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Besides leaves, non-foliar green organs such as stem and spike are also considered
photosynthetic organs. To assess the photosynthetic contributions of these organs, the
correlations between these photosynthetic areas and single-spike weight were investigated
in a winter wheat (Triticum aestivum L.) under four nitrogen and mulching treatments: N120,
N150, N195, and N195 + M. Two-year repeated field experiments were conducted on the
Loess Plateau of China. Non-foliar photosynthetic area, grain-filling ratio and duration,
grain yield, and in particular, single-spike weight, were measured, recorded and analyzed.
Under the N195 + M treatment, plants showed the largest area of photosynthetic organs
(flag leaf and non-foliar organs) and the highest grain yield and single spike weight. Single-
spike weight was positively correlated with the areas of all examined non-foliar
photosynthetic organs, in particular with the area above the flag leaf node (R2 = 0.761⁎)
and the area above the exposed part of the peduncle (EXP) (R2 = 0.800⁎⁎). In addition, single-
spike weight was highly correlated with average grain-filling ratio (R2 = 0.993⁎⁎), whereas it
was less highly correlated with grain-filling duration (R2 = 0.533). The morphological traits
of non-foliar photosynthetic organs were also more highly correlated with average grain-
filling ratio than with average grain-filling duration. The significant correlation between
each of the morphological traits (area, length and width) of EXP and single-spike weight
indicates that morphological traits of EXP are important in determining spike weight in the
Loess Plateau environment.
© 2018 Crop Science Society of China and Institute of Crop Science, CAAS. Production and
hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Wheat yield can be increased by large biomass and improved
HI. However, the HI of wheat is now approaching a plateau
and further increases in yield will require an increase in
productive biomass [1]. Large biomass accumulation leads to
high photosynthetic area, in turn increasing grain yield
potential [2].

Leaf tissue has been historically considered to be the
main photosynthetic organ [3]. Flag leaves in wheat are
the leaves most important in photosynthesis, given that
lower leaves are shaded by upper ones [4]. Leaf area is one
of the most important morphological traits determining
winter wheat yield under a wide range of environmental
conditions [5,6]. Increasing leaf area can increase yield by
increasing the production of photosynthetic assimilates
[7]. The length, width, and area of a leaf, which are the
three traits determining its shape and size, are [8].

Besides leaves, non-foliar green organs such as stem
and spike can also be considered photosynthetic organs
contributing to yield [9]. In several studies [10–13],
photosynthesis by non-foliar organs contributed signifi-
cant proportions of grain yield. Depending on wheat
variety, environment, and experimental procedure, the
ear contributed 10%–59% of total grain weight [14,15],
while the exposed peduncle and flag leaf sheath contrib-
uted about 9%–12% [16]. Under drought conditions, non-
foliar organs may become the main photosynthetic con-
tributors to grain filling [11,17]. The peduncle accounts for
much of the total stem length in wheat and is an
important organ for carbohydrate storage [18], which
plays an important role in stabilizing grain yield under
drought conditions [19]. Ear photosynthesis has a direct
effect on grain yield [20,21] and ear morphological traits
are selection criteria in wheat breeding [22].

The concept of the photosynthetic area above the flag leaf
node in wheat as an important determinant of grain yield
has existed for many years [23,24]; however, the role of non-
foliar photosynthesis has been omitted from analyses of the
areas of specific photosynthetic modules with respect to
their influence on grain yield. The correlations between
single-spike weight and morphological traits of photosyn-
thetic organs, particularly non-foliar organs have considered
[10]. Measuring the dynamics of water-soluble carbohydrates
(WSC) during grain filling is a commonmethod for predicting
yield [25,26]; however, it is time-consuming and destructive
[27]. Crop morphological traits can be quickly, easily,
cheaply, and nondestructively observed or measured in the
field to give quantitative trait data related to yield [3]. In our
study, the associations among single-spike weight, grain-
filling parameters including grain-filling duration, average
grain-filling ratio, and morphological traits of photosyn-
thetic organs (length, width or diameter, and area) were
investigated under different nitrogen and mulching regimes.
The purpose of this study was to identify a possible link
between photosynthetic morphological traits and single-
spike weight. The linked phenotype could be used for yield
improvement by increasing single-spike weight in winter
wheat in the Loess Plateau environment.
2. Materials and methods

