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A B S T R A C T   

Ear photosynthesis plays a key role in wheat photosynthesis during the grain filling stage, 
particularly under drought stress. Thus, dissecting the responsibilities of the glume and awn in 
photosynthetic carbon fixation and assimilates transportation during the grain filling stage in 
spikes is imperative. In this study, the detachment of the glume (DG) and awn (DA) of a wheat 
variety (Pubing143) was used to estimate their influences on ear photosynthesis and dry matter 
distribution. Radioactive carbon-14 (14C) isotope was detected by a multifunctional liquid scin-
tillation counting system. The accumulation of 14C assimilates and their contributions to grain 
weight were then calculated. Under well-watered conditions, ear photosynthesis was reduced by 
16.8 % and 46.2 % 25 d after anthesis (DAA) in the de-glumed control (DGC) and de-awned 
control (DAC) treatments, respectively, compared with the intact ear control (IEC). Under 
drought stress, ear photosynthesis was reduced by 46 % and 74.2 % at 25 DAA after removing the 
glume and awn, respectively. Under normal conditions, the number of 14C assimilates of DGC, and 
DAC was reduced by 14.6 % and 20.9 % in grains at 25 DAA, respectively, compared with the IEC. 
Compared with IED, the 14C assimilates of DGD, and DAD declined by 17.2 % and 27 %, 
respectively, in grains at 25 DAA under drought conditions. Under well-watered conditions, the 
grain weight per pot was reduced by 11.2 % and 25.4 % in the de-glumed control (DGC) and de- 
awned control (DAC) treatments, respectively, compared with the intact ear control (IEC). The 
grain weight per pot was further reduced after removing the glume and awn (16 % and 32.2 %, 
respectively) under drought stress. Furthermore, the awn contribution to grain weight was twice 
that of the glume. Our results suggest that the glume and awn of ears play prominent roles during 
grain filling in wheat, especially under drought stress, and that the awn is more crucial than the 
glume.   

1. Introduction 

Wheat (Triticum aestivum L.) is the most important food crop in arid and semiarid regions of northern China [1–3]. The principal 
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abiotic stress limiting wheat yield is drought, which restricts photosynthesis, induces early senescence and eventually reduces plant 
yield [4,5]. Photosynthesis is a key process in drought stress response [6,7]. Drought stress perturbs physiological processes within 
plants, such as reducing chlorophyll content and enhancing canopy temperature, leading to a reduction in photosynthesis and other 
metabolic activities [8]. In addition, drought stress triggers the production of ROS, which results in the deterioration of membrane 
integrity, causing a reduction in the relative water content of leaves [9]. Inefficient physiological processes trigger metabolic activity, 
leading to low agronomic yields in terms of grain number, weight and plant biomass [8]. 

Generally, the flag leaf is considered the principal photosynthetic assimilation organ in wheat [10,11]. However, studies have 
suggested that ear photosynthesis is a key photoassimilate process that sustains grain filling [12–15]. According to the natural 
abundance of carbon isotope (δ13C) in wheat organs, carbon assimilates from flag leaves in wheat are mostly used for shoot growth 
[16], and a larger fraction of the assimilates stored in grains is derived from ears [17]. When wheat plants are labeled with 14CO2 in the 
middle grain filling phase, a greater portion of the 14C assimilates is allocated to the ears, and most of the 14C assimilates from the ears 
are transferred to the grains [18,19]. Based on gene expression and physiological evidence, ears perform better than flag leaves under 

Fig. 1. An overview of the experimental design and treatments. (A) Glumes and awns of the ears were removed with scissors at 0 DAA. The soil 
water content of the control and drought stress treatments was maintained at 70%–75 % and 35%–40 % of field capacity, respectively. Six 
treatments were included: IEC: Intact ear control; IED: Intact ear + drought stress; DGC: De-glumed ear control; DGD: De-glumed ear + drought 
stress; DAC: De-awned ear control; DAD: De-awned ear + drought stress. The sampling or harvesting time is indicated in figure. (B) A pot 
experiment with wheat at anthesis. Flag leaf (C), glume (D), lemma (E), palea (F), and awn (G) of wheat. (H) The phenotypes of the intact ear (IE), 
de-glumed ear (DG), and de-awned ear (DA) treatments. 
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drought stress in durum wheat [6]. The major organs of the ear are the awns and glumes. The awn, filiform, and sclerophyllous 
prolongations of the lemma doubles the net photosynthetic rate of ears during grain filling under irrigated conditions, and the pro-
portion of ear-contributed photosynthesis increases from 13% to 24 % in awnless ears, and from 34% to 43 % in awned ears under 
drought [20]. Glume is the closest organ to the grain and has a particular cellular and chloroplast allocation associated with its specific 
metabolism and sustained grain maturity [21–23]. It can contribute to nutrient distribution and photoassimilate conservation, which 
are transported to developing grains [24]. 

