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Thai Jasmine Rice Carrying QTLch9 (SubQTL) is Submergence Tolerant
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Submergence tolerance is an important agronomic trait for rice grown in South-East Asia, where flash flooding
occurs frequently and unpredictably during the monsoons. Although mapping locations of one major and several
minor quantitative trait loci (QTL) were known previously, improving submergence tolerance in agronomically
desirable types of rice has not been achieved. KDMLI105 is jasmine rice widely grown in rain-fed lowland
regions of Thailand. This cultivar is very intolerant of submergence stress. To improve submergence tolerance in
this cultivar, three submergence-tolerant cultivars, FR13A, IR67819F2-CA-61 and IR49830-7-1-2-2, were
cross-pollinated with KDML105. Transferring the major QTL for submergence tolerance was facilitated by four
back-crossings to the recipient KDML105. Molecular markers tightly linked to the gene(s) involved were
developed to facilitate molecular genotyping. We demonstrated that individuals of a BC4F3 line that retained a
critical region on chromosome 9 transferred from tolerant lines were also tolerant of complete submergence
while retaining all the agronomically desirable traits of KDML105. In addition, effects of secondary QTLch2
were detected statistically in back-cross progenies. Effects of secondary QTLch7 were not statistically
significant. The close association between tightly linked markers of the tolerance locus on chromosome 9 and
submergence tolerance in the field demonstrates the considerable promise of using these markers in lowland rice
breeding programmes for selecting increased submergence tolerance. © 2003 Annals of Botany Company

Key words: Submergence tolerance, QTL analysis, plant breeding, back-crossing, rice (Oryza sativa L.), marker-

assisted selection, graphical genotype.

INTRODUCTION

Flash flooding greatly depresses grain yield in lowland rain-
fed rice. Genetic determinants of traits responsive to
submergence have been studied in three mapping popula-
tions taking a quantitative trait locus (QTL) approach. These
populations comprised (1) recombinant inbred lines derived
from a cross between FRI13A and CT6241-17-1-5-1,
(2) doubled haploid lines derived from a cross between
IR49830-7-1-2-2 and CT62417-1-5-1 and (3) F, lines
derived from KDML105 and Jao Hom Nin (Toojinda ef al.,
2002). A major QTL for submergence tolerance contributed
by FR13A, a submergence-tolerant landrace from India, has
been identified on chromosome 9 in all mapping studies (Xu
et al., 1996; Nandi et al., 1997; Xu et al., 2000; Toojinda
et al., 2002). In addition, secondary QTL that influence
submergence tolerance have been located in chromosomes
1,2,5,7, 10 and 11 (Siangliw et al., 2002; Toojinda et al.,
2002). Fine mapping of the QTL on chromosome 9 has been
carried out using BAC-end sequences (Kamolsukyunyong
et al., 2001; Vanavichit et al., 2001) and chromosome
landing (Xu et al., 2000), and useful molecular markers
for the major QTL for submergence tolerance are now
defined and well developed. A further step for breeding
submergence-tolerant rice is to transfer the relevant QTL
from submergence-tolerant donors into a variety of high
culinary quality such as Khao Dok Mali 105 (KDML105), a

* For correspondence. Fax (66-34) 281093, e-mail apichart@dna.kps.
ku.ac.th

well-known traditional Thai jasmine rice variety that is
aromatic and soft-cooked.

Several donors of submergence tolerance are available in
addition to FRI13A itself. These include DH206
(IR67819F2-CA-61), a doubled haploid line derived from
a cross between FR13A and CT6241-7-1-2-2. They also
include IR49830-7-1-2-2, an improved variety developed at
IRRI (Mackill et al., 1993). Here, we describe back-crossing
to transfer submergence tolerance simultaneously from
three donors into the susceptible but otherwise highly
desirable fragrant Thai cultivar KDML 105. The experiment
used PCR-based markers tightly linked to the major QTL
for submergence tolerance located on chromosome 9. The
back-cross progenies were genotyped and phenotyped to
validate the effects of submergence QTL. The introgressed
QTL on chromosome 9 was displayed using tightly linked
markers. Graphical genotyping of the tolerance locus
demonstrated the potential value of these markers for
breeding programmes that adopt marker-aided selection as a
substitute for time consuming and labour-intensive pheno-
typic screening.

