
Abstract Source, sink, and translocation capacity of as-
similates play important roles during the formation of
grain yield. The present study was conducted to charac-
terize the genetic bases of traits representing source, sink
and transport tissue, and their relationships with yield
traits in rice, by analyzing QTLs for these traits and vari-
ous ratios among them. The genetic materials were a re-
combinant inbred population derived from a cross be-
tween two indica cultivars Zhenshan 97 and Minghui 63,
the parents of the most-widely grown hybrid rice in 
China. Using a linkage map that covers a total of
1,796 cM based on 221 molecular marker loci, a total of
81 QTLs were identified for the 15 traits studied (three
leaf areas as the source, total spikelets per panicle as the
sink, the number of large vascular bundles in the stem as
transport tissue, three source to sink ratios, three trans-
port tissue to source ratios, one transport tissue to sink
ratio and three yield traits). The amount of variation 
explained by individual QTLs ranged from 1.12% to
24.14%. Five QTLs were identified to show interaction
effects with the environment, which explained from
3.19% to 9.15% of the variation. The results showed that
close linkage or pleiotropy is the genetic basis for the
correlations of grain yield traits with source, sink, trans-
port tissue and the various ratios among them. Of the 25
QTLs identified for source-sink-transport tissue trait, and
43 for various ratios, 8 and 22 QTLs, respectively, were
mapped to the similar genomic blocks harboring QTLs
for yield traits, especially for grain weight. Co-location
of QTLs for yield traits with those for ratios among

source, sink and transport tissue may provide a genetic
explanation for the physiological expression of yield
traits, and also suggest that improvement in ratios among
source, sink and transport tissue may result in improve-
ment in yield potential.
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Introduction

In conventional breeding programs, breeders have been
selecting for grain yield and its components to increase
crop yield potential. However, grain yield and its compo-
nents are extremely complex traits. The expressed yield
is the result of various biochemical and physiological
processes (Hageman et al. 1967), and genetic control of
grain yield and its components is indirect and through
the control of complex biochemical and physiological
processes (Ashraf et al. 1994). Interaction between geno-
type and environment has great effects on plant growth
and development (Kang 1998), and consequently on
grain yield and its components such as grain-filling 
percentage and grain weight (Yoshida and Parao 1976;
Venkateswarlu et al. 1987). Morphological characters af-
fect grain yield through their influences on yield compo-
nents (Hsu and Walton 1971). Understanding the genetic
relationship between morpho-physiological traits and
yield traits could contribute to breeding for improving
crop yield potential.

Genetic studies for quantitative traits have been great-
ly facilitated by the development of various molecular
markers. The use of quantitative trait locus (QTL) map-
ping has contributed to a better understanding of the ge-
netic basis of many agronomically important traits such
as grain yield. In rice, many researches have identified
QTLs for grain yield and its components (Xiao et al.
1996; Li et al. 1997; Yu et al. 1997; Li et al. 2000; Xing
et al. 2002). However, attention was only paid to yield
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traits per se in those studies. Lack of physiological un-
derstanding limits the interpretation of those QTLs, and
further limits genetic manipulation in crop improvement.

The importance of source-sink relationship in the for-
mation of yield and its components has been studied by
Herzog (1982), Lafitte and Travis (1984) and Ashraf et
al. (1994). In rice, the upper leaves are the main source
of assimilates for grain filling (Yoshida 1981). Large
sink size is a prerequisite for high yield and high harvest
index (Ashraf et al. 1994). Efficient transport of assimi-
lates from leaves and stems to developing spikelets is re-
quired for better grain filling and high yield. The capaci-
ty to transport assimilates from source to sink could limit
grain filling (Ashraf et al. 1994). Relations between the
number of large vascular bundles and yield traits such as
grain yield, number of filled grain and grain weight have
been reported in wheat, oat and rice (Peterson et al.
1982; Ashraf et al. 1994; Li et al. 1999). In this paper,
the areas of the topmost three leaves, the total spikelet
number per panicle and the number of large vascular
bundles were treated as source, sink and transport tissue,
respectively, and used to quantify the ratios among
source, sink and transport tissue.

Since permanent segregating populations, including
the recombinant inbred lines (RIL) population, provide
researchers with the characteristics of genetic homozy-
gosity and further advantages for QTL mapping, those
populations have been widely employed to identify
genes for quantitative traits of importance. In this study,
we identified QTLs controlling source, sink, transport
tissue and yield traits, and various ratios among them,
using a RIL population derived from a cross between the
parents of an elite hybrid. Emphasis was given to the re-
lations between the various ratios and yield traits. The
objective of the study was to reveal the underlying ge-
netic relationship between source-sink-transport charac-
ters and yield traits.

Materials and methods

Plant materials

A population consisting of 241 RI lines (F10 and F11) constructed
by a single-seed descendant from a cross between two indica culti-
vars Zhenshan 97 and Minghui 63 (the parents of Shanyou 63, the
most-widely grown hybrid in China) was used in the study. Field
experiments were conducted on the farm of the International Rice
Research Institute in the Philippines in the dry season (January to
May) of 1999 and 2000. Two parents, the F1 and 241 RILs, were
arranged in a randomized complete block design with three repli-
cations. Plot size was 1 × 2.4 m in 1999 and 1 × 3 m in 2000.
Fourteen-day old seedlings were transplanted on 6 January in
1999 and 12 January in 2000. Other crop-management practices
were identical in the 2 years. Transplanting spacing was 20 × 20 cm
with three seedlings per hill. A total of 220 kg ha–1 of fertilizer N
in the form of urea was applied in four splits [60 kg ha–1 at 1 day
before transplanting, 60 kg ha–1 at about 20 days after transplant-
ing (DAT), 60 kg ha–1 at about 40 DAT and 40 kg ha–1 at about 70
DAT] to ensure N sufficiency. Phosphorus (30 kg of P ha–1 as a
single superphosphate), potassium (40 kg of K ha–1 as KCl), and
zinc (5 kg of Zn ha–1 as zinc sulfate heptahydrate) were applied
and incorporated in all plots 1 day before transplanting. Pests and

diseases were intensively controlled using chemicals to avoid
yield loss.

