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Abstract Differences in crop performance between
seasons has raised concerns on whether or not
contrasting rice varieties should be grown in each
season in the tropics. Solving this question requires
evaluation if key plant traits subtending grain yield are
expressed similarly across seasons. Within each dry
season (DS) and wet season (WS), one approach to
address the issue was to group 32 high-yielding and
contrasted cultivars with respect to crop duration, and
to consider the crop cycle as two distinct phases: the
first one from early vegetative to flowering (pre-
flowering) and the second one from flowering to
maturity (post-flowering). For each of these two
phases, one key descriptive parameter was identified,
the potential sink size (PSS) at flowering for the pre-
flowering phase, and the grain filling rate (FR) for the
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post-flowering phase. Significant correlations were
observed for grain yield with both PSS and FR within
maturity groups in both seasons, indicating the strong
effect of both phases in grain yield establishment.
Finally, relevant traits in the DS were those favoring
light capture along the whole crop cycle in both
maturity groups. Traits for the WS differed among
maturity groups. Traits for the early maturity group
were also those favoring light capture, while the same
traits were non desirable for the medium and late
maturity groups, for which delayed leaf senescence
and short plant height were identified. The difference
between relevant traits highlights the need of devel-
oping distinct breeding programs respective of the
growing seasons and maturity groups.

Keywords Grain filling rate - Maturity groups -
Potential sink size - Rice - Season-based breeding
traits - Traits for light capture - Traits for delayed leaf
senescence

Abbreviations

DS  Dry season

FR  Filling rate

GY  Grain yield

HI Harvest index

LAI  Leaf area index

PSS  Potential sink size
SCL  Specific culm length
WS  Wet season
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Introduction

Grain yield of high-yielding rice genotypes in irrigated
paddy fields in the tropics, which has not gained much
in the last 20 years, is regularly reported as signifi-
cantly higher in the dry season (DS) than in the wet
season (Yang et al. 2008b; Shahid et al. 2013). This
large difference in crop performance between seasons
raises the issue of whether or not contrasted varieties
with different traits should be grown during each
season. Solving this question requires investigation on
whether key plant traits subtending grain yield are
similar and expressed in the same way across
contrasted seasons, or if higher yield is supported by
different traits or traits expressed in a different way
respective of the season. This may have important
consequences on breeding programs which, in general,
do not consider distinct seasons independently.

Sink size of a rice crop, defined as the total number
of spikelets at flowering, is considered as the primary
determinant of grain yield under favorable environ-
ments (Fischer 1983; Kropff et al. 1994): high yielding
ability is well correlated with large sink size in
temperate (Nagata 2006), subtropical (Wu et al. 2008;
Li et al. 2009; Zhang et al. 2009; Xiong et al. 2013),
and tropical (Ying et al. 1998; Yang et al. 2007)
environments. This has been confirmed when sink size
limitation due to higher temperature accelerated plant
maturity despite maintenance of leaf photosynthesis
activity (Kim et al. 2011). Accordingly, breeding
programs for higher yield potential in rice have been
mainly driven by increasing sink size (Yang et al.
2002). However, this strategy often reduced the
breeding target to increasing one individual yield
component without addressing any compensation
phenomenon (Kovi et al. 2011; Fujita et al. 2013) or
any relevance of subtending yield formation processes
(Ying et al. 1998; Laza et al. 2004; Yang et al. 2007;
Ohsumi et al. 2011). On one hand, compensation
between yield components is widely expressed across
genotypes through contrasted combinations of com-
ponents (Huang et al. 2011; Dingkuhn et al. 2015). As
examples, the breeding program for NPTs (Dingkuhn
et al. 1991) and super hybrid rice (Yang et al. 2002)
targeted bigger but fewer panicles; however, this was
associated with lower filling capacity (Peng et al.
1999; Laza et al. 2003, for NPTs; Ao et al. 2008, for
super hybrid rice). Similarly, introgression of a genetic
segment driving the increase in one component, such
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as the number of spikelets per panicle (Fujita et al.
2009, 2012), translated rarely into higher performance
at the crop level, which was prone to G x E interaction
(Ohsumi et al. 2011; Okami et al. 2015; Adriani et al.
2016a). On the other hand, as grain yield is well
correlated with sink size (Liang et al. 2001; Kim et al.
2011), and sink size is already fixed at flowering, pre-
flowering traits appear instrumental in determining
grain yield in non-stressing conditions (Adriani et al.
2016b). In fact, sink size was already claimed (Lafarge
and Bueno 2009; Bueno et al. 2010) as dimensioned in
line with the supply capacity of the plant during the
pre-flowering phase. Clearly, the method of improving
plant types by focusing on yield components may
bypass the likely identification of less integrated plant
traits as possible means to explore genetic diversity
and compare yield formation processes across geno-
types and cropping seasons.

