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Abstract
Background
The rice gall midge (RGM), Orseolia oryzae (Wood-Mason), is one of the most destructive insect pests
of rice, and it causes significant yield losses annually in Asian countries. The development of resistant
rice varieties is considered as the most effective and economical approach for maintaining yield
stability by controlling RGM. Identification of resistance genes will help in marker-assisted selection
(MAS) to pyramid the resistance genes and develop a durable resistance variety against RGM in areas
with frequent outbreaks.
Results
A mitochondrial gene, cytochrome C oxidase I (COI), was used to analyze the genetic diversity among
Thai RGM populations. The phylogenetic tree indicated that the Thai RGM populations were
homogeneously distributed throughout the country, except for some populations in central and
northeast Thailand that probably became isolated from the main population. The reactions of the
resistant rice varieties carrying different resistance genes revealed different RGM biotypes in
Thailand. The Thai rice landrace MN62M showed resistance to all RGM populations used in this study.
We identified a novel genetic locus for resistance to RGM, designated as GM12 , on the short arm of
rice chromosome 2. The locus was identified using linkage analysis in 144 F 2 plants derived from a
cross between susceptible cultivar KDML105 and RGM-resistant cultivar MN62M with single nucleotide
polymorphism (SNP) markers and F 2:3 phenotype. The locus was confirmed and mapped using SNP
and simple sequence repeat (SSR) markers surrounding the target chromosomal location. Finally, the
locus was mapped between two flanking markers, RM6800 and S2_419160.
Conclusions
We identified a new RGM resistance gene, GM12 , on rice chromosome 2 in the Thai rice landrace
MN62M. This finding yielded SNP and SSR markers that can be used in MAS to develop cultivars with
broad-spectrum resistance to RGM. The new resistance gene provides important information for the
identification of RGM biotypes in Thailand and Southeast Asia.

Background
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The rice gall midge (RGM), Orseolia oryzae (Wood-Mason) (Diptera: Cecidomyiidae), is a major pest of
rice and widely spread in Asia. Its economic impacts are important for major rice-producing countries,
especially in South and Southeast Asia (Bentur et al. 2016; Ramasamy et al. 1996). The larvae of RGM
feed on growing tips inside rice plant tillers, modulate host cell activities, and change regular tillers of
rice plants into tubular leaf sheath galls called silver shoots that allow the RGM to complete its life
cycle (Jagadeesha Kumar et al. 2009; Rajamani et al. 2004; Zhao et al. 2015). No panicle is formed in
the affected tillers, leading to yield losses. Attempts to identify the genetic diversity of RGM have
revealed the existence of genetic variations in RGM populations in Thailand (Janique et al. 2017; Jairin
et al. 2009; Tayathum et al. 2004). Previous studies have suggested that RGM populations in South
and Southeast Asia are isolated (Janique et al. 2017; Katiyar et al. 2000).
The different reactions of resistant rice varieties to RGM populations have revealed various gall midge
biotypes (Bentur 1987). The biotypes differ in host range, depending on the resistance genes of the
cultivars. Variations in the repeat region in the mitogenome have been proposed to differentiate the
RGM biotypes (Atray et al. 2015). Existence and emergence of new virulent RGM biotypes have been
reported, and the resistance genes in several RGM-resistant rice varieties were ineffective against
such biotypes (Bentur et al. 2016). To identify the biotype of Thai populations, a differential set of
resistant rice varieties with known resistance genes needs to be developed. Therefore, germplasm
screening and identification of resistance genes in Thai rice germplasm are necessary for classifying
the RGM biotypes in Thai populations.
