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Abstract Delayed leaf-senescence, or stay-green, has
been regarded as a desired characteristic for the produc-
tion of a number of crops including rice. In this study, we
analyzed the genetic basis of stay-green using a popula-
tion of 190 doubled haploid lines from the cross between
an indica parent Zhenshan 97 and a stay-green japonica
parent Wuyujing 2. The population was tested in repli-
cated field trials in 2 consecutive years, and six traits were
defined to evaluate the stay-green characteristics. A
genetic linkage map with 179 SSR (simple sequence
repeat) marker loci was constructed. The software
QTLMapper, based on a mixed linear model approach,
was applied to detect QTLs, epistatic effects and their
environmental interactions for these traits. A total of 46
main-effect QTLs was detected for the six traits that can
be localized to 25 chromosomal regions. The individual
effects of all the QTLs were small. Fifty digenic
interactions were resolved that involved 66 loci distribut-
ed on all 12 chromosomes. Environmental interactions
were detected for 18 of the main-effect QTLs and 14 of
the epistatic interactions. Collectively, the epistatic
effects and QTL by year interactions accounted for large
proportions of the phenotypic variations. The results also
showed that most of the stay-green traits were negatively
correlated with yield and its component traits. The
implications of the results in crop improvement were
discussed.
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Introduction

Senescence in plants is the final developmental stage. It is
internally programmed, as well as affected by external
signals such as drought, temperature, insect or disease
invasions, and other biotic and abiotic stresses (Bucha-
nan-Wollaston 1997, Nooden et al. 1997). A typical
feature of leaf senescence is the loss of chlorophyll and
progressive decline in photosynthetic capability. Prema-
ture senescence would result in the deterioration of the
quality of vegetables, ornamental plants and turf grasses,
and also lead to poor grain quality and the yield loss of
crop plants.

Stay-green is a term for the delayed yellowing, during
later plant development (Thomas and Howarth 2000)
compared with a reference genotype. Due to its impor-
tance, it has been studied in many plants such as sorghum
(Walulu 1994), soybean (Pierce et al. 1984), maize
(Gentinetta et al. 1986), durum wheat (Spano et al. 2003)
and Phaselous vulgaris (Fang et al. 1998). Stay-green has
usually been considered to be associated with the
retention of the high photosynthetic capacity and yield
increment (Gentinetta et al. 1986, Thomas and Howarth
2000). Rosenow et al. (1983) reported a stay-green
sorghum variety B35 that showed post-flowering drought
resistance, which contributed to an improvement in high
and stable yield-production under drought-prone condi-
tions. Stay-green plants of some other species also
showed increased resistance to pest and disease invasion,
better quality forages for animals, high chlorophyll
content and extended pigment source for food industry,
as well as the attractive ornamental period (Ambler et al.
1987, Thomas and Smart 1993; Xu et al. 2000b).
Therefore, understanding the mechanism of stay-green
would be very important for the improvement of plants,
including the most important crop species.

It has been known that stay-green is also regulated by
genetic factors in addition to the environment (Pierce et
al. 1984; Walulu et al. 1994). Genetic analyses of stay-
green have been conducted using various germplasms
showing different types of stay-green. In soybean, three



stay-green mutants were found and analyzed. A cytoplas-
mic gene, cytG, two recessive alleles, d/ and d2, and a
dominant gene, G, regulated the greenness in foliages,
pod walls, seed coats and embryos (Guiamet et al. 1990).
The cytG product hindered the conversion of chlorophyll
b to chlorophyll a resulting in higher stability of
chlorophyll b during the degradation process (Guiamet
et al. 1991), and the d/d2 homozygote showed a
significant delay of soluble protein degradation during
senescence (Guiamet and Giannibelli 1996). The stay-
green phenotypes of pea and Festuca pratensis were
found to be induced by the lesion of phaeophobide, a
oxygenase (PaO) during chlorophyll catabolism (Thomas
1987; Vicentini et al. 1995). Physiological, cytological,
biochemical and genetic analyses of a non-yellowing
mutant found in F. pratensis were also conducted
(Thomas 1977, 1982, 1987, 1997; Thomas and Matile
1988; Thomas et al. 1999), which revealed that the stay-
green character was regulated by a single recessive allele
of the nuclear locus sid (Thomas 1987).

With the development of high-density molecular link-
age maps (Causse et al. 1994; Hurushima et al. 1998;
Temnykh et al. 2000, 2001) and analytical methods
(Lander and Botstein 1989; Zeng 1994; Wang et al.
1999), the genetic bases for a large number of quantita-
tively inherited traits in many plant species, including yield
and the agronomic performance of the most important crop
species such as tomato, maize and rice (Paterson et al.
1988; Xu 1997; Xing et al. 2002) have been well
elucidated. Genetic mapping of the QTL (quantitative trait
locus) conferring stay-green was also undertaken in a
number of plant species. Thomas (1997) mapped the single
recessive nuclear allele sid for stay-green in F. pratensis, in
an interval between two AFLP markers. Thorogood et al.
(1999) observed up to six QTLs for leaf senescence in a
Lolium population. In Arabidopsis, a recessive gene fiw,
which exhibited premature cessation of inflorescence
growth and early leaf senescence, was mapped on chro-
mosome 4 (Nakamura et al 2000). Xu et al. (2000a)
detected three stay-green QTL regions (stg/, stg2, stg3) in
a recombinant inbred-line population of sorghum by using
a restriction fragment length polymorphism (RFLP) map.
Further analysis found that these regions contained the
genes for key photosynthetic enzymes, heat shock proteins
and an abscisic acid responsive gene, which attached the
importance of these regions to yield and drought- and heat-
stresses. In rice, Cha et al. (2002) mapped a recessive
mutant gene sgr(¢) for stay-green to chromosome 9
between RFLP markers RG662 and C985.

