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Abstract A total of 300 germplasm accessions

collected from submergence-prone areas of Bangla-

desh were selected from the genebank of the

Bangladesh Rice Research Institute (BRRI) for an

allelic diversity study on submergence tolerance

during the vegetative stage. Through screening under

controlled submergence for three consecutive years,

eight accessions were selected for having submer-

gence tolerance with survival ranging from 71.2 to

95.4 %. A total of 20 SUB1-region SSR and Indel

markers, spanning from 4.5 to 8.6 Mb on chromosome

9, were used to study the allelic diversity of 16 selected

rice accessions, including the eight submergence-

tolerant accessions and eight sensitive and tolerant

checks. A total of 58 alleles were detected at the loci of

the 20 markers across the 16 rice accessions. The

number of alleles per locus ranged from two to five,

with an average of 2.90 alleles across the 20 loci.

Genetic similarity analysis using the unweighted pair-

group method using arithmetic mean (UPGMA)

clustering system generated two major genetic clus-

ters, each of them with three subgroups. DG1-349,

Kalojoma, DSL-78-8, Damsi and Putidepa were

identified as having higher submergence tolerance

but not possessing the same resistance allele as

FR13A. Furthermore, RT-PCR analysis of SUB1A,

the gene underlying the SUB1 QTL, showed that the

transcript abundance in these accessions was signif-

icantly less than that of FR13A. Thus, these accessions

were selected as potential genetic donors for identi-

fying novel submergence-tolerance QTLs.

Keywords Allelic diversity � Indel markers � Oryza
sativa � SSR � SUB1 region � Submergence-tolerant

germplasm

Introduction

Submergence is the most important abiotic stress in

the rainfed lowland rice (RLR) ecosystem of

Bangladesh. More than 2.0 million ha of this country

are affected by flash floods (Iftekharuddaula et al.

2011). Submergence can result in total yield loss

depending upon different environmental factors
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(Neeraja et al. 2007). The FR13A-derived SUB1

quantitative trait locus (QTL) on chromosome 9,

which accounts for 70 % of the phenotypic variation

for survival under submergence, was fine-mapped

and the cluster of ethylene response factor (ERF)

genes, i.e. SUB1A, SUB1B and SUB1C, underlying

the QTL, has been cloned (Xu and Mackill 1996; Xu

et al. 2000, 2006). Furthermore, it was confirmed that

SUB1A is the contributor for tolerance (Septiningsih

et al. 2009; Xu et al. 2006). This QTL has been

successfully introgressed into some popular varieties

at the International Rice Research Institute (IRRI)

(Iftekharuddaula et al. 2011; Neeraja et al. 2007;

Septiningsih et al. 2009, 2013, 2015) and Bangladesh

Rice Research Institute (BRRI). BRRI has so far

released two submergence-tolerant varieties, BRRI

dhan51 (Swarna-Sub1) and BRRI dhan52 (BR11-

Sub1), and the Bangladesh Institute of Nuclear

Agriculture (BINA) has released another two sub-

mergence-tolerant varieties, BINA dhan11 (Ci-

herang-Sub1) and BINA dhan12 (Sambha

Mahshuri-Sub1). These improved varieties having

the tolerant SUB1 allele can tolerate around 2 weeks

of flash flooding. But, in many parts of submergence-

prone areas of Bangladesh, especially the northern

part, the duration of flash flooding is more than

2 weeks; complete submergence sometimes remains

up to 3 to 4 weeks. The current available flash-flood-

tolerant varieties of Bangladesh cannot survive when

stress lasts more than 2 weeks. Moreover, submer-

gence stress depends on both the duration of

submergence and various environmental factors such

as temperature, water turbidity, depth of floodwater,

number of sunny days and soil fertility (Das et al.

2009; Setter et al. 1997). Even within 2 weeks or less

of submergence, the present submergence-tolerant

varieties sometimes cannot withstand severe flooding

because of unfavorable conditions. Mohanty et al.

(2000) stated that submergence is a polygenic trait

and the SUB1 QTL does not completely represent the

trait alone. Therefore, novel submergence-tolerant

QTLs that complement SUB1 need to be identified

and pyramided with SUB1 for increased tolerance.

Thus far, however, very few sources of submergence-

tolerant accessions have been detected that are not

derived from the original FR13A donor (Septiningsih

et al. 2012).

The first step in identifying new QTLs for submer-

gence tolerance is to identify new germplasm

accessions having a level of submergence tolerance

similar to that of Sub1 lines but that do not have the

same FR13A-derived SUB1 QTL allele. In Bangla-

desh, limited information is available on the allelic

diversity among submergence-tolerant germplasm at

the molecular level. Molecular markers can reveal

differences among accessions at the DNA level and

provide a more direct, reliable and efficient tool for

crop improvement in plant breeding. This study was

performed to identify new sources of submergence-

tolerant donors through characterization of the allelic

diversity within the SUB1 region using 20 selected

DNA markers genotyped across a subset of newly

characterized submergence-tolerant accessions from

Bangladesh. The output of this study is expected to

pave the way towards unveiling new submergence-

tolerance QTLs that are additive to SUB1 that can be

used to breed for higher levels of submergence

tolerance.

Materials and methods

Screening of local germplasm accessions

under complete submergence

In 2009, about 300 germplasm accessions that had

been collected from submergence-prone areas of

Bangladesh were selected from the genebank of BRRI

(Suppl. Table S1) and screened for 14 days of

complete submergence. A total of 44 submergence-

tolerant germplasm accessions were identified and

screened again along with two checks, FR13A and

BR5, on a larger scale using more severe submergence

stress (16 days of submergence) in 2010. Seedlings

that were 30 days old were transplanted as single

seedlings with a spacing of 25 9 15 cm. The unit plot

size was 4 m 9 4 rows. The experiment was laid out

in a randomized complete block design (RCBD) with

three replications. Then, plants were completely

submerged for 15 days after transplanting. During

the submergence period, the water of the tank was

made turbid twice daily and light intensity was

measured using a light meter (LI-250). The water

pH, temperature and dissolved O2 were also recorded.

The water was drained 15 days after submergence.

Standard management was applied. Data for different

parameters were taken following the methodologies as

described below:
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Seedling height (cm) Seedling heights of 10 plants

were measured just after transplanting.

Final seedling height (cm) Seedling heights of 10

plants were measured at 5 days after de-

submergence.

Seedling weight (g) Seedling weight was measured

from 10 plants taken just before transplanting and

after drying in an oven at 50 �C for 72 h.

Seedling strength (g/cm) This parameter was mea-

sured by the following formula:

Recovery ability and tolerance score These were

recorded at 5 and 30 days after de-submergence on

the basis of tillering ability, % survival, vegetative

growth, etc., following the IRRI (2002) standard

evaluation system (SES).

The correlation coefficient of survival percentage

with seedling height (cm), seedling weight (g),

seedling strength (g/cm), final seedling height (cm)

and elongation percentage was calculated using cor-

relation analysis.

In T. aman (July–December) 2011 season, 8 selected

germplasm accessions from previous screening,

namely, Lakhi, Saita, Kalojoma, DG1-349, DSL-78-8,

Laldepa, Putidepa, Damsi, alongwith the 2 checks, BR5

and FR13A, were screened in the Deepwater Station of

BRRI-Gazipur. Proper seedbed management was per-

formed to raise healthy seedlings.This time, the unit plot

size was 5.4 m 9 8 rows. The crop was submerged for

16 days. Standardmanagement practiceswere followed

(M. A. Mazid, personal communication).

Plant materials and DNA markers

Out of the 44 screened accessions, eight Bangladeshi

accessions having submergence tolerance similar to

FR13A were selected (Lakhi, Saita, Kalojoma, DG1-

349, DSL-78-8, Laldepa, Putidepa and Damsi) for

allelic diversity study. Five tolerant checks (FR13A,

IR64-Sub1, BINA dhan11, BRRI dhan51 and BRRI

dhan52) and three non-Sub1 susceptible checks

(Sambha Mahshuri, BRRI dhan49 and BR5) were

also added for the allelic diversity study, totaling of 16

entries. A subset of these accessions was also used for

RT-PCR analysis, and IR42 was used as the suscep-

tible check. Twenty SUB1-region DNA markers

distributed on chromosome 9 with clear amplifications

were selected for allelic diversity analysis of those 16

accessions (Suppl. Table S2). GnS2, a gene-based

CAPS marker specific to the SUB1A gene within

SUB1 QTL, and other gene-based markers (Neeraja

et al. 2007; Septiningsih et al. 2009, 2013) were used.

For the SUB1A RT-PCR analysis, marker Sub1A203

was used (Septiningsih et al. 2009). The sequences of

the Tubulin primer pair used as a positive control were

Tub1F1: 50-GAGGAGTCGTCGTCGTCTGG-30 and
Tub1R: 50-GCACACAGGTTACAACAACG-30 (Lee
et al. 2009).

Genotyping and RT-PCR protocol

DNA was extracted from young leaves of 14-day-old

plants following the Miniscale method (Zheng et al.

