
Abstract A combined RFLP and AFLP linkage map of
an F6 recombinant inbred population, which was derived
from a previously mapped F2 of a cross between the two
drought resistant upland rice varieties Bala and Azucena,
is presented. The map contains 101 RFLP and 34 AFLP
markers on 17 linkage groups covering 1680 cM. Also
presented is the approximate mapping position of a fur-
ther four RFLP and 75 AFLP markers, which either
could not be given a unique place on the map or for
which the available data is not sufficient to allow confi-
dent positioning, and the result of quantitative trait locus
(QTL) mapping of traits related to root-penetration abili-
ty. Root penetration was assessed by counting the num-
ber of root axes that penetrated a 3 mm-thick layer con-
sisting of 80% wax and 20% white soft paraffin. Good
root penetration would be expected to increase drought
resistance where soil strength is high. Single-marker
analysis revealed seven QTLs for the number of roots
which penetrate the wax layer. In identical locations
were seven QTLs for the ratio of penetrated to the total
number of roots. Transgressive inheritance of positive al-
leles from Bala explained four of these QTLs. Compari-
son of the QTLs identified here with previous reports of
QTLs for root morphology suggest that alleles which im-
prove root penetration ability may also either make the
roots longer or thicker.
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Introduction

Rainfed rice-growing areas cover about 69 million hect-
ares, or 45% of the area planted to rice world-wide (IRRI
1997). Water stress is considered to be the greatest cause
of low yields in upland and lowland rainfed systems
(Greenland 1984; Sharma and De Datta 1994), where
yields average 1.2 and 2.3 tonnes per hectare respective-
ly (IRRI 1997). Drought has been calculated to cause
1.2 million tons of lost yield per annum in upland rice
cultivation in East India alone (Widawsky and O’Toole
1996). Upland rice farmers have traditionally used vari-
eties with deep root systems that can avoid drought by
extracting water from deeper in the soil profile (Reyniers
et al. 1976; Puckridge and O’Toole 1981). However,
ironstone pans or gravely horizons can restrict deep root-
ing in upland rice (Mambani and Lal 1983; Mutsaers et
al. 1997), whereas shallow hardpans are widespread in
rainfed lowland rice (Wade 1996). Rice varieties with
better root penetration would be expected to be more
drought resistant in these environments.

Improving the drought resistance of rice varieties by
introducing traits which contribute to drought avoidance
or drought tolerance should have considerable potential
for increasing rice production in drought-prone areas
(Fukai and Cooper 1995; Nguyen et al. 1997; Price and
Courtois 1999). Locating parts of the genome which
contribute to drought resistance of some varieties by the
use of molecular mapping promises to increase our un-
derstanding of drought resistance and to produce mark-
ers and genomes for the strategic improvement of rice by
marker-assisted breeding (Price and Courtois 1999).

Champoux et al. (1995) made a molecular map of
quantitative trait loci (QTLs) controlling root morpho-
logical characters such as rooting depth and root thick-
ness using a recombinant inbred population of a cross
between varieties CO39 and Moroberekan. They also
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identified QTLs for visual appearance under field-im-
posed drought. Ray et al. (1996) used the same popula-
tion to identify QTLs for root-penetration ability by
growing plants in pots in which a layer of 60% paraffin
wax/40% white soft paraffin was buried (Yu et al. 1995).
Penetration ability was expressed as the number of root
axes that had penetrated the wax layer and as the fraction
of total root axes that had penetrated the wax layer. 

An F2 population from a cross of two drought-resis-
tant upland rice varieties (Bala and Azucena) was previ-
ously used to identify QTLs for root and shoot character-
istics potentially related to drought resistance (Price and
Tomos 1997; Price et al. 1997a,b). That population has
now been advanced to the F6 by single-seed descent for
the purpose of identifying QTLs for traits related both to
drought resistance and field performance under drought.
We report here the production of a molecular map using
restriction fragment length polymorphisms (RFLPs) and
amplified fragment length polymorphisms (AFLPs). We
also report the identification of QTLs for root-penetra-
tion ability using a modified wax-layer method. 

Materials and methods

Plant material

An F2 population of a cross of upland varieties Bala and Azucena,
described in Price et al. (1997 a) and used to locate QTLs for hy-
droponic root growth (Price and Tomos 1997), was advanced to F5
by single-seed descent with panicle bagging to prevent outcross-
ing. Bulked F6 seed was collected from 205 of these F5 plants to
produce 205 F6 recombinant inbred lines (RILs, from 310 original
F2 plants). The population was not selected at any stage, but F6
bulked lines were only obtained from F5 plants which produced a
minimum of 100 seeds. 

DNA extraction and molecular-marker analysis

DNA was extracted from bulked leaf samples harvested from at
least 14 plants from each line following the methods described by
McCouch et al. (1988) except that the phenol concentration of the
phenol-urea extraction buffer was halved. DNA (8 µg per sample)
was restricted with BamHI, DraI, EcoRI, HindIII and XbaI restric-
tion enzymes. After electrophoresis on 0.8% agarose gels, the
DNA was blotted onto Hybond N+ (Amersham, UK) nylon mem-
branes by alkali transfer according to the manufacturer’s instruc-
tions. 

