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Abstract The photosynthetic oxygen evolution rate, Hill

reaction activity of seedlings and photosynthetic parameter,

Pn–Ci curve and some source-sink metabolism-related

enzyme activities, and substance content of flag leaves

were measured by using two wheat near isogenic lines with

significant differences in the photosynthetic rate of the 154

(high photosynthetic rate) and 212 (low photosynthetic

rate) lines as materials. The results showed that the max-

imal carboxylation efficiency (Vcmax) and Hill reaction

activity were higher in line 154 than that of line 212. The

Pn in flag leaves of line 154 was significantly higher than

that of line 212 during the anthesis to grain-filling stage.

Higher leaf sucrose phosphate synthase activity, grain su-

crose synthase activity, and grain ADPG pyrophosphory-

lase activity ensured that the photosynthate of line 154

could be transported to grains and translated into starch in a

timely and effective manner, which also contributed to the

maintenance of its high photosynthetic rate. Eventually, all

of these factors of line 154 resulted in its higher grain yield

compared with the low photosynthetic rate of line 212.

Keywords Photosynthetic rate � Wheat � Sucrose

metabolism � Starch accumulation � Near isogenic lines

Abbreviations

AGPase Adenosine diphosphate glucose

pyrophosphorylase

Ci Intercellular CO2 concentration

Gs Stomatal conductance

Ls Stomatal limitation value

NILs Near isogenic lines

Pn Net photosynthetic rate

SPS Sucrose phosphate synthase

SS Sucrose synthase

Vcmax Maximal carboxylation efficiency

Introduction

Wheat is a globally dominant food crop, essential to food

security and is closely related to human life (Araus et al.

2007; Braun et al. 2010; Reynolds et al. 2011, 2012; Shewry

2009). As the global demand for wheat has grown, most

countries have focused on increasing the yield of wheat per

unit area (Hawkesford et al. 2013; He et al. 2011). It is pre-

dicted that the annual global growth demand for wheat from

now to 2030 will be 1.6 %, while the yield growth from 1982

to 2008 was 1.3 % (Dixon 2009). By 2050, the demand for

wheat in developed countries will have increased by 60 %,

while climate change will have reduced wheat yields by

29 % in developing countries (Rosegrant and Agcaoili

2010). Given that production levels continue to increase and

the maximum yield remains stagnant, many scientists en-

deavor to increase the yield potential of wheat through a

second ‘‘green revolution’’ by improving its photosynthetic

performance and promoting light utilization (Araus et al.

2008; Evans 2013; Long et al. 2006; Reynolds et al. 2009;

Van Camp 2005; Zhu et al. 2008, 2010). Over the years, the

relationship between the leaf photosynthetic rate and crop

yield has been controversial. Some scientists believe that

there is a positive correlation between the photosynthetic rate

and crop yield (Blum 1990; Fischer et al. 1998; Murchie et al.
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2009; Parry et al. 2010; Raines 2011; Zheng et al. 2011; Zhu

et al. 2008, 2010), while others believe that there is a negative

correlation between the two (Evans 1993; Moll et al. 1994).

Xu (1999) suggested that a positive correlation is an accurate

reflection of the relationship between the leaf photosynthetic

rate and crop yield.

Wheat yield and grain weight depend on the capacity

of source tissues (especially flag leaves) to produce pho-

toassimilates during the grain-filling process, as well as

on the ability of sink tissues to convert this photoas-

similates into dry matter such as starch (Tuncel and Okita

2013; Xiong et al. 1994; Zhang et al. 2001).Therefore, the

plant’s production capacity of photoassimilates (sources)

and the grain’s conversion and storage capacity of pho-

toassimilates (sinks) after flowering have become impor-

tant factors limiting wheat production (Miralles and Slafer

2007; Wang and He 1999). The key period for wheat

grain formation occurs from the flowering period to the

mature period. During this period, leaf photoassimilates

are formed and transported mainly in the form of sucrose

(Lalonde et al. 2004; Lbraheem et al. 2008; Lemoine

2000; Reynolds et al. 2012; Xiong et al. 1994), therefore

maintaining a high leaf photosynthetic capacity and ade-

quate supply of sugar is advantageous for improving

yield. The synthesis and accumulation of starch is closely

related to the crop yield as starch accounts for ap-

proximately 70 % of the total dry weight of grains

(Awika 2011; Jiang et al. 2002a, b, c).

