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manipulation through defoliation
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The source—-sink (S-S) ratio during the grain-filling period is crucial for wheat
crop yield. The aim of this study was to investigate the relative sensitivity of grain
yield in response to treatments of S-S ratio changes to determine the extent of S-
S limitation during grain filling in modern wheat genotypes. The S-S manipulation
treatments included four levels: check (CH), removal of flag leaf (RFL), removal of
all leaves (RAL), and removal of the upper half of the spikes (RHS). The results
showed significant differences between genotypes (p,< 0.001%) in all traits.
Drought stress decreased grain weight per spike (GWS) (g) and grain yield (GY)
(kg/ha) by 18% and 25%, respectively. The average reduction in GWS under
irrigation and rainfed conditions was 8.25% and 6.71% for RFL and 12.25% and
11.15% for RAL, respectively. By RFL and RAL, increasing the remobilization from
the stem and spike straw helped to reduce the effects of source limitation. Also,
by RHS, the reduction in photosynthetic materials production in both conditions
was only equivalent to 38% and 29% of the expected values, respectively, which
shows the presence of strong sinks in vegetative organs (stem and spike)
compared to grains. Vegetative organs seem to have a larger sink for the
uptake of photosynthetic materials than grains when the source-sink ratio
increases. However, high-yield genotypes showed more severe source
limitation, while low-yield genotypes showed more relative sink limitation.
Overall, to increase the yield potential in high-yielding genotypes,
photosynthetic sources and sinks in low-yielding genotypes should be improved.
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1 Introduction

Bread wheat (Triticum aestivum L.) is one of the most
important crops in the world, and its productivity has to be
increased significantly to feed the growing world population,
which is expected to reach over 9 billion by 2050 (CIMMYT,
2017; Alonso et al., 2018). The cultivated area of this plant in the
world is 221 million hectares, and its production amount is 771
million tons (FAO, 2021). In major wheat-growing areas of the
world, its productivity is adversely affected by various abiotic
stresses, and among them, drought is the major abiotic stress
causing serious damage (Saradadevi et al, 2017). In particular,
terminal drought refers to the drought after anthesis, and it usually
causes grain weight reduction and yield loss (Reynolds et al., 2005).
The scenarios of terminal drought also alter the balance between
sources and sinks of assimilation and consequently depress the rate
and duration of grain filling and sink capacity (Ovenden et al,
2017). In this regard, physiological traits and processes related to
drought resistance, including the source-sink (S-S) photosynthetic
capacity, should be more accurately evaluated to be used in the
breeding process of drought-tolerant cultivars. The growth and
grain filling in wheat are controlled by the relationships between
source strength and sink capacity (Foulkes et al., 2011). Knowing
the physiological relationships between S-S can help to select and
improve wheat grain yield (Maydup et al., 2013).

Source tissues are generally responsible for acquiring resources
from the external environment, although the remobilization of stored
resources may also turn a sink into an internal source. The term
source strength refers to the net rate of uptake (mol/s) of a particular
resource from the external environment, as seen in Equation I:

Source strength = source size x source activity (1)

where source size refers to the total biomass of source tissue (g), and
source activity is the specific uptake rate of the resource (mol g™* s7*).
Also, sink tissues are net receivers of resources from source tissues. The
term sink strength refers to the net rate of uptake (mol/s) of a particular
resource by a defined tissue within the plant, as seen in Equation 2:

Sink strength = sink size x sink activity )

where sink size is the total biomass of sink tissue (g), and sink
activity refers to the specific uptake rate of the resource (mol g™' s7").
Source tissues thus take up environmental resources and export them
to sinks (White et al,, 2016). The leaf is the major organ involved in
light perception and the conversion of solar energy into organic carbon
(Du et al,, 2019). The flag leaf is the main component of the canopy in
the middle and late growth stages of winter wheat (Liu et al., 2021) and
is an important organ that determines the grain-filling rate and the
final yield (Vicente et al., 2018). The contribution rate of flag leaves to
daily photosynthetic products varies from 50% to 60% (Towfiq et al,
2015), while its defoliation generated grain yield losses of 18% to 30%
(Ma et al, 2021). In wheat, the defoliation of the flag leaf blade
increased the contribution of assimilates to the grain from the stem and
the chaft under normal conditions (Alvaro et al, 2008), and the
removal of these affected the grain yields under normal or water-
limiting conditions (Cruz-Aguado et al, 1999). Chlorophylls and
carotenoids are photosynthetic pigments capable of absorbing light,
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transmitting energy to the photochemical and biochemical phases of
photosynthesis, and accumulating chemical energy that is stored as
sugar (Bojovi'c and Stojanovi’c, 2005). Determination of chlorophyll
content as an indirect method of estimating the productivity of
vegetation represents a good way to gain an understanding of the
photosynthetic regime of plants (Niroula et al., 2019).

The sink size of developing yield organs is determined by the
number of spikes per unit area, grain number per spike (GNS), and
the specific sink size per grain. Source size is related to the production
of photo-assimilates, namely, the size, photosynthetic capacity, and
duration of leaf area, which drives spike development and grain filling
(Jagadish et al., 2015). Grain yield is often limited by sink capacity or
lack of photo-assimilates (Maydup et al.,, 2013). One of the ways to
achieve high yield in wheat genotypes is to allocate more photo-
assimilates to economic sinks (grains) (Felekori et al, 2014).
Manipulation of source strength and sink capacity has been
investigated in several studies to determine the mechanisms
controlling grain yield. In a balanced situation between S-S, the
highest grain yield is produced (Borras and Salfer, 2004). In this
regard, various treatments such as removal of leaves and shading
indifferent light intensities and for different periods (Wang et al,
2003), increasing the concentration of carbon dioxide (Manderscheid
et al,, 2003), and removal of spikelets and grains in different parts of
the spike (Cruz-Aguado et al., 2000) have been used to investigate S-S
relationships in wheat, leading to different results by researchers. The
researchers studied the effects of removing the flag leaf and removing
the upper half of the spike in 24 durum wheat varieties (both modern
and old cultivars). They observed that the treatment of removing half
of the spike increased the weight of the remaining grains, indicating a
limitation in the supply of photo-assimilates during grain filling
under normal conditions (Alvaro et al., 2007). The increase in
grain weight in response to the decrease in sink ratio indicates that
grains have not reached their maximum growth under normal
conditions due to insufficient photosynthesis (Saeidi et al., 2011). In
addition, other experiments also show that most improved wheat
genotypes have resource limitations.

Depending on the environmental conditions, genotypes have
different resource limitations, and it seems that examining the
degree of limitation in wheat genotypes in a region shows the
degree of compatibility of each genotype with that environment
(Ahmadamini et al,, 2011). Also, some researchers indicate both S-S
limitations in wheat (Abdoli et al, 2013). When the S-S ratio
decreases, sink-limited cultivars should be less affected than
source-limited cultivars. In other words, defoliation reduces both
traits of grain growth rate and grain weight of cultivars, but the
relative reduction will be greater for cultivars with limited resources
(Abdoli and Saeidi, 2013). Artificial defoliation in wheat may
change the photosynthetic characteristics of the remaining tissues
(Zhenlin et al., 1998). Researchers reported that after anthesis,
source limitation by defoliation of winter wheat increased the net
photosynthesis rate and chlorophyll content of wheat leaves (Zhu
et al., 2004; Joudi et al., 2006).

The accumulation potential of storage materials in the stems
and the rate of remobilization of these materials from the stem to
the growing grains are two crucial characteristics in wheat grain
yield and related to S-S relationships, which determine the final
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grain yield under environmental stress (Najafian and Shabani,
2010). In resistant cultivars, remobilization from stem nodes is
more significant, especially under drought stress conditions (Saeidi
et al, 2012). Under terminal drought stress, stem carbohydrate
reserves become the major source of grain filling as leaf
photosynthesis ceases (Zhang et al., 2015). These reserves are
water-soluble carbohydrates (WSCs), mainly consisting of fructan
and glucose, fructose, and sucrose as well as various
oligosaccharides (Joudi et al., 2012). The amount of accumulation
and remobilization of carbohydrates in the wheat stem can be
estimated either by monitoring the changes in stem dry weight (Ma
et al, 2014; Thapa et al, 2022) or by measuring the stem WSC
content (Liu et al., 2020). Drought stress significantly accelerates the
remobilization of pre-anthesis stem water-soluble carbohydrate
reserves during the period of grain filling (Liu et al., 2020). The
lower grain weight reduction per spike in some genotypes in
response to source reduction could be stimulation and
remobilization of more storage materials from stem to grains,
which partially compensates for yield reduction (Khan et al,
2002). The researchers reported that genotypes with a higher
remobilization rate were less affected by drought stress during the
final growing season (Yang and Zhang, 2006), and severe drought
stress increased the remobilization rate to grow grains due to early
maturity and dropping of lower leaves (Bagherikia et al., 2017). In
this regard, the researchers obtained a positive and significant
correlation between the amount of remobilization and grain
weight under stress conditions (Papakosta and Gayianas, 1991).
Most studies to investigate the relationship between S-S in
wheat have been conducted on a limited number of cultivars and
still need a preliminary evaluation of the relative limitations of S-S
in the investigated genotypes. In continuation of the previous
research, it is necessary to first identify the relative degree of S-S
limitation based on morpho-physiological traits in a broader range
of genotypes and then investigate more precise compensatory
mechanisms in a smaller range of genotypes. The present study
was conducted in order to investigate the S-S relationship and to
evaluate the relative sensitivity of grain yield, in response to
treatments of reduction S-S ratio, in two conditions of optimal
irrigation and rainfall. Also, in order to more closely investigate the
S-S relationship, the remobilization values of stem and spike straw
affected by the S-S limitation treatments were investigated.

2 Materials and methods
2.1 Plant materials

In the first year, 50 advanced bread wheat lines, the result of
Icarda and Simit breeding programs, and six conventional bread
wheat cultivars (Baharan, Pishgam, Pishtaz, Sirvan, Heydari, and
Mihan) as check were grown under irrigation conditions (Table 1).
In the second year, based on the experimental objectives and
available diversity, 11 genotypes were selected including nine
advanced lines (including three lines with source limitation, three
lines with sink limitation, and three intermediate lines with both S-S
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limitations) to create genetic diversity and two conventional
cultivars (Pishgam and Baharan) as check (Table 2). Lines with
source limitation were selected based on the flag leaf area, soil plant
analysis development (SPAD) values, and date to anthesis traits;
lines with sink limitation were selected based on the GNS, grain
weight, grain-filling duration, and grain-filling rate traits; lines with
both S-S limitations were selected with intermediate traits (Table 1).
These lines and cultivars were chosen because they have higher
yields than other cultivars of different plant types (Table 2).

