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Abstract 
Root hairs represent a beneficial agronomic trait to potentially reduce fertiliser and 
irrigation inputs. Over the past decades, research in the plant model Arabidopsis thali-
ana has provided insights about root hair development, the underlying genetic frame-
work, and the integration of environmental cues within this framework. Recent years 
have seen a paradigm shift, where studies are now highlighting conservation and di-
versification of root hair developmental programs in other plant species and the agro-
nomic relevance of root hairs in a wider ecological context. In this review, we specifi-
cally discuss the molecular evolution of RSL (RHD Six-Like) pathway that controls 
root hair development and growth in land plants. We also discuss how root hairs con-
tribute to plant performance as an active physiological rooting structure by performing 
resource acquisition, providing anchorage, and constructing the rhizosphere with de-
sirable physical, chemical, and biological properties. Finally, we outline future re-
search directions that can help achieve the potential of root hairs in developing sus-
tainable agroecosystems. 
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Introduction 
Land plants evolved with vital rooting structures that contributed to their diversifica-
tion and adaptation to the new habitats, especially in low fertility soils. Among them, 
rhizoids are the most primitive and sole rooting organ in early land plants and bryo-
phytes (Goffinet, Buck & Shaw 2008; Renzaglia, Villarreal & Duff 2008). Like rhi-
zoids, root hairs are present as unicellular epidermal appendages on the roots of vas-
cular plants (Leavitt 1904; Brown, George, Neugebauer & White 2017). Both emerge 
as the first line of root contact with the soil and assist in anchorage and resource (wa-
ter and nutrients) acquisition (Keyes et al. 2013; Carminati et al. 2017). Beyond these 
fundamental functions, root hairs shape the soil structure, enhance soil health, and 
promote beneficial microbial diversity (Robertson-Albertyn et al. 2017; Koebernick et 
al. 2017). Collectively, these functions enable root hair contribution to maintaining 
vegetation, particularly in harsh environments (Shane, McCully, Canny, Pate & 
Lambers 2011).  
 Over the past decades, intensive research in the plant model Arabidopsis thali-
ana has led to a significantly improved understanding of root hair development and 
underlying genetic and molecular programs (Datta et al. 2011; Salazar-Henao, Vélez-
Bermúdez & Schmidt 2016). This vital understanding further aided the evaluation of 
how phytohormone signaling feeds into this genetic framework to integrate biotic and 
abiotic signals from the rhizosphere and fine-tune root hair growth, density and mor-
phology (Vissenberg, Claeijs, Balcerowicz & Schoenaers 2020). Such wealth of 
knowledge provided an opportunity to probe the similarities of root hair developmen-
tal programs in other plant species (Nestler et al. 2014; Kim, Han & Dolan 2017), and 
to investigate the agronomic relevance of root hairs (Horn, Wingen, Snape & Dolan 
2016; Marin et al. 2021). As a result, in recent years, large scale genetic mutant 
screens and transcriptomics studies have provided key insights into the conservation 
and diversification of root hair developmental programs in land plants (Huang, Shi, 
Wang, Ryu & Schiefelbein 2017; Bonnot et al. 2019). Furthermore, an increasing 
number of mutant and genetic diversity studies in various crops under different envi-
ronmental conditions are showing key roles of root hairs in maintaining plant fitness 
in a wider ecological context including sustainable agroecosystems (Zhang et al. 
2021a; Marin et al. 2021).  
 In this review, we particularly focus on the molecular evolution of root hair 
development in comparison to similar rooting structure called rhizoid, especially the 
RSL (RHD Six-Like) pathway and epidermal cells patterning. We highlight the essen-
tial properties of root hairs that helped land plants establish on earth and shaped such 
diversity. We also sketch a holistic viewpoint on how root hairs’ widespread contribu-
tions can synergistically act with edaphic factors in improving plant survival and play 
an important role in achieving yield protection in suboptimal conditions (Marin et al. 
2021). Lastly, we discuss recent studies that explored genetic diversity in root hair 
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traits and their agronomic relevance as an important resource for breeders for develop-
ing future climate-resilient agroecosystems. 
Root hair development  
Root hairs are long tubular extensions of the specialised root epidermal cells called 
trichoblasts (Leavitt 1904; Grierson, Nielsen, Ketelaarc & Schiefelbein 2014). The 
development of root hairs occurs in three main stages, i.e., cell fate specification, ini-
tiation of outgrowth and elongation via tip growth (Figure 1) (Dolan et al. 1994; Carol 
& Dolan 2002). In Arabidopsis, root hair forming trichoblasts are specified by a com-
plex transcriptional regulatory network operated by a set of early acting patterning 
genes that create a cell position-dependant distribution of hair and nonhair cells 
(Berger, Haseloff, Schiefelbein & Dolan 1998a; Berger, Hung, Dolan & Schiefelbein 
1998b; Dolan 2006). Subsequently, specified root hair cells initiate the outgrowth of 
root hair through a cascade action of RHD6 (Root Hair Defective 6) and RSL (RHD 
Six-Like) family regulatory genes encoding basic helix-loop-helix (bHLH) transcrip-
tion factors. This further activates the downstream root hair morphogenesis genes in-
cluding cell wall synthesis, ion transport and reactive oxygen species regulation, gen-
erating the unidirectional tip growth of root hair (Menand et al. 2007; Won et al. 
2009; Vijayakumar, Datta & Dolan 2016). 