Higher crop growth rate (CGR) during the 14 days
prior to heading has already been identified as a key
early plant trait favoring panicle growth and sink size
under temperate (Takai et al. 2006; Kamiji et al. 2011)
and subtropical (Nagata 2006; Xiong et al. 2013)
environments, and across environments (Ying et al.
1998). This was derived from higher radiation-use
efficiency (Takai et al. 2006), inducing higher leaf area
index (LAI) (Wu et al. 2008) with larger accumulation
of non-structural carbohydrates (NSC) in the leaves,
and higher translocation to the panicle (Takai et al.
2006; Xiong et al. 2013). Also under subtropical
environments, longer crop (Zhang et al. 2009; Huang
et al. 2013) and green leaf area (Ying et al. 1998; Wu
et al. 2008) duration promoted biomass accumulation
and yield. In the tropics, however, even if the possible
occurrence of higher CGR (Sheehy et al. 2001;
Yoshida et al. 2006; Bueno and Lafarge 2009)
supported biomass growth as a target for higher yield
(Peng et al. 1999), biomass allocation rather than
biomass production was stated as a crucial trait for
higher yield. This was the case in the DS, but also in the
wet season despite a lower contrast in crop yield (Laza
etal. 2003; Yang et al. 2007; Lafarge and Bueno 2009).
Some traits at early stage have already been identified,
such as specific leaf area, specific culm length, and
earlier cessation of tiller production, whatever the
cropping season (Bueno et al. 2010). Yet, these
observations relative to tropical conditions were gath-
ered without distinguishing between contrasted crop
durations and without assessing whether desirable
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plant type shall be different for wet and dry seasons.
First, crop duration was mainly considered so far as a
possible determinant for grain yield (Zhang et al. 2009;
Huang et al. 2013), through the increase in grain filling
duration under tropical conditions (Ying et al. 1998;
Yang et al. 2008a). However, key traits subtending
grain yield have not been evaluated with respect to crop
duration, in a sense where crop duration might affect
the weight of some of these traits in the process of grain
yield formation. Second, despite the significant differ-
ences of crop performance widely reported between
wet and dry seasons (Yang et al. 2008b; Bueno and
Lafarge 2009), and the expected resulting differences
between desired plant types, the same varieties are
commonly grown in both conditions.

The objective of this study was to evaluate the
grouping of genotypes with respect to crop duration as
a comprehensive approach to identify relevant traits
for high yield during each of the pre and post-
flowering phases within each growing season. Here,
potential sink size, as the product of total spikelet
number at flowering and single filled-grain dry weight
at maturity (Lubis et al. 2003), and filling rate, as the
ratio of filled over total spikelet number, were
evaluated as relevant integrated parameters to undergo
such study: the principle was to evaluate their
relevance in characterizing whether subtending plant
traits instrumental in increasing yield potential can be
revealed as accounting for distinct cropping seasons.
Such a conclusion would have important implications
within breeding programs on how they should con-
sider distinct cropping seasons in their process. This
study was conducted by comparing yield formation
processes of a range of high-yielding rice genotypes
between distinct growing seasons in the tropics (IRRI
farm, Los Bafios, Philippines). One strong component
of this study was to take into account a large range of
plant behaviour by considering 32 well-established
high-yielding genotypes, either hybrids or inbreds, not
only from the Philippines but also from India,
Colombia, and China in the case of super hybrid rice.

Materials and methods

Site description and crop establishment

Field experiments were conducted at the research
station of the International Rice Research Institute

(IRRI), Los Bafios, Laguna, Philippines (14°11'N,
121°15’E), from January to April for the 2010 dry
season (DS), and from June to October for the 2010
wet season (WS). The soil was classified as Andaque-
ptic Haplaquolls with particle size distribution of 58%
clay, 33% silt, and 9% sand. The topsoil contained
18.6 g organic C kg~ ', 1.90 g total N kg~', with pH
(CaCl,) of 6.5.

Experiments were laid out in a randomized com-
plete block design (RCBD) with three replications.
Thirty-two rice genotypes, 20 hybrids, and 12 high-
yielding elite inbreds from a diverse genetic back-
ground and geographical origin (Philippines, India,
China, Colombia) developed by distinct institution
and companies, were grown under two contrasted
seasons (Table 1). Seeds were soaked in water for
24 h, drained, wrapped in wet cloth, and incubated at
room temperature for another 24 h. Pre-germinated
seeds were sown in seedling trays at 3000 seeds m > to
produce uniform seedlings. Then, 13-day-old seed-
lings in the DS and 11-day-old seedlings in the WS
were manually pulled and transplanted in the field at a
hill spacing of 20 x 20 cm with one seedling per hill.
The plot size was 50 m” in both the DS and WS.

Crop management

Phosphorus (40 kg P ha™" as single superphosphate),
potassium (40 kg K ha~' as muriate of potash), and
zinc (5 kg Zn ha™ " as zinc sulfate heptahydrate) were
applied and incorporated in all the plots a day before
transplanting during both seasons. A total of 150 kg N
ha™' as urea was applied in four splits (40 kg Nha™' a
week after transplanting, 30 kg at mid-tillering, 40 kg
at maximum tillering, and 40 kg two weeks before
flowering), in all plots and in both seasons. The
amount of N fertilizer applied in the WS was similar
with that in the DS because of an additional applica-
tion to compensate for fertilize lost due to a typhoon
event. The field was flooded 3 days after transplanting
and a floodwater depth of 3-5 cm was maintained
until 10 days before physiological maturity. Weeds
were controlled by applying Sofit (pretilachlor) at two
days after transplanting. Subsequent weeding was
done manually when required. Pests were intensively
controlled using chemicals to avoid plant damage and
yield loss. Bird watchers were hired to prevent birds
from feeding and a 0.5-m-high plastic rat barrier was
installed all around the plots to prevent rat damage.
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Table 1 Genotypes code, characteristics (maximum tiller count during the dry season, crop duration during the dry and wet

seasons), and country of origin

Code Type Maximum tiller Crop duration Crop duration Country
count (dry season) (dry season) (wet season)

