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ABSTRACT

Terminal drought is a primary constraint to wheat production in Mediterranean environments, often severely reducing grain
weight and quality. This study evaluated the physiological contribution of awns to yield formation, water use efficiency (WUE),
and grain quality traits in bread wheat [Triticum aestivum L.] and durum wheat [Triticum turgidum subsp. durum (Desf.) Husn.].
Two field experiments were conducted in Izmir, Turkey, over the 2018-2019 and 2022-2023 growing seasons under rainfed
and supplemental irrigation conditions. Treatments consisted of intact spikes and manually de-awned spikes to assess the net
photosynthetic and metabolic contribution of awns. De-awning significantly reduced grain yield and thousand-grain weight in
both species, though the magnitude of loss was influenced by water availability. In durum wheat, a significant Awn X Irrigation
interaction (p <0.01) for yield suggested that awns play a more critical compensatory role in durum cultivars under water stress
compared to bread wheat. Physiologically, awns contributed to maintaining higher WUE and, in bread wheat, supported grain
protein accumulation. However, the presence of awns tended to reduce the concentration of essential amino acids, likely due to
the dilution effect resulting from increased carbohydrate accumulation. Awn removal reduced protein content in T. aestivum but
not T. durum, yet increased essential amino acid concentrations in both species, likely reflecting a concentration effect due to re-
duced yield. These findings confirm that awns serve as a vital photosynthetic organ during terminal drought, playing a decisive

role in sustaining yield and regulating the carbon-nitrogen balance in Mediterranean wheat cultivation.

1 | Introduction

Wheat (Triticum spp.) remains a fundamental pillar of global
food security; however, its productivity is increasingly threat-
ened by environmental fluctuations, specifically water scar-
city during reproductive stages (Demirhan 2020; Reynolds
et al. 2005; Demirhan and Bayraktar 2025). In Mediterranean
climates, crops frequently encounter ‘terminal drought’, a
phenomenon where water stress intensifies during grain
filling (Ilker et al. 2011). Although the timing and severity
of terminal drought fluctuate, prolonged exposure has been

reported to cause yield reductions reaching 92% (Dhanda
and Sethi 2002; Farooq et al. 2014). Under these conditions,
physiological processes are severely disrupted: accelerated
leaf senescence, oxidative stress in chloroplasts, and stomatal
closure collectively diminish the capacity of the flag leaf to
sustain carbon fixation (Asada 2006; Yang et al. 2003; Plaut
et al. 2004). Consequently, the availability of current photoas-
similates becomes a limiting factor for grain sink strength and
final yield (Liang et al. 2001). In wheat, grain filling relies
largely on post-anthesis photosynthesis originating mainly
from the flag leaf, whereas remobilization from vegetative
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Key Points

» Terminal drought severely limits Mediterranean
wheat production.

« We examined physiological effects of awn removal in
two species.

« Awn removal reduced grain yield and water use
efficiency.

« Durum wheat showed higher awn dependency than
bread wheat.

+ Awns are vital for sustaining yield and quality under
water stress.

tissues provides an additional source; in our previous study,
post-anthesis photosynthesis accounted for 68.2%-72.6% of
grain dry matter formation depending on water regime (Tatar
et al. 2016).

Given the rapid decline in leaf photosynthesis under drought, the
physiological contribution of the wheat ear (spike) has emerged
as a critical compensatory mechanism (Abbad et al. 2004;
Tambussi et al. 2007). Recent research confirms that the ear,
and specifically the awns, plays a pivotal role in grain filling,
acting as a major source of assimilates when leaf function is
compromised (Sanchez-Bragado et al. 2014; Martinez-Pena
et al. 2023; Li et al. 2023). Unlike leaves, the spike exhibits ‘stay-
green’ traits and possesses distinct xeromorphic adaptations
that allow it to maintain higher water potential and photosyn-
thetic electron transport rates during water deficit (Blum 1985;
Tambussi et al. 2005). Furthermore, molecular evidence sug-
gests that the spike plays a superior role in drought tolerance
compared to the flag leaf, potentially through the activation
of secondary metabolic pathways such as the phenylpropanoid
pathway (Li et al. 2020).

