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Abstract. Cold stress is a major abiotic factor limiting rice production by reducing spikelet fertility. Under field conditions,
cold stress varies with years and seasons in terms of its intensity, duration, and timing of occurrence. To reduce the risk of
cold damage because of its unpredictable nature, crop adaptation strategies, such as management practices, that complement
breeding are required. Flowering time (heading time) is a key trait that can be used to adapt rice to changing climatic condi-
tions. Therefore, we screened a rice mutant line (T6-16) that has very shallow root system and exhibits delayed heading
time under moderate drought stress conditions. This mutant line was used in breeding and development of a new cultivation
technology for cold stress escape by introgression of its genetic segments into the background of a recurrent parent of New
Rice for Africa (NERICA), WABS56-104. The mutant-type F, plants grown under moderate drought stress conditions showed
delayed heading by an average of 11 days. Three F, plants that showed delay of heading by 11—17 days and maintained
over 95% grain weight under the stress conditions were identified. These F, plants could be useful in breeding for cold
stress escape. These results suggest that the utilization of rice plants introgressed with the mutation gene and proper water
management practices for rice cultivation based on the predicted length of cold periods could escape the cold stress through
delaying heading time.
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Introduction pollen microspore stage that occurs approximately 1012

days before flowering time (heading time), is the most

Cold stress is a major abiotic factor affecting rice  sensitive to cold injury®. Low temperature at the booting

cultivation in high latitude and altitude areas' . In rice  stage reduces spikelet fertility and, in turn, reduces grain
growth stages, the booting stage, especially the early  yields?.

In cold-prone highlands of East Africa, such as Mwea

Corresponding author: Yoshiaki Inukai, E-mail: inukaiy@agr.nagoya- in Kenya (Fig. 1), cold stress exhibits yearly and seasonal

u.ac.jp variations in terms of its intensity, duration and timing of
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Fig. 1. Daily average air temperature in June to August in Mwea, Kenya between 2012 and 2015. Dot-
ted arrow indicates minimum threshold temperature for normal rice growth and development.

occurrence®. In these locations, temperatures can reach
below 18°C (i.e., during severe stressful years or seasons)
thereby increasing the risk of yield loss due to cold dam-
age, resulting in yield losses of up to 100%. Due to the
unpredictable nature of cold stress under field conditions,
breeding efforts for cold tolerance based on genetic im-
provement alone will not be enough to reduce the risk of
cold damage. Improved crop adaptation strategies, such
as new management practices, that would complement
breeding for stress tolerant varieties are needed. Thus,
exploration of key traits and management practices for
adapting rice to variable low temperature environments
will play a major role in sustaining rice yields.

Heading time is mainly influenced by environmental
factors such as day length (photoperiod) and temperature,
but is also affected by abiotic stresses such as cold, drought
and nutrient deficiency which can cause delay in heading
time of rice®®. The shifting of heading time is a key
strategy that can be used to better adapt rice to changing
climatic conditions, and is a major goal for plant breed-
ers”. Delaying heading time in rice (i.e., lengthening the
vegetative growth during the cold period and switching to
floral transition when temperatures are optimum) is a po-
tential option to adapt rice to cold-prone regions. Shifting
of the reproductive phase in rice may maintain the yield
potential in cold-prone environments through preserving
spikelet fertility and grain filling.

In this study, we newly screened a rice mutant line, T6-16,
that has a shallow root system and exhibits delayed head-
ing time when subjected to moderate drought stress. We
explore the possibility of using mutant traits for breeding
rice lines that can escape cold periods by delaying heading
time while sustaining yield or with minimal yield loss.

Materials and Methods

Plant materials

The plant materials (rice genotypes) used included a
newly screened rice mutant line, T6-16, WAB56-104, and
an F, population (115 individuals) derived from a cross
between the T6-16 mutant and WAB56-104. The mutant
parental variety is Taichung 65 (TC65), a Taiwanese
lowland rice variety. WAB56-104 is an upland improved
variety and parent of NERICA 1 to NERICA 11!,

Seed germination and transplanting

Pre-germinated seeds were sown in seedling trays in
mid-October, 2015. Each pre-germinated seed was sown
in a cell measuring 5 cm x 5 cm X 5 cm and N fertilizer
(ammonium sulfate) was applied 7 days after emergence
as a nutrient solution (5 g/20 L) to enhance rapid tiller pro-
duction. At day 40, the seedlings were transplanted in the
field (on November 27, 2015) in single rows, 10 plants per
row at a spacing of 30 cm % 15 cm between rows or plants.
Each hill had 6 tillers by the transplanting time and was
split into two parts, one with the main tiller (main-stem
plant) was transplanted in an alternate wetting and drying
(AWD) paddy field and the other (split-tiller plant) in a
continuously waterlogged (CWL) paddy field.