Measurement of traits

The traits measured and abbreviations are listed in Table 1. At
about 10 days after heading, ten uniform tillers from ten hills were
sampled from each plot. The following traits were measured on
each tiller: area of the flag leaf (FL, cm2), area of the –2nd leaf
(SL, cm2), and area of the –3rd leaf (TL, cm2) using an area meter
(LI-COR Model 3100, LI-COR Incorporated Lincoln, Nebraska,
USA). 

Ten panicles were cut from the same ten tillers for measuring
sink-related traits such as total spikelets per panicle. The number
of large vascular bundles (LVB) was measured on the peduncle in
each tiller. The transverse hand section about 1-mm thick was
made at about 1-cm below the necknode of the panicle with a ra-
zor blade, and mounted on a slide. After staining with Safranin so-
lution, the section was examined under a microscope and the LVB
located in the inner parenchyma was counted.

On the basis of the data of the primary source-sink-transport
tissue characters, the following derived traits were obtained: ratio
of leaf areas to total spikelets per panicle (FL/TS, SL/TS, TL/TS),
ratio of LVB to total spikelets (LVB/TS), ratios of LVB to the area
of the flag leaf, and the –2nd and –3rd leaf (LVB/FL, LVB/SL,
LVB/TL).

Twelve hills in the middle of each plot were harvested at matu-
rity to determine grain yield expressed at the oven dry weight ba-
sis, the grain-filling percentage, and the 1,000-grain weight.

Data analysis

The trait measurements averaged over the 2 years were used for
correlation analysis. Broad-sense heritability based on RI lines
was estimated according to the following equation: Hb

2 = σ2
g/

(σ2
g + σ2

e/re + σ2
ge/e), where r is the number of replications per

year, e is the number of environments (years), σ2
g is the genetic

variance, σ2
ge is the variance of genotype × environment interac-

tion and σ2
e is the residual variance.

Genetic-map construction and QTL detection

The molecular markers and the linkage map were described by
Xing et al. (2002), which consisted of 221 marker loci and cov-
ered a total of 1,796 cM. Data obtained in 1999 and 2000 were
used for combined analyses to determine putative QTLs and QTL
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Table 1 Traits and derived traits

Trait Trait description
abbreviation

FL Area of flag leaf (cm2)
SL Area of –2nd leaf (cm2)
TL Area of –3rd leaf (cm2)
TS Total spikelets per panicle
LVB Number of large vascular bundles
FL/TS Area of flag leaf per spikelet (cm2 per spikelet)
SL/TS Area of –2nd leaf per spikelet (cm2 per spikelet)
TL/TS Area of –3rd leaf per spikelet (cm2 per spikelet)
LVB/FL Ratio of LVB to area of flag leaf
LVB/SL Ratio of LVB to area of –2nd leaf
LVB/TL Ratio of LVB to area of –3rd leaf
LVB/TS Ratio of LVB to total spikelets per panicle
GFP Grain filling percentage (%)
GW 1,000-grain weight (g)
GY Grain yield (t/ha)



× environment interactions in a mixed linear model using QTL-
Mapper (version 1.0) based on a threshold of LOD > 2.4 (Wang et
al. 1999). Background genetic variation control was set as control-
ling the main and interaction effects of important markers. The
computer software can map QTLs with main effects, epistatic ef-
fects and QTL × environment interaction. Separate QTL analyses
for each year were also conducted and comparisons were made
with results from combined analyses. Only results from the com-
bined analysis of QTLs for the main effects were presented.

Results

Phenotypic variation

The phenotypic values of the 15 traits studied are given
in Table 2. In comparison with Zhenshan 97, Minghui 63
had larger areas of the topmost three leaves, fewer spike-
lets per panicle and fewer large vascular bundles. Ratios
of leaf areas to spikelets per panicle in Minghui 63 were
greater than in Zhenshan 97. Zhenshan 97 had higher ra-
tios of LVB to leaf areas than Minghui 63, while there
was not much difference between the two parents in the
ratio of LVB to spikelets per panicle. Minghui 63 had a
higher grain weight, a lower grain-filling percentage and
a lower grain yield than Zhenshan 97. 

All traits of the RIL population segregated continu-
ously; both skewness and kurtosis for all traits were less
than 1.0 (Table 2), suggesting that segregation of all the
traits in the RI population fits a normal distribution.
Transgressive segregations were observed for all traits.
Each trait had relatively high broad-sense heritability,
which was consistent with the relatively high correlation
between the 2 years for each trait (Table 3).

Simple correlation analyses

The simple correlation coefficients between the traits are
given in Table 3. Areas of the topmost three leaves were
not correlated with 1,000-grain weight, and were nega-
tively correlated with grain-filling percentage and grain
yield, respectively. Total spikelets per panicle and the
number of large vascular bundles were also negatively
correlated with grain weight, grain-filling percentage and
grain yield. 