2.1. Site description and crop husbandry

The study was conducted during the 2011/2012 and 2012/2013
winter wheat growing seasons at Changwu Agricultural
Research Station of the Chinese Academy of Sciences (35°14′
N, 107°41′ E and 1206 m elevation) located on the Loess
Plateau of China. Because the water table is 60 m or deeper
below the surface, groundwater is unavailable for crops. The
soil was a silty loam according to the USDA classification
system. The chemical properties of the soil at 20 cm depth on
the experimental site before 2011 were as follows: pH 8.5, bulk
density 1.2 g cm−3, organic matter 14.4 g kg−1, total N
0.95 g kg−1, available phosphorus 19 mg kg−1, and available
potassium 157 mg kg−1.

Seeds of a winter wheat cultivar (Changhan 58) were
manually sown on Sep. 26, 2011 and harvested on July 2,
2012 in the first winter wheat growing season, and sown on
Sep. 19, 2012, and harvested on June 26, 2013 in the second
winter wheat growing season. In both seasons, the sowing
rate was 150 kg ha−1. The germination rate was about 90%.
The plot size was 10 m × 10 m and the row space was 20 cm.
Fungicides and pesticides were applied at jointing and booting
stages and 10 days after anthesis. No diseases or pests were
found during the growing period. Rainfall was not supple-
mented with irrigation in either season.

The patterns of rainfall and temperature in the station during
the two growing seasons are summarized in Fig. 1. In the first
growing season (2011/2012), the total precipitation was 667 mm
including 477 mm and 190 mm in fallow and cropping periods,
respectively. In the second growing season (2012/2013), the total
precipitation was 422 mm, of which 234 mm was in the fallow
and 188 mm in the cropping period (Fig. 1). The rainfall on the
crop accounted for 29% and 45% of the total annual precipitation
in the respective seasons. The DI for annual precipitation was
calculated using Eq. (1) to assess variation in and status of
precipitation among different years [28].

DI ¼ P−Mð Þ=σ ð1Þ
where P is annual precipitation, M is average precipitation, and
σ is the standard error of precipitation. DI is used to distinguish
among wet (DI > 0.35), normal (−0.35 ≤ DI ≤ 0.35), and dry
(DI < −0.35) growing seasons for annual precipitation [29]. In
the present study, the DIs were 0.43 and − 0.45 in the first and
second winter wheat growing seasons, respectively. Thus, the
first season was classified as wet and the second as dry.

2.2. Treatments and experimental design

FourN treatmentswere applied. P2O5 at a level of 120 kg ha−1was
applied in all treatments as basal fertilizer. The N treatments
were.

1) N120: N (120 kg ha−1) as basal fertilizer, with no mulch
applied.

2) N150: N (150 kg ha−1) as basal fertilizer, with plastic film
mulching applied during the summer fallow but removed
at sowing.



Fig. 1 – Precipitation and mean temperature in 2011/2012 (left) and 2012/2013 (right) along with the long-term means at the
experimental site (the average precipitation was from 1957 to 2006 and the average temperature (T) was from 2007 to 2013).
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3) N195: N (120 kg ha−1) as basal fertilizer with additional N
(75 kg ha−1) top dressed at jointing and no mulch applied.

4) N195 + M: N (120 kg ha−1), ox manure at 4.5 t ha−1 as basal
fertilizer with additional N (75 kg ha−1) top dressed at
jointing, and wheat straw mulch applied during the
summer fallow but removed at sowing.
Fig. 2 – Diagram of segments of the main stem. EXP, exposed
part of peduncle; ENP, enclosed part (by flag leaf sheath) of
peduncle; PI, penultimate internode; ERI, lower internode;
ESTI, lowest internode; FLS, flag leaf sheath; PL, penultimate
leaf; ERL, lower internode leaf.
Nitrogen application at 120 kg ha−1 as basal fertilizer
(treatment 1) is a common local practice in winter wheat
cultivation, so that N120 represents the current farmers'
practice in this region. N150 is derived from integrated soil–
crop system management (ISSM), combined with plastic film
mulching for maintaining soil water content (treatment 2).
Topdressing with N at the jointing stage is used in the region
for increasing yield, so that N195 represents the practice of
compensating for the N shortage during late grain filling
(treatment 3). The application of ox manure mulch during
summer fallow periods was intended to increase soil water
content and soil organic matter. Thus, N195 + M represents
high-yielding practice (treatment 4).