Exploitation of host plant resistance to RGM is an economical and environment-friendly approach to
manage the pest (Khush 1977). Breeding resistant rice varieties is an economically acceptable
method for managing RGM. To date, 11 major resistance genes, designated GM1–11, that confer
resistance to RGM populations have been identified, mostly in South Asia (Bentur et al. 2016;
Venkanna et al. 2018). Of the 11 resistance genes, 8 genes (GM1, GM2, GM3, GM4, GM6, GM7, GM8,
and GM11) have been mapped to rice chromosomes. Three of these genes, GM2 (NB-ARC), GM3 (NBARC), and GM4 (NB-LRR), have been functionally validated (Sama et al. 2014; Bentur et al. 2016;
Divya et al. 2015). Unfortunately, most resistant varieties with GM2–GM10 are susceptible to RGM
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populations found in Thailand. Only a variety carrying GM1, W1263, is resistant to some RGM
populations in Thailand, indicating that the RGM biotypes in Thailand and India are different. Although
the infested tillers of W1263 (GM1) did not produce galls, the infested plants showed severe damage,
with stunting, and produced more ineffective tillers. We believe that the resistant mechanism of GM1
can reduce the RGM population in the next generation. Pyramiding GM1 with other resistance genes
with different mechanisms can help us to develop a durable and broad-spectrum resistant rice
variety.
The last RGM resistance gene, GM11, was reported in 2010. Here, we have reported a new broadspectrum RGM resistance gene in the Thai rice landrace ‘Muey Nawng 62M (MN62M)’ that confers
resistance to the RGM populations in Thailand. MN62M is an indica glutinous rice that mostly grows in
rain-fed areas north of Thailand. It is an important gall midge-resistant rice cultivar in Thailand
(Oupkaew et al. 2011; Pusadee et al. 2014). To the best of our knowledge, this is the first report of an
RGM resistance gene in a Thai rice landrace. The new resistance gene against RGM identified in this
study will provide single nucleotide polymorphism (SNP) and simple sequence repeat (SSR) markers
for marker-assisted selection (MAS) in future breeding programs. Gene pyramiding is considered as a
practical tool for achieving durable RGM resistance in rice (Suvendhu et al. 2014; Venkanna et al.
2018). The pyramiding of GM1 and the new resistance gene identified in this study may increase the
level of resistance to Thai as well as Southeast Asian RGM populations.

Results
Genetic diversity and RGM biotypes in Thailand
The genetic diversity of RGM across Thailand was examined using cytochrome C oxidase I (COI).
Cluster analysis of the similarity scores is shown in Fig. 1. Eighteen RGM populations from north,
central, and northeast Thailand were classified into two distinct groups. The first group consisted of
populations collected from rice fields in Thailand. The second group was composed of two outgroup
populations, RGM from Kerala, South India, and weed gall midge from dallisgrass (Paspalum distichum
L.) collected from the Chiang Rai (CRI) Province, Thailand. Surprisingly, the COI sequence of the
dallisgrass gall midge is closely related to that of the RGM from Kerala. The results showed that the
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RGMs from Thailand and India were different on the basis of the partial COI sequences, indicating that
the RGM species in Asia are complex. Almost all RGM populations in this study were homogeneously
distributed throughout Thailand, except for some populations that became isolated from the main
population. The dendrogram suggested the existence of two distinct groups of RGM populations in
Thailand. The first group was composed of populations from the central plains and northeast of
Thailand (except Buriram [BRR]), and the second group consisted of RGMs from BRR, CNT, and LBR
(Fig. 1). According to our results, the genetic diversity was not strongly related to geographical
repartition and did not show any correlation with the biotypes.
The reaction of 13 resistant rice varieties carrying nine differential RGM resistance genes revealed
four distinct RGM biotypes from different parts of Thailand (Table 1). The RGM resistant varieties,
Phalguna (GM2), Velluthacheera (GM3), Abhaya (GM4), ARC5984 (GM5), RP2333-156-8 (GM7), Agani
(GM8), and BG380-2 (GM10), were susceptible to all RGM populations used in this study. W1263, Sam
Sa Mai, MN62M, and RD53 were resistant to some RGM populations. Only MN62M was resistant to all
RGM populations. Therefore, MN62M and W1263 can be used as differential varieties to characterize
the RGM biotypes in Thailand. Two Thai rice varieties, Sam Sa Mai and RD53, that carry unknown RGM
resistance genes, can also be considered for use as differential varieties after the resistance genes
have been identified.
