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Abstract. Gin2 is dominant gene conferring resistance 
to biotype 1 of gall midge (Orseolia oryzae Wood- 
Mason), the major dipteran pest of rice. The gene was 
mapped by restriction fragment length polymorphism 
(RFLP) analysis of a set of 40 recombinant inbred lines 
derived from a cross between the resistant variety 
'Phalguna' and the susceptible landrace 'ARC 6650'. 
The gene is located on chromosome 4 at a position 1.3 
cM from marker RG329 and 3.4 cM from RG476. 
Since the low (28%) polymorphism of this indica x 
indica cross hindered full coverage of the genome with 
RFLP markers, the mapping was checked by random 
amplified polymorphie DNA (RAPD)/bulked segre- 
gant analysis. Through the use of 160 RAPD primers, 
the number of polymorphic markers was increased 
from 43 to 231. Two RAPD primers amplified loci that 
co-segregated with resistance/susceptibility. RFLP 
mapping of these loci showed that they are located 0.7 
cM and 2.0 cM from RG476, confirming the location of 
Gin2 in this region of chromosome 4. Use of these DNA 
markers will accelerate breeding for gall midge resis- 
tance by permitting selection of the Gin2 gene indepen- 
dently of the availability of the insect. 
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Introduction 

Gall midge (Orseolia oryzae Wood-Mason) is the ma- 
jor dipteran pest of rice (Hill 1987) and is a problem in 
many rice growing areas of India, Southeast Asia and 
Southern China (Kalode and Bentur 1989; Lai et al. 
1984). A closely related species (O. oryzivora) is an 
important pest in Nigeria and other parts of tropical 
Africa (Ukwungwu et al. 1989). Gall midge larvae irri- 
tate and feed from the shoot meristem of the rice plant 
and prevent normal tiller development. The resulting 
"silver shoot" (a modified leaf sheath) fails to produce a 
panicle. Although additional tillers are induced in re- 
sponse to the infestation, the new tillers may them- 
selves become damaged, with the result that yield is 
severely reduced (Hidaka 1974). 

Gall midge has been an increasing problem in India 
over the last decade because of the emergence of new 
biotypes. A total of four distinct biotypes have been 
recognized for some years in various parts of India 
(Kalode and Bentur 1989), and a fifth biotype has 
recently been reported (Anonymous 1992). Four bio- 
types have been reported in China (Lai et al. 1984), and 
additional biotypes may exist in Sri Lanka, Thailand 
and Indonesia (Pathak and Heinrichs 1982). The 
screening of germ plasm collections for new sources of 
resistance has been a priority for several national 
breeding programs and has resulted in the identifica- 
tion of resistance genes effective against one or more 
biotypes. Characterization of these genes and their 
incorporation into high yielding cultivars are in prog- 
ress. 

Restriction fragment length polymorphism (RFLP) 
analysis may be used to map disease and pest resistance 
genes relative to flanking DNA markers and accelerate 
their use in breeding programs (Tanksley et al. 1989). 
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D N A  marke r s  have been used to identify genes for 
resistance to the fol lowing diseases: t obacco  mosa ic  
virus, Fusarium oxysporum, Stemphylium and  Pseudo- 
monas syringae in t o m a t o  (Young et al. 1988. Sarfat t i  
e t a l .  1989; Behare  et al. 1991; M a r t i n  et al. 1991), 
Pseudomonas syringae in Arabidopsis (Debener  et al. 
1992), maize  dwarf  mosa ic  virus in maize  (McMul len  
and  Louie  1989), p o t a t o  virus X in p o t a t o  (Ritter  et al. 
1991), powde ry  mi ldew in bar ley  (Hinze et al. 1991), 
race 2 of Plasmodiophora brassicae in Brassica (Landry  
et al. 1992) and a nema tode  and  rh i zoman ia  in sugar  
beet  (Jung et al. 1990, Barzen et al. 1992). The existence 
of a high densi ty  genetic m a p  of the rice genome 
( M c C o u c h  et al. 1988; M c C o u c h  and Tanks ley  1991) 
makes  such an a p p r o a c h  also feasible for rice diseases 
and  pests. Genes  have been m a p p e d  for resistance to 
rice blas t  (Yu e ta l .  1991), bac ter ia l  leaf bl ight  
(McCouch et al. 1991a; R o n a l d  and Tanks ley  1991; 
Yosh imura  et al. 1992) and  whi te -backed  p lan t  h o p p e r  
( M c C o u c h  et al. 1991b). 