A total of 105 RFLP markers were screened on the population.
Those with the prefix RG, RZ or CDO were obtained from Cornell
University, USA (see Causse et al. 1995), and those with the pre-
fix C, G or R were from the Rice Genome Project, Japan (see
Kurata et al. 1994). Probes were labelled with digoxigenin
(Boehringer Mannheim) by PCR using M13 primers. The reaction
took place in 100 µl of 10 mM Tris (pH 8.8), 50 mM KCl, 1.5 mM
MgCl2, 0.1% Triton X-100, 100 µM dNTPs, 125 µM M13 forward
and reverse primers, 1µl of digoxigenin-labelled dUTP, 2.5 units
of Taq DNA polymersase (Promega) and 1 ng of probe plasmid.
The temperature profile was 35 cycles of 94oC, 30 s; 48oC, 1 min;
72oC, 2 min. Labelled probes were purified by ethanol-precipita-
tion. Hybridisation was conducted overnight at 65oC according to
the manufacturer’s instructions, and membranes were washed to a
stringency of 0.5 × SSC. Visualisation of the probe was conducted
following the manufacturer’s instructions using the chemi-lumi-
nescent compound CSPD. AFLP analysis was conducted at the
John Innes Centre, Norwich, UK, essentially according to Vos et

al. (1995) using MseI and EcoRI restriction enzymes and adapters.
AFLP markers were designated according to the EcoR1 primer
(e12, e15 or e18) and the MseI primers (m35, m36. m37, m39,
m43 or m45) used for amplification. A total of seven primer com-
binations were used, e12m35, e12m36, e12m37, e12m39 e12m45,
e15m35 and e18m43. Each AFLP marker was given a suffix ac-
cording to the position from the top of the gel (i.e. e12m35.1 was
above e12m35.2 on the autoradiograph). Some AFLP markers
were suffixed with a letter after the full stop when it was not ini-
tially possible to identify which was the Azucena or Bala allele.

Map construction

The linkage map was constructed using MapMaker 3.0 (Lander et
al. 1987; Lincoln et al. 1992) using the Haldane algorithm after all
heterozygote data had been entered as missing data. Using only
the RFLP data, linkage groups were created with a LOD score of
3.0 and a recombination fraction of 0.4 using the “group” com-
mand. The order of the linkage groups was determined using the
“compare”, “try” and “ripple” commands. The “assign” command
was then used to identify the linkage group to which each AFLP
belonged, and the “order” and “ripple” commands used to order
all markers on each linkage group. Where linkage groups con-
tained too few markers for the “order” command, the “compare”
and “ripple” commands were used. Some markers could not be
uniquely placed by the “order” command and are excluded from
the map. Other markers considerably lengthened the map when in-
cluded, and these have also been excluded. Finally, AFLPs
e12m35 or e12m39 were not used to construct the map because
they had significant missing data (only 60 individuals scored), but
their mapping position is presented. Chromosomes were oriented
with the short arm at the top, following the data reported by Singh
et al. (1996). 

Screening for root-penetration ability

Root-penetration ability was assessed using a modified version of
the wax-layer method of Yu et al. (1995). The modified method
will be reported in detail elsewhere, but differs essentially in that
an 80% wax layer is used to impede the roots as a 60% wax layer
was found to offer very little restriction to root penetration (com-
pared with a 3% wax control) in non-flooded conditions. Wax lay-
ers were prepared by melting together 10 g of white soft paraffin
(J. M. Loveridge plc, Southampton, UK) and 40 g of pastillated
paraffin wax (57–60oC solidification point, Merck Ltd, Poole,
UK) and pouring the mixture into an aluminium-foil mould made
using a Petri dish. The thickness of the wax layers was 3 mm (Yu
et al. 1995) and the diameter 145 mm. The aluminium foil was
peeled off before using the wax layers.

