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Abstract Photoperiod-sensitive genetic  male-sterile
(PSGMS) rice, with its male fertility regulated by photo-
period length, is very useful for hybrid rice development.
However, breeding for new PSGMS lines has faced two
major difficulties — the stability of male sterility and the
reversibility of male fertility. In this study we assessed
the genetic bases of stahility of sterility and fertility re-
versibility using a molecular marker-based approach. A
cross was made between two newly bred PSGMS lines:
Peiai 64S, which has a stable sterility but is difficult to
reverse to fertility, and 8902S, which has a unstable ste-
rility but is easy to reverse to fertility. The fertility of the
parents and of the F; and F, populations was repeatedly
examined under 11 different long-day and short-day con-
ditions. The genetic effects were assayed by interval
mapping and two-way anayses of variance using the F,
data of 128 polymorphic loci representing all the 12 rice
chromosomes. The analyses resolved a number of single-
locus QTLs and two-locus interactions under both long-
day and short day conditions. The interactionsinvolved a
large number of loci, most of which were not detectable
on a single-locus basis. The results showed that the ge-
netic bases of both stability of sterility and reversibility
of fertility are the joint effects of the additive effects of
the QTLs and additive-by-additive components of two-
locus interactions. The implications of these findings in
hybrid rice development are also discussed.
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Introduction

A photoperiod-sensitive genic male-sterile (PSGMS)
rice was found as a spontaneous mutant in a japonica
(Oryza sativa ssp. japonica) rice cultivar (*Nongken 58)
grown in Hubei Province, China (Shi 1985). Large num-
bers of studies conducted in the past have established
that this novel mutant (referred to as Nongken 58S) pos-
sess a number of desirable characteristics useful for hy-
brid rice development (Yuan et al. 1993; Z.G. Zhang et
al. 1994), providing a good opportunity to replace the
widely used ‘three-line’ system with a ‘two-line’ system
in hybrid rice production. Utilization of PSGMS rice for
the development of two-line hybrids has thus become a
major goa in many rice breeding programs in China
(Yuan 1992). Many new PSGMS lines have been devel-
oped in the last decade by crossing the original Nongken
58S to variousindica and japonica varieties.

However, the practice of developing new PSGMS
lines has faced two major difficulties: i.e. the instability
of sterility and low reversibility of fertility, especiadly in
breeding indica-type PSGMS lines. As a result, the ma-
jority of the newly developed indica PSGMS lines can be
divided into two classes based on the stability of the male
sterility under natural long-day conditions and the revers-
ibility of the fertility under natural short-day conditions.
In the first class of PSGMS lines, the male sterility is
complete (or nearly complete) and highly stable across a
range of environmental conditions, including those with
very different temperature regimes. However, these lines
are difficult to reverse to fertility, and only a very low
seed-setting percentage can be obtained under natural
short-day conditions, thus causing a major difficulty in
propagating the male-sterile lines. The reverse is the case
for PSGMS lines in the second class. These lines are easy
to reverse to normal fertility under natural short-day con-
ditions, but the male sterility is unstable and fluctuates
with temperature changes under natural long-day condi-
tions. Very high rates (e.g. >40%) of seed-setting have
been observed in many male-sterile lines grown under
natural long-day conditions when the temperature falls
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below certain thresholds during the period of panicle de-
velopment; however, this would cause problemsin hybrid
seed production. These two problems have severely hin-
dered the development of ‘two-line’ hybrid rice.

The study reported in this paper was undertaken to
characterize, using a molecular marker-based approach,
the genetic components underlying both the stability of
male sterility under long-day conditions and the revers-
ibility of male fertility under short-day conditions. It is
expected that an enhanced understanding of the genetic
bases related to the stability of male sterility and revers-
ibility of male fertility will provide a knowledge base for
rational strategies for overcoming the difficulties en-
countered in breeding PSGMS lines.

Materials and methods

The genetic materials

The genetic materials used in this study were two indica-type
PSGMS lines, Peiai 64S and 8902S, and progenies from a cross
between these two lines including five F, plants and 240 plants of
an F, population. Both Peiai 64S and 8902S were developed by
transferring PSGMS gene(s) from the original PSGMS mutant
Nongken 58S to respective varieties. These two lines respectively
represent the two classes of PSGMS lines described in the previ-
ous section. Peiai 64S has highly stable male sterility under long-
day conditions but is difficult to reverse to fertility under short-
day conditions, while 8902S has unstable sterility under natural
long-day conditions but is easy to reverse to fertility under short-
day conditions.

The photoperiod and temperature treatments

All the plants of the parents and of the F; and F, population were
maintained vegetatively over-winter by ratooning of Hainan
(South China Sea) Island or in a greenhouse in Wuhan. Young
shoots obtained the following spring were separated and collected
as the source of materials for various treatments.

The phytotron long-day/high-temperature treatment

The long-day conditions were created by exposing the phytotron
unit (glass-walled, day-light type) to natural long days in the sum-
mer at Wuhan (daylength >14.5 h). The high-temperature condi-
tions were created by setting the average daily temperature in the
chamber at 30°C with a 24 h temperature cycle, this simulated a
typical hot summer day in Wuhan.

