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Eight cultivars of dry-land wheat (7riticum aestivum L.) historically planted in Shaanxi
Province, China, were grown in plots with irrigation and drought treatments during the
growing seasons of 2011-2014, so as to characterize the differences in the rate and duration
of the grain-filling stage among cultivars. The experimental results showed no obvious
change among cultivars with respect to the duration of the grain-filling stage and no signifi-
cant correlation between duration and grain weight. The filling rates of all three phases (lag,
linear, and mature periods) showed significant differences among cultivars and had a greater
effect on the grain weight than the duration of the filling stage, even though drought
decreased the filling rate in the linear and mature periods. A lower filling rate led to a lighter
grain weight in inferior grains than in superior grains. For the superior and inferior grains in
the central spikelets, modern cultivars possess faster filling rates, especially in the lag and
linear periods, whereas for the whole spike, no significant trend with cultivar replacement
was observed. Faster filling rates with stable filling durations will be beneficial in obtaining
additional yield increases.

Keywords: cultivar replacement, logistic equation, superior grains, yield potential
Abbreviations: FRa, filling rate, average; FD, filling duration; FR1, filling rate in Ist
period (lag period); FDI, filling duration in 1st period (lag period); FR2, filling rate in 2nd

period (linger period); FD2, filling duration in 2nd period (linear period); FR3, filling rate in
3rd period (mature period); FD3, filling duration in 3rd period (mature period).

Introduction

Grain filling in winter wheat determines the final grain weight, a key component of grain
yield (Darroch and Baker 1990). To increase grain yield, cereal breeders have turned their
attention towards grain filling as a possible measure of physiological efficiency. Both the
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duration and rate of grain growth in wheat can vary substantially depending on cultivar
and environmental conditions (Sofield et al. 1977). In most cases, the duration of grain
filling is more important than the rate of grain filling in contributing to a higher grain yield
(Stoy 1965; Rawson and Evans 1971). However, Gebeyehou (1982), who worked with
durum wheat, reported that grain yield was related to differences in the rate as well as
duration of grain filling. Nass and Reiser (1975) confirmed that the filling rate was more
productive than the duration of grain filling in grain weight.

A cereal crop panicle is composed of a large number of spikelets, and each spikelet is
considered an individual unit in the complex inflorescence (Mohapatra and Sahu 1991;
Murty and Murty 1982). The basal flowerets located on the middle spikelets of wheat
spikes typically flower earlier, taking precedence in grain formation and filling, and ob-
tain a higher grain weight (the so-called “superior grains”). In contrast, distal flowerets on
the middle spikelets or those on the distal spikelets (“inferior grains”) are smaller (Yang
et al. 2014). Low grain weights are reported to be related to the late development of the
endosperm, fewer endosperm cells, low grain-filling rates in the inferior grains (Ishimaru
et al. 2003), and a shorter grain-filling duration (Zhang et al. 2010). The slow grain-filling
rate and low grain weight of inferior spikelets have often been attributed to a limitation in
carbohydrate supply (Yang et al. 2000). Despite their importance in superior and inferior
grains of wheat, relatively little attention has been paid to these parameters (Chanda et al.
2002).

Drought is the most significant abiotic stress affecting plant growth and limiting crop
yields (Finlay et al. 2007). Conditions at anthesis and the subsequent few days determine
how many grains are set; high temperatures, low luminance and water stress at this stage
are particularly unfavourable (Fischer and Maurer 1978). Stress caused by drought at the
time of grain filling typically shortens the grain-filling period and reduces the grain-filling
rate, leading to a reduction in grain yield (Aggarwal and Sinha 1984). Ultimate yield is
determined not only by the rate of grain growth but also by its duration. How environ-
ments influence different cultivars varies, as some cultivars can maintain a high growth
rate or long growth period under extreme weather conditions (Sofield et al. 1977).