Wax layers were installed at a 50 mm-depth in a sand growing
medium (RH 65 grade silica sand, Hepworth Minerals and Chemi-
cals Ltd, Sandbach, UK) in plastic tubes (152 mm internal diame-
ter, 450 mm length). The tubes were set up in 16 plastic water
tanks, eight tubes per tank. The tubes were filled with dry sand 
to within 55 mm of the tops of the tubes, then watered with nutri-
ent solution until the column of sand was wetted through. The
composition of the nutrient solution was 1.5 mM Ca(NO3)2,
0.15 mM CaH4(PO4)2, 1.0 mM KCl, 0.3 mM MgSO4, 50 µM B,
50 µM Fe, 10 µM Mn, 1 µM Zn, 1 µM Cu and 0.5 µM Mo. The
sand surface was levelled and the wax layers placed on the sand.
The wax layers were then covered with a 50 mm-thick layer of dry
sand, which was thoroughly watered with nutrient solution. Nutri-
ent solution was then added to the tanks so that the level in the
tanks was 300 mm below the tops of the sand cores. The 3–4-mm
gap between the wall of the tube and the wax layer allowed the en-
tire core of sand to be watered by capillary action. Although this
gap allowed some roots to avoid the wax layer, low-impedance
controls with 3% wax layers showed that this effect did not ac-
count for the differences between Azucena, Bala and IR36 in the
number of roots penetrating the 80% wax layer (results not
shown). 
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Growth experiments were carried out in a controlled environ-
ment room with day/night temperatures of 30 and 26oC respective-
ly, a 16-h day length and a relative humidity of 70%. Lighting was
by fluorescent tubes, with supplementary tungsten lighting, and
the photosynthetic photon flux density was 300–350 µmol m–2 s–1.
Seeds of rice (Oryza sativa L.) were surface-sterilised in NaOCl
(1% available Cl) for 5 min, washed in tap water then distilled wa-
ter and left to germinate for 3 days between two sheets of wet fil-
ter paper in Petri dishes in cardboard boxes covered with alumini-
um foil to exclude light. A subset of 104 of the RILs was assessed
for root-penetration ability. This was compared with the parents
Azucena and Bala and with IR36 as a reference. Two runs (experi-
ments) were carried out. In each run, a single plant of each of the
RILs was grown but eight plants each of Azucena, Bala and IR36.
A completely randomised design was used and the arrangement of
the lines was re-randomised between the runs.

The tubes of sand with the wax layers were planted with
3-day-old rice seedlings, one per tube, so that the seed was just be-
low the sand surface. The coleoptiles were covered with a small
quantity of moist vermiculite. The nutrient solution level was kept
at 300 mm below the tops of the sand cores by topping up with
water every 2–3 days. The nutrient solution was changed 10 days
and 17 days after planting the seedlings.

Plants were harvested 24 days after planting and tiller numbers
and the number of root axes that had penetrated the wax layer
were counted. The crowns of the plants were stored at 5oC in wa-
ter, and the total numbers of root axes subsequently counted. The
ratio of penetrated to total root axes was calculated for each plant.
Root axes will be referred to as ‘roots’ for short.

Statistical and QTL analyses

For all analyses, mean values from the two runs were used. The
trait data from the RILs was transformed by square root before
analysis in order to normalise it. In the case of the total number of
roots, even after transformation the data were significantly
skewed but could not be improved. For declaring significant
QTLs, all marker data were used, including heterozygous scores.
QTLs were declared significant if single-marker regression gave
a significance of 1%. The mean trait values of the two (Azucena
or Bala homozygote) marker classes were calculated using analy-
sis of variance (the number of heterozygotes was not sufficient to
give reliable estimates of heterozygote means). Positioning of
QTLs was achieved by composite interval mapping, conducted
using the program QTLCartographer (C.J. Basten, B.S. Weir and
Z.-B. Zeng, Department of Statistics, North Carolina State Uni-
versity) with the default settings for model 6 (five background
markers and a window size of 10 cM). All skewed markers were
removed from the map. Contradictions between composite inter-
val mapping and single-marker analysis are considered in the dis-
cussion. 

Results

The linkage map

RFLP marker heterozygosity for a bulked F6 population
should theoretically be 6.25%. In practice, for each
marker, heterozygosity varied from 2 to 20% but aver-
aged 7.3%, indicating that little unwanted out-crossing
had occurred. The seven AFLP primer combinations
gave between 11 and 32 polymorphic bands as follows;
e12m35, 25; e12m36, 19; e12m37, 15; e12m39, 14;
e12m45, 11; e15m35, 16; e18m43, 32. A linkage map of
17 linkage groups covering 1680 cM with a total of 101
RFLPs markers and 34 AFLP markers was constructed
(Fig. 1). An additional five RFLP markers and 75 AFLP

markers could be assigned to chromosomes, but not to a
unique location, or else contained too few data to be reli-
ably placed. A total of 16 additional AFLPs and one
RFLP marker could not be assigned due either to no
linkage (four markers) or to linkage to two linkage
groups. 

AFLP markers were less successfully placed by Map-
Maker than RFLPs and do not appear to be evenly dis-
tributed. Thus, chromosomes 5 and 12 contain five and
four AFLPs respectively (on average one AFLP for ev-
ery 35–36 cM) while chromosomes 8 and 11 have 12 and
14 AFLPs respectively (on average one AFLP every
8.5–10 cM). 

A small number of the markers were significantly
skewed in their distribution. Thus, RG257 on chromo-
some 10 was skewed towards the Bala alleles (57 Azuc-
ena homozygotes, 134 Bala homozygotes and eight het-
erozygotes). The bottom of chromosome 7 was observed
to be highly skewed towards the Azucena alleles. Probe
C507 had only nine Bala-genotype and three heterozy-
gous-genotype individuals out of 183 while RG351 had
nearly three times as many homozygotes for Azucena
compared to Bala.