Field evaluation

The F, population and the parent genotypes were evalu-
ated in a paddy field at Kenya Agricultural and Livestock
Research Organization-Mwea Centre, Kenya (KALRO-
Mwea research farm (0°40'35"S, 37°18'06"E, and 1168 m
a.s.]) from October 2015 to March 2016. The plant materi-
als were evaluated under two water management practices:
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AWD and CWL. The AWD field was kept flooded during
the first two weeks after transplanting and then re-irrigated
by surface irrigation up to 5 cm ponded water depth when
the soil water potential reached —30 kPa at 20 cm soil
depth. The threshold of —30 kPa was considered a moder-
ate water stress condition'). Soil water potential in AWD
field was measured every day at two points in the paddy
field using tensiometers installed at 20-cm soil depth.
Fertilizer was applied as basal fertilizer at a rate of 25 kg
N/ha, 25 kg P,0s/ha, and 25 kg K,O/ha at transplanting
time. Top-dressing fertilizer was applied in two splits at a
rate of 25 kg N/ha (ammonium sulfate) at 21 and 45 days
after transplanting (DAT) (Total N rate = 75 kg N/ha). The
fields were regularly weeded, and other crop management
practices were carried out following recommended farmer
practices'?.

Measurements

Heading time was determined as the date of 50% head-
ing, during which the number of panicles per plant was
counted. The panicles were hand-threshed and the filled
spikelets were separated from the unfilled ones by floata-
tion in water. These were then dried in the sun for a few
hours and weighed separately. The moisture content of the
filled spikelets was measured using a grain moisture tester
(Riceter f, Kett Electric Laboratory, Tokyo). Grain weight
per plant, adjusted to 14% moisture content, was calcu-
lated using the weights of filled spikelets in each hill and
the measured moisture values. The total number of filled
and unfilled spikelets was counted. The percent spikelet
fertility was calculated by multiplying the number of
fertile spikelets by 100 then dividing by the total number
of spikelets. The number of spikelets per panicle was also
calculated.

Statistical analysis

To assess the differences in agronomic traits between
genotypes, analysis of variance (ANOVA) was performed
using GLM procedure in SAS program (SAS version
9.1, SAS Institute Inc., Cary, NC, USA, 2002). The data
for mean spikelet fertility was arcsine-transformed and
the means were reported after back-transformation. The
means were separated using the least significant difference
(LSD) test at P < 0.05.

Results

Root distribution of T6-16 mutant line and parental
variety TC65

The differences in root distribution between T6-16 mu-
tant line and the parental variety (TC65) were evaluated in
a rootbox experiment using a pinboard!®. The mutant ex-

hibited horizontal root distribution, while TC65 exhibited
vertical root distribution (Fig. 2a). The mutant distributed
62% of its roots in the 0-60° root growth angle region
whereas TC65 distributed only 36% of its roots in the same
root growth angle region (Fig. 2b). These results reveal
a clear variation in root distribution patterns between the
mutant and the wild type.

Soil water potential and rainfall in the experiment site

The AWD paddy field experienced 4 wetting and drying
cycles during the growing season (Fig. 3b). Even though
the AWD practice was started at 14 DAT, the first cycle
was reached at 58 DAT owing to the high rainfall in De-
cember and January (Fig. 3a) that resulted in the ponding
of water depth, high soil water moisture, and a rise in the
ground water table.