2.2 Experimental design and
field management

This experiment was conducted during the 2017-018 and
2018-2019 cropping years at the Islamabad-e-Gharb Agricultural
Research Station (latitude 34°8’ North, longitude 47°26" East,
altitude 1,346 m above sea level). The average annual rainfall was
468 mm, and the average annual temperature was +13°C. The
climatic characteristics of the experiment sites are listed in
Figures 1A, B. In the first year of the experiment, the desired
genotypes were investigated in the format alpha-lattice design in
two replicates under irrigation conditions to select suitable
genotypes. The genotypes were cultivated on November 5, 2017,
in an experimental planter, and the seed rate was 400 seeds/m”.
Plots were 3 m long and 1.2 m wide (3.6 m? total plot area) with six
rows in each spaced 0.2 m apart. In the second year, 11 selected
genotypes including lines 12, 15, 24, 26, 27, 28, 33, 44, and 48, and
two cultivars (Pishgam and Baharan) as check were planted
(Table 2). The experimental design was split-plot in a randomized
complete block design (RCBD) with three replicates in two separate
sites, including i) irrigation and ii) rainfed conditions, using macro
plots of 10 m long and 1.2 m wide (12 m? total plot area) with six
rows in each spaced 0.2 m apart, assigning the 11 genotypes to the
main plots and the four S-S treatments (CH, RFL, RAL, and RHS) to
the subplots. The genotypes were planted in an experimental
planter on November 11, 2018, and in both conditions, the seed
rate was 400 seeds/m”. Irrigation was done with a fixed classical
system, and the irrigation cycle was considered once every 6-8 days
based on the conventional agriculture of the region. In rainfed
conditions, no irrigation was done during the cropping season, and
the amount of rainfall is shown in Figure 1B. The experimental field
in the previous crop year was fallow, and the soil type was clay-
loam. The physical and chemical characteristics of the experiment
site are shown in Table 3. The amount of chemical fertilizers was
determined and applied based on the soil test (Table 3), including
200 kg N/ha using urea (46% N) with 50 kg N/ha in sowing, and an
additional 150 kg N/ha was applied at the jointing stage. P and K
were applied as basal fertilizers with 100 kg P/ha as triple
superphosphate (46% P,Os and 15% Ca) and 50 kg K/ha as
potassium sulfate (K,051% and S 17%). Common herbicides
applied to weed control include 2,4-D herbicide for eliminating
broad-leaf weeds and clodinafop-propargyl for eliminating narrow-
leaf weeds, and for pest control, chlorpyrifos-ethyl insecticide (1,500
mL/ha) was used twice during the crop cycle.
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TABLE 1 The mean comparisons of grain yield (GY), grain number per m? (GN), grain number per spike (GNS), grain weight per spike (GWS), thousand-grain weight (TGW), spike length (SL), flag leaf area (FLA),
flag leaf area per each spike grain (FLAS), date to anthesis (DA), date to maturity (DM), grain-filling duration (GFD), grain-filling rate (GFR), and soil plant analysis development (SPAD) value (SP) in the first year
under optimal irrigation conditions.

GN GNS (n) GWS (g/spike) TGW (g) SL (cm) FLA (cm? FLAS (cm? DA (day) DM (day) GFD (day) GFR (mg/day) SP (%)

1 7.57 14,466 41.5 2.14 52.33 7.86 12.08 0.29 172.5 208 355 0.0015 424
2 6.1 13,917 37.5 1.64 43.83 8.76 10.65 0.28 171 208.5 37.5 0.0012 42.5
3 7.7 13,363 40.1 2.29 57.62 10.56 12.57 0.31 172.5 209 36.5 0.0016 42.55
4 7.6 15,033 47.2 2.39 50.49 8.86 12.57 0.27 172.5 210 38 0.0013 40.9
5 6.56 14,738 349 1.6 44.51 8.16 10.07 0.29 172.5 206 335 0.0013 42.15
6 8.52 14,153 33.7 2.03 58.2 8.15 8.66 0.23 168.5 208.5 40 0.0015 41.35
7 7.87 16,097 39.7 1.95 48.89 8.31 11.56 0.29 172 207 35 0.0014 42.35
8 8 13,894 36.1 2.08 57.58 9.96 10.43 0.29 170 207.5 375 0.0015 43.25
9 7.49 14,944 353 1.75 50.12 8.71 11.08 0.31 165.5 206 40.5 0.0012 37.95
10 8.18 15,324 39.2 2.09 53.38 8.76 9.43 0.24 171 208 37 0.0014 44
11 7.5 13,871 46.8 2.53 54.07 7.91 12.86 0.27 171.5 207.5 36 0.0015 46.35
12 9.32 19,742 39.4 1.86 47.21 8.06 9.64 0.24 173.5 210 36.5 0.0013 40.95
13 8.9 15,152 40.8 238 58.74 8.41 10.87 0.27 170.5 208.5 38 0.0015 40.8
14 8.28 18,359 44.2 1.99 45.1 8.96 14.48 0.33 172.5 210.5 38 0.0012 47.85
15 8.35 17,965 434 1.68 46.48 8.16 9.44 0.22 167 205 38 0.0012 42.85
16 9.18 22,174 38.5 1.99 41.4 7.66 8.18 0.21 170.5 208 38.5 0.0011 46.1
17 7.65 15,731 49.2 141 48.63 7.76 11.73 0.24 174.5 212 37.5 0.0013 44.4
18 6.55 17,048 45.1 1.73 38.42 8.01 11.39 0.25 173 210 36.5 0.001 434
19 8.73 18,363 37.1 1.76 47.54 8.86 10.18 0.27 170.5 208 34.5 0.0013 45.15
20 8.14 18,795 414 1.79 43.31 9.21 12.56 0.3 172 208.5 355 0.0012 41.3
21 8.57 20,066 48 2.05 4271 8.86 10.07 0.21 173 209.5 35 0.0012 38.6
22 7.73 13,609 322 1.83 56.8 8.51 9.34 0.29 167.5 207 38 0.0014 41.6
23 7.12 12,439 39.1 2.25 57.24 8.11 15.28 0.39 170.5 208.5 37.5 0.0015 44.2
24 8.49 16,218 32.5 1.71 52.35 9.46 13.35 0.41 168.5 207 34.5 0.0012 46.6
25 8.88 19,035 41.3 191 46.65 9.31 10.9 0.26 168 207.5 36.5 0.0012 419
26 8.05 16,415 31.4 1.74 49.04 8.06 7.82 0.25 162.5 206 41 0.0011 37.15
(Continued)
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TABLE 1 Continued

Gen no. GY (t/ha) GN (n) GNS (n) GWS (g/spike) TGW (g) SL(cm) FLA (cm? FLAS (cm?® DA (day) DM (day) GFD (day) GFR (mg/day) SP (%)
27 7.29 11,707 36.3 2.28 62.27 8.61 8.15 0.22 163.5 206.5 37.5 0.0017 38.7
28 7.49 13,789 41 2.23 54.39 7.56 13.12 0.32 167.5 207 39.5 0.0013 45.5
29 8.24 13,348 322 1.97 61.73 9.01 10.51 0.33 171 208.5 375 0.0016 44.05
30 7.82 16,603 413 1.95 47.1 8.66 1336 032 172.5 2115 39 0.0012 4435
31 8.49 16,246 43.4 2.25 52.26 9.01 12.36 0.28 176 2125 36.5 0.0014 42.15
32 7.96 16,453 38.1 1.84 48.38 8.46 9.69 0.23 167 206.5 325 0.0012 43.8
33 7.76 15,702 41.9 2.07 49.42 8.01 8.55 0.28 165.5 210 36.5 0.0014 38.25
34 8.11 16,585 34.8 1.7 48.9 8.66 9.07 0.26 172 206.5 34.5 0.0014 39.45
35 8.07 18,213 43.7 1.94 44.31 8.26 11.25 0.26 173 207.5 345 0.0013 41.65
36 8.89 14,794 36 2.17 60.16 8.76 11.84 0.33 171.5 212 40.5 0.0015 42.7
37 593 11,153 35 1.86 53.17 8.41 9.58 027 170 208 38 0.0014 42.75
38 8.12 18,260 36 1.6 44.47 9.36 134 0.37 176.5 212 35.5 0.0012 434
39 7.98 17,243 35.3 1.63 46.28 8.46 11.18 0.32 171 208 37 0.0012 42.45
40 8.7 15,204 35.6 2.03 57.22 8.46 9.61 0.27 171 207.5 36.5 0.0016 42.6
41 6.32 12,874 36 1.76 49.09 9.16 10 0.28 171 207.5 36.5 0.0013 41.45
42 7.45 17,210 38.8 1.68 43.29 9.41 11.56 0.3 167.5 207 395 0.0011 43.15
43 7.69 17,158 35.8 1.61 44.82 8.56 1135 032 170 206 36 0.0012 4215
44 9.1 23,680 48.4 2.04 42.23 8.71 12.72 0.26 169 209 40 0.0011 44.75
45 7.98 16,082 39.5 1.95 49.62 7.66 11.19 0.28 167.5 207 39.5 0.0013 44.1
46 8.13 18,003 37.6 1.7 45.16 8.31 11.16 0.3 173.5 208 34.5 0.0013 43.7
47 7.8 16,574 37 1.74 47 7.91 9.64 0.26 171.5 208.5 37 0.0013 45.1
48 8.68 16,809 49.3 2.52 51.64 8.21 12.41 0.25 177 212 35 0.0015 43.1
49 8.83 17,781 39.3 1.95 49.66 8.76 14.66 037 170.5 207.5 37 0.0013 45.6
50 9.6 17,195 38.2 2.14 55.83 10.26 10.45 0.27 175 210.5 35.5 0.0016 42.25

Baharan 9.21 19,037 37.3 1.8 48.38 7.66 8.64 0.23 172.5 207.5 35 0.0014 42.95

Sirvan 9.53 18,222 38.8 2.03 52.3 8.01 10.75 0.28 170.5 210.5 40 0.0013 44.45

Haidari 9.86 20,877 43 2.05 47.23 8.71 11.1 0.26 175 213 38 0.0012 42.95
(Continued)
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< IR . 2.3 Trait measurements and
= IEEERENE 3 growth analysis
= In the first year, the grain yield and its components were
§ wlalolalwls recorded at maturity. All plants in each plot (3.6 m?) were
g‘ S &8 8 8 g ¢ harvested to determine grain yield (t/ha). Grain number per spike
~ R and grain weight per spike were determined by randomly sampling
] 10 spikes from each plot. Thousand-grain weight was determined
= from three subsamples of random 100 grains, and grain number
g T was calculated as the ratio between grain yield and thousand-grain
o S\ 8|y @ T weight. Sink capacity (SICA) was calculated as the product of grain
O number and potential grain weight (Alonso et al., 2018). The date to
— anthesis and date to maturity were calculated based on the number
g IR HEN 2 of days from planting to anthesis (DC65) and planting to maturity
s BEEGEEGEE-RERER stages (DC95; Zadoks et al., 1974). The grain-filling duration was
o calculated based on the days between anthesis and maturity. The
= grain-filling rate was calculated based on the weight of a single grain
< PRI divided by the grain-filling duration (Wych et al, 1982). Spike
<D( T TR T length was measured based on the average of five spikes using a
ruler. The area of the flag leaf was measured using a scanner as well
‘\"é . as Image] and Photoshop software. All SPAD measurements were
N 8«3 8 & 3 taken using a SPAD-502 PLUS chlorophyll meter (Konica Minolta
N © | © | s = 3| % . .
i + Sensor, Osaka, Japan). SPAD values of the flag leaf in 50 lines and
= six cultivars were measured 15 days post-anthesis. The SPAD
T readings were obtained at the upper, middle, and lower positions
g a8 8 8 v 8 of each lamina. Five laminae were measured in each plot, and these
< ERERERE-R R i i i
< H values were averaged. According to the above traits and to achieve
- enough diversity between the genotypes, nine lines and two
= _ - cultivars (checks) were selected for cultivation in the next year
R - o2 808 &3 3 (Table 2). In the second year, to measure the grain yield (GY) (kg/
o h K ha), the whole plot was harvested. Also, the desired traits include 1)
S grain weight per spike (GWY), ii) GNS, iii) stem weight (SW), and
; § E CHIE-NE = iv) spike straw weight (SSW). Four S-S treatments were applied to
E ME Y Yy the main shoot, i.e,, i) check (CH), ii) removal of flag leaf (RFL), iii)
removal of all leaves (RAL), and iv) removal of the upper half of the
;6 spikes (RHS); 50% of upper spikelets of the spike were removed by
g— . e cutting with scissors (Serrago et al., 2013). These treatments were
o IR S performed 15 days after anthesis (DC75; Zadoks et al., 1974) when
g the grain number (Abbate et al., 1997) and potential grain weight
Y) were mainly defined (i.e., the sink).
< . In this regard, 10 shoots (main stem) were randomly selected,
» IR R and the above treatments were applied 15 days after anthesis
% B T i A B B simultaneously for maximum accumulation of storage materials
-~ in the stems and spikes. The samples were partitioned into different
~ZC— § § 5 % & g organs, including stems and sPikes (straw an(.i grains), an(.i oven-
B S 8 =Ty dried at 75°C for 48 hours until a constant weight was attained. In
o this regard, to make the same observations in the data and figures,
% 2 5 ¢ o 3 £ GWS, GNS, and SSW trait values were doubled in the RHS
;_’ S S & © 3 i . treatment. Also, in maturity, changes in the SW and SSW were
©) g measured, and based on this, remobilization values affected by S-S
y 5 g manipulation treatments were calculated. In this regard,
E £ g remobilization values were measured according to the reduction
§ §D é _<5‘€ §° °§ ; f;a in stem and spike straw dry weight from 15 days after anthesis to
. 2 2 =2 Z =2 % z maturity compared to the check. The decrease in the stems or spikes
'g ;:’ § straw dry weight in the source manipulation treatments (RFL and
= A RAL) was considered the increase in remobilization value affected