The ratios of areas of the topmost three leaves to
spikelets per panicle were positively correlated with
1,000-grain weight, whereas their correlations with
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Table 2 Variation of source,
sink, transport tissue and
ratios among them, and yield
traits in the RIL population 
derived from Zhenshan 
97 × Minghui 63

Table 3 Correlations between sources, sink, transport tissue
and ratios among them, and yield traits in the RIL population de-
rived from Zhenshan 97 × Minghui 63

Traitsa Correlation 1,000-grain Grain Grain 
between weightb filling yield
2 years percentage

FL 0.66** 0.02 –0.36** –0.30**
SL 0.58** 0.04 –0.56** –0.51**
TL 0.69** 0.07 –0.55** –0.50**
TS 0.74** –0.32** –0.52** –0.42**
LVB 0.77** –0.02 –0.39** –0.36**
FL/TS 0.64** 0.33** 0.14* 0.09
SL/TS 0.61** 0.41** –0.05 –0.12
TL/TS 0.67** 0.37** –0.15* –0.20**
LVB/FL 0.54** –0.08 0.09 0.04
LVB/SL 0.57** –0.08 0.36** 0.33**
LVB/TL 0.66** –0.13 0.38** 0.34**
LVB/TS 0.71** 0.35** 0.35** 0.22**

*,** Significant at 0.05 and 0.01 probability levels, respectively
a See Table 1 for abbreviations
b Correlation coefficient between the 2 years for grain yield is
0.72, 0.85 for grain-filling percentage, and 0.95 for 1,000-grain
weight

Traitsa RIL population Z.S. 97 M.H. 63 F1 H2
b

Mean Range Skew Kurt

Source, sink, and transport tissue-related traits
FL 35.34 17.54–59.12 0.44 0.63 26.51 31.08 39.54 79.7
SL 41.45 24.46–67.79 0.07 –0.00 31.24 39.95 41.82 73.6
TL 34.34 16.74–56.69 –0.06 –0.10 23.95 39.12 34.31 81.0
TS 107.7 63.02–176.40 0.63 0.54 107.74 87.93 106.60 85.0
LVB 15.80 11.63–24.03 0.39 1.13 17.01 14.27 14.81 86.9

Ratios among source, sink, and transport tissue
FL/TS 0.34 0.19–0.47 0.00 –0.38 0.25 0.35 0.37 78.0
SL/TS 0.39 0.24–0.54 –0.02 0.04 0.29 0.46 0.40 75.6
TL/TS 0.33 0.19–0.53 0.29 0.04 0.22 0.45 0.33 79.9
LVB/FL 0.47 0.27–0.70 0.37 0.06 0.65 0.49 0.39 69.9
LVB/SL 0.39 0.27–0.58 0.52 –0.11 0.54 0.36 0.35 61.1
LVB/TL 0.48 0.29–0.80 0.84 0.51 0.72 0.36 0.43 76.1
LVB/TS 0.15 0.10–0.21 0.25 0.20 0.16 0.16 0.14 83.4

Grain yield and its components
GW 25.79 19.13–31.85 –0.08 –0.54 25.47 27.10 27.11 95.1
GFP 47.08 13.20–76.70 –0.17 –1.02 53.80 18.71 54.10 89.1
GY 3.34 1.17–5.58 –0.20 –0.94 3.57 1.39 4.39 83.4

a See Table 1 for abbreviations



grain-filling percentage and grain yield were relatively
weak and inconsistent. None of the correlations between
the ratio of LVB to flag leaf area and the three yield
traits was significant. However, the ratios of LVB to the
areas of the –2nd and –3rd leaves were positively corre-
lated with grain yield and grain-filling percentage, re-
spectively. The ratio of LVB to spikelets per panicle was
also positively correlated with the three yield traits.

QTLs for source-sink-transport tissue traits

Five QTLs each were identified for areas of the flag leaf,
and the –2nd and –3rd leaf, respectively, explaining
27.88%, 29.83% and 32.20% of the total phenotypic
variation of the respective traits (Table 4). The high-val-
ue parent Minghui 63 contributed the majority of alleles
to increasing the topmost three leaf areas, while the low-
value parent Zhenshan 97 also contributed two alleles 
to increasing phenotypic scores. It should be pointed 
out that one of the QTLs, located in the interval
RZ667–RG424 on chromosome 6, appeared to have a
large effect on the areas of all three leaves. In addition,
two QTLs on chromosome 1 detected for areas of the
–2nd leaf and the –3rd leaf, were located in nearby re-
gions and it is likely that they were due to the effect of
the same QTL. Similarly, the two QTLs on chromosome
12 detected for areas of the –2nd leaf and the –3rd leaf
may also be due to the effect of the same QTL. Such
common genetic control was consistent with the high

correlation between areas of the two leaves (r = 0.91).
Among 15 QTLs for leaf areas, only qSL1-1 for the area
of the –2nd leaf was shown to have an environment in-
teraction effect that explained 9.15% of total variation. 

Three QTLs were detected for spikelets per panicle,
jointly explaining 23% of the total variation. The QTL
located in the interval G200–Y4073L on chromosome 6
had the largest effect, with the allele from Minghui 63 in
the direction of increasing the number of spikelets.