Root hairs are found on sporophytic roots of nearly all vascular plants. Similar 
rooting structure rhizoids are also observed in the gametophyte of early land plants 
(liverworts, mosses, hornworts, lycophytes and monilophytes), suggesting a common 
evolutionary origin (Supplementary Figure 1) (Menand et al. 2007; Jones & Dolan 
2012; Proust et al. 2016). Studies in different plant species have shown distinct root 
hair distribution patterns (Figure 2), morphology and expression of genes controlling 
these processes, suggesting diversification of root hair development genes in vascular 
plants (Datta et al. 2011; Huang et al. 2017). 
Evolution of RSL family genes and regulation in controlling tip growth and epi-
dermal cell differentiation 
RSL family genes are required for both rhizoid and root hair development (Menand et 
al. 2007; Honkanen et al. 2016); however, their negative regulatory mechanism con-
trolling epidermal cell differentiation shows independent evolution among land plants 
(Honkanen, Thamm, Arteaga-Vazquez & Dolan 2018).  

Land plants carry many members of a subgroup of the bHLH transcription fac-
tor gene family, bHLHVIIIc, which as a result of multiple duplications, form two ma-
jor clades (RSL class I and II) (Menand et al. 2007). On the contrary, in streptophyte 
algae (Chara brauni and Cholechete nautrilla), bHLHVIIIc are comprised of a single 
member with no involvement in rhizoid development; indicating neo-functionalization 
of VIIIc proteins in land plants and an ancient duplication event in the common ances-
tor of bryophytes and vascular plants that resulted in two major classes of RSLs 
(Bonnot et al. 2019). Apart from sequence conservation in land plant lineages, RSLs 
regulate initiation and elongation of similar tip-growing rooting structures; hence, they 
also exhibit functional conservation, i.e., RSL1, and 2 of bryophytes (RSL class I) can 
recover Arabidopsis atrhd6 root hair mutants (Menand et al. 2007). In vascular plants, 
RSLs are specific to root hair development, but bryophytes employ the RSL toolbox 
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(in addition to rhizoids) in the development of epidermal (gemma cup and mucilage 
papillae in liverworts) and other tip growing (caulonema in mosses) structures 
(Menand et al. 2007; Jang, Yi, Pires, Menand & Dolan 2011; Proust et al. 2016).  
 Even though RSLs regulate tip-growing rooting structures in both seed plants 
and bryophytes, the gene regulation and the network topology vary. In seed plants, 
RSL class I generally induces RSL class II genes (but can be inhibitory for some) 
(Pires et al. 2013). In contrast, class II induction by class I is absent in Physcomitrella 
patens; only PpRSL6 gets inhibited by RSL class I members. Further, auxin regulation 
of the RSL network differs. In P. patens, auxin regulates both classes I and II genes; 
but in Arabidopsis, auxin can only regulate RSL class II genes (Jang et al. 2011; Pires 
et al. 2013). The network’s topology becomes highly complex in seed plants with the 
addition of multi-phytohormonal control, protein interactions, and transcriptional reg-
ulations (Datta, Prescott & Dolan 2015; Feng et al. 2017; Marzol, Borassi, Denita 
Juárez, Mangano & Estevez 2017; Bhosale et al. 2018; Han, Zhang, Yang & Hu 
2020). 
 Negative regulation of RSL class I narrates a different story from the con-
served nature of the RSL proteins. Inhibitory action on RSL class I exhibits independ-
ent evolution among land plants species and divergence for molecular action and stage 
of inhibition (Thamm, Saunders & Dolan 2020). Among bryophytes, Marchantia pol-
ymorpha inhibits RSL1 through a microRNA FEW RHIZOIDS1 (MpFRH1) by bind-
ing to the MpRSL1 transcript. MpRSL1 positively regulates MpFRH1 expression in 
rhizoid cells, from where MpFRH1 travels to adjacent cells to inhibit MpRSL1 mRNA 
(Figure 3). The extent of MpRSL1 expression is randomly distributed among early dif-
ferentiating epidermal cells, i.e., the ones with more RSL1 expression form rhizoid 
cells and vice-versa for non-rhizoidal cells (Figure 2b; Figure 3). Further, MpFRH1 
target sites are conserved among liverworts only and are absent in mosses or any other 
land plant lineage (Honkanen et al. 2018), suggesting independent and early evolution 
in liverworts after they diverged from the rest of the land plants. Also, mosses and 
hornworts lack GL2 like proteins that inhibit RSL class I in Arabidopsis (Lin et al. 
2015a); thereby, there could be probable unknown RSL inhibition mechanisms in 
these lineages.  
 Being the focal regulator, the negative regulation of RSL class I is the ultimate 
checkpoint for cell fate decisions. Due to its independent evolution among different 
lineages and species, epidermal patterning displays immense diversity among angio-
sperms. Random patterning (Type 1) is prevalent, although many of the lineages show 
asymmetric division (Type 2) or stripped patterning (Type 3) (Figure 2a) (Datta et al. 
2011). Arabidopsis belongs to Type 3 (stripped patterning), and being the model plant, 
most molecular and genetic studies are done on Arabidopsis for understanding cell 
patterning. Arabidopsis genes controlling cell fate have homologs in various vascular 
plants; though, it is not valid for many of the major cell fate-determining genes 
(Huang et al. 2017). Some are Arabidopsis specific, like MYB23/WER, which can be 
an essential player for stripe patterning. Similarly, TTG2 and GL3/EGL3 are specific 
to eudicots. The variation in the genetic tool kit indicates independent evolution in 
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different lineages of land plants, thus, generating considerable diversity in cell pattern-
ing (Huang et al. 2017).  
 Root hair development has also been studied in monocots, especially in culti-
vated species. Monocots display internal diversity for epidermal patterning and their 
mechanisms differ from Arabidopsis (Kim & Dolan 2011; Marzec, Melzer & Szarejko 
2014). However, fundamental players like RSL genes work in a similar way. Both 
RSL class I and class II genes are known in rice and other species that positively regu-
late root hair development (Han et al. 2016; Kim et al. 2017; Moon et al. 2019). Fur-
ther, various mutant screens have identified many root hair developmental genes. 
These mutants display retarded root hair growth and can be of varied types (root hair-
less mutant, bud root hair mutant and mutant with short root hairs) depending on the 
stage of development in which the mutant gene is involved (Table 1). For the last two 
decades, these mutants have helped significantly to understand root hair physiology 
and identify diverse root hair functions (Table 1).  
Conquering the planet: role of root hairs in root anchorage, penetration, and soil 
adhesion 
Rooting microstructures such as root hairs and rhizoids assist in effective attachment 
to the substratum. This section focuses on the biophysical and biochemical properties 
of root hairs that allow roots to anchor and penetrate the ground.  