The phyotron long-day/l ow-temper ature treatment

The long-day conditions were created in the same way as de-
scribed in the previous paragraph. The low-temperature conditions
were obtained by setting the average daily temperature in the
chamber at 24°C with a 24-h temperature cycle, which similated a
typical occasional cool summer day in Wuhan.

The phytotron short-day/high-temperature treatment

The short-day conditions were created by exposing the phytotron
units to the natural conditions of Wuhan during the rice growing
season for 10 h each day and covering the units with several layers
of black cloths in the mornings and evenings for the remaining

14 h. The average temperature was set at 28°C with a daily tem-
perature cycle simulating the temperatures of the late summer and
early fall in Wuhan

The natural long-day treatment

Two sites were selected for the natural long-day treatment. The
first site was located at the Experimental Farm of Huazhong Agri-
cultural University at Wuhan China (latitude 30.5° N, 15 m above
sea level) where the summer is typically hot and humid. However,
cool days occur occasionaly during the summer time in certain
years. The second site was located in Yaohe Village, near Gouya
Town in Yuan'an County (the same latitude as Wuhan), Hubei
Province (elevation of 540 m above sea level), where the summers
are usually cool. Fertility was examined for tillers that headed be-
fore August 25, which would presumably place the critical stage
for photoperiod induction of male fertility under long-day condi-
tions. Experiments for collecting fertility data under the natural
long-day conditions in Wuhan were repeated for 3 consecutive
years (1994-1996), and fertility data under Yuan’an natural long-
day conditions were collected in for 2 years (1995 and 1996).

The natural short-day treatment

Two sites, Wuhan and Hainan Island (Lingshui County, latitude
18.9° N), were chosen for examining the fertility under natural
short-day conditions. Fertility was examined on tillers that headed
on September 10 or later in Wuhan and on panicles that headed
between April 1 and April 5in Hainan. These heading dates would
ensure that the panicles had passed through the critical stages for
photoperiod induction of male fertility under short-day conditions.
Fertility data under natural short-day conditions in Wuhan were
collected in 1994 and 1995, and fertility, and fertility under natural
short-day conditions in Hainan was scored in 1996.

Theoretically, a good PSGMS line should be stably sterile un-
der long-day conditions and fertile under short-day conditions re-
gardless of the temperature. Thus, the long-day treatments under
various temperature profiles provided conditions for testing the
stability of the male sterility and the short-day treatments for test-
ing the reversibility of male fertility.

Fertility examination

Fertility of the plants under various photoperiod and temperature
treatments was assessed using two criteria: pollen fertility and
spikelet fertility. Pollen fertility was scored as the proportion of
darkly stained pollen grains in al of the pollen counted (at least
500 pollen grains per floret; samples taken from three to five flo-
rets in the upper parts of the panicles. Spikelet fertility was scored
as the seed-setting rates of three to five panicles per plant.

Restriction fragment Iength polymorphism (RFLP) markers
and assay

DNA was extracted from fresh leaf tissue of field-grown plants of
each of the parents and the F, population. A total of 337 RFLP
probes from the Cornell University and the RGP (Japanese Rice
Genome Research Program) linkage maps (Causse et al. 1994;
Kurata et al. 1994), in combinations with six restriction endonu-
cleases, were selected for surveying the polymorphisms between
the parents. Digestion, electrophoresis, blotting, hybridization fol-
lowed by methods described previously (Liu et al. 1997).

Data processing and statistical analysis
A molecular linkage map based on the F, data for the RFLP mark-

ers that wee polymorphic between the parents was constructed us-
ing MAPMAKER/ExP 3.0 (Lincoln et al. 1992a). Quantitative trait
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Table 1l Thefertility (%) of Peiai 64S, 8902S and the F, under various long-day (L D) conditions (%)

Material Phytotron LD Phytotron LD Natural LD (Yuan'an) Natural LD (Wuhan)
(>14.5h/30°C)  (>14.5h/24°C)
Spikelet Pollen  Spikelet Spikelet Spikelet Spikelet Spikelet Spikelet
fertility fertility  fertility fertility fertility fertiligy fertility fertility
(1995) (1996) (1994) (1995) (1996)
Peiai 64S 0 4.03 0 11.46 4.05 10.75 10.07 7.31
8902S 0 5351 32.93 67.43 55.37 66.67 353 58.42
F; 0 11.62 0 28.24 38.23 36.87 34.6 28.43
Phytotron LD/HT (>14.5 hr/30°) Natural long-day (Wuhan)
100 50
. 1994 1995 1996
_. 80¢f 40r A e G e
32 < oi
Z 60r > 30
S g :
2 3
g 40+ g
& &
20r
0 1 s YN - o A
0] 5 10 15 20 25 90
Spikelet fertility (%) Spikelet fertility (%)
Phytotron LD/LT (>14.5 hr/24°) Natural long-day (Yuan’an)
60 25
ol Pollen Spikelet ol 1995 1996
S 9
> < 15+¢
S 30r g
3 g
g g
w w

Fertility (%)