Frontiers in Agronomy 06 frontiersin.org


https://doi.org/10.3389/fagro.2024.1393267
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org

Ershadimanesh et al.

10.3389/fagro.2024.1393267

TABLE 2 Pedigree, selection history, and grain yield (t/ha) of evaluated lines in the first and second years under irrigation conditions.

Gen. no in Amount of yield

in the first year (t/ha)

the first year

Amount of yield in the Gen. no. in the
second year (t/ha)

Pedigree and

second year selection history

Pishgam 10.4

8.1 1 Bkt/90-Zhong87

Baharan 9.2

KAUZ/PASTOR//PBW343
CMSS00M02401S-030M-030WGY-
030M-18M-0Y

7.6 2

33 7.8

TRAP#1/BOW//PFAU/3/MILAN/4/
ETBW 4922/5/PFAU/MILAN
ICW08-50397-6AP-0AP -040SD-
4SD -0SD

6.7 3

26 8.1

ZARAFA-5/FLAG-6//MILAN/
PASTOR
ICW08-50324-1AP-0AP -040SD-
6SD -0SD

6.0 4

27 7.3

WBLL1*2/BRAMBLING/3/OPATA/
RAYON//KAUZ
ICW08-00280-8AP-0AP -040SD-
3SD -0SD

7.0 5

15 8.4

P1.861/RDWG/4/SERI.1B//KAUZ/
HEVO/3/AMAD
AISBW05-0182-5AP-0AP-0AP-1AP-
1AP-0AP-0TR

7.4 6

24 8.5

28 7.5

MEX94.27.1.20/3/SOKOLL//ATTILA/
3*BCN/4/ZAFIR-3
ICW08-00220-4AP-0AP -040SD-
7SD -0SD

7.1 7

CHAMRAN/4/OPATA/BOW//BAU/
3/OPATA/BOW/5/SAMIRA-9
ICW08-50008-21AP-0AP -040SD-
2SD -0SD

6.5 8

48 8.7

44 9.1

12 9.3

by source size reduction. Also, the increase in SW or SSW in the
sink manipulation (RHS) treatment was considered a reduction in
remobilization values affected by sink size reduction. The amount of
accumulation and remobilization of carbohydrates in wheat stem
was measured by measuring the WSC content (Liu et al., 2020).
Accordingly and based on the literature (Ma et al, 2014), the
amount of remobilized WSCs was calculated as follows: WSC
remobilization of the stem = the maximum WSCs of the stem at
10 days after anthesis minus the WSCs of the stem at maturity. Also,
stem remobilization efficiency was estimated using the proportion
(%) of the mobilized WSCs relative to the maximum weight of that
segment. The following formula was used in order to calculate the
amount of source limitation in RHS treatment (Modhej, 2001).

Frontiers in Agronomy

TUJAR

7.6 9
ICW06-50207-11AP-0AP-0AP -03 SD

PFAU/MILAN//FUNG MAI 24/3/
ACHTAR/INRA 1764
ICW08-00196-11AP-0AP -040SD-
1SD -0SD

7.4 10

VEE/PJN//2*KAUZ/3/SHUHA-4/
FOW-2
ICW06-00836-11AP-0AP-0AP-7AP-
0AP-0TR

8.1 11

(@
SL = {E—l} X 100

In this formula, SL (%), a, and b are the source limitation

3)

percentage, the average weight of the spike in the halved spikes, and
the average weight of the spike in the check, respectively. Also, the
following relationship was used to calculate the role and influence of
the flag leaf and the whole leaves in filling the grains.

FL = {(C (_)d)} % 100 4)

In this formula, EL (%), ¢, and d are the role of leaves (flag leaf
or total leaves) in grain-filling percentage, the average spike weight
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in check, and the average spike weight in defoliated plants (RFL and
RAL treatments), respectively. Also, chlorophyll contents, including
chlorophyll a, chlorophyll b, total, and carotenoids, were measured
15 days after anthesis on flag leaf samples based on the method
(Arnon, 1967).

2.4 Statistical analysis

In the first year, the studied genotypes were investigated in the
format alpha-lattice design and with ALPHA software in two
replications under irrigation conditions. In the second year,
Statistical Analysis System (SAS ver 9.1) software was used to
perform analysis of variance (ANOVA), significance analysis, and
Pearson’s correlation analysis. The statistical comparisons are
indicated by asterisks in the results as significant at the 0.05 (*)
and 0.01 (**) probability levels. Mean comparisons among cultivars
and S-S manipulations were performed using least significant
differences (LSDs) and calculated at the 5% probability level.
Finally, the graphs were drawn using EXCEL software.

3 Results

3.1 Selection of genotypes according to
yield and morphophysiological traits in the
first year

In the first year of the experiment, the effect of cultivar on yield
and morphophysiological traits was significant (data not shown).
According to the observed diversity of genotypes regarding the
above traits, nine out of 50 lines and two out of six cultivars were
selected to evaluate the relationship between S-S in the second year
(Tables 1, 2). Finally, according to the grain yield and
morphophysiological traits, three lines with source limitation
(lines 33, 26, and 27), three lines with sink limitation (lines 15,
24, and 28), and three intermediate lines with both relative S-S

Frontiers in Agronomy

limitations (lines 48, 44, and 12) were selected. Also, among the
conventional cultivars, the two cultivars as check with the highest
yield (Pishgam) and the lowest yield (Baharan) and the diversity of
morphophysiological traits were chosen for evaluation along with
nine selected lines. The general status of the assessed traits of 11
selected genotypes compared to all evaluated genotypes is shown in
Tables 1, 2.

3.2 Grain yield and grain number per spike

The data variance analysis showed that the effects of genotype
and S-S manipulation on all evaluated traits were significant under
irrigation and rainfed conditions (data not shown). Also, drought
stress (rainfed conditions) reduced GY (25%), GNS (12%), GWS
(18%), SSW (9%), and SW (18%) compared to irrigation conditions
(Table 4). Researchers reported that drought stress in the pre-
reproductive stage mainly inhibits the formation of wheat grain
number per spike but has little impact on spike number and
thousand-grain weight (Zhang et al., 2020; Gao et al,, 2023). The
GY varied in irrigation conditions at 5,949 to 8,133 and rainfed
conditions at 4,550 to 6,587 kg/ha, and the results showed that
genotypes with high yield in irrigation conditions had a higher yield
in rainfed conditions (Figures 2A, B). The range of variation in the
GNS was 28 to 65 and 25 to 47 in irrigation and rainfed conditions,
respectively, depending on cultivar, treatment, and environment
(Figures 3B, 4B). Genotypes 1, 9, 3, 10, and 11 had the highest
GNS, and genotypes 4, 5, 2, and 7 had the lowest GNS in both
irrigation and rainfed conditions (Table 4). Also, range of variation in
GWS was 1.38 to 2.04 (g spike-1) and the most reduction in GNS was
related to the RAL treatment in rainfed conditions (Figures 4A, 5B).
A significant positive relationship (r = 0.637*) was observed between
grain yield and GNS in rainfed conditions (Table 5). In the RFL
treatment, the average decrease in GNS was 8% and 3% in irrigation
and rainfed conditions, respectively, and in the RAL treatment, it was
17% and 9%, respectively (Table 6). Furthermore, in most
investigated lines, RHS treatment did not affect GNS.
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TABLE 3 Soil information (0—-20-cm depth) of Islamabad-e-Gharb Research Station (2017-2018 and 2018-2019 cropping years).
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3.3 Source and sink S-S limitation

Some levels of source limitation were observed from 8.18% to
10.25% on average in all genotypes. Genotypes showed different
reactions to defoliation levels (reduction of source strength) in GWS
in both experiments. Defoliation treatments caused a significant
decrease in GWS, and GWS decreased by 18% under drought stress
in rainfed conditions (Table 6; Figure 5A). In the RFL treatment, the
reduction of GWS was 8% and 7% in irrigation and rainfed conditions,
respectively. Also, genotypes showed different reactions to the RFL, so
genotypes 1 and 10 in irrigation conditions and 4 and 11 in rainfed
conditions showed the highest reaction (Table 7). Genotypes 1, 5, and 6
in both irrigation and rainfed experiments showed the highest reaction
to the RHS treatment, which indicates the amount of source limitation
(SL) and the insufficiency of photosynthetic materials in grain-filling
duration. High-yielding genotype 1, with 24% SL in irrigation
conditions, showed the highest SL among the genotypes (Table 7).
The same situation was observed under drought stress; genotypes 1 and
10 had the highest SL and grain yield in rainfed conditions at 31% and
14%, respectively (Table 7). Also, lines 3 and 7 showed the least response
to sink reduction in both irrigation and rainfed conditions, which
indicates the relative limitation of the sink in them (Table 7). In this
research, a significant positive relationship was observed between SL and
GY (kg/ha) in irrigation (r = 0.647*) and rainfed (r = 0.702*) conditions
and also with GNS in rainfed conditions (r = 0.692*). Furthermore, the
positive relationship between SL and GWS is significantly known in
irrigation (r = 0.658%) and rainfed (r = 0.632*) conditions (Table 5).