In rice, many japonica genotypes, including a number
of high yielding cultivars, have good stay-green charac-
teristics at maturity, while premature leaf senescence
appears to be a common problem in a number of high
yielding indica cultivars and hybrids. It has been spec-
ulated that delaying the senescence at the terminal stage
of maturity may lead to increased yield and improved
grain quality. For this purpose we developed a population
of doubled haploid (DH) lines from a cross between a
high yielding japonica cultivar Wuyujing 2 showing good
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stay-green and good maturity characters at harvest and
Zhenshan 97, an indica line that is the female parent for a
number of widely cultivated hybrids. The objectives of
the study reported in this paper were to determine the
genetic basis of stay-green in this population, and to
identify QTLs that may be useful for the improvement of
the hybrid performance in breeding programs.

Materials and methods
Materials and field planting

The experimental population consisted of 190 DH lines derived by
anther culture of the F; from a cross between Zhenshan 97 and
Wuyujing 2. The DH lines and the two parents were planted in the
rice-growing seasons of 2001 and 2002 in the experimental farm of
Huazhong Agricultural University, Wuhan, China. The planting
time was June 12 in 2001 and May 17 in 2002, to make the
experimental conditions, especially temperature and photoperiod,
of the 2 years very different during the rice-growing periods. The
field planting followed a randomized complete block design with
two replications within a year. In each block, 20 plants from each
line were planted in a two-row plot with a distance of 16.5 cm
between plants within a row, and 26.4 cm between the rows. Field
management followed essentially the normal agricultural practices.
Irrigation of the field was maintained to avoid drought stress to the
late maturing lines. The lines were harvested individually at
maturity to prevent yield loss from over-ripening.

Trait measurements

The degrees of greenness of the flag and second leaves from five
plants in the middle of a row were measured at the day of heading
and also 30 days after, using a Minolta Chlorophyll Meter SPAD-
502 (Minolta Camera Co., Japan). To ensure that the measurements
were taken in the right day for the right tiller, tillers were tagged at
the day of heading. The SPAD readings of the flag and second
leaves measured at the day of heading were designated as dgf and
dgs for the flag and second leaves, and the SPAD values at 30 days
after heading were used as measurements for the retention-degrees
of greenness, designated as rdgf and rdgs, respectively. The ratios
of rdgf to dgf and rdgs to dgs were used as indexes for the relative
retention of greenness, designated as rrgf and rrgs, respectively.

Another measurement of stay-green was an independent visual
estimation of the retention of the green-area (rga) for leaves at 30
days after heading on a 1 to 5 scale. A rating of 1 indicated
complete or nearly complete leaf death, while rating 5 correspond-
ed to a complete green leaf. Similarly, rgaf and rgas were used as
designations for the first and second leaf, respectively.

Yield and its component traits examined, included the grain
yield per plant (g), the number of tillers per plant, the number of
grains per panicle, 1,000-grain weight (g) and seed-setting rate,
taken from eight plants in the middle of the rows. Seed-setting rate
was scored as the number of grains divided by the total number of
spikelets from the reproductive tillers of a plant. The measurements
for the other four traits were essentially as described previously by
Yu et al. (1997).

DNA markers and assays

Exactly 8 g of leaf tissue was harvested from each line, and ground
to a fine powder under liquid nitrogen. Total cellular DNA was
extracted using a CTAB method slightly modified from that by
Murray and Thompson (1980).

SSR (simple sequence repeat) markers were used for map
construction. The markers of the RM-series were designed
according to Temnykh et al. (2000, 2001), and those of the
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MRG-series were according to the rice genome sequences of
Monsanto Company (McCouch et al. 2002). The markers poly-
morphic between the parents were used to assay the entire
population of 190 lines.

The protocol included 3 min at 94°C, followed by 35 cycles of
1 min at 94°C, 1 min at 55°C, 1.5 min at 72°C and a final extension
for 5 min at 72°C in a thermocycler (MJ Research, USA). PCR was
performed with 50-100 ng of genomic DNA, 0.2 uM of each
primer and 1 unit of Tag DNA polymerase in a 20-ul reaction
volume. PCR products were resolved on a sequencing gel
containing 6% polyacrylamide and 7 M urea. The amplified
DNA bands were visualized using a silver-staining method (Bassam
et al. 1991).

Linkage map construction and QTL assays

A molecular marker linkage map was constructed using Mapmaker
3.0 (Lincoln et al. 1992). For each trait, the phenotypic means of the
plots were subjected to the analysis using QTLMapper 1.0 (Wang et
al. 1999) that tested the QTL main effects, epistasis and their
environmental interactions, treating the years as two different
environments. In the analysis, the likelihood ratio (LR) and #-test
were combined to test the significance of the single-locus QTL
additive effects, epistatic effects and the QTL by environment (QE)
effects. The LR and ¢ values corresponding to P=0.005 were used as
the threshold for claiming the putative main-effect, epistatic QTLs or
QEs. The peak points of the LR in the linkage map were taken as the
putative positions of the QTLs. When a QTL was involved in more
than one epistasis, its position and additive effect were taken from
the point showing the largest effect. The relative contribution of a
genetic component was calculated as the proportion of phenotypic
variance explained by that component in the selected model.