H1 Hybrid 672 105 109 Philippines

H3 Hybrid 542 111 115 Philippines

H5 Hybrid 719 105 111 Philippines

H9 Hybrid 656 113 118 Philippines

H14 Hybrid 690 105 111 Philippines

H15 Hybrid 634 105 115 Philippines

H16 Hybrid 693 105 109 Philippines

H17 Hybrid 723 105 111 Philippines

H18 Hybrid 515 107 111 Philippines

H19 Hybrid 693 107 118 Philippines

H20 Hybrid 651 117 115 Philippines

H30 Hybrid 555 105 111 Columbia

H31 Hybrid 622 107 118 India

H32 Hybrid 695 113 118 India

H33 Hybrid 775 105 115 India

H34 Hybrid 640 113 118 India

H35 Hybrid 554 107 115 China

H36 Hybrid 481 111 115 China

H37 Hybrid 552 113 111 India

H39 Hybrid 723 117 118 India

I1 Inbred 795 111 111 Philippines

12 Inbred 879 105 109 Philippines

14 Inbred 590 111 111 Philippines

17 Inbred 704 113 122 Philippines

112 Inbred 560 111 115 Philippines

140 Inbred 750 107 118 Philippines

141 Inbred 668 107 115 Philippines

142 Inbred 582 107 115 Philippines

143 Inbred 513 117 122 Columbia

144 Inbred 426 111 111 China

145 Inbred 272 105 109 China

146 Inbred 544 111 115 China

Climatic measurements and characterization
of crop stage

Weather data were collected from the IRRI lowland
agro-meteorological station within a 500-m radius
from the experimental field. Solar radiation was
measured by a Gunn-Bellani radiation-integrator
(Baird & Tatlock, London, UK). Daily minimum
and maximum temperature were measured by a
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standard ventilated psychrometer (no. 706, Wilh,
Lambrecht KG, 34 Gottingen, Germany).

Panicle initiation (PI) was determined by dissecting
and observing under a binocular microscope (Leica
MZ 95, Leica Microsystems LTd., Heerbrugg,
Switzerland) the main tillers of randomized collected
plants from each plot every two days when PI was
getting close. Panicle initiation was considered to have
occurred when the first row of floral primordia was
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visible on the shoot apex. Flowering (Fl) was deter-
mined from each plot when 50% of the spikelets per
panicle had exerted their anthers. The crop reached
maturity (Mat) when 95% of the spikelets in the whole
plot had turned from green to yellow.

Crop measurements

At transplanting, 12 seedlings were randomly pulled
from seedling trays for all the genotypes. For each
subsequent sampling done in the field after transplant-
ing, plants were randomly sampled every week from
0.32 m? that corresponded to eight hills for both the
dry and wet seasons. The three external rows from the
border of all plots were not considered for sampling.
For each sampling date, plants were collected and
placed in a plastic bag containing water and brought to
the laboratory for cleaning and for subsequent pro-
cesses. Plant samples were separated into green leaf
blades, dead leaf blades, leaf sheaths, culms (intern-
odes and nodes), and panicles (including juvenile
ones) when present. The area of the green blades was
measured with a leaf area meter (Li-3100C area meter,
Li-Cor, Lincoln, NE, USA). Leaf area index (LAI)
was calculated as leaf area (LA) of the sampled plants
divided by the corresponding ground sampling area.
For all sampling dates, dry matter of each entity
previously listed was determined by drying the
material for 72 h in an oven at 70 °C, and then
weighing them. Specific leaf area (SLA, cm” g~ ') was
calculated by dividing the leaf blade area by the
corresponding leaf blade dry matter. Stem dry matter
was calculated as the sum of the leaf sheath and culm
dry matter. Shoot dry matter of the plants was
calculated as the sum of the dry matter of leaf blades,
stems, and panicles. Culm length of each tiller of four
sub-sampled hills was measured at flowering. Specific
culm length (SCL) was computed as the ratio of the
stem length to its corresponding dry matter. To
evaluate the spatial occupation of the leaves of one
plant, the spreading of these leaves was estimated on a
virtual horizontal plane, at higher collar level, by
measuring the distance between the two extreme
points of the plant, first on an axis within the row, and
second on a perpendicular axis between rows. The
ellipse area of the plant formed by the virtual 2D leaf
area at highest collar level was then calculated as:

Ellipse area = m X radius 1 X radius 2

where radius 1 is half of the distance on the axis within
the row and radius 2 is half of the distance of the
perpendicular axis between rows.

Leaf angle between the leaf and its tiller culm was
measured using the tiller as the reference (vertical).

At maturity, plants were randomly sampled from two
0.32-m? locations in each plot, and total tiller number
and number of productive, non-productive, and dead
tillers were determined. Dry matter of each plant organ
as listed previously was measured. Grains were sepa-
rated from the rachis and filled and unfilled grains were
separated with respect to the flow rate of 4 m® s~" using
a Seedburo blower (KL-1205, Seedburo, Chicago, IL,
USA). The weight of total filled and unfilled grains and
1000 filled and unfilled grains and, by computation, the
number of filled and unfilled grains per panicle were
determined. Filling rate was computed as the ratio of
filled grain number to the total grain number. Harvest
index (HI) was computed as filled grain dry matter
divided by shoot dry matter. Potential sink size was
calculated as the product of the total number of spikelets
(filled and unfilled) per panicle, the panicle number, and
the individual grain size as calculated at maturity on the
basis of 1000-grain dry weight. Potential sink size
corresponded to the highest grain yield the plant could
produce on the basis of the total number of spikelets it
fully developed before flowering. Grain yield (GY) was
determined by harvesting a 5-m? undisturbed sampling
area (125 hills) at the center of each plot. Grains were
separated from the rachis, filled and unfilled grains were
also separated, and total filled grain dry matter was
determined. Grain moisture content of the filled grains
was measured with a digital moisture tester (DMC-700,
Seedburo, Chicago, IL, USA) and grain yield was
calculated at 14% moisture content.

Data analysis

Analysis of variance (ANOVA) was done using GLM
procedure of SAS (2012) and mean separation tests
were performed using LSD. Correlation test was done
using the Pearson method.

Results

The 32 hybrids and elite inbreds differed with crop

duration, from 105 to 117 days in the DS, and from
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109 to 122 days in the WS (Table 1). Crop duration
might have a strong effect on the interrelation of plant
traits, with the assumption that key traits associated
with a short-duration crop could be different from
those associated with a long-duration crop. Consider-
ing the differences in climate between both seasons
and in crop duration among genotypes, it is relevant to
set up a methodology to evaluate traits of interest by
grouping genotypes according to crop duration within
each cropping season, so that the search for traits is
done per group. Two maturity groups in the DS—short
and medium duration—and three in the wet season—
short, medium and long duration—were defined with
average crop duration of 106 and 113 days, and 110,
115 and 119 days, respectively (Table 2).