There are five gaps in the map (two on chromosome 1
and one each on chromosomes 5, 6 and 12). In only one
case do markers excluded due to lack of information ap-
pear to be located within one of these gaps such that
more information would allow the groups to be linked.
The marker e12m35.13, which is excluded from the map
because only 58 data points are available, lies 25 cM
from R2417 and 18 cM from C86 on chromosome 1
linking the two groups. Comparisons with the maps pub-
lished by Causse et al. (1995) and Kurata et al. (1994)
indicate that significant proportions of three chromo-
somes are missing. The bottom 40% of chromosome 6
and top 30% of chromosome 8 are missing. In addition,
the region of chromosome 4 between markers RG449
and RG163 represents only 20% of the chromosome ac-
cording to Causse et al. (1995), while the region between
C513 and C734 represents only 30% of chromosome 4
according to Kurata et al. (1994). RG620 should map be-
low RG163, but in fact maps above RG190. It is diffi-
cult, therefore, to be sure what part and what quantity of
chromosome 4 is missing from this map. It should be
noted that, in addition to these missing segments (and as
observed in the F2), markers reportedly from the upper
part of chromosome 11 map to the upper part of chromo-
some 12, thus making chromosome 11 somewhat smaller
than in most other reports.

Root-penetration ability

All phenotypic traits reported here varied considerably
between varieties (Table 1). Azucena had the highest
number of penetrated roots, the highest ratio of penetrat-
ed to total roots and the least tillers. IR36 displayed the
highest number of tillers and roots but moderate numbers
of penetrated roots and a low ratio of penetrated to total
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Table 2 Correlations of penetration-related traits in the F6 popula-
tion. Values presented are r2 from simple linear regressions

No. No. No.
of tillers of roots of pen. roots

No. of roots 0.655***
No. of pen. roots 0.444*** 0.503***
Ratio pen:total roots 0.280** 0.238* 0.945***

*P<0.05, **P<0.01, ***P<0.001

roots. Bala had moderate tillering and numbers of roots
but the lowest number of penetrated roots and the lowest
ratio of penetrated to total roots. As expected, the magni-
tude of the discrimination between these three varieties
in root-penetration ability depended on whether this was

assessed by the number of penetrated axes or the ratio of
penetrated to total roots.

The F6 population was intermediate between the
Azucena and Bala parents for all traits. There was low
broad-sense heritability, i.e. 100[1- (mean variance of
Azucena + Bala/ variance of F6)], for the number of
tillers (11%), moderate broad-sense heritability for the
number of roots (39%), and high broad-sense heritability
for the number of penetrated roots (69%) and the ratio of
penetrated to total roots (65%).

All traits measured correlated within the F6 popula-
tion, the most striking correlation being between the
number of penetrated roots and the ratio of penetrated to
total roots (Table 2). The number of tillers was strongly
correlated with the number of roots and the number of
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Fig. 1 Combined RFLP and AFLP linkage map of rice obtained
from an F6 population derived from a cross between Bala and
Azucena. Boxes on the left of the chromosome represent the most
likely location of markers excluded from the map because Map-

Maker could not place them uniquely, because they increased map
size, or because they contained insufficient data. Markers with a
suffix A or B were significantly skewed towards the Azucena or
Bala parent respectively

Table 1 Mean (± standard de-
viation) of parental varieties,
segregating population and
IR36 for penetration-related
traits

Variety/trait No. of tillers No. of roots No. of penetrated Ratio of penetrated:
roots total roots

Azucena (n = 16) 2.56 ± 0.96 31.4 ± 5.9 6.62 ± 2.10 0.214 ± 0.064
Bala (n = 16) 4.25 ± 2.06 55.6 ± 11.7 1.56 ± 1.20 0.026 ± 0.019
F6 (n =104×2) 3.31 ± 1.70 45.2 ± 14.5 5.17 ± 5.33 0.112 ± 0.098
IR36 (n = 16) 10.75 ± 4.01 96.2 ± 27.6 4.31 ± 3.33 0.042 ± 0.025



Table 3 Tillering and root penetration-related QTLs revealed by single-marker regressions significant at P <0.01

Trait Most Chromosome Pa r2%a Difference Donor QTL 
significant between Bala of Positive position in cM 
markera and Azucena Alleles above (-ve) 

marker classesb or below (+ve)
nearest markerc

No. of tillers C949 1 <0.001 12.4 1.03 Azucena C86 +9
No. of roots RG173 1 0.008 5.8 6.0 Azucena RG173

R117 1 0.004 10.3 7.8 Azucena R117 –3
e12m37.2 10 0.006 7.2 6.6 Azucena e12m37.2 –20

No. of penetrated G45 2 0.002 8.6 2.6 Bala G45 +1
roots C601 2 <0.001 16.7 3.3 Azucena C601 –5

e12m37.4 3 <0.001 13.0 3.0 Bala e12m37.4
e12m36.16 3 0.004 9.0 2.7 Bala e12m36.16 +9
C624 5 0.010 5.2 2.0 Bala RG569 +10
e12m37.2 10 0.001 11.3 2.9 Azucena e12m37.2 –6
C189 11 0.005 6.9 2.2 Azucena C189