To completely identify the roles of ear organs, researchers have most often used the detachment of some wheat organ, such as stem 
defoliation and awn removal at the anthesis stage [13,25], the inhibition of photosynthesis by shading [12,13,25,26] and application 
of herbicides [27,28]. However, the vital roles of the glume and awn remain unclear. The ear makes outstanding photosynthetic 
contributions, the study of which might improve the understanding of how to enhance photosynthetic ability under drought conditions 
[29]. The importance of glumes and awns has been observed in their contributions to grain yield [20,25,30]. The detachment approach 
and carbon isotope traces have been used to analyze the respective photosynthesis contributions of wheat organs, such as the flag leaf 
and ear [19,25]. 

In this study, we combine the detachment of organs with carbon isotope traces to simultaneously illuminate their specific functions 
and the percentages of organ contributions to photosynthesis and assimilate translocation. The study provides valuable evidence 
regarding ear traits that could be regarded as vital indicators for breeding new material for dryland wheat and lays a theoretical 
foundation for exploring the capacity of yield increases in wheat. 

2. Materials and methods 

2.1. Plant material and experimental setup 

A pot experiment was conducted in a waterproof greenhouse. The wheat variety Pubing 143 was used. The soil field capacity was 
29.2 %. Twenty seeds were sown in each pot and thinned to 14 seedlings per pot at the three-leaf stage. The tillers were removed before 
the jointing stage. The experimental design is shown in Fig. 1A. Wheat plants that bloomed on the same day were marked with tags. 
The glumes and awns of the ears were removed with scissors at 0 d after anthesis (DAA). The soil water content of the control and 
drought stress treatments was maintained at 70%–75 % and 35%–40 % of the soil field capacity, respectively. The pots were weighed 
and supplemented with water to the standard daily. 

We used six treatments: IEC: Intact ear control; IED: Intact ear + drought stress; DGC: De-glumed ear control; DGD: De-glumed ear 
+ drought stress; DAC: De-awned ear control; DAD: De-awned ear + drought stress. The sampling and harvesting times are indicated in 
Fig. 1. Twelve replicate pots were prepared for each treatment group. The flag leaf and ear organs (glume, lemma, palea, and awn) of 
wheat are shown in Fig. 1B–G. The phenotypes of the intact (IE), de-glumed (DG), and de-awned (DA) ears are shown in Fig. 1H. 

2.2. Analysis of net photosynthetic rate (Pn) and transpiration rate (Tr) of flag leaf and ear 

The Pn and Tr values of flag leaves were directly measured by a portable gas-exchange photosynthesis system (LI-6400 XT, LiCor, 
USA). The Pn and Tr of the ears were determined using a special cylindrical chamber connected to a portable photosynthetic system, as 
in Ding [11,31]. All measurements were performed 0, 6, 18, and 25 DAA. The ear surface area was calculated according to the equation 
of Zhang [32]. Six biological replicates were analyzed. 

2.3. Determination of relative water content (RWC) 

Ear organs (glume, lemma, palea, and awn) and flag leaves were collected at 6, 18, and 25 DAA. RWC was determined according to 
the method of Nemati [33]. Six biological replicates were analyzed. 

2.4. Assay of radioactive carbon isotope 14C labeling of assimilates 

Twelve representative ears per treatment that flowered on the same day were randomly selected and labeled with 14CO2 on a sunny 
day at 6 DAA. Each ear was placed in a polyethylene plastic bag (100 mL) and sealed. Five milliliters of 14CO2 with 81.77 × 104 Bq L− 1 

CO2 intensity was injected by syringe into the bag according to the method of Jia [19]. The ears and flag leaves of labeled plants were 
harvested at 6 DAA after 1 h of labeling, 18 DAA, and 25 DAA. Radioactive carbon isotopes were detected using a multifunctional 
liquid scintillation counting system (LS-6500, Beckman, USA) and expressed as counts per minute (cpm). Disintegrations per minute 
(dpm) were corrected using counting efficiency and quench correction. The 14C-assimilate distribution ratio (%) in different organs 
was calculated using the following equation: 14C assimilate distribution ratio (%) = radioactivity of the organ (dpm)/total radioac-
tivity (dpm) × 100. Four biological replicates were analyzed. 

2.5. Determination of dry matter accumulation of ears 

Ears were sampled at 6, 18, and 25 DAA and immediately separated into glume, lemma, palea, awn, and grain. Dry matter 
accumulation was determined according to the method of Jia [19]. Six biological replicates were analyzed. 
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2.6. Analysis of grain weight and organ contribution 

Grain weight was determined from wheat ears harvested at maturity. Agronomic traits, including aboveground biomass per pot, 
fertile spikelets, infertile spikelets, 1000-grain weight, and grain weight per pot, were obtained. Five pots were analyzed per treatment. 