MATERIALS AND METHODS
Plant material

Three submergence-tolerant parents, FR13A (FR),
IR49830-7-1-2-2 (IR) and DH206 (IR67819F2-CA-61)
(DH) were used as submergence-tolerant donors. While
FR, a photoperiod-sensitive landrace from India, is highly
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submergence tolerant, it is agronomically undesirable, being
low yielding and possessing long awns, poor cooking
quality and lacking aroma. IR, an agronomically improved
cultivar possesses submergence-tolerance genes derived
from FR and can produce heavy yields (Mackill et al.,
1993). DH is a doubled haploid line derived from a cross
between FR and CT6241-17-1-5-1. CT6241 was developed
by Centro International de Agriculura Tropical (CIAT). It is
agronomically poor but non-photoperiod sensitive and
highly intolerant to submergence. To improve submergence
tolerance, the well-known Thai jasmine rice KDML105
(KD) was crossed with all three submergence-tolerant
donors. KD is adaptable to a medium-to-deep water regime
but not to complete submergence caused by flash flooding.
More than 100 F; seeds were produced from each cross. F;
seeds of each cross were used to back-cross to KD to
produce 50-100 BC seeds. To maintain the acceptable
agronomic characteristics of KD, back-crossing was imple-
mented in a crossing scheme. Only 20-25 BC plants were
randomly selected to back-cross to KD in each of three
further generations. The back-crossing method was applied
repeatedly from June 1995 to May 1999 until the BC4F2
generation was produced. Four hundred and sixty-seven
seeds of BC4F2 were obtained. DNA was extracted from
3-week-old leaf tissue of the BC4F2 population using the
CTAB-NaCl method (Rogers and Bendich, 1994) and used
for marker genotyping at the targeted QTL regions. BC4F3
lines were produced by selfing all the BC4F2 individuals.
These were evaluated for submergence tolerance in
September 2000 in outdoor conditions. Based on the
phenotypic result of the test, the nine most tolerant
BCA4F3 lines were re-evaluated for their tolerance to
submergence in February 2001. The photoperiod sensitivity
of the nine most submergence-tolerant lines was established
under controlled-environment conditions 100 d after
sowing.

Evaluation of submergence tolerance in BC4F3

The BC4F3 population was evaluated for its ability to
survive under totally submerged conditions using an
outdoor lagoon at Agronomy Field, Kasetsart University,
Kamphangsaen Campus, Thailand in September 2000. The
BC4 population was direct-seeded in one-row plots, 75 cm
in length, with 25 cm between rows, on a puddled seedbed
constructed in the base of a 60 m? pond. FR and IR were
used as submergence-tolerant checks, and CT6241 and KD
as susceptible checks. These same checks were included in
every tenth plot. Four weeks after seeding, all plants were
completely submerged for 8 d. The water level was
maintained 60-100 cm above the tallest plants to prevent
leaf tips from emerging into the air. Each line was replicated
twice in a randomized complete block design. The experi-
ment was repeated by re-testing the nine most tolerant BC
families under almost identical conditions in February 2001.
In both tests the following traits were assessed.

Percentage plant survival (PPS). The ability of the plant
to survive after experiencing submergence stress for 8 d was

Siangliw et al. — Molecular Breeding for Submergence Tolerance in Rice

estimated 10 d after desubmergence. Plants were judged to
have been killed if no new growth was visible at this time.
Percentage survival of BC4 progenies ranged from 0 to 100.
No plants of the susceptible checks (KD and CT6241)
survived, while 100% of the tolerant check line (FR)
survived. In 2001, plant survival of BC4 progenies was
calculated as a percentage by comparing the number of
plants surviving 10 d after desubmergence and the number
of plants present before submergence.

Plant elongation (PE). Plant elongation was calculated as
the difference in height (cm) between plants before and after
8 d of submergence. Plant heights were taken from ten
randomly selected plants of each line. The measurement
was taken as the distance from the soil surface to the tip of
the longest leaf.

Relative plant elongation under submergence (RPE). The
term ‘relative plant elongation’ expresses the difference in
elongation of submerged plants compared with non-sub-
merged controls as a percentage (Toojinda er al., 2002).
Plants showing RPE of less than 100 had leaf elongation
suppressed by submergence. RPE values over 100 %
indicate that leaf elongation was stimulated by submer-
gence.

