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� Using two drought resistant wheat (Triticum aestivum L.) cultivars, ‘Changwu134’ and
‘Changhan58,’ a field experiment was conducted in ChangWu Agro-ecological Experiment Station
on China’s Loess Plateau during 2008 and 2009 to compare the effects of different fertilizer and
tillage treatments on the fructan contents as well as fructan exo-hydrolase (FEH) activity in relation
to wheat yield. We found that ‘Changhan58’ had greater yield and fructan content in the penul-
timate internode and higher FEH activity than did ‘Changwu134.’ For ‘Changhan58.’ applying
195 kg·ha−1(120 +75) N plus 45000 kg·ha−1 of pig manure and 120 kg·ha−1 phosphate un-
der conservation tillage produced the highest yield (6769 ka/ha), fructan content in penultimate
internode, water use efficiency (WUE), as well as FEH activity among the fertilizer and tillage treat-
ments. Therefore, routine soil management for wheat should focus on combined use of manures and
inorganic fertilizer to enhance the amount and transportation efficiency of WSC and ultimately
ensure greater yield.
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14 W. Chen et al.

INTRODUCTION

Grain filling is the final stage of growth in cereals, and is an impor-
tant stage determining economic yield. At this stage, the carbohydrates
fixed by photosynthetic organs are mobilized and/or turned into grains.
Carbohydrates are the main products of plant photosynthesis and can be di-
vided into structural carbohydrates and non-structural carbohydrates (NSC).
The former, which include cellulose and lignin are mainly used for plant
metabolism; the latter, which include glucose, fructan, sucrose, fructan and
starch, also play an important role in the metabolism (Pan et al., 2002). Grain
growth and development in wheat depend on carbohydrates produced: (i)
after anthesis and translocated directly to the grains, (ii) after anthesis but
stored temporarily in the stem before being remobilized to the grains, and
(iii) before anthesis and stored mainly in the stem and remobilized to grains
during grain filling (Edhaie et al., 2006).

In wheat, carbohydrates available for mobilization at the stage of max-
imum concentration of water-soluble carbohydrate consist of 85% fructans
and 10% sucrose (Cruz-Aguado et al., 2000). Some varieties of wheat ex-
hibited non-structural carbohydrate levels of up to 40% to 45% (Bancal
and TriboI, 1993) when 70% or more of grain dry matter was exposed to
drought stress (Wardlaw and Willenbrink 1994). Under adequate moisture
conditions, pre-anthesis assimilate reserves in the stems and sheaths of wheat
and rice (Oryza sativa) contributed 10% to 40% of the final grain weight
(Schnyder, 1993; Gebbing and Schnyder, 1999; Gebbing et al., 1999; Log-
gini et al., 1999; Yang and Zhang, 2006; Kirigwi et al., 2007). During drought
when photosynthetic activity was inhibited by stress conditions after anthesis
and the photosynthetic organs became increasingly senescence, grain filling
was more dependent on mobilized stem reserves, which then represented
40% to 60% of the dry matter that accumulated in grains (Wagner and
Wiemken, 1987; Blum, 1996, 1998; Vijn and Smeekens, 1999). Under nor-
mal conditions, the accumulation of water soluble carbohydrate (WSC) can
reach more than 40% of the stem dry weight (Jeong and Housley, 1990).
Wheat cultivars capable of synthesizing and storing a high concentration of
soluble carbohydrate in the stems prior to anthesis are more likely to ex-
hibit improved grain yield under conditions of water stress (Michiels et al.,
2004), as stem carbohydrates can be mobilized to the grain in the absence of
photosynthetic carbon assimilation. The stems of rain-fed wheat have signif-
icantly higher average total carbohydrate (1.8-fold) and fructan (2.5-fold)
accumulations than irrigated wheat (Kerepesi and Galiba, 2000; Michiels
et al., 2004). It has been estimated that pre-anthesis reserves contribute up
to 74% and 57% of the grain yield of barley and wheat, respectively (Wagner
and Wiemken, 1987; Loggini et al., 1999; Vijn and Smeekens, 1999; Kirigwi
et al., 2007), when crops suffered from post-anthesis water deficit.