Ratio penetrated: G45 2 0.001 9.9 0.049 Bala G45
total roots C601 2 <0.001 18.0 0.068 Azucena C601 –1

e12m37.4 3 0.001 10.8 0.056 Bala e12m37.4 +6
e12m36.16 3 0.003 10.1 0.059 Bala e12m36.16 +8
C624 5 0.004 6.8 0.046 Bala C624 –2
e12m37.2 10 0.007 7.0 0.047 Azucena e12m37.2 +5
C189 11 0.004 7.4 0.047 Azucena C189

a as revealed by regression of trait on marker genotype
b as revealed by analysis of variance of trait by marker genotype
c as revealed using composite interval mapping
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penetrated roots but less strongly with the ratio of pene-
trated to total roots. The number of roots correlated
strongly with the number of penetrated roots and weakly
with the ratio of penetrated to total roots.

QTLs for tillering and rooting ability

The results of QTL analysis are presented in Table 3 and
Fig. 2. Only one QTL was detected for the number of
tillers, at C949 on chromosome 1, controlling 12.4% of
the variation (r2). The plants with an Azucena genotype
at this location had more tillers. A QTL affecting plant
height (measured in other experiments not described
here) in this population is associated with this region and
is in the same location as the sd-1 semi-dwarfing locus.

A total of three QTLs were detected for the number of
roots, two on chromosome 1 explaining 5.8% and 10.3%
of the variation, and one on chromosome 10 explaining
7.2% of the variation. In all cases, the individuals with
the Azucena genotype had the higher number of roots
(i.e. Azucena alleles had a positive effect).

Although we found previously that the number of roots
penetrating the 80% wax layer was the best measure of
root-penetration ability, the ratio of penetrated to total root

Fig. 2 Quantitative trait loci (QTLs) for characters related to root
penetration. QTLs were declared present by single-marker regres-
sion (P <0.01). The location of the QTLs was determined by com-
posite interval mapping. Boxes represent the one-LOD confidence
interval. Boxes to the left of each chromosome identify QTLs
where Azucena alleles have a positive effect, whereas boxes to the
right identify QTLs where Bala alleles have a positive effect



data were also subjected to QTL analysis for comparative
purposes. Seven QTLs were detected for both the number
of penetrated roots and the ratio of penetrated to total
roots, all associated with the same markers and explaining
a similar amount of the variation for both traits. For each
group of seven QTLs, four represent transgressive inherit-
ance since there was a positive effect of the Bala alleles.
Most striking is the presence of two QTLs close to each
other on chromosome 2 and having opposite effects. Thus
a QTL associated with G45 explaining 8.6% and 9.9% of
the variation in penetrated roots and the ratio of penetrated
to total roots has positive alleles from the Bala parent. Ap-
proximately 67 cM away is a QTL associated with C601,
which explains 16.7% and 18.0% of the variation for the
two traits, and the positive alleles come from the Azucena
parent. Two QTLs of positive effect from the Bala parent
were detected on chromosome 3, associated with markers
e12m37.4 (13.0% and 10.8% of the variation in the two
traits) and e12m36.16 (9.0% and 10.1% of the variation).
A QTL on chromosome 5 was only just at the threshold
level for the number of penetrated roots (5.2% of varia-
tion) but was more securely detected for the ratio of pene-
trated to total roots (6.8% of variation). Again, this is a
transgressive QTL (the positive-effect alleles come from
the poor-penetrating parent). Two other QTLs were de-
tected on chromosomes 10 and 11, both reflecting a posi-
tive effect of Azucena alleles. That on chromosome 10 as-
sociated with e12m37.2 explained 11.3% and 7.0% of the
variation for the two traits, while that on chromosome 11
associated with C189 explained 6.9% and 7.4% of the
variation for the traits.

Discussion

Comparison of F2 and F6 maps

The map presented here can be compared to the RFLP
map produced for the F2 population from which this F6
population is derived (Price and Tomos 1997). On the
whole, the order of and the genetic distance between
markers is very similar for the two maps. However, it is
surprising that, despite having the same markers, the top
of chromosome 2 has changed somewhat. The orders of
RG83 and RG509 have swapped and RG171 is now
linked to those markers when in the F2 it was not. Anoth-
er observation is the apparent shrinkage in chromosome
12 in which the markers in the upper linkage group re-
ported here are only half as far apart as in the F2
(G24–G124=22 cM vs 43 in F2) and the markers on the
bottom of the lower linkage group of chromosome 12 are
also closer (RG543–RG181=29 cM vs 44 in F2). The
other notable point is that there is less segregation distor-
tion in the F6 than the F2, which indicates that there does
not appear to have been any artificial selection during
single-seed decent. The lower portion of chromosome 7
is heavily distorted in both F2 and F6 maps. A region of
chromosome 3 at markers RG745 and G144 which was
weakly distorted in the F2 is not distorted in the F6.