A total of seven QTLs were detected for the number
of large vascular bundles, accounting for 33.43% of the
total variation. Minghui 63 contributed alleles of increas-
ing vascular bundles at two of the QTLs. At the other
five QTLs, the alleles for increasing vascular bundles
were contributed by Zhenshan 97.

QTLs for source to sink ratios

A total of nine QTLs for the ratio of flag leaf area to
spikelets per panicle were detected, collectively explain-
ing 43.28% of the total variation (Table 5). Variation ex-
plained by individual QTLs ranged from 1.12% to
13.71%. Minghui 63 alleles at six of the QTLs contribut-
ed to increasing the ratio, while alleles at the other three
QTLs from the Zhenshan 97 alleles increased the ratio.
Three QTLs were identified for the ratio of the –2nd leaf
area to spikelets per panicle, explaining 32.56% of the
total variation. Minghui 63 contributed all three alleles
for increasing the ratio. Eight QTLs were detected for
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Table 4 Putative QTLs for leaf
area, spikelets per panicle and
vascular bundles

Traita QTLb Chrom. Intervalc LOD Dist. Add.e Var% Var% 
(cM)d (Ai)f (AEi)g

FL qFL1-1 1 G359–RG352K 14.51 0 2.47 11.19
qFL6-1 6 RZ667–RG424FY 6.75 12 2.03 7.54
qFL6-1 6 Waxy-1496 4.05 2 1.33 3.24
qFL9-1 9 RM201–C472 3.29 8 –1.33 3.26
qFL10-1 10 RG561–R2625K 2.65 2 1.04 1.99

SL qSL1-1 1 C904–R2632 5.46 2 1.83 6.17 9.15
qSL3-1 3 RM227–R1925 4.60 4 1.29 3.09
qSL6-1 6 RZ667–RG424FY 14.45 20 2.53 11.8
qSL11-1 11 R543a–RZ536 6.71 0 1.49 4.09
qSL12-1 12 G1314b–R643 5.60 20 1.60 4.70

TL qTL1-1 1 G1128b–C904 2.94 0 1.15 2.04
qTL6-1 6 RZ667–RG424FY 20.05 18 3.55 19.47
qTL6-2 6 R2869–C474 3.45 2 –1.39 2.98
qTL10-1 10 RM258–RG561 5.92 0 1.74 4.66
qTL12-1 12 R887–G1314b 5.05 2 1.57 3.80

TS qTS2-1 2 R712–RZ324 3.93 4 –3.10 2.84
qTS3-1 3 RM227–R1925 2.48 4 2.57 1.96
qTS6-1 6 G200–Y4073LFY 21.56 0 7.84 18.21

LVB qLVB1-1 1 C567–C2340K 9.52 0 0.47 5.82
qLVB4-1 4 C2807–RM241Y 2.40 2 –0.25 1.61
qLVB5-1 5 C624–C246 3.77 20 –0.34 3.04
qLVB6-1 6 R2147–RZ667FY 9.73 0 0.43 4.88
qLVB8-1 8 G1149–R2272 3.81 8 –0.33 2.78
qLVB10-1 10 C677–RM258 15.59 2 –0.67 11.57
qLVB11-1 11 RG2–CDO534 5.88 0 –0.38 3.72

a See Table 1 for abbreviations
b QTL nomenclature follows
that of McCouch et al. (1997)
c The superscripts K,Y, F fol-
lowing the intervals indicate
that a QTL for 1,000-grain
weight, grain yield or grain-
filling percentage was also 
located in or closely linked to
the region
d Genetic distance (in cM) of
the putative QTL from the right
marker on the interval
e Negative value of the additive
effect indicates that the allele
from Zhenshan 97 increases the
phenotypic score
f Var% (Ai) represents the rela-
tive contribution of the putative
QTL to the trait
g Var% (AEi) represents the 
relative contribution of the 
additive × environment interac-
tion effect for the trait



the ratio of the –3rd leaf area to spikelets per panicle, ac-
counting for 30.68% of the total variation. Alleles from
Zhenshan 97 contributed at two of the QTLs increased
the ratio, while the remaining six QTLs alleles from
Minghui 63 were in the direction of increasing the ratio.
The QTL on chromosome 1 (qTLTS1-1) showed interac-
tion with the environment, which explained 6.33% of the
total variation. 

The QTLs for ratios of the –2nd and –3rd leaf areas to
spikelets per panicle shared three similar regions. Fur-
thermore, qFLTS1-1, qSLTS1-1 and qTLTS1-1 were 
located in a similar region on chromosome 1 (R2201–
RM212–C567 in 21.1 cM), and three QTLs (qFLTS1-2,
qSLTS1-2 and qTLTS1-2) were also mapped in a similar
region on chromosome 1 (G1128b–C904–R2632 in

4.9 cM). The region of RZ667–RG424–R2549 (42.5 cM)
on chromosome 6 had effects on the ratio of flag leaf ar-
ea to spikelets per panicle and the ratio of the –3rd leaf
area to spikelets per panicle. The majority of alleles at
those QTLs (15 out of 20 QTLs) increasing the source to
sink ratios were contributed by the high-value parent
Minghui 63.