Average daily radiation received by the crop from
sowing to maturity was higher in the DS (ranging from
15.6 to 19.7 MJ m~2) than in the WS (15.0 to
15.7 MJ m~?) (Table 2). Moreover, in the DS, the
average daily radiation received during the grain
filling stage was higher ranging from 19.1 to
19.7 MJ m72, than in the wet season, which ranged
from 14.6 to 15.3 MJ m~2, however, crop duration
was longer in the wet season. The resulting difference
in cumulative radiation was not that strong, ranging
from 572 to 610 MJ m™? in the DS, and from 452 to
535 MJI m~2 in the WS (Table 2). Average, mini-
mum, and maximum temperatures during the DS were
lower by 1 °C compared to those in the wet season.
The average daily temperature in the DS during grain
filling was higher than that during the vegetative and
reproductive phases, whereas, in the wet season, the
average daily temperature at all crop stages was
similar (Fig. 1). Also, the WS under study was quite
representative of the average of the wet seasons while
radiation at tillering stage of the DS under study was
appreciably higher than that of the average of the DSs
(Supplementary Fig. 1). Genotype differences in grain
yield were significant within each maturity group for
each of the dry and the wet season. In the DS, grain
yield ranged from 7.79 t0 9.77 tha™ ', and from 7.45 to
9.52 tha™', in the early and medium maturity groups,
respectively (Table 3). In the wet season, grain yield
ranged from 5.80 to 8.73 t ha=!, 4.77 t0 7.86 t ha_l,
and 5.27t0 7.77 t ha_l, in the early, medium, and late
maturity groups, respectively (Table 4). Grain yield of
each individual genotype was positively correlated to
the associated cumulative daily radiation, with an
r (p < 0.05) value of 0.57, measured during its grain
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filling phase (between the flowering and the maturity
dates of each individual), with radiation varying from
350 to 650 MJ m~? (Fig. 2). This correlation empha-
sizes the importance of: (i) the incoming radiation
when discriminating the dry from the WS in the
Philippines, and (ii) the grain filling phase in the time-
course to establish grain yield. The methodology for
searching for key traits driving high yield was then set
up by considering the crop cycle as two distinct
phases: the first one from early vegetative to flowering
and the second one from flowering to maturity. For
each of these phases, one key variable was identified,
the potential sink size at flowering and the filling rate
between flowering and maturity. It was then necessary
to check whether grain yield was correlated with each
of these two key variables to use them as basis in the
search for relevant traits.

Potential sink size was calculated as the product of
grain number per unit area and single filled grain
weight measured at maturity, assuming all grains get
filled (Tables 3, 4). Grain yield was significantly
correlated with potential sink size for each of the
maturity groups in both seasons (Fig. 3a, b), with r
values ranging from 0.52 to 0.71 in the DS, and from
0.52 to 0.81 in the WS. This shows how some traits at
early stage can be revealed as strong indicators of yield
potential based on their correlation with potential sink
size. In this line, morphological and growth parame-
ters of the pre-flowering phase, those with significant
correlation with potential sink size, were identified and
compared between maturity groups and seasons
(Table 5). In the DS for both early and medium
maturity groups, ellipse area, which represents the
spread of tillers at the highest collar level; LAI, both
measured at PI; and specific leaf area, leaf biomass,
and stem biomass at maximum tillering, were posi-
tively correlated to potential sink size. In the WS for
the early maturity group, LAI and leaf and stem
biomass were also positively correlated with potential
sink size. In contrast, in the medium and late maturity
groups in the wet season, LAI and leaf biomass were
negatively correlated with potential sink size. For all
the three groups in the wet season, plant height at
booting was negatively correlated to potential sink
size (Table 5).

Grain yield formation was also strongly influenced
by grain filling rate (Tables 3, 4) in line with the gap to
1 of the correlation coefficients associated with the
relationship between grain yield and potential sink
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Table 2 Average minimum temperature (T,,;,), average max-
imum temperature (Ty,.x), average mean temperature (T can),
average daily radiation, and cumulative solar radiation from

sowing to panicle initiation (S—PI), panicle initiation to
flowering (PI-Fl), and flowering to maturity (FI-Mat) of the
different duration groups during the 2010 dry and wet seasons

Season/Maturity Average Tin Average T ax Average Tean Average daily radiation Cumulative solar radiation
(°0) (°0) 0) MJIm™?) MJIm™?)

Dry/early (105-107 days)

S-PI 22.6 29.2 25.9 15.6 717

PI-Fl 22.8 30.6 26.7 19.3 578

Fl-Mat 23.8 31.3 27.6 19.1 572
Dry/medium (111-117 days)

S-PI 22.6 29.3 25.9 16.1 822

PI-F1 23.0 30.7 26.8 19.1 610

Fl-Mat 239 31.7 27.8 19.7 610
Wet/early (109-111 days)

S-PI 24.8 32.1 28.5 15.5 697

PI-Fl 24.7 31.6 28.1 154 462

Fl-Mat 24.4 314 27.9 15.2 534
Wet/medium (115 days)

S-PI 24.8 32.1 28.5 15.6 766

PI-F1 24.6 314 28.0 15.0 464

Fl-Mat 24.6 31.6 28.1 15.3 535
Wet/long (118-122 days)

S-PI 24.8 32.0 28.4 15.3 857

PI-FI 24.5 31.6 28.0 15.7 502

Fl-Mat 24.7 31.3 28.0 14.6 452

size (Fig. 3). Indeed, in the DS in the early maturity
group (Table 3), potential sink size was the same for
H18 and 140; however, grain yield was significantly
higher with H18 (9.50 tha™ l) compared with 140 (8.44
t ha™"). In the medium maturity group, potential sink
size of 146 and H37 were similar, 1137 and
1149 g m™?, respectively; however, grain yield of
146 was 11% higher than that of H37 (Table 3). In the
wet season, potential sink size was the same for 14 and
H37 in the early maturity group, 146 and I12 in the
medium maturity group, and 140 and H39 in the late
maturity group; however, grain yield of 14, 146, and
140 was 13, 22 and 32% higher than that of H37, 112
and H39, respectively (Table 4).

