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Abstract Flooding is one of the major hazards of
rice production for the rainfed lowland rice ecosys-
tem, and tolerant cultivars are urgently needed to help
protect farmers from submergence damage. A quick
and efficient strategy was implemented to introgress
SUBI, a major QTL for submergence tolerance, into
a rainfed lowland mega variety BR11 of Bangladesh
by only two backcrosses and one selfing generation.
In marker-assisted backcrossing (MABC), one
tightly-linked simple sequence repeat (SSR) and
two gene-based markers, four flanking SSR and 116
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background SSR markers were used for foreground,
recombinant and background selection, respectively,
in backcrosses between a SUB/ donor IR40931-33-1-
3-2 and BR11. BR11-Subl, identified in a BC,F,
plant, possessed BR11 type SSR alleles on all
fragments analyzed except the SUBI QTL. The
introgression size in BR11-Subl was 800 Kb indi-
cating approximately 99.8% identity to BR11. BR11-
Subl along with other introgression lines showed
submergence tolerance similar to the tolerant parent.
Yield, yield-component parameters and grain phys-
ico-chemical properties showed successful recovery
of the BR11 traits in BR11-Subl, with yield potential
ranging from 5.2 to 5.6 t/ha, not significantly differ-
ent from the recurrent parent mega variety BR11.
Producing a large number (~ 1000) of backcross F,
plants was considered essential to achieve recombi-
nation on both sides of the gene, limiting linkage drag
with only two backcrosses. A large number of
background markers ensured proper recovery of the
recurrent parent genome in the BC,F, generation.
The study demonstrates a rapid and highly precise
strategy to introgress a major QTL by BGC,F,
generation into a modern rice variety using an
unadapted donor. The variety can replace BR11 on
more than 2 million of ha in Bangladesh and provide
major increases in rice production.

Keywords Marker Assisted Backcrossing

(MABC) - SUBI QTL - Variety BR11 -
Rainfed lowland rice - Submergence tolerance

@ Springer


http://dx.doi.org/10.1007/s10681-010-0272-2

84

Euphytica (2011) 178:83-97

Submergence caused by flash-flooding is one of the
important hazards to the agriculture of tropical Asia.
In Bangladesh, of 10.6 million ha of rice production,
more than two million ha is affected by flash
flooding. Flash floods regularly affect rainfed lowland
rice (RLR) ecosystems where floodwater remains for
around 2 weeks in many parts of the country.
Traditional varieties adapted to the submergence-
prone environments are low yielding due to their low
tillering ability, long droopy leaves, susceptibility to
lodging and poor grain quality. Improved varieties
are needed that combine high yield with submergence
tolerance. Because of the sensitivity of rice and the
prevalence of the stress, submergence tolerance has
been an important breeding objective for decades in
rainfed lowland areas of Asia (Mackill 1986).
Improved submergence tolerant cultivars have been
under development for more than three decades
(HilleRisLambers and Vergara 1982; Mackill 1986;
Mohanty and Chaudhary 1986). However, improved
cultivars have generally not been adopted by the
farmers in submergence prone areas. One reason is
that these tolerant varieties lack many of the desirable
characteristics of the popular and widely grown
varieties (‘mega varieties’), such as high yield and
good grain quality (Septiningsih et al. 2009).

There are several rice mega-varieties grown in
Bangladesh, of which BR11 is the most important,
covering 40% of the RLR area of Bangladesh (BRRI
2007). Unfortunately these mega-varieties are sus-
ceptible to major yield losses due to submergence.
Mackill (2006) proposed that adoption of a com-
pletely new variety could take considerable time,
whereas the chances of rapid adoption of popular
varieties converted through marker assisted back-
crossing (MABC) were relatively higher.

MABC is a precise and effective method to
introgress a single locus controlling a trait of interest
while retaining the essential characteristics of the
recurrent parent (Collard and Mackill 2008; Hospital
2001; Hospital and Charcosset 1997). MABC has
three main advantages over conventional backcross-
ing. Firstly, DNA markers can be used for simple and
efficient selection of the target locus (‘foreground
selection’). Secondly, the size of the donor chromo-
some segment containing the target locus can be
minimized (‘recombinant selection’). Thirdly, the
recovery of the recurrent parent can be accelerated by
selecting backcross lines with a higher proportion of
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recurrent parent genome (‘background selection’).
This approach has been used with great success for
‘enhancing’ rice varieties for traits such as bacterial
blight resistance gene XA21; (Chen et al. 2000), the
waxy locus for grain quality (Zhou et al. 2003) and
submergence tolerance SUBI (Neeraja et al. 2007;
Septiningsih et al. 2009).

At the International Rice Research Institute
(IRRI), a project was undertaken to transfer SUBI,
a major QTL on chromosome 9 explaining almost
70% of the phenotypic variance (Xu and Mackill
1996; Xu et al. 2006), into at least six widely-grown
rice cultivars in Asia. For the first variety Swarna, a
mega-variety grown in India, Swarna-Subl seeds
were sent to India and Bangladesh for testing in 2005
(Neeraja et al. 2007) and the variety was officially
released in 2009. However, in Bangladesh, the
variety BR11 is more widely grown under RLR
conditions. The conversion of BR11 into a submer-
gence tolerant type while maintaining all its other
characteristics unchanged, would assure increased
production from the submergence prone areas of the
country.

