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In current conditions, characterized by a decrease in the precipitation amount in spring and summer, its uneven
amounts with the increased frequency and duration of periods of high temperatures, stable production of wheat
grain requires the investigation of the possibilities of improving its yield. The search for the traits, related to high
yields, resistance, and adaptivity to stresses in wheat genotypes is the object of many studies. The aim of this
review is to analyze two promising traits which can potentially be improved. One of the main factors for wheat
yield growth is known to be the absorption of photosynthetically active radiation by crops of wheat. It has now
approached the maximum possible level, so a promising way for further breeding is to enhance its use efficiency. In
this regard, the review discusses the current state of research on the efficiency of photosynthetically active radiation
use by this important food crop. Based on literature data and the results of our own research in Ukraine and taking
into account that genetic variations in the values of radiation use efficiency can differ by a factor of 2-3, the role
of genotypic characteristics of wheat varieties as an important resource for enhancing radiation use efficiency is
analyzed. The relationships between radiation use efficiency and plant dry matter formation for different genotypes
and under different growing conditions are considered. It is shown that the main factor that affects enhancing
solar radiation use efficiency is the increase in plant dry matter formation. Given the complexity of determining
the efficiency of radiation use, the biomass of winter wheat plants in the early stages of spring vegetation is also
discussed as a sign of a variety with a higher efficiency of converting light energy into biomass. It is substanti-
ated that the effect of this trait on yield may be associated with a better supply of assimilates, which will further
contribute to the formation of a well-grained spike. Another important trait in enhancing the grain productivity of
wheat is the content or amount of water-soluble carbohydrates deposited in the stem. The ability to accumulate
reserve assimilates in the stems before intensive grain filling is often considered a sign of drought tolerance of the
variety, since the level of moisture supply significantly affects the accumulation of water-soluble carbohydrates in
the stem. Moreover, there are evidences of a positive effect of increased amounts of water-soluble carbohydrates in
the stem on yield, regardless of water supply conditions. Therefore, this review discusses the role of both growing
conditions and genotype for the accumulation and remobilization of reserve assimilates from the stem or its
individual internodes to grain filling. Based on the literature data on the increase in the amount of water-soluble
carbohydrates in the stem of wheat varieties with different breeding periods and on the genetic yield increase
in them, it has been substantiated that the content of water-soluble carbohydrates in the stem can be a potential
trait related to yield. One of the factors influencing the increase in the content of water-soluble carbohydrates
in the stem on the yield is the depositary role of the stem as an intermediate reserve for further remobilization
of accumulated assimilates. Although the positive effect of water-soluble carbohydrates in the wheat stem in
compensating for grain yield has been proven mainly under water stress, the sufficient genetic diversity of their
content, as well as the medium and high heritability under different conditions indicate the prospects for further
research into this trait in increasing wheat yield.
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INTRODUCTION

Food shortage is one of the main global challenges.
The current demand for staple foods is already out-
pacing the growth of crop yields, particularly cereals,
and indicates a potential food shortage by the middle
of the twenty-first century (Long et al., 2015; Molo-
toks et al., 2021; van Dijk et al., 2021). The aggrava-
tion of the food shortage problem in recent times is
caused by climatic factors, in particular, droughts,
high temperatures, and heavy rainfall (Neupane et
al., 2022). The situation in Ukraine can serve as an
example, where almost all crop fields are located in
risky farming zones, i.e. areas with a natural pre-
cipitation deficit, where there is a constant risk of
crop loss in dry years. This is confirmed by the data
on average annual precipitation in Ukraine: over the
thirty years (from 1961 to 1990), it was 578 mm,
while the indicator of sustainable agriculture is
700 mm or more (Adamenko, 2019). The main fac-
tor, reducing the yield of crops, is the lack of soil
moisture during the growing season (April-October).
Climatological data confirm that Ukraine has seen a
slight increase in precipitation in winter and a signifi-
cant decrease in summer in recent years (Adamenko,
2019). For example, from 2014 to—2018, in 10 regions
of Ukraine, the precipitation amount was 7—12% low-
er than norm, and in 2015, in the western and central
regions, it was almost three times less than norm. In
addition, the nature of precipitation is changing: the
number of ineffective heavy downpours is increasing,
which often causes more harm than good after long
dry periods.

According to climatologists, the decrease in the
number of days with precipitation and the increase
in the duration of the rainless period, which occur
against the background of a raise in air temperature,
indicate an increase in the aridity of the climate in
Ukraine (Shevchenko and Balabukh, 2024). In par-
ticular, in 2021, the Zaporizhia region experienced
almost 90 days without precipitation, and then a third
of the annual norm fell in 1.5 days. The intensity of
precipitation is also increasing. Thus, in June 2021,
a three-month norm of precipitation fell on Ai-Petri
in a day. Such precipitation is of no benefit to plants
and, in addition, significantly increases the risk of soil
erosion, causing floods and inundation (Shevchenko
and Balabukh, 2024)

It is believed that there is a high probability that
global warming will lead to a deterioration in climatic
conditions on 2 million hectares of land in Ukraine

in 10 years. The intense warming of recent decades
has led to changes in the structure of agricultural
production, the area under crops, and their yields.
The Steppe zone, which accounts for 46% of cereal
crops, currently accounts for only 35% of total grain
production, compared to 45% in 1990. The average
grain yields in this zone, despite a 21% increase na-
tionwide, decreased from 3.58 tons/ha in 1990 to
3.22 tons/ha in 2013-2017 (Ivaniuta et al., 2020).