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Table 1
Reactions of some rice varieties to gall midge, gall midge resistance genes in rice, their chromosomal
locations, and spectrum of resistance across biotypes
Rice
R gene
genotype
W1263 Gm1
Phalgun Gm2
a
SIAM29 Gm2
Vellutha Gm3
cheera
Abhaya Gm4
ARC598 Gm5
4
RP2333- Gm7
156-8
ARC106 Gm7
59
Aganni Gm8
BG380-2 Gm10
Sam Sa ?
Mai
MN62M Gm12
RD53
?

Chr No. Rice gall midge population

KDML10 None
5
TN1
None
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Inheritance of RGM resistance in MN62M
The parental varieties, KDML105 and MN62M, F1, and derived F2:3 families were evaluated for RGM
resistance in the greenhouse during the wet season of 2018 (Additional file 1: Table S1). The average
damage to KDML105 and MN62M was 9 (100% plant with gall) and 0 (no plant with gall), indicating
susceptible and resistant reactions to RGM, respectively. The frequency distribution of the damage
severity (percentage of plants infested with galls) in 300 F2:3 families from the KDML105 × MN62M
population is shown in Fig. 2. The inheritance pattern of RGM resistance in MN62M was studied in the
F1 and F2:3 populations. The F1 plants were susceptible, whereas the F3 families showed a segregation
ratio of 1 resistant:3 susceptible families (χ2 = 0.64; P = 0.42) when evaluated against RGB from Ubon
Ratchathani (UBN) province. The inheritance studies revealed the presence of a single recessive gene
that controlled the resistance in MN62M.
Linkage map and QTL analysis
Of the 300 F2 progenies derived from the KDML105 × MN62M cross, 144 F2 plants with clear
phenotypic data of F2:3 families were selected for SNP genotyping and linkage map construction. A
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total of 1,365 polymorphic SNPs and JoinMap 4.1 were used to construct the linkage map. The linkage
map spanned a total genetic distance of 1,743.3 cM on all 12 chromosomes, with linkage groups
ranging from 81.1 cM (chromosome 12) to 191.2 cM (chromosome 1). The number of markers
mapped to each chromosome varied from 59 (chromosome 10) to 154 (chromosome 1).
The linkage maps for KDML105/MN62M and plant damage data were used to map the QTL associated
with RGM resistance. The QTL analysis was performed using multiple QTL model (MQM) mapping in
MapQTL 6.0 with 1,000 permutations. The MQM mapping analysis detected only a major QTL for RGM
resistance on the proximal tip of rice chromosome 2 (Fig. 3, Additional file 2: Figure S1) with a high
LOD score of 65.1 and phenotypic variance explained (PVE) of 87.5% between SNP markers S2_76222
and S2_419160. The resistance locus showed positive additive effect values, indicating the allele that
confers resistance to RGM is from MN62M. Then, the gene locus was designated as GM12.
To confirm the chromosomal location of the GM12 locus, SSR markers covering the target locus were
selected and used for the parental polymorphism survey. Of the 25 SSR markers, only three markers
showed polymorphism between the parents. Then, SSR and SNP markers on the short arm of
chromosome 2 were used to construct the linkage map and perform QTL analysis. The new RGM
resistance gene in MN62M was located on chromosome 2 between SSR and SNP markers RM6800 and
S2_419160, respectively (Fig. 4). To the best of our knowledge, no RGM resistance gene has been
reported on rice chromosome 2, suggesting that the gene in MN62M is probably a novel gene.
Candidate genes associated with RGM resistance
Genes within the target region were identified by taking into account the physical location of the
interval markers located at 310–420 kb on the short arm of rice chromosome 2. The total number of
genes identified within the regions (Additional file 3: Table S2), after excluding the hypothetical and
transposon/retrotransposon proteins, were 10 transcriptional active genes that encode a ribosomal
protein (LOC_Os02g01540), F-box domain and LRR-containing protein (LOC_Os02g01550), 40S
ribosomal protein S4 (LOC_Os02g01560), glycosyl hydrolases (LOC_Os02g01590), pentatricopeptide
repeat-containing protein (LOC_Os02g01610), RNA recognition motif-containing protein
(LOC_Os02g01700), peptidase family C78 domain-containing protein (LOC_Os02g01710),
8

transmembrane protein 120A (LOC_Os02g01720), serine/threonine-protein kinase At1g18390
precursor (LOC_Os02g01730), and U5 small nuclear ribonucleoprotein (LOC_Os02g01740). Two
candidate genes (LOC_Os02g01550 and LOC_Os02g01610) are involved in host plant resistance
mechanisms and thus considered as the most likely candidate genes.