D
ow

nl
oa

de
d 

by
 [

N
or

th
w

es
t A

gr
ic

ul
tu

re
 &

 F
or

es
t U

ni
ve

rs
ity

] 
at

 1
8:

13
 1

7 
N

ov
em

be
r 

20
15

 



Fructan Exo-Hydrolases Activity 15

The main storage forms of non-structural carbohydrates (NSC) in the
stem (culm + sheath) of wheat are sucroses and fructans (Wagner and
Wiemken, 1987; Vijn and Smeekens, 1999). Sucrose is the diurnal carbohy-
drate reserve form and is stored mainly in vacuoles of photosynthetic cells
of leaf blades, glumes and the photosynthesizing parts of the stem and leaf
sheaths. On the other hand, longer-term carbohydrate reserves are mainly in
the form of fructans; the fructan is the main form of water soluble sugar and
is stored in the lower portions of the internodes, which are enclosed by leaf
sheaths (Jeong and Housley, 1990;). At the stage of maximum WSC content,
fructans represent 85% of the WSC in wheat stem internodes (Turner et al.,
2008).

Fructans are synthesized by fructosyltransferases (FTs) and depolymer-
ized by fructan exohydrolsaes (FEHs) (del Viso et al., 2009). The synthe-
sis of fructan in the form of triaccharide and beyond, is catalyzed by su-
crose:sucrose fructosyltransferase (SST; EC 2.4.1.99) and fructan: fructan
fructosyltransferase (FFT; EC 2.4.1.100) (Wagner and Wiemken, 1987; Jeong
and Housley, 1990). Fructan exohydrolase (FEH; EC 3.2.1.80), on the other
hand, catalyzes the hydrolysis of fructans, leading to the release of fructose,
which, in turn, has to be converted to the precursors required for the re-
synthesis of sucrose before phloem loading (Willenbrink et al., 1998). The
FEHs include 1-FEHs and 6-FEHs (Van Riet et al., 2006). The 1-FEHw1,
w2, and w3 are very important for maintaining the flow of carbon required
for grain filling. By contrast, 6-FEH is not inhibited by sucrose, suggesting
that it might not be involved in reserve mobilization. The expressions of
FEHs forms in plant are very different (Gebbing, 2003). The accumulation
of the 1-FEHw3 mRNA was 300 fold greater than that of 1-FEHw1 and 1-
FEHw2. The mRNA accumulation continued after the stem water soluble
carbohydrate concentrations reached a peak, consistent with the role of
1-FEHw3 in the breakdown of water soluble carbohydrates (Zhang et al.,
2008).

Nitrogen is the major nutrient influencing grain yield and protein con-
centration (Novoa and Loomis, 1981; Martre et al., 2003). Prior to anthe-
sis, N supply affects crop growth and photosynthetic capacity. In winter
wheat, N application had large effects on grain yield (Thomas and Howarth,
2000). Conservation tillage increased crop yield (from 8% to 35%) and
WUE (2 to 36%) (He et al., 2007). Many studies (Ge et al., 2010; Liu et al.,
2010) showed that the application of manure not only enhanced the fertility
of soil but also minimized the potential negative impact on surroundings
ecosystems.

We studied the activity of 1-FEH, weight of penultimate internode, and
the contents of total sugar in penultimate internode to determine the rela-
tionship between the activity of 1-FEH and yield of wheat under different
fertilizer and tillage treatments.
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16 W. Chen et al.