Photosynthesis is a comprehensive physiological pro-

cess that is mutually connected and restricted by the light

and dark reactions, and the photosynthetic rate is an im-

portant indicator of photosynthesis. Past research on pho-

tosynthetic rates in wheat was mainly conducted on

different genotype varieties and between the parental and

offspring generations (Cheng et al. 2009; Jiang et al. 2002a,

b, c; Liu et al. 2002; Yang et al. 2006, 2007, Zivcak et al.

2013). The different genetic backgrounds used in the study

of the photosynthetic rate increase the difficulty of further

studying the key control process and site of the photo-

synthetic rate in wheat. There are few reports about the

relationships between flag leaf photosynthesis, sucrose

synthesis in flag leaves, and sucrose degradation and starch

synthesis in grains. In this study, we used two wheat near

isogenic lines (line 154 and line 212) with significant dif-

ferences in the photosynthetic rate to explore the rela-

tionship between the leaf photosynthetic rate and source-

sink adjustments. Our results indicate that higher activity of

leaf sucrose phosphate synthase (SPS), grain sucrose syn-

thase (SS), and grain ADPG pyrophosphorylase (AGP)

enhanced the photosynthate of line 154 to be transported to

grains and translated into starch in a timely and effective

manner, which also contributed to the maintenance of its

high photosynthetic rate.

Materials and methods

Plant materials

The NILs (line 154 and line 212) of wheat were selected

from crossing winter wheat Xiaoyan 54 9 8602 using the

net photosynthetic rate (Pn) as a physiological selection

index from the F6 progeny, with line 154 as the high

photosynthetic rate line. After six generations, they were

genetically stable and showed no separation phenomenon.

Seeds were grown in one of two conditions: in a green-

house or in the field. For the hydroponic seedlings, plump

seeds were germinated on filter paper moistened with water

for 12 h at 25 ± 1 �C in an illumination incubator after

being sterilized with 0.2 % sodium hypochlorite. The seeds

were then grown in plastic pots with soil at the appropriate

density containing Hoagland solution in a greenhouse at

25 �C under a 16 h/8 h day/night photoperiod

(300–400 lmol m-2 s-1) until the eight-leaf stage. For the

field experiment, during the 2013 and 2014 growing sea-

sons, plump seeds were grown in the fields of the Ex-

perimental Station of Shandong Agricultural University.

Each line had six 4 m2 interspersed plots with 25 cm

spaced rows and 5 cm spaced lines, and conventional

agricultural management was maintained during the

growing seasons of the plants. Flag leaves in field and

hydroponic seedling leaves were used for the analyses.

Measurement of the photosynthetic oxygen

evolution rate of seedlings

Leaf disks of wheat seedlings at the eight-leaf stage with a

0.55-cm diameter were collected and then fixed in a reac-

tion cup containing 50 mmol/L sodium bicarbonate with

800 lmol m-2 s-1 light intensity. The oxygen evolution

rate was determined using a Chlorolab- 2 liquid oxygen

electrode (Hansatech, UK) at room temperature.

Measurement of the Hill reaction activity

of the chloroplast

Chloroplast isolation and Hill reaction activity assays were

conducted as described by Zhao et al. (2007), who mod-

ified the procedure published by Ye and Qian (1985).

Measurement of the photosynthetic gas exchange

parameters of flag leaves

Intact wheat flag leaves in the field were used to measure

the net photosynthetic rate (Pn), intercellular CO2 con-

centration (Ci), and stomatal conductance (Gs) with a

portable photosynthetic system (CIRAS-2, PP Systems,
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Hitchin, UK) in the morning between 9:00 and 11:00.

Measurements were made under atmospheric CO2 con-

centrations with saturating photosynthetic photo flux den-

sities at 1400 lmol m-2 s-1 PPFD, the temperature inside

leaf chamber was controlled at 25 �C, and ambient hu-

midity approximate 70 % was used. To obtain the maximal

carboxylation efficiency (Vcmax), the Pn was measured

under a PPFD of 1400 lmol m-2 s-1 and under CO2

concentrations in a sequence of 1400, 1200, 1000, 700,

400, 300, 250, 200, 150, 100, and 50 lmol m-2 s-1. To

allow the leaves to reach steady-state photosynthesis, the

leaves were kept under each level of CO2 concentration for

5 min before the Pn was recorded. The slope of the linear

correlation of the Pn–Ci response was calculated as Vcmax

(Von Caemmerer and Farquhar 1981; Farquhar et al. 1980).