3.4 Stem weight

In the present work, the effects of genotype and defoliation
intensities on SW were significant under irrigation and rainfed
conditions (data not shown). The SW decreased in RFL and RAL
treatments (reduction of source strength), while it increased in RHS
treatment (reduction of sink strength) under irrigation and rainfed
conditions (Figures 6A, B, 7A, B). Also, the increase in stem
remobilization affected by source reduction was calculated by
measuring the stem dry weight at maturity in defoliation
treatments compared to the check (Table 8). In this regard, the
remobilization values from stem to grain in the check (without S-S
manipulation) were 0.63 and 0.81 g/stem in irrigation and rainfed
conditions, respectively, which were equivalent to 32% and 51%,
respectively, of grain weight (Table 4). The increase in stem
remobilization (with S-S manipulation) compared to that in the
check was 8% (RFL) and 21% (RAL) in irrigation conditions, which
was equivalent to 3% and 7% of grain weight, while in rainfed
conditions, the increase was 9% (RFL) and 16% (RAL), which was
equivalent to 4% and 7% of grain weight, respectively (Table 6).

3.5 Spike straw weight

In this study, the effects of genotype and defoliation intensities
on SSW were significant under irrigation and rainfed conditions
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TABLE 4A The mean comparisons of grain weight per spike (GWS), grain number per spike (GNS), and spike straw weight (SSW) traits in various
genotypes (Factor A) in irrigation (I) and rainfed (R) conditions in second year of experiment.

Genotype

Pishgam 257 £0.039 | 2.04 +0.109 -21 56 + 1.08 52 + 1.83 -7 0.74 £ 0004  0.71 +0.020 -4

Baharan 180+ 0.116 | 1.55 + 0.067 -14 38 +2.33 35 +0.33 -8 0.76 £ 0.021  0.71 + 0.047 -7
3 191 +0.055 | 1.74 +0.061 -9 52+ 1.86 44 +191 -15 099 +0.012  0.98 +0.017 -1
4 18140081 | 141 +0.048 -22 36 + 0.87 33 + 1.23 -8 0.70 £ 0.011 0.5 + 0.017 -21
5 1.87 4 0.038 | 148 + 0.041 -21 42+ 116 34 + 1.13 -19 07340016  0.70 + 0.013 -4
6 1.85+0.049 | 144 +0.025 -22 44+ 073 40 + 118 -9 0.66 = 0.016  0.54 + 0.014 -18
7 19140038 138 +0.031 -28 36 + 091 29 +0.71 -19 1.09 +0.037  0.76 + 0.017 -30
8 174+ 0062 | 144 +0.057 -17 44+ 113 35 + 1.46 -20 0.72£0.009  0.71 +0.030 -1
9 2160013 | 1.92 +0.048 -1 49 + 0.62 48 + 1.02 -2 072 +0013 071 +0.028 -1
10 19140034 160 +0.008 -16 46 + 0.74 434032 7 0.60 £ 0.016  0.53 + 0.020 -12
11 1.86 4 0.055 | 1.62 +0.026 -13 49+ 1.14 39 + 0.89 -20 0.75 0005 = 0.73 + 0.014 -3

Average 194 +0.025 | 1.60 +0.023 -18 4462 + 0872  39.41 + 0.655 -12 0.77 0013 0.70 + 0.012 -9

LSD 5% 0215 0.137 - 3.81 348 - 0.137 0.042 -

F-ratio 7.40 17.84 - 21.52 29.35 - 3.97 3.01 -

p-Value 0.000 0.000 - 0.000 0.000 - 0.000 0.003 -

TABLE 4B The mean comparisons of stem weight (SW), spike straw remobilization (SSR), and stem remobilization (SR) traits in various genotypes
(Factor A) in irrigation (I) and rainfed (R) conditions in second year of experiment.

Genotype
Pishgam 1.69 £ 0.079 1.49 £ 0.041 -12 0.64 + 0.030 0.51 £ 0.029 20 0.82 £ 0.043 1.12 £ 0.054 37
Baharan 1.73 £ 0.057 1.50 £ 0.048 -13 0.03 + 0.003 0.56 + 0.026 143 0.77 + 0.045 0.89 + 0.036 16
3 2.39 + 0.096 2.14 + 0.088 -10 0.62 + 0.057 0.67 + 0.020 8 0.41 + 0.030 1.18 + 0.059 188
4 1.92 + 0.053 1.29 + 0.054 -33 0.03 + 0.003 0.04 + 0.003 33 0.54 + 0.039 0.43 + 0.046 20
5 1.84 + 0.040 1.41 + 0.046 =23 0.32 + 0.025 0.72 + 0.044 125 0.51 +0.032 0.79 £ 0.033 55
6 1.68 + 0.034 1.3 £ 0.026 -23 0.15 + 0.010 0.37 + 0.042 147 0.79 + 0.091 0.51 + 0.029 35
7 2.18 + 0.046 1.59 £ 0.036 =27 0.36 + 0.018 0.03 + 0.005 92 0.66 + 0.078 0.49 + 0.031 26
8 1.64 + 0.062 1.36 + 0.025 -17 0.51 + 0.015 0.18 + 0.025 65 0.63 + 0.080 0.60 + 0.027 5
9 2.09 +0.072 1.93 £+ 0.056 -8 0.62 + 0.025 0.73 + 0.090 18 0.85 + 0.033 0.81 + 0.052 5
10 1.68 + 0.064 1.42 +0.033 -15 0.46 + 0.015 0.57 + 0.078 24 0.41 + 0.030 1.04 + 0.056 154
11 1.84 + 0.046 1.5 + 0.051 -18 0.43 +0.019 0.41 + 0.051 5 0.49 + 0.065 1.10 + 0.073 125
Average 1.88 + 0.026 1.54 + 0.025 -18 0.38 + 0.020 0.43 + 0.024 13 0.63 + 0.021 0.81 + 0.026 29
LSD 5% 0.358 0.192 - 0.216 0.238 - 0.193 0.216 -
F-ratio 4.01 16.78 - 391 3.11 - 3.25 3.94 -
p-Value 0.004 0.000 - 0.004 0.005 - 0.001 0.001 -
LSD, least significant difference.
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FIGURE 2
Average grain yield under (A) irrigation and (B) rainfed experiments in the second year. Means followed by the same letter within a column are not
significantly different at the 5% probability level according to the least significant difference test.

(data not shown). The SSW decreased in RFL and RAL treatments  spike in irrigation and rainfed conditions, respectively, equivalent to
(reduction of source strength) while increasing in RHS treatment ~ 20% and 27% of grain weight (Table 4). SSW decreased with RFL,
(reduction of sink strength) under irrigation and rainfed conditions  and this reduction was more intense in RAL. This reduction means
(Figures 8A, B). The remobilization values from spike straw to  that the increase in remobilization from spike straw to grains was
grains in check (without S-S manipulation) were 0.38 and 0.43 g/  0.04 and 0.05 g/spike in RFL under irrigation and rainfed
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FIGURE 3
Mean comparison (under irrigation conditions) for interactions of genotypes x source—sink manipulation treatments including i) check, ii) removal of
flag leaf, iii) removal of all leaves, and iv) removal of upper half of the spikes. (A) Average of grain weight per spike and (B) average of grain number
per spike. Means followed by the same letter within a column are not significantly different at the 5% probability level according to the least
significant difference test
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Mean comparison of genotypes under rainfed conditions: (A) average of grain weight per spike and (B) average of grain number per spike. Means
followed by the same letter within a column are not significantly different at the 5% probability level according to the least significant difference test.

conditions, respectively, and 0.08 and 0.09 g/spike in RAL,
respectively (Table 9). The role of this increase in remobilization
under RFL was 2% and 2.5% in grain yield per spike in irrigation
and rainfed conditions, respectively, and in RAL, it was 4% and 6%,
respectively. Removing a part of the spike and reducing sink size
reduced the need for photosynthetic materials and remobilization
value from the spike straw to the grains. The increase in the GWS
under the influence of RHS was 0.17 and 0.16 g/spike in irrigation
and rainfed conditions, respectively (Table 6).

3.6 The compensatory role of vegetative
organs in grain filling

In our study, under irrigation conditions, by RFL treatment,
GWS, SW, and SSW decreased by 0.16, 0.07, and 0.04 g per plant,
respectively (Table 6), equivalent to 0.27 g per plant of
photosynthesis reduction. The decrease in the SW and SSW by
0.11 g per plant means an increase in the remobilization from the
stem and spike straw to the grains by 0.11 g per plant, and although
the photosynthesis decreased by 0.27 g per plant, grain weight
decreased by only 0.16 g. Therefore, the increase in remobilization
from the stem and spike straw was compensated by 41% of the
decrease in photosynthesis caused by RFL in irrigation conditions.
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In rainfed conditions, due to the reduction of 0.11, 0.08, and 0.04 g
per plant in the GWS, SW, and SSW, respectively, the role of
remobilization from vegetative organs in compensating for the
decrease in photosynthesis was equal to 52%. Also, under
irrigation conditions, in RAL treatment, GWS, SW, and SSW
decreased by 0.24, 0.19, and 0.08 g per plant, respectively, which
was equivalent to 0.51 g per plant, reducing photosynthesis. The
increase in remobilization from the stem and spike straw to the
amount of 0.27 g caused the grain weight to decrease by only 0.24 g.
Therefore, remobilization equivalent to 53% photosynthesis
reduction due to the RAL was compensated in irrigation
conditions. Hence, the compensatory effect of increasing
remobilization under stress conditions due to the decrease of
0.17, 0.12, and 0.09 g per plant in GWS, SW, and SSW,
respectively, was 56% (Table 6). Furthermore, under irrigation
conditions, by RHS, grain weight in the remaining half of the
spike should have been halved and reduced from 1.94 g to 0.97 g,
but it reached 1.06 g. This means that 0.09 g of material was stored.
However, SW and SSW in this treatment increased by 0.51 g, and
GWS, SW, and SSW increased by 0.60 g per plant. In rainfed
conditions, the grain weight in the half spike in the intact plant was
0.8 g, but by RHS, the GWS in the remaining half of the spike
reached 0.89 g. Also, SW and SSW increased by 0.48 g per plant,
while GWS, SW, and SSW increased by 0.57 g per plant. Therefore,
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TABLE 5 Correlation coefficients grain yield (kg/ha) (GY), thousand-grain weight (TGW), spike number per m? (SN), grain weight per spike (GWS), grain number per spike (GNS), spike straw remobilization (SSR),
stem remobilization (SR), source limitation (SL), flag leaf removal effect (FLRE), all leaves removal effect (ALRE), chlorophyll a (Cha), chlorophyll b (Chb), total chlorophyll (TCh), and carotenoids (CA) of wheat in
irrigation (down side) and rainfed (up side) conditions.

