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Waxy wheat (Triticum aestivum L.) is grown throughout the world for its specific quality.
Fertilization and planting density are two crucial factors that affect waxy wheat yield and
photosynthetic capacity. The objectives of the research were to determine the effects of fer-
tilization and planting density on photosynthetic characteristics, yield, and yield components
of waxy wheat, including Yield, SSR, TGW, GNPP, GWPP, PH, HI, Pn, Gs, Ci, E and WUE
using the method of field experiment, in which there were three levels (150, 300, and 450 kg
ha™!) of fertilizer application rate and three levels (1.35, 1.8, and 2.25x 10° plants ha™!) of
planting density. The results suggested that photosynthetic characteristics, yield, and yield
components had close relationship with fertilization levels and planting density. Under the
same plant density, with the increase of fertilization, Yield, SSR, TGW, GNPP, GWPP, HI,
Pn, Gs, E and WUE increased and then decreased, PH increased, but Ci decreased. Under
the same fertilization, with the increase of plant density, Yield, SSR, TGW, GNPP, GWPP,
HI increased and then decreased, PH, Pn, Gs and E increased, PH and WUE declined. The
results also showed that F2 (300 kg ha™') and D2 (1.8 x 10° plants ha™') was a better match
in this experiment, which could obtain a higher grain yield 4961.61 kg ha™!. Consequently,
this combination of fertilizer application rate and plant densities are useful to get high yield
of waxy wheat.

Keywords: waxy wheat, fertilizer application rate, planting density, photosynthetic char-
acteristics, yield, yield components

Abbreviations: SSR, seed setting rate; TGW, thousand-grain weight; GNPP, grain num-
ber per plant; GWPP, grain weight per plant; PH, plant height; HI, harvest index; Pn, net
photosynthesis rate; Gs, stomatal conductance; Ci, intercellular carbon dioxide concentra-
tion; E, transpiration rate; WUE, water use efficiency
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Introduction

Waxy wheat (Triticum aestivum L.) has a promising production due to its specific quality
and was extensively used in many fields, particularly in food processing industry. Be-
cause the waxy wheat does not contains amylase at all or it contains very lower level of
amylase (Zi et al. 2015). However, there is no complete waxy mutant in hexaploid wheat
under the natural condition and it needs to be produced artificially. Fortunately, waxy
wheat was first developed by Nakamura in Japan in 1995 (Chen 2000). Quality-character
analysis and noodle-making experiments indicated that rheological properties were sig-
nificantly different between waxy wheat and common wheat, and that common wheat
flour mixing with some waxy wheat flour can greatly improve the taste quality of noodles
(Liand Ning 2001). In addition, the difference between waxy wheat mochi and waxy rice
mochi demonstrated that waxy wheat mochi was easier to chew and swallow (Fujita et al.
2012).

The addition of N fertilizer was an effective way to increase crop yield in dryland ar-
eas and an appropriate increase in planting density may be another approach to high yield
(Gao et al. 2009). An experiment was carried out in different agro-ecological regions of
China and it was found out that the wheat yield increases from fertilization were still
significant (Wang et al. 2010). Fertilization treatments at different soil depths affected the
net photosynthetic rate (Pn), transpiration rate (E) and stomatal conductance (Gs) of flag
leaf and leaf area index (LAI) (Geng et al. 2006). Fertilizer amount and planting density
influence wheat grain filling process. Moderate fertilization and high planting density are
most favorable to wheat grain filling (Liu et al. 2009). Adding fertilizer application in-
creased wheat population and biomass under different fertilizer application treatments in
the condition of super-high-yielding wheat cultivation (Zhao et al. 2002).