1995). PCR was carried out in a 20 lL reaction

volume, and the amplification profile followed the

standard protocols (Septiningsih et al. 2009; Xu et al.

2006), with a slight modification. After mixing with

the loading dye, the PCR products were run through

polyacrylamide gels. A 1 Kb? DNA ladder was used

to determine the amplicon size. The gels were then

stained in 1 lg/mL of ethidium bromide and were

Seedlingstrength¼ Seedlingweight ðgÞ
Seedlingheight ðcmÞ

Survival%¼Numberof survivingplants5daysafterde�submergence

Plantnumbers justbeforesubmergence
� 100

Elongation%¼ Seedlingheight5daysafterde�submergence�Seedlingheight justbeforesubmergence

Seedlingheight justbeforesubmergence
� 100
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documented using a Molecular Imager gel documen-

tation unit (XR System, BIO-RAD, Korea).

To determine the level of submergence tolerance

contributed by SUB1A, an expression study using RT-

PCR was performed. Total RNA was isolated using

TRIzol (Gibco) from 14-days-old seedlings that were

submerged for 6 h or de-submerged as controls; two

biological reps were used. RT-PCR analyses were

done following the standard protocol (Xu et al. 2006).

Data analysis

Molecular weight for the amplified DNA fragments

was measured using Alpha Ease FC 4.0 software. The

summary statistics, including the number of alleles per

locus, major allele frequency, gene diversity and

polymorphism information content (PIC) values, were

determined using PowerMarker version 3.25 (Liu and

Muse 2005). The allele frequency data from Pow-

erMarker were used for analysis with NTSYS-pc

version 2.1 (Rohlf 2002). The pair-wise genetic

dissimilarity coefficients were calculated using

‘‘Nei1983/CSChord1967’’ distance (Cavalli-Sfoza

and Edwards 1967; Nei 1983). A similarity matrix

was calculated with the Simqual subprogram using the

Dice coefficient, followed by cluster analysis with the

SAHN subprogram using the UPGMA clustering

method as implemented in NTSYS-pc.

Results

Screening of local germplasm under complete

submergence

During the period of submergence, the average light

intensity was 1050–1400 lmol/m2/s in the upper level

before turbidity, but was 410–60 in the mid-level and

55–2 lmol/m2/s in the lower level of the tank. On

average, water temperature was 28–32 �C, pH was

7.9–8.1 and dissolved O2 was 2.8–4.0 mg/L. Under

this condition and a longer period of submergence

(17 days), screening results showed a range of

28.1–63.5 cm for seedling height, 0.13–0.52 g for

seedling weight, 0.09–0.95 g/cm for seedling strength,

7.4–77 cm for final seedling height, 2.2–108.2 % for

elongation and 3.1–92.5 % for survival across all the

tested accessions. The performance of two tested

accessions (Lakhi and Saita) showed them to be as

tolerant as the check FR13A. The survival of Lakhi

and Saita was 93 and 82 % while the survival of

tolerant check FR13A was 89 %. Other germplasm

accessions (Kalojoma, DG1-349, DSL-78-8, Laldepa,

Putidepa, Mathia and Damsi 3495) performed reason-

ably well according to their good recovery ability after

de-submergence, even though their tolerance was not

high as that of FR13A. The survival of these acces-

sions was more than 50 % (Table 1). There were

highly significant and positive correlations of seedling

weight (g) and seedling strength (g/cm) with survival

% but there was a significant negative correlation of

final seedling height (cm) with survival %. It was also

noted that elongation % was not associated with

survival %. The results of another round of screening

for selected tolerant accessions along with the checks

conducted in T. aman 2011 confirmed the tolerance of

the eight accessions (Table 2).

Allelic diversity across the SUB1 region

A total of 58 alleles were detected at the loci of 20

SSR/Indel markers across 16 rice accessions. The

number of alleles per locus ranged from two to five,

with an average of three alleles. The frequency of the

most common allele at each locus ranged from 25 %

(RM23778) to 81 % (RM23843). On average, 51 % of

the 16 rice accessions shared a commonmajor allele at

any given locus. Gene diversity values ranged from

0.30 to 0.77, with an average value of 0.56. PIC values

ranged from 0.26 to 0.74, with an average of 0.47. The

highest PIC value (0.74) was obtained for RM23778,

followed by RM23901 (0.69) and RM23902 (0.66)

(Table 3). The allelic patterns of the 16 selected

accessions, including the checks, revealed that there

are different alleles compared to the reference check

FR13A that are not present in some accessions such as

Kalojoma, DG1-349, Putidepa, DSL-78-8 and Damsi.

This pattern can also be seen from several key gene-

based markers such as GnS2, ART5 and Sub1C173

(Suppl. Figure S1 and S2).

Genetic distance-based analysis using the SUB1-

linked markers

The genetic similarity analysis using the UPGMA

clustering system (Fig. 1) generated twomajor genetic

clusters, with three major subclusters. The first group

(A) represents non-submergence-tolerant germplasm
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Table 1 Average performance of 44 rice accessions on their survival, tolerance score and recovery under 17 days of complete

submergence, T. aman 2010. FR13A and BR5 were used as tolerant and susceptible checks, respectively

Sl. no. Variety Seedling

height (cm)

Seedling

weight (g)

Seedling

strength (g/cm)

Final seedling

height (cm)

Elongation

(%)

Survival

(%)

Recovery

ability

1 Muktadhan 36.3 0.20 0.54 40.08 10.59 16.25 Poor

2 Cheng Sail 35.4 0.19 0.55 41.33 16.78 17.50 Poor

3 Binna Phul 37.3 0.14 0.38 42.63 14.39 15.63 Poor

4 Khazar 33.0 0.15 0.44 52.08 58.32 28.75 Fair

5 Til Kabur 42.8 0.15 0.36 57.08 33.33 12.50 Poor

6 Kalojoma 50.7 0.13 0.25 52.67 3.99 61.25 Good

7 DG1-45 43.3 0.23 0.52 63.50 46.64 43.75 Fair

8 DG1-81 43.7 0.25 0.56 60.50 38.41 22.50 Fair

9 DG1-142 36.3 0.26 0.72 65.70 81.09 45.63 Fair

10 DG1-155 41.5 0.38 0.92 52.90 27.07 45.63 Fair

11 DG1-197 39.8 0.33 0.82 53.25 34.13 35.00 Fair

12 DG1-246 41.6 0.35 0.83 46.92 12.94 46.88 Fair

13 DG1-251 42.8 0.41 0.95 51.17 19.79 35.63 Fair

14 DG1-304 38.4 0.26 0.68 48.67 26.75 31.88 Fair

15 DG1-349 41.1 0.29 0.71 57.17 39.12 54.38 Good

16 DSL-67-8 34.8 0.16 0.45 46.33 33.68 26.88 Poor

17 DSL-78-8 41.4 0.32 0.77 54.92 32.80 60.00 Good

18 MTL 216 41.8 0.29 0.69 56.08 34.38 39.38 Poor

19 MTL 309 46.9 0.31 0.65 56.75 21.54 39.38 Poor

20 Lalsoru 41.4 0.16 0.39 51.75 25.25 8.75 Poor

21 Laldepa 43.6 0.18 0.41 57.79 32.62 50.63 Good

22 Uknimadhu 39.3 0.13 0.33 41.25 5.11 15.63 Poor

23 Putidepa 45.0 0.36 0.80 64.50 43.31 50.63 Good

24 Bhog 46.3 0.20 0.43 60.00 29.59 3.13 Poor

25 Surja Mukhi 45.4 0.13 0.29 52.77 16.62 19.38 Poor

26 Jol Depa 50.5 0.24 0.47 51.58 2.15 25.00 Poor

27 Rosul Bhog 43.5 0.21 0.48 71.40 64.54 5.00 Poor

28 Saita 44.8 0.30 0.68 51.75 15.98 81.88 Very good

29 Jhoshua (356) 46.2 0.21 0.45 71.25 54.96 12.50 Poor

30 Damsi (365) 45.3 0.16 0.36 66.03 45.86 20.63 Poor

31 Jolokoia 47.1 0.35 0.74 62.35 32.59 31.88 Fair

32 Buchi 43.8 0.21 0.47 59.50 36.07 17.50 Poor

33 Jhoshua (512) 42.5 0.20 0.48 65.00 52.77 9.38 Poor

34 Sungawala 42.5 0.19 0.45 62.21 46.77 35.63 Fair

36 Arai Raj 47.8 0.28 0.58 69.58 45.58 31.25 Fair

37 Lakhi 40.9 0.37 0.89 48.42 18.25 92.50 Very good

38 Kartiksail (2) 52.0 0.32 0.60 74.20 42.58 6.25 Poor

39 Damsi (3495) 53.1 0.29 0.55 61.42 15.59 56.25 Good

40 Hogla Pata 55.7 0.19 0.34 70.00 26.35 9.38 Poor

41 Kumra Goir 46.7 0.18 0.37 73.00 56.45 5.63 Poor

42 Lojogora 53.0 0.20 0.38 67.00 27.04 3.13 Poor

43 Kolom Depa 57.8 0.17 0.28 64.25 11.95 10.63 Poor

44 Kajolsail 63.5 0.20 0.31 77.00 21.38 5.00 Poor
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accessions and submergence-tolerant germplasm

accessions that are distinct from FR13A. The second

group (B) represents accessions that have genotype

similar to that of FR13A within the vicinity of the

SUB1 region, including Laldepa, Lakhi and Saita;

whereas Cluster I included three non-submergence-

tolerant rice checks. Cluster II included four and

cluster III included one submergence-tolerant germ-

plasm accession containing an expected submergence

tolerance gene or genes other than the SUB1 QTL.