Traits FLRE ALRE
GY 1 —-0.534 0.400™ 0.547" 0.637* 0.404 ™ 0.437 0.702* -0.457 ™ -0.042 ™ 0.626* 0.638* 0.635* 0.545 ™
TGW -0.370™ 1 -0.128™ -0.616* —0.851** -0.583 ™ —-0.455 -0.582 ™ 0.024 ™ 0.074 ™ -0.232 ™ -0.363 ™ -0.290 ™ -0.207 ™
SN -0.042" 0.369™ 1 0.031™ 0.083™ 0.110 ™ -0.076 0.335 ™ -0.189 ™ 0.009 ™ 0410 ™ 0.166 ™ 0.304 ™ 0.360 ™
GWS 0.560™ -0.367" -0.398™ 1 0.924** 0.605* 0.699* 0.632* -0.027 ™ -0.107 ™ 0.327 ™ 0.370 ™ 0.346 ™ 0.394 ™
GNS 0.518™ -0.681* -0.700* 0.671* 1 0.607* 0.657* 0.692* -0.098 ™ -0.123 ™ 0.307 ™ 0415 ™ 0.350 ™ 0321 ™
SSR 0.299™ -0.370" —0.834** 0.564™ 0.804** 1 0.698* 0.329 ™ -0.044 ™ 0.151 ™ -0.014 ™ -0.010 ™ -0.016 ™ -0.006 ™
SR 0.405™ -0.202" 0.163™ 0.465™ 0.037™ -0.062 ™ 1 0.301 ™ 0.121 ™ 0.373 ™ 0.079 ™ 0.294 ™ 0.217 ™ 0.136 ™
SL 0.647* -0.410" -0.026™ 0.658* 0.479™ 0.115 ™ 0.684* 1 -0.338 ™ -0.440 ™ 0.581 ™ 0.584 ™ 0.559 ™ 0.579 ™
FLRE 0.152™ -0.251" 0.063™ 0.258™ 0.074 ™ 0.162 ™ -0.174 ™ -0.034 ™ 1 0.566 ™ -0.290 ™ -0.207 ™ -0.177 ™ -0.118 ™
ALRE 0.091™ -0.037" 0.004™ 0.161" -0.041 ™ 0.103 ™ -0.102 ™ 0.053 ™ 0.728* 1 -0.154 ™ -0.034 ™ -0.042 ™ -0.176 ™
Cha 0.665* -0.638* -0.083™ 0.414™ 0.359 ™ 0.174 ™ 0.464 ™ 0.482 ™ 0.255 ™ -0.078 ™ 1 0.908** 0.968** 0.962**
Chb 0.595™ -0.732* -0.166" 0.598™ 0.468 ™ 0.179 ™ 0.458 0.648* 0.374 ™ 0.105 ™ 0.905** 1 0.973** 0.871**
TCh 0.645* -0.700* -0.125™ 0.515™ 0.420 ™ 0.181 ™ 0.474 ™ 0.576 ™ 0.321™ 0.011 ™ 0.978** 0.974** 1 0.950**
CA 0.657* -0.613* -0.035 ™ 0432 " 0315 ™ 0.114 ™ 0.530 ™ 0.521 ™ 0.252 ™ -0.089 ™ 0.992** 0.916** 0.979** 1

ns, not significant; *p < 0.05; **p < 0.01.
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TABLE 6A The mean comparisons of grain weight per spike (GWS), grain number per spike (GNS), spike straw weight (SSW) traits under check (CH),
removal of flag leaf (RFL), removal of all leaves (RAL), and removal of the upper half of the spike (RHS) treatments in irrigation (l) and rainfed

(R) conditions.

Treatment
CH 1.94 + 0.049 1.60 + 0.045 -18 44.62 + 1.28 39.41 £ 1.31 -12 0.77 £ 0.025 0.70 + 0.024 -11
RFL 1.782 £ 0.044 = 1.495 + 0.040 -16 40.85 + 1.09 38.23 +1.28 -6 0.73 £ 0.021 0.66 + 0.021 -10
Change % -8 -7 - -8 -3 - -5 -6 -
RAL 1.705 £ 0.047 = 1.425 +0.034 -17 37.09 £ 0.95 36.01 +1.23 -3 0.69 + 0.021 0.61 £ 0.20 -12
Change % -12 —-11 - -17 -9 - -10 -13 -
RHS 2.11 £ 0.041 1.77 £ 0.031 -16 46.44 £ 0.73 41.87 £ 0.77 -10 1.03 £ 0.019 0.90 £ 0.010 -13
Change % 9 11 - 4 6 - 34 29 -
LSD 5% 0.071 0.056 - 1.317 2.38 - 0.134 0.126 -
F-ratio 153.32 147.23 - 411.93 373.12 - 28.12 21.62 -
p-Value 0.000 0.000 - 0.000 0.000 - 0.000 0.000 -

TABLE 6B The mean comparisons of stem weight (SW), spike straw remobilization (SSR) and stem remobilization (SR) traits under check (CH),
removal of flag leaf (RFL), removal of all leaves (RAL), and removal of the upper half of the spike (RHS) treatments in irrigation () and rainfed
(R) conditions.

Treatment
CH 1.88 +0.051 | 154 +0.051 -18 0.38 +0.040 | 0.43 + 0.049 10 0.63+0.042  0.81 +0.052 29
RFL 1.81 +0.070 | 1.46 + 0.048 -19 0.42 +0.042 | 0.54 +0.021 29 0.68 +0.039 | 0.89 + 0.062 31
Change % -4 -5 - 11 17.39 - 8 8.99 -
RAL 1.69 +0.050 | 1.42 +0.045 -16 0.55 +0.048 | 0.76 + 0.023 38 0.76 + 0.037 | 0.94 + 0.062 24
Change % -10 -8 - 45 77 - 21 16 -
RHS 230 +0.093 | 1.82+0.077 -21 0.048 + 0.003 = 0.18 + 0.012 275 0.067 + 0.015 | 0.21 +0.011 213
Change % 22 18 - -87 -58 - -89 —74 -
LSD 5% 0.126 0.295 - 0.068 0.093 - 0.076 0.098 -
F-ratio 43.29 33.14 - 12.69 16.87 - 10.24 12.87 -
p-Value 0.000 0.000 - 0.000 0.000 - 0.000 0.000 -

To make uniform observations in the data and figures, the values of GWS, GNS, and SSW in grams have been doubled in RHS treatment.
LSD, least significant difference.

the production of photosynthetic materials decreased by only 0.23 g
per plant, equivalent to 29% of the weight of the half spike (demand
reduction). Results in this study showed a significant positive
relationship between stem remobilization with the GWS
(r = 0.699%) and the GNS (r = 0.657%) as well as a significant
positive relationship between the spike straw remobilization with
the GWS (r = 0.605*) and the GNS (r = 0.607*) in rainfed
conditions (Table 5). Moreover, a significant positive relationship
(r = 0.684*) was observed between the remobilization of the stem
under irrigation conditions and source limitation (Table 5).
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3.7 Remobilization of water-soluble
carbohydrates in the stem

The obtained results in this study revealed the substantial
genetic variations of the WSC remobilization and efficiency from
the stems (Table 10). This is consistent with the findings of other
studies (Ehdaie et al,, 2006a; Ehdaie et al., 2006b; Vosoghi Rad
et al., 2022), which, accordingly, corroborate the manipulation of
this trait in wheat breeding programs. Accordingly, depending on
the cultivars and the environmental conditions (irrigation and
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Mean comparison of source—sink treatments under rainfed conditions. (A) Average of grain weight per spike. (B) Average of grain number per spike.
Means followed by the same letter within a column are not significantly different at the 5% probability level according to the least significant

difference test.

rainfed), the amount of WSC content at 10 days after anthesis was
estimated at 61 to 117 and at maturity at 23 to 58 g/m”. Also, the
average values of WSC remobilization in irrigation and rainfed
conditions were estimated at 52.85 and 47.66 g/m’, respectively.
The average WSC remobilization in all genotypes in irrigation and
rainfed conditions was 52.85 and 47.66 g/m?, respectively.
Furthermore, the average remobilization efficiency (%) in
irrigation and rainfed conditions was 53.10% and 59.18%,
respectively, which increased by 11.45% in rainfed conditions
(Table 10). Also, the contribution of WSC remobilization in grain
yield (%) in rainfed conditions has increased by 19% compared to
that in irrigation conditions. Results show the effect and importance
of WSC remobilization in drought stress conditions. No strong
correlation was observed between the above traits and grain yield.

3.8 Chlorophyll

The results showed that in both conditions, the effect of
genotype on chlorophyll a, chlorophyll b, total chlorophyll, and
carotenoids was significant (data not shown), and there was a
significant difference between the genotypes (Table 11). Also,
drought stress caused a decrease in chlorophyll contents so that
the values of chlorophyll a, chlorophyll b, total, and carotenoids in
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all genotypes decreased to 20.7%, 24.10%, 21.02%, and 16%,
respectively (Table 115 Figures 9A-D). In addition, the values of
chlorophyll and carotenoids had a significant positive correlation
with grain yield (ha™") in both irrigation and rainfed conditions. In
this regard, genotypes 1, 2, 6, 9, and 10 with the highest grain yield
(ha™") had the highest amounts of chlorophyll. Also, the values of
chlorophyll b showed a significant positive relationship (r = 0.648%)
with source limitation in irrigation conditions (Table 5).

4 Discussion

4.1 Relationships between source-sink
affected by RFL, RAL, and RHS treatments

As expected, grain yield was closely related to GNS. The results
showed that lines with more GNS had higher GWS and higher grain
yield (per ha™"). Grain yield is strongly related to the number of
grains harvested at physiological maturity (Peltonen-Sainio et al.,
2007; Fischer, 2008). Although grain number is the dominant
component of grain yield determination, it is evident that for any
given number, there is a wide range of achievable yield due to
variations in grain weight (Slafer et al., 2014). Drought stress caused
a significant decrease in GNS (12%) and GWS (18%) compared to
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TABLE 7 Average grain weight per spike (GWS) in check (CH), removal of the upper half of the spikes (RHS), removal of flag leaf (RFL), removal of all leaves (RAL), and source limitation (SL) based on average
grain weight per spike (GWS) in RHS treatment compared to check in irrigation () and rainfed (l) experiments.

Average GWS in

Average GWS in

Source limita-

Average grain

Effect of RFL (%)

Average grain

Effect of RAL (%)

Genotype tion (%) weight in RFL (g) weight in RAL (g)

Site () (R) () (R) () (R) (1 (R) () (R) U} (R) U} (R)
Pishgam 0.046 0.039 0.057 0.051 2391 3077 0.040 0.038 13.04 2.56 0.040 0.037 13.04 5.13
Baharan 0.047 0.044 0.052 0.046 10.64 454 0.043 0.042 8.51 454 0.042 0.037 10.64 1591

3 0.037 0.039 0.037 0.040 0.52 2.56 0.035 0.035 5.40 10.26 0.035 0.034 5.40 12.82
4 0.050 0.043 0.050 0.046 0.55 6.98 0.047 0.037 6.01 13.95 0.045 0.037 10.01 13.95
5 0.045 0.044 0.050 0.050 1111 13.64 0.042 0.041 6.66 6.82 0.036 0.040 2001 9.09
6 0.042 0.036 0.049 0.041 16.66 13.89 0.040 0.035 476 2.78 0.038 0.034 9.52 5.55
7 0.053 0.047 0.053 0.048 0.01 213 0.048 0.046 9.43 213 0.047 0.044 11.32 6.38
8 0.040 0.041 0.042 0.043 501 4388 0.037 0.039 7.50 488 0.036 0.037 10.02 9.76
9 0.044 0.040 0.049 0.045 11.36 12,50 0.042 0.037 454 7.50 0.037 0.036 1591 10.01
10 0.042 0.037 0.043 0.042 238 13.51 0.033 0.036 2143 2.70 0.031 0.031 26.19 16.22
1 0.038 0.041 0.041 0.044 7.89 7.32 0.037 0.035 2.63 14.63 0.036 0.034 5.26 17.07
Average 0.044 0.041 0.048 0.045 8.18 10.25 0.040 0.038 8.17 6.61 0.038 0.036 12.48 11.08

To make uniform observations in the data and figures, the values of grain weight per spike (GWS) in grams have been doubled in RHS treatment.
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Mean comparison of genotypes for stem weight under (A) irrigation and (B) rainfed conditions. Means followed by the same letter within a column
are not significantly different at the 5% probability level according to the least significant difference test

irrigation conditions (Table 4). The grain weight of Ghods wheat
cultivars significantly decreased under drought stress (Ahmadi
et al, 2009). In RFL, the average decrease in GNS was 8% and 3%
in rainfed and irrigation conditions, respectively, and in RAL, it was
17% and 9%, respectively (Table 6). Considering that leaf removal
treatments were applied 2 weeks after anthesis, and at this stage,
pollination and grain number were not affected, it can be said that
the decrease in grain number was due to the abortion of grains or
the formation of tiny grains that were not considered in the
counting process. It has been reported that the removal of all
leaves partially reduced the grain number of wheat by 3% to 6%
(Zhenlin et al., 1998). In a study with 20 cultivars and lines of wheat,
it was shown that GNS was significantly reduced by the removal of
all leaves after pollination (Alam et al., 2008). Also, the RHS in some
lines (lines 1, 6, and 9) increased the number of the grains in the
remaining half of the spike by 4% and 6% in irrigation and rainfed,
respectively (Table 6), which seems to be due to competition
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reduction between grains in absorbing assimilation and better
growth of grains and prevention of grain abortion.