The main objective of the present study was to
convert the mega rice variety BR11 into a submer-
gence tolerant variety by incorporating SUB! using a
MABC approach. We fully exploited recombinant
and background selection in order to gain high
precision for reducing the size of the donor chromo-
some segment, to minimize linkage drag, and to
rapidly recover the recurrent parent genome as
quickly as possible. The SUBI lines developed
through this strategy were tested for their submer-
gence tolerance and other important traits. The
present investigation was also aimed to compare the
BR11-Subl lines to the recurrent parent with respect
to grain yield, yield-contributing attributes and grain
physico-chemical properties.

Materials and methods
Plant materials and crossing scheme

IR40931-33-1-3-2, one of the FR13A-derived sub-
mergence-tolerant breeding lines (Mackill et al.
1993), was used as the donor of SUBI. IR40931-33-
1-3-2 was a submergence tolerant indica advance
breeding line of rice with moderate yield of 3—4 t/ha
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and improved plant type. The SUBI gene in this
line was inherited from the landrace FR13A, a
widely-used submergence tolerance donor with poor
agronomic properties. The recipient variety was
BR11, a widely grown cultivar in Bangladesh. This
variety was derived from the cross IRRISail/IR5,
and was originally designated BR52-87-1-HRS8S.
The variety was released by BRRI in 1980 for

Fig. 1 Development of the BR11/IR40931 X BRI11
submergence tolerant

BR11-Subl with details of l
markers used for

BC,F; (1421)
foreground, recombinant

the Transplanted Aman (RLR) season. The yield
potential of this variety is 6.5 ton/ha under optimum
management.

For the MABC scheme (Fig. 1), BR11 was crossed
with IR40931-33-1-3-2 to obtain F, seeds. F;s were
backcrossed to BRI11 to obtain a large number of
BC,F; seeds. A large amount of backcross seeds was
produced for MABC (Collard et al. 2008b).

and background selection.
The numbers of plants

FOREGROUND SELECTION

RM8300

selected in each generation v
is indicated in parentheses;

Selected BC,F; (649)

P311 means BC,F;
population produced from
plant number 311 of BCF,

RECOMBINANT SELECTION
RM23679+RM23805+RM23915+RM23958

v
generation. SRP Single

recombinant at proximal

Selected BC,F; (SRP 8, SRD 13, Confirmed by Sub1C173+GnS2)

end, SRD Single
recombinant at distal end,

BACKGROUND SELECTION

73 SSRs

DR Double recombinant v

BC,F, #95,311,6 X BRI11

BC,F

(763)

FOREGROUND SELECTION
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Selected BC,F; (375)

RECOMBINANT SELECTION
RM23679+RM23805+RM23915+RM23958

Selected BC,F; (8 DR from P311, Confirmed by Sub1C173+GnS2)

BACKGROUND SELECTION
23 SSRs

BC,F, # 391

®

BC,F, (1221)

FOREGROUND SELECTION
RMS8300

Selected BC,F, (305)

BACKGROUND SELECTION
4 SSRs

Selected BC,F, (10, Confirmed by Sub1C173+GnS2)

ADDITIONAL BACKGROUND MARKERS
43 SSRs

Selected BC,F, (1) # 148
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Molecular marker analysis

DNA was extracted from young leaves of 2-week-old
plants using a modified protocol as described by
Zheng et al. (1995). PCR was performed in 10 pl
reactions containing 25 ng of DNA template, 1 pl
10x PCR buffer (containing 200 mM Tris-HCI pH
8.3, 500 mM KCI, 15 mM MgCI2), 1 pl of 1 mM
dNTP, 0.50 pl each of 5 uM forward and reverse
primers and 0.25 pl of Tag DNA polymerase (4 U/ul)
using an MJ Research single or dual 96-well thermal
cycler or G-Storm thermal cycler. After initial
denaturation for 5 min at 94°C, each cycle comprised
1 min denaturation at 94°C, 1 min annealing at 55°C,
and 2 min extension at 72°C with a final extension
for 5 min at 72°C at the end of 35 cycles. The PCR
products were mixed with bromophenol blue gel
loading dye and were analyzed by electrophoresis on
8% polyacrylamide gel using mini vertical polyacryl-
amide gels for high throughput manual genotyping
(CBS Scientific Co. Inc., CA, USA). The gels were
stained in 0.5 mg/ml ethidium bromide and photos
were taken using Alpha Imager 1220 (Alpha Inno-
tech, CA, USA). Microsatellite or simple sequence
repeat (SSR) markers were used for selection (IRGSP
2005; McCouch et al. 2002; Temnykh et al. 2001).