This grouping was also reflected by the genetic

dissimilarity indices among the accessions (Suppl.

Table S3).

Expression study

RT-PCR data showed that under normal conditions the

expression of SUB1A was not detected in all the

accessions investigated. However, under submerged

conditions, it was demonstrated that SUB1A was

highly expressed in FR13A and hardly detected in

IR42. The expression of SUB1A in the rest of the

accessions, i.e. DSL78-8, Laldepa, Kalojoma, DG1-

349 (tolerant) and BRRI dhan39 (susceptible), was

evident but significantly much less than in FR13A

(Fig. 2).

Discussion

Allelic variation for the 20 SUB1-region markers

across 16 accessions, including newly identified

submergence-tolerant accessions, revealed two to five

alleles with an average value of three alleles per

marker. This value is comparable to two to eight

alleles per SSR locus with an average number of

alleles of 4.58 per locus for various classes of

microsatellite markers (Siwach et al. 2004) and two

to seven alleles per locus as reported by Chakrabarthi

and Naravaneni (2006) and also comparable with three

to nine alleles, with an average of 4.53 alleles per locus

for 30 microsatellite markers as per Hossain et al.

Table 1 continued

Sl. no. Variety Seedling

height (cm)

Seedling

weight (g)

Seedling

strength (g/cm)

Final seedling

height (cm)

Elongation

(%)

Survival

(%)

Recovery

ability

45 FR13A 38.2 0.36 0.94 54.17 41.86 89.38 Very good

46 BR5 28.1 0.14 0.50 58.50 108.24 5.00 Poor

LSD (5 %) 5.5 0.52 0.09 7.38 18.34 15.77

Correlation coefficient with

survival %

-0.168 ns 0.590** 0.635** -0.305* -0.175 ns

ns non-significant

* Significant at 5 % level of significance

** Significant at 1 % level of significance

Table 2 Average

performance of local

germplasm accessions

under controlled

submergence conditions

(16 days), T. aman 2011,

BRRI, Gazipur

Sl. no. Germplasm accession Plant height (cm) Growth duration (days) % Survival

1 Lakhi 158 157 89.5

2 Saita 122 128 79.1

3 Kalojoma 83 125 83.3

4 DG1-349 74 125 93.4

5 DSL-78-8 83 125 95.4

6 Laldepa 116 142 71.2

7 Putidepa 129 161 83.7

8 Damsi 101 146 83.0

9 FR13A (res. check) 113 146 85.4

10 BRRI dhan33 (sus. check) 104 138 22.1

LSD at 0.05 2.92 1.72 14.95
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(2007). The frequency of the most common allele at

each locus ranged from 25 % (RM23778) to 81 %

(RM23843), which is comparable with that of Thom-

son et al. (2007). The PIC values observed

(0.26–0.74), with an average of 0.47, are comparable

with those of two previous estimates of microsatellite

analysis in rice: 0.20–0.90 with an average of 0.56

(Jain et al. 2003) and 0.30–0.84 with an average of

0.58 (Hossain et al. 2007).

A significant negative correlation of final seedling

height (cm) with survival % was obtained from the

screening of germplasm against controlled submer-

gence stress, which indicated that limited stem elon-

gation was associated with the survival of the rice

accessions under submergence stress as reported by

Jackson and Ram (2003) and Toojinda et al. (2003).

The germplasm accessions DG1-349, Kalojoma,

DSL-78-8, Damsi and Putidepa were identified as

potentially new non-FR13A-derived sources of sub-

mergence-tolerant. The survival % of these accessions

ranged from 83 to 95 %, being similar to FR13A in the

2011 trial (Table 2). Moreover, the first three most

tolerant accessions had SUB1A expression, which was

comparable with or even less than that of BRRI

dhan39, which is a susceptible variety, supporting the

idea that these accessions do not derive their tolerance

from the FR13A-derived SUB1 QTL (Fig. 2). Due to

the unavailability of seeds during this study; we do not

have the SUB1A gene expression data of Damsi and

Putidepa. However, based on the genotypic data, it is

likely that these two accessions also have novel QTLs

other than SUB1. It was worth noting that the SUB1A

expression in Laldepa was a little less than that of

FR13A even though they have similar SUB1 alleles

(Fig. 1), and this was also reflected in the different

level of tolerance between the two rice accessions, as

FR13A had a higher survival % (Tables 1, 2). Based

the UPGMA cluster dendogram (Fig. 1), the allelic

diversity in the SUB1 vicinity (Suppl. Figure S2), and

the phenotypic performance under submergence stress

(Tables 1, 2) we presumed that Lakhi and Saita also

have SUB1.

The five tolerant germplasm accessions with

unique SUB1-region alleles were identified as

Table 3 Number of alleles, allele size range, highest frequency allele and polymorphism information content (PIC) among 16 rice

accessions for 20 SSR/Indel markers in the vicinity of the SUB1-region

Primer Position Allele no. Size (bp) Frequency (%) Gene diversity PIC

RM23778 4.53 Mb 5 165–197 25 0.77 0.74

RM23915 5.17 Mb 3 200–227 38 0.66 0.59

RM23843 6.21 Mb 2 139–162 81 0.30 0.26

SC41 6.95 Mb 2 170–193 50 0.50 0.38

ART3 Sub1C promoter 4 321–346 69 0.48 0.44

ART5 Sub1C promoter 2 122–141 50 0.50 0.38

Sub1C173 Exon of Sub1C 2 158–176 50 0.50 0.38

Sub1BC1 Between Sub1B and C 2 165–176 50 0.50 0.38

Sub1BC2 Between Sub1B and C 2 241–294 50 0.50 0.38

Sub1BC3 Between Sub1B and C 2 207–237 50 0.50 0.38

Sub1AB1 Between Sub1A and B 2 145–157 50 0.50 0.38

IYT1 Sub1A promoter 3 414–448 50 0.59 0.51

IYT3 Sub1A promoter 3 274–311 50 0.59 0.51

GnS2 Exon of Sub1A 3 251 and 97, 130 50 0.63 0.55

RM8300 7.22 Mb 2 366–412 56 0.49 0.37

SC23 7.55 Mb 3 78–89 56 0.59 0.52

RM23901 7.58 Mb 5 184–255 31 0.73 0.69

RM23902 7.81 Mb 4 184–264 44 0.70 0.66

RM23679 7.88 Mb 2 132–142 63 0.47 0.36

RM23805 8.56 Mb 5 64–89 56 0.63 0.59

Mean 3 51 0.56 0.47
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potential sources of new submergence-tolerance

QTLs, as submergence tolerance is a polygenic trait

and the SUB1QTL does not completely represent the

trait. These germplasm accessions were identified as

candidates with the most potential for new submer-

gence-tolerant donors as these accessions had con-

sistently higher submergence tolerance as

demonstrated by submergence screening in 3 con-

secutive years. The current submergence-tolerant

high-yielding varieties such as BRRI dhan51 and

BRRI dhan52 possess around 2 weeks of submer-

gence tolerance against flash flooding in different

submergence-prone areas of Bangladesh. However,

in different areas of the rice-bowl countries (includ-

ing Bangladesh), the intensity of flash flooding is

increasing and it often has a longer duration of 3 to

4 weeks. This phenomenon is likely to increase

because of the impact of climate change. It is pivotal

to develop varieties that can withstand more severe

and prolonged submergence stress. This will be

possible if new QTLs/genes complementary to the

SUB1 gene are identified and pyramided with SUB1.

