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Abstract Protein content (PC) is an important component

of rice nutritional quality. In order to better understand the

genetic basis of this trait and increase related breeding

efficiency, 21 single chromosome segment substitution

(SCSS) lines grown in four sites over two growing seasons

(regarded as eight environments) were used to associate PC

with particular chromosome segments. Segments from 15

chromosomes were found to contain quantitative trait loci

(QTLs) for PC in at least one environment. These included

segments from chromosome 3 and 8, in which QTLs for PC

had not previously been identified. The segment of chro-

mosome 8 in CSSL-48 had the largest positive effect across

all environments. The interaction between substitution and

environment was highly significant. Some substitutions had

large effects in one environment, but no effect in another

(i.e. CSSL-08 and CSSL-17), while some substitutions

significantly increased PC in one environment but

decreased it in another (i.e. CSSL-41 and CSSL-43). By

biplot and clustering analysis, the eight environments were

grouped into two contrasting environment types, that is,

Hainan and Jiangsu. The segment of chromosome 8 in

CSSL-48 had PC-enhancing QTLs in both of the envi-

ronment types. The segments in CSSL-34 had QTLs which

increase PC in the Jiangsu environment but have no effect

in the Hainan environment. For enhancing PC, CSSL-48

could be explored in breeding for wide adaptation across

all environments, while CSSL-12, CSSL-14, CSSL-17,

CSSL-41 and CSSL-43, and that in CSSL-34 could be

explored in breeding for specific adaptation to the Hainan

and Jiangsu environments, respectively. Near isogenic lines

are under development to validate the QTLs with large

effects in a range of genetic backgrounds relevant to

Jiangsu and Hainan breeding programs. Secondary mapping

populations are also being developed for further localising the

responsible QTLs in CSSL-14, CSSL-34 and CSSL-48.

Introduction

Rice (Oryza sativa) is one of the most important crops in the

world, and used as staple food by more than half the world’s

population. Traditionally, plant breeders concentrated on

breeding for high yield and pest resistance. As countries

reached self-sufficiency in rice production, the demand by

consumers for better quality rice has increased. Breeding

for improved grain quality is now a major objective of many

breeding programs worldwide. Rice grain quality is a

complex character consisting of many components such as

grain appearance, milling, cooking, palatability and nutri-

tional qualities. Protein content (PC) of rice grain influences

the taste of cooked rice. It also affects the physical–

chemical properties of cooked rice. It is generally thought

that the higher the PC, the more the nutritional value, but in

terms of taste reduced PC appears desirable (Wan et al. 2004).

Communicated by M. Cooper.

G. Ye

Crop Research Informatics Laboratory,

International Rice Research Institute,

Los Baños, Laguna, Philippines

S. Liang

Plant Breeding, Genetics, and Biotechnology Division,

International Rice Research Institute (IRRI), Los Baños,

Laguna, Philippines

J. Wan (&)

Institute of Crop Science and The National Key

Facility for Crop Gene Resources and Genetic Improvement,

Chinese Academy of Agricultural Sciences,

Beijing 100081, China

e-mail: wanjm@caas.net.cn

123

Theor Appl Genet (2010) 121:741–750

DOI 10.1007/s00122-010-1345-2



Substantial variation for PC has been detected among

indica varieties with a range from 4.9 to 19.3% and

japonica varieties from 5.9 to 16.5% (Lin et al. 2000).

Classical genetic analysis suggested that PC was quantitatively

inherited (Shenoy et al. 1991; Shi et al. 1999). PC is sensitive

to environmental conditions like the level of nitrogen ferti-

lization (Perez et al. 1996), which has contributed to the slow

progress of breeding efforts to improve PC.

To design effective and efficient breeding methods for

improving PC, several QTL mapping studies have been

conducted using different mapping populations. Using a

population of recombinant inbred lines derived from a

cross between two elite varieties, Tan et al. (2001) identi-

fied two PC QTLs on chromosome 6 and 7, which

accounted for 13.0 and 4.7% of the phenotypic variation,

respectively. The QTL on chromosome 6 was in the region

of the waxy (wx) gene. Aluko et al. (2004) identified four

QTLs on chromosomes 1, 2, 6 and 11 using a double

haploid population derived from an interspecific cross

between O. sativa and O. glaberrima. The QTL on chro-

mosome 6 was also in the region of the wx gene. Hu et al.