There were four replications for each treatment, resulting
in 16 plots. Plots were randomized. Nitrogen and P were in the
form of urea and superphosphate. The ox manure contained
362.1 g kg−1 of C, 20.3 g kg−1 of total N, 8.5 g kg−1 of total K, and
18.2 g kg−1 of total P.

2.3. Sampling

Twenty uniform plants in each plot were sampled at anthesis.
The stems were divided into five segments as shown in Fig. 2.
Table 1 – The main parameters of grain filling in two
growth seasons.

Treatment A B W (g)

2012 2013 2012 2013 2012 2013

N120 43.69 43.18 0.183 0.199 1.536 1.283
N150 23.71 38.89 0.167 0.183 1.693 1.630
N195 23.12 31.61 0.163 0.171 1.656 1.591
N195 + M 21.77 29.79 0.167 0.184 1.905 1.706

A and B, coefficients determined by regression; W, final spike
weight.
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The morphological traits of photosynthetic organs were
measured as follows:

Flag leaf area was calculated using Eq. (2) as follows [30]:

Flag leaf area ¼ leaf length� leaf width� 0:83 ð2Þ

Whole ear area was determined by Eq. (3) following
previous studies [31,32].

Whole ear area ¼ ear length� ear width
� 3:8 glume surface areað Þ
þ total awn length of the top third spikelet
� seed spikelet number
� 0:1 awn surface areað Þ

ð3ÞSurface area of specific internode segment as a cylinder
was calculated by Eq. (4) according to a previous study [33].

Internode area ¼ internode length� π
� internode diameter ð4Þ
Fig. 3 – Effect of different treatments on areas of internode segmen
bars denote significant differences under different treatments (P
The diameter was measured with an electronic caliper.
Because the diameter of the same internode segment varies
from bottom to top, the diameter value usedwas the average of
the top,middle, and bottom sections in one internode segment.

2.4. Determination of grain filling

Four hundred spikes that headed on the same day were
chosen and tagged in each plot. Twenty tagged spikes from
each plot were sampled at intervals of five days from anthesis
to maturity. All kernels from each spike were removed by
hand, dried at 70 °C to constant weight, and weighed. The
grain-filling process was fitted into the growth equation [34]
as described previously [35]:

W ¼ W0= 1þAe−Bt
� � ð5Þ

where W0 is kernel weight (g), t is time after anthesis, and A
and B are coefficients determined by regression.
ts at anthesis in two growing seasons. Different letters above
< 0.05).
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The software CURXPT was used to determine the duration of
grain-filling and average grain-filling ratio. Briefly, the parame-
ters A and B in Eq. (5) were determined by regression of the grain
weight (W0) on time after anthesis (t), and duration of grain filling
(T) and average grain-filling ratio (Va) were then calculated as
follows.

t1 ¼ ln A− ln 2þ 31=2
� �h i

=B ð6Þ

t2 ¼ ln Aþ ln 2þ 31=2
� �h i

=B ð7Þ

t3 ¼ ln Aþ 4:59512½ �=B ð8Þ

T ¼ T1 þ T2 þ T3 ð9Þ
Fig. 4 – Effect of different treatments on lengths of different intern
letters above bars denote significant differences under different
where T1 is the duration of the lag stage, T2 is the duration of the
linear increase stage, and T3 is the duration of physiological
maturation.

The average grain-filling ratio (Va) was calculated as.

Va ¼ W0=T ð10Þ
where T is grain-filling duration (days) andW0 is grain weight (g).

The grain-filling parameters are shown in Table 1.