Further investigation is underway to unravel the

genetic basis of the tolerance and identify new QTLs

using these new potential donors. Once the new

QTLs are identified and validated, they will be used

for molecular study and breeding to develop new

varieties with higher submergence tolerance.
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a  b  s  t  r  a  c  t

Flash  flooding  imparts  adverse  effect  on  rice  production  worldwide.  Because  of the  needs  for  multiple
cropping  and to avoid  incidences  of cold  and  diseases  later  in  the  season,  early  maturing  submergence
tolerant  varieties  have  been  urgently  needed  in  some  rice  producing  areas.  Marker-assisted  backcrossing
(MABC)  was  used  to  introgress  the  submergence-tolerance  SUB1  QTL  from  BRRI  dhan52  into  a  short-
duration  rice  variety,  BRRI  dhan33.  In  this  particular  study,  a combination  of foreground  and  phenotypic
selection  was  performed  during  the BC1F1-BC4F1 stages,  while  the whole  set  of  foreground,  recombinant
and  background  markers  were  used  at the  BC4F2 stage.  At  the  final  stage,  the  recovery  of  recipient  parent
genome  ranged  from  90.7  to  95.2%  in 15 BC4F3 promising  lines.  The  introgression  sizes of  the  different
Sub1  lines  were  estimated  to be  around  2.4  to  5.6  Mb.  The  submergence  tolerance  of  line  BR9157-12-
2-37-13-15-40  was  found  to  be  the  best,  having  87.7%  survival.  The  grain  yield  of  the  Sub1  lines  was
also  significantly  higher  compared  with  that  of  the  original  variety,  BRRI dhan33,  under  both  flooded
and  non-flooded  conditions  in  on-station  and  on-farm  trials.  The  maximum  grain  yield obtained  from
a  BRRI  dhan33-Sub1  line  was  4.8 t/ha  under  on-farm  non-flooded  conditions  and  3.8  t/ha  under  on-
farm  flooded  conditions.  The  best  selected  Sub1  line  may  be released  in  the  future  as  a  short-duration,
submergence-tolerant  high-yielding  variety  for flood-prone  rainfed  areas  in  Bangladesh.

©  2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The total production of rice has plateaued over recent years,
with the gradual decrease of rice crop-growing area because of
expansion of other crops, other enterprises and development of
infrastructure. The static production of rice is still attributable
to the lack of suitable improved cultivars for different agrocli-
matic conditions, particularly unfavorable ecosystems. Among the
rice-growing ecosystems, the rainfed lowland areas are the most
challenging due to the prevalence of many abiotic and biotic
stresses. Submergence is the most important abiotic stress in the
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rainfed lowland rice (RLR) ecosystem in Bangladesh. More than
2.0 M ha of land in Bangladesh is affected by different types of
floods (Iftekharuddaula et al., 2011). Submergence can result in
yield losses of up to 100% depending on different environmental
and floodwater conditions (Neeraja et al., 2007).

The SUB1 QTL on chromosome 9, which accounts for 70% of
the phenotypic variation for survival under submergence, has been
fine-mapped, and the cluster of genes underlying the QTL  has been
cloned (Xu and Mackill, 1996; Xu et al., 2000, 2006). To enable
more precise molecular breeding, a number of gene-based and
tightly-linked markers in this SUB1 region have been developed
(Neeraja et al., 2007; Septiningsih et al., 2009, 2013). This QTL has
successfully been introgressed into a number of different varieties
at the International Rice Research Institute (IRRI) (Iftekharuddaula
et al., 2011; Neeraja et al., 2007; Septiningsih et al., 2009, 2015).
In a relatively short time, some of these Sub1 varieties have had a
profound impact. Bangladesh Rice Research Institute (BRRI) has so
far released two submergence-tolerant varieties (BRRI dhan51 and
BRRI dhan52) but the duration of these varieties becomes longer
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0378-4290/© 2015 Elsevier B.V. All rights reserved.
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after flooding that flowering becomes affected by cold temperature
stress. Hence, short-duration Sub1 varieties are essential.

BRRI dhan33 is an early-maturing rainfed lowland rice vari-
ety with a 118-day growth duration. This variety does not
possess the submergence-tolerance QTL SUB1, hence, it is sus-
ceptible to submergence stress. This study was  performed to
convert this early rainfed lowland rice variety BRRI dhan33 into
a submergence-tolerant type by incorporating SUB1 from BRRI
dhan52, using marker-assisted backcrossing (MABC). In order to
conserve resources and simultaneously select for other traits, a
combination of marker-based and phenotypic selection was per-
formed. It is expected that the improved BRRI dhan33 line with
submergence tolerance, BRRI dhan33-Sub1, will be more adapt-
able in submergence-prone areas of Bangladesh and preferred by
farmers, particularly in the flash flood-affected northern parts of
the country. This modified MABC approach can be used for rapid
trait conversion for programs with limited resources and where
low-cost phenotyping is available.

2. Material and methods

2.1. Planting materials and crossing scheme

The experiments were carried out to introgress the SUB1 locus
into BRRI dhan33, an early rainfed lowland rice variety and lodging
tolerance. This variety was derived from the cross BG388/BG367-4,
with accession number BG850; it was released by BRRI in 1997.
The yield potential of this variety is 4.5 tons/ha. BRRI dhan52,
the high-yielding, flash flood-tolerant, rainfed lowland rice vari-
ety of Bangladesh, served as the SUB1 donor parent (Pedigree:
BR11*3/IR40931-33-1-3-2). The pedigree number of this variety
is IR85260-66-654-Gaz2. For the MABC scheme, BRRI dhan33
was crossed with BRRI dhan52 to obtain F1 seeds in T. aman
(transplanted aman season, July to December) of 2009 at the exper-
imental farm of BRRI, Gazipur. The F1 plants (and the following
backcross generations) were confirmed through morphological
character comparison (i.e. leaf color, panicle emergence, tiller
height and pattern, flag leaf length, breadth, and attitude, etc.)
with the parents, especially the female parent, BRR1 dhan33. The
selected F1 plants were backcrossed with BRRI dhan33 to obtain
a large number of BC1F1 seeds. Repeated backcrosses were then
followed by marker-assisted selection to recover the genetic back-
ground of BRRI dhan33 (Fig. 1).

2.2. Molecular marker genotyping and analysis

In MABC, one tightly-linked SSR marker (RM8300) and/or one
gene-based insertion-deletion (indel) marker (Sub1C173), two
flanking SSR markers (RM296, RM23915) (Neeraja et al., 2007;
Septiningsih et al., 2009) and 84 background SSR markers (poly-
morphic markers identified through a survey of 615 primers)
(Table A1) were used for foreground, recombinant and background
selection, respectively. DNA was extracted from young leaves of 14-
day-old plants following the mini-scale method (Zheng et al., 1995).
SSR marker genotyping was carried out following previously-used
methods for the development of Sub1 varieties (Iftekharuddaula
et al., 2011; Neeraja et al., 2007; Septiningsih et al., 2009).

The marker data was analyzed using the software Graphical
Genotyper (GGT 2.0) (Van Berloo, 2008). The homozygous recipient
allele, homozygous dominant allele and heterozygous allele were
scored as ‘A’, ‘B’ and ‘H’, respectively. The percentage of homozy-
gous markers for recipient parent (%A) heterozygous markers (%R),
were calculated. The introgression sizes in the six BRRI dhan33-
Sub1 lines were determined using 23 SSR and indel primers in SUB1
region.

BRRI dhan33     X   BRRI dha n52      

                       F1 (48)   X BRRI dhan33

              B C1F1 (13 7) X BRRI dh an33

                                 BC2F1 (745)   X BRRI dhan33

                                 BC3F1 (307)   X BRRI dhan33 

                                        B C4F1 (71 6)  

       B C4F2 (1200 )

    Foreg round, Recom binant  & Background  Selectio n 

             4  Plants Selecte d (15,  17, 71  and  82 ) 

Foreground (RM8300) + Phenotypic selection

Foreground (RM8300) + Phenotypic selection 

Foreground  (RM8 300 ) + Pheno typic  selection 

Foregrou nd (Sub1C1 73) + Phenotypic  selection

Fig. 1. Marker assisted backcrossing scheme used indicating “Foreground and Phe-
notypic” selection steps. The number of plants to develop BRRI dhan33-Sub1 lines
at  each step is shown.

2.3. Phenotyping and adaptability test of newly developed
Sub1-lines

Three BRRI dhan33-Sub1 introgression lines (bulked BC4F3
lines), along with recipient parent BRRI dhan33 and donor par-
ent BRRI dhan52, were evaluated in the submergence tanks of the
BRRI farm during the 2013 T. aman season. The population derived
from plant no. 82 was  discarded due to poor agronomic perfor-
mance and susceptibility to bacterial blight. The experiment used
an RCBD with three replications using standard management prac-
tices. Thirty-day-old seedlings were transplanted at 2 seedlings/hill
with a spacing of 25 cm × 15 cm.  The unit plot size was  5.4 m × 10
rows. Complete submergence stress was  imposed at 15 days after
transplanting and maintained for 15 d. The average depth of water
was 100 cm.  The average water temperature was  32 ◦C and water
pH was 7.2. Parameters, including grain yield (t/ha), along with
growth duration (d), plant height (cm), panicle length (cm), effec-
tive tillers per hill, spikelet fertility, thousand-grain weight (g) and
survival percentage were recorded.