Measurement of the sucrose content

Grain samples of 50 mg of dry weight were extracted twice

using 4 ml of 80 % boiling ethanol for 40 min. The su-

pernatant was collected and decolorized with 10 mg of

activated carbon at 80 �C for 30 min, fixed to a constant

volume at 10 ml, and purified by filtering. Two-hundred

microliters of 2 mol/L sodium hydroxide was added to the

0.4 ml filtrate, boiled at 100 �C for 5 min, then 0.8 ml of

0.1 % resorcinol was added and the reaction mixture was

boiled at 80 �C for 10 min. Once cooled, the starch content

of the reaction mixture was determined by measuring the

OD value at 480 nm.

Measurement of the starch content

Samples of 0.10–0.30 g of dry weight were extracted twice

using 5–10 ml of boiling water for 30 min. Fractions were

collected and purified by filtering. The fractions were boiled

in 20 ml of water for 15 min. Then, 2 ml of 9.2 mol/L per-

chloric acid was added to each fraction and extracted for

15 min, filtered, and the volume of filtrate adjusted to 50 ml.

Next, 0.5 ml of the diluted filtrate and 1.5 ml distilled water

were mixed together in a 20 ml tube. To this mixture, 0.5 ml

of anthrone ethyl acetate and 5 ml of concentrated sulfuric

acid were added and the mixture immediately boiled at

100 �C for 1 min. Once cooled, the sucrose content of the

reaction mixture was determined by measuring the OD value

at 630 nm.

Measurement of the activity of SPS and SS

The enzymatic activities of SPS and SS were determined

using a kit from Nanjing Jiancheng Bioengineering

Institute.

Measurement of the activity of AGPase

The activity of AGPase was determined using a kit from

Beijing Solarbio technology limited company.

Statistical analysis

The data were preprocessed using Excel 2013 (Microsoft,

Redmond, WA), and the figures were generated using

Sigma-Plot 10.0 (Systat Software, Erkrath, Germany).

Significant differences among the data were determined

through an analysis of variance using SAS (version 8.1;

SAS Institute, Cary, NC), followed by the Tukey test for

multiple comparisons.

Results

Photosynthetic oxygen evolution rate and Hill

reaction activity of seedlings

As shown in Fig. 1a, there was a significant difference

(P\ 0.01) in the photosynthetic oxygen evolution rate of

Fig. 1 Comparison of the photosynthetic oxygen evolution rate

(a) and the Hill reaction activity (b) between the two wheat NILs

seedlings. Each bar represents the mean ± SE of three independent

experiments. 154 represents line 154; 212 represents line 212. Double

asterisk indicates significant differences at 1 % level via Tukey’s test
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the two NILs wheat seedlings; line 154 had a 24.1 %

higher rate compared with line 212. This suggests that a

significant difference in the photosynthetic rate between

the two NILs exists at the seedling stage. Hill reaction

activity is an important index for the photochemical ac-

tivity of leaf photosynthesis during the light reaction stage

and reflects the structure, functional integrity, and electron

transfer efficiency of PSII. As shown in Fig. 1b, line 154

had a 28.6 % higher activity compared with line 212

(P\ 0.01), which suggests that line 154 had a higher

photochemical activity of leaf photosynthesis during the

light reaction stage.

Changes in the photosynthetic characteristics of flag

leaves during the anthesis-filling stage

The net photosynthetic rate (Pn) of the two wheat NILs

rose after anthesis and peaked on the 10th day after an-

thesis. The Pn of line 154 was significantly higher than the

Pn of line 212 during the whole stage (Fig. 2a).

Stoma, channels for water and CO2, regulates photo-

synthesis and transpiration in the plant. Stomatal conduc-

tance (Gs) is an index of stomatal aperture. Similar to the

results in the photosynthetic rate, the Gs of both NILs

peaked on the 10th day after anthesis. Line 154 had sig-

nificantly higher stomatal conductance than line 212 during

the early and late grain-filling stages (Fig. 2b).