Roots penetrate the ground via turgor-mediated axial extension and anchors it-
self behind the elongation zone. Here, root hairs assist in penetration of the root by 
resisting the backward push from the ground (Bengough, McKenzie, Hallett & 
Valentine 2011; Bengough, Loades & McKenzie 2016). To counter the backward 
thrust, root hairs dispense the required tensile strength and provide superior anchorage 
by firmly adhering to soil pore walls (Bengough et al. 2011; Bengough et al. 2016), 
making roots with root hairs penetrate deeper. However, this advantage of root hairs 
in penetration is selectively present for low strength soil and absent for denser soil. As 
root hair length is dependent on the soil strength (Haling et al. 2014), shorter root 
hairs in high strength soil may result in poor anchorage to the pore walls, thus losing 
the advantage of superior anchorage and deeper penetration that is present in low 
strength soil (Bengough et al. 2016).  
 Superiorly anchored roots with longer root hairs can resist soil disruption 
(Choi & Cho 2019) and can also aid in adhering to some of the difficult substrates 
(Huang et al. 2019; Zenone et al. 2020). One of the challenges that many species, e.g., 
climber, English Ivy (Hedera helix) and seagrass, Posidonia oceanica (L.), face is ad-
hering to non-soil hard surfaces against forces like gravity and sea currents. H. helix 
climbs the vertical walls using its adventitious root system, where root hairs secrete a 
yellow adhesive from small protrusions on its tip. This adhesive comprises arabinoga-
lactan protein-rich nanoparticles that can enter the substrate’s micro aberrations and 
tether base and root hairs (Zhang, Liu, Prest & Fischer 2008; Melzer et al. 2010; 
Lenaghan & Zhang 2012; Huang et al. 2019). Attachment further strengthens after 
desiccation of root hairs due to a hardening of adhesive and change in root hairs’ 
shape (Melzer et al. 2010). 
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 Once the root hair is desiccated, it loses its soft protoplasm, and as per the ar-
rangement of cellulose microfibrils of the stiff cell wall, root hairs change their shape 
to short, spiralled, and flat-bodied with bent tips. These desiccated H. helix root hairs 
can easily stick inside the microcavities and perforations, and due to shortening during 
desiccation, root hairs reinforce the attachment by pulling roots closer to the substrate 
(Melzer et al. 2010). In a climber Syngonium podophyllum, the cell wall of desiccated 
root hairs cracks and leads to spiral and helical crack hairs (Yang & Deng 2017). Hel-
ically cracked root hairs could act as shock absorbers against growing plants and wind 
(Yang & Deng 2017). Both H. helix and S. pdophyllum root hairs resist breaking and 
remain attached to the substrate (along with the hardened mucilage/adhesive) by mod-
ulating their shape after desiccation.  
 However, in P. oceanica seedlings, adaptive change in the shape of living root 
hair tip generates the mechanical architecture for root hair adherence. The root hair tip 
self-replicates the substrate’s micro-texture and form mushroom-like branch structures 
depending on the substrate’s roughness and coarseness (Zenone et al. 2020). It en-
sures suction and interlocking to establish seedlings against the sea currents and mas-
sive storms. Thus, both biophysical and biochemical properties of root hairs assist the 
plant in attaching or penetrating the ground; however, these attributes vary as per the 
condition and the substrate.  
Root hair maintains rhizosphere structure, chemical, and biological properties 
Root hairs affect both abiotic and biotic units of the rhizosphere that shapes soil struc-
ture, influence the boundaries of resource depletion and accumulation zones, accrue 
soil carbon, and maintain soil microbiota (Figure 4) (Brown et al. 2017; Robertson-
Albertyn et al. 2017; Holz, Zarebanadkouki, Kuzyakov, Pausch & Carminati 2018).  
Role of root hair in rhizosheath formation 
Mucigel promotes soil aggregation in the vicinity of roots, where these soil aggregates 
get enmeshed in a scaffold of root hairs to form rhizosheath (Burak et al. 2021). Con-
sistently, nrh (no root hair), brb (bald root barley), and brh (bud root hair) mutants of 
barley form minimal rhizosheath (George et al. 2014; Haling et al. 2014; Burak et al. 
2021) and root-hairless mutants of different plant species lack or have reduced rhi-
zosheath (Brown et al. 2017). Rhizosheath forms a functional bridge between the bulk 
rhizosphere soil and the plant, assisting in water dynamics, alleviating nutrient defi-
ciencies, and protecting against desiccation and heat stress (Shane et al. 2010; Brown 
et al. 2012; Haling et al. 2013; Zhang et al. 2021a). Therefore, dissecting the role of 
root hair traits in beneficial rhizosheath formation is imperative for crop research. 
 Root hair length is a promising candidate to consider as a proxy for rhi-
zosheath size, while some studies show no correlation (Haling, Simpson, Delhaize, 
Hocking & Richardson 2010b; Haling et al. 2013; George et al. 2014; Delhaize, 
Rathjen & Cavanagh 2015; Brown et al. 2017; Ruiz et al. 2020). For example, Brown 
et al. (2017) reported that rhizosheath size positively correlates with root hair length 
up to 0.28 mm. After this length, other root hair traits such as density, persistence, and 
shape also become apparent in influencing rhizosheath size. Reports about the correla-
tion between root hair density (Haling, Richardson, Culvenor, Lambers & Simpson 
2010a) and persistence with rhizosheath size are limited, however, their importance 
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cannot be neglected in some instances. Like in Lyginia barbata (perennial grass, na-
tive of western Australian sand plains), plants form sandsheath with particles of sand 
enmeshed in persistent and dense hairs (Shane et al. 2011). The persistence of dead 
root hairs is so effective that even after removing the plant, the structure of the sand-
sheath remained intact. Root hairs acquire persistence because of thick cell walls 
composed of ferulic acid, lignin, and probably layered with suberin (Shane et al. 
2011). The property of persistence is also present in mesophytic grasses (Weaver 
1925; Goossens 1935), though the biochemical attributes have not yet been explored 
(Knirel et al. 1989). Further, root hairs’ shape before and after desiccation is an excit-
ing and less explored attribute as shape enhances adherence of root hairs with the sub-
strate (Melzer et al. 2010; Zenone et al. 2020). For instance, hooked or branched root 
hairs could adhere to the soil particles more efficiently and thus, root hair shape may 
contribute to the formation of rhizosheath (Brown et al. 2017). Overall, irrespective of 
the varied contribution of root hair traits to the rhizosheath size, these morphological 
traits work more or less similarly through increasing soil adhesion leading to better 
scaffolding of soil particles.  
 Apart from morphological attributes, root hairs could contribute to rhizosheath 
formation through mucilage exudation. Mucilage works as a cementing material for 
the soil particles and it can be of both plant and microbial origin (Watt, McCully & 
Jeffree 1993; Read et al. 2003). Root cap and root epidermis are the major contribu-
tors in mucilage secretion, while the involvement of root hairs is not yet concrete 
(Badri & Vivanco 2009). Nevertheless, some recent evidence suggests that rhizoids 
and root hairs exudate adhesive substances, including soil aggregation promoting pol-
ysaccharides (Sherrier & VandenBosch 1994; Galloway et al. 2018, 2020). Moreover, 
root hairs indirectly add to the mucilage pool by providing a colonizing surface to mi-
crobes (Buddrus-Schiemann et al. 2010). Mucilage from the bacteria growing near the 
root hair surface can directly contribute to soil aggregation, where root hairs provide 
an effective scaffold for rhizosheath formation.  
  