In northern China, more than 70% of the precipitation falls during the monsoon months
from June to September (Li et al. 2000), and as a result, droughts are common during the
growth stages of winter wheat. Hence, the key to increasing winter wheat productivity in
this region lies in maximizing the utilization of precipitation with suitable wheat cultivars
(Sun et al. 2014). In this study, to interpret the effects of cultivar replacement on grain
filling characteristics in semi-humid areas, field research with different irrigation treat-
ments was conducted in successive seasons to evaluate the logistic parameters of grain
filling in different phases of cultivars used in different decades and how they influenced
grain weight and yield.
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Materials and Methods
Plant material and trial configurations

Eight dry-land wheat cultivars formerly or currently planted in Shaanxi Province were
selected (Table 1). Field experiments were conducted in Yangling, Shaanxi Province, in
north-western China (34°16°56.24”N, 108°4°27.95”E; 460 m asl.) over the winter—spring
growing season (October-June of the following year between 2011 and 2014).

Seeds of the experimental cultivars were planted in the field on October 10, 2011;
October 12, 2012; and October 10, 2013. The soil is an Earth-cumuli-Orthic Anthrosol
with a deep profile and is considered suitable for crop production. Mung beans were
planted during the fallow period of each year, and irrigation was provided to regulate the
soil moisture and fertilization. In the 2 m soil profile, the average field capacity was 28%
(9/v).

Two irrigation treatments were implemented: one with normal rainfall and two irriga-
tion events (irrigation, Ir) and another with no rainfall after the recovering stage (drought,
D). Two irrigation events (70 mm each irrigation) were provided for the Ir treatment at the
tillering stage and at the elongation stage to ensure the achievement of a high yield poten-
tial. Two exceptions occurred: during the elongation stage of 2011-2012, 80 mm of irri-
gation was provided at elongation due to dry weather, and in 2013-2014, 60 mm was
provided at the tillering stage and no irrigation was provided at elongation due to wet
weather. In addition, with adequate precipitation and irrigation from July to September
2013, precipitation was removed from the plots under drought treatment prior to the win-
tering stage.

The cultivars were planted manually in plots (2.2%3.3 m per plot; 11 rows, 20 cm apart;
plant spacing of 2 cm). The plots were arranged in randomized blocks with three repli-
cates. Plots were arranged in randomized blocks with three replicates in 2011-2012 and
2012-2013; however, in 2013-2014, only two replicates were conducted. The precipita-
tion during the growing seasons of all three years was recorded (Fig. 1).

Table 1. Representative cultivars of dry-land winter wheat introduced during the period 1940-2010
in Shaanxi Province

. Planting . . .
Cultivar decade Pedigree Dwarf genes Breeding sites
Mazha 1940s | Local cultivar None Shaanxi Province
Bimal 1950s | Mazha/Biyu None Shaanxi Province
Fengchan3 1960s | Danmail/Xinong 6028xBimal None Shaanxi Province
Taishanl 1970s | 54405(Bima4xZaoshul)/Ourou Rht-D1b Shandong Province
Xiaoyan6 1980s | (ST2422x464)/Xiaoyan96 Rht-B1b+ Rht8 | Shaanxi Province
. . Pingyang79391((Naix . .
Jinmai33 1990s 1ex5017)036x76-1256)/Pingyang76262 None Shanxi Province
(Changwul31xXiaohei96)F1/ : . .
Changwul34 | 2000s Changwul31)F4/(Jinghua3/NS276 1 )F1 Rht-B1b Shaanxi Province
Changhan58 2010s | Changwull12/PH82-2 Rht-B1b Shaanxi Province
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Figure 1. Precipitation during the experimental period (October—May of following year) compared with the
long-term means (1956-2005) at the experimental site

Plant sampling and determination

After full heading, spikes flowering on the same date were labelled with red thread. Seven
spikes in each plot were picked every 5 days from 5 days after anthesis until maturity. In
2013-2014, 10 spikes in each plot were picked at each sample time. From the basal 5 to
12 spikelets of every spike, the most basal grain and the most distal grain on each spikelet
were detached and identified as superior and inferior grains, respectively (Jiang et al.
2003). Grains were dried until a constant weight was reached. The number of grains was
then counted and their weights recorded.