Fig. 1 Fertility distribution of the F, population under various
long-day (LD) conditions. HT and LT high and low temperature,
respectively

loci (QTLSs) that have significant effects on fertility under various
conditions were determined using MAPMAKER/QTL 1.1 (Lincoln et
al. 1992b) at a LOD threshold 2.0. Digenic interactions were as-
sayed with two-way analyses of variance using all possible two-
locus combinations of marker genotypes. The calculation was
based on unweighted cell means (Snedcor and Cochran 1980), and
the sums of squares were multiplied by the harmonic means of the
cell sizes to form the test criteria. There are eight degrees of free-
dom among the nine genotypes formed of two codominant loci,
two degrees of freedom for the additive and dominance effects
within each locus, and four degrees of freedom for interaction be-
tween loci. The interaction, often referred to as epistasis, can be
further partitioned into four terms each specified by a single de-
gree of freedom: additive (first locus) xadditive (second locus)
(AA), additivexdominance (AD), dominancexadditive (DA) and
dominancexdominance (DD). Statistical significance for each
term was assessed using an orthogonal contrast test provided by
the statistical package Statistica (StatSoft 1995).

Spikelet fertility (%)

Results
Fertility segregation under long-day conditions

The fertilities of the two parents, Pelai 64S and 8902S,
and of the F; plants undergoing various long-day treat-
ments are given in Table 1. Under the phytotron long-
day/high-temperature (14.5 h/30°C) conditions, both
parents and the F; were completely sterile; the F, popu-
lation was also highly sterile (Fig. 1). Under the phyto-
tron long-day/low-temperature  conditions  (14.5
h/24°C), Peiai 64S and the F; were till sterile, but
8902S became partly fertile. The fertility distribution of
the F, population ranged from compl etely sterile to fully
fertile with the modal located in the area of high stabili-
ty (Fig. 1).

The fertilities of the parents and F, plants under the
natural long-day conditions of Wuhan and Yuan'an ap-
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Fig. 2 Spikelet fertility of the two parents, ‘Peiai 64S and
‘8902S', and the F; under natural long-day conditions in Wuhan
for panicles headed from June to September in 1994. The numbers
along the horizontal axis are heading dates of the panicles (not
proportional in scale)

peared to be similar (Table 1). In all the cases, Peiai 64S
was highly sterile, while 8902S varied from partly sterile
to sub-fertile, with the F; being intermediate. However,
the fertility of the F, population behaved very differently
between Wuhan and Yuan'an under natural long-day
conditions (Fig. 1). In al 3 years tested in Wuhan, al-
though a full range of fertility distribution was observed,
the modal was located between 0 and 10%. In compari-
son, the fertility of the F, population in both, of the years
tested was much higher on average in Yuan'an than in
Wuhan; much larger numbers of individuals showed
higher fertility, and the modal was also much higher.

To gain a better view of the fertility changes in re-
sponse to environment fluctuations, we followed the dy-
namic changes in fertility of the F; and the parents under
the natural long-day conditions by labeling the panicles
that headed during the period from June 1 to September
30in 1994. The results (Fig. 2) clearly showed that Peiai
64S was highly sterile when it headed during this period,
except for afew days in late June, during which time the
panicles that headed expressed slightly higher fertility
(close to 10%). For 8902S, there was also a period from
early July to early August when the panicles that headed

showed relatively low sterility (<10% seed-setting). The
F, was highly sterile when it headed during the 2 months
of July and August.

Fertility segretation under short-day conditions

Fertilities of the two parents and the F, under various
short-day conditions are given in Table 2. Peiai 64S re-
mained highly sterile in all the environments tested, and
the fertility of 8902S varied from partly sterile to fully
fertile; the F, again appeared to be intermediate.

The fertility of the F, population under various experi-
mental conditions (Fig. 3) was again distributed continu-
ously from completely sterileto fully fertile, as under long-
day conditions. However, a comparison of Figs. 1 and 3
clearly shows that overdl fertility was much higher under
short-day conditions than under long-day conditions.

Molecular marker polymorphism and the linkage map

Of the 337 RFLP probes selected from the two high-den-
sity maps, 117 detected polymorphisms between the par-
ents with at least one restriction enzyme. Analysis of the
240 F, individuals using these 117 probes resolved a to-
tal of 129 RFLP loci, of which 119 loci showed co-domi-
nant segregation and the remaining 10 displayed a domi-
nant type of segregation.
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Table 2 The fertility (%) of

Peiai 64S, 8902S and the Fl Material Phytotron SD (10 h/28°C) Natural SDa
S”as ;';%flcgﬂgﬁﬁg,?:"us short- Pollen fertility Spikelet fertility ~Hainan (1996) Wuhan (1994) Wuhan (1995)
Peiai 64S  13.25 0 13.58 2.03 1.83
8902S 67.89 32.26 72.83 67.82 40.30
 Spikelet fertlitly F 45.09 18.61 59.66 49.81 32.42
Phytotron SD/HT (10 hr/28°) Natural short-day (Wuhan)
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Natural short-day (Hainan, 1996) et a. 1994) maps showed that this map had a reasonably
12 good representation of the rice genome. The locations of
the marker loci are essentially the same as those in the
107 Cornell University and RGP maps except for a few cases:
Sy (1) an additional locus was detected by each of the 10
> probes (postfixed with "b”, except R1014b); (2) the loca-
5 6r tions of severa loci were different from those in the Cor-
g 4l nell University or RGP maps; (3) the locations of a few
i marker loci from the same chromosomes were exchanged
2r compared with the Cornell and RGP maps, which is likely
o S the result of different resolutions of the mapping popula
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Fig. 3 Fertility distribution of the F, population under various
short-day (SD) conditions. HT High temperature