The awns, as long slender extensions of the lemma, are the
primary drivers of this ear-based photosynthesis (Blum 1985).
Morphologically, awns can increase the total photosynthetic
surface area of the spike by 59%, significantly enhancing
radiation interception (Motzo and Giunta 2002). This mor-
phological advantage translates into physiological gains; ear
photosynthesis has been shown to contribute 13%-43% of
grain assimilates under drought conditions, largely driven by
the presence of awns (Evans et al. 1972; Maydup et al. 2014).
However, the role of awns is not limited to carbon fixation.
As highlighted by Tambussi et al. (2007), the ear possesses a
unique metabolic capacity to refix respiratory CO, and ammo-
nium, allowing it to function as a stable physiological buffer
when leaf activity declines. Consequently, enzymes of ammo-
nia metabolism in the ear remain highly active during grain
development, facilitating nitrogen assimilation even when soil
uptake is limited (Maheswari et al. 1992). Sanchez-Bragado
et al. (2006) further demonstrated that this mechanism allows
ear components (glumes and awns) to act as a substantial
source of nitrogen for the developing grain, specifically under
water deficit. This interaction is particularly relevant for grain
quality, as drought-induced reductions in starch deposition
often lead to higher protein concentrations via the ‘dilution

effect’ (Gooding et al. 2003; Ozturk and Aydin 2004; Triboi
et al. 2003).

Despite these physiological benefits, the agronomic value of
awns remains a subject of debate due to potential trade-offs.
Although awns serve as a source of assimilates, they also con-
stitute a sink cost during their formation and can alter the
crop's interaction with the environment (Rebetzke et al. 2016;
Blum 1985). For instance, recent research by Faizan et al. (2025)
on cereal head morphology highlights that larger spikes and
complex awn structures can significantly alter aerodynamic
drag, potentially influencing crop stability. This complexity is
reflected in conflicting yield reports: while some studies sug-
gest awns provide a yield advantage in winter wheat (Patterson
et al. 1962; Bruening 2019), others indicate that awnless variants
may achieve higher water use efficiency (WUE) or similar yields
due to trade-offs between grain number and grain size (Rebetzke
et al. 2016; Sanchez-Bragado et al. 2020; Hosseini et al. 2012).

These contradictions suggest that the net benefit of awns is
highly context-dependent, varying significantly between gen-
otypes (e.g., bread vs. durum wheat) and water regimes. Few
studies have simultaneously evaluated these factors under con-
trolled field conditions. Therefore, the main objective of this
study was to investigate the specific contribution of awns to
grain filling, final yield components, and quality parameters in
bread wheat [Triticum aestivum L.] and durum wheat [Triticum
turgidum subsp. durum (Desf.) Husn.]. By comparing intact
and de-awned spikes under supplemental irrigation and rain-
fed Mediterranean conditions, this research aims to clarify the
physiological value of awns as a trait for drought adaptation.

2 | Materials and Methods
2.1 | Plant Material

Two distinct spring wheat cultivars widely cultivated in the
west-coastal region of Tiirkiye were utilized in this study: a
bread wheat [T. aestivum L.] cultivar, ‘EGE 99’, and a durum
wheat [T. turgidum subsp. durum (Desf.) Husn.] cultivar,
‘Solen’. The experiment compared these cultivars based on
awn condition, specifically evaluating intact awns versus
manually removed awns.

2.2 | Study Site & Growth Conditions

The research was conducted in Izmir Province, Tiirkiye (38°27'06"
N, 27°13'34” E), under Mediterranean climate conditions. The ex-
periment spanned two growing seasons: in the first year (2018-
2019), plants were sown on December 9, 2018, and harvested on
June 13, 2019; in the second year (2022-2023), sowing was per-
formed on December 28, 2022, with harvest on June 16, 2023.
Meteorological data during the sowing-to-harvest periods were
obtained from a nearby official meteorological station (Figure 1).
For context, the long-term (1938-present) average annual rainfall
and temperature at the site are 407mm and 17.1°C, respectively.