The contribution rate of flag leaves to daily photosynthetic
products varies from 50% to 60% (Towfiq et al, 2015), while its
defoliation generated grain yield losses of 18% to 30% (Ma et al,
2021). It has been reported that different intensities of leaf removal in
the beginning stage of sink capacity formation cause a significant
reduction in grain weight in different wheat cultivars (Bijanzadeh and
Emam, 2010), and through the reduction in photosynthesis, it causes
a decrease in grain yield (Albacete et al., 2014). Singh and Singh 1992)
showed that source restriction reduced the 30% to 40% yield of wheat
cultivars. Bijanzadeh and Emam (2010) announced that in the Shiraz
cultivar, defoliation of all leaves decreased the main shoot yield by
40.75%. This demonstrated that the Shiraz cultivar was sensitive to
source restriction under well-watered conditions. Generally, genetic
diversity was observed among wheat cultivars when they were
imposed on source restriction and drought stress.
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Mean comparison of source-sink treatments for stem weight under
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least significant difference test.

It has been stated that the removal of all leaves and flag leaves
caused a 28% and 17% decrease in grain weight per spike,
respectively (Alam et al., 2008), which indicates the limitation of
the source strength. In this study, it seems that in lines 1 and 10
under irrigation conditions, which had more yield and more
oversized sink, under the influence of RFL, the limitation of
photosynthetic materials in them increased, and yield reduction
has been more severe. In addition, lines 3 and 4, which had lower
grain yield potential, showed less sensitivity to source reduction
probably due to relative sink limitation (Figures 3A, B; Tables 4,
6, 11). Therefore, the flag leaf is decisive in the S-S relationship.
Researchers observed a 7%-9% decrease in grain weight, 10.7% in
grain yield, and 11.1% in GNS during an experiment by removing
the flag leaf after spike formation (Sharma et al., 2003). In the RAL,
the average decrease in GWS compared to check was 12% and 11%
in irrigation and rainfed conditions, respectively, and genotypes 3
and 11 in irrigation conditions and genotypes 6 and 7 in rainfed
showed the least reaction to the RAL, which was probably due to the
low source limitation and the relative sink limitation in them
(Tables 6, 7). Therefore, considering that source reduction in
most of the studied lines caused a significant reduction in grain
weight per spike, these genotypes have some source limitations
(Table 7). The role of RAL in the reduction of GWS was stronger
than that of RFL which was calculated through Equation 4.
However, no significant difference was observed in most of the
genotypes, which shows the importance and role of the flag leaf in
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photosynthesis and the production of assimilates (Table 7).
Investigating S-S relationships in more than 150 new bread wheat
genotypes showed that all genotypes have some source limitation in
sink capacity levels (Alonso et al, 2018). In general, the results
showed that the leaves had a lesser role in grain filling in rainfed
conditions, and grain filling under drought stress is more dependent
on the remobilization of photosynthetic materials. Moreover,
results showed an increase in GWS in the RHS treatment, which
is interpreted as source limitation. Of course, these results indicate
the limitation of the sink because, with the doubling of available
photosynthetic materials under RHS treatment, the grain weight in
the remaining half of the spike increased by only 10% on average.
There is a significant positive relationship between source limitation
and grain yield (kg/ha) in both irrigation (r = 0.647*) and rainfed (r
= 0.702*) conditions, according to the results of Modhej
(2011) (Table 5).

Hence, it can be said that in genotypes with higher grain yield
(kg/ha), more GNS, or higher GWS (due to the more oversized
sink), photosynthetic material limitation is more severe in them,
and as a result, the reduction of grain yield in these genotypes under
defoliation treatments will be higher. All of these genotypes are
included in the category of limited source (Table 7). In this regard, it
has been reported that the genotypes with a more oversized sink
(grain number) will have more source limitations due to the
increased competition of the sinks to receive photosynthetic
materials (Satorre and Slafer, 2000). Some researchers have stated
that due to the role of sources during the grain-filling period,
genotypes that have less source limitation under normal and
drought stress conditions have a higher genetic potential for grain
yield (Janmohammadi et al., 2010). However, despite this issue, the
investigated genotypes in this experiment, which are from the
advanced lines resulting from the breeding experiments of Icarda
and Simit, had a relative source limitation due to favorable sink
potential. The studies conducted on improved wheat cultivars for
different regions show that the source limitation has increased
during the improvement programs in the direction of more
grains and more yield in wheat and that the newly modified
varieties of wheat have source limitations due to the increase in
sink strength and related traits such as more oversized spikes and
more GNS (Koshkin and Tararina, 2003; Alonso et al., 2018;
Kuzay et al., 2019).

In recent research, the understanding of the genetic basis of
source-related traits has been emphasized because the increase of
spikelets in the spike can lead to more yield only when the source is
adapted to the rise in the sink at the same time (Kuzay et al., 2019).
It has been reported that defoliation reduces both the traits of grain
growth rate and grain weight of cultivars. However, the relative
reduction for sensitive cultivars to spike removal (limited source
cultivars) is greater than that for insensitive cultivars (Abdoli and
Saeidi, 2013). Complementary crosses between genotypes with high
sink capacity and those with high source capacity resulted in
progeny with substantial yield improvement (Reynolds et al,
2017), suggesting the co-limitation of S-S on yield. It has been
suggested that selecting crossing partners based on physiological
traits is a promising strategy to achieve higher crop productivity
through breeding, which is facilitated by the increasingly automated
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TABLE 8 Stem weight (SW) in check (CH), removal of flag leaf (RFL), removal of all leaves (RAL) and removal of the upper half of the spike (RHS) treatments, stem remobilization increase affected by RFL and RAL
treatments, and stem remobilization decrease affected by RHS in grams (g) in irrigation (I) and rainfed (R) experiments.

SW in REL SW in RHS Stem remobilization Stem remobilization Stem remobilization

SW in RAL treatment (g) increase affected increase affected decrease affected
treatment (g)

SW in CH treatment (g) treatment (g)

Genotype

by RFL treatment (g) by RAL treatment (g) by RHS treatment (g)

Site (1 (R) (0) (R) 0] () (0] N (0] (U]

Pishgam 1.69 1.49 1.67 1.44 1.6 1.42 1.98 1.88 0.02 0.05 0.09 0.07 -0.29 -0.39
Baharan 1.73 1.5 1.66 1.37 1.59 1.27 2.07 19 0.07 0.13 0.14 0.23 —-0.34 -0.4
3 2.39 2.14 2.3 2.1 2.19 2.07 2.81 2.39 0.09 0.04 0.20 0.07 —0.42 -0.25
4 1.92 1.29 1.84 1.21 1.71 1.28 2.13 1.48 0.08 0.08 0.21 0.01 -0.21 -0.19
5 1.84 1.41 1.8 1.34 1.63 1.31 2.2 1.67 0.04 0.07 0.21 0.10 -0.36 -0.26
6 1.68 1.3 1.52 1.22 1.44 1.3 2.19 1.44 0.16 0.09 0.24 0.01 —-0.51 -0.13
7 2.18 1.59 2.12 15 1.93 1.41 2.9 1.82 0.06 0.09 0.25 0.18 -0.72 -0.23
8 1.64 1.36 1.55 1.35 1.49 1.25 1.9 1.54 0.09 0.01 0.15 0.11 -0.26 -0.18
9 2.09 1.93 2.05 1.75 1.78 1.66 2.69 2.61 0.04 0.18 0.31 0.27 -0.6 —-0.68
10 1.68 1.42 1.61 14 1.59 1.27 2.1 1.62 0.07 0.02 0.09 0.15 —-0.42 -0.2
11 1.84 1.5 1.81 1.41 1.67 1.36 2.33 1.71 0.03 0.09 0.17 0.14 -0.49 -0.21
Average 1.88 1.54 1.81 1.46 1.69 1.42 2.30 1.82 0.07 0.08 0.10 0.12 -0.42 -0.28

To make uniform observations in the data and figures, the values of SW in grams have been doubled in RHS treatment.
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FIGURE 8

Mean comparison for interactions of genotypes x source—sink manipulation treatments including i) check, ii) removal of flag leaf, iii) removal of all
leaves, and iv) removal of the upper half of the spikes. (A) Average spike straw weight under irrigation conditions. (B) Average spike straw weight
under rainfed conditions. Means followed by the same letter within a column are not significantly different at the 5% probability level according to

the least significant difference test.

phenotyping techniques (Reynolds et al., 2017; Furbank et al,
2019). The co-limitation of S-S implies that their breeding
progress should be achieved parallelly. However, the interactions
of source characteristics with the sink traits and thereby their role in
the breeding progress of winter wheat are unclear, especially for the
capacity of the canopy to stay green (Jagadish et al., 2015).

4.2 Remobilization of stem and spike straw
under RFL, RAL, and RHS treatments and
the compensatory role of vegetative
organs in grain filling

In the grain-filling duration, the current photosynthesis is not
enough for the grain’s needs, so grains rely on the remobilization of
stem storage materials. In this sense, remobilization is one of the
plant’s compensatory processes in facing the weakness of source
strength, especially under drought stress. This situation may occur
under source limitation conditions caused by defoliation. In wheat,
the defoliation of the flag leaf blade increased the contribution of
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assimilates to the grain from the stem and the chaff under normal
conditions (Alvaro et al., 2008), and the removal of these affected the
grain yields under normal or water-limiting conditions (Cruz-Aguado
et al, 1999). In this study, the RFL treatment caused a significant
decrease in SW compared to the check, as well as in RAL; the
reduction in SW and the increase in remobilization to grains were
intensified (Table 8). Leaf removal treatment increases the
remobilization of non-structural carbohydrates in the stem
(Noshin et al., 1996). This decrease in SW affected by reduction in
photosynthesis rate stimulates compensatory mechanisms including
the remobilization of storage materials from the stem, especially at
higher intensities of leaf removal and in drought stress conditions.
Other findings demonstrated a significant increase in the rate and
efficiency of assimilate remobilization from the stem internodes under
drought stress (Ma et al., 2014; Vosoghi Rad et al., 2022). Hence, more
storage materials are sent from the stems to the economic sinks
(grains) and, as a result, will cause a further reduction in the SW. The
researchers stated that under low-to-medium conditions of source
limitation, the plant resists nutrient deficiency stress by physiological
mechanisms including more optimally using the reserves in the aerial
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TABLE 9 Spike straw weight (SSW) in check (CH), removal of flag leaf (RFL), removal of all leaves (RAL) and removal of the upper half of the spikes (RHS) treatments, spike straw remobilization increase affected
by RFL and RAL treatments, and spike straw remobilization decrease affected by RHS treatment in grams (g) in irrigation () and rainfed (R) experiments.