2.5. Statistical analysis

The data were analyzed with SPSS software (SPSS 20.0; SPSS,
Inc., Chicago, IL., USA) using one-way analysis of variance
(ANOVA). Duncan's multiple-range test was used to compare
treatment means. Linear regression was used to explore the
ode segments at anthesis in two growing seasons. Different
treatments (P < 0.05).



Fig. 5 – Effect of different treatments on diameters of internode segments at anthesis in two growth seasons. Different letters
above bars denote significant differences under different treatments (P < 0.05).
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correlations between single-spike weight and morphological
traits of specific photosynthetic organs.
3. Results

3.1. Photosynthetic organs and grain yield under different
treatments

Across treatments, the largest photosynthetic area was ob-
served in N195 + M and the smallest in N120 in both seasons
(Figs. 3–5). Among the photosynthetic organs, on average, the
whole stemcontributed the largest area (67.32 cm2), followed by
the spike (37.77 cm2) and the flag leaf (15.53 cm2) (Table 2).

Plants produced the largest stem area in treatment N195 + M,
followed by N195 in 2011/2102 and N150 in 2012/2013. The
smallest stem area was found in N120 (Fig. 3). Within different
internode segments, the PI presented the longest length and
the largest area, followed by ENP, ERI, EXP, and ESTI (Fig. 4).
The trend in diameter differed from the trend in area and
length. The descending order of diameters was PI, ERI, ESTI,
ENP, and EXP (Fig. 5). On average, the area and length of the
top three internode segments (EXP, ENP, and PI) were
significantly larger than those of the two basal internodes
(ERI and ESTI), whereas the diameter showed the opposite
trend.

In N195 + M, plants also showed the largest spike area (Fig. 6).
In the 2011/2012 growing season, the area of the spike in
N195 + M (43.50 cm2), N195 (42.47 cm2) and N150 (40.54 cm2)
was significantly larger than that in N120 (35.66 cm2), whereas
there were no significant differences between N150, N195, and
N195 + M. The same trend in spike length was found in the



Table 2 – Effect of rainfall levels on plant morphological traits.

Spike Flag leaf Whole stem

Area
(cm2)

Length
(cm)

Width
(cm)

Spikelet number Weight
(g)

Area
(cm2)

Length
(cm)

Width
(cm)

Area
(cm2)

Length
(cm)

Average diameter
(mm)

2011/2012 40.54 8.39 1.15 19.31 1.60 20.03 16.06 1.50 82.73 72.24 3.54
2012/2013 34.99 7.81 1.02 17.59 1.47 11.03 11.03 1.15 51.91 56.36 2.93
Average 37.77 8.10 1.09 18.45 1.54 15.53 13.55 1.33 67.32 64.32 3.24

Values are means of four treatments.
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second growing season, when the spike length was greatest
(8.45 cm) in N195 + M and least (6.92 cm) in N120.

The effect of treatment N195 + M on flag leaf area was more
pronounced. In the 2011/2012 growing season, the flag leaf area
(25.60 cm2) was significantly greater in N195 + M than in other
treatments. Treatment N120 showed the smallest leaf area
(13.54 cm2) (Fig. 7). A similar trend was observed in the second
growing season. No significant difference in flag leaf area was
detected in N195 and N150. The treatment effects on flag leaf
length andwidth showed trends similar to that on flag leaf area.
The large photosynthetic area in the treatment N195 + M led to
high single-spike weights. Single-spike weights were 1.77 and
1.64 g in 2011/2012 and 2012/2013, respectively, significantly
greater than in other treatments (Fig. 8). In general, grain yield
increased with N supply in both growing seasons. Under
treatment N195 + M, plants produced the highest grain yield,
Fig. 6 – Effect of different treatments on spike morphological trait
bars denote significant differences under different treatments (P
9217 and 7052 kg ha−1 in the first and second seasons,
respectively, values 36% and 67% greater than that under
N120. No significant difference in grain yield was observed for
treatments N150 and N195 (Fig. 9).

