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Drought or water limitation is major plant stress, 
where the plant response differs depending on mul-
tiple factors, including the duration, severity and 
last but not least the timing of occurrence of dry 
conditions (Jatayev et al. 2020). As water resources 
for agricultural purposes become more limiting, the 
development of drought-tolerant varieties also be-
comes increasingly important. Varieties with reduced 

water requirements could contribute to food security 
while improving the sustainability of agriculture. 

The success of the Green Revolution in the 1960s 
and 1970s was mainly due to  the incorporation 
of dwarf genes, which increased plant resistance 
to lodging and increased the harvest index by a sub-
stantial reduction in height, thereby increasing the 
production of grain rather than straw (Hedden 2003). 
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Abstract: Despite all the complications that arise with root research, such as slow, laborious, and unclear genetics, 
roots are a promising object of interest for breeders because many root traits are compatible with high yield potential. 
It  is a great challenge for further research that there is a wide demand for information on the “hidden half of plant 
metabolism” from many research fields. We have summarized the main obstacles in root system research and sketched 
a solution for breeding in field conditions so that the result was more meaningful to the farmer. (i) The most important 
challenge in root research is linking the functional identification of root system properties with the aboveground parts. 
(ii) Field breeding is irreplaceable, and methods allowing the evaluation of roots under field conditions are indispensa-
ble. (iii) Low heritability of root system trait discourages breeders. However, root properties show broad genotypic va-
riability, allowing the efficient use of these traits as selection criteria. (iv) The root traits are variable, and many fluctuate 
under the influence of environmental factors, which complicates efforts to define ideotypes and explains the different 
conclusions obtained by researchers from different environments. The breeding programs targeting the root system 
are sporadic even in a global context. This is a great reserve for breeding progress in the era of climate change, water 
scarcity, a possible shift to extensive farming systems, and in the era of environmental programs.
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For wheat and barley, the harvest index increased 
from 30 to 55% without a significant increase in bio-
mass production, which would be accompanied by an 
increase in water demand (Cattivelli et al. 1994). 
Nevertheless, for the crops described above, two 
of the world’s four most important cereals (maize, 
wheat), grain yield is expected to decrease 15–30% 
as a result of 2 °C warming forecast for 2040 (Zhao 
et al. 2017). Thus, it is not possible to quantify in ad-
vance the effects of new varieties on yield increase due 
to genotype-by-environment interactions, as plant 
responses to environmental conditions are often 
very complex (Chuchma et al. 2016; Lukasová et al. 
2020). Because, when breeding for drought toler-
ance, which is manifested by yield, we are not able 
to clearly define which specific properties and pro-
cesses cause such tolerance. This is called the “black 
box” system (Fischer 1981). Thus, the probability that 
a single property of a plant will have a sufficient effect 
to cause a statistically significant difference in grain 
yield is not very high. Besides, the benefits of new 
varieties could be limited unless their development 
is followed by the optimization of farming practices 
with respect to varietal specificity (Kirkegaard & Hunt 
2010; Manschadi et al. 2013; Thorup-Kristensen & 
Kirkegaard 2016).

Together with water shortages, problems associated 
with a lack of efficiency in the use of nutrients exist. 
Dissolution and uptake, as well as the long-distance 
xylem transport of nutrients are restricted by water 
shortage (Cramer et al. 2009). In agricultural intensive 
regions, human activities have accelerated the rate 
and extent of eutrophication through both point-
source discharges and non-point loadings of limiting 
nutrients, such as nitrogen (N) and phosphorus (P), 
with dramatic consequences for water sources (Chis-
lock et al. 2013; Středová et al. 2024). On the other 
hand, in developing countries, there is a shortage 
of fertilizers, which limits production. The average 
global water efficiency (expressed as grain yield per 
unit of evapotranspiration over the growing season) 
of wheat is only 32–44% of the achievable efficiency 
and the great part of this problem due to a deficiency 
in nutrients and the non-optimal agricultural prac-
tices (Sadras & Angus 2006). The efficiency of ni-
trogen and phosphorus utilization does not exceed 
50% of the applied amount in a certain crop (Raun 
& Johnson 1999; Tilman et al. 2002; Manschadi et al. 
2013). Bingham et al. (2012) raised barley varieties 
bred from 1931 to 2005 and found that the potential 
yield for this period increased by 72% at a nitrogen 

dose of 110 kg N/ha but increased only by 40% if 
nitrogen was not used. It can therefore be assumed 
that the new varieties are able to use the supplied 
N more efficiently. The potential yield of major crops 
(maize, wheat, and rice) increased at 1.6%, 1.0% and 
0.9% per year, respectively, which is less than the 2.4% 
per year rate required to double global production 
by 2050 (Ray et al. 2013). Even the yield slowed down 
during the last years in some parts of the world due 
to further increases in global temperature which 
continues to suppress yields, despite crops’ adapta-
tion efforts to extreme drought climates (Lukasová 
et al. 2014; Zhao et al. 2017). There is evidence that 
in the case of cereals, such growth begins to stagnate. 
Fischer and Edmeades (2010) also note that in the 
United Kingdom, the difference between the potential 
and actual yield of wheat is only 30%, which in their 
opinion offers little opportunity for further breeding 
progress. Besides, Lobell et al. (2009) reported much 
higher differences of approximately 20–80%, with 
the largest decrease observed in dry areas.

The lack of resources, issues with their effective 
use, yield fluctuations, yield insecurity, low crop 
yield increases despite breeders’ efforts, and the 
increased risk of abiotic stress have all motivated 
a search for alternative ways to continue improving 
plant productivity. One possibility in this respect, 
which has been known for decades but still neglected 
due to the absence of appropriate methods, is breed-
ing for properties related to plant root systems. The 
root system is an important part of a plant affecting 
its adaptation to different environmental conditions 
(Lynch 2007; Lynch et al. 2014), especially drought 
(Lopes & Reynolds 2010; Vadez 2014), and its re-
source efficiency (Kell 2011). However, there is still 
no consensus in the scientific community regarding 
whether the bigger root system always has beneficial 
impact (Palta et al. 2011). For example, if drought 
does not occur, then the development of a larger root 
system was an unnecessary investment for the plant 
at the expense of other photosynthetic products. 
Root is a sink organ, and thus high resource alloca-
tion to the root system may become disadvantageous 
under optimal growing conditions.

Plant roots fulfil a wide range of functions – water 
and nutrient uptake, synthesis of hormonal substanc-
es, facilitation of interaction with soil microorgan-
isms, the ability to detect stress and adapt to it, the 
storage of compounds, etc. All functions performed 
by the root system interact with the aboveground 
part of the plant. Therefore, the root system should 
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always be viewed in the context of plant integrity 
(Comas et al. 2013) and the environment in which 
it grows, a factor often overlooked. Furthermore, 
different combinations of root system characteristics 
can be successful in diverse environments (Schroth 
1995; Ryser 2006; Comas et al. 2012).

Plant production is dependent on maintaining 
transpiration during water shortages. All other cri-
teria are always secondary in terms of production 
(Blum 2011; Chaves et al. 2011). As the soil dries 
or transpiration demand increases, transpiration 
is increasingly determined by the capacity of root sys-
tems (Ober et al. 2021). Under the climate conditions 
of Central Europe (supply driven), water intake can 
be optimized in three ways: (i) rapid root penetration, 
which is particularly important when early spring 
droughts occur, (ii) high maximum root system depth 
if water is available, or (iii) increased root density 
(Bodner et al. 2015). In the future, we can expect 
a more frequent onset of terminal drought at the end 
of the cereal vegetative period in the temperate zone, 
especially in soils with low water retention capacity 
(Středa et al. 2019; Mrekaj et al. 2024). Therefore, 
the moisture in deeper layers of soil and the roots 
that are able to use it will gain more importance 
(Gregory et al. 1978; Kirkegaard et al. 2007; Lynch 
& Wojciechowski 2015). Thus, the adverse effects 
of drought can also be mitigated by building a deep 
root system before drought occurs (Blum & Jordan 

1985; O´Toole & Bland 1987; Manschadi et al. 2006). 
The locations where such drought occurs depend 
upon the earliness of genotypes. Their productiv-
ity can be supported by a higher vitality of the root 
system in the early stages of vegetative growth (Palta 
& Fillery 1995).

The varied range of interactions of the root system 
with the environment makes it impossible to easily 
describe its traits. The results of studies depend 
on the soil conditions, climatic conditions of the area, 
meteorological conditions during the growing season, 
severity of stress and used variety. Pot experiments 
are a special case, as their results cannot always 
be successfully verified under field conditions. The 
key root traits that contribute to yield under adverse 
conditions are still being studied.

VOSviewer software (van Eck & Waltman 2010) 
was used to perform the bibliometric analysis of the 
research field. This helps to identify the main direc-
tions of research in the scientific field. We set the 
following search strings via the advanced search 
method of Web of Science Core Collection: “root 
traits” AND breeding (Title) OR “root traits” AND 
breeding (Author Keywords) OR “root traits” AND 
breeding (Abstract). The search was conducted in May 
2024. Based on these criteria, 549 records were ob-
tained. The 549 publications were imported into the 
VOSviewer, and the results are shown in Figure 1. 
The most frequent words from the titles and abstract 

Figure 1. Bibliometric map generated by VOSViewer based on Web of Science Core Collection; seven clusters with the 
essential areas of the problem have been identified on the base of used titles and abstracts of articles
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were mainly: root trait, genotype, quantitative trait 
locus (QTL), population, yield, root system, drought, 
environment, root length, marker, uptake, drought 
tolerance, root system architecture, and others. These 
findings contributed to the direction of this review.

ROOT SYSTEM TRAITS USEFUL 
IN BREEDING

It is important to begin by defining key root system 
traits which are then related to functional signifi-
cance and to methods of determination. These traits 
and methods of determination (e.g. root system 
branching, root production, root growth rate, my-
corrhizal infection, vertical distribution – rooting 
depth, horizontal distribution, root activity etc.) 
as well as physiological parameters associated with 
root systems and their significance and estimation 
are described by Atkinson (2000).

The anatomical characteristics of the root sys-
tem are mainly related to the properties of tissues, 
dimensions of conductive elements, and presence 
of specialized structures. Morphological charac-
teristics include root length, area, volume, weight, 
diameter, and root system depth. These values are 
often reported as indexes and related to a unit of soil 
volume where they are located or to a unit of root 
weight: root length density (RLD; cm/cm3), root 
weight density (RWD; g/cm3), specific root length 
(SRL; cm/g), specific root area (SRA; cm2/g), root 
surface density (RSD; cm2/cm3).

The characteristics of root system architecture 
include a complex of traits (branching angle, number 
of primary roots, the distance between lateral roots, 
etc.) that form a qualitative description of the root 
system. Soil properties and availability of resources 
significantly influence the architecture of the plant 
root system. Besides, root system architecture plays 
an important role in exploiting unevenly distributed 
soil resources such as water and nutrients, which 
in turn determines plant productivity (Paez-Gar-
cia et al. 2015). This can be significant in the case 
of competition for resources in natural, the same 
as agricultural canopies (Hodge et al. 1999).

Growth rate characteristics mainly relate to the root 
elongation rate in response to resources (reaction 
to the presence of water, phosphorus or nitrogen) 
or abiotic environmental stressors (drought, soil 
compaction, soil temperature, exposure to toxic ele-
ments, pH, etc.) (McMichael & Burke 1998). Water 
and nutrient uptake characteristics are the least 

explored properties of root systems, especially under 
field conditions (ion uptake rate, radial and axial 
hydraulic conductivity). 

To identify relevant traits of the root system regard-
ing the effective use of depth water and increased 
yield in critical drought conditions, it is necessary 
to delimit and define the target ecosystem or envi-
ronment where the variety will be grown. In addi-
tion to climatic conditions, as described above, the 
soil retention ability and depth of the soil profile 
also play important roles, although they mainly af-
fect the intensity of root penetration, root system 
architecture and maximum root depth. Javaux et al. 
(2008) proposed considering soil conductivity and 
the water retention capacity of the soil when de-
fining desirable root system properties (hydraulic 
conductivity, architecture).

Root length density (RLD)
The RLD is an important parameter in explaining 

crop growth and in evaluating advantages of root 
strength in water and nutrient uptake and conse-
quently, define a plant’s ability to withstand water 
stress (Faye et al. 2019). In this sense, the high RLD 
values increase the number of root-soil contact points. 
Thus, the importance of  increasing root and soil 
contact through greater root length density is that 
it allows plants to access greater quantity of soil 
in water-limited environments (Mateva et al. 2020). 
Under sufficient soil moisture, plant transpiration 
demands are already met at low RLD levels of 0.5 to 
1.0 cm/cm3 of soil (Willigen et al. 2000). Zhang et al. 
(2020) confirmed that a root length density of at least 
1 cm/cm3 is needed to drain all the available water 
in the soil. For example, in surface layers where the 
RLD was far greater than 1 cm/cm3 water uptake was 
independent of rooting density due to competition 
for water. However, in deeper layers where RLD 
was less than 1 cm/cm3, water uptake by roots was 
proportional to root density. Besides, Barraclough 
(1989) considers this density to be sufficient even 
under desiccating soil conditions. Nevertheless, 
Bodner et al. (2015) suggested that in desiccated 
soil, a high RLD is required to overcome soil resist-
ance to water conduction. For field crops, the values 
of RLD are significantly higher, especially for the 
upper part of the soil (0–40 cm). Dal Cortivo et al. 
(2018) in their study reported values of approximately 
7–10 cm/cm3 in a field trial with common wheat. 
This was confirmed in previous multi-year experi-
ments from agroecologically different conditions 
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(Figure 2). RLD values corresponding to 2–10 cm/cm3 

at 0–30 cm soil depth (depending on conditions) for 
spring barley and maize. RLD varies not only with 
depth below the soil surface, but is significantly influ-
enced by genotype, meteorological conditions of the 
year and soil conditions, and their interactions. The 
amount of root biomass was significantly affected 
by year (by up to 43.5%), locality (by up to 19.5%) 
and their mutual interaction. The influence of the 
genotype increased with the increasing depth of the 
measurement and amounted to a maximum of 10.2% 
(Klimešová & Středa 2013; Hajzler et al. 2018; Němec 
et al. 2019). In spring barley, the highest percentage 
of the total observed variation of root system size was 
explained by the location (42–88%), followed by the 
variety (3–16%) and by unexplained variation (2–8%) 
in experiment of Chloupek et al. (2010).