Spike straw Spike straw

SSW in RHS remobilization increase remobilization increase Sl sl

SSW in CH treatment (g) SSW in RFL treatment (g) SSW in RAL treatment (g) TR affected by RFL affected by RAL remobilization affected

Genotype

treatment (g) treatment (g) by RHS treatment (g)

(0] (R)

Pishgam 0.74 0.76 0.73 0.73 0.67 0.74 1.06 1.08 0.01 0.01 0.07 0.02 —-0.32 -0.32
Baharan 0.76 0.71 0.75 0.64 0.75 0.57 0.96 0.98 0.01 0.07 0.01 0.14 -0.20 -0.27
3 0.99 0.98 0.98 0.85 0.98 0.66 1.28 1.09 0.01 0.13 0.01 0.32 -0.29 -0.11
4 0.70 0.55 0.57 0.54 0.60 0.52 0.86 0.80 0.13 0.01 0.10 0.03 -0.16 -0.25
5 0.73 0.70 0.72 0.65 0.62 0.63 1.01 0.86 0.01 0.05 0.11 0.07 -0.27 -0.16
6 0.66 0.54 0.62 0.53 0.60 0.53 1.26 0.78 0.04 0.01 0.06 0.01 -0.60 -0.24
7 1.09 0.76 0.99 0.70 0.83 0.59 1.18 0.79 0.10 0.06 0.26 0.16 -0.09 -0.04
8 0.72 0.71 0.64 0.68 0.60 0.67 0.98 0.82 0.08 0.03 0.12 0.04 -0.26 -0.11
9 0.72 0.71 0.71 0.70 0.63 0.62 1.02 1.01 0.01 0.01 0.09 0.09 -0.30 -0.29
10 0.60 0.53 0.53 0.51 0.59 0.47 0.74 0.78 0.07 0.01 0.01 0.06 —-0.14 -0.25
11 0.75 0.73 0.74 0.68 0.69 0.70 1.01 0.96 0.01 0.01 0.06 0.03 -0.25 -0.23
Average 0.77 0.70 0.73 0.65 0.69 0.61 1.03 0.90 0.04 0.05 0.08 0.09 -0.26 -0.21

To make uniform observations in the data and figures, the values of spike straw weight (SSW) in grams have been doubled in RHS treatment.
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TABLE 10A Means of the WSC content at 10 days after anthesis and maturity (g/m?) under irrigation and rainfed conditions.

WSC content at 10 days after anthesis

WSC content at maturity

Genotype (g/m?) (g/m?)

Site (1 (R) 0} (R)
Pishgam 109.06 + 4.66 7445 + 16.79 4278 +522 2534 + 559
Baharan 80.26 + 4.64 93.29 + 11.56 58.00 + 2.07 39.07 + 6.38

3 96.79 + 11.08 7751 + 559 3064 + 1.47 4220 £ 2.07
4 108.83 + 5.88 7623 +3.54 4456 +3.75 23.83 £ 2.31
5 97.19 £ 3.79 103.87 + 3.48 5622 + 2.95 3354 £ 6.33
6 9849 + 1228 76.15 £ 7.25 48.94 + 3.64 33.89 +7.24
7 89.89 + 11.26 87.82 + 8.33 4129 +8.17 50.87 + 5.07
8 61.66 + 1.61 71.80 + 0.44 3847 + 323 2436 + 2.64
9 116.84 + 2.32 66.17 + 271 3592 + 1.24 26.15 + 1.92
10 11624 £ 1.15 70.50 % 0.81 40.80 £ 0.97 2601 % 0.15
11 82.01 % 1.58 8473 + 1434 3830 £ 3.20 3294 1 312
Average 96.12 + 3.31 80.23 + 2.85 4327 £ 1.69 3257 + 1.84
LSD 5% 17.78 24.92 10.61 12.24
F-ratio 7.84 174 5.34 437
p-Value 0.0001 0.1393 0.0007 0.0024

TABLE 10B Means of the WSC remobilization (g/m?) of the stem, remobilization efficiency (%), and contribution of WSC remobilization in grain yield
(%) under irrigation and rainfed conditions.

WSC remobilization (g/m?)

Remobilization

Contribution of WSC

Genotype efficiency (%) remobilization in grain yield (%)

Site (1 (R) ()] (R) 0] (R)

Pishgam 6628 + 8.56 4910 + 11.51 6041 + 6.08 65.58 + 1.95 829 +1.39 7.57 + 1.55

Baharan 2226 + 647 5422 + 570 27.00 + 6.40 58.48 + 2.16 2.89 +0.71 10.62 + 2.40

3 66.15 + 12.12 3531 + 7.66 67.27 £ 475 4458 £ 6.71 9.92 + 197 7.72 £ 1.75

4 6427 + 7.56 5239 + 5.13 5872 + 471 68.46 + 4.01 11.53 + 2.57 1151 + 1.03

5 4098 + 6.71 70.32 + 2.85 4175 + 534 68.05 + 5.03 6.02 + 126 13.66 + 0.41

6 4955 + 11.66 4227 + 8.66 48.87 + 6.46 5537 + 9.08 6.80 + 1.75 7.66 + 1.84

7 48.60 + 4.43 36.94 + 4.68 54.87 + 474 4203 +2.87 6.96 + 1.02 7.25 +0.71

8 2319 + 1.89 4744 £ 2.97 37.77 + 3.73 66.04 + 3.85 3.58 + 0.09 9.62 + 0.86

9 80.92 + 3.56 40.02 + 0.84 69.19 + 1.68 60.58 + 129 10.73 + 0.85 6.75 + 017

10 7544 + 1.71 4449 + 0.85 64.89 + 0.98 63.10 + 0.50 10.19 + 0.32 6.77 +0.28

11 43724272 5178 + 14.14 5335 + 3.55 58.69 + 8.65 5.44 + 030 9.00 + 221

Average 52.85 + 375 47.66 + 2.44 53.10 + 2.52 59.18 + 1.96 7.49 + 0.59 8.92 +0.52
LSD 5% 19.18 20,96 13.52 14.35 3.07 436
F-ratio 9.12 191 8.33 335 7.75 2.26
p-Value 0.0001 0.1052 0.0001 0.0103 0.0001 0.05

Remobilization efficiency was calculated as (mobilized WSCs/maximum weight) x 100.

LSD, least significant difference; WSC, water-soluble carbohydrate; I, irrigation; R, rainfed.
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TABLE 11A The mean comparisons of grain yield (GY), thousand-grain weight (TGW), and spike number per m? (SN) in irrigation (I) and rainfed (R)
conditions in second year of experiment.

Genotype GY (kg/ha)
Site (R)

Pishgam 8133 + 40253 6,382 + 275.10 39.44 £ 0.74 3405 £ 0.51 560 + 24.98 559 + 43.59

Baharan 7,639 + 666.39 5,405 + 730.72 4329 £ 127 39.16 + 1.04 753 3341 616 + 62.86
3 6,729 + 219.82 4,584 + 110.13 4107 + 053 35.03 + 075 505 + 55.35 465 + 29.06
4 5,949 + 837.53 4,550 + 116.20 44.07 + 0.84 3852 + 0.69 653 + 96.51 535 + 39.75
5 6950 + 353.50 5,153 + 221.42 46551 + 1.09 37.44 + 095 599 +9.33 524 + 28.10
6 7,397 + 232.99 5,623 + 222.32 38.83 + 0.24 33.49 £ 040 589 + 30.14 604 + 10.07
7 7,125 + 642.10 5,072 + 136.00 46.69 + 0.72 4239 + 031 600 £ 49.15 501 + 5135
8 6,457 + 376.55 4,958 + 187.68 4153 £ 0.62 3691 £ 0.90 585 + 28.69 485 + 12.72
9 7,632 + 665.50 5,948 + 267.09 4067 £ 0.77 3376 + 1.20 536 + 7159 536 + 40.86
10 7412 + 24284 6,587 + 216.43 3928 + 075 3447 + 053 591 + 15.03 524 + 33.55
1 8,058 + 470.28 5,660 + 234.59 4217 £ 1.02 3637 + 0.58 592+ 19.73 549 + 28.55

Average 7,226 + 169.34 5,447 + 135.26 42.14 £ 0,506 3651 + 0.502 597 + 1595 536 + 12.15

LSD 5% 854 793 1.94 204 116 11

F-ratio 533 626 17.37 15.81 266 148

p-Value 0.0007 0.0003 0.0001 0.0001 0.030 0219

TABLE 11B The mean comparisons of chlorophyll a (Cha), chlorophyll b (Chb), total chlorophyll (TCh), and carotenoids (CA) in irrigation (I) and
rainfed (R) conditions in second year of experiment.

Genotype Cha (mg/qg) Chb (mg/qg) TCh (mg/q) CA (mg/g)
Site ()] (R) ()} (R) ()} (R) ()] (R)
Pishgam 2.05 + 0.030 1.76 + 0.083 1.23 £ 0.055 0.98 + 0.161 3.28 £ 0.071 2.74 + 0.078 0.89 + 0.030 0.85 + 0.014
Baharan 1.70 £ 0.027 1.45 + 0.062 0.72 £ 0.011 0.56 + 0.047 2.42 +0.039 2.01 £0.122 0.75 + 0.038 0.64 + 0.045
3 1.49 £ 0.076 0.86 + 0.079 0.62 + 0.083 0.32 £ 0.018 2.11 £ 0.059 1.18 £ 0.075 0.65 + 0.015 0.38 + 0.013
4 1.51 £ 0.025 1.22 £ 0.095 0.69 + 0.053 0.48 + 0.091 2.20 £ 0.079 1.69 £ 0.043 0.66 + 0.042 0.55 + 0.082
5 1.39 + 0.044 1.29 + 0.049 0.57 = 0.061 0.51 + 0.046 1.89 + 0.108 1.74 + 0.087 0.61 + 0.086 0.57 + 0.016
6 2.03 £ 0.055 1.35 + 0.155 1.14 + 0.043 0.56 + 0.061 3.17 £ 0.104 191 £ 0.176 0.89 + 0.040 0.59 + 0.086
7 1.79 + 0.064 1.21 + 0.167 0.75 + 0.061 0.43 + 0.060 2.54 + 0.047 1.64 £ 0.197 0.79 + 0.047 0.55 + 0.072
8 1.73 £ 0.102 1.63 + 0.119 0.89 + 0.023 0.74 + 0.078 2.59 £ 0.050 247 +0.258 0.79 + 0.035 0.74 + 0.029
9 1.74 £ 0.050 1.48 + 0.084 0.81 + 0.030 0.59 + 0.088 2.56 + 0.055 2.08 £ 0.091 0.75 £ 0.025 0.70 + 0.006
10 1.87 £ 0.063 1.40 £ 0.110 0.98 + 0.064 0.77 £ 0.046 2.85 £ 0.086 2.17 £ 0.144 0.79 £ 0.051 0.57 + 0.021
11 1.92 + 0.049 1.52 + 0.204 0.85 + 0.053 0.81 + 0.139 2.76 £ 0.121 2.52 £ 0.117 0.81 + 0.029 0.77 £ 0.034
Average 1.74 + 0.039 1.38 + 0.050 0.84 + 0.037 0.61 + 0.039 2.58 £ 0.074 2.01 +0.084 0.76 = 0.018 0.63 + 0.024
LSD 5% 0.22 0.32 0.20 0.26 0.40 0.49 0.10 0.13
F-ratio 9 525 10.11 5.39 10.01 7.23 7.48 7.37
p-Value 0.0001 0.0008 0.0001 0.0007 0.0001 0.0001 0.0001 0.0001
LSD, least significant difference.
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organs, balancing the distribution of photosynthetic materials, and
more efficiently using the remaining leaf surfaces (Lopes and
Reynolds, 2010; Emam et al., 2013).