(2004) identified five main-effect QTLs on chromosomes

1, 4, 5, 6 and 7, and a pair of interacting QTL on chro-

mosome 10 and 11 using a double haploid population

derived from a cross between indica and japonica varieties.

The five main-effect QTLs collectively explained 74% of

the phenotypic variation. Both of the parental lines con-

tributed alleles with increased PC. Thus, 8 of the 12 rice

chromosomes (1, 2, 4, 5, 6, 7, 10 and 11) have so far been

shown to have QTLs for PC. All these studies used phe-

notyping data from only a single environment, which did

not allow the investigation of the possible effects of QTL-

by-environment interaction on trait performance.

The objectives of this study are to (1) test the effects of

various chromosome segment substitutions on PC in different

environments; (2) investigate the interaction between chro-

mosome substitution and testing environments; (3) identify

lines that have large and stable effects for further locating

QTLs responsible for the observed effects. The biplot is used

to investigate the substitution-by-environment interaction

pattern including (1) the magnitude of the substitution effect,

(2) the similarity among substitutions in effect and response

to environments, (3) the average effect of a substitution

across environments and its stability, and (4) the similarity

among environments in discriminating substitution effects.

Materials and methods

Genetic population

Tsunematsu et al. (1996) developed a set of 65 chro-

mosome segment substitution lines using successive

backcrossing and marker-assisted selection. The japonica

variety Asominori was used as the background parent and

the indica rice variety IR24 as the donor parent (Kubo

et al. 2002). Twenty-one of these lines, which have only

a single segment substitution (Table 1), and the recurrent

parent Asominori were grown in eight environments

(denoted as ‘‘E’’) involving four locations in two differ-

ent years (Table 2). A randomized complete block design

with two replications was used to layout the trial in all

environments (years and locations). Each plot consisted

of ten ten-plant rows. Trials were managed according to

standard local practices. At maturity, each entry was

harvested in bulk. After drying, grains were stored at

room temperature for 3 months before processing. Protein

content was determined by a nitrogen gas analyser.

Samples of 1 mg were placed into a quartz combustion

tube in an induction furnace at 900�C. A nitrogen con-

version of 5.95 was used to calculate the nitrogen

content.

Data analysis

For within-environment analysis, the linear model for the

PC of genotype i in block k is

yik ¼ lþ gi þ bk þ eik

where yik is the observed PC of genotype i, in block k, l is

the overall mean, gi is the fixed effect of genotype i, bk is

the random effect of block j, eik is the random error term

associated with observation ykj.

Analysis of variance was performed using the GLM

procedure of SAS (SAS Institute 2001).

The differences between the SCSS lines and the recur-

rent parent Asominori were tested for significance using

the Dunnett approach (Dunnett 1964).

For across-environment analysis, the linear model for

the PC of genotype i in block k in environment j is

yijk ¼ lþ gi þ ej þ geij þ ðb=eÞkðjÞ þ eijk

where yijk is the PC of genotype i, in environment j and

block k, l is the overall mean, gi is the effect of genotype i,

ej is the effect of the environment j, geij is the effect of the

interaction of genotype i and environment j, (b/e)k(j) is the

effect of block k within the environment j, eijk is the ran-

dom error term associated with observation yijk.

Prior to the analysis, the homogeneity among error

variances estimated from each of the environments was

checked with a Bartlett’s test (1937) (P = 0.05). Variance

components were estimated by REML method by regard-

ing all effects as random. To compare the SCSS lines

against the recurrent parent across environments, an anal-

ysis was conducted using the same model but regarding the

effect of genotype as fixed. Both the analyses were
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conducted using the MIXED procedure of the SAS soft-

ware (SAS Institute 2001).