Furthermore, a number of socio-economic factors
also affect food security. For instance, from 2000 to
2021, the global share of arable lands decreased by
86 million ha (Statistical Yearbook, World Food and
Agriculture, 2023, p. 38). Moreover, in a number
of countries, there is a tendency to reduce nitrogen
fertilizer application rates, both in terms of their cost
and environmental considerations (Brisson et al.,
2010; Lesk et al., 2016). Meeting food demand is
also becoming more difficult due to increased com-
petition for alternative land use, depletion of natural
resources, and deteriorating soil quality (Yadav et
al., 2017).

Based on what has been stated above, the search
for new effective ways to identify opportunities to
increase the yield of crops, including wheat (7riticum
aestivum L.), remains relevant. Wheat, one of the
most important food crops, plays a crucial role in
global food security and agri-food systems world-
wide (Acevedo et al., 2018). In 2023, the area under
its cultivation was more than 215 million hectares,
with a global production of about 800 million tons of
grain (Statistical Yearbook, World Food and Agricul-
ture, 2023, p. 14). According to the, for Ukraine the
total area under spring wheat in 2025 will be 222.7
thousand hectares (https://www.rada.gov.ua/news/
news_kom/258168.html), and under winter wheat,
about 4.35 million hectares (https://www.rada.gov.
ua/news/news_kom/255439.html).

Wheat provides about 20% of the total calories
and proteins contained in food worldwide (Lobell
and Gourdji, 2012; Shiferaw et al., 2013). Its value
is associated with the high nutritional value of the
grain, which has a higher protein content than rice,
corn, or other staple cereals (Khan and Zeb, 2007,
Morgun and Rybalka, 2017). Moreover, wheat pro-
teins contain essential amino acids (Shaheen et al.,
2016). The unique properties of gluten allow for the
use of wheat to produce bread, other bakery products,
noodles and pasta, and a number of functional in-
gredients (Morgun and Rybalka, 2017). The impor-
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tance of growing winter wheat is also conditioned
by the possibility of optimizing organizational and
economic farming: sowing wheat in autumn reduces
the workload on farms during spring sowing, and its
earlier maturation compared to spring wheat reduces
it during harvest.

ENHANCING
RADIATION USE EFFICIENCY

The potential yield of crops depends on the fol-
lowing main components: the amount of solar radia-
tion reaching the upper boundary of the crop (1), its
absorption by plants (2), the efficiency of converting
solar radiation into biomass (3), and the harvest index
(4). The first component of the classical, so-called
Monteith equation depends mainly on the location of
crop cultivation, i.e., it is determined by geographic
latitude. Moreover, the amount of total radiation in a
particular geographical area depends on atmospheric
transparency and cloud cover, as well as the season
and time of day (Monteith, 1977).

The second (2) and last (4) components of the equa-
tion, unlike the first, can be influenced by humans
through breeding or changes in cultivation techno-
logies. For example, during the Green Revolution,
the yield potential of wheat was increased mainly
through the use of genotypes with raise in the parti-
tioning of the above-ground biomass towards spikes
and grains. However, since the early 1990s, there
has been no systematic progress in the value of the
wheat harvest index from the threshold values of
0.50-0.62 (Sinclair, 1998; Slafer et al., 2023). Various
approaches have been applied to increase the absorp-
tion of photosynthetically active radiation (PAR) by
crops: via accelerating the formation of an optimal
leaf index at the beginning of the growing season,
extending the life span of leaves during the grain
filling period by the agricultural technology, the use
of varieties with the stay-green trait or late-ripening
varieties (Richards, 2000; Xu et al., 2024). As a re-
sult, the absorption of PAR by crops of modern varie-
ties has also already approached the maximum pos-
sible values (Zhu et al., 2010; Murchie et al., 2023).
The leaf index of modern high-yielding varieties has
reached the values of 3.5-4.5 m? of leaves per 1 m?
of soil. The portion of PAR absorbed by crops with a
leaf index of more than 4 is more than 90% (Bégué,
1993). However, exceeding such values may not lead
to further yield growth (Rahman et al., 2014), mainly
because of the deterioration of solar energy use due

to intershading of leaves and increased respiration
costs. Thus, crop absorption of PAR and the harvest
index have undergone positive changes, but further
improvement is unlikely.