Agronomic and yield traits

Heading time: WABS56-104 and the T6-16 mutant
significantly differed in heading time, with the heading
occurring at 58 DAT and 90 DAT, respectively, under the
AWD practice (Fig. 3b; Table 1). Under the CWL practice,
the heading time of WABS56-104 and the mutant was 58
and 75 DAT, respectively (Table 1). The heading time of
the wild-type F, plants ranged from 45 to 87 DAT, with a
mean of 66 DAT under the AWD practice (Table 1; Fig.
4a), compared to 45 to 85 DAT, with a mean of 62 DAT
under the CWL practice (Table 1; Fig. 4a). The heading
time of the mutant-type F, plants ranged from 51 to 102
DAT, with a mean of 79 DAT under the AWD practice
(Table 1; Fig. 4b) compared to 46 to 92 DAT and a mean
of 68 DAT under the CWL practice (Table 1; Fig. 4b). For
WABS56-104, the heading time was not affected by the
AWD practice, whereas the heading time of T6-16 mutant
was delayed by 15 days under the same practice (Table
1). For the F, plants, wild-type plants delayed heading by
an average of 4 days (09 days), whereas the mutant-type
plants delayed by 11 days (4-18 days) (Table 1). Over
86% of wild-type F, plants reached heading time earlier
than 80 DAT (Fig. 4a and b) under both water manage-
ment practices, which was similar to mutant-type F, plants
under the CWL practice (Fig. 4b). When mutant-type F,
plants were grown under AWD practice, over 65% of the
plants reached heading time after 80 DAT (Fig. 4a).

Spikelet fertility: Spikelet fertility of WAB56-104 and
T6-16 mutant was 87.1% and 44.5%, respectively, under
the AWD practice (Table 1). Under the CWL practice,
spikelet fertility of WAB56-104 and T6-16 mutant was
90.4% and 75.6%, respectively (Table 1). Spikelet fertility
of wild-type F, plants ranged from 0.9 to 82.2%, with a
mean of 38.6% under the AWD practice (Table 1; Fig. 4¢),
compared to 0.3 to 82.3%, with a mean of 40.6% under
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(a) Parental variety (TC65) T6-16 mutant JIS™

(b) Parental variety (TC65) T6-16 mutant
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Fig. 2. Differences in root distribution between wild- and mutant-type plants and proportion of

root distribution by root growth angle at 35 days after sowing. Root growth angle regions
are 0-30° (blue shaded), 30-60° (red shaded) and 60-90° (green shaded).
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Fig. 3. Rainfall (a) and soil water potential at 20 cm (b) depth in the AWD paddy field in 2015-2016.
W and M indicate heading time of WABS56-104 and T6-16 mutant respectively, under AWD condi-
tions; H indicate harvesting time.
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Table 1. Performance of agronomic characteristics in F, population and their parental varieties grown under AWD and CWL

conditions
Parents F, population
WABS56-104 T6-16 mutant wild-type mutant-type
Trait CWL AWD CWL AWD CWL AWD CWL AWD
Heading time (DAT) 580 580 (0d)ns 75.0 90.0 (15d) ***  62.0 66.0 (4d) ns 68.0 79.0 (11d)*
Spikelet fertility (%) 90.4  87.1 (96.4%) ** 75.6  44.5 (58.9%) ***  40.6 38.6 (95.1%) ns 40.4  36.0 (89.1%) ns
Panicle number 13.1 11.5 (87.8%) ns 19.8  11.5 (58.1%) ***  17.3  20.2 (116.8%) ns 15.0  16.0(106.7%) ns

1542 108.3 (70.2%) ***  78.1
29.2 (62.7%) ** 31.0

36.9 (47.2%) ***  99.1
5.1(16.5%) *** 164

96.7 (97.6%)ns 817
16.5(100.6%) ns ~ 14.4

73.9 (90.5%) ns
134 (93.1%) ns

Spikelet number per panicle

Grain weight (g/plant) 46.6

*P<0.05, **P <0.01, *** P<0.001. ns, not significant.

Values in parenthesis indicate heading delay in days (d) or percent proportion (%) of the trait in AWD relative to that under CWL.