Root hair-microbe interaction 
Root hairs provide a micro-environment conducive to soil microbes and root endo-
phytes for colonizing root hair surface or interior (Buddrus-Schiemann et al. 2010; 
Prieto et al. 2011). Largely Plant Growth Promoting Rhizobacteria (PGPR), nitrogen-
fixing rhizobacteria, and pathogenic bacteria colonize root hairs, forming non-
symbiotic, symbiotic, or pathogenic interactions (Ribaudo et al. 2006; Downie 2010; 
Pečenková et al. 2017). These interactions with root hairs are guided by microbial and 
plant originating chemical factors that act as adhesives, antimicrobial agents or growth 
modulators (Esseling, Lhuissier & Emons 2003; Ribaudo et al. 2006; Downie 2010) 
and their interplay with each other and with the molecular machinery is essential for 
the whole process (Poitout et al. 2017; Wheatley & Poole 2018). 
 For instance, in the case of rhizobia, which forms nitrogen-fixing nodules in 
leguminous plants, various chemical factors are involved in the critical events of the 
initial phase of infection, i.e., root hair curling and infection thread generation. Sym-
biotic rhizobia first bind to the root hair surface using lectin binding glucoman-
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nan/rhicadhesin proteins (Downie 2010; Wheatley & Poole 2018). Once attached, rhi-
zobia then release Nod factors, causing reorientation of root hair tip growth towards 
the attachment site (Esseling et al. 2003). Steady release of nod factors by multiplying 
bacteria causes continuous tip growth resulting in curling of root hairs (Lhuissier, De 
Ruijter, Sieberer, Esseling & Emons 2001; Esseling et al. 2003). Here, root hair tip 
growth results from the nod factor-induced calcium spiking (Lhuissier et al. 2001) and 
RhoGTPases (Ke et al. 2016). Subsequently, nod factors initiate the infection thread 
inside the root hair, providing an entry for the bacteria from the curled root hair pock-
et to the cortical cells (Murray 2011).  

Root hairs also interact with diverse PGPRs through chemical factors that af-
fect root hair growth. Some non-symbiotic PGPRs and pathogenic strains modulate 
root hair growth by increasing root hair length and density in ethylene dependent 
manner (Ribaudo et al. 2006; Pečenková et al. 2017), while some induce auxin signal-
ing (Zamioudis, Mastranesti, Dhonukshe, Blilou & Pieterse 2013) or utilize pathways 
independent of auxin (Ortíz-Castro, Martínez-Trujillo & López-Bucio 2008). Like 
bacterial quorum-sensing signals, N-acyl-L-homoserine lactones (AHLs) can induce 
root hair elongation independent of auxin (Ortíz-Castro et al. 2008). Such diversity in 
inducing systems involving different molecular pathways and chemical factors sug-
gests that bacterial-induced root hair growth depends on the type of interaction and the 
interacting bacteria.  
  