QTLs for the ratios of transport tissue to source
and to sink

Five QTLs were identified for the ratio of LVB to the
flag leaf area, explaining 32.34% of the total variation
(Table 5). Alleles for increasing the ratio were from
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Table 5 Putative QTLs for
ratios among source, sink
and transport tissue

a See Table 1 for abbreviations
b QTL nomenclature follows
that of McCouch et al. (1997)
c The superscripts K,Y and F
following the region indicate
that a QTL for 1,000-grain
weight, grain yield, or grain-
filling percentage was also 
located in or closely linked to
the region, respectively
d Genetic distance (in cM) of
the putative QTL from the right
marker on the interval
e Negative value of the additive
effect indicates that the allele
from Zhenshan 97 increases the
phenotypic score
f Var%(Ai) represents the rela-
tive contribution of the putative
QTL to the trait
g Var% (AEi) represents the rel-
ative contribution of additive ×
environment interaction to the
trait

Traita QTLb Chrom. Intervalc LOD Dist.d Add.e Var% Var% 
(Ai)f (AEi)g

FL/TS qFLTS1-1 1 RM212–C567K 17.5 2 0.021 13.71
qFLTS1-2 1 C904–R2632 5.03 0 0.010 3.11
qFLTS1-3 1 RG173–RM81A 4.26 12 0.009 2.52
qFLTS3-1 3 RM227–R1925 3.06 2 –0.009 1.99
qFLTS3-2 3 C746–C944K 4.56 10 0.010 3.11
qFLTS5-1 5 C1447–RM31 6.37 10 0.013 5.25
qFLTS5-2 5 R830–R3166K 2.56 6 –0.006 1.12
qFLTS6-1 6 RG424–R2549FY 5.07 14 0.009 2.52
qFLTS9-1 9 RG667–RM215 6.76 4 –0.013 5.25

SL/TS qSLTS1-1 1 R2201–RM212K 13.77 0 0.016 10.65
qSLTS1-2 1 C904–R2632 11.03 2 0.013 7.03
qSLTS4-1 4 RM241–G102Y 17.11 0 0.018 13.48

TL/TS qTLTS1-1 1 R2201–RM212K 12.22 0 0.015 5.88 6.33
qTLTS1-2 1 G1128b–C904 6.24 0 0.011 3.16
qTLTS2-1 2 RM29–R1843 7.54 0 0.013 4.42
qTLTS4-1 4 G102–G235Y 5.00 10 0.011 3.07
qTLTS6-1 6 RZ667–RG424F Y 8.70 10 0.018 8.47
qTLTS8-1 8 RG978–R1394K 2.68 0 –0.008 1.67
qTLTS10-1 10 C153A–RM222 4.04 6 –0.010 2.61
qTLTS12-1 12 R887–G1314b 6.63 2 0.012 3.76

LVB/FL qLVBFL1-1 1 RG532–RM259K 7.87 6 –0.021 7.48
qLVBFL6-1 6 RZ667–RG424F Y 2.77 4 –0.010 1.70
qLVBFL6-2 6 C764–RZ398 7.39 2 –0.023 8.97
qLVBFL9-1 9 R2638–RM257K 14.05 0 0.024 9.77
qLVBFL11-1 11 RM20a–R3203 4.87 8 –0.015 3.82

LVB/SL qLVBSL1-1 1 RG173–RM81A 3.72 2 –0.012 2.62
qLVBSL1-2 1 C161–R753 2.68 8 0.010 1.82
qLVBSL4-1 4 G102–G235Y 10.87 10 –0.021 8.02
qLVBSL6-1 6 RZ667–RG424F Y 10.75 16 –0.022 8.80
qLVBSL9-1 9 R2638–RM257K 5.66 0 0.014 3.56
qLVBSL11-1 11 R543a–RZ536 5.12 0 –0.013 3.07
qLVBSL12-1 12 G1314b–R643 5.75 6 –0.015 4.09

LVB/TL qLVBTL1-1 1 RG173–RM81A 3.91 6 –0.015 2.48
qLVBTL4-1 4 G235–R78Y 5.16 0 –0.016 2.82
qLVBTL6-1 6 RZ667–RG424F Y 16.61 14 –0.039 16.76
qLVBTL9-1 9 R2638–RM257K 5.99 0 0.018 3.57
qLVBTL10-1 10 RG561–R2625K 3.53 2 –0.015 2.48
qLVBTL12-1 12 G1314b–R643 7.73 20 –0.024 6.35

LVB/TS qLVBTS1-1 1 C2340–C86K 28.27 4 0.009 18.58
qLVBTS6-1 6 RG653–G342 4.55 2 –0.003 2.06
qLVBTS6-2 6 P–G200F Y 23.04 8 –0.008 14.68
qLVBTS9-1 9 R1164–RZ698 4.62 0 0.003 2.06
qLVBTS11-1 11 G4001–RM254 8.65 2 –0.004 3.67 4.13



Zhenshan 97 at all of the QTLs except qLVBFL9-1. A
total of seven QTLs were detected for the ratio of LVB
to the –2nd leaf area, together accounting for 31.74% of
the total variation. Also, the high-value parent Zhenshan
97 contributed alleles for increasing the ratio at most of
the QTLs. The six QTLs identified for the ratio of LVB
to the –3rd leaf area explained 34.45% of the total varia-
tion. The QTL (qLVBTL6-1) on chromosome 6 had rela-
tively large effects on the ratio and explained 16.76% of
the total variation, at which the allele from Zhenshan 97
increased the ratio.