Results

Measurements of the stay-green traits

Table 1 presents a number of descriptive statistics of the
stay-green traits for the two parents and the DH popu-
lation. Large differences were found for these traits
between the two parents, and the DH population exhibited

Table 2 Coefficients of pairwise correlations of the stay-green
traits observed in 2001 (upper) and 2002 (lower). All the
correlations are significantly different from zero at the P<0.001
level (r0‘001=0.23)

Item rdgf rrgf rdgs rgs rgaf
rrgf 0.92
0.88
rdgs 0.80 0.69
0.84 0.78
Irgs 0.76 0.74 0.94
0.69 0.79 0.90
rgaf 0.57 0.60 0.38 0.39
0.66 0.60 0.56 0.49
rgas 0.52 0.54 0.48 0.50 0.80
0.70 0.67 0.77 0.69 0.75

approximately normal distributions for all the stay-green
traits. The trait measurements were quite similar in the 2
years and the heritabilities were generally high. Also, the
stay-green traits were highly correlated with each other in
both years (Table 2).

Linkage map

A survey of 293 SSR primer pairs identified 213 loci
polymorphic between the parents, and 179 SSR loci, with
a good coverage of the 12 chromosomes according to the
map of Temnykh et al. (2000, 2001), were selected to
assay the entire population. Mapmaker analysis at LOD
(logarithm of odds) 3.0 clustered these loci into 12
groups, based on which a map was constructed. The map
spanned 1,849.4 cM with an average interval of 9.4 cM
between adjacent marker loci. The marker orders in the
linkage map corresponded well with that of Temnykh et
al. (2000, 2001).

Table 1 Descriptive statistics

D Trait* Parent Population
of the stay-green traits in par-
ents and the DH population Zhenshan 97  Wuyujing 2 Range Mean  Kurtosis Skewness ~ h?¢
observed in 2001 (upper) and
2002 (lower) rdgf 27.8+2.4 47.2+4.2 13.1-51.0 320 -0.59 -0.05 72.6
31.4+2.4 45.0+2.1 15.1-56.5 383 —0.35 -0.28
rrgf 0.6+0.07 0.9+0.0 0.3-1.0 0.7 —0.58 -0.13 79.0
0.7+0.1 0.9+0.1 0.4-1.1 0.8 0.01 -0.41
rdgs 32.8+2.5 47.1x1.9 144-49.6 320 -0.46 -0.20 78.5
29.0+2.1 45.1£2.5 10.5-52.6  36.7 0.27 -0.42
rgs 0.7+0.0 0.9+0.0 0.3-0.9 0.7 -0.47 -0.46 75.2
0.6+0.1 1.0£0.1 0.2-1.1 0.8 1.30 -0.59
rgaf 1.0+0.0 5.0+0.0 1.0-5.0 3.8 -0.67 -0.77 61.2
1.0+0.0 5.0+0.0 1.0-5.0 3.6 1.16 -1.01
rgas 1.0+0.0 5.0+0.0 1.0-5.0 32 -0.57 -0.41 69.7
1.0+0.0 5.0+0.0 1.0-5.0 3.4 0.92 -0.80

# Abbreviations as described in Materials and methods

® The numbers in each of the cells are the mean + standard deviation for the parent. All the differences
between the two parents within the same year are statistically significant at the 0.01 probability level
¢ Heritability (%) calculated as h2=0g2/(0g +0gy2/n+0C2/nr), where 0g2 is the genotypic variance, ogy2 is
the variance due to genotype by year interaction, o, is the error variance



QTLs for stay-green traits
Retention degree of greenness of the flag leaf

The analysis identified 11 main-effect QTLs for the
retention degree of greenness of flag leaf (rdgf) on the
basis of combined data from 2001 and 2002 (Table 3).
Three QTLs were detected on chromosome 2 (rdgf2a,
rdgf2b and rdgf2c), two QTLs on chromosome 8 (rdgf8a
and rdgf8bh) and one on each of chromosomes 3 (rdgf3), 4
(rdgf4), 6 (rdgf6), 7 (rdgf7), 9 (rdgf9) and 10 (rdgf10).
Alleles from Zhenshan 97 at rdgf2a, rdgfS8a and rdgf8b
had positive effects on rdgf while, at the remaining eight
QTLs, Wuyujing 2 genotypes increased rdgf. The additive
effects of the QTLs ranged from 0.89 to 2.20 SPAD units.
Together, these QTLs explained 21.4% of the total
phenotypic variation.

Ten pairs of loci were also detected as showing
significant interactions (Table 3), and the loci involved in
the interactions were referred to as epistatic QTLs. Five of
the ten pairs involved loci that did not show significant
QTL main-effects, and the remaining five pairs each
involved one main-effect QTL. The estimated effects of
the epistasis showed that the parental two-locus genotypes
for five pairs of the loci had positive effects on the
retention of greenness, while for the other five pairs of
loci, the recombinant two-locus genotypes imparted
positive effects. In all, the epistatic effects accounted
for 15.0% of the phenotypic variation.

Three main-effect QTLs and two pairs of epistatic
QTLs displayed significant interactions with years. The
interactions of the main effects with the years explained
8.6% of the phenotypic variation, while the interactions of
epistatic QTLs with the years explained 5.5% of the
variation. In all the cases, the effects detected in 2001
were significantly more pronounced than in 2002.

Relative retention of greenness of the flag leaf

Four main-effect QTLs, located on chromosomes 2, 7, 10
and 12 respectively, were identified for relative retention
of greenness of the flag leaf (Table 4). The Wuyujing 2
alleles at all of the QTLs contributed to increased
retention of greenness. These QTLs totally accounted
for 8.9% of the variation.