Leaf senescence (LS). Leaf senescence was measured by a
hand-held SPAD-502 chlorophyll meter (Minolta Camera
Co., Ltd, Japan) that assesses leaf greenness based on the
amount of chlorophyll. Ten randomly selected youngest
leaves for each individual line were used. The measure-
ments were made at the base, middle and tip of each leaf,
and average LS—SPAD values of 30 readings were used
(Toojinda et al., 2002). Plants showing high SPAD values
indicate non-senescent leaves with a high content of
chlorophyll.

Development of tightly linked markers to submergence
tolerance QTL

The QTL on chromosome 9 (SubQTL) is a primary
determinant of submergence tolerance (Xu et al., 1996;
Nandi et al., 1997; Toojinda et al., 2002). Physical mapping
(Kamolsukyunyong et al., 2001) and sequencing methods
(Vanavichit et al., 2001) were performed on this region of
chromosome 9. The restriction fragment length polymorph-
ism (RFLP) marker R1164, that is linked particularly
closely to the QTL, was used to select bacterial artificial
chromosomes (BAC) and P1 artificial chromosome (PAC)
clones. BAC and PAC contigs were assembled. The tightly
linked markers were then developed from the BAC end as
RFLP probes and were designated as 126G 1R and 180D1R
from previous work (Kamolsukyunyong et al., 2001). To
use the marker efficiently, primers were developed based on
the sequence of the RFLP marker generated from the BAC
ends, thus converting the markers into sequence tag site
(STS), a PCR-based method. RB0783, an expressed
sequence tag (EST) marker from the Rice Genome Project
(RGP), Japan was also found linked in the region of interest.
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The markers mentioned were also used in graphical
genotyping (Young and Tanksley, 1989) which is useful
for viewing the chromosomal segment of BC lines.

Molecular genotyping

Markers flanking one major and two minor QTL for
submergence tolerance were used for genotyping the
467 BCAF2 progenies. Seven markers, RM285, R1164,
126G1R, 180D1R, RB0783, RM219 and RM105, were used
for genotyping the major QTL on chromosome 9, two
markers, RM221 and RM240, were used for genotyping a
minor QTL on chromosome 2, and two markers, OSR4
and RMI11, were used for genotyping a minor QTL on
chromosome 7. R1164 and 180DIR were RFLP markers.
The non-radioisotopic detection method based on DIG
(digoxygenin) of RFLP was done following recommended
procedures (Boehringer Mannheim, Biochemica,
Mannheim, Germany). The STS marker from 126GIR
was tested by PCR with the forward primer (5'-
CGTTGAAAAGGTGAGGAAAG-3’) and reverse primer
(5’-TAAATTACGACCTGAAACC-3"). PCR-amplification
was performed in a 10 pl volume containing 40 ng of DNA
template, 10 mm Tris—HCI (pH 8-3), 50 mm KCI, 1-5 mm
MgCl,, 0-25 mm dNTPs, 1-25 pmol each of forward and
reverse primers and 0-2 units of 7Tag DNA polymerase
(Promega, Madison, WI, USA). PCR was as follows. Initial
denaturation at 94 °C for 3 min followed by 35 cycles of
denaturing at 94 °C for 1 min, annealing at 50 °C for 1 min
and extension at 72 °C for 1 min. A final incubation at 72 °C
for 5 min was allowed to complete primer extension
followed by a hold at 4 °C. The primer sequence, PCR
components and PCR profile of SSLP markers (with RM
and OSR prefixes) were performed according to Akagi et al.
(1996), Chen et al. (1997) and Temnykh et al. (2000). The
primer sequence of RB0783 was as follows: forward 5’
CTGCTCCGACGACCTGATGG-3" and reverse 5-TCT-
CTGTGCGTCCTAATTGC-3’. For the RB0783 marker, the
PCR amplication was performed using the following PCR
conditions: 94 °C for 5 min followed by 35 cycles of
denaturing at 94 °C for 30 s, annealing at 60 °C for 30 s and
extension at 72 °C for 1-30 min. A final incubation at 72 °C
for 7 min was allowed to complete primer extension and
hold at 4 °C. After amplification, reactions were stopped
with 5 ul of loading buffer (95 % formamide, 20 mm EDTA,
0-025 % bromophenol blue, 0-025 % xylene cyanol). The
PCR products were denatured at 94 °C for 5 min and were
quenched on ice before loading in the sequencing gel. For
STS and SSLP markers, 2 ul of PCR product was separated
by electrophoresis on gels containing 4-5 % denaturing
polyacrylamide gel with 8 M urea in 0-5 X TBE (89 mm
Tris—borate, 2 mM EDTA, pH 8.-0) buffer. Electrophoresis
was done at 60 W constant power using a 100-well comb
of a standard DNA sequencing unit (Bio-Rad, Hercules,
CA, USA). On the other hand, the SSCP marker RB0783
was separated on 3-5 % non-denaturing polyacrylamide/
bisacrylamide 29 : 1 gels for 10 h at 27 °C, 5 W constant
power in 1 X TBE (178 mM Tris—borate, 4 mm EDTA,
pH 8.0) buffer. Amylose content and aroma were examined
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using SSLP markers RMOO (Garland et al., 2000) and
RM342 (Lanceras et al., 2000) linked to the relevant genes.