For foreground selection, gene-based STS marker
Sub1C173 specific to SUBIC and cleaved amplified
polymorphic site (CAPS) marker GnS2 specific to
SUBIA of the SUBI QTL were used for the
confirmation of SUBI (Neeraja et al. 2007; Septi-
ningsih et al. 2009). Eleven tightly-linked and gene-
based foreground markers (IRGSP 2005; Neeraja
et al. 2007; Septiningsih et al. 2009; Xu et al. 2006)
were surveyed over the two parents BRI1 and
IR40931-33-1-3-2. Five primers were polymorphic
between two parents (See Table 1 in Supplementary
Material). The maximum physical distance of tightly-
linked markers with the SUBI QTL was 0.3 Mb. Out
of five polymorphic markers, one primer RM8300
(Neeraja et al. 2007) was used as tightly-linked
marker initially in foreground selection because of its
clear codominant nature and capability of producing
easily-scorable bands.

For flanking markers used for recombinant selec-
tion, 0-8 Mb region on the distal region of chromo-
some 9 around the SUBI QTL was targeted. A total
of 28 flanking markers (IRGSP 2005; Neeraja et al.
2007; Xu et al. 2004, 2006) were surveyed for
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identifying polymorphism between recipient and
donor parents. Out of 28 flanking markers, 15
markers were obtained as polymorphic (See Table 2
in Supplementary Material). The position of the
SUBI QTL was at 6.2-6.3 Mb or 4.4-6.8 cM on
chromosome 9 (Xu et al. 2006). Out of 15 polymor-
phic flanking markers, two flanking markers, SC34
(RM23679) and SC16 (RM23805), were used at the
proximal end of SUBI QTL (6.3 Mb/4.4-6.8 cM)
and SC26 (RM23915) and SC30 (RM23958) were
used at the distal end. The closest flanking markers on
either side were 2.3 (proximal end) and 3.2 (distal
end) cM from the SUBI QTL (Fig. 2). The position
of the centromere in chromosome 9 was at 2.8 Mb
(TIGR data base, http://rice.plantbiology.msu.edu/)
which was again at the proximal end of the SUBI
QTL, and the flanking markers (at the proximal end)
were taken from both sides of the centromere as the
likelihood of crossovers were less in the centromeric
region (Chen et al. 2002). The flanking markers were
also selected based on their distance from SUBI,
nature of codominance and capability of producing
scorable bands. The flanking markers that revealed
fixed (homozygous) alleles of the recipient parent at
non-target loci in one generation were not screened in
the next backcross generation.

Microsatellite markers unlinked to SUBI covering
all the chromosomes, that were polymorphic between
the two parents, were used for background selection
to recover the recipient genome. Out of 524 SSR
primers surveyed, 77 markers including the four
flanking markers of the target QTL were used for
background selection initially. The maximum number
of background markers used was 10 for chromosome
3 and the minimum number was 5 for chromosomes
4, 5, 7, 8, 10 and 12. The average number of
background markers over all the 12 chromosomes
was 6 (See Table 3 in Supplementary Material). The
average distance between adjacent markers ranged
from 13 ¢cM (chromosome 9) to 29 ¢cM (chromosome
8). The microsatellite markers that revealed fixed
(homozygous) alleles at non-target loci in one
generation were not screened in the next backcross
generation. The segregants with fixed donor alleles
were discarded from the selection.

For the selected plants from the BC,F, generation,
additional microsatellite markers were used to check
the fixation of the recipient genome. The total number
of additional background markers used over all the 12
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chromosomes was 43. The maximum number of
background markers used was 9 in chromosome 5
and the minimum number of background markers
was 1 in chromosome 12 (See Table 4 in Supple-
mentary Material). The maximum distance of addi-
tional background markers with the closest initial
background marker was 28.4 ¢cM which was obtained
for RM227 of chromosome 3. The marker RM227
should have been used as initial background marker
because the distance of this marker with the closest
initial background marker was 29 cM. Otherwise, for
all other additional background markers, the distance
with the closest initial background marker was less
than 13 cM. However, the average distance of the
additional background markers with the closest initial
background marker was 5 cM.

Data analysis

The molecular weights of the different alleles were
measured using Alpha Ease Fc 5.0 software. The
marker data was analyzed using the software Graph-
ical Genotyper (GGT 2.0) (Van Berloo 2008). The
homozygous recipient allele, homozygous dominant
allele and heterozygous allele were scored as ‘A’, ‘B’
and ‘H’. The percent markers homozygous for
recipient parent (%A) and the percent recipient alleles
including heterozygous plants (%R) were calculated.