70 80

Overal, 24.7% of the individuals/loci were homozy-
gous for the Peiai 64S genotypes, 24.6% of the individu-
als/loci were homozygous for the 8902S genotypes and
the remaining 50.7% were heterozygous, thereby con-
forming to the expected 1:2:1 proportions. Further exam-
inations showed that 9 of the 119 loci deviated signifi-
cantly from the expected 1:2:1 segregation ratio, and al-
leles at 3 of these 9 loci aso showed significant devia-
tion from 0.5:0.5 allelic frequencies. This level of segre-
gation distortion is much lower than those observed in a
number of previous studies (e.g. Causse et al. 1994; Kur-
ataet al. 1994; Yu et a. 1997).

A linkage map, 1448 cM in length, was constructed
based on the segregation data of the F, population using
MAPMAKER/ExP 3.0, in which 128 of the 129 marker loci
were incorporated into 14 linkage groups, with an average
interval of 11.2 cM between adjacent marker loci (map
not shown). Comparison of the resulting map with the
Cornell University (Causse et al. 1994) and RGP (Kurata

tions used in the studies. The map also had poorly repre-
sented regions of the genome due to the lack of polymor-
phism in those chromosomal segments. The main reason
for thislack of polymorphismsis that both of these paren-
tal lines had Nongken 58S as their parent in the develop-
ment of PSGMS lines and they shared the major PSGMS
genes (see Discussion section).

Dissecting the genetic effects of stability of the
male sterility

The fertility levels of a genotype under different long-
day treatments were used for measuring stability of male
sterility. We analyzed both single-locus QTLs and two-
locus interactions to assess the genetic components influ-
encing stability.

QTLs on stability of the male sterility

Table 3 lists the QTLs that were detected by interval
mapping under various long-day conditions. Two to four
QTLs were resolved for each of the long-day treatments
(Table 3), and atotal of 7 distinct QTLs were identified
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Table 3 QTLs on fertility de-

tected in the F, population of Environment 2 QTL Chromo- Interval Additive  Dominance Percentage LOD
(Peiai 64Sx8902S) under vari- some effect>  effect variance
ous long-day (LD) conditions explained
PH-LD-LT L3a 3 R1927-C217 870  -201 5.6 2.29
(pollen) L3b 3 Cl1135-CDO38  -10.30 1.75 8.0 3.39
L6 6 C235-RZ612 -1350  -3.72 13.6 5.44
L7 7 RZ696b-R2677 1262  -550 10.8 4.38
PH-LD-LT L3b 3 CDO38-RG191  -7.61  —4.78 9.1 2.71
(spikelet) L5 5 RZ182a-RG480 6.94  -7.45 11.3 3.12
L6 6 C235-RZ612 568  -111 44 2.14
L7 7 RZ696b-R2677 842  -327 9.5 4.86
Natura LD L6 6 C235-RZ612 -1368  -1.10 18.8 9.59
(YA95) L7 7 RZ696b-R2677 895  -265 8.0 3.84
Naturd LD L2 2 RG152-RG83 3.76 6.79 4.9 2.17
_ (YA96) L6 6 C235-RZ612 -12.32  -4.19 19.7 5.44
;"PH'(; DhLT- Phytotron L7 7 C909a-RZ626 639  -0.06 5.3 2.36
ong aﬁ]’, oW temperature L10 10 RZ561-F1738a -4.49 3.57 5.4 2.68
Lo N2AL) it Natural LD L3a 3 C595-R321 688  -0.80 5.8 2.75
Adg't"_’e d?f ect: ?‘pos't"’e (WH94) L6 6 C235-RZ612 -1145  -4.45 163 8.00
number in 'CaI?Sthe 8902S Lz 7 RZ721-RZ696b 839  -2.37 7.7 3.46
genotypetobeinthedirection  Ngyra LD L6 6 RG64-C235 -817  -047 11.9 5.67
of increasing Ler “_"g{ and 2 (WH95) Lz 7 RZ721-RZ696b 904  -213 8.9 3.36
negative number Indicatest ﬁ Naturd LD L6 6 C235-RZ612 -757  -3.73 16.9 6.37
gier' gt?;‘ns (%ﬁf:gg’eggtn% tir'tri‘l itt ; (WH96) L7 7 RZ721-RZ696b 549  -357 8.4 3.62
Chr 2 Chr 3 Chr 5 Chr 6 Chr7 Chr 8 Chr 10
i R7446 c393 R1436a RZ450 C909a c1017 c152
RG151 R1927 R1014b
Cc217 RZ588 C933b
L S3a RZ182a G200 RZ626 c181
C595 RGGdse1 L7 RZ721
R0+ L5 L6 c235 RZ698b
RZ612 R2677 R14%b
RG480 RGS;G; T RG333 S8
g gf;ﬂd C246 S5 pms1 RG885 RI629A
RZ70 C1447
T rzao3 C1166
C149a R7696a _\ Gi12 L10 R1738a
=2 H RZ561
RG171 _\ RZ531 RZ140 C1286 S
T rei73 H— Rr1877
N\ cr77 C1135 RG653 G2132a ——% C1361
71 CDO38 R1394 RG752
! L3b RZ828 7 5
G227 S3b W T gé22/8 _W—\' 226652051
€397 g2 RG191 T oo
C149b 2
pms2 U
L2 RGS3 C316
RG152
RZ23 €25
RG944
R1738b RZ329
C673
RZ634a 10cM RZ66
RG136

