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Abstract Root structure plays a key role in the growth, development, nutrient absorption and stress resistance of barley (Hordeum
vulgare L.). In recent years, transcriptomics and functional genomics studies have found that transcription factors are important
molecules that regulate the formation and remodeling of root system architecture (RSA), affecting its development by regulating the
gene expression network in the process of root initiation, elongation and branching. This study reviewed the main transcription factor
families closely related to barley root development, such as NAC, MYB, WRKY and bHLH, and combined with the results of
transcriptional expression analysis and functional verification, in-depth discussion of their role in regulating root morphology, and
selected representative key transcription factors such as HvNAC005, HvWRKY23 and HvMYB1 as cases to explain their regulatory
mechanisms on root development under salt stress, disease stress and phosphorus deficiency. This study hopes to provide theoretical
support for the analysis of the molecular regulatory network of barley root traits and provide potential targets for breeding efficient
and stress-resistant barley varieties.
Keywords Barley; Root system architecture; Transcription factor; Gene regulation; Stress response

1 Introduction
Whether barley can absorb enough water and nutrients depends mainly on its root structure. How well the roots
grow directly affects how they grow, whether they can withstand adverse environments, and how much grain they
can produce in the end. Recent studies have found that different barley varieties vary greatly in root characteristics,
such as how deep the roots are, how far they extend, and how long they are. Some roots grow deep and efficiently,
which can better absorb water and nutrients, especially when the environment is more difficult, and can
significantly increase yields (Robinson et al., 2018; Jia et al., 2019).

Scientists have made a lot of progress in studying how cereal roots grow and the genetic and molecular
mechanisms behind them. Some key transcription factors, such as those of the MADS-box family, and a
regulatory factor called VERRNALIZATION1 (VRN1), have been found to affect not only the structure of roots
and stems, but also the timing of flowering, and there may be a relationship between the two (Voss-Fels et al.,
2018; Abdel-Ghani et al., 2019; Kirschner et al., 2021). In addition, through whole-genome association analysis
and transcriptome research, a number of QTLs and candidate genes related to root growth, gravity response, and
response to environmental stress have been found. This information will be very helpful for future breeding work
(Ogrodowicz et al., 2023; Nguyen et al., 2024).

This study will combine the latest advances in genetic mapping, functional genomics, and transcriptome analysis
to identify and characterize key transcription factors that affect barley root structure and elucidate the regulatory
network that shapes root traits. Improved root structure helps improve resource efficiency and adapt to climate
change. This study hopes to provide a reference for breeding strategies for cultivating barley varieties with
optimized root systems, yield, and stress resistance.

2 Root Architecture Traits in Barley
2.1 Types of roots: primary, lateral, adventitious
The root system of barley is not a single structure, but is composed of several roots. The first to grow is the
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taproot, also called the seed root, which grows directly from the seed and is the basis of the entire root system.
The number, length and growth angle of the seed roots vary greatly among different barley varieties (Robinson et
al., 2016). The taproot will grow lateral roots outward, which allow the root system to explore a larger area of soil
so that the plant can absorb more water and nutrients (Wang et al., 2021). In addition, there is a kind of root called
adventitious root, which grows from the stem node. They mainly help plants to fix in the soil and absorb resources,
especially when the plants grow larger and approach maturity, these roots are particularly important (Oyiga et al.,
2019).

2.2 Root system response under different soil and nutrient conditions
The barley root system is particularly sensitive to soil and environmental changes. For example, in drought, the
root growth of most varieties will slow down. However, some varieties can keep their roots longer or change their
angles to go deeper into the soil to find water. Some root traits related to drought are controlled by specific genes,
including some transcription factors and signal genes for responding to stress (Siddiqui et al., 2024). If the soil is
acidic, it will also affect the root structure. Different varieties perform very differently in this environment. Some
varieties have longer roots and more biomass, which shows that varieties that adapt to acidic soils can be
cultivated (Abebe et al., 2024). In addition, traits such as root thickness, length and total root weight are affected
by the amount of nutrients. Some studies have found some QTLs that can help plants adapt to low-fertilizer soils
(Farooqi et al., 2023).