The intercellular CO2 concentration (Ci) of flag leaves

decreased until 10 days after anthesis, at which point it

increased (Fig. 2c). During the entire measurement time

period, the Ci of line 154, the line with a high photosyn-

thetic rate, was relatively low.

The stomatal limitation value (Ls) of flag leaves showed

a low–high-low trend after anthesis, peaking on the 10th

day. During the entire measurement time period, line 154

had a significantly higher Ci than line 212.

Ci and Ls are the two indexes for determining the cause

of the decline of Pn. When Pn and Ci decline and Ls rises,

then the decline of Pn is caused by stomatal limitation.

When Pn and Ls decline and Ci rises, then the decline of Pn

is mainly caused by non-stomatal limitation (Farquhar and

Sharkey 1982). Our results (Figs. 2a, c, d) indicate that the

difference in Pn of the two wheat NILs was caused by non-

stomatal limitation.

cFig. 2 Changes in Pn (a), Gs (b), Ci (c), and Ls (d) of flag leaves in

two wheat NILs after anthesis. Each bar represents the mean ± SE of

three independent experiments. 154 represents line 154; 212 repre-

sents line 212
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Comparison of the Pn–Ci curves of flag leaves

Pn–Ci curves were investigated under saturated light in-

tensity (PPFD = 1400 lmol m-2 s-1) to explore the cause

of the difference in photosynthetic rate between the two

wheat NILs. As shown in Fig. 3a, the Pn of the two lines

increased with increasing Ci and the rate of line 154 was

always higher than line 212. Vcmax (maximal carboxyla-

tion efficiency), as calculated from the curve, was 15.6 %

higher in line 154 than in line 212. Significant differences

of Vcmax were found between the two lines (P\ 0.05)

and are most likely one of the reasons for the difference in

Pn of the two wheat NILs.

Changes in the SPS, SS activities, and sucrose

content of flag leaves in the two NILs

Sucrose phosphate synthetase (SPS) is an important

regulatory enzyme in sucrose synthesis that catalyzes the

reaction: UDP-glucose ? fructose-6-P $ UDP ? sucrose-

6-P. Higher SPS activity translates to increased phospho-

rylation and transport of sucrose. As shown in Fig. 4a, the

activity of SPS in flag leaves in both NILs increased after

anthesis and peaked on the 18th day after anthesis before

declining significantly thereafter. The activity of SPS in

line 154 was always higher than line 212 during the whole

period, which suggests that line 154 had a higher sucrose

supply capacity.

Sucrose synthase (SS) is a cytosolic enzyme that is

essential to sucrose metabolism and catalyzes the re-

versible reaction: UDPG ? Fru $ Suc ? UDP (Lu et al.

2005). As shown in Fig. 4b, the activity of SS in flag leaves

Fig. 3 Pn–Ci curve of flag leaves of the two wheat NILs (a). The

maximal rate of carboxylation (Vcmax) was calculated as the slope of

the linear correlation in the relatively low range of Ci for each line

(b). Each bar represents the mean ± SE of three independent

experiments. 154 represents line 154; 212 represents line 212

Fig. 4 Changes in the SPS activity (a), SS activity (b), and sucrose

content (c) in the flag leaves of the two wheat NILs after anthesis.

Each bar represents the mean ± SE of three independent ex-

periments. 154 represents line 154; 212 represents line 212
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started to increase and peaked 14 days after anthesis in line

154 and 18 days after anthesis in line 212. The activity of

SS in flag leaves began to decline after the 18th day post

anthesis. For the duration of experiment, the SS activity in

flag leaves from line 154 was significantly higher than that

of line 212, suggesting that line 154 had an increased

ability to synthesize sucrose.

Sucrose is the main synthesized and transported form of

photoassimilates. The key period for wheat grain yield

formation occurs from the flowering to the mature period

and the synthesis of sucrose in flag leaves is a reflection of

the ability of source tissues to supply photoassimilates

during this stage. As shown in Fig. 4c, the sucrose content

in flag leaves showed a low–high-low trend. One possible

reason for the low level of sucrose content in the early

filling stage may be that the grain was at the construction

stage, so the storage capacity was low, which restricted the

transfer of sucrose. The highest content of sucrose ap-

peared on the 10th day after anthesis in the middle of the

grain-filling stage, at which point the Pn and sucrose syn-

thesis activity were high. The decreased sucrose content of

flag leaves during the late filling stage may be associated

with the declined photosynthetic rate, the slow pace of

sucrose synthesis, the reduced sucrose outward transport

capacity, and other factors. The sucrose content of flag

leaves in line 154 was higher than in line 212 during the

whole period, which suggests that line 154 had a higher

photoassimilates synthesis ability and leaf sucrose supply

capacity.