Screening of PILs for submergence tolerance

Submergence screening was performed in the green-
house at IRRI, Los Bafios, Philippines, following
standard protocols (Xu et al. 2000). Seeds of the six
PILs including BR11-Subl of the BC,F, generation
with parents and susceptible check IR42 and resistant
check FR13A were germinated in rows in 20 cm X
15 cm x 10 cm trays with three replications. Four-
teen-day-old seedlings were submerged for 21 days.
The duration of submergence was longer as the
prevailing temperature during the period of the exper-
iment was comparatively low. The survival percentage
and elongation ratio of plants were taken 21 days after
de-submergence. Submergence tolerance score was
given just after de-submergence and 7 days after
recovery following SES of IRRI (IRRI 2002) for
confirmation of the presence of the SUBI locus.
Eighteen genotypes, including eight PILs, four
submergence tolerant enhanced mega-varieties
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(BR11-Subl, Swarna-Subl, IR64-Subl, Samba Mah-
suri-Subl), two mega varieties (BR11, Swarna), two
tolerant checks (IR40931-33-1-3-2, FR13A), and two
susceptible checks (BR5, IR42), were tested under
submergence stress with two replications. 14-day old
seedlings were transplanted in the plant physiology
submergence tank on 8 July 2008. Twenty-one seed-
lings were transplanted in three rows at spacing of
20 x 20 cm using a single seedling per hill. At7 days
after transplanting (DAT), the crop was submerged
completely maintaining 70 cm water depth for
14 days. During the submergence period, the water
of the tank was made turbid twice daily and monitored
through light meter (L1-250). Water was drained out
completely 14 days after submergence. The survival
and recovery data were taken 5 days and 30 days after
de-submergence following SES of IRRI (IRRI 2002).

Phenotyping of Precision Introgression Lines
(PILs)

Phenotypic evaluations were conducted at the exper-
imental farm of the Bangladesh Rice Research
Institute (BRRI), Gazipur during the irrigated rice
season in 2007-08, with six PILs (lines with a small
introgressed fragment containing the target gene/
QTL, Collard et al. 2008a) and two parents. Forty-
five day old seedlings were transplanted using a
single seedling per hill. The unit plot size was
5.4 m x 10 rows. RCB design with three replications
was followed with the spacing between plants in a
row 15 cm and the rows 25 cm apart. The full plot
was harvested for taking grain yield which was
adjusted to 14% moisture level. Missing hills were
adjusted in calculating grain yield. Grain yield (ton/
ha) along with plant height (cm), days to maturity,
number of panicles per plant, number of grains per
panicle, and 1000-grain weight (g) were recorded and
used in the analysis done by MSTAT-C software of
Michigan State University of USA.

Grain physical parameters were taken for the six
PILs. Data of 10 grains from 10 random panicles
were recorded on grain length (mm), grain width
(mm), grain thickness (mm), kernel length (mm),
kernel width (mm) and kernel thickness (mm). Grain
and kernel length, width and thickness were mea-
sured by a digital slide calliper, model no. SD-089.
Dehulled and unpolished brown rice was designated
as kernel. The length and shape of the kernel were
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classified following standard evaluation system (SES)
of IRRI (IRRI 2002).

The seeds were dehulled and milled for the
analysis of grain chemical properties. The grain
chemical properties analyzed were head-rice recovery
percentage, chalkiness, waxyness, amylose content
(%), gelatinization temperature and gel consistency.
The analyses were done in collaboration with the
researchers at the Grain Quality, Nutrition, and
Postharvest Center, IRRI. Gelatinization temperature
with the range of 70-74°C was classified as
intermediate.

Results
F, and backcross seed production

Forty-four F; plants were produced which were
confirmed using two polymorphic SSR markers
RM488 and RM541 and one sequence tagged site
(STS) marker Sub1C173. A total of 1797 BC,F; seeds
were produced from crosses with 44 F; plants and 1421
plants survived in the main field. Selection was carried
out dividing all the BC,F plants into three populations
for convenience in managing the fieldwork.

A total of 3635 BC,F, seeds were produced from
crosses with 14 plants of all the three populations.
The maximum number of BC,F; seeds was 676
obtained from plant number 337 of population 2 of
BC,F; generation and the minimum number of
BC,F; seeds was 31 obtained from plant number
290 of population 2. The low number of seeds
produced from plant number 290 of population 2
indicated the practical difficulties of producing large
seed numbers for the BC,F, generation. Out of 3635,
the total number of BC,F; seeds used was 763
obtained from the best three plants (P1-95, P2-311
and P3-06) of the three BC,F; populations for the
execution of MABC in this study.

Foreground selection

Out of 1421 plants, 649 plants were heterozygous for
the marker RM8300 tightly linked to SUBI, 761 plants
were found with the locus fixed for the recipient allele
(Score A) and only 11 plants were found with the locus
fixed for donor allele (resistant allele) (Score B). The
eleven plants with score B were produced from

accidental self-pollination. The 649 plants with the
‘H’ score for the tightly-linked marker were subjected
to recombinant selection with flanking markers.

In the BC,F, generation, foreground selection was
carried out over 763 plants where 375 plants showed
‘H’ score and 386 plants showed ‘A’ score. BC,F,
seeds were produced by self-pollinating the best plant
(number 311-391 of population 2) of the BC,F,
generation, where foreground markers RMS8300,
Subl1C173 and GnS2 were heterozygous. Out of
1221 plants, 627 were heterozygous for the tightly-
linked marker (Score H), 289 plants were fixed for
recipient alleles (susceptible allele) (Score A) and
305 plants were fixed for donor alleles (resistant
allele) (Score B). The results fitted the expected 1:2:1
ratio for this generation (x> = 1.31. P > 0.05).

Recombinant selection

Recombinant selection was carried out on 649 plants
that were heterozygous for the marker used for
foreground selection in the BC,F; generation. Thir-
teen single recombinants were obtained which min-
imized the size of the donor segment at the distal end
while the other eight single recombinants minimized
introgression size at the proximal end.