Furthermore, 15 plants were selected from three BC3F4 bulk
populations. These 15 Sub1 genotypes together with 3 suscepti-
ble checks: BRRI dhan33, BRRI dhan44 and BRRI dhan49; and 5
tolerant checks: BRRI dhan51, BRRI dhan52, IR64-Sub1, Ciherang-
Sub1 and FR13A—were tested under controlled submergence in
2014. Fourteen-day-old seedlings were transplanted in submer-
gence tank. The spacing used was 25 cm × 15 cm with 2 rows (25
hills/row). At 14 days after transplanting, the crop was  exposed
to complete submergence, maintaining a 100-cm water depth for
14 days. During the submergence period, the water in the tank
was made turbid twice daily manually using clay soil and the light
intensity in upper level (normal), mid-level (30 cm below the water
surface) and lower level (75 cm below the water surface) of the
tank were measured using light meter (LI-250) (Table A2). At 14
days after submergence, the water was  drained. Data for differ-
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Table 1
Performance of BRRI dhan33-Sub1 under submergence in T. aman 2013 season at BRRI, Gazipur. Data were means of three replicates. Duration of flooding was  14 days. The
survival  data was  taken at 5 days after de-submergence and recovery status was  evaluated at 30 days of de-submergence.

Sl # Designation PHa (cm) GDb (days) PLc (cm) ETd SFTe TGWf (g) Survival % GYg (t/ha)

1 BR9157-12-2-37-13-15h 107.3 140 26.3 14.9 78.8 27.6 84.6 3.01
2  BR9157-12-2-37-13-17 108.1 141 27.3 13.9 74.8 28.4 88.9 3.44
3  BR9157-12-2-37-13-71 106.3 139 26.7 13.5 72.7 28.2 83.0 2.97
4  BRRI dhan33 (Ck) 103.7 138 23.2 15.1 73.2 25.5 22.1 1.73
5  BRRI dhan52 (Ck) 110.7 157 24.7 15.6 85.2 27.6 97.5 4.95
LSD  (0.05) 3.58 1.46 2.09 ns 6.59 1.63 4.34 0.76

a Plant height (taken from 10 random plants in each replication).
b Growth duration (taken from whole population of each replication).
c Panicle length (taken from 10 random panicles of each replication).
d Effective tillers per plant (taken from 10 random hills of each replication).
e Spikelet fertility (taken from 10 random panicles of each replication).
f Thousand-grain weight (taken from random 1000 filled grains of each replication).
g Grain yield (taken from 10 m2 area of each replication).
h BC4F2.

Table 2
Recovery parameters of the tested Sub1 lines after de-submergence in T. Aman 2014 season at the submergence tank of the Plant Breeding Division, BRRI, Gazipur-1701. The
duration of flooding was 18 days. Data were mean of three replicates. The survival data was taken at 5 days after de-submergence and recovery status was evaluated 30 days
of  de-submergence. Percentage elongation and percentage increase in dry matter were taken from 5 plants of each replication. Percentage survival was  calculated from all
the  individuals of each replication.

Sl # Designation % Elongation % Increase in dry matter % Survival SES a score Recovery status

1 BR157-12-2-37-13-71-26b 6.6 22.2 71.6 4 Very good
2  BR157-12-2-37-13-71-32 12.0 39.8 66.6 5 Very good
3  BR157-12-2-37-13-71-38 12.0 73.8 66.5 5 Very good
4  BR157-12-2-37-13-71-41c 11.5 50.0 86.8 3 Very good
5  BR157-12-2-37-13-71-46 14.3 16.6 62.3 5 Very good
6  BR157-12-2-37-13-17-27 11.7 55.2 73.2 4 Very good
7  BR157-12-2-37-13-17-32 3.0 6.7 65.4 5 Very good
8  BR157-12-2-37-13-17-36 9.1 33.9 70.5 4 Very good
9  BR157-12-2-37-13-17-39 17.7 53.1 66.5 5 Very good
10  BR157-12-2-37-13-17-41 13.1 43.5 64.9 5 Very good
11  BR157-12-2-37-13-15-25 13.6 30.2 72.7 4 Very good
12  BR157-12-2-37-13-15-30 11.4 108.4 83.0 3 Very good
13  BR157-12-2-37-13-15-35 10.0 54.1 68.3 5 Very good
14  BR157-12-2-37-13-15-40 11.4 46.3 87.7 3 Very good
15  BR157-12-2-37-13-15-42 0.8 12.1 77.7 4 Very good
16  BRRI dhan 33 (Ck) 21.0 71.9 75.2 5 Fair
17  BRRI dhan 44(Ck) 91.8 89.1 48.6 6 Fair
18  BRRI dhan 49 (Ck) 99.4 85.4 85.1 5 Fair
19  BRRI dhan 51 (Ck) 5.1 26.3 79.9 4 Very good
20  BRRI dhan52 (Ck) 13.5 50.2 82.6 3 Very good
21  IR64-Sub1 17.5 84.2 73.3 4 Very good
22  Ciherang-Sub1 16.3 114.0 94.7 2 Very good
23  FR13(A) 23.6 114.2 94.7 2 Very good

LSD  at 0.05 17.04 27.08 16.28
Correlation with % survival −0.150 ns −0.150 ns

a Standard evaluation system.
b BC4F3.
c Tested lines in bold font had good survival and excellent recovery.

ent parameters were taken following the methodologies described
below:

Elongation % = 100 × (height 5 days after
desubmergence—height before submergence)/height before
submergence.

Percent increase in dry matter (DM) during submergence was
calculated, taking destructive samples of 5 plants before submer-
gence and then 5 d after desubmergence. The samples were dried
in a vacuum oven at 72 ◦C for 72 h. The formula for calculating this
parameter was:

% increase in DM = 100 × (DM 5 days after desubmergence—DM
at submergence)/DM at submergence.

2.4. Recovery ability and tolerance score

These were recorded at 5 and 30 days after desubmergence on
the basis of tillering ability, % survival and vegetative growth fol-

lowing the IRRI (2002) Standard Evaluation System, with slight
modification (SES, Table A3). The survival data was recorded at
5 d after desubmergence using SES, with 1 being highly tolerant
and 9 being highly susceptible (Table A4). Recovery status was  also
evaluated 30 days after de-submergence.

Survival % = 100 × (number of surviving plants 5 days after
desubmergence/total plants before submergence)

Six submergence-tolerant high-yielding genotypes, along with
two check varieties from IRRI that are submergence toler-
ant and early, IR10F365 (IR 87439-BTN-145-2-1) and IR09F130
(IR 87107-47-2-1-1) were evaluated in five locations, including
submergence-prone farmers’ fields. The experimental design was
a RCBD with three replications. Standard management practices
for flooded and non-flooded conditions were carried out follow-
ing Iftekharuddaula et al. (2015). A detailed evaluation of grain
quality parameters was performed. The samples were milled raw
and analyzed for physicochemical properties. Milled rice recov-
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Fig. 2. Graphical genotype of the selected best line. BR9157-12-2-37-13-17-25 was  selected as the best genotype of the BC4F3 generation. The black coloured regions on
the  chromosomes indicated a homozygous region for the recipient genome, whereas the grey coloured regions indicated the fixed donor allele regions. The distances are
represented in cM based on the published map of Temnykh et al. (2001).

ery was determined by dehulling 200 g rough rice in Satake Rice
Mill, followed by 45 s polishing in a Satak Grain testing Mill TM-5.
Head rice recovery was determined by separating broken rice from
milled rice by hand. Milled rice recovery and head rice recovery
were expressed as percentage of rough rice and milled rice respec-
tively. Grain length and breadth were measured by slide calipers.
In determining the size and shape, milled rice was first classified
into three classes based on length, long (>6 mm in length), medium
(5–6 mm in length) and short (<5 mm in length). Then again clas-
sified into three classes according to the ratio of length to breadth,
slender (ratio > 3.0), bold (ratio 2–3) and round (ratio < 2.0). Amy-
lose content was determined according to procedure of Little et al.
(1958). Protein content was determined by micro Kjeldahl method
(AOAC, 1970). Elongation ratio was calculated by measuring the
length of cooked and uncooked milled rice by slide calipers. Vol-
ume of cooked and uncooked milled rice was measured by water
displacement method. Data presented in the tables are the mean of
three replications.

The brief definition of each grain quality parameters are given
as follows:

Milling recovery: Milling recovery is the estimate of the quantity
of total milled rice that can be produced from a unit of rough rice.
It is generally expressed as a percentage.

Head rice yield: Head rice yield is the estimate of the quantity of
whole grains (head rice) that can be produced from a unit of rough
rice. It is generally expressed as a percentage.

Appearance: Grain appearance refers to the size and shape of
the kernel and translucency and chalkiness of the grain.

Chalkiness: Chalkiness is the white portion of the rice grain
which is formed on the dorsal side, ventral side and in the center of
the grain caused by temporal reduction in starch biosynthesis dur-

ing osmotic adjustment. The starch granules in the chalky areas are
less densely packed than translucent areas. Therefore, the chalky
areas are not as hard as the translucent areas and the grains with
chalkiness are more prone to breakage during milling.

Alkali spreading value: A test for estimating the gelatinization
temperature of starch utilizing a seven point scale of the degree
of spreading of milled rice grains in potassium hydroxide solution.
A low alkali spreading value (2–3) indicates a high gelatinization
temperature implying a longer cooking time; a high value (6–7)
indicates low gelatinization temperature and shorter cooking time.