Discussion
Recently, RGM has become a major insect pest of rice in Thailand and other Asian countries (Bentur
et al. 2016). The damaged plants show symptoms after the insect is almost ready to emerge as an
adult midge. RGM is not considered as a pest that migrates for long distances; it is a weak flier and
lives for only a few days as an adult (Jagadeesha Kumar et al. 2009; Rajamani et al. 2004). To our
knowledge, there is no report on the migration of RGM in Thailand; it may have been transferred by
humans, water, or wind (Janique et al. 2017; Katiyar et al. 2000). The insect pest is not easily
controlled even by chemical insecticides (Lakshmi et al. 2006; Sardesai et al. 2001). Development of
RGM resistance in rice plants by identifying and introgressing RGM resistance genes is the most
convenient and efficient strategy for controlling the pest (Huang et al. 2007; Suvendhu et al. 2014;
Venkanna et al. 2018). Several RGM-resistant varieties have been developed. However, the
development process is impeded by the diverse RGM biotypes (Bentur et al. 2016; Lakshmi et al.
2006).
One of the objectives of the present study was to assess the genetic diversity and biotypes of RGM
across the outbreak areas in Thailand when compared with the RGM from South India and gall midge
from P. distichum. Seventeen RGM populations from rice fields in central, north, and northeast
Thailand, one population from P. distichum in the north of Thailand, and a Kerala population were
classified into two distinct groups on the basis of the partial COI sequences. The first group consisted
of all RGM populations from Thailand. The second group was composed of the gall midge from P.
distichum and RGM from Kerala, India. The RGM from the Kerala population was genetically more
closely related to the P. distichum gall midge from CRI, Thailand (it could not survive on rice plants;
data not shown) than the RGM populations found in Thailand. The result confirmed those of previous
studies (Jairin 2009; Janique et al. 2017; Katiyar et al. 2000), indicating the existence of an RGM
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species complex in Asia. RGMs from Southeast Asia are genetically different from those in South Asia,
and a distinct species among them has been proposed (Katiyar et al. 2000).
The genetic diversity of RGM in Thailand has been reported using DNA markers (Jairin et al. 2009;
Tayathum et al. 2004). No significant genetic differentiation by geographical region has been found in
Thailand. Only genetic diverges found in some populations in the mountain range (Janique et al.
2017). In Thailand, different biotypes of RGM populations have also been observed (Jairin et al. 2009;
Tayathum et al. 1995). Because of the lack of a differential set of resistant varieties with known
resistance genes, biotypes of the RGM populations in Thailand have not been intensively studied. In
this study, we used four resistant rice varieties carrying GM1, GM12, and unknown resistance genes
to differentiate the RGM biotypes in Thailand. We classified at least four different RGM biotypes.
Therefore, the complex of biotypes in Thailand needs to be verified. Development of a differential set
of resistant varieties, with known resistance genes, is also necessary for the identification of RGM
biotypes. Our previous study found no correlation between genetic diversity and Thai RGM biotypes
identified by phenotypical rice/midge observation (Jairin et al. 2009). In this study, we observed no
relationship between the genetic diversity and biotypes of some RGMs collected from north and
northeast Thailand. For example, the genetic diversity of UBN, Nong Khai (NKI), and Nan (NAN)
populations was closely related, but their reactions to the resistance genes were different.
Resistant varieties have been considered a perfect method to control RGM. Identification of new
sources of RGM resistance would help breeders to provide rice varieties with a broad range of durable
gall midge resistance. The Thai landrace MN62M, which has a broad spectrum of RGM resistance
against Thai biotypes, was selected for the present study to map a new RGM resistance gene. We
performed high-resolution mapping of a new RGM resistance locus, GM12, on the short arm of
chromosome 2 in MN62M. To our knowledge, this is the first RGM resistance gene reported on
chromosome 2. The locus is located between SNP markers S2_76222 and S2_419160 within the
physical position of 75 kb and 420 kb and has a size of approximately 345 kb. Further confirmed by
SSR markers, the resistance gene is located between marker RM6800 and S2_419160, with a size of
approximately 100 kb.