Whole-genome scanning for favourable genetic background

The top nine most submergence-tolerant BC4F2 lines
were fingerprinted with 47 SSLP markers (approx. four
markers spanning each chromosome) according to Chen
et al. (1997). The result was entered into SupergeneTM
software (Boutin er al., 1995) showing graphically the
genotype of each line as well as the percentage similarity to
KD of the selected lines. Genetic similarity among KD,
heterozygotes and donor parents was assessed by finger-
printing analysis using Jaccard coefficient in the Numerical
Taxonomy and Multivariate Analysis System (NTSYS)
software, version 2-Ole.

Statistical and QTL analyses

The correlation and QTL analyses based on single-
marker analysis using ANOVA and regression-based
software (STATGRAPHICS 2:-1) were used for detecting
significant correlations between the responsive traits and
submergence stress, and significant associations between
markers and traits.

RESULTS

Phenotypic distribution of submergence tolerance in BC4
population

Tightly linked markers at three target QTL were used to
determine the presence of introgressed QTL against the
genetic background of KD. FR and DH showed the highest
tolerance score while IR was moderately tolerant. On the
other hand, KD and CT6241 were killed after 8 d of
complete submergence.

PE and PPS both showed continuous distributions. The
distribution of PPS across the BC4 population, however,
was skewed toward the KD (intolerant) phenotype (Fig. 1).
Susceptible plants elongated rapidly underwater at a rate of
2-5 cm d-!, compared with 1-0 cm d-! for tolerant plants.
Transgressive segregation was observed in some BC4
progenies that elongated even faster than susceptible
KDML105 or slower than the tolerant parent. In February
2001, the second experiment tested the nine BC4 lines
showing greatest tolerance. This was done to confirm the
dominating impact of the major QTL region on submer-
gence tolerance. The 95 percentile was used as a parameter
for comparing two replications. There was no significant
difference between replications in this experiment and one
made in 2000 (data not shown). The nine selected BC lines
retained good tolerance, giving a high percentage of plant
survival after 10 d underwater.

A high correlation of the PPS was found between the two
test years for the top nine BC lines (Table 1). PE and RPE
also showed high correlations and the two traits had a
negative correlation with PPS. LS measured by the SPAD
machine showed high positive correlation with percentage
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F1G. 1. Distribution in BC4 progeny of plant elongation during submergence (cm) and plant survival (% of each line) after experiencing 10 d
submergence stress. Tests were made in the year 2000 on each back-cross (FR X KD, DH X KD and IR X KD). The frequency axes refer to the
number of lines falling in each elongation or survival class.

plant survival, while leaf senescence had low correlation
with both PE and RPE.

Genetic contribution of the introgressed QTL

Regression analysis detected associations between single
marker and trait performance. Significant associations were
found with several markers on chromosomes 2, 7 and 9 as
shown in Table 2. QTL for PPS and PE on chromosome 9
were significant in the BC4 progenies. The PPS QTL
contributed 61 % of the phenotypic variation and was tightly
linked to marker 126G1R. This association was contributed
by each of the three donor lines. Low phenotypic variance