The photosynthetic contributions of the glume and awn of the ear to grain filling (organ contribution) were calculated based on the 
equations of Maydup [13] and Sanchez-Bragado [28], with some modifications under normal and drought conditions.  

Glume contribution (%) = [1-GWear of DA ear/GWear of IE] × 100                                                                                                          

Awn contribution (%) = [1-GWear of DA ear/GWear of IE] × 100, where GWear is the grain weight per ear.                                                   

2.7. Statistical analysis 

Data analyses were performed using Microsoft Excel 2016. Duncan’s multiple range analysis at P<0.05 was used to detect sig-
nificant differences by using SPSS statistical software. Figures were created using GraphPad Prism 7.0 and further processed using 
Adobe Illustrator CC software. The error bars represent standard error (SE). 

3. Results 

3.1. Pn and Tr of the flag leaf and ear 

The Pn of the flag leaf decreased during the grain filling period (Fig. 2A). The Pn of the ear increased at 6 DAA and then decreased 
during the grain filling phase (Fig. 2C). The Pn values of the flag leaf and ear decreased under drought stress. Compared with intact 
wheat, the removal of glumes and awns caused significant reductions in the Pn of the ear but did not effect on the Pn of the flag leaf. In 
addition, the Pn of the DG ears decreased less than that of the DA ears. Compared with the control (IEC, DGC, and DAC treatments), the 
Pn of the ear decreased by 15.1 %, 17.5 %, and 25.5 % at 18 DAA in the IED, DGD, and DAD treatments, respectively. The trend of Tr 
was consistent with that of Pn. During the grain filling phase, the Tr of the flag leaf was always reduced (Fig. 2B), and the Tr of the ear 

Fig. 2. The Pn and Tr of the flag leaf (A, B) and ear (C, D) in de-glumed and de-awned ears under drought stress. Capital letters indicate significance 
at P < 0.05 among different DAA under the same treatment. Lowercase letters represent significance at P < 0.05 among different treatments 
simultaneously. Six treatments were included: IEC: Intact ear control; IED: Intact ear + drought stress; DGC: De-glumed ear control; DGD: De-glumed 
ear + drought stress; DAC: De-awned ear control; DAD: De-awned ear + drought stress. Pn-net photosynthetic rate; Tr-transpiration rate; DAA: day 
after anthesis. 
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was first increased and then decreased (Fig. 2D). Compared with the control, the Tr of the flag leaf and ear declined. The Tr of the DG 
and DA ears was significantly lower than that of the intact ear. The decline in the DA ear was greater than that in the DG ear. 

3.2. Influence of drought stress on RWC in wheat 

The RWCs of the glume, lemma, palea, awn, and flag leaves decreased from 6 to 25 DAA during the grain filling phase. The RWCs of 
the remaining organs (glume, palea, awn, and flag leaf) remarkably decreased in the IED, DGD, and DAD treatments after drought 

Fig. 3. RWC of the ear organs and flag leaf in the de-glumed and de-awned ears under drought stress. (A) Glume, (B) Lemma, (C) Palea, (D) Awn, 
and (E) Flag leaf. Capital letters indicate significance at P < 0.05 among different DAA under the same treatment. Lowercase letters represent 
significance at P < 0.05 among different treatments simultaneously. Six treatments were included: IEC: Intact ear control; IED: Intact ear + drought 
stress; DGC: De-glumed ear control; DGD: De-glumed ear + drought stress; DAC: De-awned ear control; DAD: De-awned ear + drought stress. RWC- 
relative water content. DAA: day after anthesis. 
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stress compared with those in the IEC, DGC, and DAC treatments (Fig. 3A–E). The RWCs of the glume, lemma, palea, awn, and flag 
leaves decreased by 12.6 %, 9.2 %, 18.6 %, 8.8 %, and 19.8 %, respectively, in the IED treatment at 25 DAA, compared with IEC. After 
removal of the glume, the RWCs of the lemma, palea, awn, and flag leaves were reduced by 4.5 %, 17.4 %, 11.5 %, and 16.4 %, 
respectively, in the DGD treatment at 25 DAA, when compared with the DGC treatment. After detachment of the awn, the RWCs of the 
glume, lemma, palea, and flag leaves decreased by 13.6 %, 8.8 %, 14.4 %, and 12.7 %, respectively, in the DAD treatment at 25 DAA, 
compared with DAC. The RWCs of the remaining organs showed no significant changes after the glume and awn removal treatments 
compared with those of the intact ear. 

3.3. Differences in radioactivity and distribution ratio of 14C assimilates 

The 14CO2 tracer test showed that the radioactivity of 14C assimilates and that the distribution ratio of 14C assimilates of grains was 
elevated from 6 to 25 DAA but declined in the glume, lemma, palea, and awn during the grain filling phase. In the awn, the content of 
14C assimilates and the partition ratio of 14C assimilates were significantly higher than those in the glume, lemma, and palea. A small 
amount of 14C was assimilated into the flag leaves. 