One pair of loci showed significant interaction ex-
plaining 1.51% of the phenotypic variation, with the
recombinant two-locus genotypes showing a favorable
effect on green retention (Table 4). Two main-effect
QTLs and one pair of epistatic QTLs also showed
significant interactions with years, which together appar-
ently accounted for a large proportion (16.4%) of the
variation.
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Retention degree of greenness of the second leaf

A total of nine main-effect QTLs were resolved for the
retention degree of greenness of the second leaf (Table 5).
Zhenshan 97 alleles at four of the QTLs (rdgs2a, rdgs2b,
rdgs8a and rdgs8b) showed increase effects on rdgs,
while at the other five QTLs alleles from Wuyujing 2
contributed to green retention. Totally, these QTLs
explained 21.5% of the phenotypic variation.

Epistatic effects were detected for 18 pairs of the loci,
which together explained a large fraction (33.9%) of the
phenotypic variation. Twelve pairs of the loci did not
involve main-effect QTLs, and the remaining six pairs
each involved one main-effect QTL. Parental genotypes
for 11 of the two-locus combinations had positive effects
on green retention, while the recombinant genotypes had
positive effects for the remaining seven pairs.

Interactions with years were also detected for three
main-effect QTLs and one pair of the epistatic QTLs.

Relative retention of greenness of the second leaf

Five QTLs were detected on five different chromosomes
for the relative retention of greenness of the second leaf
(Table 6). Zhenshan 97 alleles at one (rrgs3) of the QTLs
contributed to increased green retention, and alleles from
Wuyujing 2 increased green retention at the other four
QTLs (rrgs2, rrgs6, rrgs7 and rrgsl0). Totally, these
QTLs explained 9.6% of the phenotypic variation.

Epistatic effects were detected in three pairs of loci;
only one pair of loci involved one main-effect QTL.
Totally, epistatic interactions accounted for 5.0% of the
phenotypic variation.

Environmental interactions were also detected for two
main-effect QTLs and three pairs of the epistatic QTLs.
The QEs totally explained 22.8% of the phenotypic
variation.

Retention of the green area of the flag leaf

The analysis resolved ten QTLs for the green area
retention of the flag leaf (Table 7), with the additive
effects ranging from 0.12 to 0.24 of the visual units.
Zhenshan 97 alleles at four of the QTLs increased green
area retention while, for the remaining six QTLs, alleles
from Wuyujing 2 contributed to green area retention.
These QTLs explained 17.6% of the phenotypic variation.

Eleven pairs of loci detected epistatic effects. Seven of
the pairs did not involve any main-effect QTLs, and the
other four pairs of epistatic QTLs each involved one
main-effect QTL. Parental two-locus genotypes appeared
to be favorable for retention of the green-leaf area for five
of the pairs, while recombinant two-locus combinations
had positive effects on green area retention for the
remaining six pairs.

Four of the main-effect QTLs, and seven pairs of
epistatic QTLs showed interactions with the years.



692

€ 9[qR], UI SAJ0UI00J 9IS 4,

%¢ S=ove Y (95 [ [=9R Y SUONORINUL HO 9% [=ve Y SISeISIdY 96'8=8,U :PADNIPPY "SUONNGLIUOD [[BISAQ

€0C 00— e SCIINE-LTTINY 7l LYTINI-YOSINY O Lf5.44 L=01

90T €0°0- 881 60SINI—LLTINY ~ ZIf5.44 =l CINI-STIINY S—L

oLe 00— 0C'l €00 S'LT TTINI-CINY Lf5.1 9-L  €v6SDIN-SEEINY -

or’'L 900 S9v  LOO— 0'6¢ PEEINI-LBINY (49 [CTNS—€9TINYT. Zf5u 91-¢C

8CT'S 00 IS ¥0°0— T8¢ COENI-TVCINY 6~V TTTNIPSTINY C
Sty foee Jfoey e ey e Jfeey Sfee ey e ey e W1 s1opew Sunyue(g L0 Gfuryy  osmoyrew Supjuey  TLO  LUIFYD

200T PUe [00C JO BIEp 2} SUMUIquiod (G00'0=d Ie
9=/p 10J anfeA arenbs-1yo & 0 [enba ST onyeA YT oY) 9°§T JO PIOYSAIYI-YT ONEI POOYI[NI]

e e (] JddeNTLO Suisn pazAjeue ‘Jed Se[j oyl JO SSQUURIT JO UONUIIAI JANE[AI
10§ STTLO JO SUONOBIAUI [BJUSWUOIIAUD PUB $}O9JJ9 o1eIsido O1ud3Ip ‘S1093J0 UIRIN § d[qRL

Kaanoadsar “floee pue foe pue oe fee e e Aq paurerdxs suonewea ordfousyd oy Jo soFeiusorad oy are ove,y pue foe y “ov,y fee y ,.ﬁmw: ey,

200T Ut 1ey) uey) 193] SI [(QZ UI 109110 9y Jey) suedw anfea aAnisod e K[0An0adsar quowiuotaud oy Y siseisido pue [ 1 Snooj Jo SUONORIAUI JO $109JJ9 oY) aIe ove pue

<1
-9 ov P

S109JJ0 2ATIESAU pey SJUBUIqUIODAT

oY) pue Jren dy) uo 109550 aanisod e daery sadK10uad snoof-omy [eruared oy jey) sojeoIpul onfea aAnisod e ([ pue 1 sjutod UeIMIOQ UOTIORIDIUL SADIPPR KQ SATIIPPE JO 109150 oy st fee
Jren) 9y) Uuo 109J10 aanisod e Suraey odK10udg /6 urySUSYZ Sy SALOIpUL dnfeA dAnIsod ¥ A[eAanoadser [ pue 1 syurod Sunsa) Jo $109JJ0 9ATIPpE Ayl oI e pue ‘e q

sIsA[eue oy ur payse) Sureq sjurod Y} JO [BAIQIUI-IQUINU SWOSOWOIYD Y} Juasaxdal [ur-yDH pue wy-y) ,