The soil texture at the experimental site was identified as clay-
loam, with a moderately alkaline pH of approximately 7.9.
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FIGURE1

Fertilization was applied in two stages to meet crop require-
ments. Initially, 70kgha=! of nitrogen was applied at sowing
using a composite fertilizer (15-15-15) containing nitrogen (N),
phosphorus (P,0,) and potassium (K,0). Subsequently, an ad-
ditional 70kgha! of nitrogen was applied at the onset of stem
elongation using ammonium sulphate (21% N and 24% S).

Meteorological conditions varied between the two experimental
years. During the growing period in the 2018-2019 season (Year
1), total natural rainfall was 370 mm. In the 2022-2023 season
(Year 2), total natural rainfall was 440mm. In the irrigated
treatments, water was delivered via a drip irrigation system fea-
turing lateral pipes spaced 36cm apart and drippers (nozzles)
positioned at 20 cm intervals. A water meter was installed in the
system to precisely record the irrigation volume.

Throughout the growing seasons, weed control was managed by
manual removal, and no herbicides were used. Furthermore, no
disease symptoms were observed on the plants; consequently,
no fungicides or pesticides were applied.

Grain development stages of wheat plants were determined ac-
cording to Zadok's scale and grain moisture content patterns.

2.3 | Experimental Design & Treatments

The experiment was arranged in a randomized complete block
design (RCBD) with a split-plot arrangement and four replica-
tions. The irrigation treatments (water regimes) were assigned
to the main plots, whereas the wheat genotypes were assigned to
the sub-plots. The water regimes consisted of rainfed conditions,
where plants depended solely on natural precipitation, and sup-
plemental irrigation, where water was applied from the heading
stage to harvest.

To establish the different water availability treatments, natural
rainfall was supplemented with irrigation in the well-watered
plots. In the first year (2018-2019), 150 mm of supplementary ir-
rigation was applied, resulting in total water inputs of 370 mm for
the rainfed treatment and 520 mm for the irrigated treatment. In
the second year (2022-2023), 100 mm of supplementary irrigation
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| Monthly average temperature (°C) and total rain amount (mm) at the experimental sites during 1st year (2019) and 2nd year (2023).

was applied, bringing the total water inputs to 440 and 540mm
for the rainfed and irrigated treatments, respectively. Irrigation
timing and amount were determined empirically based on soil
moisture, crop condition, and weather observations to avoid se-
vere water limitation after heading. The volume of applied irri-
gation water was precisely quantified using a volumetric water
meter installed on the main irrigation line. The amounts were
manually recorded in cubic meters (m?) during each irrigation
event and subsequently converted to millimetres (mm) based on
the specific surface area of the irrigated plots. Irrigation timing
and volume were adjusted according to plant phenological stages.

Sowing was performed manually in marker-made rows to
achieve a target density of 500 plants m~2, calculated using
the thousand-kernel weight for each cultivar. Plots measured
3.5%2.4m with an inter-row spacing of 18 cm.

To establish the awn treatments within the sub-plots, 110 spikes
per plot were randomly selected at the onset of heading and
carefully de-awned using scissors. Simultaneously, 110 intact
(awned) spikes within the same plots were tagged as controls to
ensure a homogenous comparison.

2.4 | Measurements
2.4.1 | Agronomic Traits & Yield Components

At harvest maturity, data were collected after border rows were
removed to minimize edge effects. Grain yield (GY) was deter-
mined by harvesting the central area of each plot, threshing
the spikes, and weighing the grain, with values adjusted to 12%
moisture content following standard CIMMYT protocols (Pask
et al. 2012). Thousand-grain weight (TGW) was assessed by
counting and weighing 1000 randomly selected grains from the
harvested lot. Water use efficiency was calculated to evaluate
the productivity of water input in relation to yield, using the fol-
lowing equation:

WUE (kg m™) = Yield (kg) / total water input (m?)

Note: Total water input includes both rainfall and irrigation.
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2.4.2 | Ear Physiological Measurement

Physiological monitoring of the ear components performed only
in the first year. Sampling commenced 144days after sowing
(DAS). Ten main stem ears from each treatment (bread and
durum wheat; awned and awnless) were sampled independently
at weekly intervals, corresponding to 144, 151, 158, 165, 172 and
179 DAS. In the second year, sampling was restricted to the final
period of grain filling.