Planting density could remarkably influence the radiation utilization of wheat and op-
timum planting density had apparent advantages in light distribution, coefficient and ra-
diation use efficiency of total biological yield at late growth period. The effect of planting
density on yield and yield components were all statistically significant (Bi et al. 2010).
Also, the interactions of sowing date and planting density on spike number, grains per
spike and grain yield were significant (Hu et al. 2008). Previous studies showed that
middle-density was moderate since the use of limited light, fertilizer, water and other re-
sources was reasonable, the single plant grew better, the population yield was also higher
(Hou et al. 2011). With sowing rates increasing, the daily Pn and E of flag leaf changed
indistinctively, meanwhile the daily Pn and E of both backward 3rd leaf and backward 5th
leaf declined markedly (Wu and Ou 2008).

Fertilization and planting density are two crucial factors that affect waxy wheat yield
and photosynthetic capacity. Most of previous studies with fertilization and planting den-
sity have focused on the yield and yield components of wheat (Horvat et al. 2006; Liu et
al. 2006; Bertic et al. 2007; Baloch et al. 2010; Kolb et al. 2012). However, little is known
about fertilization and planting density on the yield and yield components of waxy wheat,
especially on the photosynthetic characteristics of waxy wheat. The objective of this
study was to investigate the effects of fertilization and planting density on the photosyn-
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thetic characteristics, yield and yield components in waxy wheat. A great understanding
of that information would help characterize the photosynthetic mechanism for changed
grain yield under fertilization and planting density in modern waxy wheat production
systems.

Materials and Methods
Site description

The field experiments were conducted during October 2013 to June 2014 and October
2014 to June 2015 at the Rice Research Institute of Southwest University, Chongqing,
China. The area is classified as subtropical monsoon climate. The monthly mean rainfall,
temperature and monthly sunshine duration during waxy wheat growing seasons from
2013-2015 are shown in Fig. S1*. And the soil at the site is classified as a loamy clay soil,
and the 0 to100 mm soil layer contained 1.26% organic matter, 0.08% total N, 0.05%
total P, and 1.75% total K. The pH value of the soil was 5.8.

Experimental design

The experiment was a split-plot factorial, on the basis of randomized complete block de-
sign with five replications. The main plots had fertilizer rate with three levels: 150 (F1),
300 (F2), and 450 (F3) kg ha!. The subplots had the planting density with three levels:
1.35(D1), 1.8 (D2), and 2.25 (D3) x 10° plants ha!. The area of the individual plots was
10 m? (2 m x 5 m). Each plot had six rows, and there were three guard rows around the
area.

In this study, we used waxy wheat Zhongkenuomai No. 1 from Chengdu Institute of
Biology, Chinese Academy of Sciences, which was authorized the first waxy wheat vari-
ety in Chongqing, and planted widely around Chongqing. High concentration K,SO,
compound fertilizer applied (N 15%, P,O5 15%, K,O 15%) as basal applications.

Indicators and measuring method

The photosynthetic characteristics of the leaves from five uniform plants were measured
at the flowering stage with LI-6400XT portable photosynthetic apparatus (LI-COR, USA).
An intact, disease-free flag leaf was selected and its net photosynthetic rate (Pn), stomatal
conductance (Gs), intercellular carbon dioxide concentration (Ci) and transpiration rate
(E) were measured from 09:30 to 11:00. These measurements were used to calculate
WUE (Pn/E). The measurements were taken at the atmospheric CO, concentration of 360
to 400 pmol m2 s~! and the flow rate of 400 mL min!. The instrument was equipped with
an artificial light source. We measured photosynthesis characteristics as soon as possible
to minimize the influence of temperature.

*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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The crops were harvested at maturity at a ground level, and their aboveground biomass
and grain yield were measured after drying to a constant mass. The yield and biomass
were calculated from the central four rows of each plot. HI was calculated as (grain
yield)/ (aboveground biomass). The SSR, TGW, GNPP, GWPP and PH were recorded for
ten uniform plants.

Statistical analysis

The differences in data across the two years were not significant (P > 0.05). Therefore, for
all indicators, mean data of the two years were presented. Analysis of variance (one-way
ANOVA) was performed with SPSS 19.0 software (SPSS Institute Inc., Chicago, USA),
and data from each sampling data were analyzed separately. Means were tested by least
significant difference at the P <0.05 level (LSD) ys).