%G S=9RR, Y (959'8=90_ SUONIBINUI HO ‘%()S1=0e,Y :SISLISIAT 9 7=t Y :9ADIPPY "SUONNGLIUOD [[LIOAQ

e 9l'l— [ A €0y SCIINYE-LTTINY Tl qQ69TINI-T1LTINY S—01
€0C 90'1— 11T 9or'l— 8ty POSINI—A69TINY ~ 0Lf3p4 901 V8TINI-VIreINd 68
9L'0 T60 ¢o¢ VIrEWI-TEEINY - 98/3p4 88 9CTINY-STINY -8
LT 8- yL'O 160- EvL STIWI-TSINY  £f5p4 V=L OrEINI-0EINY €19
1c¢ 9¢'1- SL'T 6€1— 6LV LTTOIIN-SETINY 01-Cl  T9TINI-€H6SOMIN  #fop4 %4
00tv Ol'c— +'29 LITINI-61INY | CPINI-C6TINY  &fop4 Ll—¢
6'€9  LSTINI-ELSTOUN €6 EVITINI—C6CTINY L1-¢
181 ¥l Tee IETINI-ICTIINY L9 VELYING-CSTINY 6—¢
81 ¢v'l £ PSTNI-90CINYT 6—11 €O8TOAN-TSTINY L—¢
6y 0CC— ey 0EINI—SLTINY ofspa 19 ISTINY-STTINY 9-¢
LT 8E'1 c0¢e OLTINI-TTTINY §9 CETINI-AI8INY 1-¢
SO0 S O b 1'6¢ VLINI-V80TINY 01=¢ CETNY-d18INY 1-€
€L'T 86'0— Y01 LO'T— YI'C vSI—  Tly  LSTINI-EESTOUN 6f3p €6 OVCINI—9INY.  2Z/5p 81-C
so'e  0¢I— 860 101 L0 68°0— 9¢e CEEINI—8CCINY 6=01 [TTINI—€9TINYT. qTf5p- 91-¢C
090 180 S¢T 891 (44 06 I INI-0LTINY 1-9 IPEINI—6TINY - PZfop4 [4rd
€8y 91— €S0 9L0— SOy CI'C 9701 OTSINY-9TIINY  v@f5p4 S} PINI-VOIINY 01
Sty foee Jfoey e ey e Jfeey Sfee Jfey e ey e M1 soew Sumyuel] TLO  GfuryDd  osoyrew Supyue]  ILO LUFYD

T00T pue [00T Jo EIep dy) SuruIquiod (S00°0=d e
9=/p 10J anfeA axenbs-1yo & 0) [enba SI onjeA YT oY) 9°Y] JO PIOYSAIYI-YT OLI POOYI[AYI]

o) 18 ('] 1oddeNTLO Suisn pazAeue ‘e Se[y oY) Jo ssouudai3 Jo 99I39p UONUIAIL A}
10§ STTLO JO SUOTIORIOIUI [BIUSWIUOIIAUD PUE $)09J0 o1e)SIdo o1uaSIp ‘$109j0 UIRJAl € J[qEL



693

€ 9[qR, UI S9J0UI00J 9IS 4,
%1 €1=9RR,Y 9/ 6=90_ Y :SUONORINUI HO ‘9% S=ve,Y :SISeISIdT :99'6=8, :9ADIPPY "SUONNGLIUOD [[BIDAQ

w91 00— €'l ¥0°0 IL'T $0°0— €6t LITINIG-61INY -1 OTTINI-CTTINYG  0[S5.44 101
L0t STTINI-SYCINY 1-6 TTINI-CINY 9-L
0cy +00 08T ¥00- 6'1¢ PISNI-0ISINY 98544 €9 EVTINI-€6CTINYI LI—¢
ocy  v00 8C'T  €00- 6'1¢ 86CINI-LTYINY L CBINYI—C08TOIN 8¢
0cT ¥00— 8CTT €00 £Ie OPENA-TTINY ~ £S344 L=L OEINI-SLIINY ~ £58.44 €€
s S00 ¥9'C S0°0— Iee CSTINY-LEEINY -8 [CTINI—€9TINYT. 78544 91-¢C
6CL SO0 01'c ¥00— 6'8¢ COCINI- VTN 61 VECTINI-TTTNY £C
Sy foee Jfoey e ey e Jfeey Sfee Jfey e ey e W1 soypew Sunyuel]  TLO  GuryD  oszopew Suryueld L HUFYD

7007 PUE 100T JO ©IEp oY) SuruIquiod (500'0=d I
9=/p 103 an[eA arenbs-1yo 03 [enba ST aneA YT aY3l) 9°]T JO PloYsaIy} (YY) O1er pooyI[ayI

e Je ('] JoddeN 1.0 Suisn pazA[eue ‘Jes] puodes ay) JO SSOUUARIS JO UOTIUIAI dATIE[I
10J STLO JO SUOTIORIAUI [BJUSWUOIIAUD PUE S3109JJ2 d1e)sida o1uaSIp ‘s109)J0 UTR]N 9 J[qRL,

€ 9[qe] Ul S9J0UJ00J 39S ,
%S €=9'R, Y (959" (=R, SUONORINUI Q) %6 CE=Fe. Y SISLISIdT (9G [7=0, Y :PABIPPY 'SUOHNQLHUOD [[BIAQ