Sampled ears were dissected into grains, rachis and awns.
The remaining floral parts (lemmas, paleas and glumes) were
pooled and classified as ‘spikelet bracts’. Fresh weights of these
separated components were recorded immediately upon sam-
pling. Subsequently, samples were oven-dried at 60°C for 72h
to determine dry matter content. Relative water content (RWC)
for each component was calculated based on the relationship
between the fresh weight at the sampling date and the final dry
weight.

2.4.3 | Grain Quality Analysis

In the second year of the study, detailed quality analyses were
conducted using near-infrared spectroscopy (NIR). Whole
grain samples were cleaned and scanned using a SubNIR-2700
spectrometer calibrated for wheat analysis (FPI NIR Analysis
Software). Spectral data were acquired in reflectance mode to
quantify major quality parameters including crude protein,
starch, crude fibre and fat content.

Additionally, the concentrations of essential amino acids were
estimated via the NIR calibration curves. These included lysine,
methionin, cystine, threonine and tryptophan. All measure-
ments were performed in triplicate, and results were expressed
on a dry matter basis.

2.5 | Statistical Analysis

Statistical analyses were performed using R version 4.5.0. For
agronomic traits and grain quality analysis, data were sub-
jected to analysis of variance (ANOVA) suitable for the split-
plot design to determine the main and interaction effects of
irrigation and genotype. For the ear physiological measure-
ments, Student's t-tests were performed to compare means
between treatments at specific sampling dates. Statistical
significance was defined at probability levels of p <0.05 and
p<0.01.

3 | Results

Grain yield was significantly influenced by awn presence, irri-
gation regime and growing season (Table 1). In T. aestivum (TA),
the removal of awns led to a grain yield reduction of 1.1t/ha,
corresponding to an 11.3% decrease (Figure 2). Supplemental
irrigation applied after the booting stage enhanced grain yield
by 8%, increasing from 8.8 to 9.5t/ha compared to rainfed con-
ditions. Year-to-year variability also played a role: the average
grain yield in the first year was 9.9 t/ha, whereas it declined by

14% to 8.8 t/ha in the second year. A similar trend was observed
in T. turgidum subsp. durum (Desf.) Husn. (TD), where grain
yield decreased from 12.7 to 10.5t/ha (17.3%). In TD plants, awn
detachment under irrigated conditions resulted in a 14.5% yield
reduction, whereas under rainfed conditions, the effect of awn
removal was not statistically significant.

Awn removal also had a clear impact on thousand grain weight
(TGW), particularly in TA (Figure 2). In TA, TGW decreased by
7.4%, from 43.2 to 40.0g, when awns were detached. Irrigation
significantly improved TGW in TA, resulting in a 14.7% increase
from 38.7 g under rainfed conditions to 44.4 g with supplemen-
tal watering. In TD, the influence of awn removal on TGW was
more pronounced under irrigated conditions, where TGW de-
clined by 14.3% (from 52.5 to 45.0g). Under rainfed conditions,
the reduction was limited to 3.1%, with TGW decreasing from
44.5 to 43.2 g following awn removal.

Water use efficiency was reduced by 11.6% in TA when awns
were removed, decreasing from 21.6 to 19.1 mg/g (Figure 2). In
the same species, irrigation caused a 14.2% decrease in WUE.
In both species, lower WUE values were recorded in the second
year compared to the first, with reductions of 23.8% in TA and
27.2% in TD. In irrigated TD plants, awn removal led to a 14.4%
decrease in WUE, whereas no significant change was observed
under rainfed conditions.

In both species, the milky stage occurred between 128 and
148 days after sowing (DAS), followed by the dough stage from
148 to 161 DAS. Physiological maturity was reached between
161 and 172 DAS, and full maturity occurred between 172 and
182 DAS. During grain filling, a continuous decline in water
content was observed in all ear components up to physiological
maturity (Figure 3).

In TA, slightly lower bract water content was recorded in rainfed
plants with intact awns during the full maturity stage (Figure 3).
Conversely, grain water content at physiological maturity (165
DAS) was slightly higher in these same treatments. In TD, sim-
ilar patterns were observed, with relatively higher RWC in rain-
fed plants with intact awns during full maturity. Additionally,
rachis water content in TD was higher under rainfed conditions
when awns were not removed.