A comparison of the QTLs revealed that two regions
(RZ667–RG424 on chromosome 6 and R2638–RM257
on chromosome 9) showed their effects on all three ra-
tios of LVB to leaf areas. Additionally, three regions
(RG173–RM81A on chromosome 1, G102–G235–R78
on chromosome 4, and G1314b–R643 on chromosome
12) exerted their effects on the ratio of LVB to the –2nd
leaf area and the ratio of LVB to the –3rd leaf area. The
Zhenshan 97 alleles at 14 out of 18 QTLs contributed to
increasing the ratios of LVB to the leaf areas.

For the ratio of LVB to spikelets per panicle, five
QTLs were identified. Two QTLs (qLVBTS1-1 and
qLVBTS6-2) had relatively large effects on the ratio, 
explaining 18.58% and 14.68%, respectively. Interaction
between the QTL (qLVBTS11-1) on chromosome 11 and
the environment explained 4.13% of the total variation.

QTLs for yield traits

A total of nine QTLs were detected for 1,000-grain
weight, jointly explaining 69.09% of the total variation
(Table 6). Two QTLs (qGW3-2 and qGW5-1) had larger
effects each explaining more than 14% of the total varia-

tion. Alleles for increasing grain weight at the nine
QTLs were dispersed between the two parents. Two
QTLs were mapped for grain-filling percentage. The
QTL on chromosome 6 (qGFP6-1) explained as much as
24.14% of the total variation. This QTL interacted with
the environment and the interaction explained 4.54% of
the total variation. Two QTLs were detected for grain
yield. The QTL on chromosome 6 (qGY6-1) explained
12.18% of the total variation. This QTL also interacted
with the environment, which explained 3.19% of the to-
tal variation. 

Alleles at QTLs increasing both grain-filling percent-
age and grain yield were provided by Zhenshan 97 at all
of the QTLs. Two QTLs, qGW3-2 and qGFP3-1, were
located in a similar genomic region on chromosome 3,
but with opposite effects.

Co-location of QTLs for yield traits, 
source-sink-transport tissue characters, 
and ratios among source, sink and transport tissue

It is also noted that several QTLs for yield traits were lo-
cated in similar regions with QTLs for other traits ana-
lyzed in this study. Nine of the 25 declared QTLs for
source-sink-transport tissue traits shared five regions
with the three yield traits (Tables 4 and 6). Of the 43
QTLs detected for the various ratios, 22 QTLs were
mapped to similar genomic blocks harboring QTLs for
the three yield traits, especially for 1,000-grain weight
(Tables 5 and 6). More specifically, QTLs for the yield
traits and ratios among source, sink and transport tissue
shared regions RG532–RM243 and RM212–C86 on
chromosome 1, C746–R321 on chromosome 3, G102–R78
on chromosome 4, R830–RG360 on chromosome 5,
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Table 6 Putative QTLs
for yield and its components Traita QTLb Chrom. Interval LOD Dist. Add.d Var% Var%

(cM)c (Ai)e (AEi)f

GW qGW1-2 1 C2340–C86 13.28 2 0.53 4.82
qGW1-3 1 G359–RG532 19.79 0 –0.64 6.98
qGW3-1 3 C944–R321 15.12 0 0.56 5.40
qGW3-2 3 C1087–RZ403 38.08 0 0.95 15.41
qGW5-1 5 R3166–RG360 38.86 0 –0.91 14.20
qGW8-1 8 R1394–G2132 13.30 0 –0.49 4.15
qGW9-1 9 RM257–RM242 13.81 0 –0.55 5.15
qGW10-1 10 C371–C405a 4.52 0 –0.28 1.37
qGW11-1 11 G44–G257 7.38 2 0.45 3.43

GFP qGFP3-1 3 RG393–C1087 5.01 0 –1.90 1.55
qGFP6-1 6 G200–Y4073L 50.15 0 –7.50 24.14 4.54

GY qGY4-1 4 G102–G235 6.89 12 –0.17 1.31
qGY6-1 6 RZ667–RG424 53.71 2 –0.51 12.18 3.19

a See Table 1 for abbreviations
b QTL nomenclature follows that of McCouch et al. (1997)
c Genetic distance (in cM) of the putative QTL from the right marker on the interval
d Negative value of the additive effect indicates that the allele from Zhenshan 97 increases the pheno-
typic score
e Var% (Ai) represent the relative contribution of the putative QTL to the trait
f Var% (AEi) represents the relative contribution of additive × environment interaction to the trait



P–R2549 on chromosome 6, R978–G2132 on chromo-
some 8, RM257–RM215 on chromosome 9, and
RG561–C405a on chromosome 10 (Tables 4, 5 and 6,
Fig. 1). 

Discussion

In the present study, several morphological traits gener-
ally functioned as source, sink and transport tissue, and
several derived traits as ratios among them were em-
ployed to understand the relationships of source, sink
and transport tissue with yield traits in rice by QTL anal-
ysis. As pointed out by Ashraf et al. (1994) and in some
literature, spikelet leaf ratio could reflect the relation-
ships between sources and sinks in rice, and the number
of LVB is generally connected with the capacity of the
stem to transport assimilate. On the basis of facts, it is
safe to infer that several ratios such as FL/TS, LVB/FL
and LVB/TS may reflect relative relationship among
source, sink and transport capacity, which are further as-
sociated with grain filling and development, although the
physiology of those ratios are indefinite.