Filling rate ranged from 0.69 to 0.87 in the DS and
from 0.59 to 0.87 in the WS (Tables 3, 4). In the WS,
grain yield was correlated with filling rate, considering
the whole set of genotypes within each maturity group,
whereas no correlation was observed in the DS
(Supplementary Table 1.). In this context, in order to

reveal key traits during grain filling, it was essential to
select cultivars with same potential sink size but with
contrasted filling rate. Accordingly, subgroups of
genotypes with similar potential sink size within each
maturity group were formed based on the highest
number of genotypes whose potential sink size values
were similar as indicated by the same letter of Tukey
test at P = 0.05, and whose filling rate was the most
contrasted as possible (Tables 3, 4). In the DS, the
subgroups were formed with the genotypes whose
potential sink size belonged to the statistical category
‘" in the early maturity group (8 genotypes) and ‘c’ in
the medium maturity group (9 genotypes) (Table 3),
whereas, in the wet season, the subgroups were formed
with the genotypes whose potential sink size belonged
to the statistical category ‘f* in the early maturity
group (5 genotypes), ‘d’ in the medium (4 genotypes),
and ‘a’ in the late (3 genotypes) (Table 4). Correlation
coefficients between grain yield and filling efficiency
for each of these subgroups in the DS were 0.49 and
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T T T
—e— Dry season
254 .0 Wet season (a)

Mean daily radiation
(MJ m?)

34 4

32

30 4

28 4

26 4

Daily maximum Temperature
°C

24

26 4

24 4

22 4

20 4

Daily minimum temperature
°C

Daily average temperature
°C

0 20 40 60 80 100 120 140
Days after sowing (DAS)

Fig. 1 Average daily radiation (a), daily maximum tempera-
ture (b), daily minimum temperature (c) and daily average
temperature (d) at the experimental fields during the 2010 dry
and wet seasons

0.72 in the early and medium maturity groups,
respectively, and, in the WS, 0.94 and 0.88 in the
early and medium maturity groups, respectively
(Fig. 4a, b). In the late maturity group in the wet
season, the correlation coefficient was not calculated
as the genotype number was too low. Within each
subgroup, considering values of potential sink size
were similar between genotypes, pairs of cultivars
were selected based on the two most contrasted values
of filling rate. These pairs were, for the first three,
taken from the DS within the early (H18 vs. 140) and
medium (H3 vs. H37, and 146 vs. H34) maturity
groups, and, for the last three, from the WS within the
early (I4 vs. H37), medium (146 vs. 112) and late (140
vs. H39) maturity groups. In all the six pairs, as
designed, filling rate was significantly different
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(Fig. 5a), and potential sink size similar (Fig. 5b),
between the two considered genotypes. Filling effi-
ciency and the associated grain yield were consistently
higher with genotypes H18, H3 and 146 in the DS, and
14, 146 and 140 in the WS (Tables 3, 4). In the DS, HI
(Fig. 5¢), SCL at flowering (Fig. 5d), and ellipse area
(Fig. 5e) and leaf angle (Fig. 5f) at 20 days after
flowering, were identified as key traits associated with
higher filling rate. Their values were significantly
different for H18, H3 and 146 than for 140, H37 and
H34. In contrast, in the wet season, no difference
within each pair was observed for SCLat flowering,
and a significant difference for HI and leaf angle was
observed only within one and two pairs, respectively.
In the WS, LAI at 20 days after flowering (Fig. 5g),
delayed leaf senescence within the first 20 days after
flowering (Fig. 5h), plant height (Fig. 5i) and panicle
length (Fig. 5j) at flowering, were identified as key
traits associated with higher filling rate in 14, 146 and
140 compared with that in H37, 112 and H39,
respectively. In contrast, in the DS, no difference
within each pair was observed for LAI, leaf loss rate
and plant height, whereas, a significant difference in
panicle length was observed only within two pairs.
Morphological parameters of the grain filling phase
of all genotypes of the subgroup within each maturity
group were then correlated against filling rate, and
confronted to the results reported from the pairs
analysis in Fig. 5. Harvest index, ranging from 0.45 to
more than 0.6, was positively correlated with filling
rate within both maturity groups in the DS, with
r values of 0.41 (Fig. 6a), whereas this significant
association was observed only for the medium matu-
rity group in the WS (Table 6). SCL at flowering was
negatively correlated with filling efficiency within the
early maturity group in the DS, with r value of 0.47
(Fig. 6b), whereas, in the wet season, there was no
correlation within both early and medium maturity
groups, but a positive correlation was observed within
the late maturity group (Table 6). In the WS within the
three maturity groups, LAI at 20 days after flowering
was positively correlated, and leaf loss rate and plant
height were negatively correlated, with filling rate
(Table 6), having r values as strong as 0.72-0.95 for
plant height (Fig. 6d) and 0.53-0.74 for the ratio of
leaf loss (Fig. 6e). In contrast, no correlation between
filling rate and these three parameters was observed
within each maturity group in the DS (Table 6).
Ellipse area on one side and the leaf angle at 20 days
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Table 3 Grain yield, potential sink size in decreasing sorted order and filling rate of the different genotypes in the 2010 dry season

experiment

Maturity (day) Genotype Grain yield (t ha™") Potential sink size (g m™?) Filling rate