These limitations to enhacement in PAR absorb-
tion emphasize the importance of PAR use efficiency
as a factor that can still be used to improve wheat
yields. The radiation use efficiency (RUE) is defined
as the ratio between the dry matter produced during
a certain period and the absorbed photosynthetically
active radiation during the same period. For instance,
Murchie E.H. et al. (2009) believed that the best,
and perhaps the only, way to promote yield growth
is to increase the efficiency of PAR conversion into
biomass. Possible ways to increase the productivity of
crops, including wheat, by increasing the PAR use ef-
ficiency are widely discussed in the modern literature,
where aspects such as canopy structure, efficiency
in chloroplasts, photosynthetic ability distribution,
stomatal behaviour and transpiration/respiration are
considered (Furbank et al., 2019; Xin and Tao, 2019;
Morales et al., 2020; Cho et al., 2022; Burgess et al.,
2023; Murchie et al., 2023).

The genotypic characteristics of varieties can be
an important resource for increasing the efficiency
of PAR use (Pradhan et al.,2018; Gerard et al.,2024;
Wang et al., 2024). According to the literature, the
genetic variations in RUE can be significant, differ-
ing by a factor of 2-3. For example, for 12 varieties
of spring wheat, the minimum RUE values for the
period from 40 days after germination to the initia-
tion of booting were 1.63 and 2.20 g MJ-! (under two
cultivation technologies), and the maximum values
were 2.67 and 3.20, from the initiation of booting to
the appearance of inflorescences, respectively — 2.47
and 2.32, and 3.59 and 3.27 g MJ! (Moroyoqui-Parra
et al., 2024). Similarly, the results of a two-year study
of 150 elite spring wheat genotypes showed a wide
range of changes in RUE: from 1.47 to 3.43 for the
period from sowing closure to heading and from 0.96
to 2.96 for the period of 7 days after anthesis and up
to physiological maturity (Molero et al., 2019).

The significant role of genotype in increasing RUE
is emphasized by the fact that other possibilities to
reach this goal are considered exhausted. For examp-
le, the evaluation of the effect of tillage (conventional
or with vetch used as green manure) and two doses
of nitrogen fertilizers showed that neither the tillage
system nor the significant difference in nitrogen app-
lication affected radiation use efficiency: its value for
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all variants of the experiment ranged within 0.91—
1.20 g MJ-'. However, after a dose of 90 kg N ha!,
a significant (approximately 2-fold compared to the
control) increase in the aboveground biomass of win-
ter wheat crops was observed (Kandel et al., 2019).
Therefore, it is believed that even a small increase in
RUE can have a significant impact on biomass and,
in turn, on yield, provided that the economic value
of the crop is maintained at a constant level (Molero
et al., 2019).

According to the literature, RUE has a positive
correlation with plant dry matter production (Awal
et al., 2017; Tao et al., 2018; Molero et al., 2019;
Priadkina et al., 2020; Moroyoqui-Parra et al., 2024).
Thus, the production of more dry matter is conside-
red to be one of the features of wheat varieties with
increased solar radiation use efficiency. In particular,
it has been shown that the RUE for certain periods
of vegetation positively correlates with the formation
of plant dry matter. Thus, according to the results
of field experiments with eight varieties of English
breeding, which differed in terms of breeding time
and height, it was shown that the values of RUE for
the period from the phase of stem elongation to flowe-
ring (GS 31-61) and total biomass per unit of sowing
in the varieties, bred in the 1990s, were higher than
in those of the late 1970s — early 1980s (Shearman
et al., 2005). The authors also noted the presence
of genetic differences between varieties in terms of
RUE: significant genetic differences in the RUE value
were observed not only for the varieties differing
in height and architectonics (tall and semi-dwarf)
but also among semi-dwarf varieties. Moreover, the
growth of aboveground biomass per unit area of sow-
ing and the radiation use efficiency during the vegeta-
tive period of plant development (0.012 g MJ-! per
year) was accompanied by an annual genetic increase
in grain yield (0.12 mg ha™! per year). Therefore, the
selection aimed at increasing wheat productivity by
selecting the best genotypes contributed, among other
things, to the selection of varieties with increased
RUE (Gerard et al., 2024).

The comparative analysis of five spring wheat
varieties of the Bangladesh Agricultural Research
Institute (BARI), which differed in phenological
development, morphological and economic traits,
enabled identification of varieties that accumulated
more total dry matter and had a higher average RUE
during the growing season (Awal et al., 2017). For
example, wheat variety BARI-23 had a dry matter

mass per unit area of about 1,000 g m~2 at 102 days
after sowing, while BARI-27 had about 800 g m=2.
The average RUE of the former variety for this period
was also significantly higher than that of the latter,
0.91 and 0.68 g MJ!, respectively (Awal et al., 2017).
These authors also noted that for all five varieties
studied, the seasonal change in the RUE was irregular.
Variety BARI-23 and variety BARI-25 demonstrated
the best performance indices, while variety BARI-27
showed low productivity.