The substitution effect was computed as the difference

between an SCSS line and the recurrent parent and used for

environment and line grouping. Classification of lines and

environments was performed using an agglomerative

hierarchical clustering procedure with squared Euclidean

distance as the dissimilarity measure (Williams 1976), and

Ward’s method, which uses incremental sums of squares as

the clustering strategy (Ward 1963). The R package pvclust

(Shimodaira 2004) was used for assessing the uncertainty

in hierarchical cluster analysis. For each cluster in hierar-

chical clustering, the approximately unbiased P value

computed by multiscale bootstrap resampling and the

bootstrap probability value computed by normal bootstrap

resampling were calculated (Shimodaira 2004). The P

value of a cluster is a value between 0 and 1, which indi-

cates how strong the cluster is supported by data. Ordina-

tion was done on the environment centred mean data using

a singular value decomposition algorithm with results

represented by a biplot (Gabriel 1971; Kempton 1984)

using the R (R Development Core Team 2008) and

GGEBiplot software (Yan 2001).

Results

Effects of chromosome segment substitutions in eight

testing environments

The genotype (line) effect was significant for all the eight

trials. All the 21 SCSS lines were not significantly different

Table 1 Asominori/IR24

single chromosome segment

substitution lines

Code Chromosome Segment length (cm) Marker composition

CSSL-03 1 38.55 C970, C955

CSSL-08 1 54.10 C1370, C2340, C86

CSSL-10 2 51.90 R459, G1340, X132

CSSL-12 2 53.35 X132, X67, C747, R3393

CSSL-14 2 11.50 C1470

CSSL-17 3 73.65 C515, R518, C563, R3156, C1677, R19

CSSL-22 4 23.95 R1854, R228

CSSL-24 4 51.25 C891, C335, X331

CSSL-31 5 45.40 R569, R2289

CSSL-32 5 79.95 R3166, R569, R2289, C128

CSSL-33 5 11.5 C1447

CSSL-34 6 42.15 X209, C688, R2171

CSSL-41 7 49.80 C1057, R2829, C39

CSSL-43 7 44.85 C39, R2394

CSSL-46 7 28.25 R1789, X278

CSSL-47 8 13.05 X278

CSSL-48 8 54.45 X41, R727, G1149, X397

CSSL-57 10 76.00 R1629, C1166, R1877, C1361, C809

CSSL-58 10 86.65 C1166, R1877, C1361, C809, C405

CSSL-59 11 4.80 X 52, R2918

CSSL-62 11 83.70 C1350, X257, C1172, C1465, R543

Table 2 Environments

(combinations of two growing

seasons and four locations) for

testing 21 Asominori/IR24

single chromosome segment

substitution lines and Asominori

Code Season Location

E1 May–Oct 2001 Nanjing Agricultural University, Nanjing, China, N 31.2�, E 118.4 Â�
E2 May–Oct 2001 Jinhu County, Jiangsu, China, N 32.7�, E 119.6�
E3 June–Nov 2001 Donghai County, Jiangsu, China, N 35.1�, E 118.4�,

E4 Dec 2001–May 2002 Lingshui County, Hainan, China, N 18.2�, E 108.9�
E5 May–Oct 2002 Nanjing Agricultural University, Nanjing, China, N 31.2�, E 118.4�
E6 May–Oct 2002 Jinhu County, Jiangsu, China, N 32.7�, E 119.6�
E7 June–Nov 2002 Donghai County, Jiangsu, China, N 35.1�, E 118.4�
E8 Dec 2002–May 2003 Lingshui County, Hainan, China, N 18.2�, E 108.9�
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from the recurrent parent Asominori at E1, E4 and E6

mainly due to large experimental error (Table 3). At E4,

line 58 was different from the Asominori at 0.1 probability

level. The numbers of lines that were significantly different

from Asominori in E2, E3, E5, E7 and E8, were five, one,

four, two and seven, respectively.

The segment of chromosome 1 in CSSL-03 had a sig-

nificantly negative effect at E3 and E7, while the segment

of chromosome 1 in CSSL-08 had a significantly positive

effect at E2. The segment of chromosome 2 in CSSL-10

had a significantly positive effect at E2, but a nearly sig-

nificantly negative effect at E3. The segment of chromo-

some 2 in CSSL-12 had a significant positive effect at E8.