2.3 Influence on water absorption and crop productivity
How well the root system grows directly affects the ability of barley to absorb water and nutrients, which will be
reflected in the yield. If the roots grow deep and at a steeper angle, they can usually draw water from deeper soil
layers, which is particularly advantageous in drought conditions and leads to higher yields (Figure 1) (Jia et al.,
2019). Longer roots and greater biomass are usually associated with better plant growth, more grains, and larger
grains, all of which indicate that strong roots are important for yield (Manju et al., 2019). Of course, the
relationship between roots and yield may vary in different environments, but in general, the number and angle of
roots are more closely related to yield (Robinson et al., 2018). Optimizing root structure through breeding and
genetic improvement is a promising direction. Doing so can make barley more adaptable to different
environments and help increase yields (Wang, 2024).

3 Regulatory Role of Transcription Factors in Root Development
3.1 Overview of transcription factors in plant root systems
Transcription factors (TFs) are proteins that can bind to DNA. They can control the "on" or "off" of specific genes,
and play a major role in root growth, cell differentiation, and plant response to various stresses (such as drought or
pests and diseases) (Chen et al., 2022). Transcription factors recognize specific fragments on DNA and pull other
proteins to work together, thereby affecting the structure, absorption capacity and environmental adaptability of
roots (Strader et al., 2021).

3.2 Major TF families involved in barley root regulation: ARF, NAC, MYB, WRKY
In barley root development, some transcription factor families are particularly critical. For example, MYB is the
largest one. It regulates the differentiation and cell cycle of root cells, and can also help plants cope with drought,
salinity and nutrient deficiency. MYB also affects the signaling of plant hormones and is expressed in many root
tissues. It is one of the core players in root gene regulation (Chen et al., 2022; Liu et al., 2023; Zhang et al., 2025).
Transcription factors such as WRKY are also important, especially when plants are exposed to stress (such as lack
of fertilizer), they can regulate the development of roots. These factors work together with other transcription
factors to form a complex regulatory network to control root growth and adaptability (Bakshi and Oelmüller, 2014;
Wani et al., 2021). There are also transcription factors such as ARF (auxin response factor) and NAC, which play
a major role in the regulation of plant auxin and also play a key role in root development and stress response, and
may have similar functions in barley.

3.3 Interaction with plant hormone signaling
Transcription factors often work together with hormone signaling pathways in plants to regulate root structure.
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For example, MYB can respond to different hormone signals, such as auxin, cytokinin, and abscisic acid (ABA).
It integrates these signals to affect the division, differentiation, and response of root cells to environmental
changes (Chen et al., 2022; Zhang et al., 2025).

Figure 1 Root phenotyping and trait measurement (Adopted from Jia et al., 2019)
Image caption: (A) Three-compartment root observation box and appearance of barley seedlings grown in the greenhouse for 12 days.
(B) Schematic illustration of the procedure for root trait measurements (Adopted from Jia et al., 2019)

WRKY is also involved in hormone-related regulation, especially ABA-related processes, which are equally
important for root growth and stress response (Bakshi and Oelmüller, 2014). There are also transcription factors
such as TGA and AP2/ERF, which are also involved in the signaling of ABA and ethylene hormones, and also
affect root development and stress adaptation (Feng et al., 2020; Lu et al., 2023). Transcription factors such as
MYB and WRKY help regulate barley root structure by cooperating with hormone signaling networks, enabling
plants to adapt to various growth environments.

4 Methods for Identifying Key Transcription Factors
4.1 RNA-Seq and differential expression analysis
RNA sequencing (RNA-Seq) is a common technology that can be used to analyze the expression of genes in
different tissues, developmental stages and environments. Researchers often find transcription factors (TFs) that
may be related to root development or stress response by comparing the expression differences under normal
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conditions and stress conditions. For example, whole transcriptome analysis has found that when barley
encounters abiotic stress, the expression levels of the MYB, NAC and GATA transcription factor families change.
Researchers usually use real-time fluorescence quantitative PCR (qRT-PCR) to confirm these results (Zhang et al.,
2004; Tombuloglu et al., 2013). There is also a method called DAP-seq (DNA affinity purification sequencing),
which can more accurately find out which transcription factors bind to specific DNA sequences. For example,
scientists have used it to find GATA-type transcription factors related to drought response in barley (Wang et al.,
2023).