Wheat varieties of Ukrainian breeding, which differ
in total dry matter per unit area of sowing in certain
periods of vegetation, also have differences in terms
of RUE. In particular, in experiments with three mo-
dern varieties of winter wheat, the effect of the varie-
ty and foliar treatment of plants with a complex of
microelements and its mixture with carbamide on the
leaf index of crops, dry matter accumulation and the
photosynthetically active radiation use efficiency by
crops was analyzed. It was found that the dry matter
weight of Astarta variety at the flowering, milk, and
milk-wax ripeness phases was higher than that of Ma-
lynivka and Smuhlianka varieties both in the control
variant and under the influence of both treatments
(Priadkina et al., 2019). The Astarta variety in all
variants was also characterized by higher efficiency
of photosynthetically active radiation use by crops
during the flowering — milk ripeness period (0.58 in
the control variant and 0.85-0.91 g MJ™! under the
treatment) than in the corresponding variants for the
varieties Malynivka and Smuhlianka (0.30-0.33 in the
control and 0.49—0.56 in the experimental variants).
During the period of milk and milk-wax ripeness, the
efficiency of photosynthetically active radiation use
by crops of this variety exceeded the corresponding
values of the last two varieties only when plants were
treated with a microelement complex chelated by car-
boxylic acid. It is interesting to note that, according
to our data, at the later stages of ontogeny, the more
productive Astarta variety (with yields, depending on
the treatments, of 8.42-9.29 tons/ha) had both higher
biomass and RUE for the period preceding harvest
than Smuhlianka (7.21-7.82 tons/ha) (Priadkina et
al., 2019). According to Awal M. A. et al., BARI-23
variety, with a yield of 2.6 t/ha, had higher biomass
at the end of the growing season than BARI-27 va-
riety with a yield of 1.6 t/ha, while RUE at the later
stages of ontogeny, on the contrary, was higher in
the less productive BARI-27 variety than in the more
productive BARI-23 (Awal et al., 2017).
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The analysis of changes in RUE and plant dry mat-
ter formation over 4 periods of spring and summer
vegetation of five modern varieties (years of breed-
ing — 2017-2018) and the well-known winter wheat
variety Smuhlianka of earlier selection (2004) also
showed the unidirectional nature of their changes
(Priadkina et al., 2020). From the spikelet emergence
phase (GS 55) to the milky-wax ripeness phase (GS
80), the dry matter mass formed by plants growing per
1 sq.m. of soil of the varieties Hospodarka, Kyivska
17 and Pochayna in 2018 was, on average, 1.44-1.67,
and in 2019 — 1.22—1.51 times higher than that of the
varieties Krasnopilka, Smuhlianka and Poradnytsia.
Similarly, the RUE values for these periods in the first
group of varieties were higher than in the second one:
during the period heading — flowering in 2018, the
average value for the first three varieties was 2.37 g,
in 2019 — 2.95, while in the last three varieties, respec-
tively, 1.51 and 2.23 g MJ"'. This pattern was main-
tained during the flowering period — milky-wax ripe-
ness, respectively, 1.86 and 2.03 and 1.00-1.11 g MJ!
(Priadkina et al., 2020). The first three varieties also
had higher grain yields in both years: 8.60—8.72 (in
2018) and 9.15-9.78 tons/ha (in 2019), while in va-
rieties Krasnopilka, Smuhlianka and Poradnytsia it
fluctuated within 7.12-7.85 and 7.88-8.48 tons/ha,
respectively.

Many recent studies have also found a positive
correlation between the value of RUE for certain
periods and crop biomass. For example, a significant
correlation was found between RUE for the period
before grain filling (from 40 days after germination
to 7 days after flowering) and biomass of twelve
spring wheat varieties, with the closeness of this re-
lationship depending on the type of plant location
on the soil (Moroyoqui-Parra et al., 2024). When
plants were grown on raised beds (with row spac-
ing of 0.24 and 0.56 m), the correlation coefficient
between RUE values during this period and the bio-
mass at the flowering phase was 0.72, and at the
physiological ripeness phase 0.86; when grown on a
flat surface (with row spacing of 0.20 m), it was not
significant. A direct correlation of RUE values for
the period of seven days after flowering and before
physiological maturity with final biomass (r=0.83)
was established in a two-year experiment with 150
elite spring wheat genotypes (Molero et al., 2019).
Similar results were obtained in a large-scale study
with 209 typical Chinese varieties of different breed-
ing periods (from 1944 to 2018) in four locations: the

correlation coefficient reached 0.85 (Li et al., 2022).
All of this confirms that an increase in the aboveg-
round biomass due to increased RUE will contribute
to higher yield.

The increase in grain productivity of wheat va-
rieties characterized by higher solar radiation use
efficiency may be due to an increase in biomass at
the early stages of ontogeny, as well as the formation
of more grains. This may be due to the fact that they
can contain a larger number of grains. In particular, a
number of researchers have found a positive correla-
tion between pre-flowering RUE and the number of
wheat grains per unit area (Tao et al., 2018; Molero
et al., 2019; Moroyoqui-Parra et al., 2024). We have
also found that the efficiency of PAR use by crops in
the period from heading to milky-wax ripeness was
higher in varieties with higher biomass in the early
stages of the spring growing season (Pryadkina et al.,
2017). This may be due to the fact that in the early
stages of organogenesis (at the beginning of the stem
elongation) spikelets primordia are formed, i.e. the
number of spikelets in the spike is determined (Za-
doks et al., 1974). The rapid growth of the assimila-
tion surface in the early stages of ontogeny, due to
the increase in light absorption by crops, contributes
to the formation of more assimilates that can be used
for further growth. This assumption, in particular,
can be confirmed by the increase in grain yield of
spring wheat, which, during the period from the end
of tillering to the beginning of the stem elongation
phase, was grown under increased CO, concentra-
tion, i.e., artificially created conditions for increased
assimilates formation (Fischer and Aguilar, 1976).
Therefore, plants, forming more biomass in the early
stages and having a better supply of assimilates, can
form more grains.