The radioactivity of 14C assimilates decreased by 28 %, 30.2 %, and 33.6 % in grains in IED, DGD, and DAD, respectively, 25 DAA 
after drought treatment (Table 1). Compared with the IEC, the partition ratio increased significantly in lemma (7.3 %), palea (1.3 %), 
awn (2.4 %), and grain (3 %) in the DGC treatment. Moreover, the ratio was higher in the glume (4.7 %), lemma (3.6 %), palea (2.9 %), 
and grain (6 %) in the DAC treatment at 6 DAA than that in the IEC. Under drought stress, the distribution ratio of 14C assimilates was 
elevated in the glume, lemma, and awn (but not in the palea) and decreased in the grain in the IED, DGD, and DAD treatments. During 
the grain filling phase (6–25 DAA), the 14C assimilates from the glume, lemma, palea, and awn were withdrawn and transported into 
the grains. The distribution ratio of 14C assimilates in the grain increased from 48.1%-54.1 % to 74.4%–81.2 % (Table 2). 

3.4. Effects of drought stress on dry matter accumulation in ears 

Dry matter accumulation in the glumes, lemmas, paleae, and awns gradually decreased from 6 to 25 DAA (Fig. 4A–E and Table 3). 
Dry matter content decreased under drought stress. Compared with the IEC, the dry matter of the glume and awn were elevated by 2.8 
% and 3.6 % at 25 DAA in the DAC and DGC treatments, respectively. However, drought counteracted the rising effect and reduced the 
dry matter. Compared with that in IEC, the dry matter of the lemma increased by 18.8 % in DGC but declined by 2.6 % in DAC at 25 
DAA. Under drought conditions, dry matter increased by 16.9 % and decrease by 11.6 % in DGD and DAD, respectively, compared with 
the lemma in IED at 25 DAA. There were no significant differences in the dry matter of the palea among the IE, DG, and DA treatments. 
Compared with that of IED, the grain dry matter of DGD and DAD was reduced by 16.4 % and 31.6 %, respectively, at 25 DAA under 
drought stress. As shown in Table 3, the tendency of dry matter accumulation was consistent with that of the dry matter. 

Table 1 
Radioactivity of14C assimilates (dpm value) in DG and DA ears under drought stress.  

Treatments Flag leaf Glume Lemma Palea Awn Grain 

6 DAA 
IEC 20.19 ± 1.09 Aa 196.31 ± 10.79 Aa 150.51 ± 7.27 Ac 123.39 ± 4.55 Aa 243.22 ± 8.45 Aa 680.43 ± 14.98 Ca 
IED 18.79 ± 0.38 Ab 168.50 ± 2.19 Ab 124.60 ± 6.91 Ad 95.01 ± 4.63 Ab 217.95 ± 5.54 Ab 490.01 ± 11.29 Cd 
DGC 17.36 ± 0.88 Ac no 220.10 ± 9.33 Aa 122.73 ± 4.74 Aa 240.53 ± 7.83 Aa 627.77 ± 13.48 Cb 
DGD 15.36 ± 0.67 Bde no 172.48 ± 2.49 Ab 94.43 ± 4.77 Ab 217.60 ± 2.96 Ab 443.22 ± 7.48 Ce 
DAC 15.71 ± 0.51 Ad 196.73 ± 9.41 Aa 150.23 ± 5.19 Ac 122.84 ± 6.67 Aa no 571.71 ± 9.77 Cc 
DAG 14.29 ± 0.66 Ae 168.21 ± 4.91 Ab 124.42 ± 5.01 Ad 94.39 ± 5.50 Ab no 409.64 ± 7.84 Cf 
18 DAA 
IEC 20.96 ± 1.38 Aa 127.98 ± 3.41 Ba 97.34 ± 4.75 Bb 87.16 ± 2.82 Ba 150.37 ± 5.82 Ba 928.51 ± 18.65 Ba 
IED 19.54 ± 0.48 Ab 115.31 ± 4.03 Bb 83.36 ± 7.49 Bc 75.61 ± 3.91 Bb 128.30 ± 2.44 Bb 636.50 ± 14.19 Bd 
DGC 18.86 ± 0.27 Ab no 117.12 ± 4.03 Ba 86.62 ± 3.16 Ba 147.31 ± 3.04 Ba 806.35 ± 17.54 Bb 
DGD 17.36 ± 0.67 Ac no 86.38 ± 3.79 Bc 68.42 ± 2.56 Bc 126.67 ± 2.26 Bb 545.33 ± 8.46 Be 
DAC 15.66 ± 0.48 Ad 119.81 ± 1.89 Bb 96.81 ± 4.52 Bb 85.36 ± 2.37 Ba no 735.51 ± 3.12 Bc 
DAG 14.02 ± 0.30 Ae 95.58 ± 1.67 Bc 82.47 ± 2.58 Bc 64.67 ± 0.74 Bc no 479.14 ± 5.41 Bf 
25 DAA 
IEC 20.71 ± 1.02 Aa 83.39 ± 4.17 Ca 66.84 ± 3.42 Cbc 55.59 ± 3.37 Ca 94.50 ± 5.86 Ca 1079.08 ± 17.69 Aa 
IED 19.04 ± 0.43 Ab 68.13 ± 3.42 Cb 54.23 ± 3.30 Cd 45.92 ± 5.57 Cb 79.30 ± 2.45 Cb 776.69 ± 19.51 Ad 
DGC 18.61 ± 0.99 Ab no 85.28 ± 2.53 Ca 55.05 ± 2.46 Ca 84.82 ± 2.04 Cb 921.33 ± 12.48 Ab 
DGD 16.36 ± 0.91 ABc no 71.26 ± 3.25 Cb 44.63 ± 1.30 Cb 67.93 ± 1.06 Cc 643.33 ± 14.97 Ae 
DAC 15.41 ± 0.80 Ac 66.05 ± 3.09 Cb 63.83 ± 1.97 Cc 52.82 ± 1.40 Ca no 853.98 ± 14.45 Ac 
DAG 13.52 ± 0.86 Ad 51.43 ± 2.42 Cc 51.75 ± .3.44 Cd 41.92 ± 2.86 Cb no 567.26 ± 16.76 Af 