explained (PVE) obtained for elongation ability, as con-
trolled by the chromosome 9 QTL, was contributed by KD.
The parents contributing the traits for slow elongation and
higher survival rates were actually reversed in the QTL
controlled by chromosome 2, i.e. they came from the
intolerant parents. PVE of 3-8 % and 2-3 % were found for
PPS and PE, respectively. This finding was not observed on
chromosome 7. The major QTL on chromosome 9 and the
minor QTLs located on chromosomes 2 and 7 were analysed
in the FR13A X CT6241 RI population (Siangliw, 2002;
Toojinda et al., 2002). It is probable that the location of
minor QTLs varied with different genetic backgrounds. The
incidence of finding the PPS and PE QTL in the same region
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TABLE 1. Correlation coefficients among traits related to submergence tolerance in the whole BC population in 2000 (top
part) and between nine BC lines showing most submergence tolerance during 2000 compared with a similar test conducted
in 2001 (bottom part)

PE PPE

PPS -0-03 0-01
PE 0-87+%*

PPS 2001 RPE 2001 PE 2000 PE 2001 LS 2001
PPS 2000 0-67** —0-46* 0-18 —0-49* 0-647**
PPS 2001 —0-14 0-14 -0-06 0-64**
RPE 2001 0-07 0-87+%* 0-02
PE 2000 -0-03 0-18
PE 2001 -0-09

For descriptions of traits, see Materials and Methods.

PPS, Percentage plant survival; PE, plant elongation; RPE, relative plant elongation under submergence; LS, leaf senescence.

* and **, significant effect at P = 0-05 and 0-01, respectively.

TABLE 2. DNA markers with significant effects in simple regression models on elongation ability and plant survival

Elongation ability (PE)

Percentage plant survival (PPS)

Marker R? Effect Contributor R? Effect Contributor

R1164 (Ch. 9) 1-11 %* +1-7 KDML105 26 %** -20-9 FR13A, IR49830, DH206
126GI1R (Ch. 9) 1-8 %** +2-8 KDML105 61 %** —41-72 FR13A, IR49830, DH206
180DIR (Ch. 9) 1-4 %** +2:26 KDML105 49 Gp ** -33.99 FR13A, IR49830, DH206
RM240 (Ch. 2) 0-6 % - — 0 % — -

RM221 (Ch. 2) 2-3 %** -3-8 FR13A, 1IR49830, DH206 3-8 %o** +4-1 KDML105

OSR4 (Ch. 7) 0-4 %* +9-0 KDML105 0 % - -

RM11 (Ch. 7) 0 % - — 0 % — -

The percentage values indicate the percentage of the variation in each trait that was linked to the markers.
Negative and positive effects indicate donors and recurrent parents contributing favourable QTL alleles, respectively.
The markers used are designated 126G1R and 180G1R which were BAC end markers.

* and **, significant effect at P = 0-05 and 0-01, respectively.

suggests either tight linkage or strong pleiotropy. This could
be further understood by refining the traits in a substitution
population.

Recovery rate of the desirable parent

The top nine most tolerant BC4F2 lines were selected
from three crosses (FR X KD, DH X KD and IR X KD).
Four SSR markers per chromosome were used to scan the
whole genome. The nine tolerant individuals showed 90, 87,
90, 83, 90, 93, 90, 93, 93 % similarity to KD (Fig. 2).

Graphical genotype

The extent of the introgressed region at the chromosome
9 QTL in BC4F2 is graphically displayed in Fig. 2. Nine
tolerant and seven susceptible lines were compared based on
the allelic compositions at two marker loci from R1164 to
RB0783, where the QTL for submergence tolerance was

mapped. The PPS for the test made in the year 2000
obtained from the nine most tolerant and seven most
susceptible BC lines ranged from 60 to 90 % and 10 to 35 %,
respectively. In 2001, the PPS were much lower, ranging
from 22-9 to 30-8 % in the BC4 progenies, 45 % in FR but
only 1-6 % in KD. The difference in the PPS for the two
years was due to the method of scoring. In 2000, PPS was
visually scored, while in 2001, the PPS was obtained by
actual counting. LS measured by SPAD after desubmer-
gence showed that the tolerant group contained more
chlorophyll than KD after submergence. The most import-
ant region for submergence tolerance is flanked by markers
R1164 and RB0783, where the genotypes at the interval
correspond with PPS and LS. The graphical genotypes also
revealed that the SubQTL is dominant since BC lines
containing heterozygotes at markers R1164 and RB0783
were as tolerant as those containing homozygous tolerant
alleles. Among these tolerant BC lines, the percentage
similarity to KD background ranged from 83 to 93 %,
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F1G. 2. Graphical genotypes of the most tolerant and susceptible BC4F2 progenies in the SubQTL region on the short arm of rice chromosome 9.
Distances are in kilobases (kb). Trait descriptions were specified in Materials and Methods. ‘nd’ refers to no data. The picture at the top shows the
appearance of a promising submergence-tolerant BC line (no. 873) after 10 d submergence.