Early (105-107) H31 9.39ab 1326a 0.70c
H1 9.38ab 1264ab 0.75bc
H15 9.59a 1258ab 0.76bc
H17 9.44a 1250abc 0.75bc
H5 9.46a 1213abcd 0.77bc
H30 9.77a 1204bcde 0.80abc
H33 9.36a 1200bcde 0.77bc
H19 9.38a 1190bcdef 0.79bc
H14 9.63a 1144bcdef 0.83ab
H16 9.46a 1128cdef 0.84ab
H35 9.24abc 1119defg 0.82abc
142 8.52bcd 1092defg 0.79bc
140 8.44cd 1085efg 0.78bc
H18 9.50a 1085efg 0.87a
141 8.30d 1068fg 0.78bc
12 8.53bcd 1001gh 0.85ab
145 7.79d 944h 0.85ab

Medium (111-117) H39 9.04ab 1320a 0.70e
H9 9.31a 1308a 0.71e
H32 9.30a 1248ab 0.74cde
H3 9.52a 1199bc 0.79bcd
H34 8.22bc 1189bcd 0.69¢
112 8.89ab 1164bcd 0.78bcd
H36 8.56ab 1159bcd 0.74de
H20 8.72ab 1152bed 0.77bcd
H37 8.15¢ 1149bcd 0.71e
146 9.06ab 1137cd 0.80abc
17 9.18a 1128cd 0.81ab
14 9.08ab 1127cd 0.81ab
144 8.81ab 1094de 0.81ab
I 8.89ab 1027e 0.86a
143 7.45¢ 1003e 0.74de

In a column, within each maturity, means followed by the same small letter are not significantly different at p < 0.05 using Tukey’s

test

after flowering on the other side (considering both the
flag leaf and the second leaf to the last) were
negatively correlated with filling rate for both seasons
within all maturity groups, except for the late maturity
group in the WS (Table 6). In the DS, with r values of
0.50 and 0.56, the range of the ellipse area was from
500 to 1500 cm? (Fig. 6¢), whereas in the WS, with r
values of 0.60 and 0.61, the range of the ellipse area

was only from 350 to 700 cm? (Fig. 6f). For the late
maturity group in the WS, the relationships of filling
rate with ellipse area and leaf angle were positive, with
the ellipse area ranging from 500 to 700 cm? (Fig. 6f).
Surprisingly, correlation between filling rate and
biomass at flowering tended to be negative within all
maturity groups, except for the medium one in the DS
(Table 6). The correlation of filling rate with panicle
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Table 4 Grain yield,

N R Maturity (day) Genotype
potential sink size in

Grain yield (t ha™")

Potential sink size (g m~?)

Filling rate

gifreasing S(f)rtﬁd gfger and Early (109-111)  HI16 8.73a 1139 0.75cde
gelll‘;fyg:: o tth: o1 gr\‘::t H5 7.63bc 1061b 0.71efg
season experiment H14 7.38bc 1059bc 0.68fgh
H30 7.25bcd 995cd 0.71def
144 8.18ab 981de 0.81a
4 7.15¢d 947def 0.74de
H37 6.34ef 934defg 0.66gh
H18 6.89cde 926efg 0.72def
H17 6.07ef 926efg 0.64h
H1 7.06cd 906fg 0.76bcd
11 7.07cd 872gh 0.79abc
12 6.91cde 834hi 0.81ab
145 5.80f 7941 0.71def
Medium (115) HI15 6.50c 1068a 0.59d
141 7.40ab 1038ab 0.70bc
142 6.92bc 1036ab 0.65bcd
H33 6.64c 1026ab 0.63cd
H35 6.57c 969bc 0.66bcd
H36 6.94bc 959cd 0.70bc
H20 7.09bc 956¢d 0.72b
12 6.43e 892d 0.70bc
146 7.86a 886d 0.87a
H3 4.77d 759 0.61a
Late (118-122) H31 6.90b 980a 0.69bcd
140 7.77a 965a 0.78a
H39 5.87cd 946ab 0.61f
17 6.76b 917b 0.72b
H32 5.96¢ 859¢c 0.68cde
In a column, within each HO >.68cde 838cd 0.66de
maturity, means followed H34 5.27e 811de 0.64ef
by the same small letter are H19 5.57cde 773ef 0.70bc
not significantly different at 143 5.309de 748fF 0.70bc
p < 0.05 using Tukey’s test
length was significant only within one group in each Discussion

season, in the medium maturity group in the DS and
the late maturity group in the WS (Table 6).

Filling rate was negatively correlated with potential
sink size in the DS, with correlation coefficients of
0.81 and 0.63 for early and medium maturity groups,
respectively (Fig. 7a), when considering all the geno-
types within each maturity group. In contrast, no
correlation was reported between filling rate and
potential sink size in the wet season, for each of the
three maturity groups (Fig. 7b).

@ Springer

The relevance of analysing genotype performance

respective of season and crop duration

Grain yield was higher by 33% on average during the
DS compared to the WS as expected by the associated
higher radiation and lower temperature in the DS than
in the wet season. This superiority of grain yield in the
dry over the WS in tropical irrigated conditions was
reported by several authors (Yang et al. 2007, 2008b),
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Fig. 3 Relationship between grain yield and potential sink size
during the dry (a) and wet (b) seasons. Potential sink size stands
for the product of total spikelet number at flowering and single
filled grain dry weight at maturity. The symbol indicates the
maturity group the genotype belongs to (each data point
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Table 5 List of significant growth parameters correlated with
potential sink size (p = 0.05), and the correlation coefficient, r

Growth parameter Dry season
Early Medium

Ellipse area at panicle initiation 0.31%* 0.36%*
Leaf area index at panicle initiation 0.53* 0.61*
Specific leaf area at maximum tillering 0.27* 0.57*
Leaf dry weight at maximum tillering 0.41%* 0.44%*
Stem dry weight at maximum tillering 0.33* 0.28*
Growth parameter Wet season