The two segments overlapped with the common marker 13.

Therefore, the gene responsible for the observed response

was likely to be between marker 13 and 14. The single

marker substitution in CSSL-14 increased PC highly sig-

nificantly at E8, where it had the second largest difference

from Asominori among all the SCCS lines. The segment of

chromosome 3 in CSSL-17 had a significantly negative

effect at E7 but a significantly positive effect at E8. The two

segments of chromosome 4 (in CSSL-22 and CSSL-24,

respectively) had significantly positive effects. The effect

was detected at E2, E5 and E8 for CSSL-22, but only at E2

for CSSL-24. The segment of chromosome 5 in CSSL-31

had no effect, while that in CSSL-32 significantly reduced

PC at E5. The single marker substitution of chromosome 5

in CSSL-33 significantly reduced PC at E5. The segment of

chromosome 6 in CSSL-34 had no significant effect in any

of the environments. The three segments of chromosome 7

(CSSL-41, CSSL-43 and CSSL-46) spanned markers 48–

53. Significant and near significant effects were only

detected for CSSL-41 and CSSL-43 at E8 and E2, indi-

cating that the underlying gene was in between marker 50

and 51. CSSL-47, which has a single marker substitution

from chromosome 8 was not significantly different from

Asominori in all testing environments. The segment of

chromosome 8 in CSSL-48 had a significantly positive

effect at E2, E7 and E8, where it also had the largest

positive difference among all the SCCS lines. The two

segments of chromosome 10 in CSSL-57 and CSSL-58 had

no significant effects on PC in any of the environments.

The segment of chromosome 11 in CSSL-59 had a sig-

nificant effect only in E5, where it reduced PC. The seg-

ment of chromosome 11 in CSSL-62 had a significant

effect only in E2, where it increased PC.

Across environments analysis

Environment main effect was the predominant source of

variation, followed by line-by-environment interaction.

The line-by-environment interaction variance component

was 2.13 times the genotype component, indicating a large

genotype-by-environment interaction (Table 4). Single

degree of freedom t test conducted by the ‘Estimate’

statement of Proc Mixed identified CSSL-48, CSSL-34 and

CSSL-14 had significantly lower or higher PC than the

recurrent parent, indicating the presence of QTLs with

main effects.

Substitution with major effect

The biplot in Fig. 1 is based on the first two principal

components from the line-focused singular value parti-

tioning, where SCSS lines were presented as vectors

(lines from the biplot origin to the SCSS line coordi-

nates) and environments were presented as points. The

first two components account for 83.0% of the total

variation. The length of a line vector is a measure of the

magnitude of the effect of the substituted segment in the

line. A long vector indicates that the substituted segment

has a large effect in one or more environments. Thus,

segments in CSSL-08, CSSL-12, CSSL-14, CSSL-17,

CSSL-22, CSSL-34, CSSL-41, CSSL-43 and CSSL-48

are estimated to have large effects (Fig. 1). The segments

in CSSL-46 and CSSL-47, which were not significantly

different from Asominori in any environment, have short

vector lengths.

Similarity among substitution effects

The distance between two lines in Fig. 1 is an indicator of

dissimilarity between them, which is determined by both

the length of their vectors and the angle between them. It

can be seen that the segment in CSSL-34 is different from

most of the segments in the other lines. The segments in

CSSL-12, CSSL-14, CSSL-17 and CSSL-43 are similar.

Similarly, the segment in CSSL-33 is similar to those in

CSSL-59 and CSSL-41, and the segment in CSSL-62 is

similar to that in CSSL-47. Since the biplot analysis is

conducted using the raw line-by-environment table, the

environment main effect, which is not of interest, may

have large effect on the classification of the substitution

effects. Cluster analysis based on environment standard-

ized data was conducted to classify lines into groups

within which all lines have relatively similar ranking of

performance. The 21 lines were classified into five groups

without losing much information, since 84% of the line

sum of squares was captured by the among line group

sum of squares. The result of clustering is given in

Table 5, which shows a good coincidence with the

information in Fig. 1 for most of the lines. However,

CSSL-48 is separated out as a single member group,

while CSSL-34 is grouped together with CSSL-47 and

CSSL-57.
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Mean effect of a substitution and its stability across