W e  now repor t  the R F L P  mapp ing  of the Gin2 gene 
for resistance to b io type  1 of gall midge. The ma pp ing  
popu l a t i on  was a set of 40 Fs_ 6 r ecombinan t  inbred  (RI) 
lines der ived f rom a cross between 'Pha lguna ' ,  a high 
yielding res is tant  variety,  and  ' A R C  6650,' a susceptible 
l andrace  f rom Assam. Because of the low frequency of 
R F L P s  in this indica x indica cross, we increased great-  
ly the number  of p o l y m o r p h i c  marke r s  in the s tudy by 
using r a n d o m  ampli f ied p o l y m o r p h i c  D N A s  (RAPDs).  
The R A P D  technique was in t roduced  by Wi l l iams  
et al. (1990) and has been used to const ruct  genetic 
maps  of p lan t  species (Reiter et al. 1992; Tuls ie ram 
et al. 1992), to identify marke r s  tha t  are specifically 
l inked to the Y-ch romosome  in Silene latifolia (Mul-  
cahy et al. 1992), to tag  a Pseudomonas resistance gene 
in near- isogenic  lines of t o m a t o  (Mar t in  et al. 1991) 
and,  in c o m b i n a t i o n  with bu lked  segregant  analysis,  to 
identify marke r s  l inked to downy  mi ldew resistance in 
let tuce (Miche lmore  et al. 1991). W e  used RA P D / b u l k -  
ed segregant  analysis  to check the val idi ty  of our  R F L P  
m a p p i n g  of the Gin2 gene. 

Materials and methods 

Plant and insects 

The 40 RI lines were derived from a cross that was made between 
'Phalguna' and 'ARC6650' in 1978 and which had been subject in 
the interim to periodic selfing. All lines were F 5 or F 6. A colony of 
biotype 1 of gall midge was maintained at the Directorate of Rice 
Research (DRR) at Hyderabad under glasshouse conditions. The 
insects were caged with Taichung-Native 1 (TN1) as the suscep- 
tible host. 

Gall midge resistance in RI lines was measured under glass- 
house conditions in arrays of 20 seedlings of each line regularly 
interspersed with 'Phalguna', 'ARC6650' and the susceptible 
check TN-1. Damage was scored as the percentage of plants 

showing silver shoots at the time 80% of the TN-1 seedings 
showed silver shoots. All 40 RI lines scored consistently resistant 
(less than 10% of plants damaged) or susceptible (more than 60% 
of plants damaged) in three separate trials conducted in 1990 
1992. Difficulties arose with 6 additional lines that showed 
neither clear resistance nor clear susceptibility. Two pieces of 
evidence suggested that this behavior was due to mixed seeds in 
these lines. (1) When retested under conditions which gave 100% 
damage of'ARC6650' and TN-1 (compared with 80% damage in 
the standard test), these lines were seen to contain both resistant 
and susceptible individuals. (2) The aberrant lines showed an 
unexpectedly high degree of apparent heterozygosity as judged 
by RFLPs: instead of the expected 6% heterozygosity in F 5 lines 
or 3% heterozygosity in F 6 lines, they showed 12 45% hetero- 
zygosity, a result most easily explained by a mixing of seed. 
Accordingly, these lines were not added to the mapping popula- 
tion. 

RFLP probes 

A total of 150 single-copy DNA probes distributed over the 12 
chromosomes of rice were selected for analysis. These clones (the 
RG series) were originally selected from a PstI genomic library of 
rice (McCouch et al. 1988) and were kindly provided by Dr. S. D. 
Tanksley of Cornell University, N.Y. 