STEM STORAGE CARBOHYDRATES

Another factor in increasing yields is the formation
of a fund of storage assimilates (carbohydrates) (Li
et al., 2015; Liu et al., 2020; Ntawuguranayo et al.,
2024). The availability of a fund of storage assimi-
lates, namely carbohydrates and nitrogen-containing
compounds that can accumulate in the stems before
(and during) anthesis — is considered one of the
reserves for increasing yields. Most literature data
demonstrate that under stressful conditions during
grain filling, the use of water-soluble carbohydrates
accumulated before flowering can partially compen-
sate for the decrease in the formation of photoas-
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similates caused by the inhibition of photosynthesis
(Kiriziy et al., 2014; Li et al., 2015; Ovenden et al.,
2017; Liu et al., 2020). There is also evidence that
even under conditions of moderate drought, grain fill-
ing in wheat depends more on stored non-structural
carbohydrates than on current photosynthesis (Ehdaie
et al., 2006; Slewinski et al., 2012). According to the
data of Thapa S.I. et al. (2021), obtained regarding
eight wheat varieties, the contribution of dry matter,
re-mobilized from the stem into grain, did not depend
on the water supply conditions: both in a rather wet
year, and in a dry year, its share in grain fluctuated
within close margins, 39-58% and 37-63%, respec-
tively. The authors noted a higher contribution of the
genotype than that of cultivation conditions.

Significant genotypic differences in the amount of
water-soluble carbohydrates (WSC) in stems and leaf
sheaths during flowering in English-bred varieties, ob-
tained from 1972 to 1995, were shown by Shearman V.J.
et al. (2005). In varieties of earlier breeding, their num-
ber was lower, with an average increase of 4.6 g m2
annually. Similarly, a significant difference in the
content of water-soluble carbohydrates in the stems at
certain dates of vegetation was found in 26 varieties
of winter wheat of Chinese selection, which had a sig-
nificant difference in over the period of breeding (from
1950 to 2012). The minimum content of water-soluble
carbohydrates at the flowering stage was 4.6 mg/g,
the maximum — 16.7 mg/g, on the 10% and 20 day
after this phase, the limits of their changes ranged
from 8.5 to 18.1 and from 5.5 to 14.3 mg/g, respec-
tively (Gao et al., 2017). The genetic yield increase
of the group of varieties studied was 57.5 kg ha™! per
year. The authors believed that one of the determining
factors of yield is the content of water-soluble carbo-
hydrates on the 10™ day after flowering and propose
to use this indicator as a breeding trait to increase
the genetic potential of wheat grain productivity (Gao
et al., 2017).

The level of moisture availability significantly af-
fects the accumulation of water-soluble carbohyd-
rates in the stem. Under optimal soil moisturization,
a significant part of the WSC is deposited in the stem
after the beginning of flowering, and their maximal
accumulation is observed on days 14—17 (Tarasiuk
and Stasik, 2022) and even day 21 (Liu et al., 2020)
after flowering. Drought can significantly reduce the
duration of WSC accumulation up to 7 days after the
beginning of flowering in drought-sensitive varieties
and 14 days in drought-resistant varieties (Tarasiuk

and Stasik, 2022; Liu et al., 2020). It was recently
shown that, under severe heat stress, the maximum
WSC accumulation can be reached much earlier
(Ntawuguranayo et al., 2024).

It is interesting to note that in our studies in
Ukraine, varieties differed significantly in the level of
maximal accumulation of water-soluble carbohydrates
in the stem, 1.3 times under optimal conditions and
1.5 times under drought, but the efficiency of remo-
bilization of the stem-deposited WSC was high and
close (84-96%) in all studied varieties, regardless of
moisture conditions (Morgun et al., 2024). Therefore,
the differences between winter wheat varieties in
terms of depositing capacity are determined mainly
by the level of WSC accumulation and it cannot be
significantly improved by increasing the efficiency
of remobilization. Similarly, high and close values
of WSC remobilization efficiency (81-96% under
well-watered and 91-97% under drought conditions)
were observed in a pot experiment with eight Bangla-
deshi wheat varieties (Islam et al., 2021). In earlier
field experiments by Ehdaie B. et al. (2006) with ten
diverse bread and durum wheat varieties, generally
high values of WSC remobilization efficiency under
well-watered conditions were found for the lower in-
ternodes (an average of 84%, more than 76% for nine
varieties, and 57% for the remaining one), slightly
lower for the penultimate internode (an average of
77%, more than 79% for seven varieties, and 39-69%
for the remaining three), and moderate to low for the
peduncle (an average of 64%, more than 70% for five
varieties, and 19-64% for the remaining five). The
lower internodes, penultimate internode and peduncle
contibuted on average 51, 30 and 19% of the stem
mobilized WSC, respectively. Drought improved the
mobilization efficiency by 33% in the peduncle, 17%
in the penultimate internode, and 11% in the lower
internodes. The amount of WSC mobilized was highly
correlated with the maximum accumulated WSC, with
correlation coefficients ranging from 0.89 to 0.99,
depending on the internode and irrigation regime.