Fig. 4 Distribution of the QTLs on fertility detected under various
long-day conditions (ones labeled L) und under various short-day
conditions (ones labeled S). The black bars represent the 1-LOD-
supporting intervals for the QTLs, which are approximate since
the confidence intervals are slightly different for data collected in
different environments

based on the 1-LOD-supporting confidence intervals
(Fig. 4). Two QTLs, L6 amd L7, were detected in all the
environments, L6 showed consistently a larger effect
than L7 except in the case of seed-setting in the phyto-
tron long-day/low-temperature treatment. Two QTLS,
L3a and L3b, were each detected twice, and the other 3



QTLs, L2, L5 and L10 were each detected only once. Al-
leles from 8902S at QTLs L2, L3a, L5 and L7 contribut-
ed to the increase in fertility, thereby causing an instabil-
ity of sterility. Surprisingly, however, the estimated addi-
tive effects showed that the Peiai 64S alele at L6, an ap-
parent major locus on fertility in this cross, contributed
to the increase in fertility in all the long-day treatments.
Overall, the proportion of fertility variation explained by
the QTLs as awhole was small in all the cases.

Table 4 Numbers of significant digenic interactions (out of 5181
possible two-locus pairs) detected under various long-day (LD)
conditions

Environmenta Number of interactions

P<0.01 0.01<P<0.05
PH-LD-LT (pollen) 9 57
PH-LD-LT (spikelet) 6 38
Natural LD (YA95) 11 51
Natural LD (YA96) 17 86
Natural LD (WH94) 15 82
Natural LD (WH95) 23 79
Natural LD (WH96) 30 75

aPH-LD-LT: Phytotron long day/low temperature (>14.5 h/24°C)

689

Effects of digenic interactions on stability
of male sterility

A search among a total of 5181 possible two-locus com-
binations resulted in 6-30 pairs of loci that detected sig-
nificant interaction effects at the 0.01 probability level
under various long-day conditions (Table 4). Additional-
ly, 3886 pairs of loci detected significant interactions at
the 0.05 probahility level (Tabel 4). Many of the interac-
tions were detected in multiple environments at the 0.01
probability level, among which 9 interactions were re-
peatedly detected in four or more of the six environmen-
tal conditions tested (Table 5). As argued by Yu et al.
(1997), simultaneous occurrence of the same interactions
under different experimental conditions can be regarded
as evidence against false-positives that occurred by
chance alone. Thus, these 9 interactions can be regarded
as the minimum for the two-locus interactions affecting
stability of the male sterility.

The 9 interactions involved two types of two-locus
combinations: (1) 2 interactions, each between a QTL
and a locus that did not detect significant effect-by-sin-
gle-locus analysis (non-QTL), RZ182a(5)xRzZ561(10)
(the numbers in parentheses indicate the chromosomal
locations) and C393(3)xRZ612(6), in which RzZ612
marked L6 and RZ561 marked L10; (2) 7 interactions,

Table5 Two-locus combinations that detected significant interaction effects on fertility under various long-day conditions

Interaction PH-LD-LT Natural long day
Pollen Spikelet YA95 YA96 WH94 WH95 WH96
C393xRz612 +a ++ ++ ++ ++ ++
Type AA* AA* AA* AA** AA**
AD* AD** AD** AD** AD* AD**
C112xRZ602 ++ ++ ++ ++ + ++ +
Type AD** AD** AD** AD** AD** AD** AD**
DD*
C181xRG103 + ++ ++ ++ ++ ++
Type AA** AA** AA* AA** AA** AA*
DA*
C909axR1629 + ++ ++ + +
Type AA* AA**
DA** DA* DA** DA** DA*
RZ182axRZ561 ++ ++
Type AA*
AD* AD**
DD**
RG561xRG103 ++ + + ++
Type AA** AA* AA* AA**
AD* AD* AD**
DA* DA**
C393xRG103 ++ ++
Type AA** AA**
AD*
RG151xR2625 + + + + ++ +
Type AA*
AD** AD* AD* AD* AD* AD*
DA**
RGA472xC393 ++ ++ + ++ ++ +
Type AA** AA** AA* AA** AA** AA**
AD* AD**

*, ** Gignificant at the 0.05 and 0.01 probability levels, respectively

a+ [nteraction detected at 0.01<P<0.05; ++, interaction detected at P<0.01
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Table. 6 QTLson fertility detected in the F, population of (Peiai 64Sx8902S) under various short-day (SD) conditions