3.2. Sizes of photosynthetic organs and grain yield in relation
to rainfall

The levels of rainfall in the two growing seasons strongly
affected the sizes of photosynthetic organs and grain yield. On
average, the area of photosynthetic organs in the 2011/2012
growing season was much larger than that in the 2012/2013
growing season (Table 2), owing to the higher rainfall in the
2011/2012 growing season. In the first growing season, the
average spike area was 40.5 cm2, 15.9% greater than that in
the second growing season. The average spike width, length,
s at anthesis in two growing seasons. Different letters above
< 0.05).



Fig. 7 – Effect of different treatments on morphological traits
of flag leaf at anthesis in two growing seasons. Different
letters above bars denote significant differences under
different treatments (P < 0.05).

Fig. 8 – Effect of different treatments on single-spike weight at
maturity in two growing seasons. Different letters above bars
denote significant differences under different treatments
(P < 0.05).

Fig. 9 – Effect of different treatments on grain yield at maturity
in two growing seasons. Different letters above bars denote
significant differences under different treatments (P < 0.05).
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and spikelet number were respectively 1.1, 8.3, and 19.3 cm in
2011/2012 (the first season), values 11.3%, 5.8%, and 8.9%
greater than those in the second growing season. The
reduction in spike area under low rainfall was due mainly to
reductions in spike width and spikelet number. This finding
indicates that spike length has high heritability. The low level
of rainfall during 2012/2013 season markedly reduced flag leaf
and stem areas. On average, the flag leaf area (11 cm2) was
82% lower than in the first season. Both flag leaf width and
length were decreased by 35%. The length and area of the
whole stemwere also decreased by 22% and 56%, respectively,
in the second growing season (Table 2). The average diameter
in the second season (2.9 mm) was reduced by 20% relative to
the first season. For all shoot organs (spike, flag leaf, and
whole stem), the largest reduction in photosynthetic area was
found in the flag leaf, followed by the whole stem and spike,
indicating that the flag leaf was the organ most sensitive tow
drought stress. Owing to the high rainfall in the first season,
the average grain yield was 7946 kg ha−1, 49% greater than
that in the second season (5311 kg ha−1) (Fig. 9).

3.3. Correlations between single-spike weight and morphological
traits of photosynthetic organs

Single-spike weight showed significant positive correlations
with the area, length, and width of the five internode segments
andwith specific photosyntheticmodules (above flag leaf node,
above EXP node, and above PI node) (Table 3). In particular, the
area above the EXP node showed the highest correlations with
single-spike weight. Within different internode segments, from
apical to basal segments, the correlation coefficients decreased
gradually. This finding suggests that the area of apical
internode segments has more influence on single-spike weight
than that of basal internode segments.



Table 3 – Correlations between morphological traits of photosynthetic organs/modules and single spike weight.

Morphological
traits

Photosynthetic organ/module

Ear FL Above flag
leaf node

EXP Above EXP
node

ENP PI Above PI
node

ERI ESTI Whole
stem

Area 0.556 0.788⁎ 0.761⁎ 0.922⁎⁎ 0.800⁎⁎ 0.853⁎⁎ 0.577 0.762⁎ 0.553 0.486 0.645
Length 0.983⁎⁎ 0.828⁎ 0.840⁎⁎ 0.715⁎ 0.529 0.476 0.455 0.632
Width or diameter 0.542 0.799⁎ 0.871⁎⁎ 0.904⁎⁎ 0.729⁎ 0.721⁎ 0.641 0.782⁎

Spikelet number 0.815⁎

EXP, exposed part of peduncle; ENP, enclosed (by flag leaf sheath) part of peduncle; PI, penultimate internode; ERI, lower internode; ESTI, lowest
internode; FL, flag leaf.
Above flag leaf node includes flag leaf and ear; Above EXP node includes flag leaf, ear and EXP; Above PI node includes ear, flag leaf, EXP, ENP, and PI.
Diameter of specific internode segment is the average diameter in the top, middle and bottom positions of a specific internode segment.
⁎ and ⁎⁎, significant at P = 0.05 and P = 0.01, respectively.
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3.4. Correlations of average grain-filling ratio and grain-filling
duration with morphological traits