In TA, the dry weight of all spike components, including bracts,
rachis and grains, increased progressively until physiological
maturity (165 DAS), followed by a decline during the full matu-
rity stage (Figure 4). Among these components, grain dry weight
showed the least reduction after physiological maturity. In con-
trast, TD did not exhibit a consistent increase-decrease trend
across all spike components; only grain dry weight followed a
similar temporal pattern.

Treatment effects were most pronounced in grain dry weight
during the full maturity stage in both species (Figure 4). In
general, plants with intact awns maintained higher dry weights
after physiological maturity, regardless of irrigation regime. In
TA, the removal of awns led to reduced grain dry weight under
rainfed conditions compared to irrigated ones. However, this
difference between irrigation regimes was not observed in TD
following awn removal.
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FIGURE2 | Grainyield (ton/ha), thousand grain weight-TGW (g), and water use efficiency-WUE (mg/g) of two wheat species, Triticum aestivum

L. and Triticum turgidum subsp. durum (Desf.) Husn., grown under irrigated (Ir) and rainfed (Rf) conditions. Bars are grouped to compare intact

awns (+awn) versus removed awns (—awn) across two growing seasons. Dotted lines indicate the mean values of Ir and Rf conditions. Error bars

represent the standard deviation (£SD).

The removal of awns in TA resulted in a slight but significant
reduction in grain protein and starch content. Protein content
decreased from 10.2% to 9.7%, whereas starch content declined
from 51.1% to 50.3% (Figure 5). In contrast, fibre and fat contents
in TA grains were not affected by awn removal or irrigation,
with average values of 4.0% and 5.3%, respectively.

In TD, none of the grain components, protein, starch, fibre or fat
were significantly influenced by either awn presence or irriga-
tion regime. Although durum wheat often shows higher grain
protein content than bread wheat, this pattern is not consistent
across all cultivars and environments. The average values re-
corded in TD grains were 10.6% for protein, 52.3% for starch,
4.6% for fibre and 5.1% for fat.

In TA, awn removal under rainfed conditions resulted in a 17%
increase in grain lysine content, rising from 0.22% to 0.26%
(Figure 6). A slight increase (2.2%) in threonine content was also
observed under rainfed conditions. Additionally, tryptophan

content increased in awn-removed plants grown without irriga-
tion. In contrast, methionine and cystine contents remained un-
affected by treatments, with average values of 0.22% and 0.24%,
respectively.

In TD, irrigation was associated with a slight increase in lysine
content (0.23%), and this effect was more pronounced when
awns were removed (Figure 6). A similar pattern was observed
for cystine and threonine, where awn removal under irrigated
conditions led to an increase in their content. Methionine and
tryptophan levels in TD grains were not influenced by either
awn removal or irrigation, with mean values of 0.23% and 0.16%,
respectively.

4 | Discussion

The removal of awns led to substantial grain yield reductions in
both TA and TD, with a more pronounced effect under irrigated
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FIGURE 3 | Changes in relative water content (%) of spike components—bract, grain, awn and rachis—of two wheat species, Triticum aestivum

L. and Triticum turgidum subsp. durum (Desf.) Husn., grown under irrigated (Ir) and rainfed (Rf) conditions, with two awn treatments: Awns intact
(+awn) and awns removed (—awn). Samples were collected at six time points during grain development: 144, 151, 158, 165, 172 and 179days after

sowing (DAS). Error bars represent the standard deviation (+SD).

conditions, particularly in TD. Historically, the photosynthetic
contribution of the ear has been debated. Teare et al. (1972)
demonstrated that while awns provide a massive surface area
for photosynthesis, the flag leaf in awnless lines often exhib-
its higher photosynthetic rates, suggesting a physiological at-
tempt to compensate for the loss of ear components. Similarly,
Olugbemi et al. (1976) suggested that flag leaves could compen-
sate for awn removal. However, contradictions in the literature
may stem from methodological differences, specifically whether
awn effects were evaluated through manual de-awning (as in the
present study) or by comparing near-isogenic awned and awn-
less lines. Compensatory mechanisms, such as enhanced flag
leaf photosynthesis, may be constitutive genetic traits in natu-
rally awnless lines rather than immediate induced responses in
mechanically de-awned plants. Consequently, our de-awning
results align more closely with Duwayri (1984) and Maydup
et al. (2014), who reported significant yield penalties following
de-awning. Under our field conditions, both species progressed
through broadly similar grain-filling and maturity stages in
terms of days after sowing, suggesting that the contrasting