Environmenta QTL Chromosome  Interval Additive Dominance Percentage LOD
effect effect variance
explained
PH-SD-HT 8 8 C181-R1436b 7.42 -5.92 8.0 2.38
(pollen) S10 10 C1286-RZ561 -10.16 8.37 9.9 3.80
PH-SD-HT 8 8 RG333-RG885 9.25 -1.07 12.2 5.01
(spikelet) S10 10 C1286-RZ561 -6.50 3.08 6.6 3.09
Natural (SD) SV 2 C397-C149b 7.47 5.08 57 2.79
(HN96) S3b 3 CDO38-RG191 -15.55 -2.05 20.6 825
8 8 RG333-RG885 10.28 -0.29 9.7 4.46
Natural SD S3a 3 C595-R321 6.69 -4.57 7.0 248
(WH94) S3b 3 CDO38-RG191 -7.37 -0.25 7.2 2.34
8 8 RG333-RG885 7.92 -1.22 9.2 3.40
Natural SD S3a 3 R1927-C217 7.19 -2.08 85 371
(WH095) 5 5 C246-C1447 6.67 1.19 6.9 2.96
8 8 RG333-RG885 9.04 1.30 13.3 5.39

aPH-SD-HT: Phytotron short day/high temperature (10 h/28°C)

Table 7 Numbers of significant digenic interactions (out of 5181
possible two-locus pairs) detected under various short-day (SD)
conditions

Environmenta Number of interactions

P<0.01 0.01<P<0.05
PH-SD-HT (pollen) 11 62
PH-SD-HT (spikelet) 8 54
Natural SD (HN96) 5 51
Natural SD (WH94) 17 90
Natural SD (WH95) 12 64

aPH-SD-HT: Phytotron short day/high temperature (10 h/28°C)

each involving a pair of non-QTLs, C112(1)xRZ602(4),
RG472(1)xC393(3), C393(3)xRG103(11), C909a(7)x
R1629(10), C181(8)xRG103(11) and RG151(2)x
R2625(10). Thus, overal, the 9 interactions involved
14 marker loci and 2 of the loci, C393 and RG103, were
each involved in 3 interactions.

Partitioning of the interactions using orthogonal con-
trasts revealed three types of interactions between loci:
additive by additive (AA), additive by dominance (AD or
DA) and dominance by dominance (DD), each of which
explained from 2.0% to 11.9% of the genetic variation
(data not shown), with an average of 4.5%. Some of the
two-locus combinations involved two or more types of
interactions. It is also clear from Table 5 that the types of
interactions were very consistent across the environments
for agiven pair of interacting loci. The consistency in the
types of interactions under different environmental condi-
tions provided further evidence against the possibility of
chance events for the detected interactions.

Dissecting the genetic effects of fertility reversibility
The fertility levels of a genotype under different short-

day treatments were used as the measurement of revers-
ibility. Single-locus QTLs and digenic interactions were

also analyzed to determine the genetic basis of revers-
ibility.

Effects of QTLs on fertility reversibility

QTLs that had significant effects on fertility under vari-
ous short-day conditions as determined by interval map-
ping are presented in Table 6. A total of 6 QTLs were
identified across all the environments taking into accout
the 1-LOD-supporting intervals (Fig. 4), with 2 or 3
QTLs being detected in each of the environments. One
QTL, B located on chromosome 8, was detected under
all environmental conditions: the additive effect indicat-
ed that the allele from 8902S was in the direction of in-
creasing fertility. Two QTLs, S3a and S3b, were each de-
tected in two environments; the 8902S genotype at the
S3a locus was in the direction of increasing fertility,
while the Peiai 64S genotype at the S3b locus was in the
direction of increasing fertility. The remaining 3 QTLS,
2, S5 and S10, were each detected under only one of the
experimental conditions. The Peiai 64S allele contribut-
ed to increased fertility at the S10 locus, while the 8902S
aleles were in the direction of increasing fertility at the
other 2 QTLs.

The effects of digenic interactions on fertility
reversibility

Two-way analyses of variance using all possible two-
locus combinations identified 5-17 pairs of loci showing
significant interactions on fertility at the 0.01 probability
level under the various short-day conditions (Table 7).
Another 51-90 two-locus combinations showed signifi-
cant interactions at the 0.05 probability level (Table 7).
Table 8 lists the 8 interactions that were simultaneously
detected in two or more environments, which we as-
sumed to be real interactions using the same argument
mentioned in the previous case against false-positives.
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Table 8 Two-locus combina-

tions that detected significant ~ INteraction PH-SD-HTa Natural short day
interaction effects on fertilit )
under various short-day con)éi - Pollen Spikelet HN96 WH94 WH95
tions
C217xRz404 ++b +
Type AA** AA**
AD** AD*
RZ474xC1135 ++ +
AA* * AA* *
R2638xCD0920 ++ ++
Type AA* AA**
DA*
DD* DD*
R1738axRG536 ++ ++
Type AA* AA**
DA**
DD** DD**
G359xC25 ++ -
Type AA* AD*
DA** DA**
DD**
R1436axRG333 ++ ++ ++
Type AA**
DA*
DD* DD** DD**
C25xRZ696 + ++
Type AA** AA**
DA*
DD*
RZ450xRG151 + + ++
Type AA** AA** AA**

*.** Gignificant at the 0.05 and 0.01 probability levels, respectively
aPH-SD-HT: Phytotron short day/high temperature (10 h/28°C)
b+, Interaction detected at 0.01 <p<0.05; ++, interaction detected at P<0.01

Of the 8 interactions 4 were each between at QTL and a
non-QTL: R1738a (S10)xRG536(1), G359(1)xC25(S3b),
R1436a(5)xRG333(B) and C25 (S3b)xRZ696(7). The
outher four interactions occurred between non-QTLSs.