TABLE 1 Details of experimental treatments

Treatment Nitrogen Phosphate Pig manure Tillage
code Cultivars (kg/ha) (kg/ha) (kg/ha) methods

T1 Changwu134 150 (as urea) 120(as ssp) Conventional
T2 Changhan58 120 + 75∗ 120 Conservation
T3 Changhan58 120 + 75∗ 120 45000 Conservation
T4 Changhan58 150 120 Conventional

∗Representative plus nitrogen at 4 April 2009.

MATERIAL AND METHODS

Growth Conditions

Field experiments were conducted during 2008 to 2009 growing sea-
son at the ChangWu Experimental Station of Chinese Academy of Sciences
(107◦40′ to 107◦42 E, 35◦12′ to 35◦16′N, 1200 m asl). The station is located
in ChangWu County, Shannxi Province, a typical semi-arid area of the Loess
Plateau. The Mean annual air temperature is 9.1◦C, the cumulative temper-
ature above 10◦C covers 302d, and the annual frost free period is 171d. The
average annual precipitation (rain and snow) in the area is 584 mm, with
68% of the precipitation occurring between June and September (Ma et al.,
2006; Li et al., 2007). The soil is dark loessial soil (Calcic Kastanozems, FAO)
locally classified as Heilu soil.

The wheat cultivation methods used by local farmers in Changwu
County involves conventional tillage—farmers’ labor—intensive tillage prac-
tice: once at the end of the wheat maturity and again in the following July.
The field is either tilled manually or with a tractor, depending on the size
of land involved. The depth of rotary tillage is about 20 to 30 cm. The HP
of the tractor ranges from 40 to 70 with the diesel engine. In this study, we
compared the farmers’ tillage practice with conservation (minimum) tillage
in which plots were rotor-tilled only once. Conservation tillage has many
benefits, such as increasing yield and water use efficiency (WUE) (Aase and
Pikul Jr 1995), enhancing the contents of soil carbon, nutrient retention (He
et al. 2007; Tian et al., 2010) and reducing soil erosion and degradation.

Experimental Design

Seeds of two winter wheat cultivars (‘Changhan58’ and ‘Changwu134’)
were sown on 3 October 2008 on the plots. The inorganic fertilizer and pig
manure treatments were imposed prior to sowing. Plots were 24 m long and
6 m wide with 20 rows spaced 0.20 m apart. The four treatments studied are
shown in Table 1. Each treatment was replicated three times in a randomized
complete block design.

D
ow

nl
oa

de
d 

by
 [

N
or

th
w

es
t A

gr
ic

ul
tu

re
 &

 F
or

es
t U

ni
ve

rs
ity

] 
at

 1
8:

13
 1

7 
N

ov
em

be
r 

20
15

 



Fructan Exo-Hydrolases Activity 17

Sampling

Prior to crop harvest, the number of spikes (per/m2) was recorded and
40 main spikes from each plot were sampled to determine kernel number
per spike. Crop harvest was completed by using a plot combine. After harvest,
grains were air-dried, and plot yield and 1000 seed weight were determined.

The number of days to heading was determined when 50% of the spikes
partially emerged from the flag leaf sheaths; number of days to anthesis
was determined when 50% of the spikes had extruded anthers. Physiologi-
cal maturity was determined when 50% of the spikes lost their green color
(Ehdaie et al., 2006). Three hundred to 450 main tillers from different treat-
ments were tagged as spikes emerged from the flag leaf sheaths. For yield
determination, a 1m2 area was harvested at random with 5 replications per
plot. Thirty main tillers were sampled at 6-day intervals after anthesis until
physiological maturity. After each sampling, the main tiller was divided into
spike and stem; then leaf sheaths were removed from the stem. A third of
the samples was divided into three segments, namely peduncle (first intern-
ode below the spike including the distal node), penultimate internode (the
internode below the peduncle including the distal node), and the lower
internodes. Samples were immediately preserved in liquid nitrogen for use
in measuring the activity of FEH. The rest of the samples were immediately
dried in a force-air oven at 80◦C for 48 h.