DNA extraction and Southern hybridization 

Rice seeds were germinated in the dark for 14 days. The shoots 
were then harvested and kept frozen at - 80 ~ until needed for 
DNA extraction by the method of Walbot (1988). Rice DNA (5 
or 10 ktg) was digested with restriction endonucleases and elec- 
trophoresed overnight at 25 V on 0.8% agarose gels containing 
1 x TBE buffer (Sambrook et al. 1989). The DNA was subse- 
quently transferred onto GeneScreen Plus nylon membranes 
(NEN-DuPont, USA) as described by Williams et al. (1991), and 
the membranes were hybridized (Bernatzky 1988) with RG 
plasmids that had been [32p]-labelled ( > 1 x 108 dpm/gg) using 
a nick-translation kit (Bethesda Research Laboratories, Life 
Technologies, USA). After hybridization, the membranes were 
washed under stringent conditions (twice in 2 x SSC, 0.1% SDS 
at room temperature for 5 min each; twice in 0.5 x SSC, 0.1% 
SDS at 65 ~ for 15 min each; and twice in 2 x SSC at room 
temperature for 5 min each) and autoradiographed. Each blot 
was used for as many as ten hybridizations, between which the 
probe was removed according to GeneScreen protocol (20 min 
boiling in 10 mM TRIs-HC1, pH 8.0, 1 mM EDTA, 1% SDS). In 
the initial survey of the two parental DNAs for RFLPs, the 
following restriction enzymes were used: AluI, BamHI, BgIII, 
EcoRI, EcoRV, HindIII, NotI and XbaI. Probes which did not 
reveal an RFLP with these enzymes were then hybridized to 
filters containing parental DNA digested with the following 
enzymes: AatII, AvaI, BclI, ClaI, HinclI, KasI, KpnI, MscI, NcoI, 
NdeI, NlalV, SalI and XhoI. 

Bulked segregant analysis 

DNA was bulked from 12 resistant RI lines and from 12 suscept- 
ible RI lines. The two bulks were used as target DNAs for RAPD 
analysis along with DNA from 'Phalguna' and 'ARC6650'. The 
analysis employed 160 10-base oligonucleotide primers from 
commercially available primer kits A, B, C, D, E, F, G and K 
(Operon Technologies, Alameda, Calif.) For each amplification, 
20 ng DNA was used as template in 25 I~l of reaction volume. The 
reaction conditions were as described by Williams et al. (1990) 
with the modification that denaturation time was kept at 5 s. 
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Computin 9 
The Mapmaker Macintosh Version 1.0 program (du Pont de 
Nemours and Co, copyright 1990), based on the Mapmaker 
program of Lander et al. (1987), was used for analysis of segrega- 
tion data. Although designed for use in multi-point linkage 
analysis with F 2 mapping populations, the program can also 
accommodate data from RI lines. As recommended by Burr and 
Burr (1991), genetic distances were calculated from recombina- 
tion percentages using a formula of Haldane and Waddington 
(1931) to take into account the additional meioses involved in the 
production of RI lines compared with F 2 individuals. 

Chromosome nomenclature 

The rice genomic map and chromosome numbering system in 
McCouch et al. (1988) have been superseded. The numbering 
system used in this paper is that of McCouch and Tanksley 
(1991). 

Results 

Genetic analysis of gall midge resistance 

Table 1 summarizes F 2 segregation data for resistance 
to biotype 1 of gall midge in three crosses featuring 
resistant variety 'Phalguna'.  In crosses with susceptible 
varieties ' T N - I '  and 'ARC6650', the population seg- 
regated 3:1 for resistance: susceptibility, indicating 
that resistance is determined by a single dominant  
gene. 'Phalguna '  is derived from a cross between ' IR8'  
and 'Siam 29', the donor  of gall midge resistance 
(Sastry et al. 1984), and in the F 2 population of a 
'Phalguna '  • 'Siam 29' cross, no susceptible segre- 
gants were observed (Table 1). The gall midge resist- 
ance gene in 'Siam 29' has been designated Gm2 by 

Table 1. Genetic analysis of gall midge resistance 

Cross Plants F, reaction ~2 
R S 

TN1 x Phalguna 136 44 3R: 1S 0.027 
Phalguna x ARC6650 73 25 3R: 1S 0.013 
Phalguna x Siam29 719 0 All R 

R, Resistant; S, susceptible 

Chaudhary et al. (1986). Consequently, 'Phalguna '  car- 
ries the Gin2 gene for resistance to biotype 1 of gall 
midge. 