00T 860 98¢ ILTNIV8TINY =01 LSTINI—€ESTOIAN €6

96’1 LE'1- 060 €60 LIS TLTNIV8TINY =0T  VIPSINI-TECINT  vgsSpt 88

w1 9I'l— 6€C TS'I- (414 STTINI-8IINY Cl-L OSINI—SLTINY 93P ¢1—9

01’0 ¢e0- LLE 06'1 1'08 9TIINI-STINY ~ q853p- 78 IETINI-ICTINY L9
81 €€ 9'9¢ OrEINI-0EINY €l-9 08CINI-TETINY vi—v¥

€S’ 1T £ee OV ITINI-69TINYT Y TETINI -8V EINY el

LS'T €T '8¢ JOTINI-98CINY =11 TETINY-8YEINY el

9’1 OI'L 98¢ CSTINYI-LEEINY -8 S8INY-0LSINY 0c—¢

89’1 LTl 9°¢C ELTNE-LLIINY ¥ EVIINI—E6CINY L1—¢

6t'¢ 0g’l 991 9T'1-— 0'9¢ IPENI-TTINY L—L COCINI-0CSINY 91-¢
¢§0 0L0 1Ty 10C- €LY STTINI—LY TN 0758p4 801 T8TINIC08TOIUN 8¢
oLe 19'1- 7've I8CINI—T9TINY 71-8  8ITINI—C000DIN ¢—¢

00 vI'0- ey v0C ¥l 60’ 1- %3 SYCINI-8ITINY  £$3p4 el-L 99CINI—480TINY 1
or'r €01 86T 8SI— L'S9 EPTNI-S6TINY - 4£55p4 L1—¢ EOCINI—COTINY SI—¢

o'l 9¢'l €60 TIOGTOYN-TTENY 9-6 IPEINI-6TINY - 4Zs5p4 [4ré

87’0 890 9’0 L90- ['€€  VELYINI-TSTINY  DESSpi 6—¢ 6CINI-TOEINY 11-C

060 ¢€60- 780 060 'ee ITCNG—€9CINY 91-¢ TCENI-SYIINY - PZssp4 8¢

89'v CI'C L'Ce OTTINY-V8CINY 01-8 SYTINI—ESINY L—C

LET IS1- 8Ly COTINY-EINY 01-9 PINIPOTINYE 0c-1

SL'C €91 98¢ 8ITINY—CO00DUN 3 POTINI-STEINY 61-1

060 €60- I'LE E6CINI-0CSINY 91—¢ 9OEINI—Adr6oCINY -1

Jheeey  fove ey e ey e Jfeey Sfee ey e ey e W1 s1opew Sunyue(g L0 Gfuryy  osmoyrew Supjuey  TLO LUFYD

200T Pue [00T JO BIep Ay SuIuIquiod (S00'0=d e
9=/p 103 anfeA a1enbs-1yo © 0) [enbo st onfeA YT oY1) 9°Y] JO PIOYSAIYI-YT OLLI POOYI[AYI]

e e ()] JoddeiN 11,0 Suisn pozA[eue ‘Jeo] puodds Ay} JO SSQUUIAIS JO 99IFOP UOTIUIAI )
10} STTLO JO SUOnOBIAUI [BJUSWUOIIAUD PUB SJO9JJ9 o1eIsido orud3Ip ‘s109jJ0 Ul S d[qRL



694

€ 9[qe], Ul $9)0uj00J 298 , ,
%0 0=9%e,Y {96’/ =9, Y SUONORINUI HQ) (%8 [¢=Ce,Y SISLISIdY (950 TT=0, Y :PABIPPY 'SUOHNQLHUOD [[BIAQ

oL'e 1T0— 10C SI'0- €T JOTINI—98TINY [ [513.4 =11 [LTNI—V8TINY =01
Ly'e 0C0- TTC A69TINI-ILTINYG  0ISDSit ¢-01 YOCNI-6V 1IN €18
LEY TCO0- ¢oc SCITNYI-LTTINY <l 06 TINI-OLTINY -9
100 10°0— 89'¢ 0C°0— 0'1¢C OSINY-SLTINYI ~ q9sv5.t 19 L8INI-VLTINY [1=¢
910 ¥0°0— LE'E 610 00T T10- §'9¢ TSINI-86TINT g8 €L LLTINI=CVTINY S
80°L 0T0— ov'c LI'0— £'6¢ SFCINI-8I TN 1£SDSi el-L SEITNI9TINY el—¢
ev'e LT0 881 EINI-0STINY 679 VELYINI-C8CTINY 6—¢
¥0C  SI'0 989 8C0— 0'LT SSINY-OLSINY €513 0C—¢  BITINI—C000DIN ¢
LL'C 80— 0T ITINI—6TCINY LT SLINI-CETINY ¢
050 800 ere 61'o— vl €Io- I'Le EINI-0STINY ~ Pgsvsi 6—9 VINI—VOTINYI 0c=1
o feeey | fove ey, fom pee ey e ey e ey e W1 soview Suryuep] TLO  GfuryDy  osmoyrew Supjuey  ILO  LJUYD

%TITI=Iv8.Y 195G G=0uY

200T Pue [00C JO BIEP 2} SUIUIqUIOd (GO0 0=d I&
9=/p 103 anfeA arenbs-1yo © 0) Tenba ST anfeA YT oYl) 9°8T JO proysaIy) (IYI) O1eI pooyrayI|

e e ('] Joddey TLO Suisn pazA[eue jeo] puodds A} JO BAIR UNIF Y} JO UONU)RI
10§ STTLO JO SUONOBIAUI [BJUSWUOIIAUD PUB $JO3JJ9 o1eIsido O1ud3Ip ‘S1093J0 UlRjy § d[qBL

