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The need for increasing for crop productivity leads to a higher usage of
synthetic fertilizers, which has tremendous effects on the environment.
Nitrogen (N) is a crucial plant macronutrient, but the production of
synthetic N fertilizer and its leakage into aquatic systems represent sources
of environmental damage. To reduce the usage of synthetic fertilizers,
current studies addressed innovative approaches to develop “N-self-
fertilizing” crops that can utilize atmospheric nitrogen through enhanced
interaction with the root microbiome. In this review we discuss recently
obtained knowledge about the role of root hairs and their functions in root
exudate secretion for plant-microbiome interactions. Recent studies have
shown the beneficial impact of root hairs and exudate secretion on the
recruitment of N, fixing bacteria. Root hair plays a crucial role in shaping the
rhizosphere, and first insights into the biological processes that underpin root
hair formation and function in relation to microbiome interaction were
gained. We summarize to which extent this knowledge can be applied to
develop cereals with an enhanced ability to benefit from N, fixing bacteria.
Finally, we describe non-destructive methods and their limitations to study
root hair growth directly in the field under natural growth conditions.
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1 Introduction

The increasing population and the loss of fertile soil requires
holistic approaches to enhance sustainable agriculture (Retzer and
Weckwerth, 2023). Studies have shown that cereal crops deficient in
root hair outgrowth exhibit reduced fitness (Giehl and von Wiren,
2014; Lopez et al,, 2023; Xu et al., 2023). Root hair formation is a
highly conserved process among plant species (Cui et al., 2018). The
fate of root epidermal cells, which differentiate into either root hair
or non-hair cells, is determined by a complex interplay of intrinsic
and extrinsic cues that results in a predictable but highly plastic
pattern of epidermal cells that can vary in shape, size, and function
(Datta et al., 2011; Grierson et al., 2014; Mangano et al., 2017; Retzer
and Weckwerth, 2021). Environmental information, which also
includes the nutrient status of the soil, can be integrated at
multiple points in the root hair morphogenetic pathway and
affects multifaceted processes at the chromatin, transcriptional,
and post-transcriptional levels (Datta et al., 2011; Giehl and von
Wiren, 2014; Wu et al., 2019; Retzer and Weckwerth, 2021; Jia et al.,
2023; Xu et al,, 2023). Root hair outgrowth enlarges the root surface
area in an energy and resource efficient way, facilitating efficient
nutrient and water uptake, while root exudate secretion via root
hairs may regulate the associate microbiome and enhance the
prevalence of beneficial microorganisms that protect plants from
pathogens and that provide additional nutrients (Pang et al., 2017;
Pecenkova et al., 2017; Holz et al., 2018; Kohli et al., 2022). The
rhizosphere, which is the region of soil affected by the roots, is home
to a diverse microbial community that can influence plant growth,
fitness, and productivity (Canarini et al., 2019; Cadot et al., 2021). In
addition, the presence of root hairs can affect the composition and
function of the rhizosphere microbiome by providing a physical
substrate for microbial attachment and colonization (Canarini et al.,
2019; Kohli et al., 2022). The role of root hairs in exudate secretion
and its importance particularly in attracting nitrogen-fixing
bacteria, and the putative role of symbiotic cooperation for plant
N-self-fertilization is intensively discussed (Rodriguez et al., 2019;
Trivedi et al., 2020; Zhang et al., 2023). Recent research has shown
that symbiotic bacteria may be key to producing better crops and
reduce the application of synthetic fertilizers (Saleem et al., 2018).

Efficient nitrogen (N) acquisition is vital for plant fitness, as it is
one of the most important macronutrients alongside phosphorus
(Weckwerth et al., 2020; Burgess et al., 2023; Sepp et al., 2023).
Synthetic N fertilizers have played a significant role in modern
agriculture, however, they have negative effects on the environment
due to their impact on greenhouse gas emissions and pollution
(Rosenblueth et al., 2018; Burgess et al., 2023; Ghatak et al., 2023).
Overuse of synthetic fertilizers has resulted in a significant
environmental crisis, including reduced biodiversity in aquatic
environments, among others caused by increased algae growth
(Chen et al.,, 2020). The production of synthetic nitrogen fertilizer
is an energy-intensive process that requires the use large amounts of
energy, resulting in significant carbon dioxide emissions into the
atmosphere (Chai et al,, 2019) along with nitrogen gas emissions,
which can exacerbate climate change even more compared to
carbon dioxide (Chai et al., 2019; Pan et al., 2022).
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In this review we summarize the recent progress in
understanding how root hairs contribute to microbiome assembly
and the potential of cereals to interact with N, fixing bacteria.
Improved cereal and root-microbiome interactions have the
potential to substantially enhance biological N fixation (BNF),
which would reduce pollution (Guo et al., 2023).