Agreement between single-marker regression
and composite-interval mapping 

For 16 of the 18 QTLs reported here, single-marker and
composite-interval mapping agreed with each other.
However, two QTLs detected by single-marker analysis
were not detected by composite-interval mapping using
a significance threshold of LOD 2.0 (the F statistic can
be converted to a LOD score by dividing by 4.6, C.J.
Basten, personal communication). In addition, two
QTLs for each of the number of tillers and the number
of roots were detected by composite-interval mapping
that were not detected by single-marker analysis. Thus
the composite-interval mapping detected putative QTLs
for tillering on chromosomes 7 and 8 (markers G338 + 4
cM, LOD 2.9 and R662, LOD 2.5) and for the total
number of roots on chromosomes 4 and 6 (RG620 + 16
cM, LOD 2.2 and RZ682, LOD 2.6) which were not de-
tected by single-marker analysis (interestingly, both
QTLs for the number of roots are in regions with QTLs
for the number of roots identified by Ray et al. (1996)).
The QTLs for the number of penetrated roots and the ra-
tio of penetrated to total roots detected on chromosomes
5 by single-marker analysis do not achieve a LOD of
over 2 using composite-interval mapping (LOD 1.2 and
1.3 respectively). This may be because the data used for
single-marker regression include heterozygote data,
whereas the procedures used to make the map and to lo-
cate QTL position scored heterozygotes as missing. If
heterozygotes are removed before regression analysis,
G338 is significantly related to the number of tillers (P
= 0.008, r2 = 6.9%), but removing heterozygoes did not
affect the other disagreements indicated above. The ef-
fect of epistasis is another possible explanation of dis-
agreement, but two-way analysis of variance with all
significant markers in combination did not reveal signif-
icant interaction, suggesting that this may not be the
cause.

Comparison with previous reports of QTLs related
to root-penetration ability

Using similar techniques in a different population, Ray
et al. (1996) identified four QTLs for numbers of roots
penetrating a 60% wax layer, on chromosomes 1, 3, 6
and 12, all representing positive effects from the CO39
alleles (the alleles from CO39 increase root penetration
even though CO39 was the poor-penetrating parent).
There is therefore no agreement between the QTLs iden-
tified for numbers of penetrating roots by Ray et al.
(1996) and those identified here. In contrast to our re-
sults, Ray et al. (1996) found that QTLs for the number
of penetrated roots and QTLs for the ratio of penetrated
roots to total roots were not associated with the same
markers. They identified six QTLs for root penetration
index, (ratio of penetrated to total roots with a 60% wax
layer) on chromosomes 2, 4, 5 and 6, and two on 11, all
but that on chromosome 5 representing positive effects
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from the Moroberekan alleles (Moroberekan was the
high-penetrating parent). The QTL on chromosome 2 as-
sociated with C601 reported here is very likely the same
as that reported by Ray et al. (1996) between markers
RG73 and RG324. This is because C601 is equidistant
between markers RG256 and RG139 on this Bala ×
Azucena map and RG73 and RG324 are also equidistant
between RG256 and RG139 according to the map pre-
sented in Causse et al. (1995).

Although both Ray et al. (1996) and this report reveal
QTLs on chromosome 5, they are not in the same place.
It is quite likely, however, that the QTL on chromosome
11 reported here corresponds to that located 4 cM before
marker CDO365 in Ray et al. (1996) since, according to
Causse et al. (1995), CDO365 is approximately 7–14 cM
from RG2 (i.e. RG2 is 11–18 cM from the QTL) and in
the present report it is placed 22 cM from RG2. While
the region of chromosome 4 in which Ray et al. (1996)
identified a QTL is probably not covered by this map,
those on chromosomes 6 and the long arm of 11 also re-
vealed as QTLs by Ray et al. (1996) are not revealed as
QTLs in this study. Therefore, it appears that two out of
the seven QTLs for the ratio of penetrated to total roots
that we have identified were also identified as QTLs by
Ray et al. (1996). 

The differences in the reported locations of QTLs be-
tween this study and Ray et al. (1996) are probably due
to the different populations studied and to the different
methods used for assessing the root-penetration pheno-
type. We found previously that in non-flooded condi-
tions, a 60% wax layer offered relatively little imped-
ance to root penetration when compared with a 3% wax
low-impedance control (root penetration was decreased
by only 15% relative to the control in IR36) (Clark,
Aphalé and Barraclough, submitted). Differences be-
tween varieties in the ratio of penetrated to total roots
with the 60% wax layer actually reflected differences in
the root depth distribution under unimpeded conditions
(using a 60% wax layer, varieties ranked very differently
if they were assessed by the number of roots penetrating
or the ratio of penetrated to total roots). This may ex-
plain why Ray et al. (1996) found that QTLs for the
number of penetrated roots were located differently from
QTLs for the ratio of penetrated to total roots. We found
previously that a much better measure of root-penetra-
tion ability was to count the number of roots that pene-
trated an 80% wax layer (which decreased root penetra-
tion by 75% relative to the low impedance control in
IR36). With an 80% wax layer, varieties with broadly
comparable total root numbers ranked similarly when
compared by the number of penetrated axes or the ratio
of penetrated to total axes. We suggest that the different
screening procedure may explain some of the differences
in reported locations of QTLs for root penetration be-
tween our study and that of Ray et al. (1996). In effect,
we have measured a different phenotype to that mea-
sured by Ray et al. (1996). These differences suggest
that it will be important to compare screening procedures
with root penetration in the field.