Six treatments were included: IEC: Intact ear control; IED: Intact ear + drought stress; DGC: De-glumed ear control; DGD: De-glumed ear + drought 
stress; DAC: De-awned ear control; DAD: De-awned ear + drought stress. DAA: day after anthesis. Capital letters indicate significance at P < 0.05 
among different DAA under the same treatment. Lowercase letters represent significance at P < 0.05 among different treatments simultaneously. 
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3.5. Differences in grain weight and organ contribution 

Compared with the control plants, the aboveground biomass per pot, 1000-grain weight, grain weight per pot, and number of fertile 
and infertile spikelets declined in the IED, DGD, and DAD treatments under drought stress (Fig. 5A–D). The aboveground biomass was 
reduced by approximately 25.7%–26.7 % in the IED, DGD, and DAD treatments under drought stress. The 1000-grain weight decreased 
by 27.9 %, 31 %, and 36 %, in the IED, DGD, and DAD treatments, respectively. The change in grain weight per pot was in accordance 
with the aboveground biomass and 1000-grain weight. With a normal water supply, the grain weight per ear decreased by 11.2 % and 
25.4 % when glumes and awns were removed, respectively. When wheat was exposed to adverse drought conditions, the decrease was 
exacerbated, and the reductions were 16 % and 32.2 %, respectively, in DGD and DAD wheat compared with IED. The numbers of 
fertile and infertile sipkelets decreased and increased, respectively, in IED, DGD, and DAD wheat under drought stress. Compared with 
intact ear wheat, the removal of glumes and awns decreased the number of fertile sipkelets by approximately 6.9 % under normal 
conditions and by approximately 4.8%–5.6 % under drought conditions. The detachment of the glumes and awns increased the number 
of infertile sipkelets by approximately 21.2%–52 % under normal conditions, and approximately 23.2%–26.8 % under drought 
conditions, compared with intact ear wheat. As shown in Fig. 6, the awn contribution was 2.3 times more than the glume contribution 
under normal conditions. Under drought stress, the contribution of awn was twice that of glume. 

4. Discussion 

Reports have clarified the contribution of ear photosynthesis to grain yield and the higher drought tolerance in plants [6,13,32,34]. 
In this study, the RWC results indicated that the glume and awn possessed a better capacity to endure drought (Fig. 3A–E). This finding 
supports the finding in the literature that the awn of bread wheat was able to maintain a higher RWC than the flag leaf under drought 
stress [34]. The awn also had the most marked sclerenchymatous structure among the plant organs studied, which endows it with 
tolerance to drought stress [15]. 

We also found that the decreases in Pn and Tr in the ears were lower than those in the flag leaves under drought conditions 
(Fig. 2A–D). These findings suggest a smaller reduction in photosynthesis in the ear than in the flag leaf of stressed wheat. These results 
are consistent with findings in the literature that the ear was not as sensitive to drought as the flag leaf in wheat [6,10,31]. In this 
context, the rate of decline in Pn indicated that the contribution of the awn to ear photosynthesis was greater than that of the glume 
after the removal of the glumes and awns (Fig. 2C). The importance of the awn was similar to the finding that awns, particularly in 
awned cultivars, possess a strong capacity for photosynthesize [30,34]. Ear organs that play key roles in the grain filling phase have 
been observed in other Poaceae species, such as barely. Comparative transcriptional profiling also showed that the barely awn was the 
major photosynthetic organ of ears [35]. Metabolic and transcriptional transitions revealed that the barley glume functioned as a 
transitory resource buffer during endosperm filling [23]. 