 Microbes induce longer and denser root hairs that benefit bacteria by providing 
more colonizing space, attachment sites, and entry points. In addition, they also have 
multiple advantages for the plant, like in the presence of an endophyte 3F11, which is 
closest to Enterobacter asburiae, the root hair length of the plant increases and facili-
tates the uptake of solubilized phosphorus (Shehata, Dumigan, Watts & Raizada 
2017). Root hairs of Zea nicaraguensis (wild corn, grows on the insoluble rock-P 
source) are a natural habitat for 3F11, where it acidifies the rhizosphere and solubiliz-
es rock-P. Likewise, another Enterobacter sp. M6 induces root hair growth. Longer 
root hairs and M6 colonies form a physio-chemical barrier against the plant fungal 
pathogen Fusarium graminearum (Mousa et al. 2016). Here, root hairs elongate by 
M6 produced auxin and form root hair endophytic stacks (RHESt) along the rhi-
zoplane. M6 in RHESts engulf the fungal pathogen acting as a biocontrol agent 
(Mousa et al. 2016). Thus, root hairs form mutualistic interactions with specified mi-
crobial species benefiting both plant and microbes.  
 Apart from specific interactions, root hairs can influence the entire microbial 
diversity in the endosphere and rhizosphere. The endosphere becomes more diverse 
with higher root hair density; however, conflicting reports exist for its impact on rhi-
zosphere microbiota (Fitzpatrick et al. 2018). In a study with 30 angiosperms, rhizo-
sphere microbial diversity had no dependence on root hair density (Fitzpatrick et al. 
2018). On the contrary, the absence of root hairs promotes Bacillus subtilis growth on 
the rhizoplane, depicting root hairs’ influence on the rhizosphere microbiome 
(Massalha, Korenblum, Malitsky, Shapiro & Aharoni 2017). Similarly, barley root 
hairless mutants (rhl1.a and rhp1.b) preferentially supported a microbial species 
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growth that reduced the rhizosphere’s microbial diversity (Robertson-Albertyn et al. 
2017). However, in the presence of root hairs, the rhizosphere was more diverse with 
a higher percentage of PGPRs (Robertson-Albertyn et al. 2017). Thus, root hairs’ role 
in microbe interactions is more than just providing a suitable colonizing environment; 
their influence goes further in the rhizosphere, where root hairs enhance microbial di-
versity, particularly for PGPRs, thus affecting the biological richness of the rhizo-
sphere.  
The emerging role of root hairs in soil organic carbon accrual 
Root hairs could modulate soil organic carbon (SOC) dynamics by contributing to 
root exudation and influencing physio-chemical soil matrix and rhizosphere microbio-
ta (Holz et al. 2018; Zhang et al. 2020a). Microbes metabolize root exudates from 
which a fraction is stabilized to mineral-associated SOC (MASOC) in the soil matrix, 
and the remaining fraction is channelled for microbial turnover (Dijkstra, Zhu & 
Cheng 2021). Microbes use this labile fraction for their growth and metabolic needs, 
from which a part goes into microbial respiration and is released as CO2 (carbon-di-
oxide), and the remaining adds as microbial mucilage or litter to the SOC pool. This 
freshly added microbial necromass flows into the physio-chemical soil matrix to get 
stabilized. In the soil matrix, already present MASOC can get destabilized and goes 
back to the labile fraction for microbial use (Dijkstra et al. 2021). Here, root hairs 
could affect both microbial activity and physio-chemical soil matrix, thus influencing 
the gain or loss of the SOC pool (Figure 4).  
 Exudation from root hairs directly adds organic carbon to the soil. In a study 
comparing the brb root hair less mutant to the wild type, the wild type had three times 
higher rates of exudation (Holz et al. 2018). These exudates act as a substrate for mi-
crobes, though some, like organic acids, can directly interact with soil minerals to 
form mineral complexes on the soil matrix (Jones & Edwards 1998; van Hees, 
Vinogradoff, Edwards, Godbold & Jones 2003). However, in certain reports, organic 
acids in the soil matrix can promote the conversion of MASOC to labile carbon 
(Keiluweit et al. 2015). This disparity might be the cause of the efflux of carbon in 
certain reports (Pausch et al. 2016). Although, increased efflux could also be due to 
the higher input in the case of root hairs.  
 Despite higher exudation and carbon allocation to the rhizosheath in WT 
plants, Holz et al. (2018) observed a similar efflux of CO2 from soil and root respira-
tion in WT and brb, which suggests a role of root hairs in carbon stabilization and 
maintaining efflux. This will result in carbon accrual as more carbon is coming into 
the soil in the presence of root hairs. Thus, root hairs seem to stabilise carbon in the 
soil via several possible mechanisms. 
 Root hairs could affect carbon sequestration by controlling microbial growth in 
favour of carbon accrual. In the presence of root hairs, microbial metabolic quotient 
(MMQ, microbial respiration per unit of biomass) gets reduced, corresponding to effi-
cient use of carbon for microbial biomass and lower carbon efflux compared to brb 
(Holz et al. 2018). Similarly, maize (WT) accumulates higher microbial biomass in 
the rhizosphere than rth3 (roothairless 3) (Zhang et al. 2020a). Microbial hotspots 
with WT carried less efficient and highly active enzymes, indicating the presence of 
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slow-growing yet substrate efficient microbes. These microbes add more carbon to 
biomass, i.e., higher SOC accumulation and less carbon get lost from the soil (Zhang 
et al. 2020a). This shift in microbial behaviour could be due to an increased supply of 
substrate (exudation) in the presence of root hairs.  
 Besides carbon input, soil pores of size distribution ranging from 30-150 µm, 
promote microbial hotspots having higher enzyme activity resulting in carbon seques-
tration in the rhizosphere (Kravchenko et al. 2019). Therefore, root systems with more 
soil matrix around 30-150 µm pores have increased soil volume available for carbon 
stabilization through microbial activity (Kravchenko et al. 2019). Interestingly, root 
hairs modify the inter-aggregate pores near the root surface (up to 200 µm) by de-
creasing the number of bigger pores (near 200 µm) and increasing pores with size be-
low ~160 µm (Koebernick et al. 2017, 2019). Therefore, root hairs could also play 
their part in regulating microbial growth for carbon accrual by modifying soil pore 
structure in addition to carbon input.  
Acquiring the resources: physiological importance of root hairs in water and nu-
trient uptake 
Role of root hairs in water uptake 
Root hairs modulate the water uptake dynamics and plant water status in drying soil 
and/or high evaporative demand. However, root hairs have no significant advantage in 
water uptake in wet soil and/or low evaporative conditions (Dodd & Diatloff 2016). 
Thus WT and brb mutant (of barley) displayed similar transpiration rates and leaf 
elongation during well-watered conditions (Dodd & Diatloff 2016). Also, during low 
evaporative demand, brb and WT have similar ability to take up water (Carminati et 
al. 2017). However, in drying soil, brb mutant (compared to WT) displayed a sharp 
increase in xylem suction at high transpiration rates due to their lower ability for water 
uptake (Carminati et al. 2017). Thus, root hairs help to maintain the water uptake in 
dry conditions, and they do so by extending the effective physiological radius of the 
root. This increase in radius reduces the decrease in water potential at the root-soil in-
terface during high transpiration (Carminati et al. 2017). Further, the water uptake is 
severely affected in drying soil due to a decrease in soil hydraulic conductivity and 
matric potential between root-soil interface and bulk soil (Carminati et al. 2017). Root 
hair provides an alternate path for water with increased hydraulic conductivity, lower 
flow rate, and larger volume, resulting in a small drop in matric potential and sus-
tained water uptake (Carminati et al. 2017).  
 In dry conditions, higher soil-root hydraulic resistance induces stomatal clo-
sure to maintain leaf xylem water potential (Abdalla, Carminati, Cai, Javaux & 
Ahmed 2021) (Figure 5a). Therefore, root hairs, by providing higher hydraulic con-
ductivity, can impact leaf water status. In barley, root hairs reduce drought effects by 
maintaining higher leaf water potential and lower leaf ABA (abscisic acid), resulting 
in greater yield stability for WT plants than nrh, brh and srh (short root hair) mutants 
(Figure 5a, b) (Marin et al. 2021). Overall, root hairs act as an extended physiological 
radius of the root where they control the water potential gradient, thereby maintaining 
leaf water potential in a highly transpiring scenario (Segal, Kushnir, Mualem & Shani 
2008; Carminati et al. 2017).  