Measurement of Water Use Efficiency

Soils were sampled from the surface to a depth of 200 cm before sowing
and after harvesting. Samples were collected at intervals of 10 cm within
the first 100 cm depth and at 20 cm intervals from 101 cm to 200 cm. The
fresh weight of the samples was determined immediately and the dry weight
determined after drying in a forced-air oven at 105◦C until a constant weight
was achieved. Soil moisture, soil water-storage, water consumption and WUE
were determined according to the following equations:

SW = (D ·R ·Wm) · 100 (1)

WUE = Y/ET = Y/(SWB + Pr − SWL) (2)

where for Equation 1: SW, D, R and Wm are soil-water-storage (m3), soil
depth (m), soil bulk density (mg/m3), and soil moisture at different depths
(%), respectively. For Equation 2: WUE, Y, ET, SWB, Pr and SWL are water
use efficiency (kg·m−3·ha−1), yield (kg ha−1), amount of consumption wa-
ter (m3), the total precipitation in the whole period of wheat growth, soil
water storage before sowing (m3) and soil water storage after harvest (m3),
respectively.
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18 W. Chen et al.

Total Water Soluble Sugar in Penultimate Internodes

Dried main stem samples were ground to pass a 0.5 mm sieve and 0.5 g
of the sieved samples was transferred into a 10 mL tube, adding 5 mL of 80%
(v/v) alcohol water-heating at 80◦C for 30 min, followed by centrifugation
at 4,000 g at room temperature for 15 min. The supernatant was put into
25 mL flask. The sediment was repeated twice as the above procedures.
Finally the supernatant was settled with sterile distilled water to 25 mL. A
standard curve was prepared using appropriate dilutions of pure glucose in
distilled water. The WSC was determined according to procedures described
previously (Gao 2006).

Determination of Fructans in Penultimate Internodes

The hydrolysates (glucose, fructose, sucrose and fructan) were separated
as anions through an UltimateTM NH2, eluent flow contained in Methyl
cyanide and deionized-water (70:30). The eluent flow rate was 1 µL min−1,
and the column temperature was 25◦C. Chromatographic signals were ana-
lyzed by Waters 2420 detector with glucose, fructose and sucrose determined
based on reference internal standard and blank samples (Wang, 2009).

Extraction and Measurement of the Activity of FEH

in Penultimate Internodes

All chemicals and enzymes used for enzymatic measurements were from
Sigma Chemical Company (St. Louis, Mo, USA). The method for FEH ex-
traction was modified from Yang (Yang et al., 2004). Briefly, the frozen
stems were ground with a mortar and pestle in 10 mL of ice-cold 50 mM
citrate-phosphate (pH 5.5), containing 5 mM magnesium chloride (MgCl2),
5 mM dithiothreitol (DTT), 0.2% (w/v) polyvinylpolypyrrolidone (PVPP)
and 0.1% (w/v) bovine serum albumin (BSA). The homogenate was cen-
trifuged at 12,000 g for 10 min (<4◦C). The supernatant was immediately de-
salted by centrifugal filtration on a Sephadex G-25 column equilibrated with
50 mM citrate-phosphate buffer (pH 5.5). As substrate for the assay of FEH,
fructan was extracted from young leaves of wheat that had been induced
to accumulate fructan. The extraction method was as described previously
(Wang, 2009). For FEH assay, a 0.5 mL reaction mixture, containing 50 mM
citrate-phosphate buffer (pH 5.5), 5 mM MgCl2, 5 mM DTT, 0.2%(w/v)
PVPP, 0.1% (w/v) BSA, 1.5% (w/v) fructan (extracted from young leaves
of wheat) and 0.3 mL enzyme solution, was incubated for 60 min at 30◦C.
Incubation was stopped by transferring the sample tubes to boiling water
for 3 min then holding them on ice. Fructose from hydrolysis by FEH was
determined enzymatically as described above.