2 The potential of cereals to benefit
from N, fixing bacteria

Diazotrophic bacteria are capable of fixing atmospheric
nitrogen into e.g. ammonia and providing it to plants in exchange
for carbon resources (Rosenblueth et al., 2018; Ghatak et al., 2023;
Guo et al, 2023; Zhang et al., 2023). Especially, the symbiosis
between legumes and nitrogen-fixing bacteria is well studied,
because it contributes to efficient N-self-fertilization, which can
also be beneficial for other crops grown at the same field
(Rosenblueth et al., 2018; Guo et al., 2023). Also cereals possess
the potential to interact with N2 fixing bacteria, although these
interactions do not reach the N fixing potential of legumes
(Rosenblueth et al., 2018). Monocots were shown to interact with
both associative and endophytic diazotrophs (Carvalho et al., 2014).
Associative diazotrophic bacteria colonize the rhizosphere or root
surface without forming an endosymbiotic relationship with them,
whereas endophytic diazotrophic bacteria reside within plant
tissues without causing any apparent harm to their hosts
(Carvalho et al., 2014). The term self-fertilizing crops is recently
frequently used to describe crops that form relationships with
nitrogen-fixing microbes and the goal of recent research is to
develop cereals that draw gaseous nitrogen directly from the soil,
reducing the need for fertilizer and lowering farmer costs while
mitigating environmental impacts.

In the past decade, several studies have shown that engineering
plants to more efficiently harness microbiome interactions to
enhance nitrogen availability and N use efficiency (NUE) is a
promising approach to improve cereal fitness (Haskett et al,
2022; Yang et al, 2023). Modifications of cereals were divided
into three categories, from first to third generation of N-self-
fertilizing cereals, depending on the biological process targeted to
improve N allocation (Guo et al., 2023). In the first generation,
directly interaction with N, fixing microbial communities is
enhanced, whereby especially barley showed a high potential to
attract N, fixing bacteria with subsequent plant uptake of the fixed
ammonia from the surrounding soil (Kozhemyakov, 1989; Haskett
et al., 2022; Escudero-Martinez and Bulgarelli, 2023). The second-
generation targets to transfer N fixation into the root, similar to the
nodulation process of legumes, whereas third generation includes
autonomous N fixation in plant organelles (Chakraborty et al.,
2023; Guo et al,, 2023). Other approaches for NUE enhancement in
cereals are related to biological nitrification inhibition by root
exudates and were discussed recently for more information see
Ghatak et al. (2023).

All approaches to enhance NUE are still under investigation but
have the potential to reduce the problems caused by the overuse of
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synthetic nitrogen fertilizer. Different strategies can be followed
here. Genome editing of involved processes and screening of natural
genetic variation for marker-assisted breeding (Weckwerth et al,
2020). The laws governing the usage and commercialization of
genetically modified crops (GMO) for agricultural purposes vary
across the globe (Turnbull et al., 2021). Some countries have banned
GMOs altogether, while others have strict regulations in place
(Weckwerth et al., 2020; Turnbull et al., 2021). In countries that
banned in-field studies of GMOs the screening of large cereal
germplasm to breed cereal cultivars with genetically enhanced
NUE is still one of the most promising strategies (Weckwerth
et al., 2020; Ghatak et al., 2023). In countries that don’t banned
GMOs on the other hand it is highly promising to genetically
engineer cereals to secrete enhanced amounts of certain root
exudates that are tailored for specific diazotrophs (Chakraborty
et al, 2023). Rhizopines are compounds that serve as C and N
source for rhizobia, and recently engineered barley plants secreting
rhizopines managed to attract diazotrophs (Haskett et al., 2022).
Also here, the systematic analysis of large germplasm collections
and natural variation of their root exudate metabolomes is a highly
promising approach (Ghatak et al., 2023).

Selection of more efficient varieties or engineered plants could
facilitate field symbiosis with N-fixing microorganisms. Moreover,
the enrichment of N, fixing microorganisms could also attract other
beneficial bacteria. Plant interactions with non-diazotrophic
bacteria can steer root growth plasticity. As an example, auxin-
producing bacteria in barley rhizosheath have been shown to
promote root hair outgrowth, which enhances barley yield by
increasing spike number during drought (Xu et al., 2023).
Furthermore, root hair function was already linked to efficient
microbiome attraction in barley, as root hairless barley mutants
showed reduced secretion and rhizosheath accumulation
(Robertson-Albertyn et al., 2017; Galloway et al., 2022).