4.2 Co-expression network and GO/KEGG functional analysis
Some methods, such as WGCNA (weighted gene co-expression network analysis), can group genes with similar
expression trends. This grouping method can help find regulatory modules and possible transcription factors
related to root traits or stress resistance (Chen et al., 2023; Li et al., 2023). Next, researchers often use GO (gene
ontology) and KEGG (genomic pathway) enrichment analysis to assign functional and pathway labels to these
gene groups. This allows us to see whether these genes are involved in processes such as hormone signaling,
stress response, or growth and development. These integrated methods can draw regulatory network diagrams. For
example, some studies have found that the two transcription factors NAC and WRKY are core regulatory factors
for barley to adapt to environmental changes (Xu et al., 2022).

4.3 Functional validation via gene editing and overexpression systems
In order to determine the role of a transcription factor, researchers often use gene editing technologies such as
CRISPR/Cas9, or overexpress it to see what changes will occur in the plant. In barley, after overexpression of a
transcription factor (such as Ant1), the accumulation of anthocyanins in the grain increased significantly,
indicating that this gene does have an effect (Zhou et al., 2021). This method can help us confirm whether this
gene is a key factor affecting root structure or stress resistance. In addition to CRISPR, some other methods are
also commonly used, such as virus-induced gene silencing (VIGS) or transgenic experiments. They can also help
us understand the specific role of transcription factors in plant development or stress response (Shang et al., 2020).

5 Case Studies of Functional Transcription Factors in Barley
5.1 HvNAC005: a key transcription factor regulating root development and stress response
NAC-type transcription factors in barley, such as some members of the HvC3H family, are closely related to root
development and plant coping with adversity. Genome analysis found that the expression levels of NAC and
CCCH-type zinc finger transcription factors such as HvC3H1, HvC3H2 and HvC3H13 increased significantly
under various stress conditions or after treatment with plant hormones. This shows that they play an important role
in the adaptation and recovery of the root system to stress. The expression of these transcription factors varies at
different growth stages and under stress environments. This feature makes them an important target for improving
barley root performance and resistance in breeding (Ai et al., 2022).

5.2 HvWRKY23: mediating immune responses against root pathogen invasion
WRKY-type transcription factors are very important for barley to resist pathogens, especially for root diseases.
Genomic studies have found more than a hundred WRKY genes in barley, and duplication and diversification
among these genes have been found. Many WRKY genes are involved in immune response and stress resistance
mechanisms. Their diversity may have been selected during the domestication of barley. Overall, the WRKY
family is considered to be a key factor in helping barley roots cope with biotic and environmental stresses (Figure
2) (Pandey et al., 2018; Kan et al., 2021).

5.3 HvMYB1: regulating root hair development under phosphorus deficiency
MYB is another important class of transcription factors, especially the R2R3-MYB subgroup, which has been
shown to regulate root hair development and help plants cope with nutrient deficiency. In barley, through
transcriptome analysis, researchers have discovered many MYB transcription factors that show responsiveness
when faced with stress, such as boron toxicity or other abiotic stresses. The MYB family has a direct effect on
root hair formation and nutrient uptake, which also indicates that they play an important role in plant adaptation to
low-P soils (Rubio-Somoza et al., 2006; Tombuloglu et al., 2013).
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Figure 2 The subcellular localization and transactivation activity of WRKY9 haplotypes (Adopted from Kan et al., 2018)
Image caption: (A) Graphical representation of the full-length coding sequence of selected haplotypes. Only non-synonymous
substitutions are indicated. The blue rectangle represents the WRKY domain. (B) Subcellular localization of WRKY9 haplotypes in
N. benthamiana. Scale bar = 20 μm. (C) Transactivation activity of WRKY9 haplotypes in yeast. BD-HvTCP24, which contains a
transactivation activity in yeast, serves as a positive control. SD, synthetic dextrose medium; Trp, tryptophan; His, histidine; Ade,
Adenine. 0.1, 0.01, 0.001 and 0.000 1 denoted the different dilution series (Adopted from Kan et al., 2018)