At maturity in all three seasons, four central rows (1 m long) were harvested (only two
rows in 2013-2014), counted, and weighed to determine the grain number per square
meter, total above-ground biomass dry weight, grain yield and (harvest index) HI. Sub-
samples were used to record the grain number per spike and grain weight.

Statistical analyses

Differences among cultivars from different decades were evaluated with a coefficient
of variance (CV).
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The increase in grain weight during the grain filling period was fit to a logistic equation
(Darroch and Baker, 1990) with Curve Expert software (Curve Expert 1.34, Hyams D G
and Starkville M S, USA) as follows:

W =W, /(1 +AeBY).

In this equation, W, represents the maximum grain weight and t represents the number of
days after anthesis. The daily increase in grain weight (R), i.e., the grain filling rate, was
calculated by the equation

FR=WABeBY(1+AecBY).
The average rate during the whole success of grain filling was calculated as
FR,=W,/T.

According to the two inflexion points of normal distribution, the whole process of
grain development was divided into three periods, i.e., the lag, linear and mature periods
(Liu et al. 1994), by the times T, and T,, which were determined by the equations

t,=[InA—LN (2 +3)]/B
and
t,=[In A+LN (2++3)]/B.

The filling duration (FD) and average filling rate (FR) of kernels during these three
periods were calculated as follows:

FD,=t FD,=t,—t, FD,=T-t,
FR,=W,/FD,  FR,=(W,—-W,)/FD,  FR,=(W—W,)FD,

In these expressions, W is the grain weight at complete maturity; W, and W, are the
grain weights at times t; and t,, respectively; and T is the number of days from anthesis to
maturity.

The exponential (the percentage grain yield gain per year) genetic gains of grain yield
and related traits were modelled using the following equation:

In(yiy=a+bxi+u.

In this equation, In(y7) is the natural logarithm of yi, and xi is the year in which cultivar
i was released. The intercept was estimated by a, and the slope (b) measured exponential
grain yield gains; the latter was converted to a percentage. The residual error was esti-
mated by u (Ortiz-Monasterio et al. 1997).
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Results
Relationship between TGW and yield

In our previous study, based on field crops research for three continuous seasons from
20102013 (Sun et al. 2014), a significant genetic gain of grain yield was closely and
significantly related to the 1000-grain weight increase (r = 0.764, P <0.05). Table 2 shows
that genetic gains in both irrigation treatments were greater than 1.2% during 2013-2014,
and the superiority of the 1000-grain weight of modern cultivars exhibited a significant
annual gain of 0.47% in the irrigation treatment and 0.34% in the drought treatment, con-
sistent with the results obtained in the previous three years.

Grain filling characteristics and the relationship with TGW
in 2011-2012 and 2012-2013

The increase in grain weight in wheat was close to sigmoidal, and the grain-filling rate
displayed a normal distribution. Differences in filling characteristics among the cultivars
were not consistent during 2011-2012 and 2012-2013 (Table 2 and Table S1*). Every
cultivar introduced after the 1970s exhibited higher W values than older cultivars. Al-
though the parameters (FD, FR,) varied differently among cultivars of different decades,
no significant trend among decades was found. During 2011-2012, the CV of both FD
and FR, decreased in the drought treatment but increased during 2012-2013. The W and
FD of the 1990s were always the highest among all cultivars. During 2011-2012, the CV
of FD was higher than that of FR,, whereas the FR, was higher than of FD during 2012—
2013.

The comparison among different decades in the three phases (lag, linear, and mature
periods) showed that cultivar replacement did not cause significant effects on grain filling
duration or rate. Drought raised the CV of filling rate (FR,, FR,, and FR;) of all three
phases in both seasons, but the CV of filling duration decreased during 2011-2012. In
both irrigation treatments in 2011-2012, the CV of filling rate at linear and mature periods
was always higher than that of filling duration; during 20122013, the CV of filling dura-
tion was higher than that of filling rate in all phases.