In the field studies, RLD decreases exponentially 
with depth (Fan et al. 2016; Xu et al. 2016), which 
contrasts to many laboratory experiments with re-

packed soils (Jin et al. 2015; Gao et al. 2016), where 
there is relatively high root density at depth and a less 
noticeable exponential decrease of root length den-
sity with depth. Besides a high RLD in the upper soil 
layer often reflects the presence of mineral nutrients, 
precipitation or irrigation water (Sánchez-Blanco 
et al. 2014). However, in the case of heterogene-
ous soil conditions or a non-standard soil mois-
ture regime, the RLD may be higher in a deeper soil 
layer than in a shallower layer. For instance, the root 
length density may change substantially, especially if 
a compacted layer limits the maximum depth in the 
profile through which roots can penetrate. Shallower 
roots may limit crop yield if sufficient water and 
nutrients are not available within the smaller volume 
of soil explored by the roots (Freschet et al. 2021). 
Shallow roots are beneficial for capturing small but 
rapid rainfalls in the upper soil layer (see below for 
details). The benefit of a higher RLD depends also 
on the depth of the soil. For example, the statisti-

Figure 2. Root length density (RLD; cm/cm3) of five varieties of spring barley at different depths below the soil surface; 
experimental site Hrubčice (upper part of the figure) with optimal soil conditions for spring barley growing (average 
value of RLD 2.50, 3.63 cm/cm3 at 0–30 cm soil depth); experimental site Želešice (lower part of the figure) with reduced 
tillage and less favourable physical soil properties (average value of RLD 2.74, 4.36 cm/cm3 at 0–30 cm soil depth); year 
2010 (average value of RLD 2.02, 3.11 cm/cm3 at 0–30 cm soil depth) with very wet growing season, year 2011 (aver-
age value of RLD 3.22, 4.88 cm/cm3 at 0–30 cm soil depth) with normal precipitation totals during the growing season
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cal analysis of root length distribution presented 
by Zhang et al. (2020) indicated limited genotypic 
differences between the wheat lines. The numerical 
analysis of water uptake showed that in the surface 
densely rooted layer (RLD > 1 cm/cm3) there was 
only a weak relationship between water uptake and 
root length density while at deeper layer (RLD < 
1 cm/cm3) the water uptake was proportional to root 
length density. Ramamoorthy et al. (2017) suggested 
that increased RLD and rooting depth are often con-
sidered to be primal drivers of the effective adapta-
tion to drought. A functional adaptation to drought 
is then an increase in RLD especially in deeper soil 
layers, while maintaining the same weight of the 
whole root system (Blum 2011). However, Leitner 
et al. (2014) found that independently evaluated 
maize RLD is not sufficient to model water uptake 
from the soil. Significant positive effects of RLD 
on wheat yield (Wang et al. 2014; Peng et al. 2019) 
and rice yield (Manickavelu et al. 2006) have been 
found. In experiments with various rice lines under 
arid conditions, the RLD positively correlated with 
biomass yield in some genotypes (Kijoji et al. 2014). 
Nevertheless, the effect of RLD on yield is not always 
positive. Selection for higher yields contributed to the 
generation of genotypes with smaller roots in some 
regions. The yield of 44 wheat genotypes cultivated 
by the International Maize and Wheat Improvement 
Center (CIMMYT) over 45 years increased by 50.4 kg/
ha/year, whereas the RLD values did not significantly 
change (Manske 1997). Tardieu et al. (1992) note 
that higher RLD values in the upper soil layers can 
lead to the unnecessary investment of assimilates 
without a proportional increase in yield. A higher 
RLD could also mean a faster depletion of water 
resources if precipitation is not expected during the 
growing season (Palta et al. 2011). Yu et al. (2007) 
found in experiments with maize that the highest 
water consumption occurred in the layer of soil with 
the highest root density. If this layer became desic-
cated, the roots at deeper levels would not be able 
to fully compensate this deficiency. Thus, the signifi-
cance of a large root system lies more in its precise 
distribution in soil layers where water is available 
than in the total weight or volume of root biomass 
(Barraclough 1984; Manske & Vlek 2002; Lopes & 
Reynolds 2011).

The effect of the RLD on nutrient uptake depends 
on the mobility of ions in the soil (Atkinson 1990). 
Hence, root length density is important, especially 
for the uptake of relatively immobile ions of elements 

such as phosphorus (Slafer et al. 2021). Effective 
P uptake requires RLD values of 2–5 cm/cm3 (Barker 
et al. 2005). Although the specific properties of each 
nutrient in the soil impose different RLD require-
ments for effective uptake. For example, due to the 
low mobility of phosphorus in the soil, a higher RLD 
of ca. 10 cm/cm3 is required for effective P uptake 
compared to water and/or nitrogen (López-Bucio 
et al. 2002). Besides in previous experiments con-
ducted by Manske et al. (1995, 2000), they showed 
that wheat had a positive relationship between RLD 
and P uptake in phosphorus-poor soils. Genotypic 
variability in P uptake for rice was also found to be 
dependent on the overall size (weight) of the root 
system and its absorption mechanisms (Wissuwa 
& Ae 2001). 

The importance of the properties of the root system 
in terms of nitrogen uptake increases with a lack 
of water, as even relatively mobile ions are depend-
ent on the presence of water in the soil, as described 
above. For typical nitrate concentrations, any RLD 
value is usually more than sufficient to allow maxi-
mum uptake rates (Robinson & Rorison 1983), but 
specific values become more important regarding 
the uptake of the less mobile ammonium ion (Hoad 
et al. 2001). In this sense, several studies indicated 
that greater root length densities are generally more 
effective in N acquisition (Svoboda & Haberle 2006; 
Carvalho & Foulkes 2018). Moreover, a previous study 
conducted by Aziz et al. (2017) showed the results 
of a comparison of N uptake among nine Australian 
wheat varieties bred between 1958 and 2007 where 
they observed an increase in the capacity for N up-
take per unit of root length as well as a decrease 
in the RLD and total root system length. Besides 
genotypic differences in N uptake per unit of root 
length have been found (Greef & Kullmann 1992). 
As well as evidence of genotypic differences in the 
activity of phosphatase, which breaks down poorly 
accessible organic P and is bound to the surface 
of wheat roots (McLachlan 1980).

In addition, Manske and Vlek (2002) demonstrated 
the complexity of the RLD issue. Drought toler-
ant semi-dwarf wheat varieties formed more roots 
in deeper layers than in more shallow layers, and 
the higher RLD in the upper layers was negatively 
correlated with grain yield (r = –0.7). However, grain 
yield was not significantly associated with the RLD 
in deeper layers, as some varieties, along with high 
RLD values, showed low yield potential. Therefore, 
breeding for improved drought tolerance should 
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consider both a high yield potential and a more ef-
ficient root system.

Rooting depth
With increasing rooting depth, the potentially avail-

able water volume increases (Gregory 2006). A deep 
root system with few lateral roots in the upper layer 
is most effective in receiving water from relatively 
deep soil layers (Hund et al. 2009). Campos et al. 
(2004) assessed water acquisition through the root 
systems of old and modern varieties of corn. The old 
varieties showed high water consumption mainly 
from the upper parts of the soil profile. In particular, 
the depletion of water reserves in the soil before 
the beginning of flowering was the reason for the 
significant decrease in the yield of older varieties 
in comparison to that observed in modern hybrids. 
The growth phase during which water scarcity oc-
curs is also important for yield formation. Grieder 
et al. (2014) found no correlation between corn root 
system properties in the vegetative stage of growth 
and grain yield. In general, the periods of flowering 
and grain filling at the end of the growing season 
are considered to be critical (Palta & Yang 2014). 
Using a crop model, it was found that a deep root 
system at this stage was correlated with a high yield 
(Hammer et al. 2009).

Rooting depth can be directly related to drought 
adaptation (Friedli et al. 2019) only in soils of suffi-
cient depth. Hund et al. (2009) showed that a drought-
tolerant maize inbred line rooted deeper and took 
up more water from deeper soil layers compared 
to an old inbred line with shallow rooting. Besides 
deeper rooting of spring wheat was related to im-
proved stay green effect due to the acquisition of deep 
soil water in Australia (Christopher et al. 2008). 
Thus, a deeper root system and the use of water 
in the subsoil can only be successful in areas where 
soil properties do not limit the expression of these 
traits. In moist soil, water is  first removed from 
shallow layers by the roots. Doussan et al. (2006) 
found that water intake begins in the basal part of the 
plant and extends to its distal parts. Thus, the root 
system is not constantly involved in water intake 
as a whole. As the soil dries in the upper layers, the 
water potential of the roots becomes more negative, 
and the main water intake shifts to the deeper layers 
(Li et al. 2002). Thus, a deeper root system is often 
associated with drought tolerance (Passioura 1983; 
Manschadi et al. 2006; Kirkegaard et al. 2007). There 
is also a correlation between the depth of the root 

system and the availability of nutrients. A shallow 
root system is believed to be a positive adaptation 
to the low availability of phosphorus. Miguel et al. 
(2015) evaluated the importance of a shallow root 
system and dense root hairs in P uptake by beans. 
They found a positive synergistic effect of both those 
traits on P uptake, in contrast to what was observed 
in deep-rooted, short-root-hair genotypes.

It should be noted that the rooting depth is a func-
tion of both genotype (G) and environment (E), how-
ever, the interaction among them makes it difficult 
to separate genotypic differences from the environ-
mental factors in the root architecture, due to high 
G × E interactions and plasticity of roots (Ehdaie 
et al. 2012). Phenotypic plasticity is the ability of an 
organism to alter its phenotype in response to the 
environment and may involve changes in physiology, 
morphology, anatomy, development, or resource al-
location, as, for example, in the case of phosphorus 
stress – plants with many nodal roots with a steep 
angle, many short lateral branches, root exudation, 
root cortical aerenchyma formation, and long, dense 
root hairs (Sultan 2000; Schneider & Lynch 2020).

The influence of G × E interactions on the mor-
phological traits of plant roots is confirmed by Fig-
ure 3. In different agroecological conditions of two 
environments and in two meteorologically different 
years, the root system of five varieties of spring bar-
ley was evaluated (for a detailed description of the 
experiment see Figure 2 and Klimešová and Středa 
(2013), for a detail description of agroecological 
conditions see Středa et al. (2012); Svačina et al. 
(2014); Vintrlíková and Středa (2014)). The environ-
ment (year, locality) significantly influenced the root 
surface, and the influence of the genotype was thus 
significantly reduced.

Blum (2005) considers genotypes with deep roots 
as unusable if the roots are not produced before the 
onset of drought due to a significant reduction of new 
roots during prolonged drought (Gregory et al. 1978; 
Gavloski et al. 1992; Muller et al. 2011). Babé et al. 
(2012) reported that lateral roots are more affected 
by drought than primary roots. Thus, the root system 
reduces carbon investment in the side roots and ac-
cumulates it in the primary roots in order to create 
a “steep, cheap and deep” root system (Lynch 2013). 
Maize plants reduce metabolic and carbon costs when 
creating a deeper root system. Drought-tolerant hy-
brids are characterized by a deep root system with 
a high proportion of aerenchyma (Chimungu et al. 
2014; de Souza et al. 2016). However, the benefits 
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of this strategy are not universal. The final root depth 
depends not only on the elongation rate but also 
on the duration of growth. For example, in cereals, 
root growth typically ceases after flowering (Lucas 
et al. 2000). The aboveground part of the plant also 
affects the depth of the root system by determining 
the time available for roots grow (Gregory 1989). 
Manipulation with the sowing term and photoperiod 
sensitivity in order to increase root depth in Australia 
was described by Richards (2006).

Rapid resumption of root growth following soil 
rewetting may improve plant productivity under 
episodic drought (Comas et al. 2013). Consequently, 
another prerequisite for the advantage of a deep root 
system is that the water actually occurs at great depth. 
Ordóñez et al. (2018) found that the maximum root-
ing depth in soybean grown across 10 site-sowing 
date combinations varied from 88 to 154 cm and was 

closely related to the depth of the water table near 
the time when root growth ceased. Likewise, Kirkeg-
aard et al. (2007) observed an increase in grain yield 
of 0.62 t/ha if wheat stands could receive 10.5 mm 
of soil moisture from the subsoil (1.35–1.85 m) at the 
time of grain filling. 

Effectiveness of the assimilates spent on formation 
of deeper roots and the transpiration to create ad-
ditional carbon is important (Bidinger & Witcombe 
1989). For example, if the crop achieves higher yields 
and therefore needs more water, the additional in-
take of 30 mm from deeper layers at a predicted 
yield of 6 t/ha of wheat grain is only 10% of the total 
required. Therefore, deep rooting has value in those 
cases in which the extra water from depth represents 
a large portion of the entire crop water need (Vadez 
2014). This means that a deeper root system will not 
have such a benefit for highly productive stands. 