In BC,F; generation, recombinant selection was
carried out using heterozygous flanking markers
specific to the three BC,F; populations produced
from the three best plants of the BC,F; generation.
Double recombinants were not obtained from two
BC,F; populations produced from plant number 6 of
population 3 (P3-06) and P1-95 as there were no
recombination events between the SUBI QTL and the
flanking markers at the proximal end. A total of 216
positive plants of P2-311 population were surveyed
with the heterozygous flanking markers RM23915 and
RM23958 during foreground selection. Eight segre-
gants showed recipient alleles for both or one of those
two markers. Out of these eight plants, five (68, 123,
271, 304 and 391) had recipient alleles for both
flanking markers while the other three (292, 325 and
336) obtained the recipient alleles for only one marker
RM23958.

Selection using gene-based markers

Before carrying out background selection, the
selected BCF; plants were verified with the gene-
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Table 2 Number of markers homozygous for the recipient
allele (A), for the donor allele (B) and heterozygous (H) for
selected BC,F; plants produced from plant number 311 of
population 2 of the BCF; generation

Genotype Plant numbers

68 123 271 292 304 325 336 391
A 65 58 64 63 66 65 69 69
H 8 15 9 10 7 8 4 4
B 0 0 0 0 0 0 0 0
T A 945 89.7 938 932 952 945 973 973
Rank 3 8 6 7 5 4 2 1

markers RM212 and RM486 used in BC,F; gener-
ation were located within 5 cM distance, so these two
markers were considered as one SSR-background-
locus. Based on the ease of producing scorable bands,
RM212 was selected for obtaining homozygosity and
recovering recipient genome of BRI11 in BC,F,
generation. The best plant 311-391 had 100%
recipient alleles for all the chromosomes without
considering foreground markers except chromosome
1 and 8.

In the BC,F, generation, background selection was
carried out over 305 segregants that were homozy-
gous for the SUBI QTL using the 4 markers that were
heterozygous in the BC,F,; for the population P311-
391. Ten plants possessed homozygous recipient
alleles for all the four background markers. This
seemed unusually high, because out of 1221 BC,F,
plants originally genotyped for SUBI, only one plant
would be expected to be homozygous for four
background and the target locus markers. The phe-
notypes of the selected plants were carefully observed
and some variation was noticed for flowering and
tillering pattern, grain length, grain width and grain
thickness from visual observation. An additional 43
markers over 10 selected BC,F, segregants showed
that all background markers had fixed recipient
alleles of BR11 except three markers: RM486 on
chromosome 1, RM249 on chromosome 5 and
RM264 on chromosome 8 (Fig. 2). RM486 showed
heterozygous alleles for the plants 391-202 and 391-
472. RM249 showed heterozygous alleles for the
plants 391-25, 391-370, 391-500, 391-865 and 391-
925 and homozygous alleles of the donor parent for
the plants 391-217 and 391-1192. RM264 showed
heterozygous alleles for the plants 391-25 and 391-
865. Only, the plant number 391-148 had all the

alleles fixed for BR11 for all the initial and additional
background markers. The genotypic constitution of
plant number 391-148 was unique out of 1221 BC,F,
plants and this plant was considered as BR11-Subl
(Fig. 2, referred to as the fixed line IR 05F290 or
‘IR85260-391-148 in the IRRI pedigree designa-
tion). The other nine BC,F, plants were also selected
as precision introgression lines (PILs) (Collard et al.
2008a) as the lines were different from BR11 for only
one or two markers.

The 10 selected BC,F, PILs were tested with the
GnS2, the gene-based CAPS marker specific to
SUBIA. The tested 10 PILs showed the same banding
pattern of resistant allele of the donor of SUBI
IR40931-33-1-3-2. Hence, it was possible to confirm
that all the selected plants contained SUBI.

Introgression size and position of the SUBI QTL

The introgression size of the SUBI QTL was measured
by using seven very closely spaced primers located
around the SUBI QTL of chromosome 9 in the SUB/
lines including BR11-Subl. The seven very closely
spaced primers were RM23835, RM23852, RM23865,
RM23869, RM23911, RM23916 and RM23917 and
their positions were 5.5, 5.9, 6.2, 6.3, 7.1, 7.2 and
7.3 Mb. All the markers had recipient alleles of BR11
in all the lines, which indicated that the maximum
size of the SUBI introgression was 0.8 Mb (800 Kb).
The result also indicated that the position of the SUBI
gene was below 6.3 Mb in BR11-Subl.

Submergence screening

The PILs including BR11-Subl showed submergence
tolerance just after de-submergence and after recov-
ery against submergence stress of 21 days. The
submergence tolerance scores of these lines were
similar to those of the tolerant donor IR40931-33-1-
3-2 and tolerant check FR13A (Table 3). The result
confirmed the introgression of SUBI QTL in these
lines. On the other hand, the control BR11 was
susceptible to submergence stress like the susceptible
check IR42. It was observed that BR11 and IR42 did
not recover and showed poor survival, but all the
PILs including resistant checks showed very good
recovery and survival capability.