The observed diversity in remobilization values from the stems
indicates that some genotypes (due to the stronger sink) send more
carbohydrates to the grains by stimulating the mechanism of
remobilization (Table 4). In this case, a drought-tolerant genotype
had a stronger capacity for accumulation and higher remobilization
efficiency of pre-anthesis stem water-soluble carbohydrate reserves
under terminal drought, resulting in better grain filling and effective
compensation for the loss of grain weight, especially in lower
internodes (Liu et al., 2020). Saeidi et al. (2012) suggested that the
amount of remobilization of storage materials through the stem
nodes is higher in resistant cultivars, especially in drought stress
conditions. The noteworthy point in this study was the significant
increase in SW in all investigated lines in RHS treatment by 22%
and 18% in irrigation and rainfed conditions, respectively. With the
reduction of the physiological sinks, the current photosynthesis has
provided the grain requirement, and the surplus photosynthetic
materials have been stored in the stem (Table 6). For instance,
genotype 9, which has the highest increase in remobilization from
the stem under RAL in irrigation (0.31 g/stem) and rainfed (0.27 g/
stem), was ranked second in terms of grain weight and GNS in both
conditions (Table 8). This shows the compatibility and resistance of
these genotypes to adverse environmental conditions. Of course,
this compatibility was not observed in the high-yielding Pishgam
cultivar. The amount of remobilization during environmental stress
determines the final grain yield (Najafian and Shabani, 2010).

Also, by removing the leaves and reducing the source size, part
of the deficit of photosynthetic materials may be compensated by
increasing the remobilization from the vegetative organs such as

Frontiers in Agronomy

spike straw. In our study, the remobilization values from spike straw
to grains in CH (without S-S manipulation) were 0.38 and 0.43 g/
spike in irrigation and rainfed conditions, respectively. Therefore,
remobilization from the spike straw compared to the stem on a
smaller scale can effectively fill the grains. Overall, when the
photosynthetic capacity is reduced due to drought stress or source
reduction (leaves), grain filling is significantly dependent on the
remobilization from storage organs such as stems and spikes straw,
and if the size of the sink is reduced, the survival of storage
compounds increases. Removing a part of the spike (reduction of
sink size) reduces the need for photosynthetic materials and
remobilization from the spike straw to the grains. According to
Table 9, line 3 showed the highest increase in remobilization from
spike straw in RFL (0.13 g/spike) and RAL (0.32 g/spike) in rainfed
conditions. It had the least effect of drought stress on GWS (8.90%)
compared to irrigation conditions. This shows the important role of
intensification of remobilization from the spike straw in grain filling
under critical conditions (Table 4). At the same time, genotypes 1, 4,
and 6, which had the lowest increase in remobilization from spike
straw in both RFL and RAL treatments in rainfed conditions, were
more severely affected by drought stress (Table 9). Generally, source
reduction through leaf removal treatments leads to a more favorable
utilization of the storage materials in spike straw. The amount of
remobilization from spike straw to grains in RAL compared to RFL
showed a double increase in irrigation and rainfed conditions. The
remobilization from vegetative organs to grains moderates the effect
of severe defoliation on grain growth (Emam and Niknejad, 2004).

It is noteworthy that the genotypes in irrigation conditions could
increase the remobilization by 0.27 g per plant in RAL, but in RFL, only
0.11 g of these reserve materials was used for remobilization; therefore,
it can be said that due to the energy required for decomposition and
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remobilization from the stem and spike straw to the grain, most of
these compounds are transferred to the grain only in critical conditions.

4.3 Changes in photosynthesis under
RHS treatment

Due to competition for assimilates among reproductive organs,
it is an important approach to control the source-sink ratio to
reduce this competition by removing the reproductive organs and
consequently the plant’s reproductive potential and yield (Wu et al,,
2022). In the present study, the reduction of total photosynthesis
due to the halving of grain demand (under RHS treatment) was only
0.37 g instead of 0.97 g (half spike weight) per spike, indicating a
negative feedback due to the saturation of photosynthetic materials
in the remaining half of the spike (Table 6). This shows that
photosynthesis decreased by 38%. Also, in rainfed conditions, the
production of photosynthetic materials decreased by only 0.23 g per
plant, equivalent to 29% of the weight of half spike (demand
reduction). This indicates the presence of stronger sinks in
vegetative organs compared to grains for the uptake of
photosynthetic materials when the source-sink ratio increases.
The source-sink relationship analysis of wheat after anthesis
showed that the sink capacity affects the production and
distribution of photosynthetic products, and a larger sink capacity
can promote the leaf photosynthetic potential and transport of
photosynthetic products to spike (Kumar et al., 2017). The amount
of dry matter accumulation after anthesis may affect the grain
weight, indicating that there was a feedback regulation between the
sink and the source after wheat anthesis, and the source can affect
the enrichment of the sink (Asseng et al., 2017; Ibrahim et al., 2021).
Moreover, the distribution of assimilates was affected by the source-
sink ratio. The proportion of assimilates allocated to the spike (sink)
was relatively small when the source-sink ratio was large (Abeledo
et al, 2020). Moreover, it shows the need to pay attention to
increasing the size of the sink to improve grain yield, especially in
irrigation conditions if the source is increased. Several researchers
proposed analyzing the wheat yield in terms of sink capacity and the
degree of sink limitation (Abbate et al., 2005; Lazaro et al., 2010;
Alonso et al.,, 2018), finding that the source for grain filling becomes
a limiting factor when the sink capacity increases. Grain yield was
highly associated with sink capacity, grain number, biomass, SPAD
values, and leaf area index during grain filling, indicating a higher
degree of source limitation with an increase in sink capacity.
Therefore, source limitation should be taken into account by
breeders when sink capacity is increased, especially under non-
limiting conditions (Wu et al., 2022). There was a positive
relationship between the stem remobilization with the GWS (r =
0.699%) and the GNS (r = 0.657*) and also between the spike straw
remobilization with the GWS (r = 0.605%) and the GNS (r = 0.607%)
in rainfed conditions. This shows the role and importance of
carbohydrate transfer in traits affecting yield (Table 5).
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4.4 Remobilization of water-soluble
carbohydrates in the stem

During the early grain filling, if the current leaf photosynthesis
is unable to thoroughly meet the sink/grain demand, part of the
required photo-assimilates for the grain filling would be supplied by
the dry matter remobilization from the lower internodes, which
have already reached their maximum weight. Also, under terminal
drought stress, stem carbohydrate reserves become the major source
of grain filling as leaf photosynthesis ceases (Zhang et al.,, 2015).
Research has shown that reserve pools can potentially contribute to
approximately 20% of the final grain weight and up to 50% of the
grain yield under favorable conditions and drought stress during
the grain-filling period, respectively (Hou et al., 2018). Also, a
positive and significant correlation has been reported between grain
weight per main spike and remobilization rate in wheat under
terminal drought stress (Li et al., 2020).

In this study, the average remobilization efficiency (%) in irrigation
and rainfed conditions was 53.10% and 59.18%, respectively, which
increased by 11.45% in rainfed conditions (Table 10). Also, the
contribution of WSC remobilization in grain yield (%) in rainfed
conditions has increased by 19% compared to irrigation conditions.
These results show the effect and importance of WSC remobilization in
drought stress conditions (Table 10). This contribution of the sucrose
flux from the stem to the grain seems to be more important for yield
maximization under drought conditions (Joudi et al, 2012).
Nevertheless, other findings demonstrated a significant increase in the
rate and efficiency of assimilate remobilization from the stem internodes
under drought stress (Ma et al., 2014; Vosoghi Rad et al, 2022). In
addition, the amount of remobilization among the wheat population
can be influenced by the amount of accumulated reserves in the stem as
well as the remobilization efficiency, which, in turn, depends on the
strength of the sink (Thapa et al., 2022). Hence, it can be argued that the
remobilization amount and efficiency are differently influenced by the
cultivar and the severity of the drought stress.

4.5 Effect of drought stress on the
chlorophyll content of flag leaf

Furthermore, drought stress decreased the contents of
chlorophyll in all genotypes (Table 11; Figures 9A-D).
Researchers registered slight flag leaf senescence after anthesis in
the optimal conditions, which can be accelerated by drought
conditions (Liu et al., 2009), while others affirm that post-anthesis
drought significantly accelerated chlorophyll loss (Martinez et al.,
2003). Drought stress can destroy or reduce chlorophyll content
and inhibit its synthesis (Hassanzadeh et al., 2009). Decreased yield
in drought-sensitive genotypes might be due to a reduction in
chlorophyll as well as photosynthetic parameters (Perdomo et al.,
2017). Drought-tolerant genotypes retained many photosynthetic
pigments under drought stress (Epee Misse, 2018). Also, it has been
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observed that the chlorophyll content was highly maintained during
the initial grain-filling period, and their photosynthetic capacity
gradually decreased after this period (Fan et al., 2021). The
significant relationship between chlorophyll content with resource
limitation seems to be due to stronger sinks in these genotypes.

5 Conclusion

Some levels of source limitation were observed in all genotypes,
and vegetative organs seem to have a larger sink than grains to
uptake photosynthetic materials when the source-sink ratio
increases. However, high-yielding genotypes had more severe
source limitations, and low-yielding genotypes had more relative
sink limitations. Therefore, source limitation does not necessarily
occur due to the smallness of the source, and in high-yielding
genotypes, it may be due to the largeness of the sinks. Hence, to
increase the yield potential of high-yielding cultivars, the size of
photosynthetic sources and, in cultivars with lower yields, the size of
sinks should be improved. Also, by RFL, increasing remobilization
from vegetative organs (stem and spike straw) to grains moderates
the effects of source limitation, and it compensates decrease in grain
weight. This role of remobilization was more intense in RAL.
Furthermore, depending on the cultivars and environmental
conditions, the amount of WSC retransplantation was calculated
from 22 to 81 g/m?, Accordingly, WSC remobilization in critical
conditions shows stronger positive effects on grain yield. This is also
recommended to be considered in physiological and molecular
studies focusing on carbohydrate remobilization of wheat stems.
Also, by RHS, the decrease in the production of photosynthetic
materials was only equivalent to 38% and 29% of the expected
values in both conditions, which shows the presence of strong sinks
in vegetative organs (stem and spike straw) compared to grains, and
it is necessary to pay attention to them in order to improve wheat
genotypes. Taken together, investigating the S-S relationship along
with the ability to remobilization in optimal and critical conditions
displayed a promising perspective in decreasing growth limitations
and selecting potential genotypes in wheat in temperate regions.
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