It is worth noting that wheat varieties may differ
in the content and amount of water-soluble carbohyd-
rates in individual internodes, as mentioned above.
In a field experiment with six bread winter wheat
varieties, we have shown that, during the flowering
stage, the amount of water-soluble carbohydrates of
the upper internodes ranged from 17—19 mg (in Kras-
nopilka and Poradnytsia varieties) to 23-30 mg (in
Kyivska-17, Horodnytsia, Pochayna, and Smuhlianka
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varieties) (Morgun et al., 2022). In the milk ripeness
stage, the higher-yielding varieties Kyivska-17 and
Horodnytsia (8.16 and 6.87 tons/ha) were characte-
rized by the highest amount of carbohydrates in the 2"
internode — 168.4 and 202.9 mg, while in the other
four varieties (with yields from 5.30 to 6.06 tons/ha)
it was lower: from 101.9 to 126.0 mg. It was found
that the depositing capacity of the 2nd and 3rd inter-
nodes of the stem of the main shoot from above had
a significant effect on the grain productivity of the
six studied varieties of bread winter wheat (Morgun
et al., 2022).

The higher amounts of WSC in the penultimate and
lower internodes and their larger contribution to the
total remobilized WSC have been demonstrated in nu-
merous studies (Khoshro et al., 2014; Li et al., 2015;
Zhang et al., 2015; Hou et al., 2018). In contrast, Liu
et al. (2020) reported a greater contribution to overall
WSC accumulation and remobilization from the upper
(peduncle) internode. A significant positive correla-
tion between WSC accumulation and peduncle length
under various experimental conditions were reported
in recent study (Ntawuguranayo et al., 2024).

According to Li et al. (2015), based on the analysis
of 262 winter wheat varieties and lines from differ-
ent countries, under conditions of sufficient water
supply, the amount of water-soluble carbohydrates
from internodes located below the upper one during
flowering and milk ripeness had a significant positive
correlation with the weight of 1,000 grains under
drought conditions. These authors also noted that
although varieties have been randomly selected for
their WSC content over the past fifty years of wheat
breeding, the average number of favorable WSC al-
leles increased from 1.13 in the period before 1960
to 4.41 in the period after 2000. The varieties with a
larger pool of metabolites, in addition to assimilates
produced during current photosynthesis, can use a
pool of reserve assimilates (carbohydrates) for grain
filling.

In conclusion, some studies confirm that varieties
with a higher content or amount of WSC in the stem
are characterized by higher yields not only under
water stress. In other experiments, only a slight or a
growing conditions dependent relationship between
these indicators was found. Thus, the difficulty in im-
proving such a trait as the content of WSC is the sig-
nificant influence of the growing conditions, the stage
of plant development, and the organ (whole stem,
individual internodes, or leaf sheaths). For example,
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the analysis of the WSC content in the stems on the
15t day after flowering of 301 soft wheat genotypes
under different growing conditions (irrigation, pre-
cipitation, and drought) showed that their accumula-
tion is either a moderate or low heritable trait, which
depends more on environmental influences than on
genotypic characteristics (Gaur et al., 2022a). On
the other hand, sufficient genetic diversity in terms
of WSC content in stems and its remobilization into
grain in different wheat germplasm is accompanied by
medium to high heritability of this trait under diffe-
rent experimental conditions (Li et al., 2015; Ovenden
et al., 2017; Liu et al., 2020; Gaur et al., 2022b).
Therefore, further efforts to study the physiological,
genetic, and molecular aspects of WSC accumulation
and remobilization in stem will contribute to a better
understanding of the role of this trait in increasing
wheat yield (Gaur et al., 2022b).

CONCLUSIONS

To summarize, the search for new traits associated
with wheat yield improvement continues to be rele-
vant. The traits discussed in this review are among
those that can still be an important resource for in-
creasing wheat yields. In particular, the significant
(2-3 times) difference between varieties in radia-
tion use efficiency, as well as the positive correla-
tion between the value of RUE for certain periods
and biomass and yield, found for many varieties and
under different growing conditions. They confirm the
importance of this indicator for breeding (Murchi et
al., 2023; Gerard et al.,2024; Wang et al., 2024). The
main factor influencing the increase in the solar radia-
tion use efficiency is the increase in the formation of
plant dry matter. However, due to the complexity of
determining such an indicator as RUE (in particular,
the need for daily measurement of PAR), a related
trait can be used in breeding programs — the biomass
of winter wheat plants in the early stages of spring
vegetation. The influence of this indicator on yield
is related to the fact that due to faster formation of
the assimilation surface and increased light absorp-
tion by crops, plants with higher biomass in the early
stages of ontogeny can form more grains due to a
better supply of assimilates. This, in turn, can further
contribute to the formation of a well-grained spikelet
(Murchie et al., 2023; Slafer et al., 2023).