D
ow

nl
oa

de
d 

by
 [

N
or

th
w

es
t A

gr
ic

ul
tu

re
 &

 F
or

es
t U

ni
ve

rs
ity

] 
at

 1
8:

13
 1

7 
N

ov
em

be
r 

20
15

 



Fructan Exo-Hydrolases Activity 19

Statistical Analysis

Data were analyzed using the analysis of variance and means were sepa-
rated using Duncan’s multiple range test at the 5% level of significance.

RESULTS

Dry Weight of Penultimate Internodes

Figure 1 illustrates changes in the dry weight of the penultimate intern-
ode at different times in the grain filling stage. The dry weight of ‘Chang-
han58’ was consistently heavier than that of ‘Changwu134.’ For ‘Chang-
han58,’ the T3 treatment produced the heaviest DW, which ranged from
200 to 450 mg. At the beginning of grain filling, T3 had the greatest dry
weight among the treatments, suggesting that plants under T3 accumulated
the greatest amount of dry matter. The peak weight of the penultimate in-
ternodes, on overage, was reached 20 days after anthesis (DAA), and then
decreased progressively until maturity.

Total Soluble Sugar (TSS) Content of the Penultimate Internode

Concentrations of total soluble sugars (TSS) analyzed during the grain
filling period to assess developmental trends in carbohydrate metabolism

Day After Anthesis(d)

6d 12d 18d 24d 30d 36d 42d 48d
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FIGURE 1 Changes in dry weight of the penultimate internode of two wheat cultivars under dif-
ferent fertilizer and tillage treatments after anthesis. T1:Changwu134 N150 + Conventional tillage;
T2:Changhan58 N (120+75) + Conservation tillage T3:Changhan58 N (120+75) + Pig manure +
Conservation tillage T4:Changhan58 N150 + Conventional tillage.
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20 W. Chen et al.

Day After Anthesis (d)
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FIGURE 2 Changes in total soluble sugar concentration in the penultimate internode of two wheat
cultivars under different fertilizer and tillage treatments after anthesis. Treatments have same definitions
as Figure 1.

among the treatments are shown in Figure 2. Variations in TSS followed
a similar trend as dry weight. At the beginning of the grain filling period,
the TSS was very low. For example, under T3 (which had the highest con-
centration of TSS among the treatments), the TSS peaked in the middle
of grain filling, and then decreased slowly thereafter. The TSS as a form
of NSC in the penultimate internodes increased from 1 to 22 DAA, and
slowly declined thereafter, irrespective of treatment. ‘Changwu134’ showed
substantially reduced NSC from 12 to 48 DAA. A very similar pattern was
observed for fructan concentration in the penultimate internode from 6 to
48 DAA (Figure 3), suggesting that changes in the penultimate internode
during this period was mainly due to the change in fructan level. The peak
TSS concentration in the penultimate internodes was achieved 18 DAA for
‘Changwu134’ and 24 DAA for ‘Changhan58.’ The concentration of TSS in-
creased initially and then decreased. However, the concentrations differed
according to treatment with T3 showing the highest content.

Fructan Concentration in the Penultimate Internode

Fructan is the main carbohydrate in the penultimate internode. The
fructan content in ‘Changhan58’ increased several-fold compared to that of
‘Changwu134’ in the grain filling period (Figure 3). The maximum content
in ‘Changwu134’ occurred at 18 DAA, being about 6d earlier than that
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Fructan Exo-Hydrolases Activity 21

FIGURE 3 Changes in the fructan content in the penultimate internode of two wheat cultivars under
different fertilizer and tillage treatments after anthesis. Treatments have same definitions as Figure 1.

of ‘Changhan58.’ For ‘Changhan58,’ the fructan content was very low at
the onset of grain filling, then increased in the middle of grain filling,
particularly, under the T3 treatment and thereafter dropped progressively
until maturity. In the T3, the maximum fructan content was 139 mg·g−1·DW.