6 Environmental Influence on Transcriptional Regulation of Root Architecture
6.1 Effects of drought, salinity, and nutrient limitations
The root structure of barley changes according to environmental stress, such as drought, excessive salt, or
insufficient nutrients. Plants activate certain transcription factors to initiate responses in root cells. These
responses change the morphology and structure of the roots, helping plants to better absorb water and nutrients or
reduce the impact of adverse environments. For example, salt stress may activate some transcription factors to
inhibit the growth of lateral roots. In the case of insufficient nitrogen or phosphorus, plants change the expression
of related transcription factors and hormone signaling genes to make the roots longer or more branched (Ariel et
al., 2010; Kumar et al., 2020; Roychoudhry and Kepinski, 2021). These changes allow roots to grow more flexibly,
helping plants improve absorption efficiency and survival (Motte et al., 2019; Gouran and Brady, 2024).
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6.2 TF expression plasticity under abiotic stress
The transcription factors in the roots show strong regulatory ability in the face of environmental changes. A
transcription factor or a small gene module may play different roles at different times and locations. This
"flexibility" allows them to selectively act in specific cells rather than reacting to the entire root. The same type of
transcription factor may regulate different downstream genes under different stresses, depending on the type of
stress and the type of root cell (Walker et al., 2017; Cai and Qian, 2024). For example, some transcription factors
that regulate cytokinins (such as ARR10 and CRF6) and transcription factors related to auxin will quickly start or
shut down depending on the amount of nutrients, and the structure of the root will also adjust accordingly
(Ramireddy et al., 2014; Roychoudhry and Kepinski, 2021). It is precisely because these genes are expressed very
flexibly that the roots can adapt well to various changing environments (Ramireddy et al., 2014).

6.3 Epigenetic and transcriptomic reprogramming in response to environmental cues
When the environment deteriorates, not only the expression of transcription factors will change, but the entire root
system of the plant will also undergo deeper changes. This change includes reprogramming of overall gene
expression and adjustments at the epigenetic level. These changes usually involve the way chromatin is opened,
the way histones are modified, and the activity of non-coding RNA. These mechanisms work together to regulate
which genes should be turned on and which should be turned off according to environmental signals (Roulé et al.,
2021). Through single-cell and spatial transcriptome technologies, scientists have found that these regulations are
often concentrated in specific cell types or developmental stages (Walker et al., 2017; Gouran and Brady, 2024).
This precise multi-level control allows roots to quickly change their structure as needed in a short period of time
to cope with the challenges of the external environment.

7 Concluding Remarks
Transcription factors play a key role in regulating root architecture. They receive information from the
environment and developmental processes, and then regulate root growth, branching number, and nutrient
absorption capacity. Transcription factor families such as ARF, NAC, MYB, and WRKY have been shown to
regulate plant responses to drought, salinity, and nutrient deficiency. The gene expression networks they control
determine the plasticity of the root system, that is, whether the roots can flexibly adjust to the environment.
Because of this, barley and other cereal crops can adapt to various complex environments. In wheat, researchers
have also discovered interactions between transcription factors and chromatin remodeling factors. This
relationship makes it clearer that root development and absorption functions are actually completed by a whole set
of complex regulatory mechanisms.

Although research has made a lot of progress, there is still a lot of room for further efforts. We need to use gene
editing tools (such as CRISPR) or overexpression systems to verify whether the candidate transcription factors in
barley have any effect. At the same time, higher-resolution technologies are also needed, such as transcriptome
and epigenetic analysis of different cell types, so that we can know more clearly when and where these factors
work. In the future, deep learning can be used for root phenotyping, combined with multi-omics data, so that gene
regulation can be linked to the actual structure of the root. It is also possible to compare different cereal plants to
find out which regulatory methods are universal and which are unique to barley. Single-cell transcriptomics
technology and more advanced genetic manipulation methods will speed up our search and verification of key
transcription factors.

Understanding the regulatory network of these transcription factors will help us transform plant roots. By
precisely regulating these factors and their interacting partners, crop root structure can be optimized, making
plants more resistant to water and fertilizer, and more resistant to drought, salt and disease. This is an important
step for breeding. Especially in the context of increasingly obvious climate change, these advances are very
important for achieving sustainable agriculture and food security with high yields, water and fertilizer savings.
The discovery and study of these transcription factors in barley roots also provides new methods and directions
for future breeding and agricultural improvement.
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