The second important trait associated with an in-
crease in grain productivity is the content or amount
of water-soluble carbohydrates in the whole stem or
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its individual segments, 10—15 days after flowering.
The ability to accumulate assimilates in the stem
during the vegetative and early reproductive periods
can make a significant contribution to grain filling.
The remobilization of assimilates, deposited in the
stem, may promote higher yields (Slewinski et al.,
2012; Slafer et al., 2023).

WSC content has not yet been widely used as a di-
rect breeding criterion, possibly due to the complexity
of WSC phenotyping and environmental variability
(Ovenden et al., 2017). The maximum accumula-
tion (the peak) depends on environmental conditions,
where under severe abiotic stress, the peak of WSC
accumulation may be reached earlier (Liu et al., 2020;
Tarasiuk and Stasik, 2022; Ntawuguranayo et al.,
2024). Further studies on the physiological, genetic,
and molecular aspects of reserve WSC accumulation
and remobilization in the stem will contribute to a
better understanding of its role in increasing wheat
productivity and to the development of reliable in-
dicators (proxies) of high WSC yield contribution
under various environmental conditions.
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Jns cranoro BUpOOHHNTBA 3epHA MIICHUI[I B Cy4aCHHUX
YMOBax 3MiHH KJIIMaTy, siKi XapaKTepU3yIThCs 3MEHIICH-
HSIM KUJIBKOCTI OIajiB HABECHI Ta BIITKY, HEPIBHOMIPHOCTI
iX BUMAJIHHS 31 301IBIICHHSIM YaCTOTH i TPUBAJIOCTI Iie-
PiOiB BUCOKUX TEMIIEPATyp, aKTYaJIbHUMH € JI0CI1IKeH-
HsI MOKJIMBOCTEH 301nbIIeHHS 1i BpoxKaifHOCTI. [Tomryk
03HaK, MOB’s3aHUX 13 BUCOKOIO BPOXKAWHICTIO, CTIHKICTIO
Ta aJanTUBHICTIO 10 Iii CTPECiB y TEHOTHITIB MIICHHUIII €
00’€eKTOM 0ararboX AOCIHIKEHb. MeTO0I0 IIHOTO OTIISALY €
aHaJli3 IBOX MMEPCIICKTUBHUX O3HAK, SIKi MOTCHIIIHO MOJKHA
MOKpamuTu. Binomo, mo ogHuM i3 oCHOBHUX (aKTOpPiB
3pOCTaHHS BPOXKaWHOCTI MIIEHUI[I HAPUKIHII MUHYJIOTO
CTOJIITTS OyJI0 MOTIMHAHHS (OTOCHHTETUYHO aKTHUBHOI
paziarmii mociBamMu MIIEHUII. 3apa3 BOHO HAOIU3HIOCS 10
MaKCHUMaJIbHO MOJJIMBOTO PiBHSA, TOMY HNEPCIEKTUBHUM
CII0CO00OM HOT0 BIOCKOHAJIEHHS [UIS ITOMAIBIIOT CENEKIIii €
MiABUIIEHHS ¢()eKTUBHOCTI 1OTO BUKOPUCTAHHS. Y 3B’ 53Ky
3 UM B OTVISIAl PO3IVISLIAETHCS CYYaCHUH CTaH JJOCIIIKEHb
€(eKTUBHOCTI BUKOPUCTAHHS (POTOCHHTETUYHO aKTHBHOT
pamiarii 1iei BaXXJIUBOI MPOJOBOIBYOI0 KYIbTyporo. Ha
OCHOBI JIITEpaTypHHUX JaHUX 1 pe3yJbTaTiB BIACHUX JOCIIA-
KEHb B YKpaiHi, a TaKOXK BPaxoBYIOUH, 110 TEHETHYHI Ba-
pianii y 3Ha4eHHSIX e(DeKTHBHOCTI BUKOPUCTAHHS pamiamil
MOXYTB BiApi3HATHCA ¥ 2—3 pa3u, aHATI3YETHCSA POIB Te-
HOTHITHUX OCOOJMBOCTEN COPTIB MIICHUII SIK BaXKJITUBOTO