All the tested Subl breeding lines including
BR11-Subl performed well regarding the survival
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de-submergence

(cm)

(cm)

19.7 18.7 94.9

150.9
133.4
146.0
154.9
142.8
163.6
225.1

534

21.4
2

IR85260-391-25

18.3 93.2

19.7

52.7

2.6

IR85260-391-148 (BR11-Subl)

IR85260-391-202

96.7

19.0

19.7

56.2

22.9

17.3 91.2

19.0

59.3

233

IR85260-391-217

15.7 81.1

19.3

553

22.8

IR85260-391-500

16.3 83.2

19.7

56.8

21.6

IR85260-391-925

BRI11

37 19.1

19.0

19.3

63.9

19.7

95.0

222 54.2 144.8 20.0
204.2

IR40931-33-1-3-2

1IR42

2.0 10.0

18.3

19.7

66.3

21.9

96.4

19.0

60.3 153.7

23.8

FR13A

10.0

35.49

5.48

LSD (0.05)

ability (90-100%) which was similar to tolerant
check FRI3A and tolerant parent IR40931-33-1-3-2
during the RLR season of 2008 in Bangladesh
(Table 4). The results confirmed the presence of
SUBI in the tested lines. On the other hand, two
mega varieties of the RLR ecosystem, BR11 and
Swarna, were susceptible to submergence stress like
the susceptible checks IR42 and BRS5. Among the
other submergence tolerant Subl mega varieties,
Swarna-Subl and IR64-Subl performed well but
Samba Mabhsuri-Subl did not perform well. How-
ever, in addition to BR11-Subl, the three other
PILs IR85260-391-217, IR85260-391-25-Gaz 2, and
IR85260-391-202-Gaz 1 also showed very good to
excellent recovery against the submergence stress of
2 weeks during RLR season, 2008 at BRRI, Gazipur.

Phenotyping of precision introgression lines

Out of 10 PILs, six were selected based on their
visual acceptability during seed increase in the RLR
season 2007-08 conducted at BRRI farm, Gazipur,
Bangladesh (data not shown). Phenotyping of six
submergence tolerant PILs was done to compare
yield and yield-contributing characters, grain physi-
cal parameters and chemical properties of the
submergence tolerant lines with the recurrent parent
BRI11. All the characters showed significant variation
among the eight genotypes except filled grains/
panicle. However, there were no significant differ-
ences between BR11 and BR11-Subl for yield and all
the yield-contributing characters (Table 5). Based on
kernel length (5.51-6.6 mm) and the ratio of kernel
length and kernel width (2.1-3.0), the brown rice
shape of BR11 and all the PILs viz. BR11-Subl,
IR85260-391-202, IR85260-391-217, IR85260-391-
370, IR85260-391-500 was classified as medium
(both length and shape) (IRRI 2002) (Table 6). The
grain chemical properties of BR11-Subl compared to
BR11 showed no change also (Table 7).

Discussion

The present study clearly demonstrated the rapid and
precise enhancement of the mega variety BRI,
which is grown on around 40% RLR areas in
Bangladesh, for submergence tolerance by only two
backcrosses and one selfing generation. We called the
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Table 4 Results of the submergence screening for the tolerant PILs (including BR11-Subl), and tolerant and susceptible checks,
RLR season, 2008, BRRI, Gazipur, Bangladesh

SI. No. Varieties/lines % survival Submergence
tolerance score®
5 days after 30 days after
de-submergence de-submergence

1 IR85260-391-148 (BR11-Subl) 90.5 88.1 2
2 IR85260-391-25-Gaz2 95.2 85.7 2
3 IR85260-391-202-Gazl 100.0 97.6 1
4 IR85260-391-217 92.9 90.5 1
5 IR85260-391-370-Gazl 88.1 85.7 2
6 IR85260-391-500-Gaz2 97.6 92.9 2
7 IR85260-391-1192-Gaz1 95.2 92.9 2
8 IR85260-391-865-Gaz3 90.5 76.2 2
9 IR85260-391-925-Gaz1 90.5 73.8 2
14 Swarna-Subl 81.0 66.7 2
15 IR64-Subl 90.5 88.1 2
16 Samba Mahsuri-Subl 64.3 45.2 4
17 BR11 34.7 244 9
18 Swarna 58.3 29.2 5
19 IR40931-33-1-3-2 90.5 82.5 2
20 IR42 19.0 19.1 9
21 BRS5 26.2 19.1 9
22 FR13A 100.0 100.0 1
LSD (0.05) 26.2 249

% Score for tolerance after 5 days: 1, erect dark green leaves, very little elongation; 2, erect green leaves, little elongation; 3, erect
green leaves, little elongation; 5, droopy, pale green leaves, moderate elongation; 7, long, pale green leaves, elongated, few survived;
9, long whitish leaves, elongated, completely dead

Table 5 Yield and yield contributing characters of the six submergence tolerant PILs including parents under non-submerged
condition, BRRI, Gazipur, 2008