Partitioning of the interactions into individual compo-
nents revealed that most of the two-locus combinations
involved two or three types of interactions including AA,
AD and DD (Table 8), each of which explained from
2.5% to 10.8% of the genetic variation (data not shown),
with an average of approximately 4.2%.

Discussion

The major genes for photoperiod-sensitive male sterility
in 8902S and Peiai 64S are dlelic

One conclusion that can be reached based on the data of
this study isthat the major genes for photoperiod-sensitive
male sterility in the two parents, Pelai 64S and 8902S, are
alelic with each other. Thisis clearly indicated by the fact
that both parents, F; and F, are completely sterile under
phytotron-controlled long-day/high-temperature condi-
tions (Table 1 and Fig. 1). Complete sterility of both par-
ents and F; was also observed during specific certain peri-
ods under natural long-day conditions in Wuhan (Fig. 2).
Additiona evidence was provided by the lack of polymor-
phisms in certain genomic regions where the genes for

photoperiod-sensitive male sterility were mapped, i.e.
pmsl on chromosome 7 (Q Zhang et al. 1994; Mei et al.
1999) and pms3 on chromosome 12 (Mei et al. 1998).
Polymorphisms was not detected between the parents on
the half of chromosome 7 containing the pmsl locus, and
a large gap was present in the pms3 region on chromo-
some 12; in both of these regions the RFLP genotypes of
the two parents are the same as that of the PSGMS gene
donor parent (Nongken 58S. This suggests the possibility
that these are most likely the loci conditioning photoperi-
od-sensitive male sterility in the two parents.

The genetic basis of unstable male sterility

The analyses of the F, data obtained over years and loca-
tions detected two types of genetic effects influencing the
male sterility, i.e. single-locus QTLs and two-locus interac-
tions. The numbers of QTLs detected range from 2 to 4 un-
der various long-day conditions, while the numbers of loci
involved in the interactions are much larger, and most of the
these were not detectable on a single-locus basis. It should
be pointed out that the genetic components resolved in the
F, analyses are much more complex than those present in
real PSGMS lines. This is because the dominant type of ge-
netic components including dominance detected by single-
locus analysis and interactions involving dominance, such as
additive-by-dominance and dominance-by-dominance ef-
fects resolved by digenic analyses, would not play any role
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in homozygous lines. Consequently, only the additive com-
ponents, including single-locus additive effects and additive-
by-additive interactions between loci, are relevant as the ge-
netic basis underlying fertility changesin homozygous lines.

At the single-locus level, additive effects of aleles
from Peiai 64S contributed to stable sterility at some loci
but to instability at other loci, and the reverse was the
case for aleles from 8902S. However, L6, the QTL that
was detected as having the largest effect on fertility on a
single-locus basis, was involved in an interaction with a
second locus, in which the tendency of the Peiai 64S
genotype at the L6 locus toward instability was inhibited
by the Peiai 64S genotype of the other locus.

At the two-locus level, genotypes homozygous for the
Peiai 64S dleles at both loci (11/11) showed low or the
lowest fertility among the 9 genotypes in most of the in-
teracting two-locus combinations. In certain cases, how-
ever, 11/22 (or even 22/22) genotypes of some two-locus
combinations also produced the lowest fertility, indicat-
ing that the double homozygote 11/11 is not necessarily
the most stable genotype in al two-locus combinations.
Conversely, genotypes that expressed the highest fertility
(most unstable) are not necessarily the ones that are dou-
bly homozygous for the 8902S alleles. They can be any
two-locus allelic combination, such as 11/22 (or 22/11),
22/11), 22/22 or even 11/11, depending on the loci in-
volved, and the complementary homozygotes 11//22 (or
22/11) were more frequently observed than the others to
be the most unstable genotypes. It should aso be pointed
out that there may be higher-order intactions as indicated
by the fact that 2 loci (RG103 and C393) were each in-
volved in 3 interactions, and they also interacted with
each other. Unfortunately, the data from the present ex-
periment did not allow for assessing high-order interac-
tions. Nonetheless, it is clear, based on this analysis, that
the genetic basis of the unstable sterility is a complex in-
terplay of additive effects of single-locus QTLs and addi-
tive-by-additive interactions of two-locus combinations.

Genetic basis of fertility revesibility

The analyses of the F, data obtained over years and loca-
tions also detected 2 or 3 QTLs and a number of two-lo-
cus interactions under various short-day conditions.
Comparison of Tables 3 and 5 with Tables 6 and 8 re-
vedled that the loci (both single-locus QTLs and two-lo-
cus interactions) detected under long-day conditions are
more repeatabl e across environments than those detected
under short-day conditions. This is consistent with the
extent of relative similarities among the experimental en-
vironments in which fertility was examined. For all long-
day treatments, the day-length regimes were approxi-
mately the same in the phytotron and under natural con-
ditions in Wuhan and Yuan’ an, whereas for the short-day
treatments, the phytotron and the natural conditions of
Wuhan and Hainan each represented a different day-
length regime. However, there is still quite a bit of com-
monality in the genetic components detected under the

various experimental conditions, especially under those
conditions that are more similar to each other.