Changes in the SS activity and sucrose content

of grains in two wheat NILs

Sucrose synthase (SS) catalyzes both the synthesis and

degradation of sucrose. In wheat grains, its main role is to

provide substrates for the synthesis of starch by catalyzing

the degradation of sucrose to fructose and uridine diphos-

phate glucose (UDPG) (Keeling et al. 1988). Therefore, SS

activity in wheat grains directly reflects the ability of the

grains to degrade and utilize sucrose for the synthesis of

starch. When SS activity is high, the substrates for starch

synthesis are sufficient (Li et al. 2001). As shown in

Fig. 5a, the SS activity of the two wheat NILs increased

after anthesis and reached peak activity on the 18th day in

line 154 and the 25th day in line 212, respectively.

Thereafter, the SS activity decreased. Throughout the

grain-filling stage, the grain SS activity of line 154 was

higher than line 212, which suggests that line 154 had

higher sucrose degradation and bioavailability.

After anthesis, sucrose is constantly degraded in the

cytoplasm of wheat grain endosperm cells to UDPG for the

synthesis of starch and other carbohydrates (Keeling et al.

1988). As shown in Fig. 5b, the sucrose content of wheat

grains declined gradually, beginning on the 3rd day after

anthesis. The grain sucrose content of line 154 was higher

than line 212 during the whole period. This suggests that

the level of grain sucrose supply in line 154 was adequate

and available for starch synthesis.

Changes in the AGPase activity and starch content

of grains in two wheat NILs

ADPG pyrophosphorylase (AGPase) catalyzes the first step

in starch synthesis that takes place in amyloplasts and is

considered to be the rate-limiting enzyme for starch syn-

thesis (Jiang et al. 2002a, b, c; Nakamura et al. 1989; Preiss

and Sivak 1996; Preiss et al. 1988; Tuncel and Okita 2013).

As shown in Fig. 6a, the grain AGPase activity changed in

a single-peak curve, with maximal activity on the 25th and

18th day after anthesis in line 154 and line 212, respec-

tively. The AGPase activity of grains was higher in line

154 than line 212 throughout the grain-filling stage, which

indicates that line 154 was able to produce more ADPG

than line 212.

Starch is the main component of wheat grains, accounts

for approximately 70 % of the dry weight of grains at the

Fig. 5 Changes in the SS activity (a) and sucrose content (b) in

grains of the two wheat NILs after anthesis. Each bar represents the

mean ± SE of three independent experiments. 154 represents line

154; 212 represents line 212
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mature stage, and is synthesized and accumulated during

the grain-filling process (Bhullar and Jenner 1985; Dale

and Housley 1986; Hurkman et al. 2003; Yang et al. 2004).

Therefore, the starch accumulation level during this period

directly affects the grain yield. As shown in Fig. 6b, the

total grain starch content increased with the grain-filling

process. The greatest accumulation rate of grain starch

occurred from the 7th–14th day after anthesis. Thereafter,

the grain starch accumulation rates slowed and starch ac-

cumulation reached a maximal level at the maturity stage.

The grain starch content in line 154 was higher than in line

212 during the whole period, indicating that line 154 had

higher grain starch synthesis ability.

Comparison of some agronomic traits in the two

wheat NILs

As shown in Table 1, there were significant differences

between the two wheat NILs in effective panicle number,

grain weight per spike, 1000-grain weight, and yield. The

yield of line 154 at 5488.89 kg/hm2 was 18.64 % higher

than line 212. The yield corresponds to the results of grain

starch content as it accounts for approximately 70 % of the

grain dry weight.