Figure 3. Root surface density (RSD; cm2/cm3) of five varieties of spring barley at different depths below the soil surface; 
experimental site Hrubčice (upper part of the figure) with optimal soil conditions for growing spring barley (average 
value of RSD 0.067, 0.097 cm2/cm3 at 0–30 cm soil depth); experimental site Želešice (lower part of the figure) with 
reduced tillage and less favourable physical properties of the soil (average value of RSD 0.066, 0.102 cm2/cm3 at 0–30 cm 
soil depth); year 2010 (average value of RSD 0.048, 0.073 cm2/cm3 at 0–30 cm soil depth) with very wet growing season; 
year 2011 (average value of RSD 0.085, 0.127 cm2/cm3 at 0–30 cm soil depth) with normal precipitation totals during 
the growing season
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Likewise, a deep or large root system will not have 
an effect under moderate stress conditions or irriga-
tion. Besides, El-Hassouni et al. (2018) observed the 
yield advantage of shallow root systems for 25 wheat 
genotypes in environments with irrigation. The re-
sults of Cope et al. (2024) show that modern Swedish 
cultivars of winter wheat pose root system archi-
tecture differences that could potentially increase 
yield stability in different environments and under 
different farm practices.

Hence, it can be concluded that selecting and breed-
ing for root system architecture is a cost-effective 
strategy to increase crop productivity and adaptation. 

Hydraulic conductivity
Plant hydraulic conductivity refers to the ratio 

of water flow (kg/s) per unit pressure drop (MPa), 
which drives flow through the plant or plant organ 
systems (Li et al. 2018). Thus, hydraulic conductivity 
reflects the water conveyance speed of plant organs 
having dependability on factors related to aquifer 
properties such as soil particle size, shape, degree 
of compaction, soil particles size distribution and 
fluid flow properties like viscosity and specific weight 
(Kango et al. 2019).

The availability of water at a great depth by itself 
may not be sufficient to satisfy plant requirements 
under hot and dry conditions (Sun et al. 2011). Con-
sequently, other mechanisms could affect water 
management, especially under high temperatures 
and vapour pressure deficit (Yang et al. 2012), such 
as the hydraulic conductivity of the roots.

Vadez (2014) consider the hydraulic conductiv-
ity of roots to be a key mechanism controlling the 
water regime of a plant and related processes, such 
as leaf formation and stomata control mechanisms. 
Leaf hydraulic conductance (resistance) is decisive 
for plant hydraulics, especially under drought, when 
stomatal closure strongly restrict transpiration (Locke 
& Ort 2014). The hydraulic conductivity of the root 
system is affected by evapotranspiration demands, 
the properties of aboveground biomass, the soil 
moisture regime and root anatomical parameters.

The soil’s ability to conduct and retain water de-
fines the requirements for the hydraulic conductivity 
of roots (Javaux et al. 2008). The conductivity of wet 
soil is typically much greater than that of the roots 
(Draye et al. 2010). As the soil dries its conductivity 
rapidly declines. At the same time, soil drying causes 
a reduction in the radial conductivity of roots for 
water due to lignification and suberization (North & 

Nobel 1991; Kramer & Boyer 1995; Hose et al. 2001) 
as a defence against the negative effects of drought 
(Cruz et al. 1992). In this situation, the root-soil 
boundary layer is increasingly important for water 
flow (Blum 2011). The properties of the boundary 
layer can be modified by the root exudates and mu-
cus, facilitating root contact with the soil and water 
uptake (White & Kirkegaard 2010).

The conductivity of the root system is influenced 
by the state of the aboveground part of the plant in re-
lation to the microclimate and time of day (Thomas 
et al. 2020). Conductivity is highest during the night 
and early morning when plant water demand is low 
(Tardieu et al. 2017). In contrast, root resistance 
to water flow is highest during the afternoon, when 
plants have the highest water requirements, and thus 
limits evapotranspiration (Tardieu & Parent 2017) and 
stabilizes the transpiration level if evapotranspiration 
demands of the environment fluctuate (Vandeleur 
et al. 2014). In addition, it should be noted that soil 
hydraulic conductivity is large in a wet soil, and most 
of the belowground resistance comes from roots. As the 
soil becomes drier, hydraulic conductivity decreases 
and the soil contributes more to the total resistance 
(Bonan 2019). The short-term effects of stress stimulate 
the plant to reduce the conductivity of roots, which 
is also ascribed to water channels (aquaporins) (Maurel 
et al. 2010; Verdoucq & Maurel 2018). Aquaporins 
are known as significant contributors and regula-
tors of transcellular water transport in roots (Javot 
& Maurel 2002). If water flow through the apoplast 
is prevented by suberization of cell walls, aquaporins 
facilitate the fine regulation of water flow (Steudle 
1997; Parent et al. 2009). Thus, the plant can direct the 
hydraulic conductivity during acclimatization to ad-
verse environmental conditions (Lipiec et al. 2013).

Leitner et al. (2014) modelled the growth of three 
maize phenotypes in the soil environment. An in-
crease in the radial conductivity of lateral roots had 
a greater impact on overall transpiration than dif-
ferent architectures of the root systems. For plants 
with comparable root system depths, the overall 
conductivity of the root system is a key parameter 
affecting the dynamics of transpiration. Hydraulic 
conductivity is also influenced by the size and num-
ber of xylem vessels, which is described as hydraulic 
acclimation (Liu et al. 2020). Hamblin and Tennant 
(1987) found that a greater number of metaxylem 
vessels cause greater uptake of water by lupine than 
by cereals. Plants with a large xylem diameter may 
show better conductivity but greater water consump-
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tion and risk of cavitation than plants with narrow 
vessels (Richards & Passioura 1989; Tyree et al. 1994). 
The small xylem vessel size of wheat seminal roots 
increases hydraulic resistance and results in  low 
water consumption from the soil by plants. Due 
to the lower intensity of water consumption, water 
keep maintained in the soil until the end of growing 
season, when plants use is for grain formation. This 
trait of the root system was used in the 1980s as a se-
lection criterion for breeding drought-tolerant wheat 
varieties in the arid climate of Australia (Richards 
& Passioura 1989).

Too high values of root system conductivity can 
be counterproductive if crop productivity is fully de-
pendent on the amount of water retained in the soil. 
Such a root system rapidly absorbs water, so water 
is soon depleted, and severe stress afflicts, for exam-
ple the reproductive phase (Tardieu & Parent 2017). 
Waines and Ehdaie (2007) report that modern wheat 
varieties have a smaller root system, representing 
approximately two-thirds of the biomass, compared 
to regional varieties from which they originated. This 
is a result of breeding for high yield and growth under 
optimal water and nutrient conditions. An experiment 
with old and modern semi-dwarf wheat varieties 
revealed that however they had a higher RLD, they 
did not show higher water consumption, indicating 
increased root hydraulic conductivity in modern 
varieties (Siddique et al. 1990).

Fineness of the root system
The optimal resources distribution strategy is lim-

ited by appropriate biomass allocation and growth 

control of various plant parts and also by morpho-
logical properties. Among the list of root system 
properties, specific root length (SRL; understood 
as the ratio of root length to dry mass of fine roots) 
is a key element of plant plasticity (Fitter & Hay 
2002) and determines water and nutrient uptake 
as a large root-absorptive area allows more rapid 
resource uptake (Weemstra et al. 2020).

Plants can compensate a water shortage by increas-
ing contact between roots and the soil by creating 
a dense network of fine roots (Ewers et al. 2000) 
or by increasing their conductivity (McElrone et al. 
2007). Tight contact between root and soil is medi-
ated by root hairs (Figure 4). Their purpose is to 
increase the effective diameter of the roots, thereby 
increasing the volume of soil occupied by the roots 
with relatively low assimilation requirements. Given 
by this fine structures, the isolation of intact living 
root systems from the soil in the field has not yet 
been performed and appears to be impossible. This 
fact complicates research progress in this field. Cur-
rently developed non-destructive root phenotyping 
techniques under field conditions (Gu et al. 2024) 
are needed in this regard.

Root hairs can grow into very small pores smaller 
than 5 μm and, due to mucilage secretion, form con-
nections between the roots and soil (Driouich et al. 
2013). Without this connection, the intake of water 
and nutrients would be reduced (Banerjee et al. 2019). 
Nobel et al. (2009) reported that roots without hairs 
receive only 1–5% of the volume of water compared 
to roots with hairs. Likewise, Wasson et al. (2012), 
Carminati et al. (2017), and Ahmed et al. (2018) 

Figure 4. Dense root hairs increase the 
root absorption surface and improve 
root contact with the soil (primary root 
of  wheat); the isolation of  root hairs 
from the soil appears to be impossible
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confirmed the important role of root hairs in water 
uptake in desiccating soil. 

On the other hand, fine roots with high values 
of length per unit of root weight (SRL), together with 
high RLD values in layers with available moisture, 
increase productivity under drought (Comas et al. 
2013). While a higher SRL increases the biomass 
of roots and makes resources available at no extra 
cost to build larger structures (Corneo et al. 2017). 

High SRL values may also be associated with nutri-
ent intake. Thinner and shallower roots are associ-
ated with increased N uptake efficiency in wheat 
(Liu et al. 2022). Root hairs significantly contribute 
to the uptake of nutrients that move slowly through 
the soil (e.g., phosphates), and plants obtain them 
by diffusion (Sehgal et al. 2021). For instance, phos-
phorus mainly enters the roots as H2PO4

– through 
the soil solution (Sehgal et al. 2021) and impacts 
root length and root hairs (Singh & Singh 2016). 
In addition, it has been documented that the plants 
also induce more root hairs under low P soils, and 
the trait is directly related to the increased P uptake 
(Vandamme et al. 2013). Moreover, low P stress-
induced modifications of SRL, such as inhibition 
of primary root growth, proliferation lateral roots, 
and root hairs, were seen in many plants (Lambers 
et al. 2011; Jin et al. 2012). Thus, these modifications 
are helpful for topsoil foraging under low P-stress 
condition (Ceasar et al. 2020). Fine roots are par-
ticularly beneficial in nutrient-poor environments 
(Bonifas & Lindquist 2009) because they allow rapid 
root extension and provide the maximal root surface 
area for nutrient uptake (Bowsher et al. 2016). The 
length of root hairs significantly correlated with P up-
take by barley in phosphorus-poor soils (Gahoonia 
& Nielsen 2004) and also by soybean (Vandamme 
et al. 2013). In terms of competition, plants with fast 
root proliferation obtain the most nutrients (Craine 
& Dybzinski 2013). This morphological adaptation, 
in response to the local availability of water or com-
petition between plants, is a process that can take 
days but also several months (Doussan et al. 2003).

In contrast, some cruciferous plants form short, 
thick roots without root hairs under dry conditions 
(Farooq et al. 2009). In a field trial with mustard 
(Brassicaceae), the lowest SRL values were found 
in the upper soil layer (0–10 cm) in a dry environ-
ment compared to wet environment (Hajzler et al. 
2018). However, a large root diameter in a dry soil 
layer does not conflict with the presence of fine roots 
in a wetter soil layer. A large root diameter is also 

related to the ability to penetrate compacted soil 
and overcome the mechanical resistance of the soil 
during desiccation. For rice, these traits have been 
associated with the ability to avoid drought (Gregory 
2006; Hazman & Brown 2018). Moreover, Elazab et al. 
(2016) in durum wheat observed increased SRL in the 
upper soil layer under good moisture conditions. 

Branching angle
Root architecture is a crucial part of plant adapta-

tion to heterogeneous soil conditions and is mainly 
controlled by root branching (Orosa-Puente et al. 
2018). Fitter (2002) denoted that the architecture 
of the plant root system shows regularity and pre-
dictability. However, it is highly variable in response 
to environmental conditions (de Moraes et al. 2018). 
Moreover, Fitter et al. (1991) defined two basic topo-
logical models – the dichotomous model and the fish 
skeleton model – but the root architecture of most 
plants is intermediate between these two extremes. 

Uneven distribution and local exhaustibility, 
or plant competition, causes asymmetry in the root 
system, including a change in branching angle. Root 
systems with narrow branching angles and a high 
number of seminal roots may be more effective than 
other root systems in terms of the uptake of wa-
ter from the subsoil (Leitner et al. 2014). Leitner 
et al. (2014), using a model, simulated root growth 
in three maize phenotypes that differed in their 
root system branching angle. The highest transpi-
ration was found in plants with a root axe orienta-
tion corresponding to available water in the soil. 
Furthermore, some authors affirmed that root angle 
is important in determining the vertical distribution 
of roots, as demonstrated by Kato et al. (2006) and 
further by Ramalingam et al. (2017). Thus, the propor-
tion of roots with a steep angle (i.e., 45–90 degrees 
from the horizontal) was associated with deep roots 
(> 30 cm soil layer). 

Recent studies with rice have shown genotypic vari-
ation in root angle or deep-root ratio under aerobic 
conditions (Kato et al. 2013) or upland conditions 
(Kitomi et al. 2015); thus, it is feasible to develop rice 
varieties with deeper root systems for aerobic condi-
tions with reduced irrigation requirements. Thus, the 
importance of steep-angle roots with larger deep root 
ratio has been found by in water limiting conditions. 
Consequently, the root angle regulators, such as genes 
DRO1 in rice and TaVRN1 in wheat, may adjust root 
system architecture and yield under drought stress 
(Uga et al. 2013; Voss-Fels et al. 2018). In addition, 
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Manschadi et al. (2008) evaluated 26 Australian wheat 
genotypes and identified narrow branching angles 
of root system in genotypes from dry environments 
with available water at great depths, while geno-
types from conditions with frequent precipitation 
had root system with wide branching angles. Vieira 
et al. (2008) demonstrated the genotypic variability 
of beans in the depth of basal root penetration, the 
angle of growth that the basal root forms with the 
vertical and the number of formed lateral roots.