According to the correlation coefficient between the logistic parameters and the TGW
of both 2011-2012 and 2012-2013 (Table S4), FD and the duration of each phase (FD,,
FD,, and FD;) showed obvious influences on the TGW only in the irrigation treatment of
2012-2013. However, filling rate (FR,) and the rate of each phase positively and signifi-
cantly influenced the TGW in both irrigation treatments of both seasons, especially in the
irrigation treatment of 2012-2013 (P <0.01). In different seasons, the filling rate of the
different phases influenced the TGW differently, but it was clear that the filling rate of all
phases was more influential on TGW under irrigation conditions than during drought.

*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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Grain filling characteristics of superior/inferior grains and their relationship with
TGW in 2013-2014

In general, superior and inferior grains showed a similar trend with respect to grain filling
(Tables S2, and S3), but the grain-filling trend in response to cultivar replacement was
quite different from the trend characterizing grain filling in the whole spike. Modern cul-
tivars possessed faster FR, than older ones in both irrigation treatments. For the superior
grains, the annual genetic gains of FRa were higher in the drought treatment than in the
irrigation treatment, whereas the inferior grains showed higher genetic gains in the irriga-
tion treatments. The CV of FR, for both superior and inferior grains was higher than the
FD in both irrigation and drought treatments. Most cultivars showed faster FR, in the ir-
rigation treatment than in the drought treatment in both superior grains and inferior grains.
With excessive precipitation at flowering (April) in 2013-2014 (Fig. 1), the flowering
date and photosynthesis were adversely impacted. The FD values of both superior and
inferior grains in most cultivars were longer under drought than under irrigation (Table
S2). Significant genetic gains occurred for FR, in both superior and inferior grains,
whereas the FD showed no obvious change with cultivar replacement. For superior grains,
the CV of FD was decreased more under drought than under irrigation, but inferior grains
exhibited opposite trend. In addition, the FR, showed a significant and positive correla-
tion with the TGW.

The cultivars of the 2010s possessed a shorter FD in the drought treatment, mainly due
to the shorter FD, (lag period, Table S3). The filling rates of all three phases made signifi-
cant genetic improvement over the decades and positively influenced the TGW (Table
S4). The filling rate of superior grains was more related with the TGW than the filling rate
of inferior grains. Although the filling duration of each phase for inferior grains in the
drought treatment presented markedly different CVs among cultivars, there was no obvi-
ous trend with cultivar replacement. According to the correlation coefficient between
grain filling rate and duration of the eight cultivars (Table S4), only the FR, and FD, of
irrigation in 2012-2013 showed a significant positive correlation (r = 0.911, P <0.01). In
most stages and treatments, the filling rate decreased with an increase in duration.

Discussion

Many studies confirm that yield is far more closely associated with grain number than
with grain weight (Fischer 2007; Miralles and Slafer 2007). However, grain weight
showed a more positive influence on yield than grain number in the present study (data
shown in Sun et al. 2014), which is consistent with the results presented by Aisawi et al.
(2010). Grain development is determined by the availability of assimilates, the growth
potential of the grain, and the resistance within the phloem to the movement of assimi-
lates to the grain (Bremner and Rawson 1978).

Pronounced differences among cultivars in growth rate per grain have been found. For
example, in the experiments of Asana and Williams (1965), faster rates were associated
with larger but fewer grains per ear. Differences among cultivars in the duration of grain
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filling were found by Stoy (1965) and Rawson and Evans (1971). Marcellos and Single
(1972) found no differences in duration among the four cultivars they examined. In the
present study, the cultivars differed significantly in the rate and duration of grain filling in
both 2011-2012 and 2012-2013 (Tables 2 and S1), but there was no evident trend with
cultivar replacement. Cultivars of the 1990s and 2000s presented the highest FR (Table
2), especially in the lag and linear periods (Table S1), but the change was not linearly
consistent among the cultivars introduced. The results were slightly different from those
of previous studies, indicating that modern breeding work in this area might have been
conducted with varying objectives.