Carbon isotope 14C labeling can reflect 14C assimilates in the early grain filling phase (6 DAA) and the distribution of those as-
similates from the ear organs to the grains. 14C assimilates in ears were transported to grains from 6 to 25 DAA during the grain filling 
period (Tables 1 and 2). Several studies have highlighted the importance of photosynthesis in the ear. The contribution of ear 

Table 2 
Distribution ratio of14C assimilates in DG and DA ears under drought stress.  

Treatments Flag leaf（%） Glume（%） Lemma（%） Palea（%） Awn（%） Grain（%） 

6 DAA 
IEC 1.43 ± 0.08 Ac 13.88 ± 0.72 Ad 10.64 ± 0.58 Ad 8.73 ± 0.37 Ac 17.20 ± 0.58 Ac 48.12 ± 0.75 Cc 
IED 1.69 ± 0.06 Bab 15.11 ± 0.27 Ac 11.18 ± 0.47 Ad 8.52 ± 0.27 Ac 19.55 ± 0.21 Ab 43.95 ± 0.46 Cd 
DGC 1.41 ± 0.05 Bc no 17.92 ± 0.51 Aa 9.99 ± 0.29 Ab 19.58 ± 0.83 Ab 51.10 ± 0.76 Cb 
DGD 1.63 ± 0.08 Bb no 18.29 ± 0.43 Aa 10.01 ± 0.44 Ab 23.07 ± 0.32 Aa 47.00 ± 0.43 Cc 
DAC 1.49 ± 0.06 Ac 18.61 ± 0.77 Ab 14.21 ± 0.39 Ac 11.62 ± 0.62 Aa no 54.08 ± 1.02 Ca 
DAG 1.76 ± 0.08 Aa 20.74 ± 0.25 Aa 15.34 ± 0.27 Ab 11.64 ± 0.35 Aa no 50.51 ± 0.50 Cb 
18 DAA 
IEC 1.48 ± 0.09 Ad 9.06 ± 0.16 Bd 6.89 ± 0.33 Be 6.17 ± 0.21 Bd 10.65 ± 0.53 Bc 65.74 ± 0.60 Bc 
IED 1.85 ± 0.08 Ab 10.89 ± 0.22 Bc 7.91 ± 0.60 Bd 7.14 ± 0.36 Bd 12.12 ± 0.24 Bb 60.10 ± 0.57 Be 
DGC 1.60 ± 0.04 Ac no 9.96 ± 0.44 Bb 7.36 ± 0.24 Bc 12.53 ± 0.30 Bb 68.54 ± 0.56 Bb 
DGD 2.06 ± 0.06 Aa no 10.23 ± 0.36 Bb 8.10 ± 0.24 Bb 15.01 ± 0.43 Ba 64.60 ± 0.15 Bd 
DAC 1.49 ± 0.05 Ad 11.38 ± 0.10 Bb 9.19 ± 0.36 Bc 8.11 ± 0.28 Bb no 69.84 ± 0.20 Ba 
DAG 1.91 ± 0.05 Ab 12.99 ± 0.22 Ba 11.21 ± 0.35 Ba 8.79 ± 0.12 Ba no 65.11 ± 0.53 Bcd 
25 DAA 
IEC 1.48 ± 0.06 Ab 5.99 ± 0.22 Cb 4.77 ± 0.27 Cd 3.97 ± 0.19 Ce 6.75 ± 0.45 Cc 77.04 ± 0.53 Ac 
IED 1.83 ± 0.05 Aa 6.54 ± 0.43 Cab 5.20 ± 0.30 Cd 4.40 ± 0.54 Cde 7.60 ± 0.27 Cab 74.44 ± 0.67 Ad 
DGC 1.60 ± 0.10 Ab no 7.32 ± 0.26 Cb 4.73 ± 0.22 Ccd 7.28 ± 0.14 Cb 79.08 ± 0.30 Ab 
DGD 1.94 ± 0.08 Aa no 8.45 ± 0.37 Ca 5.29 ± 0.16 Cab 8.06 ± 0.17 Ca 76.26 ± 0.53 Ac 
DAC 1.46 ± 0.05 Ab 6.28 ± 0.31 Cb 6.07 ± 0.09 Cc 5.02 ± 0.09 Cbc no 81.17 ± 0.32 Aa 
DAG 1.86 ± 0.12 Aa 7.09 ± 0.36 Ca 7.13 ± 0.51 Cb 5.78 ± 0.31 Ca no 78.15 ± 1.08 Ab 