Results
Yield

Results of variance analysis (Table S1) showed that, the effects of fertilization, planting
density and their interaction on the yield were significant at 0.01 and 0.05 probability
levels, respectively. Grain yield increased to its maximum at F2 and subsequently de-
creased at F3 (Table 1). The statistics suggested there were significant differences be-
tween the yield of F1, F2 and F3. Similarly, the grain yield increased to its peak value at
D2, which was higher than D3. Furthermore, there were significant differences between
the yield of D1, D2 and D3. With fertilization F2, waxy wheat yield tended to be in the
range of 3865.70 to 4961.61 kg ha™! as per different planting density, as follows:
D2>D3>DI. Interaction between fertilization and planting density on the grain yield
(Table 2) showed that F2D2 was the best.

Yield components

SSR: Fertilization, planting density and their interaction had significant effects on the
SSR in waxy wheat (Table S1). There were significant differences in SSR among fertili-
zation treatments, and the maximum value appeared in the F2 (Table 1). Compared with
the F1 and F3, F2 significantly increased the SSR. In addition, there were significant dif-
ferences in SSR among planting density. The SSR increased and then decreased with the
increase of planting density and the maximum value appeared in the D2. Compared with
the D1 and D3, D2 significantly increased the SSR. Interaction between fertilization and
planting density (Table 2) showed that the F2D2 had the highest SSR.

TGW: The effects of fertilization, planting density and their interaction on the TGW
were significantly observed (Table S1). There were significant differences in TGW among
fertilization treatments, and TGW changed from increasing to decreasing of waxy wheat
(Table 1). TGW reached the peak 40.18 g in F2. There were significant differences in
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TGW among planting density treatments. With different planting density, TGW increased
and then decreased as planting density increased. Interaction between fertilization and
planting density (Table 2) showed that the F2D2 obtained the highest TGW.

GNPP: As shown in Table S1, the effects of fertilization and planting density on the
GNPP were significantly observed. There were significant differences in GNPP among
fertilization treatments (Table 1). When fertilization ranged from F1 to F3, the GNPP was
increased and then decreased with the increase of fertilization. There were significant dif-
ferences in GNPP among planting density treatments. With different planting density,
GNPP increased and then decreased as planting density increased. The interaction be-
tween fertilization and planting density had no significant effect on the GNPP. However,
the results (Table 2) showed that the F2D2 had the highest GNPP.

GWPP: It can be concluded that fertilization, planting density and their interaction had
significant effects on the GWPP in waxy wheat (Table S1). As for fertilization treatments,
there were significant differences in GWPP among fertilization treatments (Table 1).
GWPP in the F2 treatment was greater than in the other fertilization rate treatments. Like-
wise, there were significant differences in GWPP among planting density treatments.
When planting density was increased from D1 to D2, GWPP increased about threefold,
from 0.65 g to 1.88 g. When planting density was increased from D2 to D3, GWPP de-
creased to 1.21 g. Interaction between fertilization and planting density (Table 2) showed
that the F2D2 obtained the highest GWPP.

PH: According to the analysis of variance (Table S1), fertilization and planting density
had significant effects on the PH in waxy wheat. While, the interaction between fertiliza-
tion and planting density on the PH was none significant. There were significant differ-
ences between F2, F3 and F1 but the difference between F2 and F3 was not significant
(Table 1). Under the same planting density treatments, PH increased with the increase of
fertilization. The maximum value 77.47 cm was observed at F3. There were significant
differences in PH among planting density treatments. Especially, PH decreased from
79.47 cm to 65.13 cm with the increase of planting density.