Discussion

In the last half century, remarkable increases in the po-

tential and realized yields of crops have been made

worldwide. These increases mainly resulted from the

adoption of high-yielding varieties of major crops such as

rice, wheat, and maize, accompanied by the use of nitrogen

fertilizer and improvements in water irrigation and agri-

cultural techniques (Conway and Toenniessen 1999;

Edgerton 2009; Evans 1997, 2013; Huang et al. 2002;

Khush 2003; Sakamoto and Matsuoka 2004; Sayre et al.

1997; Shearman et al. 2005; Zhu et al. 2010). However, the

capacity to further increase production levels and max-

imize yield is limited. Increasingly, research on how to

break through the yield potential has been the focus both at

home and abroad. Many scientists believe in the concepts

of the second ‘‘Green Revolution,’’ improvement of pho-

tosynthesis and ascension of photosynthetic utilization as

ways to increase the yield potential (Long et al. 2006; Zhu

et al. 2008). There is an ongoing debate about whether

enhancing leaf photosynthesis can raise the yield potential

given the many steps between leaf photosynthesis and the

final yield (Fischer and Edmeades 2010). In addition, some

researchers put forward that the crop yield is sink-limited

rather than source-limited (Borrás et al. 2004), leading

some to conclude that an improvement in photosynthesis is

unlikely to increase crop yields (Sinclair et al. 2004).

However, two lines of evidence contradict this. First, free-

air CO2 enrichment studies have shown that CO2-induced

increases in leaf photosynthesis generally lead to increased

crop yield. Second, C4 plants have greater rates of photo-

synthesis and produce more biomass per unit of intercepted

sunlight than C3 plants (Sheehy et al. 2007). In this current

work, there were significant differences in Pn between the

two wheat NILs, whether it was at the seedling stage or the

flowering grain-filling stage (Figs. 1, 2a). Higher photo-

synthetic rates are beneficial for crops to make more pho-

toassimilates that can be used for grain filling, which

ultimately increases yields.

Wheat is a saccharophyllous plant. From the flowering

to the mature period, source leaves export sucrose long

distances through the veins to non-photosynthetic tissues

(net carbohydrate importers, called sinks), such as roots,

stems, flowers, fruits, and seeds (Ludewig and Flügge

2013; Turgeon 1989). In sink tissues, sucrose is degraded

into materials for starch synthesis. Therefore, the syn-

thesis of sucrose in flag leaves reflects the source supply

ability, while the degradation of sucrose in grains reflects

the sink strength (Pan et al. 2002). The concept of source

Fig. 6 Changes in the AGPase activity (a) and starch content (b) in

the grains of the two wheat NILs after anthesis. Each bar represents

the mean ± SE of three independent experiments. 154 represents line

154; 212 represents line 212
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strength and sink strength is introduced to measure the

ability of the source tissues to produce, and the sink tis-

sues to accept assimilates. Source strength refers to the

ability of the source tissues (leaves, sheaths, and stems) to

synthesize and output photoassimilates. The photosyn-

thetic rate is a strong intuitive indicator for the source

strength. The rate of sucrose synthesis is the limiting

factor for the export of photoassimilates from mesophyll

cells. Therefore, sucrose synthesis can be used as an

indicator of source strength. According to sucrose syn-

thesis metabolic pathways, SPS is an important regulatory

enzyme in the process (Champigny 1995; Huber and

Huber 1996; Stitt 1989; Wang et al. 2013; Winter and

Huber 2000; Worrell et al. 1991). SPS activity reflects the

ability of flag leaves to convert photosynthate into su-

crose; therefore, it is also an indicator for the source

strength (Champigny 1995; Okita 1992). Sink strength

refers to the ability of the sink tissues (spike) to accept

and convert photoassimilates. The degradation of sucrose

in sink tissues is mainly catalyzed by SS, so some re-

searchers regard SS activity as the indicator for sink

strength (Baroja-Fernández et al. 2009; Delmer and

Haigler 2002; Schaffer and Petreikov 1997; Thévenot

et al. 2005; Wang et al. 1993; 1999; Zrenner et al. 1995).

In this study, there were significant differences in the

SPS activity, SS activity and sucrose content of flag leaves

and SS activity, AGPase activity, sucrose and starch con-

tent of grains between the two wheat NILs (Figs. 4, 5, 6).