€ 9[qR], UI S9J0UI00J 9IS ,

:suonoRIdUL 4O (9T ST=rR Y SISEISIAY 959"/ [=¥, :PDADIPPY "SUONNGLIUOD [[BIDAQ

€re  LI0- 8CC 0T0- 99t 9TTINI-TCTINY 1-01 OTINI-SINY 01-9
16T €C0—  6€C POTINI-61 TINY €1-8 CINI-OS TN~ p9Jvst 69

901 ¥1°0 9T1  SI°0 78T 60EINI-LLTINY I Y IINI—69TINY =S
L8°0 €10~ 90T 610 vYoT 00—  L9S OTINY-STINY ~ §/vst 8  I9TINY—CYOSOUIN D/ (o

$0'T 610 SLO TI'0- 79¢ OSINI-SLTINY ~ q9/v81  TI-9  VELYINI-TSTINY 6—¢

sey  0T0 €T SI0- 99¢ TTINI—6CCINY LT SLINI—CTETINY €
€61 €10~ €T 070~ 081 810 TLT 9EINI-SLTINI ¢ 99TINI—A80TINY g8 ¢
SET 910 or's  1€0 8S'T LIO €09 O08TINI-TSTINT  g#fvse  $1—+ OYCINI-9INY 81—C

Y01 ¥1°0 8L°0 TI'O— '€ POSINI-A69TINYT  01f034 9-01 COTINI—CITINY S1—¢

09¢ 970 §'8¢ STTINI—SHTINY -6 COTINI—TITINY S1—¢

60 €10~ 96T LI'0O- +LT 8T0 0'6S SPIINY—C6CINY &t L1—¢ TTENI-SYIINYG - pgfvss 8¢

S60 €10 96T LT0— iAad TTTNI-€9TINT 91-¢ TTENI-SHTINY 8¢
AN e oo~ 9Tt OPEINI-TTINY P84 LL CTNI-TIEINY 91

LTT  vI0- €9C O~ vee INI-1CCINY L1 PINY-L9TOIN -1
YoT  v10- 8¢l 910~ ¥'LT SSSINI—6LTINY T PSINY-L9TOAN -1
Jheeey [ fove ey foe pee ey Jfee ey e ey e W1 s1opew Sunyuelg L0 GfuryDd  osmoyrew Supyue]  TLO  LUFYD

i T00T PUe [00T JO BIEP AU} SUIUIqUIOD (SO0 0=d
je 9=/p 10J onfea arenbs-1yo © 03 Tenbo ST anfeA YT oYl) 9'§T JO ploysaIy) (Y) oner

pooyray1 2yl e (' [ JoddejN 11,0 Suisn pazA[eue ‘Jes| SefJ oyl JO BaIe UQIS 9 JO UOTIUIIAI
10J STTLO JO SUONOBIAUI [BJUSWUOIIAUD PUB SJO9JJ9 o1eIsido o1ud3Ip ‘S109JJo U] £ d[qRL



695

Table 9 Correlations of the

Stay-green traits with yield and Stay-green trait  Yield Tillers/plant  Grains/panicle Seed setting (%)  Grain weight
yield-component traits observed  rdgf -0.33™ -0.02 -0.26™" -0.23" -0.16"
in 2001 (upper) and 2002 (low- -0.35"  -0.03 -0.36" -0.28" -0.10
er) rrdgf -0.31" 0.02 -0.26" -0.32" -0.17"
-0.28" 0.01 -0.32" -0.32" 0.01
rdgs -0.35" 0.02 -0.25" -0.16" -0.22"
-0.30" 0.00 -0.32" -0.22" -0.12
rrdgs -0.29" 0.04 -0.21" -0.17" -0.21"
-0.23" 0.01 -0.27" -0.25" 0.00
rgaf -0.11 -0.21" -0.05 -0.20" 0.02
-0.23" -0.04 -0.18" -0.14 -0.04
rgas -0.11 -0.21" -0.03 -0.09 -0.01
-0.23" 0.00 -0.26" -0.20" -0.01

™ Significantly different from 0 at probabilities 0.05 and 0.01 levels

Overall, these environmental interactions explained a
total of 21.7% of the phenotypic variation.

Retention of the green area of the second leaf

A total of seven main-effect QTLs were detected for
retention of the green area of the second leaf (Table 8).
The Wuyujing 2 alleles at all of the loci showed positive
effects on retention of the green area. Altogether, these
QTLs explained 22.0% of the phenotypic variation.

Seven pairs of loci showed epistatic effects on green
area retention of the second leaf, with positive effects
conferred by both parental and recombinant two-locus
genotypes.

Interactions with years occurred in four of the main-
effect QTLs totally explaining 7.5% of the phenotypic
variation. But interactions with years were not detected
for the epistatic QTLs.

Relationship between stay-green traits and yield

All the stay-green traits were negatively correlated with
yield, and most of the negative correlations were highly
significant (Table 9). Among the component traits (tillers
per plant, grains per panicle and grain weight) of yield,
the number of grains per panicle was also negatively
correlated with most of the stay-green traits, presumably
because of the negative correlations between the stay-
green traits and seed-setting rate. Negative correlations
were also detected between the other two component
traits and some of the stay-green traits (Table 9).

Discussion

We used six traits to describe various aspects of stay-
green, that may well reflect the degree of delayed leaf
senescence. Using the software QTLMapper 1.0, the
analyses resolved a total of 46 main-effect QTLs, and 50
epistatic effects involving a total of 66 loci located on all

of the 12 chromosomes. The analyses also revealed that
18 of the main-effect QTLs and 14 pairs of epistatic QTLs
had significant interactions with years.