HI: According to the analysis of variance (Table S1), fertilization, planting density and
their interaction had significant effects on the HI in waxy wheat. There were significant
differences in GWPP among fertilization treatments (Table 1). In addition, there were
significant differences in GWPP among planting density treatments. Similar to the change
trend of GWPP, HI exhibited single peak curve with the highest HI at F2 and D2. Interac-
tion between fertilization and planting density (Table 2) showed that the F2D2 obtained
the highest HI.

Photosynthetic characteristics

Pn: Results of analysis of variance (Table S1) showed that fertilization and planting den-
sity had significant effects on the Pn in waxy wheat. The effect of the interaction between
fertilization and planting density on Pn was not significant. In terms of fertilization treat-
ments, there were significant differences among fertilization treatments (Table 1). And
when fertilization increased to F2, Pn arrived at 30.31 pmol m2s!. Fertilization in-
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creased from F2 to F3, Pn decreased by 13.8%. In terms of planting density treatments,
there were significant differences among planting density treatments. Pn trended to de-
crease with the increase of planting density and the maximum value of Pn was observed
at D3. Interaction between fertilization and planting density (Table 2) showed that the
F2D1 had the highest Pn 35.24 pmol m2s.

Gs: In the case of Gs, fertilization, planting density and their interaction had significant
effects on the Gs in waxy wheat (Table S1). There were significant differences in Gs
among fertilization treatments. Similarly, there were significant differences in Gs among
planting density treatments (Table 1). Compared with the F1 and F3, F2 significantly in-
creased the Gs. In addition, the Gs increased and then decreased with the increase of
planting density and the maximum value appeared in the D2. Compared with the D1 and
D3, D2 significantly increased the Gs. Interaction between fertilization and planting den-
sity (Table 2) showed that the F2D1 had the highest Gs 0.60 mmol m 2 s™!.

Ci: As shown in Table S1, the effects of fertilization and planting density on the Ci
were significantly observed but their interaction had non-significant effect on the Ci.
There were significant differences in Ci among fertilization treatments (Table 1). Ci ex-
tremely decreased from 282.64 pmol mol™! to 133.39 pmol mol ! along with the increase
of fertilization from F1 to F2. When fertilization grew from F2 to F3, Ci was increased
from 133.39 umol mol~! to 239.82 umol mol-!. There were significant differences in Ci
among planting density treatments and Ci increased and then decreased with the increase
of planting density. The maximum value appeared in the D3. Compared with D1, the D3
significantly increased the Ci by 30.6%. Interaction between fertilization and planting
density (Table 2) showed that the F1D1 had the highest Ci.

E: According to the analysis of variance (Table S1), fertilization and planting density
had significant effects on the PH in waxy wheat. While the effect of the interaction be-
tween fertilization and planting density on the PH was insignificant. There were signifi-
cant differences in Ci among fertilization treatments and the maximum value appeared in
the F2 (Table 1). Compared with F1 and F3, the F2 increased E by 31.5%, 20.8%, respec-
tively. There were significant differences in E among planting density treatments and E
was decreased with the increase of planting density. Compared with D1, the D3 was de-
creased by 32.6%. Interaction between fertilization and planting density (Table 2) showed
that the F2D1 had the highest E 3.924 m2 s a ..

WUE: In terms of WUE, fertilization, planting density and their interaction had sig-
nificant effects on the WUE in waxy wheat (Table S1). There were significant differences
in WUE among fertilization treatments and the highest value observed in the F2 (Table 1).
Compared with F1 and F3, the F2 was extremely increased by 81% and 39.3%, respec-
tively. There were significant differences in WUE among planting density treatments and
WUE decreased with the increase of planting density. Compared with D1, the D3 was
decreased by 39.8%. Interaction between fertilization and planting density (Table 2)
showed that the F2D1 had the highest WUE.
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Correlation analysis between yield and all of the examined characteristics

It can be concluded that the Pn, Gs, Ci, E, WUE and PH were all had no significant
effects on the yield; while remarkable positive correlations were found between the grain
yield of waxy wheat and SSR, TGW, GNPP, GWPP and HI (Table S2).