Root-penetration QTLs and previous reports
of root-morphology QTLs

It is interesting to note that some of the QTLs for root-
penetration ability reported here are close to QTLs for
root morphology reported in the F2 (Price and Tomos
1997). Thus, the QTL associated with G45 on chromo-
some 2 is near a QTL for root thickness in which Bala
alleles thicken the root (Price and Tomos 1997). The re-
gion of chromosome 2 at RG139 was weakly associated
(LOD 1.9) with a putative QTL for longer roots in the
F2, the positive allele being donated by Azucena (Price
and Tomos 1997). That region contains a QTL reported
by Champoux et al. (1995) in which Moroberekan alleles
increase rooting depth. A QTL was also reported in the
same place by Yadav et al. (1997) using a population
from a cross of Azucena with IR64 in which Azucena al-
leles both increase rooting depth and increase root thick-
ness. Also, the marker C624 on chromosome 5 was asso-
ciated with QTLs in the F2 in which Bala alleles both
shortened the root and made it thinner (Price and Tomos
1997). This region was identified as a QTL by Yadav et
al. (1997), in which Azucena alleles decrease root thick-
ness. The region of chromosome 11 between RG2 and
G1465 contained a QTL for maximum root length in
which Azucena alleles increased root length in the F2
(Price and Tomos 1997). Finally, although no QTL for
root morphology was reported significantly close to
RG257 on chromosome 10 in the F2, this is a region in
which a QTL for root thickness was detected by
Champoux et al. (1995). It is also possible that there is a
relationship between the QTL for penetration ability on
chromosome 3 reported here and a QTL for root thick-
ness reported by Champoux et al. (1995) in similar posi-
tions on chromosome 3. It must be noted that the alleles
here from Azucena decrease penetration while those of
Moroberekan reported by Champoux et al. (1995) in-
crease root thickness even though both Azucena and
Moroberekan are upland japonica varieties with good
root-penetration abilities. There is, however, consider-
able evidence presented here that QTLs for the ability of
roots to penetrate a wax layer are associated with QTLs
which make the roots either thicker or longer in other
studies. It would be expected that thicker roots would
have a better ability to penetrate such a wax layer as the
root axes would be more resistant to buckling (Cook et
al. 1997). This hypothesis agrees with the observations
of Materechera et al. (1992) that, when different plant
species are compared, those with thicker roots had a
greater proportion of roots penetrating from a weak to a
strong compacted soil horizon in the field. If the soil im-
pedance is due to a coarse textured sandy or stony hori-
zon, however, it may be that thin roots would penetrate
more easily. There is clearly a need to study root pene-
tration in upland rice in more detail in order to establish
whether QTLs detected using the wax-layer method con-
fer behaviour that aids penetration in the field. 

55



Acknowledgements This document is an output from projects
funded by the Department for International Development (DFID)
Plant Sciences Research Programme managed by the Centre for
Arid Zone Studies, University of Wales, Bangor, for the benefit of
developing countries. The views expressed are not necessarily
those of the DFID. IACR-Rothamsted is grant-aided by the Bio-
technology and Biological Sciences Research Council. The AFLP
analysis presented here was conducted at the John Innes Centre,
Norwich, UK, under subcontract. We acknowledge the advice giv-
en by Professor Gareth Wyn Jones and Dr. John Witcombe (DFID,
University of Wales, Bangor, UK). We thank Dr. Chris Mullins
(University of Aberdeen, UK) for comments on the manuscript
and both the Rice Genome Project, Japan, and the Department of
Plant Breeding and Biometry, Cornell University, USA, for RFLP
probes. All experiments presented here comply with current UK
law.

References

Causse M, Fulton TM, Cho YG, Ahn SN, Chunwongse J, Wu K,
Xiao J, Yu Z, Ronald PC, Harrington SB, Second GA,
McCouch SR, Tanksley SD (1995) Saturated molecular map
of the rice genome based on an inter-specific backcross popu-
lation. Genetics 138: 1251–1274

Champoux MC, Wang G, Sarkarung S, Mackill DJ, O’Toole JC,
Huang N, McCouch, SR (1995) Locating genes associated
with root morphology and drought avoidance in rice via link-
age to molecular markers. Theor Appl Genet 90: 969–981

Cook A, Marriott CA, Seel W, Mullins CE (1997) Does the uni-
form packing of sand in a cylinder provide a uniform penetra-
tion resistance? A method for screening plants for responses to
soil mechanical impedance. Plant Soil 190: 279–287

Fukai S, Cooper M (1995) Development of drought-resistant culti-
vars using physio-morphological traits in rice. Field Crops Res
40: 67–86