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To date, 11 RGM resistance genes have been identified in cultivated rice: GM1 on chromosome 9 from
W1263 (Biradar et al. 2007; Reddy et al. 1997), GM2 on chromosome 4 from Phalguna (Mohan et al.
1994; Rajyashri et al. 1998), GM3 on chromosome 4 from RP2068-18-3-5 (Kumar et al. 1998a; Sama
et al. 2014), GM4 on chromosome 8 from Abhaya (Mohan et al. 1997; Srivastava et al. 1993), GM5
from ARC5984 (Kumar et al. 1998b), GM6 on chromosome 4 from Dukong 1 (Tan et al. 1993; Katiyar
et al. 2001), GM7 on chromosome 4 from RP2333-156-8 (Kumar et al. 1999; Sardesai et al. 2002),
GM8 on chromosome 8 from Jhitpiti and Aganni (Jain et al. 2004; Kumar et al. 2000), GM9 from
Madhuri line 9 (Shrivastava et al. 2003), GM10 from BG380-2 (Kumar et al. 2005), and GM11 on
chromosome 12 from CR57-MR1523 and Suraksha (Himabindu et al. 2010). Eight of the 11 resistance
genes have been mapped to rice chromosomes (Nair et al. 2011), and only three candidate genes for
GM2, GM3, and GM4 have been cloned and characterized (Bentur et al. 2016). GM5, GM9, and GM10
have not yet been mapped to rice chromosomes. Rice varieties ARC5984 and BG380-2 carrying GM5
and GM10, respectively, were susceptible to all RGM populations used in this study, and GM9 behaves
as a dominant resistance gene (Shrivastava et al. 2003). Therefore, we believe that GM12 from
MN62M is a new RGM recessive gene.
Of the 10 annotated genes identified in the genomic region surrounding the GM12 locus, two genes
encoding the pentatricopeptide repeat protein (LOC_Os02g01610) and F-box domain and LRRcontaining protein (LOC_Os02g01550) have been reported to be involved in the defense mechanism
against biotic stresses (Li et al. 2012; Mohapatra et al. 2014; Yasala et al. 2012). The
pentatricopeptide repeat protein is involved in a broad spectrum of resistance against biotic stresses
and plays a vital role in plant defense mechanisms against pathogens (Saha et al. 2007; Yasala et al.
2012). The F-box domain-containing protein plays a very important role in plant development and
defense mechanism (Kuroda et al. 2002; Yasala et al. 2012). Therefore, the two genes identified in
this study could be potential candidates for the new RGM resistance gene and may be directly or
indirectly associated with gall midge resistance. However, further analyses are needed to confirm the
involvement of the candidate genes in the expression of RGM resistance.
The new RGM-resistance locus identified in this study provides SNP and SSR markers (Additional file 4:
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Figure S2) for developing RGM-resistant varieties through MAS as well as for cloning the RGM
resistance gene. The new resistance gene also provides important information for the identification of
RGM biotypes in Thailand or Southeast Asia. Therefore, we strongly believe that our findings can help
in the management of RGM in Thailand and Southeast Asian countries. Development of rice varieties
with resistance to gall midge is often impeded by the emergence of new RGM biotypes (Bentur et al.
2003). A combination of different resistant mechanisms, for example, by pyramiding GM1 and GM12
with SSR and SNP markers from this study, would be effective in ensuring resistance durability.
Currently, we are using these associated markers in a breeding program for introgression of GM1 and
GM12 into popular rice varieties KDML105, and RD6.

Conclusions
The results of our study supported the previous finding that RGMs from Southeast Asia are different
from those in South Asia. Most of the RGM resistance genes identified in South Asia cannot be used in
Thailand because of the biotype differences. In the present study, we have reported a new RGM
resistance gene designated as GM12 on the short arm of chromosome 2 in Thai rice landrace MN62M.