Root system vitality
The ability to assess the vitality of roots, with its 

extremes “life” and “dead,” is of utmost importance 
to identify the active (fine) root biomass available 
for water and nutrient uptake and to determine root 
longevity (Rewald & Meinen 2013). 

Previous results confirm the possibility of using 
this property as a selection criterion in plant breed-
ing (Ullmannová et al. 2013). With the development 
of digital image analysis, more accurate, detailed and 
automated vitality assessment is being developed 
and successfully implemented. Precise phenotyping 
based on root biomass growth rate of is thus possible.

Early, rapid root growth (“early vigour” (Palta & 
Watt 2009)) is one of the attributes used to increase 
grain yield in Mediterranean climate where terminal 
drought is a problem (Acevedo 1987). Under Central 
European climate, this trait could be suitable in areas 
with a risk of rainfall deficit at the time of sowing. 
Plants with rapid development can escape drought 
and use the moisture accumulated during the winter. 
It is likely that young plants from seeds with higher 
vigour will more easily escape drought in the early 
stages of vegetation. These plants will develop a larger 
root system and thus be more tolerant to stresses 
(Březinová Belcredi et al. 2022). However, in areas 
with low rainfall during the growing season, the 
available water may be depleted rapidly, due to the 
larger root systems. Consequently, this water may 
absent at the end of growing season during grain 
filling (Richards 1989; Campos et al. 2004). 

Tardieu and Parent (2017) simulated the growth 
of corn roots in depth using a crop model. The growth 
rate had a slightly negative to positive effect on yield 
(–400 to + 1 300 kg/ha). In shallow soils up to 0.5 m, 
no effect was observed; in soils with a depth of ap-
proximately 1 m, the yields were variable. The growth 
rate in soils deeper than 1.5 m had a positive ef-
fect on yield. The benefits of a rapidly growing root 
system that had previously reached a greater depth 

were evident in the case of early flowering at high 
temperatures. In the case of colder weather and later 
flowering, this benefit was not observed because all 
monitored genotypes had more time to create a suf-
ficiently deep root system.

High vitality of the root system is related to high 
vitality and properties of the aboveground part of the 
plant (Watt et al. 2005). Furthermore, root growth 
is related to the intensity of tillering. A great root 
depth is likely associated with a low number of ad-
ventitious roots that are positively correlated with 
the number of tillers (Blum 2005). For this reason, 
when the yield is primarily influenced by a high 
number of tillers, a large root system may reduce the 
yield (Blum 2005). Wheat genotypes with large root 
systems that grow rapidly have a rapid leaf growth 
(van den Boogaard et al. 1996), which may reduce 
an unproductive evaporation (Gregory 1989).

Vigorous root systems are promising for nutrient 
utilization. Wheat genotypes with fast and early 
root growth show high N uptake in sandy soils (Liao 
et al. 2006; Palta & Yang 2014). These genotypes had 
a 50–70% larger root system and received 42–60% 
more nitrogen than other genotypes, despite the 
equal depth of penetration. However, in some cases, 
few non-vigorous wheat genotypes with small root 
system can capture as much nitrogen per plant 
as those with large root system (Pang et al. 2015). 
This indicates that nitrogen uptake and, likely, water 
uptake, are not always directly or entirely associ-
ated with a large root system (Figueroa-Bustos et al. 
2018). The question remains, to what extent does 
the size of the root system influence nitrogen and 
water uptake efficiency.

The phenomenon of “root turnover” is also often 
mentioned in connection with the vitality of roots, 
i.e. the frequency at which plants replace their root 
biomass (McCormack et al. 2015). “Root turnover 
rate” is defined as the number of times when fine 
root biomass is replaced each year and constitutes 
the inverse of root longevity. Turnover of fine roots 
of field-grown crops during a whole growing season, 
as observed in minirhizotrons in the field reported 
by Willigen and Noordwijk (1987), was for wheat 
on average 13%, for sugar beet about 50% and for 
grassland 40%. The half-life of individual roots of five 
groundnut cultivars was calculated by Krauss and 
Deacon (1994) as 3.7–4.4 weeks based on assess-
ments of the roots that died up to plant maturity 
(14–20 weeks, depending on cultivar). Progressive 
root turnover is considered to be a normal feature 
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of groundnut, perhaps representing an energy-econ-
omy strategy in this case.

PERSPECTIVES, POSSIBILITIES 
AND STRATEGIES OF BREEDING 
FOR AN IMPROVED ROOT SYSTEM

Initial status
Roots have been addressed for a long time in con-

nection with strategies of plant adaptation to unfa-
vourable conditions. Scientific studies from the late 
1980s suggested the incorporation of root system 
properties as secondary traits in breeding strategies 
(e.g., O’Toole & Bland 1987; Bidinger & Witcombe 
1989; Gregory 1989; Richards & Passioura 1989; 
Clarke & McCaig 1993). Despite the growing interest 
in the root system for breeding and agricultural prac-
tices, limited scientific knowledge has been obtained 
under field conditions. However, molecular biology 
and phenotyping techniques are rapidly improving. 
There are several issues related to the application 
of knowledge in breeding practices:
– A lack of knowledge regarding the functional char-

acteristics of the root system.
– Insufficient definition of ideotypes for specific 

environmental conditions.
– Unclear genetic characterization, i.e., the inability 

to use marker-assisted selection procedures.
– Low heritability of most root system traits i.e., 

significant interaction between genotypes and 
the environment.

– Unstable positive correlation with yield depend-
ing on the meteorological conditions of the year.

– A lack of methods for the rapid, cheap and simple 
screening of parental genotypes and selection 
in offspring.

– Inevitable selection in the target genotype/variety 
application environment.
It is frequently reported, that breeding on root 

system in order to cope with stress contradicts high 
yield potential as for instance drought tolerance 
is sometimes considered to be limiting in this regard 
(Blum 2005). 

In summary, the relationships between root system 
characteristics and yield are not always demon-
strable. Root properties are influenced not only 
by soil conditions and nutrient availability but also 
by climate and precipitation distribution during 
the growing season. Other factors that significantly 
influence the relationship between the root system 
and yield are farming practices (Lilley & Kirkegaard 

2011; Wasson et al. 2012; Comas et al. 2013; Lynch 
& Wojciechowski 2015) and the occurrence of biotic 
stressors including roots’ pests (Středa et al. 2013). 
For example, the contribution of a genotype to grain 
yield and the prevention of nitrogen leaching is often 
influenced by sowing term, pre-crop or intercrop. This 
is described by Thorup-Kristensen and Kirkegaard 
(2016) for wheat genotypes with deep root system 
in the contrasting moisture conditions of Australia 
and Denmark.

Environment location strategies for plant breeding
It is essential for breeders to choose an environment 

for selection that allows the identification of a suitable 
genotype through the phenotype. Shakhatreh et al.
(2001) emphasize the importance of target condi-
tions. Selection is the simplest and the most effective 
in environments where the maximum expression 
of genotypes can be achieved. This most commonly 
occurs in favourable environments, where genotypes 
can fully demonstrate their yield potential (Moham-
madi 2017; Slafer et al. 2021). Direct selection under 
stress conditions is recommended in cases of severe 
stress where yields reach 30–40% of the yield poten-
tial (Bänziger & Lafitte 1997). Ceccarelli and Grando 
(1989) emphasised pros of direct selection of locally 
adapted germplasm which, compared to indirect 
selection with conventional germplasms, showed 
multiple increased selection efficiency. However, 
Edmeades et al. (1989), Pardo et al. (2015) and Cai 
et al. (2020) for breeding on drought tolerance recom-
mend screening under controlled conditions rather 
than in the field. Venuprasad et al. (2007) noted that 
selection response in the target population must 
correspond to the response from field conditions. 

In areas with mild to moderate drought stress with 
average wheat and barley yields of 2–5 t/ha, breeding 
for higher yields also contributed to higher yields also 
in optimum environments (Araus et al. 2002). Breed-
ing for high yield potential and yield stability results 
in the production of varieties with above-standard 
yields that are able to maintain satisfactory yield 
even under drought stress (Slafer et al. 2005). How-
ever, opinions on the positive relationship between 
high yield potential under optimal conditions and 
that under stress vary as some authors dismiss this 
relationship (Arraudeau 1989; Ceccarelli & Grando 
1991; Sadras & Calderini 2009; Ndiaye et al. 2019).

Gregory (1989), Lopes and Reynolds (2010), Bodner 
et al. (2015), and Ober et al. (2021) consider many 
traits of the root system to be compatible with high 
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yield potential. In particular, the architecture of the 
root system may be an important determinant of yield 
(Lopes et al. 2011; Morris et al. 2017). A negative 
correlation between yield and the quantity of roots 
is probable rather in well-irrigated environments, 
while the reversed relationship can be expected 
in drought-prone environments. In fact, Palta and 
Turner (2019) reported that there was a positive cor-
relation between water use in the vegetative phase 
and grain yield under mild drought conditions, indi-
cating that vigorous plants and higher transpiration 
in the vegetative phase, supported by a vigorous root 
system, could be adaptive for mild drought. Con-
sequently, these facts can complicate comparisons 
of these relationships among sites or years in the 
same locality (Clarke & McCaig 1993).

The success of genotypes with improved root system 
depends on whether the nature of the root system 
is in accordance with the onset and duration of stress. 
Different characteristics may be appropriate for bet-
ter drought tolerance, and it is necessary to design 
a proper drought process scenario (Tardieu 2011). 
For breeding, it is therefore necessary to define a tar-
get environment for the application of the variety 
of interest and a dominant scenario of drought stress 
onset before assessing an appropriate morphology 
of the root system (Palta et al. 2011). Furthermore, 
properties that are beneficial in one environment 
do not necessarily have a positive effect in another 
(Harrison et al. 2014).

The significant interaction between genotypes and 
the environment is mainly due to a great diversity 
of soil conditions (Gregory 2006). Besides, the ex-
pression of the root system traits increasing drought 
tolerance depends on a number of factors and their 
interactions making the relationship between the 
root system and drought tolerance so complex (Palta 
& Turner 2019). The plasticity of the root system 
allows plant to face temporal and spatial variability 
in the soil environment. Through the lens of the 
breeder the interaction between genotypes and the 
environment complicates breeding progress.

Phenotyping and ideotype identification strategies
Phenotyping aims at the characterization of root 

system traits because of its functional role in resource 
acquisition, as well as at the identification of suitable, 
sufficiently genetically variable properties of roots 
(Bodner et al. 2018). These properties must be sta-
ble under strictly defined conditions and should 
be correlated with agronomically important crop 

characteristics. To identify an ideotype, it is necessary 
to know which property of the root system is signifi-
cant in the target environment (Clarke & McCaig 
1993; Takahashi & Pradal 2021). However, the target 
trait of the root system is not always clearly defined. 
It should be noted that identifying the root system 
ideotype is a complex process (Singh et al. 2021). For 
example, it is clear that a well-developed root system 
will not ensure the full utilization of water supplies 
in the case of closing stomata (McGowan et al. 1984; 
Tron et al. 2015). Closer cooperation between research 
and practical breeding is needed to obtain practical 
results (Herrera et al. 2020; Ober et al. 2021). Such 
an approach can complement conventional breeding 
programmes and accelerate an increase in potential 
yield (Cattivelli et al. 2008).

In the United States, breeding for a higher soybean 
yield was associated with a change in the size of the 
root system (Boyer et al. 1980). Higher yields were 
achieved by genotypes that were able to maintain the 
water potential of leaves below the critical level in the 
afternoon due to a higher root density. Paradoxically, 
this effect was achieved unintentionally only by se-
lecting productive individuals. In contrast, after the 
long-term breeding of maize for higher grain yield 
and drought tolerance at flowering, a 33% reduction 
of roots in the topsoil was observed (Bolaños et al. 
1993). Hammer et al. (2009) consider the untargeted 
selection of maize root system architecture as a re-
sponse to the higher crop density that has been used 
in the United States since the 20th century. Further 
evidence that selection for higher yields has mostly 
unintentionally altered the characteristics of the 
root system is provided by studies and comparisons 
of characteristics of modern and old or regional va-
rieties. Research addressing roots in relation to yield 
formation under target crop conditions provides first 
discussions and suggestions of ideotypes (Wasson 
et al. 2012; Lynch 2013; Bodner et al. 2015; Singh 
et al. 2021). Regional water scarcity and yield growth 
requirements are likely to increase the importance 
of properly designed root system characteristics.

The breeding goals may significantly contradict 
in terms of specific requirements related to carbon 
sequestration and regenerative agriculture as changed 
the root:shoot ratio in order to maximize the amount 
of carbon in the belowground biomass is the primal. 
Long-term results of root system research provide 
objective, comprehensive and valuable answers 
to many questions. There are many studies dealing 
with the assessment of root biomass in wide soil 
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environments (e.g. Figure 5). These experiments 
are currently highly valued in terms of new trends 
in environmentally friendly measures.

Genetic variation in root system
Natural genotypic variation for root traits is es-

sential for adaptation to water deficit conditions. 
However, root traits have not been fully utilised 
as selection criteria to improve drought stress (Mat-
eva et al. 2022).