Higher leaf SPS activity during the grain-filling period

ensured that line 154 had a sufficient leaf sucrose content to

be transported for starch synthesis. Besides this, higher SPS

activity was also available for the phosphorylation and

transport of sucrose (Li and Wang 2013). Little sucrose

content was observed in flag leaves at the beginning of the

grain-filling period as the plant was at the sink construction

stage, so the sink capacity was low, which also corre-

sponded with the low SS activity in grain at this period

(Figs. 4c, 5a). SS can both synthesize and degrade sucrose,

and the field is currently in disagreement as to the main

role of SS in sucrose metabolism. It is generally believed

that, in the photosynthetic apparatus, SS catalyzes sucrose

synthesis, while in grains it catalyzes sucrose degradation.

In this study, the SS activity of flag leaves exhibited a

similar trend to that of SPS during the whole grain-filling

period. SS activity in flag leaves was lower compared with

the SPS activity in flag leaves and SS activity in grain

(Figs. 4a, b, 5a). These results provide evidence that SS

catalyzes sucrose degradation in grains (Zamski and

Schaffer 1996). With synthesized sucrose being transported

from flag leaves through the phloem to grains, the SS ac-

tivity in grain gradually increased and led to the gradual

decline of grain sucrose content (Fig. 5). The products of

sucrose degradation by SS in grains were converted to

glucose-1-phosphate (G1P) or glucose-6-phosphate (G6P)

and were subsequently converted to ADPG, the initial

substrate for starch synthesis, by AGPase (Ballicora et al.

2004). Because the activity of AGPase is positively cor-

related with starch accumulation rate and grain-filling rate,

AGPase is a key rate-limiting enzyme for starch synthesis

in rice, wheat, corn, potato, and other crops (Jiang et al.

2002a, b, c; Nakamura et al. 1989; Preiss and Sivak 1996;

Preiss et al. 1988; Tuncel and Okita 2013). A number of

studies have shown that increasing AGPase activity en-

hances crop starch biosynthesis and yield (Li et al. 2011;

Sakulsingharoj et al. 2004; Smidansky et al. 2002, 2003,

2007). In this study, the activity of AGPase increased

gradually along with grain filling, which led to the increase

of the grain starch content. After 18 days post anthesis, the

plants went into senescence and the AGPase activity and

plants’ photosynthetic performance began to decrease,

which caused the starch accumulation in grains to proceed

more steadily. During the whole grain-filling period, the

grain starch content and grain starch accumulation rate of

line 154 were always higher than line 212 due to its higher

Pn and AGPase activity (Figs. 2a, 6a, b). As grain starch

accounts for approximately 70 % of grain dry weight, the

yield of line 154 was 18.64 % higher than that of line 212

(Table 1). Significant differences were found in the effec-

tive panicle number, grain weight per spike, and

1000-grain weight through comparing of some agronomic

traits between the two wheat NILs (Table 1), which were

also beneficial to the improvement of the grain yield of

line 154.

In conclusion, the Pn in flag leaves of line 154 was

significantly higher than that of line 212 during the anthesis

to grain-filling stage. Higher leaf sucrose phosphate syn-

thase (SPS) activity, grain sucrose synthase (SS) activity,

and grain ADPG pyrophosphorylase (AGPase) activity

Table 1 Comparison of agronomic traits between the two wheat NILs

Line Effective panicle

number (104/hm2)

Kernels per

spike

1000-grain

weight (g)

Grain weight

per spike (g)

Yield (kg/hm2)

154 372.67 ± 4.99 a 33.8 ± 5.77 a 45.68 ± 0.45 a 1.84 ± 0.31 a 5488.89 ± 950.46 a

212 356.00 ± 5.86 b 34.6 ± 5.93 a 44.74 ± 0.48 b 1.66 ± 0.31 b 4466.67 ± 407.34b

Values are the mean ± SE. The mean values followed by the same letter in the column are not significantly different via Tukey’s test at P\ 0.05
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ensured that the photosynthate of line 154 could be trans-

ported from leaves to grains and translated into starch in a

timely and effective manner, thus relieving any end-pro-

duct inhibition on leaf photosynthesis (Paul and Pellny

2003; Winder et al. 1998), which also contributed to the

maintenance of its high photosynthetic rate. Eventually, all

of these factors of line 154 resulted in its higher grain yield

compared with the low photosynthetic rate of line 212.
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