 

This article is protected by copyright. All rights reserved. 

A
cc

ep
te

d 
A

rt
ic

le
 

  Besides root hairs’ direct or indirect role in drought mitigation, they can work 
as sensors for soil drying and activate stress-responsive pathways. In particular, induc-
ing ABA biosynthetic genes in WT (of barley) compared to rhl1.a mutant 
(Kwasniewski et al. 2016). But interestingly, during soil drying, brb mutant showed 
no difference in xylem ABA content when compared with WT (Dodd & Diatloff 
2016). Most probably, it was difficult to analyze the effect of root hairs in this case as 
brb mutant had higher root biomass that compensated for the absence of root hairs and 
resulted in similar shoot parameters when compared with WT during soil drying 
(Dodd & Diatloff 2016). Unlike ABA induction by root hairs, it is very much clear 
that ABA induces root hair growth during dry conditions. In rice and barley, endoge-
nous ABA induces the formation of rhizosheaths with higher water content by in-
creasing root hair length during soil drying (Zhang et al. 2021b a). The barley Az34 
ABA deficient mutant had shorter root hairs both in wet and dry conditions, and exog-
enous ABA could increase root hair length of Az34 mutants during soil drying (Zhang 
et al. 2021b). However, full recovery of root hair length phenotype of Az34 was only 
possible with exogenous auxin treatment (Zhang et al. 2021b). Thus, soil drying-
induced ABA promotes root hair growth via auxin mediation, resulting in longer root 
hairs and larger rhizosheaths (Zhang et al. 2021b a). 
 While drying-induced ABA elongates root hair length in grasses, Arabidopsis 
and tomato display contrasting behaviour by reducing root hair length in dry condi-
tions (Schnall & Quatrano 1992; Karanja et al. 2021). Interestingly, shortening of root 
hairs in Arabidopsis is also controlled by ABA as ABA insensitive mutants (abi1 and 
abi2) failed to show this response when treated with exogenous ABA (Schnall & 
Quatrano 1992). ABA reduces tip growth by suppressing RSL2 transcription by induc-
ing a transcription factor, OBF BINDING PROTEIN4 (OBP4) (Rymen et al. 2017). 
OBP4 binds on the promoter of RSL2 to inhibit RSL2 expression. Among various 
class II bHLH transcription factors that respond to development and environmental 
signals like drought and P deficiency, the ABA response of root hairs is specifically 
governed through RSL2 in Arabidopsis (Rymen et al. 2017).  
 Various environmental stresses like soil drying and nutrient deficiencies can 
aggravate the impact of each other. For example, delay in precipitation or less saturat-
ed soil can impede P uptake (Ruiz et al. 2020). Similarly, N (nitrogen) and P deficien-
cies can reduce root hydraulic conductivity for water uptake (Rhee, Chung, Katsuhara 
& Ahn 2011). Therefore, root hairs often effectively deal with the combined stress of 
nutrient deficiency and soil drying. In a combined drought and P deficiency condition, 
barley genotypes harbouring root hairs perform better with sustainable yield than nrh 
and srh mutants (Brown et al. 2012). Daly, Keyes, Masum & Roose (2016) suggest 
that root hairs may contribute more (in comparison with roots) to P uptake in low 
moisture soils due to root hairs’ ability to access soil micropores owing to their micro-
scopic dimensions compared to roots. In conclusion, beneficial effects asserted by root 
hairs in combined stresses could be due to root hairs’ multi-dimensional role in both 
water and nutrient uptake. 
Role of root hairs in nutrient uptake  
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Root hairs facilitate the acquisition of mineral elements – Potassium (K), magnesium 
(Mg), N, P, and sulfur (S) – by expanding explorative area and root-soil contact 
(Schiefelbein, Shipley & Rowse 1992; Gahoonia & Nielsen 1998; Babourina, 
Hawkins, Lew, Newman & Shabala 2001; Ivashikina et al. 2001; Nath 2005; 
Klinsawang, Sumranwanich, Wannaro & Saengwilai 2018; Liu, Zhang, Fang, Zhang 
& Jin 2018; Kimura et al. 2019). Among the mineral elements, root hairs are particu-
larly effective in acquiring immobile or sparingly soluble nutrients (Misra, Alston & 
Dexter 1988). Hence, root hairs’ participation in the uptake of immobile nutrients like 
P has been repeatedly modelled and explored in detail. 
 Plants absorb P through two surfaces, root epidermis and root hairs, and each 
contributes nearly 50% for the total P uptake (Figure 5c) (Keyes et al. 2013). P acqui-
sition via root epidermis requires a vast diffusion zone; whereas, root hairs procure P 
by minute localized gradients near the surface of soil particles (Keyes et al. 2013). 
Thus, root hair traits like length and curvature can be more beneficial for P uptake 
from the particle surface (facing root hair) in comparison to root hair density (Zygala-
kis, Kirk, Jones, Wissuwa & Roose 2011; Keyes et al. 2013). Denser root hairs can 
enhance P uptake by forming a sink in the root hair zone. Although, once P concentra-
tion drops to a minimum quantity due to higher absorption and competition between 
the root hairs, further increase in density would have no benefit (Brown, George, 
Dupuy & White 2013b; Keyes et al. 2013). Experimental studies back up these find-
ings, where impaired root hair length had more impact on P uptake than a decrease in 
root hair density during P deficiency (Bates & Lynch 2000). Especially in dry soil, 
root hair density has little impact in acquiring P, whereas root hair length plays a sig-