The potential for breeding lies in acquiring unused 
genetic diversity that is available for almost every 
crop property, including those related to the root 
system (Fischer & Edmeades 2010). The results 
of many scientific studies confirm the genetic vari-
ability of root system traits. For example, the range 
of characteristic values depends on the number 
of genotypes that are compared (Fried et al. 2018). 
Thus, it is possible that by comparing current geno-
types, we are not able to capture the whole genetic 
variability of a particular characteristic within a spe-
cies (Palta et al. 2011). O’Toole and Bland (1987) 
described the extensive genetic variability of root 
system properties in many crop species. Various 
manifestations of root system architecture depending 
on the genotype of important legume species were 
described by Ye et al. (2018). However, the most 
studied crops are cereals. Genotypic variability has 
been found in the root length, RLD, rooting depth 
(Gregory 1989; Narayanan et al. 2014; El Hassouni 
et al. 2018), root growth rate (Hund et al. 2007), 
hydraulic conductivity and xylem vessel diameter 

of wheat (Richards & Passioura 1981). Using the 
established semi-hydroponic phenotyping platform, 
Chen et al. (2020) characterized the root properties 
of 184 common wheat genotypes and discovered 
large variation in several root traits and correla-
tions between morphological and functional traits 
at the onset of tillering. For rice, differences in root 
segment diameter, depth and biomass were found 
by Gowda et al. (2011). Atkinson (1990) observed 
differences in root growth rate, SRL, root branch-
ing, root density, and total root biomass among 
25 barley genotypes. Even though the genotypic 
differences in the root dry weight and root system 
area of sorghum were demonstrated, no differences 
in the dimensions of xylem vessels were found under 
controlled conditions or drought stress (Guha et al. 
2018). Genotypic differences in root diameter, length 
and area per unit of root weight were described for 
nine cotton varieties by Singh et al. (2018). 

There is a tendency to use relatively easily measur-
able root traits in target root system ideotypes (Xiong 
et al. 2021). Root size, length, and geometry are thus 
the main characteristics of ideotypes because they 
are the most easily measured (Freschet et al. 2021). 
However, a better understanding of root functional 
traits and their relation to whole plant strategies 
to increase crop productivity is needed (Comas et al. 
2013). Thus, until today relatively few studies have 
been dealing with physiological uptake processes 
and genetic variability. This is due to the complexity 
of roots that are hidden in the soil and the absence 
of rapid field methods for their evaluation.

Figure 5. Root weight density (RWD; g/cm3) of five varieties of spring barley at different depths below the soil surface 
in different environments (one year results)
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BREEDING FOR EFFICIENT ROOT 
SYSTEMS

A plant’s root is the most relevant organ for the 
plant adaptation to stress conditions. Thus, breed-
ing new crop cultivars with efficient root systems 
poses a great potential to enhance resource use ef-
ficiency and plant adaptation to unstable climate 
(Jia et al. 2019). 

The overall size of a root system is controlled 
by complex polygenic systems (Sertse et al. 2019). 
Therefore, a significant interaction between genotypes 
and the environment and low inheritance of root 
system traits are typical. Low inheritance strongly 
discourages breeders, but there is no reason to assume 
that the inheritance of root traits is lower than that 
of comparable shoot characteristics (Gregory 2006). 
Indeed, heterosis in wheat was shown for different 
root characteristics such as root length, root dry 
matter and root surface area (Wang et al. 2006) and 
root weight density in maize (Kamphorst et al. 2022). 
Besides, heterosis has been observed for maize, where 
hybrid progenies were found to produce more fine 
roots than their parents (Li et al. 2008). Wang et al. 
(2019) and Liu et al. (2021) reported that character-
istics such as root hair length and root depth can 
be strongly influenced by the additive effect of genes, 
which allows selection on these traits. Nonetheless, 
the low inheritance of root formation in relatively 
deep soil layers may complicate changes in the vertical 
distribution of the root system without increasing 
the maximum penetration depth. Heritability values 
for total root length (h2 = 0.62) and root branching 
(h2 = 0.42) of wheat were described by Monyo and 
Whittington (1970), and that for xylem vessel diameter 
(h2 = 0.52) was reported by Richards and Passioura 
(1981). A relatively high heritability (h2 = 0.56–0.62) 
was found for the number of adventive roots and 
root diameter of corn (Guingo et al. 1998). Values 
of h2 = 0.42–0.43 were found for the RLD of chickpea 
(Lalitha et al. 2015). Low heritability for shallow 
root mass (h2 = 0.26), deep root mass (h2 = 0.14) 
and total root system biomass (h2 = 0.22) in wheat 
was observed during the tillering phase (Ehdaie 
et al. 2014), however, at maturity, the heritability 
was 0.81, 0.79 and 0.83, respectively. The authors, 
therefore, recommend phenotyping the properties 
of the root system at the time of wheat grain physi-
ological maturity. However, it should be taken into 
consideration that the heritability determined this 
way estimates only the inheritance of the genotype 

used (Holland et al. 2003). Moreover, in quantitative 
genetics, heritability refers to the proportion of ge-
netic variance in phenotypic variance, the latter being 
composed of genetic and environmental variances. 
Improving field management practices will minimize 
environmental impacts and reduce experimental er-
rors, thereby enhancing the accuracy of heritability 
estimates and predictions (Xu et al. 2020).

The aim of Heřmanská et al. (2015) was to assess 
the relationship between the parents and progeny 
root system size (i.e., heritability) of winter wheat 
as a potential for breeding. After an initial screening 
of 39 parental lines, six lines with significantly differ-
ent root system size were selected, and 30 parental 
combinations were created via diallel crossing. The 
seeds were then propagated to the F3 generation 
and all obtained grains were sown in autumn 2016 
at a dry locality in South Moravia, Czech Republic. 
The root system size of the plants was determined 
by measuring the electrical capacitance according 
to Chloupek (1977). The lack of precipitation, together 
with the high potential evapotranspiration, resulted 
in severe drought stress during the growing period. 
Plants from F3 generation progeny were selected for 
large (Selection A) and small (Selection B) root sys-
tem in 2017. The average root system size and root 
system size in the heading phase correlated with the 
root system size of the mother or the average root 
system size of both parents. A closer relationship 
was found for the plants selected for the smaller root 
system. Based on a regression analysis between the 
root system size of the progeny and parental geno-
types, the root system size heritability was derived. 
Heritability in selection A were h2 = 0.219 for the 
entire growing period (average root system size for 
two phenophases – heading and grain filling), while 
that in selection B was h2 = 0.548. Consequently, 
the small root system was more dependent on the 
genetic system of the F3 hybrids, and thus, the co-
efficient for this quantitative-based trait was rela-
tively high. Heřmanská et al. (2015) demonstrated 
a similar heritability coefficient after the selection 
of wheat progeny in the F3 generation for large root 
system size and small root system size (h2 = 0.262 and 
h2 = 0.314, respectively). The heritability of the small 
root system size was higher in both cases, and the 
size of the root system was found to be a genetically 
fixed characteristic. This knowledge is important for 
the effective use of this trait as a selection criterion.

Clarke and McCaig (1993) highlighted the impor-
tance of the precise definition of the parents charac-
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teristics involved in crossing. Initial screening and 
selection for root parameters should be performed 
under controlled conditions. Thus, eliminating the 
genotype-by-environment interaction. The use of non 
adapted parents, despite having desirable charac-
teristics, is complicated, and they often have to be 
crossed back repeatedly to a locally adapted par-
ent. To accelerate breeding for tolerance to abiotic 
stress, it is appropriate to evaluate variability using 
a  large number of genotypes and locally adapted 
genotypes. Introgression of a target trait from non 
adapted materials can cause a significant decrease 
in yield (Hao et al. 2020). The use of a large number 
of genotypes eliminates the risk of differences in ge-
netic variability among genotypes due to selection, 
accidental genetic drift, or mutation (Holland et al. 
2003). Another principle is to evaluate several traits 
simultaneously under conditions with and without 
stress in order to select properties with sufficient 
genetic variability for further use (Dwivedi et al. 
2017). It is not optimal to breed only for one property 
(Bidinger & Witcombe 1989). In near isogenic line 
(NIL) tests with variability limited only to a particular 
researched trait, the effect of that specific trait can 
be demonstrated, while in breeding nurseries, yield 
response to selection for one trait will not be de-
monstrable. This is due to the higher coefficient 
of variation under field conditions, which is rarely 
less than 10% (Hoad et al. 2001). 

Backcrossing as part of a breeding strategy is sug-
gested by Wasson et al. (2012). Backcrossing is advan-
tageous under conditions of high heritability of a trait. 
If heritability is low but the trait is easily measurable, 
it can also be used for the introgression of quan-
titative traits (Richards 1989). Genetic variability 
should be evaluated among the maximum possible 
number of genotypes, including inbred lines, isogenic 
lines and populations (Richards 1987). Hurd (1974) 
recommends careful evaluation of smaller amounts 
of target crossings between well-described parents 
than cursively assessing a huge amount of crossings 
between unknown parents.

O’Toole and Bland (1987) propose selection of par-
ents, then in early generations of the progeny to selec-
tion for agronomic traits, and only in advanced lines 
selection for a desired trait of the root system. Clarke 
and McCaig (1993) suggest three selection strategies 
for root system properties: (i) using a correlated re-
sponse (selecting for yield in a particular environment 
is likely to change the properties of the root system 
in the desired direction), (ii) indirect selection for 

root properties, and (iii) selection by means of a se-
lection index for both traits. In CIMMYT, both the 
selection index and direct breeding for yield were 
used to select for drought tolerance traits (Edmeades 
et al. 1989). The advantages of each type of selection 
must be derived from the heritability of the traits and 
the genetic relationship between them, although this 
approach is complicated by the fact that predicted 
correlation responses may change significantly dur-
ing selection (Falconer 1989), under the influence 
of fluctuating environmental conditions. Heritability 
should be calculated based on observations at mul-
tiple sites and over multiple years. The assessment 
of genotypes at different locations in different years 
in the target environment provides objective data 
even if the characteristics are quantitatively inherited 
(Nyquist & Baker 1991).

Another aspect that complicates breeding for root 
system properties is their role as secondary selection 
criteria. The expected genetic gain when applying 
such criteria must justify the increased cost of their 
evaluation (Bidinger & Witcombe 1989). Such crite-
ria must be genetically associated with yield, highly 
hereditary (Austin 1989; Edmeades et al. 2001) and 
easier to measure than yield alone. As the field root 
system measurement are demanding and rapid non-
invasive methods are not yet available or do not pro-
vide sufficient information, the lack of appropriate 
methods for root system research and the screening 
of multiple genotypes is a major obstacle for breed-
ing progress (Gregory 2006; Wasson et al. 2012).

The solution may be to use some related parameters 
functionally associated with root system proper-
ties. One possibility is to use the ability of root cells 
to store electrical charge on membranes in order 
to characterize the activity and size of the root sys-
tems using the electrical capacitance measurement 
method (Chloupek 1977; Středa et al. 2020). It was 
demonstrated that the dielectric response mainly 
originated from root tissue polarization and current 
conduction and is influenced by the actual physiologi-
cal activity of the root system (Cseresnyés et al. 2024). 

This polarization of root membranes is provoked 
by an external energy and is not an active process 
in plants – the polarization generates a measurable 
impedance response (Ehosioke et al. 2020). The 
method was used in the breeding of alfalfa (Chlou-
pek et al. 1999) and in selection for root system size 
in the offspring of clover (Chloupek et al. 2003), 
spring barley (Svačina et al. 2014) and winter wheat 
(Heřmanská et al. 2015). This technique is consid-

https://www.agriculturejournals.cz/web/cjgpb/


198

Review	 Czech Journal of Genetics and Plant Breeding, 60, 2024 (4): 181–211

https://doi.org/10.17221/57/2024-CJGPB

ered as an adequate tool to assess root system size 
in situ (Cseresnyés et al. 2020). Due to root:shoot 
allometry, and the influence of the plant stem base 
on the measured electrical properties, electrical 
capacitance method proved to be useful for a whole-
plant phenotyping, including the characterization 
of nutritional status and prediction of grain yield 
(Cseresnyés et al. 2022).

A limitation of this method is the inability to display 
the architecture of the root system and some func-
tional characteristics, such as hydraulic conductivity. 
In contrast to commonly available methods for root 
system research (Smit et al. 2000), this technique, ap-
plicable under field conditions, can be used to meas-
ure hundreds of plants in a day (Cseresnyés et al. 
2018). This is very advantageous for use in breeding 
programs.

Another possibility is, for example, the use of re-
mote sensing – sensing vegetation using drones (Jones 
2014; Sadras & Calderini 2015). Lopes and Reynolds 
(2010) found that the temperature of a wheat stand 
at the time of grain filling and the root system weight 
in deep soil layers were negatively correlated. Rela-
tively low stand temperatures indicate transpiring 
leaf area and thus more efficient acquisition of wa-
ter by roots (Blum et al. 1982). Similarly, low leaf 
surface temperatures have been observed in mod-
ern profitable maize genotypes exposed to drought 
stress. Relatively cold vegetation can indicate a deep 
root system and better access to water (Barker et al. 
2005). A low stand temperature can thus be the result 
of a better and more efficient root system.