The most noticeable commonality is the detection of
the QTL SBin al of the environments. Another remark-
able feature is the prevalence of dominant types of inter-
actions, including AD (or DA) and DD, that played a
major role in fertility of the F, population, athough
these types of interactions are not relevant to the perfor-
mance of the parental lines.

Insofar as the additive genetic components are con-
cerned, the 2 QTLs, S10 and S3b, which displayed “op-
posite” effects in which the 8902S genotypes showed re-
duced fertility, were each involved in an interaction. And
the most important QTL, S8, was also found to be in-
volved in an interaction under all three natural short-day
conditions. At the two-locus level, the genotypes that
showed the highest fertility were, in the majority of two-
locus combinations given in Figs. 6 and 7, the comple-
mentary homozygotes either 11/22 or 22/11, and only
occasionally did the genotype homozygous for the
8902S alleles at both loci (22/22) show the highest fertil-
ity. Thus, the genetic basis of fertility reversibility also
appears to be the joint effects of single-locus QTLs and
epistatic interactions.

The possible nature of the genes for instability of male
sterility and fertility reversibility

Stability of male sterility requires the genotype to be in-
sensitive to temperature fluctuations under long-day con-
ditions, while reversibility of fertility requires the geno-
type to be responsive to short-day induction Z.G. Zhang
et al. (1994) observed that, for every PSGMS line they
studied, there is certain range of temperature for effec-
tive photoperiod induction, above which the line will be
sterile and below which the line will be fertile regardless
of the length of photoperiod. They referred to the upper
and lower temperature limits for effective photoperiod
induction as the critical sterile point (CSP) and critical
fertile point (CFP), respectively. In the light of this ob-
servation, these two lines have very different tempera-
ture regimes for fertility induction. Peiai 64S is low in
both CSP and CFP; hence it has a narrow temperature
range for photoperiod induction of male fertility, which
makes it unable to respond to photoperiod changes. This
type of PSGMS line shows stable sterility under natural
long-day conditions, but it is difficult to reverse to fertil-
ity. In contrast, 8902S has both high CSP and CFP, hence
it has also a narrow temperature range for photoperiod
induction of male sterility, which makes the sterility of
the line very sensitive to temperature fluctuations. This
type of male-sterile line would be easy to reverse to nor-
mal fertility under natural short-day conditions, but its
sterility under long-day conditionsis unstable.

Thus, given the same major genes for photoperiod-
sensitive male sterility, the genetic components resolved
under long-day conditions are, in theory, those governing
the temperature response of different genotypes, and the



effects detected under various short-day conditions can
be viewed as genetic components related to responsive-
ness of the genotypes to day-lenth changes. The differ-
ences in the genetic components detected in the two ana-
lyses should be considered as reflections of such distinc-
tions, which included the QTLs with relatively large ef-
fects and almost all the interactions. It should be noted
that the phenomenon of day-length response controlling
the reversibility of fertility is not the same as the photo-
period response that regulates the transfer from vegeta-
tive phase to reproductive phase, as pointed out by Yuan
et al. (1993), who hypothesized that there are two photo-
periodic reactions in PSGMS rice. The commonality in
the genetic basis of the two photoperiodic reactions re-
mains to be characterized.

In addition to day-length response, the fertility of the
genotypes under short-day conditions is also subject to
temperature modifications, which is essentially the same
as the response of fertility to temperature fluctuations
under long-day conditions. This type of fertility changes
should have similar genetic bases for long-day and short-
day conditions. This expected similarity may provide the
explanation for the QTLs that were detected under both
long-day and short-day conditions.

Implications of the findingsin PSGM S rice breeding

The present findings may have significant implications for
the development of PSGMS lines that would show the de-
sired properties of the PSGMS rice, i.e. completely sterile
under long-day conditions and highly fertile under short-
day conditions, non-responsive to temperature fluctuations.
The complexity of the genetic bases of both sterility insta:
bility and fertility reversibility suggests that there is no
simple way to improve either the reversibility of Peiai 64S-
type PSGMS lines or the stability of 8902S-type PSGMS
lines, as in both cases the breeders have to manipulate a
large number of loci involving single-locus QTLs and epi-
static interactions. A further complication may result from
the fact that there is a certain degree of overlapping in the
genetic components controlling fertility under short-day
and long-day conditions, which means that breeders proba-
bly have to sacrifice a certain amount of reversibility of
fertility in order to gain more stability of sterility.

In summary, we conclude that the genetic bases are
complex for both stability of male sterility under long-
day conditions and reversibility of fertility under short-
day conditions, both involving single-locus QTLs and
epistatic interactions. The cause for the instability of ste-
rility under long-day conditions is the sensitivity of the
genotypes to temperature fluctuations, and that for the
reversibility of fertility under short-day conditions is the
responsiveness to short-day conditions. The complexity
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of the genetic bases indicates both the difficulty in im-
proving PSGMS lines and also the need for developing
strategies for utilizing information from marker-based
genetic analyses.
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