Discussion

Both fertilizer application rate and plant density have significant effects on crop yield.
Nakano and Morita (2009) reported that there was little significant interaction between
fertilization levels and planting density on grain yield. In general, it was widely believed
that more fertilizer and particularly more planting density could lead to high yield. How-
ever, high planting density lead to low efficiency of light capture and small spikes, as well
as small grains, which have consequently produced low yield. As mentioned in previous
studies, crop yield usually revealed a curvilinear response to plant density or fertilizer
rates, and it reached a maximum level at the optimum plant density or fertilizer applica-
tion rate (Ciampitti and Vyn 2011; Ma et al. 2014; Zhang et al. 2014a, b; Roques and
Berry 2016).

Our results indicated that middle level of fertilization in F2 (300 kg ha™) would in-
crease grain yield and yield components of waxy wheat, compared with the lowest level
of fertilization F1 (150 kg ha™') and the highest level of fertilization F3 (450 kg ha™'). But
the lowest level of fertilization F1 (150 kg ha™!) improved photosynthetic capacity. Previ-
ous studies for fertilization effect on grain yield of waxy wheat were in agreement with
ours (Liu et al. 2006; Qu et al. 2009; Zhang et al. 2016).

Planting density also shows a marked influence on wheat quality traits and should be
considered a particularly important factor contributing to grain yield. This study showed
that middle planting density in D2 (1.8x10° plantings ha ') would increase grain yield and
grain yield related factors. And the lowest planting density D1 (1.35x10° plantings ha™')
increased the photosynthetic production. However, the result was not in complete agree-
ment with Gooding et al. (2002), who reported that grain yield decreased with an increase
of planting density from 200 to 600 seeds m™2 (approximately 1 x 10% plants ha™! to
2.28 x 10° plants ha™') under different levels of N fertilization because of a marked de-
cline in the kernels per spike. This difference may be attributable to differences in geno-
type characteristics.

In the present study, there were significant correlations between yield and yield com-
ponent (SSR, TGW, GNPP, GWPP and HI), except for PH. However, the yield and yield
component had no significant relations with Pn and Pn related variables (Pn, Gs, Ci, E and
WUE). Previous studies shown that leaf photosynthetic rate is poorly correlated with
yield when different genotypes of crop species are compared; even negative relations
between photosynthesis and grain yield have been reported (Evans 1993, 1998; Reynolds
et al. 2000; Richards 2000). Genetic changes related to increased rates of leaf photosyn-
thesis have not been accompanied by yield increases in major crops, suggesting that leaf
photosynthesis does not limit plant growth and yield and/or that the crops may have ad-
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equate photosynthetic capacity. This result would lead to the viewpoint that improvement
of leaf photosynthesis is not a useful strategy to increase crop yield (Richards 2000;
Sinclair et al. 2004; Zhao et al. 2008). In spite of PH not significantly affected grain yield,
Chen and Hao (2015) showed that the semidwarf wheat shows a strong adaption to dry
environment and it contributes to the significant increase in wheat yields. Yamori et al.
(2016) showed that enhancing photosynthesis at the single-leaf level would be a useful
target for improving crop productivity and yield both via conventional and molecular
breeding.

In conclusion, fertilization, planting density and their interaction had significantly ef-
fects on the photosynthetic characteristics, yield and yield components of waxy wheat.
The field study demonstrated that certain dose of fertilization and reasonable planting
density can be used successfully to increase the yield, seed setting rate (SSR), thousand-
grain weight (TGW), grain number per plant (GNPP), grain weight per plant (GWPP), net
photosynthesis rate (Pn), stomatal donductance (Gs), transpiration rate (E) and water use
efficiency (WUE) and declined plant height (PH) and intercellular carbon dioxide con-
centration (Ci). Furthermore, the optimal combination was fertilizer application rate 300
kg ha! and planting density 1.8 x 10 plants ha'.
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