responses between TA and TD were not primarily due to major
differences in overall phenological timing. However, the distinct
patterns of spike dry matter accumulation observed between the
species indicate that assimilate deposition and remobilization
during grain filling may have differed, which could partly ex-
plain their different responses to awn removal.

Furthermore, studies on the contribution of different organs
confirm that under Mediterranean conditions, the ear, and spe-
cifically the awns, play a pivotal role in grain filling, acting as a
major source of assimilates when leaf photosynthesis is compro-
mised (Sanchez-Bragado et al. 2014). This suggests that under
favourable conditions, the awn serves as a critical ‘boost’ to the
source-sink balance that the flag leaf cannot fully replace.

Conversely, some authors have argued that awns do not consis-
tently improve yield, proposing instead that their primary role
influences the trade-off between grain number and grain size
(Rebetzke et al. 2016; Motzo and Giunta 2002). Our data sup-
ports this ‘trade-off’” hypothesis: while yield declined, the most
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(DAS). Error bars represent the standard deviation (£SD).

significant impact of awn removal was on TGW, confirming that
awn-derived assimilates are preferentially allocated to grain fill-
ing rather than grain setting.

A critical finding of this study is the divergence between TA
and TD. We observed that TD (a tetraploid species) exhibited a
much higher dependency on awns under irrigated conditions
than TA (hexaploid). This observation is strongly supported by
Motzo and Giunta (2002), who established that modern durum
cultivars have been bred for larger awns that can contribute
significantly to the spike's total photosynthetic area and grain
yield. However, under rainfed conditions, the yield penalty of
removing awns in TD was negligible in our study. This points to
a hydraulic and morphological cost-benefit analysis: while large
awns provide photosynthates, they are also significant sources
of transpiration.

Moreover, the ‘cost’ of awns may extend beyond water use. Recent
research by Faizan et al. (2025) on cereal head morphology high-
lights that larger spikes and complex awn structures can signifi-
cantly alter aerodynamic drag. In addition to mechanical drag,
the presence of awns increases canopy surface roughness, which
decreases aerodynamic resistance. This reduction in resistance

facilitates water vapour flux, thereby driving up transpiration
rates. Although our study focused on hydraulic balance, it is
plausible that the ‘optimality’ of awn size is also constrained by
such physical factors, where excessive awn development could
predispose plants to mechanical stress or lodging, alongside the
transpiration penalties noted under severe drought. In our rain-
fed conditions, it is likely that the transpirational cost of the large
durum awns negated their photosynthetic benefit. In contrast, TA,
with its inherently smaller awn biomass, may have maintained a
more favourable hydraulic balance.

The reduction in WUE following awn removal (11.6% in TA
and 14.4% in irrigated TD) strongly supports the view that awns
are highly water-use efficient organs. This aligns with find-
ings by Bort et al. (1994), who demonstrated that intact awns
significantly improve the overall gas exchange efficiency of
the ear, allowing for greater biomass accumulation per unit of
water transpired. Previous studies have further attributed this
to the xeromorphic traits of awns, which allow them to main-
tain higher water potential and photosynthetic electron trans-
port rates than leaves during drought (Blum 1985; Tambussi
et al. 2005; Sanchez-Bragado et al. 2014). Our results regarding
RWC confirm this; plants with intact awns maintained higher
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Different lowercase letters indicate statistically significant differences among treatment means based on LSD test at p <0.05. Asterisks represent
significance levels from two-way ANOVA: *p <0.05. Error bars represent the standard deviation (+SD).

moisture levels in the rachis and bracts during late maturity.
This ‘stay-green’ effect likely facilitates a longer duration of as-
similate transport to the grain, acting as a hydraulic buffer.