Detection of the QTLs

We compared the QTLs detected using the data of 1999
or 2000 separately, with the QTLs jointly detected using
data of the 2 years (data not shown). Generally, the
QTLs from the combined analysis of 2-year data were
also detected in at least 1 year at the identical LOD and
probability settings. The directions and magnitudes of
additive effects of QTLs detected by the combined anal-
ysis were consistent with the same QTLs detected in 1
year. For example, three and eight QTLs were detected
for the ratio of flag leaf area to spikelets per panicle in
1999 and 2000, respectively. Of them, two QTLs were
detected in both years. Whereas, nine QTLs were detect-
ed when the combined analysis was done with the 2 year
data. Therefore, the detection of QTLs by the combined
analysis across environments should be more efficient.
Paterson et al. (1991) believed that a single environment
would underestimate the number of QTLs. Veldboom
and Lee (1996a, b) indicated that the power to detect
QTLs by using the mean of the two environments should
be increased. Comparison made in the study also sug-
gests that data from additional environments certainly
add to the detection of QTLs.
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Fig. 1 Genetic linkage map
showing locations of QTLs 
for source, sink, transport 
tissue and ratios among them,
and yield traits in a recombi-
nant inbred population derived
from Zhenshan 97 × Minghui
63. The arrows indicate the
position of the peak LOD. 
See Table 1 for abbreviations



Genotype by environment interaction (G × E) plays a
very important role in trait performance. In the literature,
detection of G × E was generally done by comparing
QTLs in different environments (Paterson et al. 1991; Lu
et al. 1996; Zhuang et al. 1997). In this study, a com-
bined analysis using 2 year data revealed only five QTLs
to have significant environmental interactions, suggest-
ing that G × E had relative small effects on the tested
traits. This is consistent with high correlation coeffi-
cients between 2 years in the tested traits.

Grain-filling percentage and grain yield are generally
considered to be complex agronomic traits, involving
many genes in the expression of the traits. However, it is
noted that only two QTLs were identified for each of the
two traits. This is consistent with the results of Lin et al.
(1996), Lu et al. 1996, Xiao et al. (1996) and Li et al.
(2000) in rice, and Veldboom and Lee (1996a, b) in
maize. It is speculated that many genes had too small ef-
fects that did not reach the pre-set threshold for the de-
tection. In addition, cancellations of the opposite effects
of QTLs for the component traits may also account for
the smaller number of QTLs for yield than its component
traits.

Relationship between source-sink characters 
and yield traits

It would be expected that grain filling depends largely on
the source leaves. However, correlations between leaf ar-
eas and yield traits were not always strong (Rutger et al.
1971; Herzog 1982). Both positive and negative correla-
tions between grain yield and leaf-area index (LAI) have
been reported, depending on LAI value. A negative rela-
tionship between LAI at flowering and grain yield was
often observed at a high LAI in rice (Dingkuhn et al.
1991; Chau and Bhargava 1993). In this study, areas of
the topmost three leaves were negatively correlated with
both grain-filling percentage and grain yield. Three
QTLs for leaf areas (qFL6-1, qSL6-1 and qTL6-1), and a
QTL for grain-filling percentage (qGFP6-1) and one for
yield (qGY6-1) were mapped to a similar genomic re-
gion, but QTLs for leaf areas and ones for yield traits
showed opposite directions of additive effect. This is
consistent with the results from correlation analysis.
However, it is inconsistent with the report of Li et al.
(1998) that alleles increasing source leaf size were asso-
ciated with increased grain yield. From the viewpoint of
crop physiology, firstly, it is often noted in a rice canopy
that the –2nd and –3rd leaves are mutually shaded during
grain filling. In this case, their net photosynthetic capaci-
ty is low and may become net consumers of assimilates.
Richards (1996) also suggested that reducing the size of
the flag leaf may increase grain number and yield be-
cause of an increase in assimilates to the developing ear
in wheat. Secondly, it is often observed that negative
correlation occurs between leaf area and photosynthetic
rate (Herzog 1982; Bhagsari and Brown 1986). Such ob-
servations suggest that larger leaf area does not always

provide more assimilates to the grain during grain filling.
Assimilate partitioning should be considered in design-
ing the plant type for yield improvement.

Relationship between source to sink ratio and yield traits

Grain weight is determined by both source and sink
(Reynolds et al. 1999). The ratio of leaf area to spikelet
number represents the available source per spikelet and
could be a critical physiological parameter influencing
grain weight. Our results showed that areas of the top-
most three leaves per spikelet were positively correlated
with 1,000-grain weight. The ratio of source to sink traits
influenced grain weight by creating different intrinsic
growth potential in the grains (Herzog 1982) because
seed growth rate is one of the components determining
seed size (Egli 1998). In this study, six QTLs for source to
sink ratio (qFLTS1-1, qFLTS3-2, qFLTS5-2, qSLTS1-1,
qTLTS1-1 and qTLTS8-1) were closely linked to regions
harboring QTLs for 1,000-grain weight, and the parental
contributions of the alleles also appeared in the same di-
rection. Moreover, the flag leaf area to spikelet ratio and
1,000-grain weight shared three similar regions. The flag
leaf is often regarded as the most important source of the
assimilate-supply to the ear, and was associated with
spikelet sterility, grains with high-density, 1,000-grain
weight and grain yield in wheat and rice (Hsu and 
Walton 1971; Herzog 1982; Ghosh et al. 1990).