We also identified SNP and SSR markers that can be used in MAS. The new resistance gene provides
important information for the identification of RGM biotypes and MAS to develop cultivars with broadspectrum resistance to RGM in Thailand and Southeast Asian countries.

Methods
Mapping population
The Thai rice landrace MN62M was used as the donor and crossed with KDML105, a premium fragrant
rice cultivar, during the wet season of 2017 at the Phrae Rice Research Center (PRRC) to generate F1.
The F1 seeds were selfed to generate F2 seeds. Individual F2 plants were planted in a rice field in the
wet season of 2018, and 300 F2 individuals were randomly selected for phenotypic evaluation. Of the
300 individuals, 144 were selected for genotypic analysis. Leaves of the selected F2 plants were
collected for DNA extraction, genetic tagging and mapping, and identification of the RGM-resistant
locus. F3 seeds were used for phenotyping for RGM resistance at the Ubon Ratchathani Rice Research
Center (URRC) in the dry season of 2018.
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Insect populations
The RGM populations were collected from fields in Loei (LEI), UBN, Nong Bua Lam Phu (NBP), NKI, Buri
Ram (BRR), NAN, Chiang Mai (CMI), CRI, Phrae (PRE), Mae Hong Son (MHS), Phichit (PCT), Phetchabun
(PCB), Chai Nat (CNT), and Lop Buri (LBR) Provinces (Fig. 1). The RGMs from all the collection sites
were used for the genetic diversity analysis. The RGMs from BRR, CMI, PRE, MHS, UBN, NKI, NAN, and
CRI were used for the evaluation of resistance in rice cultivars at PRRC and URRC in the wet seasons
of 2017 and 2018, respectively. The RGM population collected from UBN was used for resistant
screening in the F3 generation of the cross KDML105 × MN62M.
Sequence alignment and phylogeny analysis
The genomic DNA was extracted using NucleoSpin® Tissue (Macherey-Nagel, Germany). The partial
gene sequence of COI in RGM was amplified using the forward primer 5′CATTGGAGATGACCAAATTTATAATG-3′ and reverse primer 5′-TAAACTTCAGGGTGACCAAAAAATCA-3′
(Folmer et al. 1994). The PCR-amplified product was purified using the QIAquick PCR Purification Kit
(Qiagen, Germany), according to the manufacturer’s instructions. The purified product was sequenced
using Sanger’s sequencing method at the First BASE Laboratories (Selangor, Malaysia). Sequence
alignment and editing were performed using MEGA7 (Kumar et al. 2016). COIs were aligned together
and used for phylogenetic tree construction. The alignments were performed using ClustalW (Goujon
et al. 2010) in MEGA7. Gall midges of the weed Paspalum distichum L. collected from CRI and RGM
from Kerala, India (GenBank Accession No. KC506565) (Kattali et al. 2015), were used as the
outgroups in the phylogeny analysis.
Evaluation for RGM resistance
A total of 300 F2:3 lines from the KDML105 × MN62M cross were evaluated for RGM resistance at the
seedling stage at URRC. In 2018, an RGM population was collected from a rice field in UBN Province.
The RGM population was maintained on susceptible cultivar RD49 in a greenhouse at URRC. The
seedbox screening test (Heinrichs et al. 1985) was conducted to evaluate RGM resistance in the test
lines. Twenty seeds of each test entry, susceptible (RD1), and resistance (W1263) controls were sown
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in seedboxes (100 cm × 60 cm × 15 cm) containing well-puddled soil in 30-cm rows. Fifteen days after
sowing, the seedlings were infested with adult RGM females (one midge per 10 seedlings). When all
seedlings of the susceptible variety produced galls, SES scoring (IRRI 2013) was used to assign a
resistance score to each genotype.
DNA extraction
The samples included 144 F2 plants from the KDML105 × MN62M cross, and the two parents were
planted in a rice field at PRRC, Thailand. Genomic DNA was isolated from the leaves of each sample
by using the (modified) standard cetyltrimethylammonium bromide method (Doyle and Doyle 1987)
and quantified with a Nanodrop-1000 spectrophotometer (Thermo Fisher Scientific).