environments

Figure 2 displays the mean effect of a substitution and its

stability across testing environments. The small circle

indicates the average environment defined by the average of

PC1 and PC2 across environments. The horizontal line,

which passes through the circle and the biplot origin, is the

average environment axis. The vertical line, which is per-

pendicular to the average environment axis and passes

through the origin of the biplot, separates lines with below

average PC from those with above average PC. Projection

of a line point to the horizontal average environment axis

approximates the mean effect of the substitution in the line

(Yan 2001). Thus, the segment in CSSL-48 has the largest

mean effect. Other segments with large effect are CSSL-03,

CSSL-14, CSSL-33 and CSSL-59. As expected, most of

them are also the substitutions with major effects. Substi-

tutions in lines 08, 14, 34 and 48 have above average PC,

while those in CSSL-03, CSSL-33, CSSL-58 and CSSL-59

have below average PC. A longer projection to the vertical

line, regardless of the direction, represents a greater ten-

dency of line-by-environment interaction of a line, which

means the line is more variable and less stable across

environments (Yan 2001). Thus, the effects of substitutions

in CSSL-48, CSSL-22 and CSSL-62 correspond to the most

stable lines that have large positive effects.

Similarity among testing environments and identification

of lines for different environment types

Biplot analysis based on environment-centred data is used

to visualise the relationships among testing environments

(represented by vectors) (Fig. 3). The length of an envi-

ronment vector indicates the magnitude of the difference

among segment substitution (lines) acting in the environ-

ment. It can be seen that most substitutions have different

effects in E3 versus E8. The distance between two envi-

ronments is an indicator of dissimilarity between them,

which is determined by both the length of the vectors and

the angle between them. From Fig. 3, E1 and E2 are sim-

ilar; E4 and E8 are very similar; and E3, E5, E6 and E7 are

similar. The eight testing environments appear to belong to

three environment groups: E1 ? E2, E4 ? E8 and

E3 ? E5 ? E6 ? E7. The dendrogram of the hierarchal

cluster analysis gives similar grouping (Fig. 4). Cluster

stability assessment using bootstrap resampling supports

two environment groups (Fig. 4). The combined results

from the interpretation of the biplot and the cluster stability

analysis indicated two environment groups for further

investigation of the genotype-by-environment interaction.

E4 and E8 are in one group and the remaining environments

are in the other group. E4 and E8 are the two growing

seasons of the testing site in Hainan province (Hainan

environment). The other six environments are the two

growing seasons of the three testing sites in Jiangsu

province (Table 2) (Jiangsu environment).

To ease the identification of lines for the two environ-

ment types, the result of a biplot analysis using the two

identified environment groups is given in Fig. 5. The seg-

ment in CSSL-48 is good for both the environment types.

Segment in CSSL-12 and CSSL-14 increases PC for the

Hainan but has essentially no effect for the Jiangsu envi-

ronment. Conversely, the substitution in CSSL-34 has no

effect for the Hainan environment but increases PC for the

Jiangsu environment. The QTLs contained by the segments

in CSSL-12, CSSL-14, CSSL-17, CSSL-41 and CSSL-43

can be explored for the Hainan environment, while those in

CSSL-08 and CSSL-34 are of interest for the Jiangsu

environment.

Discussion

In this study, twenty-one SCSS lines were used for

detecting segments containing QTLs for PC across eight

environments. SCSS lines have several distinct advantages

over primary mapping populations such as F2, F3, recom-

binant inbred lines, and double haploids in detecting QTLs

for complex traits. First, detection power is increased

because of reduced effects of interferences from genetic

background. An SCSS line carries only a single introduced

segment in the near-isogenic background of a recurrent

genotype. Interactions between donor alleles are limited to

those between QTLs on homozygous substituted tracts, and

thus are substantially reduced (Howell et al. 1996; Yano

et al. 2000). This may be best illustrated by the fact that in

the E8 trial, which had the lowest experimental error, as

many as seven substitutions were found to significantly

increase PC, while no previous studies using much larger

DH populations identified more than five QTLs for PC.