Assimilate supply is closely associated with both final
grain weight and grain-filling percentage, and conse-
quently with grain yield (Egli 1998; Kobata et al. 2000).
The topmost three leaves are considered to be sources
for yield formation. Although significant correlations be-
tween areas of the topmost three leaves and dry matter
production were observed (data not shown) respectively,
results from correlation analysis and QTL mapping re-
vealed that relationships between source to sink ratios
and two yield traits (grain-filling percentage and grain
yield) were weak and inconsistent. Flag leaf area per
spikelet was positively correlated with yield traits. How-
ever, the –2nd and –3rd leaf area per spikelet was nega-
tively correlated with grain yield and grain-filling per-
centage (Table 3). This is consistent with the fact that
QTLs for source to sink ratio (qSLTS4-1, qTLTS4-1,
qFLTS6-1 and qTLTS6-1) and QTLs for grain-filling
percentage and grain yield (qGFP6-1, qGY4-1 and
qGY6-1), which were co-located in the vicinity of the
similar genomic blocks on chromosome 4 and 6, showed
opposite genetic effects. This seems to indicate that grain
filling and yield in the RI population are limited by
source availability under the conditions of this study.

Roles of transport tissue in relation to yield traits

LVB in the rice stem play important roles in the translo-
cation of assimilates and movement of water and nutri-
ents. The capacity of the conducting tissue could limit

656



the amount of assimilates accumulated in the grains dur-
ing the filling period, especially under environmental
conditions favorable for both photosynthesis and a large
sink capacity (Nátrová and Nátr 1993). The relationship
of vascular bundles to yield traits such as filled grain
number, grain weight and grain yield per panicle was es-
tablished in oat and wheat (Peterson et al. 1982; Li et al.
1999). In our study, a negative correlation between the
number of LVB and yield traits was observed. Peterson
et al. (1982) also observed a negative correlation be-
tween kernel weight and the number of bundles and the
phloem area. However, our data indicate that the number
of LVB relative to spikelets per panicle was positively
correlated with yield traits. QTL analysis provides the
genetic basis of this relationship. Two QTLs for the ratio
of LVB to spikelets per panicle (qLVBTS1-1 and
qLVBTS6-2) and three QTLs for yield traits (qGW1-1
and qGFP6-1 and qGY6-1) were mapped to similar ge-
nomic regions and showed the same direction of the ge-
netic effect. A high number of LVB per spikelet may
contribute to the rapid accumulation of assimilates in
filling grains.

The results also showed that five regions
(G359–RM259 on chromosome 1, G102–R78 on chro-
mosome 4, G200–RZ667–RG424 on chromosome 6,
R2638–RM242 on chromosome 9 and RG561–R2625–
C405a on chromosome 10) were shared by QTLs for
LVB to leaf area ratios and yield traits in the study. Al-
leles at two genomic regions (G102–G235–R78 on chro-
mosome 4 with a length of 14.8 cM and G200–RZ667–
RG424 on chromosome 6 with a length of 31.3 cM)
from Zhenshan 97 increased LVB to the leaf area ratios,
grain-filling percentage and grain yield. The positive
correlation between LVB to leaf area ratios and yield
traits suggests that transport tissue relative to the source
may be a limitation for assimilate translocation in the
tested materials.

It is noted that the region R2638–RM242, which had
effects simultaneously on the ratios of LVB to the areas
of the topmost three leaves, was linked to qGW9-1 for
1,000-grain weight. However, parental contributions of
the genetic effects of the ratios of LVB to leaf areas and
grain weight were in opposite directions. Two QTLs,
qGW1-2 and qLVBFL1-1, which shared the similar ge-
nomic region on chromosome 1, had the same parental
direction of the genetic effect. These results suggest a
complex relationship between 1,000-grain weight and
LVB to leaf area ratios.

The implications

This study analyzed QTLs for traits that we regarded as
source, sink, transport tissues, various ratios among them
and their relationships with yield traits. This analysis
provided useful information for understanding the ex-
pressions and physiological basis of yield traits on a per-
spective of source-transport-sink. It should be noted that
the two parents, Zhenshan 97 and Minghui 63, and their

hybrid are adapted to the subtropical and temperate envi-
ronments in central and southern China. Most of the
RILs are probably not adapted to the tropical environ-
ment where the experiment population was planted in
this study, as can be seen from the relatively low per-
centage of grain filling (Table 2). This may to a certain
extent affect the interpretation of the results, especially
with respect to yield traits.

Co-localization of the QTLs for various traits, as the
results of either pleiotropic effects or close linkage, can
provide an explanation for the genetic basis of correla-
tions between the traits. However, it should also be
pointed out that co-localization between some of the
QTLs may have occurred just by chance, due to the large
number of the QTLs detected in this study.

Assimilate supply is closely related to grain yield and
its components. As major sources, the importance of
leaves is expected. However, as revealed by the results
of this study, various ratios among source, sink and
transport tissue gave somewhat different pictures on the
relationship with yield traits from those individual
source, sink or transport tissue per se with yield traits.
Therefore, the optimizing source to sink ratio should be
considered for improving yield potential in the breeding
program. Lafitte and Travis (1984) reported that sink to
source ratios can be genetically altered for increasing
grain yield. Results from this study suggest that transport
tissue to source and sink ratios should also be considered
in the genetic manipulation of morpho-physiological
traits for improving crop yield potential. This suggests
that more attention should be paid to the integration of
source, sink and transport tissue with whole-system
viewpoints, rather than only to individual source, sink or
transport tissue. Identification of QTLs controlling
source, sink, transport tissues and yield traits will en-
hance the understanding of the complex interrelationships
among them, and will also facilitate the genetic modifica-
tions of these characters in order to improve the yield.
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