Amylose: Amylose is a helical polymer made of �-d-glucose
units, bound to each other through �(1 → 4) glycosidic bonds. This
polysaccharide is one of the two components of starch, making up
approximately 20–30% of the structure. Amylose content correlates
negatively with taste panel scores for cohesiveness, tenderness,
color, and gloss of boiled rice.

Protein: Large molecules composed of one or more chains of
amino acids in a specific order determined by the base sequence of
nucleotides in the DNA coding for the protein.

Cooking time: Cooking time is largely determined by the prop-
erties of the starch that makes up 90% of milled rice. Gelatinization
temperature, amylose content, and gel consistency are the impor-
tant starch properties that influence cooking duration.

Elongation ratio: Elongation ratio is defined as the ratio of length
of 10 sound cooked rice grains to the length of the 10 sound milled
rice grains. Length of cooked rice and milled rice is measured by
slide calipers.

Imbibition ratio: Imbibition or volume expansion ratio is defined
as ratio of the volume of 100 sound cooked rice grains to volume
of 100 sound milled rice grains. Volume of cooked and milled rice
is measured by water displacement.
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3. Results

3.1. BRRI dhan33-Sub1 development

A total of 48 F1 seeds were produced. The F1 plants were selected
based on morphological characters and the selected F1s were
backcrossed with BRRI dhan33. A total of 137 BC1F1 plants were
produced from the five best plants (plant numbers 12, 9, 11, 13 and
6), which were selected after foreground and morphological selec-
tion. Then 745 BC2F1 seeds were produced through subsequent
backcrossing of these 5 best plants. In the BC2F1 generation, the 3
best plants were selected based on foreground and morphological
selection, from which 304 BC3F1 seeds were produced.

In the BC3F1 generation, foreground selection was  performed for
94 phenotypically selected plants using RM8300. Out of these 94
plants, 32 were heterozygous (Score H), 39 showed fixed recipient
alleles (susceptible allele; Score A) and 4 showed fixed donor alleles
(resistant allele; Score B) for the SUB1 locus. Furthermore, 11 plants
were phenotypically selected based on morphological criteria from
32 plants possessing the submergence tolerance QTL (H allele),
and additional backcrossing was conducted to recover the recipient
parent genome. A total of 716 BC4F1 seeds were produced from 11
BC3F1 plants, but only 14 plants survived in the main field due to
cold injury. Foreground selection was performed using SUB1C173.
Only one plant that was homozygous for SUB1 allele and which
phenotypically resembled BRRI dhan33 was self-pollinated to pro-
duce the BC4F2 seeds. In the BC4F2 generation, foreground selection
was performed in 94 plants that had been selected based on mor-
phological criteria out of 304 plants. Out of these 94 plants, 35 were
heterozygous, 53 showed fixed recipient alleles and 4 showed fixed
donor alleles for RM8300. All of the plants had fixed donor alleles
for Sub1C173. The 4 plants with the ‘B’ score for both markers were
subjected to recombinant and background selection. Recombinant
selection was performed in the BC4F2 generation. The scores for all
flanking markers were ‘B’, which indicated that the plants had fixed
donor alleles containing SUB1 in the BC4F2 generation of this plant.

Background selection was performed in 4 segregants possess-
ing the fixed donor alleles of the SUB1 QTL and the three flanking
markers in the BC4F2 generation. A total of 47 background markers
were used. All the 4 plants possessed homozygous recipient alle-
les for 44 markers and homozygous donor alleles for two  markers,
RM8300 and Sub1C173. Two plants, plant numbers 15 and 17, had
homozygous donor alleles for RM211. The percentage of recipient
alleles recovered in the two best plants was 91.43 and 93.47%.

Background selection was again carried out for the 15 selected
lines in the BC4F3 generation, which possessed the fixed donor
alleles for SUB1. A total of 84 background markers were used.
The maximum number of background markers used was 11 each
for chromosomes 1 and 3, and the minimum number of back-
ground markers used was 4 for chromosomes 5, 7, 8 and 12. This
low number of polymorphic markers on these particular chromo-
somes might be due to the level of genetic similarity between
BRRI dhan33 and BRRI dhan 52. Here, 8 lines—BR9157-12-2-37-
13-15-25, BR9157-12-2-37-13-15-30, BR9157-12-2-37-13-15-35,
BR9157-12-2-37-13-15-40, BR9157-12-2-37-13-15-42, BR9157-
12-2-37-13-17-27, BR9157-12-2-37-13-17-39 and BR9157-12-2-
37-13-17-41— possessed homozygous recipient alleles for 80
background markers for non-carrier chromosomes; homozygous
donor alleles for RM296, Sub1C173, RM8300 and RM23915 for
chromosome 9 (all of these referred to as Type A). Six plants,
with the designation BR9157-12-2-37-13-17-32, BR9157-12-2-37-
13-17-36, BR9157-12-2-37-13-71-26, BR9157-12-2-37-13-71-32,
BR9157-12-2-37-13-71-38 and BR9157-12-2-37-13-71-41 had
homozygous recipient alleles for 78 background markers for
non-carrier chromosomes; homozygous donor alleles for RM296,
Sub1C173, RM8300, RM23915, RM3912 and RM1896 for chromo- Ta
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some 9 (all of these referred to as Type B). The percentage of
recipient alleles of lines ranged from 90.7 to 95.2% (Table A5). In
the best selected line, BR9157-12-2-37-13-15-25, all background
markers used were identical to the recipient type, thus, the recipi-
ent genome percentage is 100% (Fig. 2).

3.2. Phenotyping and adaptability test of newly developed Sub1
lines

The grain yield and survival of all the introgression lines (BC3F4
bulk lines) were significantly higher than the recipient parent BRRI
dhan33, indicating satisfactory agronomic performance and suc-
cessful introgression of submergence tolerance in the new lines
(Fig. A1). Under controlled submergence conditions, the grain
yields of the introgression lines were 1.24–1.71 t/ha higher than
that of the recipient parent, which were statistically significant.
The newly introgressed BRRI dhan33-Sub1 lines are similar to BRRI
dhan33 with respect to the growth duration, effective tillers per
plant, filled and unfilled grains per panicle and spikelet fertility.
However, the new Sub1 lines have better survival rate, 1000 grain
weight, and panicle length (Table 1).

All of the 15 (plant selections from bulk population) genotypes
were compared with the tolerant genotypes BRRI dhan51, BRRI
dhan52, IR64-Sub1, Ciherang-Sub1 and FR13A, and the susceptible
genotypes of BRRI dhan33, BRRI dhan44 and BRRI dhan49. Among
the tested genotypes, 3 lines (BR9157-12-2-37-13-71-41, BR9157-
12-2-37-13-15-30 and BR9157-12-2-37-13-15-40; Table 2), had
good survival and excellent recovery; and were non-elongating
(11.4–11.5% elongation). The elongation ranged from 0.8 to 99.4,
and % survival from 48.6 to 94.7 in the tested genotypes. The
increase in dry matter in the selected three genotypes ranged from
6.7–114.2, and SES score was 3. The rest of the Sub1 introgres-
sion lines were as tolerant as the tolerant checks but superior than
the susceptible checks after 14 days of complete submergence. The
rest of the Sub1 lines were also non-elongating types with survival
scores ranging from 4 to 5.

Out of the 23 markers in the Sub1 region, 12 markers were
polymorphic between BRRI dhan33 and BRRI dhan52. Based on
the alleles of six gene-based markers and ten additional poly-
morphic markers within the Sub1 QTL region, the size of donor
introgression among BRRI dhan33-Sub1 lines was ∼5.6 Mb,  with
the exception for BR 9157-12-2-37-13-71-4, which was  ∼2.4 Mb.
The presence of SUB1 genes among those individuals was also con-
firmed (Table A6). The different alleles of SUB1BC2 and RM23902
among BRRI dhan33-Sub1 lines are shown as an example (Fig. A2).

The milling recovery and head rice yield of BRRI dhan33-Sub1
lines ranged from 70.7 to 71.9% and 51.2 to 65.6%, respectively,
whereas these were 70.5 and 49.0%, respectively, in BRRI dhan33.
Chalkiness was categorized as Wb5 (10–20% chalkiness) in all
the BRRI dhan33-Sub1 lines, but it was Wb9 (>20% chalkiness) in
BRRI dhan33. Length to breadth ratio and alkali spreading value
ranged from 2.1 to 2.4 and 3.5 to 5.0, respectively, in BRRI dhan33-
Sub1 lines, and the values were 2.1 and 4.5, respectively, in BRRI
dhan33. Amylose content of BRRI dhan33-Sub1 lines and BRRI
dhan33 was >26%, hence, these values can be categorized as high
amylose content. Protein was slightly higher in BRRI dhan33-
Sub1 lines, ranging from 7.4 to 8.5%, whereas it was  6.6% in BRRI
dhan33. The cooking time was more or less similar among BRRI
dhan33-Sub1 (18.3–19.3 min) lines compared with BRRI dhan33
(20.0 min). The elongation ratio was a bit higher in BRRI dhan33-
Sub1 lines (1.4–1.8) compared with that in BRRI dhan33 (1.3) and
the imbibition ratio was similar in BRRI dhan33-Sub1 lines (2.4–3.1)
compared with that in BRRI dhan33 (2.8) (Table 3).