3 Root exudates govern root
microbiome assembly

Plants can allocate as much as 50% of their carbon-based
metabolites belowground in root biomass and root exudates
(Kuzyakov and Domanski, 2000). Root exudates play an
important role in the recruitment of mycorrhizal fungi and plant
growth-promoting rhizobacteria (PGPR) (Vives-Peris et al., 2020).
Exudates are composed of varying mixtures of primary and
secondary metabolites, depending on available resources and the
sum of environmental stimuli (Ghatak et al., 2023). Carbon and
nitrogen are key elements that build up and keep a plant body
efficiently growing, and at the end determine biomass and yield
production (Ghatak et al., 2023). C is fixed by plants in the leaves
through photosynthesis as carbohydrates, which are transported
through the plant body and are further metabolized to contribute as
signaling molecules, energy source or cellular building blocks (Wu
et al.,, 2019; Retzer and Weckwerth, 2021; Galloway et al., 2022).
Root exudates include carbohydrates, amino acids, flavonoids and
other primary and secondary metabolites, that supply

microorganisms with carbon, and beneficial microbes secrete

Frontiers in Plant Physiology

10.3389/fphgy.2023.1308534

ammonia and other compounds that are on the other hand
beneficial for the host (Vives-Peris et al., 2020; Ghatak et al,
2023). So far, it is not fully understood if composition and
secretion rate is actively modulated depending on external stimuli
of the root. However, there is ample of evidence that e.g. drought
stress changes subsequently root exudation and its impact on the
soil microbiome (Ghatak et al., 2023). To heterotrophic
microorganisms, the primary metabolites exuded by roots are a
source of easily available carbon for growth and energy. The
rhizosphere is therefore a zone of high microbial activity, and the
enhanced availability of easily accessible organic substrates typically
favors the growth of selected microbial taxa characterized by high
growth rates under conditions of ample nutrient supply (Ghatak
et al., 2023). In addition, the composition of root microbiomes is
governed by root secondary metabolites. Comparisons of
microbiomes of wildtype Arabidopsis thaliana and accessions
carrying mutations in secondary metabolic pathways revealed that
root production of various glucosinolates, flavonoids, camalexins,
coumarins and defense hormones modulate the composition and
diversity of bacterial and fungal root communities (Stringlis et al.,
2018; Kudjordjie et al., 2021; Sikder et al., 2022). Similarly, the
production of benzoxazinoids in Zea mays plays a significant role
for the selection of root microbiomes (Kudjordjie et al., 2019; Cadot
et al., 2021).

Interestingly, flavonoids in root exudates of non-leguminous
plants appear to play a role in the enrichment of diazotrophs in the
root microbiome. Exogenous addition of the flavonoids naringenin
and daidzein enhanced root colonization of the N, fixing bacteria
Azorhizobium caulinodans and Herbaspirillum seropedicae in A.
thaliana and wheat (Gough et al, 1997; Webster et al., 1998).
Likewise, in wheat, exogenous addition of naringenin, daidzein,
genisten, myricetin and apigenin promoted N, fixing A. brasiliense
(Webster et al., 1998). Whereas the above studies demonstrated that
experimental supplementation of flavonoid compounds stimulate
diazotroph colonization, a recent study demonstrated that excess
flavonoid production by A. thaliana plants resulted in an
enrichment of N, fixing Azospirillum in the root microbiome
(Kudjordjie et al., 2021). Further, root microbiomes of rice
mutants with excess apigenin contents in roots and root exudates
were enriched with diazotrophic bacteria, probably coupled to
apigenin-enhanced diazoptrophic biofilm formation and root
colonization (Yan et al., 2022). Hence, these studies suggest that
flavonoids may not only regulate the establishment of N, fixing
Rhizobia symbionts in legumes, but play a similar role for the
establishment of non-symbiotic diazotrophs in the root microbiome
of non-legumes. The identification of several naringenin-regulated
genes in the diazotroph H. seropedicae which are predicted to be
involved in root colonization (Tadra-Sfeir et al., 2011) further lends
support to the significance of flavonoids in non-leguminous root
recruitment of N, fixing bacteria.