SI. no.  Genotypes Days to  Plant height  Panicles/ Filled grains/ Thousand grain  Grain yield
maturity  (cm) plant panicle weight (g) (t/ha)
1 IR85260-391-148 (BR11-Subl) 168 104.3 10.6 100.3 24.45 5.56
2 IR85260-391-202 171 99.5 9.3 107.0 24.93 5.32
3 IR85260-391-217 171 101.7 10.0 111.4 23.85 5.34
4 IR85260-391-370 172 99.1 9.6 105.9 23.05 5.18
5 IR85260-391-500 168 97.9 11.4 108.6 24.72 5.23
6 IR85260-391-1192 169 99.5 9.6 108.6 22.00 5.29
7 BRI11 170 105.7 10.2 97.8 24.28 5.48
8 1R40931-33-1-3-2 168 96.5 9.2 111.5 23.45 4.72
LSD (0.05) 2.5 4.8 1.3 ns 1.60 0.50

Date of seeding = 17th November 2007; Date of transplanting = 5th January 2008

enhanced mega-variety ‘BR11-Subl’. The specific selection) was achieved, limiting the size of the donor
aim of reducing the size of a donor segment using introgression to less than 1 Mb in the BC,F, gener-
closely spaced flanking markers (i.e. recombinant ation. Considering the size of the rice genome in
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Table 6 Grain physical properties of the six submergence tolerant PILs including parents

SN  Genotypes Grain  Grain Grain Kernel Kernel  Kernel Kernel  Grain
length  breadth thickness length  breadth thickness L/B shape
(mm)  (mm) (mm) (mm) (mm) (mm)
1 IR85260-391-148 (BR11-Subl) 8.29 291 2.05 5.92 2.63 1.85 2.25 Medium
2 IR85260-391-202 8.37 293 2.03 6.02 2.60 1.83 2.31 Medium
3 IR85260-391-217 8.35 292 1.98 5.96 2.57 1.76 232 Medium
4 IR85260-391-370 8.52 2.90 2.00 6.08 2.51 1.78 242 Medium
5 IR85260-391-500 8.50 2.87 1.98 6.14 2.52 1.76 244 Medium
6 IR85260-391-1192 8.60 2.71 1.93 6.16 2.37 1.70 2.60 Medium
7 BR11 8.21 3.04 2.09 5.99 2.68 1.89 224 Medium
8 IR40931-33-1-3-2 9.27 2.60 2.03 6.72 222 1.81 3.02 Long slender
LSD (0.05) 0.35 0.24 0.08 0.22 0.22 0.11

Table 7 Grain chemical properties of BR11-Subl and BR11

Item BR11 BR11-Subl
Number analysed 162 212

Whole (%) 98.2 98.9
Broken (%) 1.8 1.1
Chalkiness (%) 22 26

Chalk 0-10% 32.8 18.8

Chalk 10-25% 40.5 48.3

Chalk 25-50% 94 16.1

Chalk 50-75% 16.8 11.6

Chalk >75% 0.6 5.2
Waxyness Absent Absent
Amylose % 26.2 27.0

Gel temperature Intermediate Intermediate
Gel consistency 50.0 45.0

Note: The bold values in Columns 2 and 3 (BR11 and BR11-
Subl) represent an average value of 20.0

Nipponbare as 389 Mb, BR11-Subl was 99.8%
similar to BR11. The conversion of Swarna-Subl
resulted in an introgression size of 2.3-3.4 Mb in the
BC;F; and 6.5 Mb in the BC,F, (Neeraja et al. 2007).
In the present study, production of a large number of
BC,F; seeds facilitated limiting the introgression size
(Collard and Mackill 2008).

Takeuchi et al. (2006) reported the introgression
size of the heading date QTLs in three isogenic lines
ranged from 170 to 625 Kb in the background of the
recurrent parent which was possible due to performing
recombinant selection using very closely spaced
flanking markers. The introgression size of the waxy
locus controlling cooking and eating quality from

@ Springer

Minghui 63, a restorer line into Zhenshan97 through
MAS was less than 6.1 cM in length (Zhou et al. 2003).
Chen et al. (2000) reported that the individual selected
in BC3F, generation carried a fragment of less than
3.8 cM from the donor line in the Xa2/ region on
chromosome 11 and about 98.8% of the genetic
background of the recurrent parent was recovered.

NILs produced using conventional backcrossing
may not be genetically “clean” and possess many
donor introgressions on non-carrier and carrier chro-
mosomes and large donor chromosomal segments on
the carrier chromosome. The extent of donor seg-
ments within NILs remains unknown. As BR11-Subl
and other BR11-Subl lines developed through
MABC possessed minimal donor segments flanking
SUBI and precise regions of donor segments in other
genomic positions was known, these lines were
termed as Precision Introgression Lines (PILs) as
proposed by Collard et al. (2008a).