Mapping population 

RFLP mapping of the Gin2 gene was performed with 
an inbred Fs_ 6 population derived from a 'Phalguna '  x 
'ARC 6650' cross. The use of existing recombinan t  
inbred (RI) lines advanced our study by several years, 
but since the population was created between 1978 and 
1983 as part  of a standard rice improvement  program 
at the Directorate of Rice Research, it did not possess 
some of the features considered desirable in a mapping 
population. It had not been produced by single-seed 
descent, the plants had not been bagged during pollen 
shedding and the population was not unbiased: indeed, 
it had been subjected to rigorous selection for the high 
yield and long grain type of 'Phalguna '  and the thick 
culm of 'ARC6650'. The fact that both parents were 
indica varieties severely reduced the frequency of useful 
D N A  polymorphisms: out of the 150 cloned probes 
tested, only 43 (28%) showed RFLPs  with a set of eight 
restriction endonucleases. As an extreme example of 
the paucity of RFLPs  in this cross, we note that none of 
23 probes mapped by the Cornell group onto chromo- 
some 3 revealed a polymorphism with at least eight 
restriction endonucleases. Nevertheless, these defici- 
encies did not prevent the mapping of the Gin2 gene. 

Gall midge resistance and RFLP analysis of RI lines 

The 40 RI lines in the mapping population showed 
clear and reproducible scores for resistance to biotype 
1 in three seasons of greenhouse trials at DRR, 
Hyderabad.  The top row of Table 2 shows that 17 lines 
were resistant and 23 lines were susceptible. Molecular 
segregation data for the 'ARC6650' and 'Phalguna '  
alleles of 43 polymorphic R F L P  markers were ob- 
tained for each RI line. Analysis of the data with the 
Mapmaker  program (Lander et al. 1987) revealed that 
the Gm2 gene segregated closely with four R F L P  
markers on chromosome 4. Table 2 shows the segrega- 

Table 2. Segregation data for the 'ARC6650' (A) and 'Phalguna' (P) alleles of four RFLP and two RAPD markers mapping to 
chromosome 4. The top row (Gm2) represents gall midge reaction for each of the 40 inbred lines 

Gm2 SSSSS RSRSR RRRSR S S S S S  S S R S S  SSSSR RRRRR RRSSR 
RG214 A A A A H  PAPAP PPPAP A A A A A  AAPAA AAHAP PPPPP PPAAP 
RG329 A A A A H  PAPAH HPPAP A A A A A  A A H A A  AAAAP PPPPP PPAAP 
RG476 A A A A H  PAPAP PPPAP AAAAP AAPAA AAAAP PPPPP PPAAP 
RG776 A A A A A  PAPAP PPPAP PPHHA A A H A A  AAAAP PPPPP PPAAP 
F08 A A A A A  PAPAP PPPAP AAAAP AAPAA AAAAP PPPPP PPAAP 
F10 A A A A A  PAPAP PPPAP AAAAP A A A A A  AAAAP PPPPP PPAAP 

H, Putative heterozygous state, with both RFLP alleles 
R, Resistant; S, susceptible 
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tion data: an entry of A or P indicates that only the 
'ARC6650' or 'Phalguna' allele was present at the 
indicated locus for the indicated line, while an entry of 
H indicates that both alleles were present (the putative 
heterozygous condition). From these data, the Gin2 
gene was calculated to reside 1.3 cM from RG329 and 
3.4 cM from RG476 (Fig. 1). The susceptible phenotype 
was seen in 22 lines homozygous for the 'ARC6650' 
allele of RG329, while the resistant phenotype was seen 
in 14 lines homozygous for the 'Phalguna' allele and in 
3 heterozygous lines (Fig. 2). Only 1 line showed evi- 
dence of recombination: line 5 was apparently hetero- 