Grain-filling ratio and grain-filling duration are two factors
influencing yield. For single-spike weight, there was a stronger
(significant) correlation with average grain-filling ratio (R2 =
0.993⁎⁎) than with grain-filling duration (R2 = 0.533) (Fig. 10). The
morphological traits also showed stronger positive correlations
with average grain-filling ratio (Table 4) than with grain-filling
duration (Table 5). In particular, the area, length and diameter of
EXP showedhighlypositive correlationswithaverage grain-filling
ratio (R2 = 0.753⁎, R2 = 0.726⁎, and R2 = 0.786⁎), whereas only the
diameter of PI showed a substantial correlation with the grain-
filling duration (Table 4). These results indicate that the
morphological traits of EXPplay an important role in determining
average grain-filling ratio. The correlation coefficients of the
average grain-filling ratio and grain-filling duration tended to
decrease across the internode segments from apical to basal.
4. Discussion

In wheat genetic improvement, the increasing contribution of
ear photosynthesis to grain filling [10] suggests that grain
yield can be increased by selection for large spike area. In
Fig. 10 – Relationship between single spike weight and grain-fill
Significant at P < 0.01.
agreement with a previous study [36], spike length and
spikelet number per spike showed significantly positive
correlations with single-spike weight, indicating that spike
length, as an important component of spike area with high
inheritability, is a crucial morphological trait for increasing
grain yield.

Grain filling is the final growth stage in cereals and is an
important stage in determining economic yield. Average
grain-filling ratio and grain-filling duration are two important
components influencing grain filling [37]. In the present study,
both average grain-filling ratio and grain-filling duration
showed positive correlations with single-spike weight. The
stronger correlation of single-spike weight with grain-filling
ratio (R2 = 0.993⁎⁎) than with grain-filling duration (R2 = 0.533)
agrees with previous reports that the rate of grain filling was
more important in determining final grain yield than the
length of the grain-filling period [37,38]. On the Loess Plateau,
drought always occurs during the winter wheat growing
season, particularly in the grain-filling period [39]. Drought
stress accelerates the senescence of winter wheat, shortening
the duration of grain filling [40]. Varieties with high grain-
filling ratio are more likely to achieve high yield.

In this study, the quantity of N used in the N195 + M
treatment was equivalent to N286 (N195 as chemical fertil-
izers and N91 as ox manure). Under N195 + M, plants
ing duration (left) and average grain-filling ratio (right). **



Table 4 – Relationship between morphological traits of different photosynthetic organs/modules and average grain-filling
ratio.

Morphological
traits

Photosynthetic organ/module

Ear FL Above flag
leaf node

EXP Above EXP
node

ENP PI Above PI
node

ERI ESTI Whole
stem

Area 0.691 0.491 0.668 0.753⁎ 0.815⁎ 0.727⁎ 0.416 0.790⁎ 0.379 0.348 0.489
Length 0.899⁎⁎ 0.736⁎⁎ 0.726⁎ 0.575 0.413 0.324 0.326 0.484
Width or diameter 0.406 0.679 0.786⁎ 0.798⁎ 0.549 0.576 0.490 0.634
Spikelet number 0.659

EXP, exposed part of peduncle; ENP, enclosed (by flag leaf sheath) part of peduncle; PI, penultimate internode; ERI, lower internode ESTI, lowest
internode; FL, flag leaf.
Above flag leaf node includes flag leaf and ear; Above EXP node includes flag leaf, ear, and EXP; Above PI node includes ear, flag leaf, EXP, ENP, and PI.
Diameter of specific internode segment is the average diameter in the top, middle, and bottom positions of a specific internode segment.
⁎ and ⁎⁎, significant at P = 0.05 and P = 0.01, respectively.
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produced the highest yield, followed by N195 and N150,
whereas yield was lowest in N120. In agreement with previous
studies on the Loess Plateau of China, grain yield increased
with N input [41]. The size of photosynthetic organs is an
important factor determining the extent of photosynthesis
[42], which strongly influences HI [1]. The N195 + M treatment
can help plants produce larger photosynthetic organs and
increase single-spike weight. In the present study, the areas of
all photosynthetic organs showed positive correlations with
single-spike weight. A positive correlation between flag leaf
area and yield was also reported by Simon [6]. A larger leaf
area will improve light interception and thereby increase
biomass and yield [43].