nificant part (Zygalakis et al. 2011)  
 Root hair traits like density, length, and branching display plasticity in nutrient 
deficiencies. Both root hair length and density increase many fold in the P deficiency 
(Bates & Lynch 1996; Ma, Bielenberg, Brown & Lynch 2001a). Despite their varying 
importance for P uptake, synergistically, these traits provide an extra edge compared 
to the additive effect of their individual advantages for P acquisition (Ma, Walk, Mar-
cus & Lynch 2001b). The synergistic plastic response of root hairs under P deficiency 
requires complex molecular pathways and regulations (Figure 5d). Distinct molecular 
pathways work in forming longer and denser root hairs during P deficiency, and both 
pathways get activated locally via sensing P depletion in the immediate vicinity 
(Bhosale et al. 2018; Wendrich et al. 2020). Once perceived, a P deficiency signal 
leads to the accumulation of auxin and induces its signaling in columella, lateral root 
cap cells, and xylem that orchestrates both the responses (Bhosale et al. 2018; Giri et 
al. 2018; Wendrich et al. 2020). In xylem, induced auxin signaling activates TARGET 
OF MONOPTEROS 5/LONESOME HIGHWAY(TMO5/LHW) transcription factor 
complex that triggers local biosynthesis of a mobile signal – cytokinin (Wendrich et 
al. 2020). Cytokinin connects P sensing in the vascular region to the root hair density 
response at epidermal cells by diffusing outward to the epidermal files, where cytokin-
in modulates trichoblast cell fate and reduces cell length (Wendrich et al. 2020), alt-
hough it is unknown which cell fate governing proteins are regulated by cytokinin. P 
deficiency elongates root hair length via two distinct phytohormonal pathways of aux-



 

This article is protected by copyright. All rights reserved. 

A
cc

ep
te

d 
A

rt
ic

le
 

in and ethylene that converge to root hair elongation by activating RSL4 and other 
root hair elongating genes and processes (Song et al. 2016; Feng et al. 2017; Bhosale 
et al. 2018) (Figure 5d). Besides P deficiency induced plasticity, ethylene and auxin 
control root hair length response in iron and boron deficiency (Schmidt W & Schikora 
A 2001; Martin-Rejano et al. 2011) and along with NO (nitric oxide) in Mg deficiency 
(Liu et al. 2018). However, molecular mechanisms are largely unknown that are in-
volved in orchestrating root hair response in nutrient deficiencies other than P; thus, 
efforts are required to fill this knowledge gap. Further, this will pave the path to un-
derstanding root hair roles in multiple and combined nutrient deficiencies.  
Genetic diversity of root hair traits in crops: a resource for future sustainable 
agriculture 
The target of enhanced food production is becoming more challenging given the im-
pact of climate change on water availability, deteriorating soil quality, reduction in 
farmland due to urbanisation and the aim to reduce fertiliser inputs to make agricul-
ture more environmentally sustainable (Anwar, Liu, Macadam & Kelly 2013; 
Johnson, Runge, Senauer, Foley & Polasky 2014; Tigchelaar, Battisti, Naylor & Ray 
2018; Raven & Wagner 2021). Crops with beneficial agronomic traits can help miti-
gate these constraints. Root hairs represent one of such target traits for future sustain-
able agriculture as they play multifaceted roles in improving soil resource acquisition 
and maintaining yield under suboptimal conditions. 
 With this objective, the last two decades have seen increasing numbers of bi- 
and multi-parental and genome-wide association mapping studies in various crops that 
have been developed to identify superior germplasms with improved root hair and 
root hair-related traits and determining underlying QTLs and genes (Table 2) (George 
et al. 2014; Kohli et al. 2020). These studies, along with advanced physiological and 
phenotypic experiments, further improved our understanding that will facilitate the 
inclusion of root hair traits in future crop improvement programs. Especially the utili-
zation of phenotypic plasticity, interaction among root hair traits and the environment, 
and identifying trade-offs that can make the selection of root hair traits more precise. 
 Plants carry multiple plastic and adaptive traits (e.g., root hair length), which 
confer superior fitness in adverse environmental conditions. Adaptive plasticity is a 
trait itself and has its own characteristics: i) it is a property of a genotype, ii) therefore, 
carries heritable variation among the population, iii) as variation is associated with 
fitness, the plastic trait evolves by natural selection (Richards, Bossdorf, Muth, 
Gurevitch & Pigliucci 2006). Thereby, adaptive plastic traits can be selected and in-
trogressed to develop varieties resilient to challenging environmental conditions. For 
instance, an increase in root hair length and density can significantly improve toler-
ance to soil P deficiency. However, these traits are controlled by complex molecular 
pathways and show significant variability in the G x E (genotype x environment) in-
teractions context. For example, natural accessions of Arabidopsis and chickpea dis-
play phenotypic variation for change in root hair length from fertile to P deficient 
conditions. Many of their accessions also show an opposite trend of reduced root hair 
length in P deficiency (Stetter, Schmid & Ludewig 2015; Kohli et al. 2020), con-
sistent with the similar observations in a small number of genotypes in soybean and 