Distance 
(cM) 

---RG776 

6.3 

~ G 2 1 4  

2.6 

- - -RG329 

1.3 
- - -Gm2 

3.4  

----RG476 
0 .7  

- ~ F 8  

1.3 
- ~ P 1 0  

Fig. 1. Region of rice chromosome 4 in the vicinity of the Gin2 
gene for resistance to biotype 1 of gall midge (Orseolia oryzae). 
Positions are shown for flanking RFLP markers (RG214, 
RG329, RG476, RG776) and RAPD markers (F08 and FIO), with 
map distances in cM 

zygous, but it was susceptible to gall midge. Thus, 
perhaps only one cross-over event may have occurred 
between the Gin2 gene and locus RG329 during the 
development of the 40 recombinant inbred lines. 

RAPD/bu lked  segregant analysis 

The low frequency of polymorphism seen among 
RFLP markers for this indica x indica cross hindered a 
complete survey of the genome. To place more poly- 
morphic markers on the genome and to confirm the 
map location of the Gin2 gene, we employed RAPDs 
and bulked segregant analysis (Michelmore et al. 
1991). RAPD patterns were obtained with DNA iso- 
lated from 'Phalguna' and 'ARC6650' and with bulked 
DNAs isolated from 12 resistant and 12 susceptible 
recombinant inbred lines. Out of the 160 10-base 
oligonucleotides used, 159 primers were successful in 
amplifying loci from parental DNA. A total of 2084 
bands was obtained, of which 188 were polymorphic 
between 'Phalguna' and 'ARC6650'. This increased 
very substantially the number of polymorphic markers 
covering the genome, from 43 to 231. 

Most of the 188 polymorphic R A P D  bands were 
also generated from both the resistant and the suscep- 
tible bulked DNA samples. This result indicates that 
the corresponding loci were not linked to gall midge 
resistance. However, two bands were clearly linked to 
gall midge resistance. A 0.6-kbp band from primer F10 
was specifically amplified from DNA of the resistant 
parent and the resistant bulk (Fig. 3A), while a 1.7-kbp 
band from primer F08 was specific to the susceptible 
parent and the susceptible bulk (Fig. 3B). When DNA 
from each of the 12 resistant and 12 susceptible lines 
was amplified with these two primers, the 'Phalguna'- 
specific F10 band was found only in the resistant lines, 
and the ARC6650-specific F08 band was found only in 
the susceptible lines. This is evidence for very tight 
linkage between Gm2 and the two RAPD loci. 

To determine the map locations of the loci repre- 
sented by the 0.6-kbp F10 band and the 1.7-kbp F08 

Fig. 2. Autoradiography of Southern hybridization of SalI digest of rice DNAs with radiolabelled probe RG329. Lane A from 
'ARC6650' (susceptible parent ), Lane P DNA from ~ (resistant parent), remaining lanes DNAs from 40 recombinant inbred 
lines. Bottom row of letters Entomology data (R resistant, S susceptible); top row interpretation of autoradiogram (A ARC6650 allele, P 
Phalguna allele, H heterozygous); numbers at left marker sizes in kbp 
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Fig. 3A, B. RAPD tagging of Gm2 gene by bulked 
segregant analysis, with confirmation by co-segrega- 
tion analysis. A RAPD data for primer F10, B 
RAPD data for primer F08. Lanes: DNA from 
'ARC6650' (A), 'Phalguna' (P), resistant bulk (R), 
susceptible bulk (S), followed by 12 susceptible lines 
and 12 resistant lines. Arrows Resistant-specific 
RAPD (F10) and susceptible-specific RAPD (F08); 
numbers at left markers sizes in kbp 

band, we eluted the bands from gels and nick-trans- 
lated them for use as probes on the same RI line filters 
that had been used for RFLP analysis. Both RAPD 
loci co-segregated closely with Gin2 and neighboring 
RFLP markers (Table 3). Figure 1 shows the location 
of the F08 and F10 markers relative to Gin2 and 
flanking RFLP markers. The F08 and F10 loci lie 4.1 
cM and 5.4 cM, respectively, from Gin2, beyond 
RG476. Their respective distances from RG476 are 0.7 
cM and 2.0 cM. Such results support the RFLP data on 
the location of the Gin2 gene in this region of chromo- 
some 4. 