Second, high-resolution mapping of putative QTLs as

Mendelian factors and further map-based cloning will be

Table 4 Variance components estimated from a trial of 21 rice single

chromosomal segment substitution lines tested in 8 environments (4

locations over 2 years)

Source of

variation

Component Percentage of

total variance
Estimate Error

Genotype (G) 0.058 0.026 9.94

Environment (E) 0.243 0.136 41.99

G-by-E 0.123 0.025 21.17

Block (E) 0.003 0.005 0.47

Residual 0.153 0.017 26.44
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feasible using a secondary F2 population derived from a

cross between a QTL-containing SCSS line and the

recurrent parent (Eshed and Zamir 1995; Frary et al. 2000;

Nadeau et al. 2000). In addition, segregating populations

can be purposely created to detect the effect of interaction

between QTLs (epistasis) (Lin et al. 2000). SCSS lines are

also useful for breeding purposes, as they contain only

favourable donor alleles and a low percentage of donor

genome and these can thus be easily and rapidly isolated

and transferred into elite varieties.

Fifteen of the chromosome segments in the 21 SCSS

lines were shown to have significant or nearly significant

effects on PC in at least one of the eight testing environ-

ments. These 15 segments were from 10 of the 12 rice

chromosomes. As summarized in the introduction, 8 of the

12 rice chromosomes (1, 2, 4, 5, 6, 7, 10 and 11) have been

previously shown to contain QTLs for PC. This study

added two more chromosomes (3 and 8) to the list. The

segment of chromosome 3 in CSSL-17 had no effect at E1

and E2 and increased PC by 1.72% at E8, but reduced it by

different extents at the other five environments. The seg-

ment of chromosome 8 in CSSL-48 had no effect at E5 and

slightly reduced PC at E6, but increased it at other envi-

ronments. Indeed, the segment in CSSL-48 had the largest

positive effect in most of the environments. It is possible

that chromosomes 9 and 12 may also have QTLs for PC,

since no SCSS lines contain substituted segments from

these two chromosomes in this study.

The numbers of lines that were significantly different

from Asominori were different for different environments.

In E1, E4 and E6, no significant difference was found for

any of the lines, while five, one, four, two and seven lines

were significantly different from Asominori in E2, E3, E5,

E7 and E8, respectively. The effect of substitution is

environment-specific. The difference between an SCSS

line and Asominori was essentially zero in one environ-

ment, but large in another environment. For instance, the

effect of the substitution in CSSL-62 was 0.005% at E8 but

1.160% at E2. Similarly, the effect of substitution in CSSL-

08 was 0.036% at E7 but 1.302% at E2.

Many substitutions were found to reduce PC, suggesting

that Asominori also contains PC-enhancing QTLs. A set of

reciprocal substitution lines (if available) will not only help

the identification of PC-enhancing QTLs contained in

Asominori, but also make it possible to detect the effect of

QTL-by-background interaction.

As QTL mapping using other types of biparental pop-

ulations, the desirable QTLs are only desirable for the

genetic background where it resides. Validation of the

QTLs in a range of genetic backgrounds relevant to a target

breeding program is required. CSSL-48, CSSL-14 and

CSSL-08 are being used as donor parents to transfer the

QTLs with large effects into 5–10 elite cultivars/breeding

lines from the Hainan and Jiangsu breeding programs. It is

expected that near isogenic lines with a wide range of

genetic backgrounds will be developed quickly by marker

assisted backcrossing since the segments containing QTLs

are short. Once the effects of the QTLs are validated, the

near isogenic lines can also be used as parental lines for

Fig. 1 Biplot based on the first two principal components for

comparing SCSS lines and for visualising similarities among them

(The substitution lines are represented by vectors. The environments

are represented by points. The length of a vector indicates the

predicted effect of the substitution line. The angle between two

vectors indicates the similarity between two substitution lines. A

substitution line with a short vector is not well presented by the first

two principal components and more components are needed)

Table 5 SCSS line grouping

resulting from hierarchical

cluster analysis using Ward

method

Group Lines

I CSSL-48

II CSSL-10, CSSL-12, CSSL-14

III CSSL-34, CSSL-47, CSSL-57

IV CSSL-08, CSSL-24, CSSL-46, CSSL-58, CSSL-62

V CSSL-03, CSSL-17, CSSL-22, CSSL-31, CSSL-32, CSSL-33, CSSL-41, CSSL-43, CSSL-59
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pyramiding these QTLs, as discussed by Ye and Smith

(2010).