Although the role of awns in yield formation is well docu-
mented, their influence on specific nutritional traits such as
amino acid composition remains less well understood. In the
present study, awn removal decreased both protein and starch
content in TA. The relatively high standard deviation observed
for starch content, especially in the de-awned treatment, may
reflect biological variability among replicates as well as the sen-
sitivity of starch deposition to changes in assimilate availability
during grain filling. These results support the view that awns
contribute to late-season source activity. Recent studies have
shown that wheat ear organs remain metabolically more sta-
ble than leaf tissues under water stress and maintain important
pools of carbon- and nitrogen-related metabolites during grain
filling, thereby contributing to assimilate supply for the develop-
ing grain (Martinez-Pena et al. 2023). Similarly, Li et al. (2023)
demonstrated that glumes and awns make a substantial contri-
bution to ear photosynthesis, assimilate accumulation, and final
grain weight under drought stress. In this context, the reduc-
tion in protein content observed after awn removal in our study
likely reflects a weakening of localized ear function during
grain filling including processes related to carbon assimilation
and nitrogen metabolism. Although durum wheat often shows
higher grain protein content than bread wheat, this pattern is
not consistent across all cultivars and environments. Thus, the
similar protein and starch values observed here in the awned
treatments likely reflect cultivar-specific responses under the

shared environmental and fertilization conditions of this exper-
iment (Guinta et al. 2019).

Interestingly, we observed a significant increase in specific
amino acids (lysine and threonine) in awn-removed plants
under rainfed conditions. This inverse relationship is likely a
‘concentration effect’ resulting from the reduction in starch ac-
cumulation (smaller grains). When grain filling is inhibited (as
seen in our de-awned plants), the total starch mass decreases
more than the nitrogen accumulation, leading to an apparent
increase in the concentration of certain amino acids. This aligns
with general findings on drought stress and quality, where
stress-induced reductions in grain size often result in higher
protein or amino acid concentrations due to the ‘dilution effect’
of starch being compromised (Gooding et al. 2003; Ozturk and
Aydin 2004; Triboi et al. 2003). Our findings suggest that while
awns are essential for maximizing total starch yield, their ab-
sence can paradoxically enhance the density of specific nutri-
tional components.

5 | Conclusion

This study demonstrates that awns are critical functional organs
contributing significantly to grain yield and quality in both TA
and TD, acting as a vital source of photosynthates preferentially
allocated to grain filling rather than grain setting.

A key synthesis of our findings reveals a divergent response be-
tween the hexaploid and tetraploid species. TD exhibited a higher
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FIGURE 6 | Lysine, methionin, cystine, threonine and tryptophan content (%) of grain of two wheat species, Triticum aestivum L. and Triticum

turgidum subsp. durum (Desf.) Husn., grown under irrigated (Ir) and rainfed (Rf) conditions, with two awn treatments: Awns intact (+awn) and

awns removed (—awn). Different lowercase letters indicate statistically significant differences among treatment means based on LSD test at p <0.05.

Asterisks represent significance levels from two-way ANOVA: *p <0.05. Error bars represent the standard deviation (£SD).

dependency on awns under irrigated conditions, likely due to
modern breeding efforts that maximize photosynthetic surface
area. However, under rainfed conditions, this advantage was neu-
tralized, suggesting that the transpirational cost of large awns,
alongside potential physical constraints such as aerodynamic
drag, offsets their photosynthetic benefits when water is limiting.
In contrast, TA, with its smaller awn biomass, maintains a more
favourable hydraulic balance across different moisture regimes.

Physiologically, our data indicate that awns possess xero-
morphic traits that assist in maintaining ear water status
during late maturity. Regarding nutritional quality, while
awn removal reduced total starch and protein accumulation,
highlighting the ear's role in late-season remobilization, it
paradoxically increased the concentration of specific amino
acids due to a ‘concentration effect’ caused by compromised
starch accumulation.

In summary, while awns are generally beneficial for maxi-
mizing yield potential, their value is environmentally context-
dependent. Future breeding programs should consider the
trade-offs between the photosynthetic capacity of large awns
and their hydraulic and physical costs, tailoring overall spike
architecture particularly for cultivars targeted for rainfed or
drought-prone environments.
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