There were no flash floods in three trials conducted at Gazipur,
Nilphamari and Kawnia. There were no significant differences
between BRRI dhan33-Sub1 lines and BRRI dhan33 with respect

to growth duration (d), plant height (cm), panicles/plant, filled
grains/panicle and sterility (%). Moreover, all BRRI dhan33-Sub1
lines produced significantly higher grain yield than BRRI dhan33.
Importantly, two  breeding lines, BR9157-12-2-37-13-71-32 and
BR9157-12-2-37-13-15-30, produced 4.8 t/ha of grain yield, which
was significant higher (0.8 t/ha) than the grain yield of BRRI dhan33
(Table 4) under control conditions.

At Lalmonirhat, there were two  flash flood events for 15 and
9 days during T. aman 2014 (Table A7). There was a period of 23
days between the two flash floods, and the average depth of flood
water was 110–120 cm. Sixteen days of controlled submergence
with a water depth of 80 cm was  imposed at BRRI, Rangpur. The
average performance of the breeding lines under flooded conditions
reflected that growth durations ranged from 142 to 143 days among
BRRI dhan33-Sub1 lines, whereas it was  143 days in BRRI dhan33.
Four BRRI dhan33-Sub1 lines showed similar values compared with
BRRI dhan33, with respect to plant height, panicles/plant and steril-
ity. The same breeding lines showed significantly higher values
than BRRI dhan33 for filled grains/panicle and % survival. Moreover,
BRRI dhan33-Sub1 lines produced 2.2–2.3 t/ha more grain yield
than the original recipient variety, BRRI dhan33, under flooded
conditions, with the highest grain yield (3.8 t/ha) obtained from
2 lines, BR9157-12-2-37-13-17-27 and BR9157-12-2-37-13-15-25
(Table 5).

4. Discussion

In this study, SUB1 was  introgressed into BRRI dhan33 to develop
a short-duration, submergence-tolerant rice variety using MABC.
We did not perform background selection from the very begin-
ning as was previously done (Iftekharuddaula et al., 2011; Neeraja
et al., 2007; Septiningsih et al., 2009), but used a combination of
foreground marker and phenotypic selection and several rounds
of additional backcrossing instead, in order to reduce resources
and more importantly to allow generating more recombinations to
break any negative linkage drag which enables selecting the best
plants that closely resembled the recipient parent, yet with more
beneficial attributes such as higher yield or other desirable traits.
Although recombinant selection was  practiced using three flanking
markers in the advanced backcross generation, the introgression
size in the vicinity of SUB1 in BRRI dhan33-Sub1 lines was around
2.4–5.6 Mb.  The previous Sub1 line introgression sizes ranged from
∼0.8 to 8 Mb  (Iftekharuddaula et al., 2011; Neeraja et al., 2007;
Septiningsih et al., 2009, 2015). Nonetheless, and as for the previous
Sub1 lines, the ultimate phenotype of BRRI dhan33-Sub1 lines was
not affected with respect to agronomic performance. In addition,
the donor of this ‘second generation’ of Sub1 line was BRRI dhan52,
a variety that possesses high yield and desirable agronomic traits.
In conventional backcrossing, large donor segments are likely to
be introgressed in the carrier chromosome (Young and Tanksley
1989) and, in this approach, a large donor segment has been inher-
ited from the carrier chromosome due to the lack of recombinant
selection done in early backcross generations. Young and Tanksley
(1989) also pointed out that the donor genes on the carrier chro-
mosome were the most difficult to eliminate, and could persist
long after the donor genome content of non-carrier chromosomes
has returned to approximately zero if no selection using markers
was applied. Since the donor parent was  an improved genotype,
this large introgression did not cause any negative effect on the
phenotype of BRRI dhan33-Sub1 lines.

In background selection, 84 markers spaced at an average dis-
tance of 21 cM were used in the advanced backcross generations
in order to recover the homozygous recipient genetic background
of BRRI dhan33. Background selection was  postponed in the early
backcross generations in order to make the marker genotyping
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Table 4
Performance of submergence-tolerant lines and selected references and checks under non-flooded conditions. Data were averages of three locations (Gazipur, Rangpur, and
Nilphamari) in Bangladesh in T. aman 2014. Plant height was  taken from 10 random plants of each replication. Panicles/plant, filled grains/panicle and sterility% were taken
from  10 random plants of each replications. Grain yield (t/ha) was  recorded from 10 m2 area and the data was  adjusted at 14% moisture content.

Sl# Designation Growth duration (days) Plant height (cm) Panicles/plant Filled grains/panicle Sterility % Grain yield (t/ha)

1 IR10F365 125 114.9 10 99 25.8 4.4
2  IR09F130 124 117.4 9 118 18.7 4.5
3  BR9157-12-2-37-13-71-32a 119 108.7 7 114 24.1 4.8
4  BR9157-12-2-37-13-17-27b 119 105.7 7 128 21.1 4.6
5  BR9157-12-2-37-13-15-30 118 105.6 7 111 23.7 4.8
6  BR9157-12-2-37-13-15-25 119 108.6 7 121 22.8 4.5
7  BINA dhan11 (Ck) 118 105.8 8 81 29.9 4.0
8  BRRI dhan33 (Ck) 119 105.9 8 116 21.8 4.0

LSD  (0.05) 1.17 4.36 0.93 16.2 4.37 0.31

a Tested lines in bold font had very good recovery status and SES score of 3.
b BC4F3.

Table 5
Performance of tested lines under flooded conditions. Data were averages of two locations in Bangladesh, Lalmonirhat and Rangpur, in T. aman 2014. There were 3 replications
in  each location. At Lalmonirhat, there were two flash flood events for 15 and 9 days (Table A7). There was  a period of 23 days between the two events, and the average depth
of  flood water was 110–120 cm. Sixteen days of controlled submergence with a water depth of 80 cm was  imposed at BRRI, Rangpur.

Sl # Designation Growth duration (days) Plant height (cm) Panicle/plant Filled grains/panicle % Sterility Grain yield (t/ha) % Survival

1 IR10F365 152 86.6 8 91 23.0 3.6 86.4
2  IR09F130 149 102.9 8 141 14.0 3.8 93.1
3  BR9157-12-2-37-13-71-32a 143 91.6 7 135 11.2 3.7 90.0
4  BR9157-12-2-37-13-17-27 143 93.6 7 126 10.2 3.8 93.1
5  BR9157-12-2-37-13-15-30 142 92.0 7 123 16.5 3.7 95.2
6  BR9157-12-2-37-13-15-25 142 91.5 7 115 16.1 3.8 93.9
7  BINA dhan11 (Ck) 140 77.1 7 83 23.4 3.3 96.3
8  BRRI dhan33 (Ck) 143 89.0 9 48 15.2 1.5 46.6
LSD  (0.05) 28.78 23.95 ns 26.66 5.75 0.83 20.39

Entry number 1–7 have SUB1, only BRRI dhan33 does not have SUB1.
a BC4F3.

less labour-intensive. This approach is applicable for resource-poor
countries using SSR markers for genotyping.

Submergence tolerance of the newly developed BRRI dhan33-
Sub1 lines was found to be superior to that of the recipient parent,
including some agronomic parameters. In term of survival rate
and recovery score, BR9157-12-2-37-13-15-40, BR9157-12-2-37-
13-15-30, and BR9157-12-2-37-13-71-41 are among the three
best lines (Table 2). Grain yields of BRRI dhan33-Sub1 lines were
significantly higher compared to that of the original recipient
variety BRRI dhan33 under both flooded and non-flooded condi-
tions (Table 4 and 5). The significantly higher grain yield of BRRI
dhan52, in comparison with that of the recurrent parent variety
BR11 under controlled submergence conditions, was  reported by
Iftekharuddaula et al. (2015). The original variety, BRRI dhan33
produced 4.0 t/ha grain yield under on-farm non-flooded condi-
tion while under on-farm flooded condition the variety produced
1.5 t/ha grain yield. The maximum grain yield obtained from a
BRRI dhan33-Sub1 line was 4.8 t/ha under on-farm non-flooded
conditions and 3.8 t/ha under on-farm flooded conditions. How-
ever, since the results of the screening were not available by the
time of the on-farm trials were conducted, not all the best lines
can be included in these trials due to limited resources. To some
extent, the lower grain yield of BRRI dhan33-Sub1 lines under both
flooded and non-flooded conditions was associated with the occur-
rence of bacterial blight and sheath rot diseases (data not shown).
However, the amount of grain yield advantages over the orig-
inal recurrent parent (0.8–2.3 t/ha) was encouraging. Additional
trials will be conducted in the future to further test these lines.
The selected BRRI dhan33-Sub1 lines may  be used in participatory
variety selection trials for release as a variety or as a parent to fur-
ther develop high-yielding short-duration, submergence-tolerant
and disease resistant varieties through conventional and molecu-
lar breeding. The physicochemical properties of BRRI dhan33-Sub1
lines were more or less similar to the recurrent parent BRRI dhan33.