AWD, Alternate wetting and drying; CWL, Continously waterlogged.

the CWL practice (Table 1; Fig. 4c). Spikelet fertility of
mutant-type F, plants ranged from 2.1 to 81.1% (a mean of
36%) under the AWD practice (Table 1; Fig. 4d) compared
to 1.3 to 90.6% (a mean of 40.4%) under CWL practice
(Table 1; Fig. 4d). WABS56-104 maintained 96.3% of its
spikelet fertility under AWD practice, whereas that of the
T6-16 mutant was greatly reduced (i.e., by 41.2%) (Table
1). For F, plants, the wild-type plants maintained 95.1%
of their spikelet fertility whereas the mutant-type plants
maintained 89.1% of their spikelet fertility (Table 1).
However, the mean spikelet fertility in the F, population
was low (< 50%) under both water management practices,
suggesting that there were other causes of F, sterility, such
as male sterility.

Panicle number: WAB56-104 and the T6-16 mutant
produced almost the same number of panicles under the
AWD practice (Table 1). Under the CWL practice, panicle
numbers of WAB56-104 and T6-16 mutant were 13.1 and
19.8, respectively (Table 1). Panicle numbers of wild-type
F, plants ranged from 7 to 35 (a mean of 20.2) under the
AWD practice (Table 1; Fig. 4e), compared to 4 to 30 (a
mean of 17.3) under the CWL practice (Table 1; Fig. 4f).
Panicle numbers of mutant-type F, plants ranged from 7 to
30, with a mean of 16, under the AWD practice (Table 1;
Fig. 4e), compared to 8 to 23, with a mean of 15, under the
CWL practice (Table 1; Fig. 4f). WAB56-104 maintained
87.8% of its panicle numbers under the AWD practice,
whereas in the mutant the number of panicles greatly
reduced (i.e., by 41.9%) under the same practice (Table
1). For the F, plants, the panicle numbers of both wild-
type and mutant-type plants were not affected by moderate
water stress.

Spikelet numbers per panicle: Spikelet numbers per
panicle of WAB56-104 and T6-16 mutant were 108.3 and
36.9, respectively, under the AWD practice. Under the
CWL practice, spikelet numbers per panicle of WABS56-

104 and T6-16 mutant were 154.2 and 78.1, respectively
(Table 1). Spikelet numbers per panicle of wild-type F,
plants ranged from 25.2 to 178.4, with a mean of 96.7,
under the AWD practice (Table 1; Fig. 4g) compared to
30.7 to 183.1, with a mean of 99.1, under the CWL prac-
tice (Table 1; Fig. 4g). Spikelet numbers per panicle of
mutant-type F, plants ranged from 29.5 to 134.2, with a
mean of 73.9, under the AWD practice (Table 1; Fig. 4h)
compared to 45.2 to 133.1, with a mean of 81.7, under the
CWL practice (Table 1; Fig. 4h). Under the AWD practice,
WABS56-104 maintained 70.2% of its spikelet numbers per
panicle, whereas the T6-16 mutant had a reduced number
(i.e., 52.8%) (Table 1). For the F, plants, wild-type plants
maintained 97.6% of their spikelet numbers per panicle
whereas the mutant-type plants maintained 90.5% of their
spikelet numbers per panicle (Table 1).

Grain weights: Grain weight of WAB56-104 and T6-16
mutant was 29.2 g/plant and 5.1 g/plant, respectively,
under the AWD practice. Under the CWL practice, grain
weight of WAB56-104 and T6-16 mutant was 46.6 g/plant
and 31 g/plant, respectively (Table 1). Grain weight of
wild-type F, plants ranged from 0.7 to 35.4 g/plant, with
a mean of 16.5 g/plant, under the AWD practice (Table 1;
Fig. 4i), compared to 0.1 to 41.2 g/plant, with a mean of
16.4 g/plant, under the CWL practice (Table 1; Fig. 41).
Grain weight of mutant-type F, plants ranged from 0.4 to
43.5 g/plant, with a mean of 13.4 g/plant, under the AWD
practice (Table 1; Fig. 4j), compared to 0.1 to 50.6 g/plant,
with a mean of 14.4 g/plant, under the CWL practice
(Table 1; Fig. 4j). Under the AWD practice, WAB56-104
maintained 62.7% of its grain weight, whereas the grain
weight of T6-16 mutant was greatly reduced, by 83.5%
(Table 1). For the F, plants, wild-type plants were not af-
fected by the AWD practice whereas mutant-type plants
maintained 93.1% of their grain weights (Table 1) under
the same treatment.
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Table 2. Trait mean values in selected mutant-type F, plants