Early Medium Late

Leaf area index at maximum 0.37* —-0.36¥ —0.39*%
tillering

Leaf dry weight at maximum 0.31* —0.41* —0.39*%
tillering

Stem dry weight at panicle 0.35% —0.51* 0.39*
initiation

Plant height at booting stage —-041* —-037* —0.40*

* means significant at p < 0.05
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Fig. 4 Relationship between grain yield and filling rate of
genotypes during the dry (a) and wet (b) seasons. The symbol
indicates the maturity group the genotype belongs to (each data
point represented individual replication)
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Table 6 Correlation between filling rate and grain yield; and between filling rate with growth parameters during the ripening phase
of genotypes with similar potential sink size

Parameter Dry season Wet season

Early Medium Early Medium Late

(n =18) n=9) (n=5) (n=4) (n=3)
Grain yield 0.49 0.72 0.84 0.88 0.97
Biomass at flowering —0.38% 0.05 ns —0.42 ns —0.22 ns —0.22 ns
Harvest index (HI) 0.41* 0.41* 0.13 ns 0.78* 0.11 ns
Specific culm length at flowering —0.47* 0.10 ns —0.13 ns —0.02 ns 0.54%*
Leaf area index at 20 days after flowering —0.29 ns —0.25 ns 0.58* 0.48 ns 0.75%
Ratio of leaf loss (flowering-20 days after flowering) —0.31 ns 0.09 ns —0.69* —0.53* —0.74*
Plant height at flowering —0.03 ns —0.34 ns —0.83* —0.72* —0.95*
Ellipse area at 20 days after flowering —0.56%* —0.50* —0.60* —0.61* 0.62*
Flag leaf angle at 20 days after flowering —0.38% —0.29 ns —0.66* —0.53* —0.21 ns
Leaf angle of the leaf below the flag leaf at 20 days after —0.48* —0.51%* —0.20 ns —0.71* 0.53%

flowering

Panicle length 0.08 ns —0.59* 0.32 ns —0.86% —0.46 ns

These genotypes were chosen from each maturity group based on statistically the same potential sink size having the highest number
of genotypes and called subgroup (subgroups ‘f” and ‘c’ in the DS early and medium; ‘f’, ‘d’ and ‘a’ in the WS early, medium and
late, respectively)

* Significant at p < 0.05

ns means non-significant at p < 0.05
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Fig. 7 Relationship between filling rate and potential sink size
during the dry season (a) and wet season (b) (Each data point
represented individual replication)

and was also attributed to higher radiation received
after flowering, also confirmed from a survey of top
yields done over different environments and countries
(Dingkuhn et al. 2015). Interestingly, the classification
of the 32 diverse high-yielding genotypes, differing in
crop duration, maximum tiller number, and biomass at
flowering, with respect to crop yield was different for
both cropping seasons. Also, yield components are
subjected to genotype X environment interactions
(Adriani et al. 2016a). This suggests that an ideotype
designed for the DS would be different from that for
the wet season. This point was also highlighted under
subtropical conditions by Wu et al. (2013). To confirm
this assumption, the present analysis was thus con-
ducted to check whether different traits would be
revealed for each of the cropping seasons. It consid-
ered then the two growing seasons separately in order
to set up a methodology to identify the relevant traits
for adaptation. This was also the approach used under
subtropical conditions by Li et al. (2009), Huang et al.
(2013) and Wu et al. (2013). Furthermore, taking into
account that genotypes with different crop duration
have different growth dynamics, and that duration of
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grain filling has a strong effect on grain yield (Yang
et al. 2008a), the methodology distinguished between
maturity groups within each cropping season, consid-
ering these groups as the entity for the analysis of trait
discovery.

Potential sink size and filling rate as key variables
to identify correlations of component traits
with grain yield

The crop cycle was analysed as two distinct phases
within each group: first, from early vegetative to
flowering (pre-flowering) with potential sink size as
the key parameter, second, from flowering to maturity
(post flowering) with filling rate as the key parameter.
Potential sink size here was considered as the ceiling
performance the crop could achieve based on what
was already dimensioned at flowering from processes
occurring during the vegetative and reproductive
phases. Since grain yield was positively correlated
with potential sink size within each maturity group,
with the correlation coefficient varying from 0.52 to
0.71 in the DS, and from 0.52 to 0.81 in the WS, this
clearly suggests how early plant traits detected during
the pre-flowering phase, those driving differences in
potential sink size, have an impact on grain yield. To
detect if grain yield was also correlated with filling
rate, and to avoid bias by comparing genotypes that are
already different at flowering, a representative sub-
group was statistically defined within each maturity
group, based on the highest number of genotypes
characterized with the same potential sink size. Grain
yield was then found to be positively correlated with
filling rate in each situation, with the correlation
coefficient varying from 0.49 to 0.72 in the DS, and
from 0.88 to 0.94 in the wet season. This confirms that
post-flowering traits, those driving filling rate, have
also an impact on grain yield. However, when the
whole set of genotypes was considered within each
maturity group in the DS, and not only those with
similar potential sink size, (i) there was no correlation
between grain yield and filling rate and (ii) there was a
negative correlation between filling rate and potential
sink size with the correlation coefficient varying from
—0.63 to —0.81 depending on the maturity group. This
last observation confirms the necessity to focus on
genotypes with the same potential sink size when
searching for relevant traits during the filling phase,
particularly in the DS. In contrast, in the wet season, a
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positive correlation was reported between grain yield
and filling rate even if the whole set of genotypes
within each maturity group was considered, and no
correlation was identified between filling rate and
potential sink size. This suggests the higher weight in
the establishment of grain yield of traits related (i) to
the pre-flowering phase under favorable radiation
(mean daily value of 19.3 MJ m_z), and (ii) to the
post-flowering phase under limited radiation (mean
daily value of 15.2 MJ m ™).