According to a previous study on the Loess Plateau, modern wheat cultivars possess
faster filling rates, which was the most important factor affecting increased grain weight
(Zhang et al. 2008). This finding was consistent with the results of the present study. Dur-
ing the development of wheat grains, FR,, FR,, FR, and FR; caused great effects on the
dry matter accumulation of grain weight and filling duration was less influential on final
grain weight (Table S4). Even if grains in different positions were involved, the filling
rates of all three periods had a greater influence on final grain weight than did the filling
duration. Similar conclusions were reported by Chanda et al. (2002). Genotypes with high
FR,, FR, and FR5; long D, and D,; and short D, should steadily produce heavy grains
(Liu et al. 1994). In Shaanxi Province, China, a longer duration was only an important
factor when the precipitation during grain filling was excessive and when photosynthesis
was seriously restricted in light-limited environments (Fig. 1). Therefore, focusing on
increasing grain weight to increase yield would be more effecting than increasing the
duration of the grain-filling stage.

Gebeyehou et al. (1982) concluded that simultaneous selection for increases in rates of
grain filling and grain weight should occur without increasing the duration of grain filling
because there was no detectable genetic relationship between the rate and duration of
grain filling. Similar results were obtained by Nass and Reiser (1975). Different results
were obtained in the present study, and with a few exceptions, the FR, and FR of all three
periods were always negatively correlated with the duration of grain filling (Table S4).
Further increases in the filling rate might be accompanied by decreases in the filling dura-
tion, which is a disadvantage for further breeding work in this area. The focus of future
breeding programs must be on how to obtain a higher grain yield with a balance of these
two parameters.

Lower FR, and FR; and shorter FD, and FD, were the causes for the decreased FR, and
FD of most cultivars under drought conditions during both 2011-2012 and 2012-2013
(Tables 2 and 3). Under the drought treatment, sufficient water was provided after the
recovering stage, which might have led to the water deficit delay and resulted in a com-
pensation effect (Bielorai et al. 1975); winter wheat might present similar or even faster
FR in response to light drought during the lag period.

Recent studies have indicated that earlier-flowering superior spikelets exhibit domi-
nance over later-flowering inferior spikelets. High ethylene production and low ABA
content in inferior spikelets result in slow endosperm cell division and poor grain filling,
which lead to low grain weight (Yang et al. 2006). The FD between superior and inferior
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grains showed no significant differences (Table S2), although inferior grains were re-
garded as late flowering (Yang et al. 2006). The most important reason for the lower
weight of inferior grains than of superior grains (Fig. 2) was the lower FR (Table S2),
especially the FR, (Table S3), which is supported by the conclusion that FR (especially
FR,) is the main factor determining grain weight (Gebeyehou et al. 1982).

In contrast to the unapparent trends in the grain-filling characteristics of whole spikes
over decades (Tables 2 and S1), the filling rate, especially the FR, and FR, of superior and
inferior grains, showed significant and positive correlations with time (Tables S2 and S3).
In this study, both superior and inferior grains were collected from the middle spikelets of
the spikes (Jiang et al. 2003). It might be concluded that (at least in this area) modern
wheat cultivars possess faster filling rates in the middle of the spikes than older cultivars;
however with the combined rates of top and bottom grains, the filling rate of the whole
spike did not increase. Additional studies on the grain filling process of the grains at the
top and bottom of spikes are needed, as the grain-filling characteristics of a spike are de-
termined by all grains at different positions in the spike.

Conclusions

Taken together, our results demonstrate that the filling rate, especially the filling rate of
the lag and linear periods, was the main source for grain weight in cultivars grown in
Shaanxi Province, China. Maintaining faster filling rates with shorter filling durations in
drought is a practical way to achieve higher yields while maintaining drought resistance.
Although the filling rates of the superior and inferior grains in the middle of the spikes
have been improved with cultivar replacement, determining how to increase the move-
ment of carbohydrates to the grains of the whole spike requires further research.
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