Compared to the results of the analyses of yield and
yield component traits using the same software (Xing et
al. 2002), the QTLs for stay-green seemed to have several
distinct characteristics. First, the relative effects of the
main-effect QTLs were small as evaluated by the amount
of variation explained by the QTLs; only one QTL
explained 6.86% of the phenotypic variation and all the
remaining QTLs explained less than 5.0% of the varia-
tion. This indicates that there were no major QTLs
underlying the genetic basis of the stay-green traits.
Second, the effects of digenic interactions of the stay-
green traits appeared to be more pronounced than those of
yield traits, as demonstrated by both the numbers of
significant interactions and the amounts of variation
explained by the epistatic interactions. Moreover, the
amounts of variation explained by epistasis for three of
the six stay-green traits analyzed were equal to, or larger
than, that explained by the main-effect QTLs. Thus, the
genetic basis of stay-green appeared to be complex. Third,
the effects of QTL by year interactions detected for stay-
green were also much more pronounced than those
resolved in yield and yield component traits, in which
only small amounts of interactions were detected between
main-effect QTLs and years, and the overall effects of
QTL by year interactions were trivial (Xing et al. 2002).
Whereas in the stay-green traits, the overall effects of
QEs, including the interactions of main-effect QTLs as
well as the epistatic QTLs with years, were large. In some
cases, the amount of variation explained by QEs were on
the same order of magnitude or even larger than the QTL
main-effects and epistatic effects (Tables 4, 6 and 7). This
suggests that stay-green traits are more sensitive to
environmental changes.

The analyses also revealed high phenotypic correla-
tions between different stay-green traits. The genetic basis
of such high correlations can largely be explained by the
co-localization of the QTLs for these traits, either due to
pleiotropic effects or tight linkage. For instance, inspec-
tion of Fig. 1 and Tables 3-8 could identify genomic
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regions that had effects on three to four of the six stay-
green traits investigated. Examples of such genomic
regions included: the interval marked by RM263 and
RM221 on chromosome 2 where QTLs for rdgf, rrgf and
rrgs were simultaneously detected, the region marked by
RM293 and RMI143 on chromosome 3 for QTLs
contributing to rdgf, rdgs, rrgs and rgaf, the region
bordered by RM275 and RM30 on chromosome 6 for
QTLs specifying rgaf, rgas, rdgf and rdgs, the region
between RM11 and RM346 on chromosome 7 for QTLs
affecting rrgs, rrgf and rgaf, the region marked by RM25
and RM126 on chromosome 8 for QTLs controlling rdgs,
rgaf and rdgf, and the interval between RM269B and
RM304 on chromosome 10 for QTLs underlying rgaf,
rgas and rdgf. There were also a number of regions where
two QTLs for different traits were simultaneously
detected, and examples of such QTLs can be found in
Fig. 1 and Tables 3-8. In addition to co-localization,
linkages of various degrees between QTLs also contribut-
ed to the observed genetic correlations among the stay-
green traits. From a physiological standpoint, the stay-
green traits, as defined in this study, are also functionally
related with each other as several of them describe the
greenness of the same leaves.

Stay-green, or delayed senescence, of the leaves has
often been considered to be a favorable characteristic in
crop production, especially under drought-stressed con-
ditions (Gan and Amasino 1995, Xu et al. 2002a). It thus
seems surprising to find that the stay-green traits were
negatively correlated with yield and yield-component
traits. Lack of correlation between stay-green and yield
was also found in some previous reports (Wada and Wada
1991; Bolanos and Edmeades 1996).

Several explanations may be provided for the lack of,
or negative, correlation between stay-green and yield, as
observed in this study. One possible cause is that the
experimental population was derived from an inter-
subspecific cross and the partial sterility occurred in a
fraction of the lines. Such partial sterility would result in
difficulty for nutrient transport and re-location from
leaves to other plant parts, especially to the developing
seeds, which causes lower seed-setting rate accompanied
by greener leaves due to higher chlorophyll content as a
result of higher nitrogen concentration. We also per-
formed QTL analysis for yield and yield-component traits
(data not shown) and found that some of the QTLs for
stay-green traits were co-localized or tightly linked to
those for yield and its components, but the directions of



these QTL effects were opposite in increasing the trait
performance. For example, the Zhenshan 97 allele of the
QTL for rdgf around RM30 on chromosome 6 had a
relatively large effect on decreasing the greenness, but a
QTL was also detected in this region with the Zhenshan
97 allele showing a large effect on increasing yield. Cha
et al. (2002) reported a recessive mutant (sgr) on
chromosome 9 in rice, delaying the progress of yellowing
but not functionally keeping the photosynthetic capabil-
ity. Such gene actions may have partly contributed to the
negative correlations between yield and stay-green as
observed in this population. It may also be interesting to
find out whether there is any favorable effect of stay-
green on yield under stressed conditions, as in the cases
reported in sorghum (Borrell et al. 2000).

It is also interesting to note that some of the QTLs for
stay-green detected in this study appear to be syntenic to
stay-green QTLs detected in other cereals. These may
include the QTL for rrgs and rdgf around RM257 on
chromosome 9 resolved in this study with the one for
stay-green in the region around UMCS5 on linkage group
D in sorghum (Xu et al. 2000a). The QTL for rgas around
RM118 on chromosome 7 detected in this study may
correspond to the one around TXS1537 on linkage D2 of
sorghum (Crasta et al. 1999). Such positional correspon-
dence may imply the conserved organization of the genes
in the genome and also the functions of the genes
underlying the stay-green traits.

Stay-green phenotypes have now been observed in
many crop species (Pierce et al. 1984; Gentinetta et al.
1986; Walulu et al. 1994; Fang et al. 1998; Spano et al.
2003). Making use of the stay-green traits to delay leaf
senescence as a means to increase crop production, has
remained an attractive strategy. Genetic and physiological
understanding is necessary for making use of the stay-
green characteristic in crop plants.
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