The lack of suitable field methods could be ap-
proached by genetic markers selection (MAS). How-
ever, the complex genetic foundation of root system 
properties makes it difficult to identify QTLs and 
specific genes responsible for their expression. Pre-
cise phenotyping represent an obstacle to the use 
of MAS (Francia et al. 2005). Reducing the “gap” 
between one genotype and the other is considered 
to be a major challenge in current biological research 
(Bray & Topp 2018). At the same time, the number 
of traits that will be suitable for use in MAS depends 
on the target environment and the research objec-
tive. Many markers and QTLs have been inaccurately 
determined due to inconsistent root phenotyping, 
variable population-environment relationships, 
or too low of a contribution of QTLs to variability 
in the trait of  interest (Collins et al. 2008; Blum 
2011). If the goal is to identify QTLs and apply this 
information in practice (e.g., MAS), it is important 

to know specifically the level and type of genotype-
by-environment interaction for traits analysed in the 
progeny of mapped populations (Tuberosa et al. 
2002). It  is also important that there is a genetic 
relationship between yield and root system trait(s). 
Some overlap of QTLs for root traits and plant yield 
was observed by Tuberosa et al. (2002). In maize, 
Trachsel et al. (2009) located QTLs for the elonga-
tion rate and number of roots and yield. A more 
detailed overview of QTLs for the characteristics 
of the maize root system is presented by Bray and 
Topp (2018) and Hund et al. (2011). The idea of the 
future use of genes and marker knowledge could 
be based on breeding by design. This is a system 
in which, instead of concentrating on one target 
property, optimal combinations of specific alleles 
could be transferred to a new variety (Fischer 2011).

Barker et al. (2005) observed that the genes ex-
pressed under drought stress in a pot experiment 
differed from those expressed under drought stress 
from field conditions. The mapping of genes and 
related markers should be carried out under field 
conditions to be effectively integrated into breed-
ing programmes (Comas et al. 2013). Laboratory 
experiments under conditions that differ considerably 
from field conditions should therefore be performed 
for the development of new genotypes which may 
incorporate genes encoding promising traits in the 
breeding material that is adapted to the conditions 
of the target environment (Passioura 2012). Auto-
mated phenotyping platforms that are able to screen 
large populations quickly and in detail and model 
root system phenotypes (Postma et al. 2017; Schnepf 
et al. 2018) will play a key role in this regard.

In addition to breeding improving selected traits 
(mentioned above) of the plant root systems, there 
is another area where scientists can direct their at-
tention. That is the ability of roots to enter symbiotic 
relationships with microorganisms living in the soil. 
That may lead to enhancing plant physiological func-
tions and adaptation (Vandenkoornhuyse et al. 2015). 
This trait can be considered as another phenotypic 
characteristic of the root system that deserves atten-
tion (Pérez-Jaramillo et al. 2017). There also arises 
a question whether the root system architecture 
impacts the structure of rhizobiome (Brown et al. 
1997; Szoboszlay et al. 2015). King et al. (2021) sug-
gest that the composition of microorganisms varies 
in different root parts according to their properties, 
and their functions depend on the roots’ order. The 
dependence of species occurring in the rhizobi-
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ome on root system characteristics was confirmed 
by Robertson-Albertyn et al. (2017), who found that 
mutant plants without root hairs had a different 
rhizobiom composition than plants with root hairs.

CONCLUSION

– The breeding of most field crops has focused on the 
aboveground part of plants. The improvement 
of root system is a promising strategy for adapting 
agriculture to a changing climate and increasing 
the efficiency of water and nutrient use.

– One of the main challenges in root system research 
is an accurate description of genotypes for pheno-
type estimation and vice versa and the functional 
identification of root system properties. 

– It  is not possible to breed a better root system 
without identifying its links with the aboveground 
part of plants.

– The root system and its traits evolve and change 
during plant growth. Thus, the traits of the root 
system should be evaluated several times dur-
ing the growing season, including the generative 
phases of ontogenesis significantly affecting yield 
(e.g. at the flowering for cereals, as it is the physi-
ologically most active).

– The traits of  the roots are variable, and many 
fluctuate with the environment, which complicates 
efforts to define ideotypes. Success in research 
regarding the root system and related breeding ef-
forts depends on the precise definition of the target 
environment. Genotype testing must be performed 
using farming practices typical of the target area. 
Alternatively, it is necessary to specify a change 
in technology to enhance the positive manifestation 
of new property. Field breeding is irreplaceable, 
and methods that allow the evaluation of the root 
system under field conditions are indispensable.

– A large SRL (the ratio of root length to dry mass 
of fine roots) makes resources available to build 
larger structures at no additional cost.

– Beyond traditional breeding efforts aimed at en-
hancing specific root traits, the symbiotic interac-
tions between roots and soil microorganisms offer 
a promising avenue for optimizing plant resilience.

– Water intake from deep soil layers is beneficial only 
in the case of significant and long-term rainfall 
deficits and the absence of  irrigation. Further-
more, the vertical growth of roots must be faster 
than the drying of the soil. In regions with regular 
rainfall during the growing season, a shallow and 

highly branched root system is an advantageous 
adaptation.

– Breeding for better drought tolerance should con-
sider both a high yield potential and an efficient 
root system.

– Research regarding the root system for breeding 
applications addresses traits essential for adaptation 
to heterogeneous conditions and related to water 
and nutrient uptake and thus also to yield.

– The mapping of genes and related markers should 
be carried out primarily under control climate for 
effective integration into breeding programmes.

– Despite all the challenges mentioned above, the 
root system is a promising object for biologists 
and breeders because many properties of the root 
system are compatible with high yield potential, 
and considerable genetic diversity is present. 
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López-Bucio J., Hernández-Abreu E., Sánchez-Calderón L., 
Nieto-Jacobo M.F., Simpson J., Herrera-Estrella L. (2002): 
Phosphate availability alters architecture and causes 
changes in hormone sensitivity in the Arabidopsis root 
system. Plant Physiology, 129: 244–256. 

Lucas M.E., Hoad S.P., Russel G., Bingham I.J. (2000): Man-
agement of Cereal Root Systems. London, Home Grown 
Cereals Authority (HGCA): 67.

Lukasová V., Lang M., Škvarenina J. (2014): Seasonal chang-
es in NDVI in relation to phenological phases, LAI and 
PAI of beech forests. Baltic Forestry, 20: 248–262.

Lukasová V., Vido J., Škvareninová J., Bičárová S., Hla-
vatá H., Borsányi P., Škvarenina J. (2020): Autumn pheno-
logical response of European Beech to summer drought 
and heat. Water, 12: 2610. 

Lynch J.P. (2007): Roots of the second green revolution. 
Australian Journal of Botany, 55: 493–512. 

Lynch J.P. (2013): Steep, cheap and deep: An ideotype to op-
timize water and N acquisition by maize root systems. 
Annals of Botany, 112: 347–357. 

Lynch J.P., Wojciechowski T. (2015): Opportunities and 
challenges in the subsoil: Pathways to deeper rooted 
crops. Journal of Experimental Botany, 66: 2199–2210. 

https://www.agriculturejournals.cz/web/cjgpb/


206

Review	 Czech Journal of Genetics and Plant Breeding, 60, 2024 (4): 181–211

https://doi.org/10.17221/57/2024-CJGPB

Lynch J.P., Chimungu J.G., Brown K.M. (2014): Root ana-
tomical phenes associated with water acquisition from 
drying soil: Targets for crop improvement. Journal of Ex-
perimental Botany, 65: 6155–6166. 

Manickavelu A., Nadarajan N., Ganesh S.K., Gnanamalar 
R.P., Chandra-Babu R. (2006): Drought tolerance in rice: 
Morphological and molecular genetic consideration. 
Plant Growth Regulation, 50: 121–138. 

Manschadi A.M., Christopher J., DeVoil P., Hammer G.L. 
(2006): The role of root architectural traits in adaptation 
of wheat to water-limited environments. Functional Plant 
Biology, 33: 823–837. 

Manschadi A.M., Hammer G.L., Christopher J.T., DeVoil P. 
(2008): Genotypic variation in seedling root architectural 
traits and implications for drought adaptation in wheat 
(Triticum aestivum L.). Plant and Soil, 303: 115–129. 

Manschadi A.M., Manske G.G.B., Vlek P.L.G. (2013): Root 
architecture and resource acquisition: Wheat as a model 
plant. In: Eshel A., Beeckman T. (eds.): Plant Roots: The 
Hidden Half. Boca Raton, CRC Press: 1–18.

Manske G.G.B. (1997): Utilization of the Genotypic Variabil-
ity of VAM Symbiosis and Root Length Density in Breed-
ing Phosphorus Efficient Wheat Cultivars at CIMMYT. 
Mexico, CIMMYT: 304.

Manske G.G.B., Vlek P.L.G. (2002): Root architecture – 
Wheat as a model plant. In: Waisel Y., Eshel A., Kafkafi U. 
(eds.): Plant Roots: The Hidden Half. New York, Marcel 
Dekker: 249–260.

Manske G.G.B., Lüttger A.B., Behl R.K., Vlek P.L.G. (1995): 
Nutrient efficiency based on VA mycorrhizae (VAM) 
and total root length of wheat cultivars grown in India. 
Angewandte Botanik, 69: 108–110.

Manske G.G.B., Ortiz-Monasterio J.I., Van Ginkel M., 
González R.M., Rajaram S., Molina E., Vlek P.L.G. (2000): 
Traits associated with improved P-uptake efficiency in 
CIMMYT’s semidwarf spring bread wheat grown on an 
acid Andisol in Mexico. Plant and Soil, 221: 189–204.

Mateva K.I., Chai H.H., Mayes S., Massawe F. (2020): Root 
foraging capacity in bambara groundnut [Vigna Subter-
ranea (L.) Verdc.] core parental lines depends on the 
root system architecture during the pre-flowering stage. 
Plants, 9: 645. 

Mateva K.I., Chai H.H., Mayes S., Massawe F. (2022): Natu-
ral genotypic variation underpins root system response 
to drought stress in bambara groundnut [Vigna subter-
ranea (L.) Verdc.]. Frontiers in Plant Science, 13: 760879. 

Maurel C., Simonneau T., Sutka M. (2010): The significance 
of roots as hydraulic rheostats. Journal of Experimental 
Botany, 61: 3191–3198. 

McCormack M.L., Crisfield E., Raczka B., Schnekenbur-
ger F., Eissenstat D.M., Smithwick E.A.H. (2015): Sen-

sitivity of four ecological models to adjustments in fine 
root turnover rate. Ecological Modelling, 297: 107–117.

McElrone A.J., Bichler J., Pockman W.T., Addington R.N., 
Linder C.R., Jackson R.B. (2007): Aquaporin-medi-
ated changes in hydraulic conductivity of deep tree 
roots accessed via caves. Plant, Cell and Environment, 
30: 1411–1421. 

McGowan M., Blanch P., Gregory P.J., Haycock D. (1984): 
Water relations of winter wheat. 5. The root system and 
osmotic adjustment in relation to crop evaporation. Jour-
nal of Agricultural Science, 102: 415–425. 

McLachlan K.D. (1980): Acid phosphatase activity of intact 
roots and phosphorus nutrition in plants. 2. Variations 
among wheat roots. Australian Journal of Agricultural 
Research, 31: 441–448. 

McMichael B.L., Burke J.J. (1998): Soil temperature and 
root growth. HortScience, 33: 947–951. 

Miguel M.A., Postma J.A., Lynch J.P. (2015): Phene synergism 
between root hair length and basal root growth angle for 
phosphorus acquisition. Plant Physiology, 167: 1430–1439. 

Mohammadi R. (2017): Interpretation of genotype × year 
interaction in rainfed durum wheat under moderate cold 
conditions of Iran. New Zealand Journal of Crop and 
Horticultural Science, 45: 55–74. 

Monyo J.H., Whittington W.J. (1970): Genetic analysis 
of root growth in wheat. Journal of Agricultural Science, 
74: 329–338. 

Morris E.C., Griffiths M., Golebiowska A., Mairhofer S., 
Burr-Hersey J., Goh T., von Wangenheim D., Atkinson B., 
Sturrock C.J., Lynch J.P., Vissenberg K., Ritz K., Wells 
D.M., Mooney S.J., Bennett M.J. (2017): Shaping 3D root 
system architecture. Current Biology, 27: 919–930. 

Mrekaj I., Lukasová V., Rozkošný J., Onderka M. (2024): 
Significant phenological response of forest tree species 
to climate change in the Western Carpathians. Central 
European Forestry Journal, 70: 1–15.

Muller B., Pantin F., Génard M., Turc O., Freixes S., 
Piques M., Gibon Y. (2011): Water deficits uncouple 
growth from photosynthesis, increase C content, and 
modify the relationships between C and growth in sink 
organs. Journal of Experimental Botany, 62: 1715–1729. 

Narayanan S., Mohan A., Gill K.S., Prasad P.V.V. (2014): 
Variability of root traits in spring wheat germplasm. PLoS 
ONE, 9: e100317.

Ndiaye M., Adam M., Ganyo K.K., Guissé A., Cissé N., Mul-
ler B. (2019): Genotype-environment interaction: Trade-
offs between the agronomic performance and stability 
of dual-purpose sorghum (Sorghum bicolor L. Moench) 
genotypes in Senegal. Agronomy, 9: 867.

Němec O., Klimešová J., Středa T. (2019): Field phenotyp-
ing of root system for application in plant breeding. In: 

https://www.agriculturejournals.cz/web/cjgpb/


207

Czech Journal of Genetics and Plant Breeding, 60, 2024 (4): 181–211	 Review

https://doi.org/10.17221/57/2024-CJGPB

Cerkal R., Březinová-Belcredi N., Prokešová L., Pilá-
tová A. (eds.): Proc. Int. PhD Students Conf. MendelNet. 
Brno, Nov 6–7, 2019: 75–80.