Iftekharuddaula et al. (2011) also reported similar types of grain
physicochemical properties in BR11-Sub1 and in the original recur-
rent parent, BR11.

The growth duration of BRRI dhan33-Sub1 lines was  around
140–143 days after two  weeks of controlled submergence stress,
as well as under two natural occurrences of flash floods of 24 days.
Although the growth duration was delayed by around 20 days
compared with the growth duration (119 days) of BRRI dhan33
under non-flooded conditions, it could still be possible to culti-
vate rabi (winter) crops after harvesting BRRI dhan33-Sub1 lines
even after multiple flash floods. Again, the growth duration of BRRI
dhan52, a submergence-tolerant high-yielding variety developed
earlier (Iftekharuddaula et al., 2015), was  found to be around 157
days, which was  17 days later than BRRI dhan33-Sub1 lines. The
delayed growth duration of BRRI dhan52 creates a problem in fit-
ting this variety to some cropping sequences. The scenarios become
worse when there are multiple flash floods, which often occur
in Bangladesh. After multiple flash flood events, the duration of
BRRI dhan52 is further delayed that it is affected by cold stress at
the reproductive phase (unpublished data, K. M.  Iftekharuddaula).
These problems are now partially solved by introgressing SUB1 into
the early, high-yielding rainfed lowland variety, BRRI dhan33. How-
ever, BRRI dhan52 produced around 2.0 t more grain yield than BRRI
dhan33-Sub1 lines implicating necessity of this variety in the land
type where multiple flash flood does not occur and where farmers
do not need early rabi crops.

In summary, by combining foreground selection and morpho-
logical phenotyping from the very beginning of the MABC process,
while delaying the background selection until the last round, we
successfully developed early-maturing submergence tolerant rice
lines, BRRI dhan33-Sub1, with significantly higher yield compared
to the original recurrent parent, BRRI dhan 33, under both flooded
and non-flooded conditions of on-station and on-farm trials. It is
hoped that one or two of the best BRRI dhan33-Sub1 lines could
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soon be released in the flood-prone areas, especially those that
in need of short duration varieties due to the onset of other abi-
otic and biotic stresses late in the planting season. These improved
lines could help improve the livelihood of farmers in submergence-
prone areas of Bangladesh.
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Appendix A

Fig. A1. Survival of BRRI dhan33-Sub1 line (BR9157-12-2-37-13-17) and BRRI
dhan33 after 16 days of controlled submergence at BRRI, Gazipur, T. aman 2013.
The  survival of BRRI dhan33 (recurrent parent check) was 22.1% whereas that of
BRRI  dhan33-Sub1 line (BR9157-12-2-37-13-17) was  88.9%.

Table A1
List of polymorphic markers of all 12 chromosomes used in background selection in
the  development of BR dhan33-Sub1 lines.

Chr 1 Chr 2 Chr 3 Chr 4 Chr 5 Chr 6

RM495 RM110 RM231 RM5953 RM6300 RM589
RM3521 RM211 RM517 RM16313 RM405 RM8258
RM283 RM555 RM546 RM5414 RM289 RM527
RM272 RM327 RM6914 RM518 RM6545 RM6202
RM490 RM561 RM7097 RM2416 RM400
RM583 RM341 RM8209 RM7279
RM581 RM475 RM6970 RM16734
RM493 RM5916 RM293 RM3643
RM212 RM497 RM565 RM3332
RM472 RM208 RM570 RM2431
RM104 RM85
Chr 7 Chr 8 Chr 9 Chr 10 Chr 11 Chr 12
S07024 RM1270 RM296 RM222 RM1761 RM3671
R7M7 RM310 Sub1C173 RM8207 RM5704 RM179
R7M30 RM126 RM8300 RM5758 RM26482 RM270
S07101 RM4997 RM23915 RM228 RM202 RM12

RM3912 RM484 RM287
RM1896 RM590 RM229
RM245 RM254

RM224

Table A3
Criteria for recovery status after submergence stress. Recovery data was taken
30  days after submergence.

Recovery status Criteria

Excellent Highly satisfactory growth and
tillering, erect dark green leaves

Very good Satisfactory growth and tillering, erect
green leaves

Good Normal growth and tillering, erect
green leaves

Fair Low growth and tillering, droopy, pale
green leaves

Poor Very low growth and tillering, long
pale green leaves

Table A4
Standard evaluation system (SES) for survival after submergence. Survival data was
taken 5 days after submergence.

Scores % Survival

1 100
2 90-99
3 80-89
4 70-79
5 60-69
6 50-59
7 40-49
8 30-39
9 < 30

Table A5
Results of background selection, Observational Trial (BC4F3 generation), T. Aman
2013. Type A refers to the eight lines possessing homozygous recipient alleles for
80  background markers for non-carrier chromosomes; homozygous donor alleles
for  RM296, Sub1C173, RM8300 and RM23915 for chromosome 9. Type B refers to
the six lines had homozygous recipient alleles for 78 background markers for non-
carrier chromosomes; homozygous donor alleles for RM296, Sub1C173, RM8300,
RM23915, RM3912 and RM1896 for chromosome 9.

Allele Type A linesa Type B linesb

A (homozygous recipient alleles) 80 78
H (heterozygous alleles) 0 0
B (donor alleles) 4 6
%A 95.24 90.7
%Recipient allele 95.24 90.7

a BR9157-12-2-37-13-15-25, BR9157-12-2-37-13-15-30, BR9157-12-2-37-13-
15-35, BR9157-12-2-37-13-15-40, BR9157-12-2-37-13-15-42, BR9157-12-2-37-
13-17-27, BR9157-12-2-37-13-17-39 and BR9157-12-2-37-13-17-41.

b BR9157-12-2-37-13-17-32, BR9157-12-2-37-13-17-36, BR9157-12-2-37-13-
71-26, BR9157-12-2-37-13-71-32, BR9157-12-2-37-13-71-38 and BR9157-12-2-
37-13-71-41.

Table A2
Range of light intensity, pH and temperature of water during submergence period to check the performance of submergence-tolerant lines along with selected references
and  checks under non-flooded conditions, BRRI, Gazipur, T. aman 2014.

Water level Light intensity (w/m2) Water pH Water temperature (◦C)

Before turbidity After turbidity 7.1–7.5 30–31.5
Upper level (above water surface) 100–130
Mid-level (30 cm below water surface) 20–27 1–1.9
Lower level (75 cm below water surface) 2.5–6.6 0–0.023
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Fig. A2. Examples of different alleles of SUB1BC2 and RM23902 among the BRRI dhan33-Sub1 lines. ‘A’ refers to BRRI dhan33, the recurrent parent’s alleles, while ‘B’ refers
to  BRRI dhan52, the donor parent’s allele. It showed that all the BRRI dhan33-Sub1 lines already have fixed donor alleles.

Table A6
Different alleles of the Sub1-region markers among the BRRI dhan33-Sub1 lines. ‘A’ represents the recipient’s allele, BRRI dhan 33; ‘B’ represents the donor’s allele, BRRI
dhan52.

Marker Position (Mb) G1a G2 G3 G4 G5 G6 BRRI dhan33 BRRI dhan52

RM8300 5.17 B B B B B B A B
RM23843 6.21 B B B B B B A B
SC41  6.95 B B B B B B A B
RM23901 6.99 B B B B B B A B
ART5 Sub1C promoter B B B B B B A B
Sub1BC1 Between Sub1B and C B B B B B B A B
Sub1BC2 Between Sub1B and C B B B B B B A B
Sub1BC3 Between Sub1B and C B B B B B B A B
Sub1C173 Exon of Sub1C B B B B B B A B
GnS2 Exon of Sub1A B B B B B B A B
SC23  7.22 B B B B B B A B
RM23917 7.31 B B B B B B A B
RM23915 7.31 B B B B B B A B
RM23902 7.58 B B B B B B A B
RM296 10.79 B B B B B A A B
RM3912 10.83 A A A A A A A B
Introgression size (Mb) 5.62 5.62 5.62 5.62 5.62 2.41

a G1 = BR 9157-12-2-37-13-15-25, G2 = BR 9157-12-2-37-13-15-30 (the same as BR 9157-12-2-37-13-15-40), G3 = BR 9157-12-2-37-13-17-27, G4 = BR 9157-12-2-37-13-
17-32, G5 = BR 9157-12-2-37-13-71-32, G6 = BR 9157-12-2-37-13-71-41.

Table A7
Status of flash flood at different locations of Bangladesh in T. aman 2014.

Locations Flood status Date of Submergence Date of desubmergence Duration of submergence Average flood water height (cm)

Lalmonirhat First Flood (natural) 15 August 2014 29 August 2014 15 days 110
Second Flood (natural) 22 September 2014 30 September 2014 9 days 120

Rangpur Controlled submergence 14 August 2014 30 August 2014 16 days 80
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