The two parental cultivars used in the development of

these SCSS lines are elite cultivars of the two rice

subspecies. Field observations for other key agronomic

traits suggested that it possible to develop cultivars with

acceptable agronomic performance and, further, enhanced

PC directly using the SCSS lines containing desirable

QTLs. We are developing populations by crossing superior

lines (CSSL-48, CSSL-14 and CSSL-08) to pyramid the

positive alleles. These populations will also be used to

investigate the possible epistatic interactions between

QTLs.

Fig. 2 Mean effect and stability of the SCSS lines across testing

environments [The genotypes are ranked along the average-environ-

ment axis (the longest horizontal line), with the arrow pointing in the

direction of greater values. The longest vertical line separates

substitution lines with below-average means from those with above-

average means. A substitution line with a longer projection to the

vertical line is more variable and less stable across environments]

Fig. 3 Biplot based on the first two principal components for

showing the similarities among the testing environments (Testing

environments are represented by vectors. The substitution lines are

represented by points. Environments with longer vectors are more

discriminative of the substitution lines. The angle between two

vectors indicates the similarity between the two testing environments)

Fig. 4 Cluster dendrogram for environments with P value (AU is

approximately unbiased P value computed by multiscale bootstrap

resampling and BP is the Bootstrap Probability value computed by

normal bootstrap resampling)

Fig. 5 Biplot based on mean substitution effects on protein contents

in two contrasting environment groups
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The segment of chromosome 8 contained in CSSL-48

had the largest effect in most of testing environments,

suggesting the presence of QTL with a large effect.

Moreover, QTL for PC has never been identified on

chromosome 8. Therefore, we are developing a secondary

population between CSSL-48 and the recurrent parent to

fine map this region of chromosome 8. Similarly, second-

ary populations will also be developed to fine map QTLs

contained in CSSL-08 and CSSL-14.

The eight testing environments were grouped into two

independent types of environments, that is, Jiangsu and

Hainan. This is consistent with the different climate types:

Jiangsu has a temperate climate type, while Hainan has

a tropical climate type. The two environment types

were independent of each other. This implies that (1) it is

possible to select substitutions that are good for both

environment types; and (2) substitutions with a desired

effect in one environment type may not necessarily have

the desired effect in the other. The substitution in CSSL-48

increased PC at both of the environment types. Substitution

in CSSL-14 increased PC at the Hainan environment, but

had minimal effect at the Jiangsu environment. Conversely,

substitution in CSSL-08 had no effect at the Hainan envi-

ronment but had a large positive effect at the Jiangsu

environment.

Breeding for specific adaptation where the intended

commercial target area is sufficiently large to make it

economically worthwhile should be effective and efficient,

because many QTLs only have a desirable effect at one of

the environments. Both Jiangsu and Hainan are important

rice production regions in China. The growing areas in

each of the regions are large enough to support separate

breeding programs. In fact, for both Hainan and Jiangsu

there are several rice breeding programs. Although it may

be argued that this is not an efficient way to use the

resources for breeding, it does make it possible to capture

genetic gain from better exploring specific adaptation. The

segments in CSSL-08, CSSL-34, CSSL-48 and CSSL-62

could be explored to enhance PC for the Jiangsu environ-

ment, while those in CSSL-14, CSSL-17, CSSL-41, CSSL-

43 and CSSL-48 for the Hainan environment. Since only

one testing site and two growing seasons were sampled

from Hainan, it may not represent the target population of

environments of breeding programs in Hainan. The lines

showed significantly enhanced PC should be further tested

in more sites and years in Hainan.
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