Traits respective of seasons and crop durations can
be revealed by this framework of analysis

Plant traits relevant to higher yield at the early tillering
stage for the DS under study were those enhancing
light interception directly or indirectly, such as large
ellipse area, high LAI and high specific leaf area:
indeed, by analysing the effect of transient shading,
tiller production was reported as a main priority for
high yield (Lafarge et al. 2010). As already published
by Bueno and Lafarge (2009), early and rapid biomass
accumulation is important for high yield as long as it
occurs in favorable growing conditions. This is in
agreement with traits at early stage reported under
subtropical conditions, such as rapid ground cover
through high LAI and tiller number around PI (Li et al.
2009; Huang et al. 2013; Wu et al. 2013) to the
detriment of organ vigor, such as leaf or stem
thickness for example. However, getting nearer to
flowering and during the post-flowering phase in this
DS, traits corresponding to greater erectness of the
crop, such as low ellipse area and leaf angles, and
greater reserves storage, such as higher organ vigor,
were highlighted. During this season, these traits were
associated with higher HI, which emphasizes that
biomass partitioning, through sink regulation, may be
a key process to support higher yield under favourable
light conditions. At earlier stage, better sink regulation
was commonly associated with earlier cessation in
tiller emergence (Lafarge and Bueno 2009; Adriani
et al. 2016b). In the WS, however, plant traits relevant
to higher yield differed with those from the DS and
across maturity groups. During the pre-flowering
phase, shorter stem length and plant height were
identified within all maturity groups as a possible way
to favor biomass investment into the leaves by limiting
that into the stem. However, traits favoring early light
capture as in the DS were reported as relevant to high

yield only within the early maturity group, whereas the
same traits were non desirable in the medium and late
maturity groups. Possible explanations are that: (i) a
long duration of the pre-flowering phase implements
per se large leaf area, and (ii) profuse leaf area under
limited radiation would generate high proportion of
shaded leaf area, likely inducing high biomass loss
through respiration and senescence. During the post-
flowering phase, in addition to short stem length and
plant height as in the earlier phases, traits relevant to
high yield for all the three maturity groups in the WS
under study included the delay in leaf senescence. This
last trait was also identified as a crucial trait involved
in yield potential through its environment-dependent
contribution to higher radiation use efficiency (Ding-
kuhn et al. 2015). In the case of the late maturity group,
the low stem vigor with short stem length favoured
high filling efficiency probably by reducing single
stem demand for biomass. In the same maturity group,
the shorter stem associated with planophile morphol-
ogy (high ellipse area and leaf angle) were identified as
favourable, with these traits likely contributing to a
higher resistance to lodging. The same traits were
unfavorable within the early and medium maturity
groups as in the earlier stages.

Justification of the relevance of this framework
of analysis

The main purpose of this study was to set up a
framework of analysis that can address whether
breeding traits of contrasted growing seasons within
the same site are distinct or not. This framework was
successful as it highlighted that potential sink size and
grain filling rate were two relevant parameters to work
with. In this study, it revealed that plant traits for high
yield were distinct with respect to the growing season,
so that it supports the need of establishing one
breeding program devoted to each cultural season
within the same site. This distinction in-between
growing seasons is well aligned with the concept of
Target Population of Environments which aims at
grouping sites (or seasons) with respect to environ-
mental similarities, and identifying a representative
site for each group where a dedicated breeding
program would be conducted (Windhausen et al.
2012; Heinemann et al. 2015). The consideration of
only two field trials here, one in the dry and one in the
WS, would have been an issue (i) if the purpose of the
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study would have been the validation of phenotypic
markers relative to breeding programs and (ii) if the
weather data of the seasons under study would have
been considerably different from the average weather
data measured at the same location. Indeed, the
weather data of the year under study were close to
those of the 10-year average, even though radiation at
tillering stage in the DS was appreciably higher.
Moreover, the purpose of this study was rather to
validate that phenotypic markers may be different
across growing seasons within the same site, which is
sufficient to argue for the setup of distinct breeding
programs with respect to growing conditions.

Conclusion

The framework of analysis presented in this study
highlights that distinct traits, depending on the crop-
ping season and, in some cases, of the maturity groups
within a season, are revealed as key component traits
of crop performance. This distinction was possible by
analysing genotypes within maturity groups and by
using potential sink size and grain filling rate as two
complex traits directly associated with crop perfor-
mance and closely related to subtending component
traits of each of the pre and post-flowering phases. In
the present study in the WS for example, traits
favouring rapid biomass accumulation were high-
lighted within the early maturity group until about flag
leaf emergence, whereas they were not relevant within
late maturity groups. Surprisingly in both seasons in
this study, high HI and low panicle length were
favourable traits within the medium maturity group
only, and some traits were even having an opposite
effect with respect to the growing conditions. It is
noteworthy that no reference on favourable traits for
the WS in the tropics could be found in the literature:
(i) none of the concerned studies in the tropics (Yang
et al. 2008a) did consider separately the wet from the
DS and, (ii) if separated, no trait could be revealed in
the WS (Yang et al. 2007). In that study, the genotypes
were not classified with respect to their maturity
groups, whereas this is proved to be of relevance in the
present study. This also may explain why Yuan et al.
(2011) reported that selection on plant traits was not
successful in comparison with direct selection for
yield: the impact in terms of yield of the traits used by
these authors was not analysed separately with respect
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to the growing seasons and maturity groups. Consid-
ering also in this study that some genotypes of the
early and the medium maturity groups were high
yielders in the wet season, but not in the dry, indicates
that phenotypic plasticity is not large enough to
account for the differences in growing conditions and
to consider that a single genotype could be the highest
yielder in both seasons. These observations suggest
that DS high-yielding genotypes should be different
from WS genotypes to maximize crop production
during both seasons and highlights the need of
developing distinct breeding programs depending on
the growing seasons and maturity groups.
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