Nobel P.S. (2009): Physicochemical and Environmental Plant 
Physiology. Oxford, Academic Press: 604.

North G.B., Nobel P.S. (1991): Changes in hydraulic con-
ductivity and anatomy caused by drying and rewetting 
roots of Agave deserti (Agavaceae). American Journal 
of Botany, 78: 906–915. 

Nyquist W.E., Baker R.J. (1991): Estimation of heritability 
and prediction of selection response in plant populations. 
Critical Reviews in Plant Sciences, 10: 235–322. 

Ober E.S., Alahmad S., Cockram J., Forestan C., Hickey 
L.T., Kant J., Maccaferri M., Marr E., Milner M., Pinto F., 
Rambla C., Reynolds M., Salvi S., Sciara G., Snowdon R.J., 
Thomelin P., Tuberosa R., Uauy C., Voss-Fels K.P., Wall-
ington E., Watt M. (2021): Wheat root systems as a breed-
ing target for climate resilience. Theoretical and Applied 
Genetics, 134: 1645–1662.

Ordóñez R.A., Castellano M.J., Hatfield J.L., Helmers M.J., 
Licht M.A., Liebman M., Dietzel R., Martinez-Feria R., 
Iqbal J., Puntel L.A., Córdova S.C., Togliatti K., Wright 
E.E., Archontoulis S.V. (2018): Maize and soybean root 
front velocity and maximum depth in Iowa, USA. Field 
Crops Research, 215: 122–131. 

Orosa-Puente B., Leftley N., von Wangenheim D., Banda J., 
Srivastava A.K., Hill K., Truskina J., Bhosale R., Morris E., 
Srivastava M., Kümpers B., Goh T., Fukaki H., Vermeer 
J.E.M., Vernoux T., Dinneny J.R., French A.P., Bishopp A., 
Sadanandom A., Bennett M.J. (2018): Root branching 
toward water involves posttranslational modification 
of transcription factor ARF7. Science, 362: 1407–1410. 

O’Toole J.C., Bland W.L. (1987): Genotypic variation in crop 
plant root systems. Advances in Agronomy, 41: 91–145. 

Paez-Garcia A., Motes C.M., Scheible W.R., Chen R., Blanca-
flor E.B., Monteros M.J. (2015): Root traits and phenotyp-
ing strategies for plant improvement. Plants, 4: 334–355. 

Palta J.A., Fillery I.R.P. (1995): N application increases pre-
anthesis contribution of dry matter to grain yield in wheat 
grown on a duplex soil. Australian Journal of Agricultural 
Research, 46: 507–518. 

Palta J.A., Watt M. (2009): Vigorous crop root systems: 
Form and function for improving the capture of water 
and nutrients. In: Sadras V.O., Calderini D.F. (eds.): Crop 
Physiology – Applications for Genetic Improvement and 
Agronomy. San Diego, Academic Press: 309–325.

Palta J.A., Yang J. (2014): Crop root system behaviour and 
yield. Field Crops Research, 165: 1–4. 

Palta J.A., Turner N.C. (2019): Crop root system traits can-
not be seen as a silver bullet delivering drought resistance. 
Plant and Soil, 439: 31–43. 

Palta J.A., Chen X., Milroy S.P., Rebetzke G.J., Dreccer 
M.F., Watt M. (2011): Large root systems: Are they use-
ful in adapting wheat to dry environments? Functional 
Plant Biology, 38: 347. 

Pang J., Milroy S.P., Rebetzke G.J., Palta J.A. (2015): The in-
fluence of shoot and root size on nitrogen uptake in wheat 
is affected by nitrate affinity in the roots during early 
growth. Functional Plant Biology, 42: 1179–1189. 

Pardo E.M., Vellicce G.R., Aguirrezabal L., Pereyra-Irujo G., 
Rocha C.M.L., García M.G., Prieto-Angueira S., Welin B., 
Sanchez J., Ledesma F., Castagnaro A.P. (2015): Drought 
tolerance screening under controlled conditions predicts 
ranking of water-limited yield of field-grown soybean geno-
types. Journal of Agronomy and Crop Science, 201: 95–104. 

Parent B., Hachez C., Redondo E., Simonneau T., Chau-
mont F., Tardieu F. (2009): Drought and abscisic acid 
effects on aquaporin content translate into changes in hy-
draulic conductivity and leaf growth rate: A trans-scale 
approach. Plant Physiology, 149: 2000–2012. 

Passioura J.B. (1983): Roots and drought resistance. Agri-
cultural Water Management, 7: 265–280. 

Passioura J.B. (2012): Phenotyping for drought tolerance 
in grain crops: When is it useful to breeders? Functional 
Plant Biology, 39: 851–859. 

Peng B., Liu X., Dong X., Xue Q., Neely C.B., Marek T., Ibra-
him A.M.H., Zhang G., Leskovar D.I., Rudd J.C. (2019): 
Root morphological traits of winter wheat under con-
trasting environments. Journal of Agronomy and Crop 
Science, 205: 571–585. 

Pérez-Jaramillo J.E., Carrión V.J., Bosse M., Ferrão L.F.V., de 
Hollander M., Antonio A.F.G., Camilo A.R., Mendes R., 
Raaijmakers J.M. (2017): Linking rhizosphere microbiome 
composition of wild and domesticated Phaseolus vulgaris 
to genotypic and root phenotypic traits. The ISME Jour-
nal, 11: 2244–2257.

Postma J.A., Kuppe C., Owen M.R., Mellor N., Griffiths M., 
Bennett M.J., Lynch J.P., Watt M. (2017): OpenSimRoot: 
Widening the scope and application of root architectural 
models. New Phytologist, 215: 1274–1286. 

Ramalingam P., Kamoshita A., Deshmukh V., Yagimuna S., 
Uga Y. (2017): Association between root growth angle and 
root length density of a near-isogenic line of IR64 rice 
with DEEPER ROOTING 1 under different levels of soil 
compaction. Plant Production Science, 20: 162–175. 

Ramamoorthy P., Lakshmanan K., Upadhyaya H.D., Va-
dez V., Varshney R.K. (2017): Root traits confer grain 
yield advantages under terminal drought in chickpea 
(Cicer arietinum L.). Field Crops Research, 201: 146–161. 

Raun W.R., Johnson G.V. (1999): Improving nitrogen use 
efficiency for cereal production. Agronomy Journal, 
91: 357–363. 

https://www.agriculturejournals.cz/web/cjgpb/


208

Review	 Czech Journal of Genetics and Plant Breeding, 60, 2024 (4): 181–211

https://doi.org/10.17221/57/2024-CJGPB

Ray D.K., Mueller N.D., West P.C., Foley J.A. (2013): Yield 
trends are insufficient to double global crop production 
by 2050. PLoS ONE, 8: e66428. 

Rewald B., Meinen C. (2013): Plant roots and spectroscopic 
methods – analyzing species, biomass and vitality. Fron-
tiers in Plant Science, 4: 393.

Richards R.A. (1987): Physiology and the breeding of win-
ter-grown cereals for dry areas. In: Srivastava J.P., Porced-
du E., Acevedo E., Varma S. (eds.): Proc. Int. Workshop 
Drought Tolerance in Winter Cereals. Capri, Oct 27–31, 
1987: 133–150. 

Richards R.A. (1989): Breeding for drought resistance: Physi-
ological approaches. In: Baker F.W.G. (ed.): Drought Resist-
ance in Cereals. Wallingford, CAB International: 65–80.

Richards R.A. (2006): Physiological traits used in the breed-
ing of new cultivars for water-scarce environments. Ag-
ricultural Water Management, 80: 197–211. 

Richards R.A., Passioura J.B. (1981): Seminal root morphol-
ogy and water use of wheat II. Genetic variation. Crop 
Science, 21: 253–255. 

Richards R.A., Passioura J.B. (1989): A breeding program 
to decrease the diameter of the major xylem vessel in the 
seminal roots of wheat and its effect on grain yield in rain-
fed environments. Australian Journal of Agricultural 
Research, 40: 943–950. 

Robertson-Albertyn S., Alegria Terrazas R., Balbirnie K., 
Blank M., Janiak A., Szarejko I., Chmielewska B., Karcz J., 
Morris J., Hedley P.E., George T.S., Bulgarelli D. (2017): 
Root hair mutations displace the barley rhizosphere mi-
crobiota. Frontiers in Plant Science, 8: 1094.

Robinson D., Rorison I.H. (1983): Relationships between 
root morphology and nitrogen availability in a recent 
theoretical model describing nitrogen uptake from soil. 
Plant, Cell and Environment, 6: 641–647. 

Ryser P. (2006): The mysterious root length. Plant and Soil, 
286: 1–6. 

Sadras V.O., Angus J.F. (2006): Benchmarking water-use ef-
ficiency of rainfed wheat in dry environments. Australian 
Journal of Agricultural Research, 57: 847–856. 

Sadras V.O., Calderni D.F. (2009): Genetic improvement 
of grain crops: Yield potential. In: Sadras V.O., Calderini 
D.F. (eds.): Crop Physiology: Applications for Genetic 
Improvement and Agronomy. San Diego, Academic Press: 
355–385.

Sadras V.O., Calderini D.F. (2015): Crop physiology: Ap-
plications for breeding and agronomy. In: Sadras V.O., 
Calderini D.F. (eds.): Crop Physiology: Applications for 
Genetic Improvement and Agronomy. San Diego, Aca-
demic Press: 1–14.

Sánchez-Blanco M.J., Álvarez S., Ortuño M.F., Ruiz-Sánchez 
M.C. (2014): Root system response to drought and salin-

ity: Root distribution and water transport. In: Morte A., 
Varma A. (eds.): Root Engineering: Basic and Applied 
Concepts. Heidelberg, Springer: 325–352.

Schnepf A., Leitner D., Landl M., Lobet G., Mai T.H., Mo-
randage S., Sheng C., Zörner M., Vanderborght J., Ver-
eecken H. (2018): CRootBox: A structural-functional 
modelling framework for root systems. Annals of Botany, 
121: 1033–1053. 

Schroth G. (1995): Tree root characteristics as criteria for 
species selection and systems design in agroforestry. 
Agroforestry Systems, 30: 125–143. 

Sehgal A., Sita K., Rehman A., Farooq M., Kumar S., Ya-
dav R., Nayyar H., Singh S., Siddique K.H.M. (2021): 
Lentil. In: Sadras V.O., Calderini D.F. (eds.): Crop Physiol-
ogy: Case Histories for Major Crops. London, Academic 
Press: 408–428.

Sertse D., You F.M., Ravichandran S., Cloutier S. (2019): The 
complex genetic architecture of early root and shoot traits 
in flax revealed by genome-wide association analyses. 
Frontiers in Plant Science, 10: 1483. 

Schneider H.M., Lynch J.P. (2020): Should root plasticity 
be a crop breeding target? Frontiers in Plant Science, 11: 546.

Shakhatreh Y., Kafawin O., Ceccarelli S., Saoub H. (2001): 
Selection of barley lines for drought tolerance in low-
rainfall areas. Journal of Agronomy and Crop Science, 
186: 119–127. 

Siddique K.H.M., Tennant D., Perry M.W., Beldford R.K. 
(1990): Water use and water use efficiency of old and 
modern beat cultivars in a Mediterranean-type envi-
ronment. Australian Journal of Agricultural Research, 
41: 431–447. 

Singh B., Norvell E., Wijewardana C., Wallace T., Chastain D., 
Reddy K.R. (2018): Assessing morphological characteris-
tics of elite cotton lines from different breeding pro-
grammes for low temperature and drought tolerance. 
Journal of Agronomy and Crop Science, 204: 467–476. 

Singh D.P., Singh A.K., Singh A. (2021): Breeding of crop 
ideotypes. In: Singh D.P., Singh A.K., Singh A. (eds.): Plant 
Breeding and Cultivar Development. London, Academic 
Press: 497–516.

Singh N., Singh G. (2016): Response of lentil (Lens culi-
naris Medikus) to phosphorus – A review. Agricultural 
Reviews, 37: 27–34. 

Slafer G.A., Araus J.L., Royo C., García del Moral L.F. (2005): 
Promising eco-physiological traits for genetic improve-
ment of cereal yields in Mediterranean environments. 
Annals of Applied Biology, 146: 61–70. 

Slafer G.A., Savin R., Pinochet D., Calderini D.F. (2021): 
Wheat. In: Sadras V.O., Calderini D.F. (eds.): Crop Physi-
ology: Case Histories for Major Crops. London, Academic 
Press: 98–163.

https://www.agriculturejournals.cz/web/cjgpb/


209

Czech Journal of Genetics and Plant Breeding, 60, 2024 (4): 181–211	 Review

https://doi.org/10.17221/57/2024-CJGPB

Smit A.L., Bengough A.G., Engels C., van Noordwijk M., 
Pellerin S., van de Geijn S.C. (2000): Root Methods: 
A Handbook. Heidelberg, Springer: 608.  

Steudle E. (1997): Water transport across plant tissue: Role 
of water channels. Biology of the Cell, 89: 259–273. 

Středa T., Dostál V., Horáková V., Chloupek O. (2012): Ef-
fective use of water by wheat varieties with different root 
system sizes in rain-fed experiments in Central Europe. 
Agricultural Water Management, 104: 203–209. 

Středa T., Vahala O., Středová H. (2013): Prediction of adult 
western corn rootworm (Diabrotica virgifera virgifera 
LeConte) emergence. Plant Protection Science, 49: 89–97. 