Although the morphological traits of all internode seg-
ments showed positive correlations with single-spike weight,
the correlation coefficients for the different internode seg-
ments with single-spike weight varied. The two apical
internode segments showed higher correlations with single-
spike weight than did the other internodes. This finding
suggests that the peduncle could be the primary source of
assimilates for grain filling [4,44]. Among the other three
internodes examined in this study, PI seemed to act as the
most important source organ supporting grain filling [45], and
the two basal internodes (ERI and ESTI), which form earlier
Table 5 – Relationship between the morphological traits of d
duration.

Morphological
traits

Phot

Ear FL Above flag
leaf node

EXP Abo
n

Area 0.386 0.597 0.565 0.704 0.597
Length 0.557 0.593 0.575
Width or diameter 0.570 0.628 0.586
Spikelet number 0.683

EXP, exposed part of peduncle; ENP, enclosed part (by flag leaf sheath) of p
internode; FL, flag leaf.
Above flag leaf node includes flag leaf and ear; Above EXP node includes flag
Diameter of specific internode segment is the average diameter in the to
⁎ Significant at P = 0.05.
than the top internode segments,may store enough structural
carbohydrates to support the development of the plant.

The role of morphological traits above the flag leaf node
plays a role not only in determining wheat grain yield [23] but
also in drought resistance in durum wheat [46]. Of the three
different photosynthetic features (above flag leaf node, above
EXP node, and above PI node), a significant positive correla-
tion between the area above flag leaf node and single-spike
weight was found. The highly significant associations be-
tween single-spike weight and above EXP node (R2 = 0.800⁎⁎)
rather than above flag leaf node (R2 = 0.761⁎), indicates that
the area above EXP node plays a more important role in
contributing to the final grain yield. On the Loess Plateau,
winter wheat is most likely to encounter drought stress
during grain filling. Leaves tend to be damaged earlier under
drought stress than EXP [47]. EXP probably has superior
performance in photosynthesis during grain-filling under
drought conditions.

Both diameter and length of the stem showed positive
correlations with single-spike weight. The diameter and
length of the stem not only determine the volume of
internode segments, which can influence photosynthesis in
non-foliar organs, but also are useful in accumulating and
remobilizingWSC to the developing kernels [48]. The diameter
ifferent photosynthetic organs/modules and grain-filling

osynthetic organ/module

ve EXP
ode

ENP PI Above PI
node

ERI ESTI Whole
stem

0.643 0.613 0.597 0.594 0.553 0.633
0.630 0.496 0.565 0.521 0.614
0.605 0.716 ⁎ 0.651 0.623 0.673

eduncle; PI, penultimate internode; ERI, lower internode; ESTI, lowest

leaf, ear, and EXP; Above PI node includes ear, flag leaf, EXP, ENP, and PI.
p, middle, and bottom positions of a specific internode segment.
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of the internode, which was highly correlated with stem WSC
concentration [18], also plays an important role in lodging
resistance [49]. The longer the internode, the more potential
there is for larger reserve accumulation [18,50], and the level
of WSC stored in the stem has been proposed as a potential
selection criterion for drought tolerance in wheat [51]. The
area of photosynthetic organs and the length and diameter of
internode segments are important factors determining the
capacity for reserve accumulation and remobilization in
wheat.
5. Conclusions

The relationships between single-spike weight, grain-filling
characteristics, and morphological traits of photosynthetic
organs were characterized. With greater N input, higher grain
yield was realized in parallel with an increase in photosyn-
thetic area. The significant correlations between single-spike
weight and the area of non-foliar organs of the above EXP
node indicate the important role of the photosynthetic area
above the EXP node in determining final grain yield under
Loess Plateau conditions. Moreover, the morphological traits
of EXP (particularly the diameter) and single-spike weight
showed significant positive correlations with the average
grain-filling ratio, illustrating the important role of the
diameter of EXP in single-spike weight by its effect on grain-
filling ratio. EXP morphological traits, particularly diameter,
could be a good indicator of grain yield for breeding purposes
in terminal drought areas. Further evaluation in a range of
environments with more cultivars may validate this
correlation.
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