Discussion 

We have shown that the dominant Gin2 gene  for 
resistance to biotype 1 of gall midge is located on 
chromosome 4 of 'Phalguna' between the RFLP 
markers RG329 and RG476 and close to two loci 
amplified by RAPD primers F08 and F10. RFLP 
mapping took approximately 18 months and involved 
43 polymorphic markers. RAPD tagging by bulked 
segregant analysis (Michelmore et al. 1991) took about 
4 months and involved 188 polymorphic markers. 
These results indicate that, if suitable segregating 
populations are available from indica • indica crosses, 

sufficient DNA polymorphism may be detectable by 
RAPDs to tag and map major genes quickly and 
conveniently. In spite of their departure from the ideal 
for a mapping population, recombinant inbred lines 
derived from traditional breeding programs can con- 
stitute a useful segregating population. This would be 
especially true if the problem of mixed seed were 
removed by one cycle of seed purification before 
phenotyping and genotyping of the breeding lines 
begin. 

The fact that we failed to detect polymorphisms for 
any of the 23 available RFLP markers from chromo- 
some 3 indicates that large regions of the genome may 
be invisible in crosses between related varieties. 
McCouch and Tanksley (1991) commented on this 
phenomenon in their comparison of the sizes of the rice 
RFLP maps constructed from an intraspecific indica x 
javanica cross and an interspecific O. sativa x O. longi- 
staminata cross. 

Now that the Gin2 gene has been tagged with DNA 
markers, it will be possible to accelerate breeding 
programs for gall midge resistance. Replacement of 
entomology testing by molecular marker-aided selec- 
tion could enable breeders to conduct up to three 
cycles of breeding for this character per year. The use of 
RG329 as a molecular marker for Gin2 will give a rate 
of false positives or false negatives of less than 2% per 
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generat ion,  while the use of RG329 and RG476 to-  
gether  as marke r s  will reduce the e r ror  rate  to abou t  
0.06% per  generat ion.  

Bio type  1 of gall midge  is widely d is t r ibu ted  in 
M a d h y a  P radesh  and  nor the rn  A n d h r a  Pradesh.  Five 
o ther  b io types  are found elsewhere in India ,  including 
b io type  2 in Orissa.  ' Pha lguna '  itself carries resistance 
to b io type  2. P re l iminary  field test ing of our  recom- 
b inan t  inbred  lines at  the Cen t ra l  Rice Research Inst i -  
tute in Or issa  (with the late Dr.  P. S. P r a k a s a  Rao) 
ind ica ted  tha t  the gene for b io type  2 resistance maps  to 
within 2 cM of RG329.  F u r t h e r  work  will be required 
to de te rmine  whether  the two genes are ident ical  or  
very close neighbors .  P r o b e  RG329 is a useful m a r k e r  
for bo th  genes. M a p - b a s e d  cloning will open the way to 
a s tudy of  the b iochemica l  basis of gall  midge  resistance 
and  b io type  specificity. However ,  c loning will require  
(1) a larger  m a p p i n g  popu l a t i on  to place more  recom- 
b inan t  events between the genes and  their  markers ,  and  
(2) closer D N A  markers .  W e  have identif ied an addi -  
t ional  9 R A P D  bands  appa ren t ly  l inked to gall midge  
resistance and are in the process  of de te rmin ing  their  
m a p  locat ions.  

The tagging of  genes for resistance agains t  o ther  
k n o w n  b io types  of gall  midge  will follow a revised 
strategy. R A P D s  and  bu lked  segregant  analysis  will be 
used as the ini t ial  m e t h o d  of tagging each gene, and  
then R A P D  tags will be m a p p e d  relat ive to R F L P  
markers .  This should  permi t  faster m a p p i n g  than  the 
reverse o rder  of events fol lowed here. 
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