SNP genotyping
Genotyping for the mapping population and parents was performed using the next-generation
sequence-based genotyping method. A sequencing protocol with the ApeKI enzyme was used to
generate SNP data for each F2 individual and their parents. Libraries of the selected resistant and
susceptible plants were prepared as described by Jairin et al. (2019). The libraries were sequenced
using the Ion S5™ XL Sequencer (Thermo Fisher Scientific). All sequencing data were analyzed using
Ion Torrent™ Suite Software Alignment Plugin V5.2.2 (Thermo Fisher Scientific), with the Nipponbare
genome (Kawahara et al. 2013) as the reference. SNPs were identified using GATK (McKenna et al.
2010). Parental SNPs were compared to identify SNPs between the two parents of the F2 population.
Informative SNPs were detected using TASSEL 5 (Bradbury et al. 2007).
SSR genotyping
A total of 25 SSR markers covering the GM12 region on the short arm of chromosome 2 were used to
screen KDML105 and MN62M. Only polymorphic SSR markers were selected to confirm and map the
RGM-resistant locus in MN62M. The SSR markers were obtained from the public database released by
Gramene (http://www.gramene.org/). PCR was performed using a 10 µl reaction mixture containing
25 ng of template DNA, 4 µl of each primer (0.5 µM), and 8 µl of the Master Mix with the Standard
Buffer of OneTaq® Hot Start DNA Polymerase (NBE). The template DNA was initially denatured at
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94 °C for 5 min. Amplification was performed for 35 cycles (1 min at 94 °C, 1 min at 55 °C, and 2 min
at 72 °C), followed by 5 min at 72 °C. The amplified product was electrophoresed on a 6% denaturing
silver-stained polyacrylamide gel. Then, the polymorphic markers were used to assay the 144 F2
plants for genetic mapping of GM12.
Linkage map construction, QTL analysis, and candidate gene analysis
Linkage analysis was performed using the 144 F2 individuals. Segregation distortion of the individual
markers was calculated using the chi-square test on a 1:2:1 basis. The SNP markers with more than
30% missing data in the mapping population and SNPs that were not polymorphic in the parents but
polymorphic in the mapping populations were excluded from the analysis. The remaining SNP markers
were used to construct genetic linkage maps in JoinMap 4.1 (Van Ooijen 2006) by using the
parameters set for the F2 population type. Kosambi mapping function (Kosambi 1944) was used to
convert recombination fractions to distance in cM (centiMorgans).
QTL maps of the RGM resistance phenotype from the F2:3 family was analyzed using MapQTL 6.0 (Van
Ooijen 2004). The MQM mapping method was used to detect significant associations between the
phenotypic trait and marker data set. Significant LOD thresholds were determined using the
permutation test at 1,000 permutations per trait. The PVE by a single QTL was estimated based on
the population variance found within the progeny by maximum likelihood estimation.
In silico analysis of putative candidate genes in the targeted region was performed with the available
sequence annotation database http://rapdb.dna.affrc.go.jp. The location and function of these genes
were noted to identify the putative candidate for gall midge resistance.

Abbreviations
RGM:Rice gall midge, PVE:Phenotypic variance explained, QTL:Quantitative trait locus, LOD:Logarithm
of the odds, SNP:Single nucleotide polymorphism, SSR:Simple sequence repeat
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Figures
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Figure 1
Map of Thailand showing the collection sites for the gall midge populations and phylogenetic
tree of COI sequences of rice gall midges in Thailand. The sequence for the Kerala
population (India) was derived from GenBank (Accession No. KC506565).
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Figure 2
Frequency distribution of pest severity (percentage of plants infested with galls) in the F3
population of the KDML105 × MN62M cross. The y-axis represents the number of F3 lines.
Arrows indicate the values for the two parents.
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Figure 3
LOD curves for QTL mapping in the F2:3 population from a cross between KDML105 and
MN62M for rice gall midge resistance in the whole genome by using 1,365 SNPs. The
horizontal line is the LOD threshold.
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Figure 4
Mapping of the rice gall midge resistance gene (black bar) on the SNP and SSR linkage map
for rice chromosome 2 in the F2:3 population. Numbers on the left show genetic distances
(cM); next to the linkage map is a LOD curve of the QTL for rice gall midge resistance.
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