implying that chromosome segments outside the intro-
gressed sub region were very much the same as in KD itself.
This is an indication that a variety of KD with submergence
tolerance had been produced. To confirm further that other
traits contributed by KD were still maintained, photoperiod
sensitivity (chromosome 6), aroma (chromosome 8) and
amylose content (chromosome 6) were also evaluated.
Photoperiod sensitivity was obtained phenotypically while
aroma and amylose content were examined using SSLP
markers linked to the relevant genes (Garland et al., 2000;
Lanceras et al., 2000). The result showed that BC lines
1012, 779, 873, 875, and 923 were photoperiod sensitive,
aromatic and retained the same high cooking quality as KD
itself. Some BC lines such as 905, 912, and 921 were
photoperiod insensitive but still retained submergence
tolerance, good aroma and the soft-cooking character. In
the near future, further purification could achieve various
improved forms of KD tailored even closer to the needs of
rice farmers.

DISCUSSION

Chromosomal regions that influence submergence tolerance
have been located by QTL analysis. In the present study, we
tested the effects of such QTL by back-crossing into a single
susceptible genotype. Phenotypic variation among BC lines
in terms of plant survival (PPS) and leaf senescence (LS)
was used to indicate the minimum segments acquired from
the donor in order to attain a satisfactory level of tolerance.
In all cases, the region located within the region flanked by
markers RM285-RM105 from the tolerance donors was the
prerequisite for submergence tolerance. The distribution of
PPS and PE showed that only a small proportion of the BC
lines attained a level of submergence tolerance that matched
their tolerance donors. Particularly in the FR cross, no BC
lines were as tolerant as the donor. For example, in 2000, the
best BC line (no. 779) attained only 90 % of the PPS of FR.
Especially in 2001, when screening was more stressful, all
progeny performed poorly. In the two other crosses, derived
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from DH and IR, small numbers of BC lines were as good or
better than their tolerance donors. We hypothesized that
because FR contains all genes necessary for top perform-
ance under submergence stress, it is difficult to breed for
even better tolerance in its progeny. The distribution of PPS
and PE supported this idea. In the FR cross, almost all BC
lines displayed below 40 % PPS compared with 70 % for
FR. Therefore, there is a smaller chance of obtaining the
most tolerant genotypes from this cross. As both KD and FR
were strongly photoperiod sensitive, selection was more
constrained and limited during back-crossing. Selection was
more favourable in the other crosses as more BC lines were
distributed above 40 % PE, whereas few transgressive
segregants were identified.

An alternative hypothesis is that these BC lines did not
carry all necessary genes from FR to sustain the complete
tolerance. This idea was supported by the fact that no
tolerant BC lines carried, from their tolerance donors, a
complete homozygous dominant chromosomal segment
lying between RM285 and RM105. The two best BC lines
lacked a fragment near RM105 while others missed other
segments. Although the QTL;,o region between RM285 and
RM105 contributed up to 61 % PVE of PPS, there were
other regions on QTL., and QTL,; that might complete
QTL o functionality. This idea was supported by the fact
that the BC line no. 779, of which the PPS in the year 2000
screening approached 90 %, was missing alleles of QTL»
and QTL.,; donated by FR. The effect was more pro-
nounced in 2001 where screening conditions were more
rigid. When BC lines were missing all three QTL (QTLg,
QTL» and QTL.,;), they were completely susceptible.
However, this interaction was not the same when new
generations of FR, DH and IR, were used as donors. On the
other hand, BC lines derived from the other two donors, DH
and IR, were as tolerant or even more tolerant than their
tolerance donors. This result supported a role for QTL; in
tolerance control. In conjunction with QTL.9, QTLp>
significantly affected elongation ability. Both QTLs con-
sisted of alleles with opposite genetic effects that may cause
the transgressive segregation in both BC populations.
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