
marker located on the Y chromosome. A gap between the marker BM500 and PM3n on the LG11 is expected to include the
differentiated region of the Y chromosome. e-SSR markers BM13, BM14, BM204, BM464, BM499, and BM500 are for vitellogenin
genes that are genes with female-specific expression located on the X chromosome. Segregation-distorted loci indicate different
significant levels; *P , 0.01 and **P , 0.001.
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genotypes for the paternal genotype of the 10 SSR
markers in LG11. These markers were dominant
markers, and segregated in a 3:1 ratio for all paternal

band types: homozygous maternal band types. These
loci also segregated in the ratio expected for a sex-
linked marker (Table 2).

Figure 2. Continued

Figure 2. Continued
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4. Discussion

4.1. Development and analysis of SSR markers
Early research focused on the development of SSR

markers from BPH genomic DNA.38 Because of a lack
of appropriate strategies at that time, few markers
were developed. Later, after an enormous number of
BPH ESTs became available,12 more than 350 e-SSR
markers were developed to support genetic
studies.17–19 Recently, 30 new g-SSR markers were
developed via the FIASCO method.20 In the present

study, we combined enrichment-based SSR isolation
with next-generation sequencing approaches and
demonstrated that this approach was a powerful tool
for developing SSR markers from genomic DNA.
Through these strategies, we developed 3160 g-SSR
markers, of which 922 (29.2%) were successfully amp-
lified and showed polymorphism among the BPH
strains used as parents for the mapping. As the poly-
morphisms were detected on a simple agarose gel,
only 418 SSR markers (45.3%) were informative. The
remaining 54.7% were not informative, mostly due to

Table 2. Segregation of marker loci in the X-LGs of the CK and KH populations

Marker locus Banding pattern No. of insects P-value

X1X1/X1X2 X2Y1 X1Y1 1:2:1a 2:1:1b

CK population (codominant marker)

NLGS225 39 26 21 86 ,0.001** 0.52c

BM13 40 28 20 88 ,0.001** 0.34c

BM25 38 28 22 88 ,0.001** 0.29c

NLGS3014 40 24 23 87 ,0.001** 0.75c

NLGS953 35 29 25 89 ,0.001** 0.11c

NLGS825 38 28 23 89 ,0.001** 0.29c

BM201 37 27 25 89 ,0.001** 0.27c

KH population (codominant marker)

NLSP0007 45 18 24 87 ,0.001** 0.63c

NLSP0011 45 21 24 90 ,0.001** 0.90c

NLSP0018 50 14 24 88 ,0.001** 0.14c

NLSP0022 48 19 22 89 ,0.001** 0.69c

NLSP0024 45 20 23 88 ,0.001** 0.88c

NLSP0031 49 18 24 91 ,0.001** 0.51c

NLSP0033 43 19 23 85 ,0.001** 0.82c

BM464 50 20 21 91 ,0.001** 0.63c

BM204 49 20 22 91 ,0.001** 0.73c

BM499 47 18 26 91 ,0.001** 0.47c

BM500 55 17 18 90 ,0.001** 0.11c

BM13 45 20 24 89 ,0.001** 0.83c

KH population (dominant marker) 3:1a 3:1b

NLGS74 68 23 91 1.00c 1.00c

NLGS225 66 25 91 0.96c 0.96c

NLGS307 64 27 91 0.97c 0.97c

NLGS399 64 27 91 0.94c 0.94c

NLGS809 66 22 88 0.98c 0.98c

NLGS1060 67 23 90 1.00c 1.00c

NLGS3014 62 27 89 0.80c 0.80c

NLGS59 60 30 90 0.90c 0.90c

NLGS808 61 29 90 0.73c 0.73c

BM14 50 35 85 0.23c 0.23c

aExpected ratio for autosomes.
bExpected ratio for the X chromosome.
cNon-significant deviation from the expected ratio.
**Significant at the 0.1% level.
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banding patterns that were too difficult to interpret or
bands that were too close together. The number of in-
formative markers could be increased using more
powerful fragment separation systems such as fluores-
cently labelled-fragment capillary arrays.

The newly developed e-SSR primers in this study
were less polymorphic (30.0%) when compared
with the g-SSRs (45.0%). Likewise, the polymorphisms
of the publicly available e-SSRs also were ,32%. It
might be because of greater DNA sequence conserva-
tion in transcribed regions. However, e-SSR markers
produced a high proportion of high-quality markers
with stronger and clearer amplified bands.

4.2. Development and analysis of SNP markers
We found a large number of candidate SNPs

(.100 000) between the two survey strains in the
next-generation sequencing data. However, the fre-
quency of valid SNPs for linkage analysis was low
because of several difficulties in developing informative
markers using the strategies described in this paper.
The major reason for these difficulties was the lack of
a reliable reference genome sequence for BPH. The
draft assembly of the BPH genome contains a consider-
able number of intraspecies sequence polymorphisms,
leading to insufficiently precise calling of SNPs.
Although generating pure IBSs is an effective strategy
for reducing heterogeneity, repetitive inbreeding is
not easy because it decreases the fecundity and
fitness of the BPH populations (T. Kobayashi, unpub-
lished data). Differences between the strains used for
the SNP survey (I87 vs. IBS-C89) and the linkage ana-
lysis (K10 vs. H66) also reduced the number of valid
SNPs. To increase SNP markers in this species, high-
quality reference genome sequences and a better strat-
egy to evaluate potential SNPs will be necessary.39