Root exudates also modify soil properties, which includes
alteration of soil pH to solubilize nutrients into assimilable forms.
Modulation of pH also defines which microbiomes accumulate in
the rhizosphere (Xu et al., 2023). The open research questions are
therefore a, how exudates are released into the soil and b, how the
release is regulated at cellular and molecular level, and ¢, how are
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exudates regulating microbes and stress resilience. Although crucial
for plant productivity and studied in different model and crop
plants, details about molecular mechanisms that underpin root
exudate secretion are still elusive.

4 Root hairs are important for plant-
microbe interactions

Plants evolved a fine-tuned network of intracellular processes to
adapt to environmental changes leading to fast adaptation
responses. Among other root growth responses, root hair
outgrowth and exudate release belong to the so-called fast
responses (Retzer and Weckwerth, 2021; Retzer and Weckwerth,
2023). Root hairs are extensions of the epidermal cells of roots that
increase the surface area of the root and facilitate nutrient and water
uptake from the soil (Grierson et al., 2014; Wu et al., 2019; Retzer
and Weckwerth, 2021). Root hair outgrowth is a spatially and
temporally highly regulated process and continuously further
regulatory molecular players are identified and characterized
(Rounds and Bezanilla, 2013; Grierson et al., 2014; Leyser, 2018;
Zhu et al., 2020; Eljebbawi et al., 2021; Garcia-Gonzalez et al., 2021;
Kubénova et al., 2022; Starodubtseva et al., 2022). Xu et al. (2023)
identified beneficial microbes that secrete indole-3-acetic acid
(IAA), also known as auxin, a phytohormone that regulates root
hair outgrowth in plants (Xu et al, 2023). This correlates with
studies that show that root hair less barley plants interact less with
microbes (Robertson-Albertyn et al., 2017; Xu et al., 2023).

Plant produced auxin is actively transported to different areas of
the root to orchestrate root hair outgrowth (Jones et al, 2009;
Grierson et al,, 2014). In Arabidopsis thaliana auxin signaling
pathways are activated to induce root hair formation to enhance
nitrogen uptake under low nitrogen growth conditions (Jia et al,
2023). Evolutionary conserved auxin transporters, including AUXIN
RESISTANTI1 (AUX1) and PIN-FORMED2 (PIN2), canalize auxin
from the root apex towards the root elongation zone to orchestrate
root hair spacing, abundance, elongation rate and function (Rigas
et al., 2013; Grierson et al., 2014; Dindas et al., 2018; Retzer et al.,
2018; Lacek et al.,, 2021; Villaecija- Aguilar et al., 2022; Jia et al., 2023).
Opverall, exact spatial and temporal modulation of auxin synthesis,
transport and signaling defines from early developmental stages every
aspect of growth adaptation and cellular function (Pitts et al., 1998;
Dolan, 2001; Grebe, 2004; Kiefer et al., 2015). Changing growth
conditions require the adjustment of auxin homeostasis modulation
to ensure efficient plant growth and fitness (Barrada et al., 2015;
Zwiewka et al., 2015; Mroue et al., 2018; Garcia-Gonzalez et al., 2021).
Plasticity of the root metabolome, and therefore the pool of available
exudates, is also tightly coupled to auxin regulated signaling pathways
(Hildreth et al., 2020). The photo assimilates and their metabolic
products are transported through the plant body or directly produced
in the root or even root hair and depending on their properties
actively or passively secreted into the soil (Canarini et al., 2019; Retzer
and Weckwerth, 2021; Ghatak et al., 2023).

Root hair outgrowth and function were extensively studied in
the model plant A. thaliana to understand the molecular
mechanisms underlying root hair development, that form a multi-
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layered gene regulatory network that enables the plant to respond
flexibly and adequately to multiple signals (Garcia-Gonzalez et al.,
2021; Retzer and Weckwerth, 2021). Cereals, including barley, share
conserved molecular mechanisms with A. thaliana in regulating
root hair growth (He et al.,, 2015; Alexander et al., 2019). Rice auxin-
resistant mutants show the same root growth defects known from A.
thaliana, including strongly reduced potential of auxin regulated
root hair outgrowth (Meng et al., 2009; Meng et al., 2019). The
continuously growing genetic and molecular tool box of mutants
and reporter lines to study auxin homeostasis in barley shows that
molecular processes that underpin auxin regulated root growth
processes are conserved between cereals and A. thaliana (Kirschner
etal, 2017; Kirschner et al., 2018). Also other molecular key players
that are associated with efficient root hair formation and elongation
were found to be crucial in barley for root hair development. Hence,
homologues of B-expansin HVEXPB7 that steer efficient root hair
elongation were also described in other plant species (He et al,
2015). HVEXBY is furthermore a positive regulator of barley drought
tolerance, which makes it further interesting to investigate the
interplay of root hairs, exudate secretion and influence of PGPRs
under extreme environmental conditions in cereals (He et al., 2015).
The obtained knowledge can be transferred also to other
crop species.