There appeared to be some differences among the
tested BR11-derived Subl lines due to variable
amount of introgression from the donor parent. The
excellent consistent performance of the PIL IR85260-
391-217 for submergence tolerance might be due to
fixed donor allele of RM249 on chromosome 5 which
occurred by chance. This entry showed quick recov-
ery in all the experiments. Otherwise, there was little
morphological variation among the PILs, which
supported the genotyping data, because they were
different from one another for only one SSR locus.
The similar grain chemical properties of BR11 and
BR11-Subl also indicated successful recovery of the
BR11 genome in BR11-Subl.
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The target of recombinant selection in BC;F,
generation was to obtain single recombinants at one
side of the SUBI QTL. These were segregants in
which the size of the donor segment was minimized
at one side of the QTL. Four flanking markers from
the SUBI region of chromosome 9 were used in
BC,F; generation. For the development of Swarna-
Subl, RM316 (1.8 cM) was used as flanking marker
at proximal end and RM219 (11.7 cM) at distal end
(Neeraja et al. 2007). According to Hospital (2001)
flanking markers for recombinant selection should be
chosen as closely linked as possible to the introgres-
sed gene to minimize linkage drag. He suggested
computing the minimal population sizes required to
obtain double recombinants for such closely linked
markers and to optimize the population size in the
context of a multi-generation backcross program
which was first proposed by Young and Tanksley
(1989). Tighter flanking markers were used for the
development of BR11-Subl compared to Swarna-
Subl. The distance between the two closest flanking
markers (RM23805 and RM23915) at both side of the
QTL was 7.9 cM. Interestingly, Neeraja et al. (2007)
also found fewer recombinants at the proximal end of
SUBI QTL in the BC,F; generation. Hospital (2001)
indicated that marker data points for recombinant
selection could be reduced by using additional
backcross generations. This approach was not
adopted here because the main objective of the
present study was to reduce the timeframe of the
backcrossing scheme.

Foreground selection was confirmed by use of
markers from the SUBI genes in all the plants. Even
when a marker is tightly linked with the target QTL,
there may be a crossing over between them, which
might produce false-positive results in foreground
selection. As the number of selected plants was
reduced considerably after recombinant selection,
this was also economical to use these CAPS gene-
based markers after recombinant selection that are
more costly to use. The importance of gene-based
marker in confirming the presence of the target gene
was demonstrated.

Hospital et al. (1992) and Visscher et al. (1996)
reported that, as a general rule, two to four markers
per 100 cM could be efficiently used to accelerate the
recovery of the recurrent parent genome in the early
generations such as BC|F; or BC,F,. Takeuchi et al.
(2006) wused 116 RFLP markers covering 12

chromosomes in background selection in rice. Nee-
raja et al. (2007) used 56 SSR markers as initial
background markers for the development of Swarna-
Subl. Background selection was confined to the
individuals which had the target gene as well as
which minimized the size of the donor segment
containing the QTL in the BCF; generation. How-
ever, these types of segregants were very low in
number, which limited performing background selec-
tion with respect to recovery of the recurrent parent
genome. This highlights the need to increase the
population size in order to recover the recurrent
parent genetic background by only two backcrosses
in the BC,F, generation. If the number of background
markers remaining in the best plant of BC,F;
generation is more than four, another backcrossing
is usually needed to recover the recurrent parent
genome by BC;3F, generation using around 1000
selfed progenies, although an additional selfing
generation can also be used.

As the average distance of additional background
markers with the closest initial background markers
was 5 cM, the use of these additional markers turned
out to be unnecessary. It is also known that the
crossing-over interference is generally considered
within at least 15 cM and the number of crossovers
per chromosome per meiosis rarely exceeds four
(Kearsey and Pooni 1996). However, it was possible
to find genetic differences among the 10 PILs using
43 additional background markers. Out of those 43
markers, 3 were segregating among the finally
selected 10 BC,F, plants. Some phenotypic varia-
tions were also observed among those plants with
respect to flowering, tillering and importantly for
grain length, breadth and thickness. The additional
background markers were thus found to be important
in detecting very small introgressions from the donor
parent in the BC,F, generation. Since recombination
events accumulate over time, the number of donor
chromosome segments spread throughout the genome
increases as their length decreases. Hence, more
markers are required to detect them at more advanced
backcross generations (e.g. BC;) (Collard et al.
2008b; Hospital et al. 1997). Neeraja et al. (2007)
used 32 additional background markers in the finally
selected BC,F, and BC;sF, version of Swarna-Subl
for ensuring the proper recovery of recurrent parent
genome. However using additional background mark-
ers for identifying Swarna-Subl was unnecessary
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because no additional donor
identified.

In conclusion, the MABC approach described in
the present study was successfully adopted to intro-
gress SUBI into BR11 and could be successfully
utilized to introgress SUBI in the other important
RLR varieties with a minimum introgression segment
and within a short time frame. By limiting the size of
the introgression, the chance of introducing donor
genes that might change the essential characteristics
of this popular variety were reduced. This will
become increasingly important as other desirable
genes are introduced into BR11-Subl. For the
purpose of introducing SUBI into other RLR varie-
ties, BR11-Subl or other PILs generated in this study
could be used instead of IR40931, because BR11 has
considerably better agronomic and quality character-
istics. Population sizes as large as the one in this
study may not be required because the donor is an
adapted, high-yielding variety, and introgression of
deleterious alleles would not be so likely. It is
expected that the newly developed Subl lines will be
able to increase rice production in the submergence
prone areas of Asia.

segments were
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