4.3. Genetic linkage map
Based on the results of our study, we have con-

structed an SSR- and SNP-based linkage map for
BPH. The genetic map consists of 518 markers that
cover 1093.9 cM, with an average marker spacing of
2.3 cM. The majority of the mapped e-SSR and SNP
markers were widely distributed among several LGs.
Disagreement in the number of LGs between the
two populations (KH and CK) might have resulted
from the large portion of markers in some LGs (LG8
and LG11) and the existence of one small LG
(LG17), possibly due to the relatively small number
of BC1F1 individuals (,100) used for mapping and
the lack of informative markers among LGs belonging
to the same chromosome.40,41 The quality and accur-
acy of marker order in such maps depend on numer-
ous factors, including segregation distortion, the
population size, and scoring errors. In some cases,

the quality can be improved and the problem can
be solved.42 Numerous examples of a high level of
deviations from Mendelian segregation ratios have
been reported in previous studies (Bombyx mori,43

Chlamys farreri,44 and Crassostrea gigas45). In our
study, segregation distortion (P , 0.01) was observed
for 8.7% of the total marker loci that we analysed. This
may have several possible explanations, including
inbreeding depression,46 sex-biased ratio distortion,47

erroneous scoring, or linkage between molecular
markers and distorting factors such as recessive
lethal genes or incompatible alleles.48

Population size is one of the factors associated with
the accuracy of detecting recombination events, and it
can affect the efficiency of the mapping process.49

Because we used small population sizes, inaccurate
marker order may have occurred due to inversions
and marker distance. However, numerous linkage
maps have been successfully produced from small
mapping populations (50–94 individuals) in several
species.40,50–52 To obtain accurate estimates of
marker positions in the map, we only selected
clearly polymorphic markers and carefully scored
them to reduce errors and ensure the accuracy of
the linkage map. Nonetheless, inversions of some
markers were observed in several LGs of the consen-
sus map (Supplementary Fig. S1). A more accurate
marker order can be acquired by means of map valid-
ation, when a draft genome sequence for BPH
becomes available.

Recombination frequencies in mapping populations
of some vertebrate and arthropod species show dis-
tinct differences between males and females.53–57

Although the mechanism responsible for these differ-
ences in recombination rates between the sexes is not
well understood, the phenomenon is common. The
conventional way to construct a linkage map is
usually to analyse the two sexes separately. Because
we collected the offspring of the mapping populations
during their early growth stages, the sex of the off-
spring could not be identified. In addition, the
number of females and males in the populations
was too small to enable mapping separately within
each sex. Consequently, we included both sexes in
our linkage analysis to produce a single map.
Developing separate linkage maps for the two sexes
in future mapping experiments will provide a better
understanding of differences in the recombination
rates between the sexes of BPH.

Mapping with multiple populations is advantageous
because a larger number of markers can be placed on
a single map, thereby providing greater genomic
coverage. Integrated linkage maps have been con-
structed in various plant and animal species, including
insects.52,58–60 We combined two genetic linkage
maps from different genetic backgrounds derived
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from three IBSs that have different virulence against
rice differential varieties to BPH,61 into one integrated
map. The numbers of markers and the genomic
coverage were increased by this approach, and the
gaps between markers were reduced in the integrated
map. However, the marker density of the final linkage
map was still low when compared with the denser
linkage maps of other model insect species (e.g. B.
mori57,62 and Apis mellifera59). The construction of a
highly saturated linkage map with full genome cover-
age will be possible in future research with more SNP
markers. Nevertheless, the new SSR markers and the
consensus map developed in the present study
provide useful genetic and genomic tools for molecu-
lar analysis of the BPH genome and will facilitate the
construction of a higher density second-generation
linkage map.

4.4. Determination of the sex-LG
As we could not identify the sex of individual

nymphs in our mapping populations, we used the Y-
specific marker PM3n63 as a sex-determining locus
(Sex). In the consensus map, the putative location of
PM3n was mapped at the distal end of LG11.
Additional evidence to confirm the sex-LG would
require X-linked loci. Because the e-SSRs were devel-
oped from the transcribed regions of the genome,
mapping e-SSR markers directly shows the location
of the corresponding genes within the linkage map.
Vitellogenin genes exhibit female-specific expression
and are generally located on the X chromosome in
various organisms, including insects.64–68 An inter-
esting feature of the present map is that six e-SSRs
derived from vitellogenin genes17 were gathered in
only LG11 of the consensus map. We tested the segre-
gation of all marker loci on LG11 and found that all
the markers fitted the segregation ratio expected for
genes located on the X chromosome. The results indi-
cated that LG11 corresponds to the X-LG in BPH. The
X-linked markers would be useful in future genetic
analysis of the sex chromosome.

4.5. Conclusions and future perspectives
In this paper, we report the development of g-SSR,

e-SSR, and SNP markers and present a preliminary
genetic map for BPH based on these markers. Two in-
dividual linkage maps from the KH and CK popula-
tions were integrated into a consensus map to
increase locus density and provide more dense cover-
age of the genome. The consensus map consisted of
518 markers that covered a total of 1093.9 cM.
Denser coverage is needed to reduce the gaps and
group the smallest LGs so that the consensus map
matches the actual number (15) of chromosomes.
Additional SNP identification and mapping should

be performed in future research. It should be possible
to extend the genome coverage in this manner. The
mean marker distance of 2.3 cM in the consensus
map may offer enough resolution for the genetic dis-
section of QTLs for agriculturally important traits, and
particularly the virulence of BPH against the host
plant. An understanding of the genetics responsible
for virulence is a crucial aspect for future manage-
ment of BPH. In addition, the newly developed
markers can be applied in various studies of the gen-
etics and ecology of this species at a molecular level
(e.g. population genetics, migration sources, and the
evolution of BPH).

The primer information is available at http://sogo.
dna.affrc.go.jp/cgi-bin/sogo.cgi?class=unka. All the se-
quence data used for the generation of the SSR
markers and the whole-genome sequence data were
submitted to the DDBJ BioProject Database under ID
PRJDB683.
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