Changes in FEH Activities in the Penultimate Internodes

In wheat, the FEH is responsible for the degradation of fructan into
fructose and sucrose when the supply of carbohydrate exceeds the demand.
The grain filling period requires more carbohydrate. The FEH changed sim-
ilarly across treatments (Figure 4). The activities of FEH in ‘Changwu134’
were lower than those in ‘Changhan58’ during the grain filling period. The
peak FEH in T3 was 24.52 at 30 DAA, being late by 6d compared with
‘Changwu134.’ In ‘Changhan58,’ the different fertilizer and tillage treat-
ments only changed the activities of the FEH during the grain filling period
and had no influence on the time of peak FEH activities. For ‘Changwu134,’
the timing of the drop in activity of FEH occurred 6d earlier than
‘Changhan58.’

Grain Yield and Water Use Efficiency

The different fertilizer treatments had different effects on WUE, al-
though there was no significant difference in wheat yield between T2 and
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22 W. Chen et al.

Day After Anthesis (d)
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FIGURE 4 FEH Activity in the penultimate internode of two wheat cultivars under different fertilizer
and tillage treatments after anthesis. Treatments have same definitions as Figure 1.

T4. Manure and conservation tillage increased the grain weight under T3.
In T2, the grain weight was similar to that of T4 and higher than that of T1
(Table 2). For T3, the wheat yield was 6769 kg ha−1, being 657 and 889 kg
ha−1 (or 10.7 and 15.1%) greater than yields under T2 and T4, respectively.
The 1000-grain weight was the main factor influencing the yield and harvest
index (HI). The T3 produced the heaviest individual grains, grain yield and
the highest HI. The T2 had more yield, heavier grains and higher WUE and
HI than T4. This implies that split fertilizer application was superior to one
time application. The WUE ranged from 15.50 to 18.36 [kg/ (hm2·mm)]
and was highest under T3 and lowest WUE under T1.

Wheat yield is determined by spike number, grain number and grain
weight. None of the treatments had a significant effect on number of spikes
at maturity; T3 had the highest grain weight, WUE and HI (Table 2). As a
result, it also had the highest grain yield among the treatments.

‘Changhan58’ had higher yield than ‘Changwu134,’ and T3 was the best
yielder with the heaviest individual grains. However, its grain number was
significantly lower than that of T2 and T4.

DISCUSSION

The remobilization of pre-anthesis assimilate stored in penultimate in-
ternode is important for grain filling, particularly for wheat under abiotic
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stress such as drought and heat during the grain filling period. There are
two ways of monitoring the amounts of accumulated and mobilized stem
reserves. The indirect way is to monitor changes in internode dry weight
(Ehdaie et al., 2006); the direct way is to measure internode WSC content
during the grain-filling period (Blum, 1998; Vijn and Smeekens, 1999).

Ehdaie et al. (2006) insisted that changes in stem dry weight could be
used to estimate stem reserves and related characters instead of measur-
ing stem WSC content. Thus, the weight of penultimate internode is a vital
index for dry matter accumulation and mobilization. In this study, we ob-
served the change in the content of DW (indirect approach) and TTS (direct
approach) of the penultimate internodes. Both parameters changed simi-
larly during the grain filling stage. The grain filling period can be divided
into three phases: the first phase is slow-increase duration—at the onset of
grain filling when the weight and concentration of total soluble sugars in
the penultimate internode increased slowly. The second phase is the fast
increase duration—at the middle of the grain filling period, when both the
dry weight and concentration of total soluble sugars in the penultimate in-
ternode increased sharply. The third phase of the grain filling period is
the slight increase duration, where the dry weight and concentration of the
penultimate internode increased slightly.