pecypey s MiABUIICHHSA ¢(PEKTUBHOCTI BUKOPUCTAHHS
paniamii. Po3risiHyTO B3a€MO3B'I3KA MK €(DEKTUBHICTIO
BHKOPUCTAHHS pajianii 3 GopMyBaHHSIM CyXoi pe4OBHHHU
POCJINH 1Jisl PI3HUX FeHOTHIIIB 1 32 PI3HUX YMOB BHPOIIY-
BaHHs. [loka3aHo, 110 OCHOBHUM (HaKTOPOM, SIKill BILIUBAE
Ha IMJBHIICHHSA €()EKTUBHOCTI BUKOPHUCTAHHS COHSYHOT
panianii, € 301IbIIEHHS YTBOPEHHS CyX0i PEYOBUHU POC-
JUH. 3 OTIAMY Ha CKIAIHICTh BU3HAYEHHS €(EKTHBHOCTI
BUKOPHCTaHHS pajiiaiii, TaKo)X 0OrOBOPIOETHCS Maca CyXoi
PEYOBUHH POCIUH 03UMOT MILIICHUII Ha PAaHHIX CTalisX BeC-
HsIHOT BereTanii K 03HaKa COPTY 3 BUILOIO €PEKTHBHICTIO
TIepETBOPEHHS CBITIIOBOT eHeprii B Oiomacy. OOTrpyHTOBaHO,
IO BIUIMB LIBOTO TMIOKAa3HUKA Ha BPOXKAHICTH MOXe OyTH
NOB'sI3aHMH 13 KpamuM 3a0e3IeYeHHAM aCUMUIATaMH, 1110
Hajaji cupustuMe GpopMyBaHHIO T0OpE 03epHEHOTO KO-
soca. Ille oJHI€0 BaXXJIMBOIO O3HAKOK s 301IbIICHHS
3epHOBOI MPOAYKTHUBHOCTI MIICHHII € BMICT 200 KIJIBKICTh
BOJIOPO3YMHHKX BYIJICBOIIB y CTEOJi. 3MaTHICTh HAKOIIH-
4yBaTH PE3EpBHI aCUMIJISTH y cTe0sIaX 10 MOYarKy iHTEH-
CHUBHOTO HAJIMBY 3€pHA YacTillle PO3IIANAIOTH SIK O3HAKY
MTOCYXOCTIHKOCTI cOpTa, OCKIIBKH PiBeHb BOJIOT03abe3re-
YEHOCTI ICTOTHO BIUIMBAE HA HAKOIIMYECHHS BOJXOPO3YMHHIX
BYIJIEBOJIB B cTeOdi. bimbmr Toro, € CBiMYEHHS OO0 TTOo-
3UTHBHOTO BIUIMBY ITiIBHIIEHOI KiTBKOCTI BOMOPO3UMHHUX
BYIIIEBOJIIB cTeOJia Ha BPOXKANHICTh HE3aJIEKHO BiJl yMOB
BoJi03a0e3neueHHs. ToMy B I[bOMY OIJIsiZIi OOTOBOPIOETHCS
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POJIb SIK YMOB BUPOIILYBaHHS, TaK i TEHOTUIY HAa HAKOIIH-
YeHHS 1 peMoOiTi3allito 3amacHuX acCUMUIATIB 31 cTebna abo
OTO OKpEeMHUX MIKBY3JIiB Ha HaJTMBaHHS 3epHa. bazyrounch
Ha JTepaTypHUX JaHUX MI0A0 301IbIIEHHS KUTBKOCTI BOJIO-
PO3YMHHMX BYTJIEBOAIB y cT€OJ1 COPTIB MIICHHMIII 13 Pi3HUM
MepioJIOM CENEKIIii Ta Ha TeHETUIHOMY TPUPOCTI BPOXKAIO Y
HHX, OOTPYHTOBAHO, 110 BMICT BOJIOPO3YNHHHX BYTJICBOIB
cTebna Moke OyTH TTOTEHI[IMHOIO 03HAKOIO MOB’S3aHOIO 3
BpoxalHicTIo. OgHUM 13 QaKTOpiB BIUIMBY ITiIBHIICHHS
BMICTy BOAOPO3UMHHUX BYTJIEBOJIIB cTe0Ia HA BPOXKAWHICTh
MOXe OyTH JCMOHyBajbHA POJb cTeOa SK MPOMIKHO-
ro pe3epBy IJIs MOAAIBIIOT peMoOini3alii HaKOMTUYEeHUX
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acUMUJISITIB. X0oUa MO3UTHBHUM BHECOK BOJOPO3UMHHHUX
BYIVIEBOJIB B CTeOJIi MIISHUIII Y KOMIIEHCAIII0 BPOXKAIO
3epHa JIOBEJICHUN MEePEeBaXKHO 3a Jii BOAHOTO CTpeCy, J0-
CTaTHS TeHETUYHA PI3HOMAaHITHICTh 1X BMICTY Ta CepeIHs
1 BUCOKa yCIaJKOBYBaHICTh 3a PI3HUX YMOB, 3aCBiTUyIOTh
MEePCIEeKTUBHICTh MOJAANBIINX TOCHTIDKeHD i€l 03HAKU Y
301bIIEHH] BpOXKAaHHOCTI MIIEHHUIII.

KurouoBi cioBa: mmenuns (7riticum aestivum L.), copTa,
MPOAYKTUBHICTH, €PEKTUBHICTh MEPETBOPEHHS COHSIYHOT
paniamii B 0iomacy, IeToHOBaHI y cTeOIi ByTJICBOIN.
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