Six treatments were included: IEC: Intact ear control; IED: Intact ear + drought stress; DGC: De-glumed ear control; DGD: De-glumed ear + drought 
stress; DAC: De-awned ear control; DAD: De-awned ear + drought stress. DAA: day after anthesis. Capital letters indicate significance at P < 0.05 
among different DAA under the same treatment. Lowercase letters represent significance at P < 0.05 among different treatments simultaneously. 
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photosynthesis to grain filling has been shown to increase with a decrease in water supply [14,15,28]. 
In the intact ear, the number and partition ratio of 14C assimilates in the awn were the highest, followed by those in the glume, 

lemma, and palea. This finding proves that awns play an important role in ear photosynthesis, followed by glume. The literature has 
demonstrated that awns possess a strong capacity to provide assimilation products to grain mass during the grain filling phase in 
awned cultivars [30]. 

The contributions of flag leaf, stem, chaff, and awn to grain filling were evaluated under Mediterranean conditions in durum wheat. 
The results indicated the importance of spike and awns as providers of carbon products by photosynthesis and the modest contribution 
of flag leaf to final grain yield [25]. Different experimental setups have been used to quantify the contribution of the ear to grain filling 
by removing awns and shading the entire ear in bread wheat [13]. The findings have demonstrated the contribution of ear photo-
synthesis is vital to resource limitation. The relative contribution of ears to grain filling, particularly under drought stress, was further 
confirmed by our experimental data. The content of radioactive 14C assimilates significantly decreased in the grains after detaching the 
glumes and awns because of a reduction in ear photosynthesis. The extent of the descent was greater in the DA treatment than in the DG 

Fig. 4. Dry matter of the de-glumed and de-awned ears under drought stress. (A) Glume, (B) Lemma, (C) Palea, (D) Awn, and (E) Grain. Capital 
letters indicate significance at P < 0.05 among different DAA under the same treatment. Lowercase letters represent significance at P < 0.05 among 
different treatments simultaneously. Six treatments were included: IEC: Intact ear control; IED: Intact ear + drought stress; DGC: De-glumed ear 
control; DGD: De-glumed ear + drought stress; DAC: De-awned ear control; DAD: De-awned ear + drought stress. DAA: day after anthesis. 
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treatment (Table 1). It also proved that the awn and glume are the curial parts of ear organs during ear photosynthesis. However, the 
partitioning of 14C was higher in the grains of the DG and DA plants than in those of IE plants (Table 2). The main reason this finding 
was observed was that the detachments of the glume and awn decreased the total dry matter of the ear, eventually leading to a higher 

Table 3 
Dry matter accumulation in the DG and DA ears under drought stress.  

Treatments Glume（%） Lemma（%） Palea（%） Awn（%） Grain（%） 

6 DAA 
IEC 14.15 ± 0.28 Ac 16.15 ± 0.33 Ae 7.37 ± 0.30 Ac 6.71 ± 0.29 Ac 55.62 ± 0.78 Ce 
IED 13.39 ± 0.29 Ad 14.70 ± 0.18 Af 6.66 ± 0.17 Ad 6.20 ± 0.21 Ad 59.05 ± 0.59 Cc 
DGC no 21.21 ± 0.27 Aa 8.66 ± 0.08 Aa 8.29 ± 0.18 Aa 61.84 ± 0.38 Cb 
DGD no 20.06 ± 0.41 Ab 7.81 ± 0.13 Ab 7.66 ± 0.27 Ab 64.47 ± 0.56 Ca 
DAC 16.55 ± 0.24 Aa 18.12 ± 0.42 Ac 8.67 ± 0.16 Aa no 56.66 ± 0.54 Cd 
DAG 15.60 ± 0.46 Ab 16.85 ± 0.19 Ad 7.80 ± 0.19 Ab no 59.75 ± 0.34 Cc 
18 DAA 
IEC 6.78 ± 0.23 Bc 7.69 ± 0.27 Bc 3.47 ± 0.15 Bd 3.76 ± 0.09 Bb 78.30 ± 0.23 Bc 
IED 6.17 ± 0.06 Bd 6.77 ± 0.17 Bd 3.13 ± 0.05 Be 3.29 ± 0.08 Bc 80.63 ± 0.17 Bb 
DGC no 10.48 ± 0.49 Ba 4.27 ± 0.16 Bab 4.70 ± 0.12 Ba 80.55 ± 0.47 Bb 
DGD no 9.36 ± 0.13 Bb 3.92 ± 0.26 Bc 3.98 ± 0.25 Bb 82.74 ± 0.52 Ba 
DAC 8.15 ± 0.32 Ba 9.16 ± 0.15 Bb 4.35 ± 0.19 Ba no 78.34 ± 0.17 Bc 
DAG 7.69 ± 0.17 Bb 8.16 ± 0.31 Bc 4.03 ± 0.02 Bbc no 80.12 ± 0.29 Bb 
25 DAA 
IEC 4.17 ± 0.04 Cc 4.52 ± 0.02 Ce 2.21 ± 0.03 Ce 2.21 ± 0.01 Cc 86.90 ± 0.06 Ae 
IED 3.75 ± 0.02 Cd 4.09 ± 0.01 Cf 2.07± 0.02 Cf 2.07 ± 0.02 Cd 88.02 ± 0.07 Ac 
DGC no 6.30 ± 0.05 Ca 2.65 ± 0.02 Cb 2.68 ± 0.01 Ca 88.37 ± 0.06 Ab 
DGD no 5.80 ± 0.09 Cb 2.49 ± 0.05 Cd 2.53 ± 0.02 Cb 89.19 ± 0.09 Aa 
DAC 5.51 ± 0.03 Ca 5.66 ± 0.03 Cc 2.77 ± 0.01 Ca no 86.03 ± 0.04 Af 
DAG 5.05 ± 0.02 Cb 5.23 ± 0.02 Cd 2.57 ± 0.03 Cc no 87.14 ± 0.04 Ad 