From Figure 1, we note that the maximum weight occurred at 18 DAA.
The ratio of decrease for T3 between the 18 DAA and 36 DAA was 8.29
mg d−1, which was very fast relative to other treatments. The chlorophyll
content of the flag leaf (data not show) changed similarly, illustrating that
the use of manure and conservation tillage can enhance the fixing of more
carbohydrate and storage of water soluble carbohydrates in the penultimate
internode, thereby maintaining a stronger “source” for grain filling and
prolonging the duration of the fast increase phase of the grain filling period.

Measuring the WSC content in the internode during the grain-filling
period is a direct way of monitoring the amounts of accumulated and mobi-
lized stem reserves. Figure 2 illustrated the changes in water soluble carbohy-
drates in the penultimate internode. The maximum penultimate internode
dry weight and WSC content across treatments was reached 24 and 10 DAA,
which then declined progressively over time (Figure 2). A large portion of
the drop in stem dry weight in the period between maximum and minimum
stem dry weight could be accounted for by the mobilization of stem WSC.

Fructan storage can rapidly be induced in photosynthetically active tis-
sues, when the export of carbohydrates is restricted. But in most fructan
storing species, under more ‘natural’ growth conditions, long-term fructan
storage occurs mainly in tissues of low or negligible photosynthetic activity
(Gebbing, 2003). During the grain filling stage, the activities of FEH in-
creased at DAA 20, and then declined progressively over time (Figure 4).
During the same stage, particularly in the middle of that period, sole de-
pendence on the flag leaf could not supply enough carbohydrates for grain
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filling, so the fructan stored in the penultimate internode was remobilized
and transferred to the grain. The change in fructan content of the penul-
timate internode was similar to that of the grain weight, except that the
maximum grain weight occurred about 6 days later than the maximum fruc-
tan content. We consider that the contribution of fructan to yield requires
more time.

Crop WUE is an important trait in breeding programs. In almost all
crops, the greater WUE for grain was not due to an improvement in biomass
accumulation, but, rather surprisingly, almost entirely to an improved HI
(Richards et al., 1993). Grain yield ranged from 5423 to 6769 kg ha−1, being
lowest in T1 and highest in T3. Our results indicated that T3 (conservation
tillage plus combined use of inorganic and organic fertilizer) optimized yield
and WUE better than other treatments. The fertilizer treatments in T2 and
T4 were different and the results showed differences in HI and WUE, but
not in grain yield. We observed at the beginning of the wheat growth period,
namely the vegetative stage, that both cultivars had same growth conditions,
however, in the late reproductive stage, T2 received a split fertilization, which
supplied N at 75 kg ha−1, thus improving the nutrient level of the soil, which
translated to a yield advantage of 232 kg ha−1 over T4.

Nitrogen is the major nutrient influencing grain yield and protein con-
centration (Novoa and Loomis, 1981; Martre et al., 2003; McDonald et al.,
2008). Prior to anthesis, N supply affects crop growth and photosynthetic
capacity. In winter wheat, N application has large effects on leaf area expan-
sion and duration; which have been associated frequently with grain yield
(Thomas and Howarth, 2000). Pig manure and conservation tillage might
improve the WUE, grain yield and HI of winter wheat, especially for ‘Chang-
han58.’ Organic manures are a vital resource not only for supplying plant
nutrients but also for replenishing organic matter content of most agricul-
tural soils (Manna et al., 2007). Pig manure can enhance the storage of soil
water and improve soil fertility for wheat growth. The different fertilizer
treatments had different effects on WUE, although there was no significant
difference in wheat yield between T2 and T4.

CONCLUSIONS

During the grain filling stage, the activities of FEH first increased at
20 days after anthesis, then declined progressively. During this time same
stage, particularly in the middle of this stage, sole dependence on the flag
leaf could not supply enough carbohydrates for grain filling, so the fructan
stored in the penultimate internode was remobilized and transferred to the
grain. The application of N and P, in combination with organic manure,
would be an efficient practice for increasing wheat yield (through positive
changes in plant eco-physiology) and soil fertility.
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