Heading time

Spikelet fertility

Spikelet number Grain weight

F2 plants Water treatment (DAT) (%) Panicle number per panicle (g/plant)

1 CWL 75.0 72.1 17.0 133.1 36.8
AWD 86.0 61.2 (85%) 19.0 (112%) 134.2 (101%) 35.0 (95%)
Difference 11.0 15.0 -2.0 -1.2 1.8

2 CWL 71.0 66.9 10.0 103.4 21.0
AWD 82.0 68.5 (102%) 23.0 (230%) 98.5 (95%) 43.5 (207%)
Difference 11.0 2.4 -13.0 49 -22.5

3 CWL 73.0 70.0 15.0 54.1 20.8
AWD 90.0 62.9 (90%) 30.0 (200%) 61.4 (113%) 39.9 (192%)
Difference 17.0 10.0 -15.0 -7.3 -19.1

Negative value indicate not affected by moderate water stress.

Values in parenthesis indicate percent proportion of the trait in AWD relative to that under CWL.

Agronomic performance of selected F, plants

Three F, plants that showed good agronomic perfor-
mance, in terms of delayed heading time and maintenance
of spikelet fertility, panicle numbers, spikelet number per
panicle, and grain weights, under water stress were identi-
fied (Table 2). Heading time delayed by 11-17 days. The
F, lines maintained 85% or more of their spikelet fertility.
Their panicle numbers were not affected by moderate wa-
ter stress. Similarly, the spikelet number per panicle was
almost maintained under moderate water stress (relative
to continuously waterlogged conditions). The three F,
lines also maintained 95% or higher grain weight under
moderate water stress. However, two of the three F, plants
produced 2-fold higher grain weight, which was attributed
to the production of high number of panicles under moder-
ate water stress (Table 2).

Discussion

Flowering in rice is delayed under environmental
stresses, such as under drought stress imposed at different
developmental stages ® 142D, In this study, we demonstrat-
ed the effectiveness of a mutation gene in causing delay
in heading time of rice under moderate water stress. Past
studies have reported the genes and pathways involved in
the control of flowering in rice based on the photoperiodic
response?>2?). Under floral inductive period, exposure to
drought delays flowering through reduction in transcrip-
tion of primary integrators of day length signals which
include EARLY HEADING DATE 1 (Ehdl), HEADING
DATE 1 (Hdl), Hd3a and RICE FLOWERING LOCUS T 1
(REFTI).

The parental cultivar of the mutant line (T6-16), Taic-
hung 65, contains non-functional alleles of both Hdl and
Ehdl, and flowers relatively late regardless of the natural
photoperiod®®. In this study, the variation of delayed

heading time among the mutant-type F, plants was very
wide under the AWD practice (4-18 days), indicating that
a set of genes regulating heading time was very different
between the T6-16 mutant and WAB56-104. Therefore,
there is potential to identify optimal lines for the mutation
gene’s effect by selecting genotypes that have effective
genetic basis for delayed heading time. Indeed, heading
time of the three F, plants was delayed by 11-17 days, and
their spikelet fertility and grain weight were minimally or
not affected by moderate water stress. These three plants
have been selected as potential genotypes to be improved
and further tested for use as a strategy for cold stress
adaptation to reduce yield losses. Work is underway to
evaluate the selected plants’ descendants (F, lines) during
the long-rains season (in June and July) when a cold spell
is likely to be experienced.

In this study, AWD was applied from 14 DAT as recom-
mended by other researchers®). However, the first cycle
of drying was reached late in the vegetative stage of the
F, plants (at 58 DAT) due to the frequent rainfall during
the 2015/16 short-rains season in Mwea, Kenya. Water
stress imposed at this stage resulted in heading delay by
a mean of 11 days in mutant-type F, plants. We speculate
that cumulative moderate water stress from early stages
of plant growth may result to a more prolonged delay in
heading of rice with minimal yield losses. As such, there is
need to evaluate the effect of cumulative water stress from
early vegetative stage to maturity. In addition, there is need
to assess the effect of moderate water stress imposed at
specific growth stages on heading delay and yield per-
formance using the advanced generations produced from
this cross of mutant-type rice. This information would be
helpful for determining the best timing of water manage-
ment practices as a cold stress adaptation strategy based on
weather forecasts.
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