Six treatments were included: IEC: Intact ear control; IED: Intact ear + drought stress; DGC: De-glumed ear control; DGD: De-glumed ear + drought 
stress; DAC: De-awned ear control; DAD: De-awned ear + drought stress. DAA: day after anthesis. Capital letters indicate significance at P < 0.05 
among different DAA under the same treatment. Lowercase letters represent significance at P < 0.05 among different treatments simultaneously. 

Fig. 5. The grain weight and numbers of fertile and infertile spikelets in the de-glumed and de-awned ears under drought stress. (A) Aboveground 
biomass per pot, (B) 1000-grain weight, (C) Grain weight per pot, and (D) The numbers of fertile and infertile spikelets. Different letters indicate 
significance at P < 0.05 among all treatments. Six treatments were included: IEC: Intact ear control; IED: Intact ear + drought stress; DGC: De- 
glumed ear control; DGD: De-glumed ear + drought stress; DAC: De-awned ear control; DAD: De-awned ear + drought stress. 
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ratio in the grains. These results suggest that awns and glumes are the major photosynthetic organs in the ears. Moreover, the 
photosynthetic function of awns ie more important than that of glumes. 

Dry matter partitioning is the result of processes that affect the distribution of dry matter among plant organs [36]. Decreases in 
partitioning to the ear organs can be targeted to favor partitioning to the grain [37,38]. In this study, dry matter and dry matter 
accumulation were reduced in the glume, lemma, palea, and awn from 6 to 25 DAA (Fig. 4A–E and Table 3). Dry matter accumulation 
was also reduced in the ear organs under drought stress, possibly because of the low photosynthesis and water state of wheat. During 
the grain filling phase, dry matter accumulation was significantly higher in the grains than in the other ear organs. The main reason for 
this finding is that the dry matter in the ear organs was withdrawn, transported, and assimilated into to the grains during the grain 
filling phase. This tendency was consistent with several findings in the literature [13,19]. 

As expected, source-sink manipulations conducted at anthesis (6 DAA) greatly affected the aboveground biomass per pot, 1000- 
grain weight, and grain weight per pot (Fig. 5A–C). The significant effect on the number of fertile and infertile spikelets (Fig. 5D) 
indicated that organs detachment could also lead to grain infertile, as reported by Merah and Monneveux [25]. In this study, glume and 
awn detachment led to decreases in grain weight per pot of approximately 11.2 % and 25.4 %, respectively, under normal conditions. 
All yield components are negatively affected by drought [39]. When wheat was exposed to adverse drought stress, the grain weight per 
pot decreased by 16 % and 32.2 %. Notably, we also observed large contributions from the glume and awn to the final yield (Fig. 6). 
The awn contribution was approximately 2–2.3 times that of the glume. These results indicate that assimilates produced by the glume 
and awn of the ear during the grain filling phase are key factors in sustaining grain weight. Moreover, awn photosynthesis contributed 
more to grain weight than glume photosynthesis did. This result is similar to the finding that awn and glume have vital functions in ear 
photosynthesis and grain yield [23,25,26,34,35]. In this study, we focused on the contributions of the glume and awn to ear photo-
synthesis, assimilates and grain weight. The potential effects of detaching the glume and awn on enzyme activities and the expression 
of genes involved in sugar transportation should also be considered and require further investigation. 

In conclusion, glume or awn removal treatments may decrease ear photosynthesis and 14C assimilation, leading to a decline in the 
grain weight of ears under normal and drought conditions. These findings indicate that the glume and awn play crucial roles during 
grain filling in wheat, especially under drought conditions, and that the contribution of the awn is greater than that of the glume. Our 
findings provide valuable information on ear traits that can be used as essential indicators for breeding new material for dry land wheat 
and lay a theoretical foundation for exploring the potential yield increase in wheat. 
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