Středa T., Středová H., Chuchma F., Kučera J., Rožnovský J. 
(2019): Smart method of agricultural drought regionaliza-
tion: A winter wheat case study. Contributions to Geo-
physics and Geodesy, 49: 25–36. 

Středa T., Haberle J., Klimešová J., Klimek-Kopyra A., 
Středová H., Bodner G., Chloupek O. (2020): Field pheno-
typing of plant roots by electrical capacitance – a stand-
ardized methodological protocol for application in plant 
breeding: A review. International Agrophysics, 34: 173–184.

Středová H., Fukalová P., Chuchma F., Haberle J., Středa T. 
(2024): Nitrates directive restriction: To change or not 
to change in terms of climate change, that is the question. 
Science of The Total Environment, 917: 170381.

Sultan S.E. (2000): Phenotypic plasticity for plant develop-
ment, function and life history. Trends in Plant Science, 
5: 537–542.

Sun S.J., Meng P., Zhang J.S., Wan X. (2011): Variation in soil 
water uptake and its effect on plant water status in Juglans 
regia L. during dry and wet seasons. Tree Physiology, 
31: 1378–1389. 

Svačina P., Středa T., Chloupek O. (2014): Uncommon selec-
tion by root system size increases barley yield. Agronomy 
for Sustainable Development, 34: 545–551. 

Svoboda P., Haberle J. (2006): The effect of nitrogen ferti-
lization on root distribution of winter wheat. Plant, Soil 
and Environment, 52: 308–313. 

Szoboszlay M., Lambers J., Chappell J., Kupper J.V., Moe 
L.A., McNear D.H. (2015): Comparison of root system 
architecture and rhizosphere microbial communities 
of Balsas teosinte and domesticated corn cultivars. Soil 
Biology and Biochemistry, 80: 34–44.

Takahashi H., Pradal C. (2021): Root phenotyping: Im-
portant and minimum information required for root 
modeling in crop plants. Breeding Science, 71: 109–116. 

Tardieu F. (2011): Any trait or trait-related allele can confer 
drought tolerance: Just design the right drought scenario. 
Journal of Experimental Botany, 63: 25–31. 

Tardieu F., Parent B. (2017): Predictable ‘meta-mechanisms’ 
emerge from feedbacks between transpiration and plant 

growth and cannot be simply deduced from short-term 
mechanisms. Plant, Cell and Environment, 40: 846–857. 

Tardieu F., Zhang J., Davies W.J. (1992): What information 
is conveyed by an ABA signal from maize roots in dry-
ing field soil? Plant, Cell and Environment, 15: 185–191. 

Tardieu F., Draye X., Javaux M. (2017): Root water uptake 
and ideotypes of the root system: Whole-plant controls 
matter. Vadose Zone Journal, 16: 1–10. 

Thomas A., Yadav B.K., Šimůnek J. (2020): Root water 
uptake under heterogeneous soil moisture conditions: 
An experimental study for unraveling compensatory root 
water uptake and hydraulic redistribution. Plant and Soil, 
457: 421–435. 

Thorup-Kristensen K., Kirkegaard J. (2016): Root system-
based limits to agricultural productivity and efficiency: The 
farming systems context. Annals of Botany, 118: 573–592. 

Tilman D., Cassman K.G., Matson P.A., Naylor R., Polasky S. 
(2002): Agricultural sustainability and intensive produc-
tion practices. Nature, 418: 671–677. 

Trachsel S., Messmer R., Stamp P., Hund A. (2009): Mapping 
of QTLs for lateral and axile root growth of tropical maize. 
Theoretical and Applied Genetics, 119: 1413–1424. 

Tron S., Bodner G., Laio F., Ridolfi L., Leitner D. (2015): 
Can diversity in root architecture explain plant water 
use efficiency? A modeling study. Ecological Modelling, 
312: 200–210. 

Tuberosa R., Salvi S., Sanguineti M.C., Landi P., Maccafer-
ri M., Conti S. (2002): Mapping QTLs regulating morpho-
physiological traits and yield: Case studies, shortcomings 
and perspectives in drought-stressed maize. Annals 
of Botany, 89: 941–963. 

Tyree M.T., Davis S.D., Cochard H. (1994): Biophysical 
perspectives of xylem evolution: Is there a tradeoff of hy-
draulic efficiency for vulnerability to dysfunction? IAWA 
Journal, 15: 335–360. 

Uga Y., Sugimoto K., Ogawa S., Rane J., Ishitani M., Hara N., 
Kitomi Y., Inukai Y., Ono K., Kanno N., Inoue H., Take-
hisa H., Motoyama R., Nagamura Y., Wu J., Matsumoto T., 
Takai T., Okuno K., Yano M. (2013): Control of root 
system architecture by DEEPER ROOTING 1 increases 
rice yield under drought conditions. Nature Genetics, 
45: 1097–1102.

Ullmannová K., Středa T., Chloupek O. (2013): Use of barley 
seed vigour to discriminate drought and cold tolerance 
in crop years with high seed vigour and low trait varia-
tion. Plant Breeding, 132: 295–298. 

van den Boogaard R., de Boer M., Veneklaas E.J., Lambers H. 
(1996): Relative growth rate, biomass allocation pattern 
and water use efficiency of three wheat cultivars during 
early ontogeny as dependent on water availability. Phys-
iologia Plantarum, 98: 493–504. 

https://www.agriculturejournals.cz/web/cjgpb/


210

Review	 Czech Journal of Genetics and Plant Breeding, 60, 2024 (4): 181–211

https://doi.org/10.17221/57/2024-CJGPB

van Eck N.J., Waltman L. (2010): Software survey: VOS-
viewer, a computer program for bibliometric mapping. 
Scientometrics, 84: 523–538. 

Vadez V. (2014): Root hydraulics: The forgotten side of roots 
in drought adaptation. Field Crops Research, 165: 15–24. 

Vandamme E., Renkens M., Pypers P., Smolders E., Van-
lauwe B., Merckx R. (2013): Root hairs explain P uptake 
efficiency of soybean genotypes grown in a P-deficient 
Ferralsol. Plant and Soil, 369: 269–282. 

Vandeleur R.K., Sullivan W., Athman A., Jordans C., 
Gilliham M., Kaiser B.N., Tyerman S.D. (2014): Rapid 
shoot-to-root signalling regulates root hydraulic con-
ductance via aquaporins. Plant, Cell and Environment, 
37: 520–538. 

Vandenkoornhuyse P., Quaiser A., Duhamel M., Le Van A., 
Dufresne A. (2015): The importance of the microbiome 
of the plant holobiont. New Phytologist, 206: 1196–1206.

Venuprasad R., Lafitte H.R., Atlin G.N. (2007): Response 
to direct selection for grain yield under drought stress 
in rice. Crop Science, 47: 285–293. 

Verdoucq L., Maurel C. (2018): Plant aquaporins. In: Mau-
rel C. (ed.): Advances in Botanical Research: Membrane 
Transport in Plants. London, Academic Press: 25–56.

Vieira R.F., Carneiro J.E.S., Lynch J.P. (2008): Root traits 
of common bean genotypes used in breeding programs 
for disease resistance. Pesquisa Agropecuária Brasileira, 
43: 707–712. 

Vintrlíková E., Středa T. (2014): Possibility of selection 
for higher seed vigour of barley. In: Polák O., Cerkal R., 
Škarpa P. (eds.): Proc. Int. PhD Students Conf. Mendel-
Net. Brno, Nov 19–20, 2014: 115–118.

Voss-Fels K.P., Robinson H., Mudge S.R., Richard C., New-
man S., Wittkop B., Stahl A., Friedt W., Frisch M., Ga-
bur I., Miller-Cooper A., Campbell B.C., Kelly A., Fox G., 
Christopher J., Christopher M., Chenu K., Franckowiak J., 
Mace E.S., Borrell A.K., Eagles H., Jordan D.R., Botella 
J.R., Hammer G., Godwin I.D., Trevaskis B., Snowdon 
R.J., Hickey L.T. (2018): VERNALIZATION1 modulates 
root system architecture in wheat and barley. Molecular 
Plant, 11: 226–229. 

Waines J.G., Ehdaie B. (2007): Domestication and crop 
physiology: Roots of green-revolution wheat. Annals 
of Botany, 100: 991–998. 

Wang C., Liu W., Li Q., Ma D., Lu H., Feng W., Xie Y., 
Zhu Y., Guo T. (2014): Effects of different irrigation and 
nitrogen regimes on root growth and its correlation with 
above-ground plant parts in high-yielding wheat under 
field conditions. Field Crops Research, 165: 138–149. 

Wang J., Wang R., Mao X., Li L., Chang X., Zhang X., Jing R. 
(2019): TaARF4 genes are linked to root growth and plant 
height in wheat. Annals of Botany, 124: 903–915. 

Wang Z., Ni Z., Wu H., Nie X., Sun Q. (2006): Heterosis 
in root development and differential gene expression 
between hybrids and their parental inbreds in wheat 
(Triticum aestivum L.). Theoretical and Applied Genet-
ics, 113: 1283–1294. 

Wasson A.P., Richards R.A., Chatrath R., Misra S.C., Sai-
Prasad S.V., Rebetzke G.J., Kirkegaard J.A., Christo-
pher J., Watt M. (2012): Traits and selection strategies 
to improve root systems and water uptake in water-
limited wheat crops. Journal of Experimental Botany, 
63: 3485–3498. 

Watt M., Kirkegaard J.A., Rebetzke G.J. (2005): A wheat 
genotype developed for rapid leaf growth copes well with 
the physical and biological constraints of unploughed soil. 
Functional Plant Biology, 32: 695–706. 

Weemstra M., Kiorapostolou N., van Ruijven J., Mom-
mer L., de Vries J., Sterck F. (2020): The role of fine-root 
mass, specific root length and life span in tree perfor-
mance: A whole-tree exploration. Functional Ecology, 
34: 575–585. 

White R.G., Kirkegaard J.A. (2010): The distribution and 
abundance of wheat roots in a dense, structured subsoil 
– implications for water uptake. Plant, Cell and Environ-
ment, 33: 133–148.

Willigen P., van Noordwijk M. (1987): Roots, plant produc-
tion and nutrient use efficiency. [PhD. Thesis.] Wagen-
ingen, Wageningen Agricultural University.

Willigen P., Nielsen N.E., Claassen N., Castrignanò A.M. 
(2000): Modelling water and nutrient uptake. In: Smit 
A.L., Bengough A.G., Engels C., van Noordwijk M., Pel-
lerin S., van de Geijn S.C. (eds.): Root Methods. Berlin, 
Springer: 509–543.

Wissuwa M., Ae N. (2001): Further characterization of two 
QTLs that increase phosphorus uptake of rice (Oryza 
sativa L.) under phosphorus deficiency. Plant and Soil, 
237: 275–286. 

Xiong R., Liu S., Considine M.J., Siddique K.H.M., Lam 
H.M., Chen Y. (2021): Root system architecture, physi-
ological and transcriptional traits of soybean (Glycine 
max L.) in response to water deficit: A review. Physiologia 
Plantarum, 172: 405–418. 

Xu C., Tao H., Tian B., Gao Y., Ren J., Wang P. (2016): Limit-
ed-irrigation improves water use efficiency and soil reser-
voir capacity through regulating root and canopy growth 
of winter wheat. Field Crops Research, 196: 268–275. 

Xu Y., Liu X., Fu J., Wang H., Wang J., Huang C., Prasanna 
B.M., Olsen M.S., Wang G., Zhang A. (2020): Enhancing 
genetic gain through genomic selection: From livestock 
to plants. Plant Communications, 1: 100005. 

Yang Z., Sinclair T.R., Zhu M., Messina C.D., Cooper M., 
Hammer G.L. (2012): Temperature effect on transpira-

https://www.agriculturejournals.cz/web/cjgpb/


211

Czech Journal of Genetics and Plant Breeding, 60, 2024 (4): 181–211	 Review

https://doi.org/10.17221/57/2024-CJGPB

tion response of maize plants to vapour pressure deficit. 
Environmental and Experimental Botany, 78: 157–162. 

Ye H., Roorkiwal M., Valliyodan B., Zhou L., Chen P., 
Varshney R.K., Nguyen H.T. (2018): Genetic diversity 
of root system architecture in response to drought stress 
in grain legumes. Journal of Experimental Botany, 69: 
3267–3277. 

Yu G.R., Zhuang J., Nakayama K., Jin Y. (2007): Root water 
uptake and profile soil water as affected by vertical root 
distribution. Plant Ecology, 189: 15–30. 

Zhang X.X., Whalley P.A., Ashton R.W., Evans J., Hawkes-
ford M.J., Griffiths S., Huang Z.D., Zhou H., Mooney 
S.J., Whalley W.R. (2020): A comparison between water 
uptake and root length density in winter wheat: Effects 

of root density and rhizosphere properties. Plant and 
Soil, 451: 345–356. 

Zhao C., Liu B., Piao S., Wang X., Lobell D.B., Huang Y., 
Huang M., Yao Y., Bassu S., Ciais P., Durand J.L., Elliott J., 
Ewert F., Janssens I.A., Li T., Lin E., Liu Q., Martre P., 
Müller C., Peng S., Peñuelas J., Ruane A.C., Wallach, D., 
Wang T., Wu D., Liu Z., Zhu Y., Zhu Z., Asseng S. (2017): 
Temperature increase reduces global yields of major 
crops in four independent estimates. Proceedings of the 
National Academy of Sciences, 114: 9326–9331.

Received: May 24, 2024
Accepted: June 24, 2024

Published online: July 30, 2024

https://www.agriculturejournals.cz/web/cjgpb/