5 Ongoing development of research
tools to dissect the role of root hair in
field experiments

Phenotyping root hair growth plasticity is a crucial aspect of
plant research (Miiller and Schmidt, 2004; Wu et al., 2019; Retzer
and Weckwerth, 2021). Recently, new phenotyping approaches
have been developed to track root growth, including root hairs, in
the field (York, 2019; Song et al., 2021). Root phenotyping
techniques have seen significant improvements in terms of
reduced destructiveness, image resolution and processing time
(Atkinson et al,, 2019; Song et al,, 2021), and have enabled
researchers to study root systems in greater detail, which is
essential for crop selection and adaptation to emerging
environmental challenges. Among advanced high-throughput root
phenotyping approaches is the development of so-called
minirhizotrons, devices that allow researchers to observe and
study root systems in situ, allows tracking of dynamic root
growth directly in the soil and are the least destructive method in
the field (Arnaud et al., 2019; Rajurkar et al., 2022). Minirhizotrons
are transparent tubes that are inserted into the soil, and root images
are taken with cameras that are moved along the tube, and new
imaging and detection systems are continuously developed to
enhance resolution of the images (Figure 1) (Svane et al, 2019
Yu et al,, 2020). In combination with high-resolution cameras, the
application of minirhizotrons can support evaluation of root hair
outgrowth deep in the soil over longer time periods. Together with
further root sampling and phenotyping methods, such as
shovelomics and soil coring, which are destructive because the
roots are separated from the soil, the usage of minirhizotrons
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FIGURE 1

The minirhizotron system is a powerful tool for studying root growth and development in plants. Its non-destructive nature allows researchers to
observe living roots in soil from season to season, while its high-resolution imaging capabilities enable tracking of root growth and hair outgrowth
under natural growth conditions. The minirhizotron system has been used in many studies to investigate the effects of various environmental factors

on root growth and development.

enables to depict dynamic root growth processes under natural
conditions directly in the field (Arnaud et al., 2019; Freschet et al.,
2021; York et al., 2022). Tracking root hair outgrowth directly in the
soil will result in a better understanding of how plants interact with
their environment and how they respond to individual stimuli.

Functional root phenotyping can be linked with high-
throughput OMICS analysis of samples taken from the plants and
soil in the field (York, 2019; Ghatak et al.,, 2023; Retzer and
Weckwerth, 2023). The high-throughput approaches result in a
large amount of collected molecular and image data, which
nowadays often becomes the bottleneck in phenomics (Song
et al, 2021). New deep learning software tools are constantly
being developed and possess the potential to increase data
processing speed and accuracy (Danilevicz et al., 2021; Arya et al.,
2022). Root hairs are often hard to distinguish from the soil, which
can make it challenging to study them in image analysis tools. High-
quality images of roots that show a good contrast between the root
hairs and the soil are required for efficient image analysis, therefore
usage of good cameras is beneficial for further processing, which
includes enhancing of image quality by pre-processing,
segmentation of the root and root hairs from the soil, feature
extraction and finally the classification of obtained data (Taylor
et al., 1990).

6 Conclusions

To cope with energy-demanding and harmful growth
conditions, plants adjust their growth pattern and cell functions.

Frontiers in Plant Physiology

Modulation of root growth allows the plant to grow towards
resources, whereby especially root hair outgrowth enlarges the
surface area to enhance uptake of nutrients and water.
Furthermore, root hairs play a crucial role for plant-microbiome
interaction, among others by secreting root exudates to enhance the
recruitment of beneficial microorganisms. Nitrogen-fixing bacteria
are particularly important, because they secure crucial N input that
is required for sustainable agriculture.

Further studies are required to better understand the biological
processes that positively influence root-microbe interactions and
their impact on plant growth. In particular, we need to gain a better
understanding of the role of root hairs in the interaction of plants
with N, fixing microbes. It is also essential to improve undisruptive,
high-throughput phenotyping of roots to study root hair growth
directly in the field. Combining the data obtained from phenotyping
under natural conditions with studies of the dynamic adaptation in
exudate secretion will provide valuable insights into the complex
mechanisms that underpin plant-microbiome interactions.

In addition, future applications of enhanced symbiosis of cereals
with nitrogen-fixing bacteria will help mitigate climate change by
reducing the need for synthetic fertilizers and promoting
sustainable agricultural practices.
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