Greenland DJ (1984) Upland rice. Outlook Agric 14: 21–26
IRRI (1997) IRRI Rice Almanac, p181. IRRI, Manila. The Philip-

pines
Kurata N, Nagamura Y, Yamamoto K, Harushima Y, Sue N, Wu J,

Antonio BA, Shoura A, Shimizu T, Lin S-Y, Inoue T, Fukuda
A, Shimano T, Kuboki Y, Toyama T, Miyamoto Y, Kirihara T,
Hayasaka K, Miyao A, Monna L, Zhong HS, Tamura Y, Wang
ZX, Momma T, Umehara Y, Yano M, Sasaki T, Minobe Y
(1994) A 300 kilobase-interval genetic map of rice including
883 expressed sequences. Nature Genet 8: 365–372

Lander ES, Green P, Abrahamson J, Barlow A, Daly MJ Lincoln
SE, Newburg L (1987) Mapmaker: an interactive computer
package for constructing primary genetic linkage maps of ex-
perimental and natural populations. Genomics 1: 174–181 

Lincoln S, Daly M, Lander E (1992) Mapping genes controlling
quantitative traits with MAPMAKER/QTL 1.1. Whitehead In-
stitute Technical Report, 2nd edn

Mambani B, Lal R (1983) Response of upland rice varieties to
drought stress. II. Screening rice varieties by means of variable
moisture regimes along a toposequence. Plant Soil 73: 73–94

Materechera SA, Alston AM, Kirby JM, Dexter AR (1992) Influ-
ence of root diameter on the penetration of seminal roots into a
compacted subsoil. Plant Soil 144: 297–303.

McCouch SR, Kochert G, Yu ZH, Wang ZY, Khush GS, Coffman
WR, Tanksley SD (1988) Molecular mapping of rice chromo-
somes. Theor Appl Genet 76:815–829

Mutsaers HJW, Weber GK, Walker P, Fisher NM (1997) A field
guide for on-farm experimentation: IITA/CTA/ISNAR

Nguyen HT, Babu RC, Blum A (1997) Breeding for drought resis-
tance in rice: physiological and molecular genetics consider-
ations. Crop Sci 37: 1426–1434

Price AH, Courtois B (1999) Mapping QTLs associated with
drought resistance in rice: progress, problems and prospects.
Plant Growth Reg (in press)

Price AH, Tomos AD (1997) Genetic dissection of root growth in
rice (Oryza sativa L.). II. Mapping quantitative trait loci using
molecular markers. Theor Appl Genet 95: 143–152

Price AH, Virk DS, Tomos AD (1997 a) Genetic dissection of root
growth in rice (Oryza sativa L.). I. A hydroponic screen. The-
or Appl Genet 95: 132–142

Price AH, Young EM, Tomos AD (1997 b) Quantitative trait loci
associated with stomatal conductance, leaf rolling and heading
date mapped in upland rice (Oryza sativa). New Phytol 137:
83–91

Puckridge DW, O’Toole JC (1981) Dry matter and grain produc-
tion of rice, using a line source sprinkler in drought studies.
Field Crops Res 3: 303–19

Ray JD, Yu L, McCouch SR, Champoux MC, Wang G, Nguyen
HT (1996) Mapping quantitative trait loci associated with root
penetration ability in rice (Oryza sativa L.). Theor Appl Genet
92: 627–636

Reyniers F-N, Kalms J-M, Ridders J (1976) Différences de com-
portement d’un riz pluvial et d’un riz irrigué en condition d’al-
imentation hydrique deficitaire. 1. Etude des facteurs permet-
tant d’esquiver la sécheresse. L’Agron Trop 31: 179–87

Sharma PK, De Datta SK (1994) Rainwater utilization efficiency
in rain-fed lowland rice. Adv Agron 52: 85–120

Singh K, Ishii T, Parco A, Huang N, Brar DS, Khush GS (1996)
Centromere mapping and orientation of the molecular linkage
map of rice (Oryza sativa). Proc Natl Acad Sci USA 93:
6163–6168

Vos P, Hogers R, Bleeker M, Reijans M, van de Lee T, Hornes M,
Frijters A, Pot J, Peleman J, Kuiper M, Zabeau M (1995)
AFLP: a new technique for DNA fingerprinting. Nucleic Ac-
ids Res 23:4407–4414

Wade LJ (1996) Soil compaction – make it or break it for rainfed
lowland ecosystem. In: Management of clay soils in the rain-
fed lowland rice-based cropping system. ACIAR Proc Number
70, Canberra, pp 243–247

Widawsky DA, O’Toole JC (1996) Prioritizing the rice research
agenda for Eastern India. In: Evenson RE, Herdt RW and
Hossain M (eds) Rice research in Asia: progress and priorities.
CAB International, Wallingford, UK, pp 109–129

Yadav R, Courtois B, Huang N, McLaren G (1997) Mapping
genes controlling root morphology and root distribution in a
doubled-haploid population of rice. Theor Appl Genet 94:
619–632

Yu L, Ray JD, O’Toole JC, Nguyen HT (1995) Use of wax-petro-
latum layers for screening rice root penetration. Crop Sci 35:
684–687

56