 

This article is protected by copyright. All rights reserved. 

A
cc

ep
te

d 
A

rt
ic

le
 

rice (Vandamme et al. 2013; Vejchasarn, Lynch & Brown 2016). Apart from natural 
accessions, with 169 RILs of maize, Zhu et al. (2005) calculated significant G x E in-
teraction for root hair length change, and the population showed 60% heritability for 
the plasticity depicting the heritable nature of the trait. Also, plastic and long root hair 
RILs had higher fitness than short root hair in P deficiency (Zhu, Zhang & Lynch 
2010).  
 Adaptive plasticity gets selected in a population because of superior fitness in 
adverse conditions and similar/low cost of phenotype in a normal scenario (Murren et 
al. 2015). In general, longer root hairs are carbon inexpensive and can provide higher 
payoffs than more expensive roots (Lynch & Ho 2005; Gonzalez, Postma & Wissuwa 
2021). For example, in barley, longer root hairs in normal conditions give similar 
yield and comparable fitness with srh mutant (Marin et al. 2021). Therefore, plasticity 
for root hair traits needs to be modelled and evaluated in a more comprehensive genet-
ic pool across a wider range of environments, for which quantitative genetics ap-
proaches like Finlay–Wilkinson regression is ideal (Walsh 2017).  
 The scenario becomes more complex in the case of root hairs, as trade-offs can 
happen for thin laterals or mycorrhizal associations (Nestler & Wissuwa 2016; Ma, Li 
& Ludewig 2021). Due to such trade-offs, the advantage that root hairs provide can 
vary among different crops. For example, maize (~4 mm) (Zhu et al. 2005), wheat 
(~2.5 mm) (Liu et al. 2017), and barley (~2.5 mm) (George et al. 2014) displayed 
longer root hair lengths than rice (~0.6 mm) (Nestler & Wissuwa 2016) and some of 
the P efficient genotypes of rice do not count on root hairs for the higher fitness in low 
P soils (Nestler & Wissuwa 2016). Nestler et al. (2016) suggested thin laterals (s-type) 
and second-order laterals as “super root hairs” that could compensate for short root 
hairs for P uptake in rice. Although, the competition and trade-off between thin lat-
erals and root hairs are not yet defined properly in rice. However, in maize under P 
deficiency, rth3 and rth2 mutants compensate partly and fully respectively for the ab-
sence of root hairs with more laterals (Klamer et al. 2019; Wang, Li, Mang, Ludewig 
& Shen 2021). Other than lateral roots, root hairs can be traded-off by mycorrhizal 
association, but the advantage of trade-offs by mycorrhizal associations displays spe-
cies specificity. For example, in barley, arbuscular mycorrhizal fungi (AMF) has det-
rimental results under P deficiency (Brown, George, Barrett, Hubbard & White 
2013a), whereas maize has 33% more growth dependency of AMF than root hairs; 
thus, AMF outcompetes root hairs under low P in maize (Ma et al. 2021). Interesting-
ly, rth3 has higher AMF colonization and induced gene expression of phosphate 
transporters than WT, but both displayed similar P uptake and biomass under P defi-
ciency (Ma et al. 2021). It shows that in the case of WT, the cumulative advantage of 
both AMF and root hairs is absent and both the traits are competing with each other.  
 Apart from trade-offs, traits can exhibit variable fitness due to synergistic and 
holistic interactions with other traits, especially in stress conditions. In common bean, 
genotypes display twice the increase in shoot biomass that carry denser and longer 
root hairs along with shallow basal root growth angle compared to the additive in-
crease of each trait (Miguel, Postma & Lynch 2015). Shallow root growth angle is 
beneficial in phosphorus uptake as phosphorus being immobile, stays in the upper lay-
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ers of soil (Lynch & Brown 2001). In addition to shallow root growth angle, an in-
crease in root exudation of organic acids and acid phosphatases can increase available 
phosphate for uptake by root hairs and could act synergistically (Wang et al. 2015; 
Mehra, Pandey & Giri 2017; Gaviglio, Shields & Mondala 2019; Panchal, Miller & 
Giri 2021; Bhadouria & Giri 2021). Therefore, along with holistic roles of root hair 
traits (density, length, and longevity), synergistic interactions with root exudation and 
root growth angle could have higher positive cumulative effects. These factors make 
selection of root hair traits more challenging and requires a thorough investigation be-
fore breeding, especially when targeting stress conditions where plasticity, trade-offs 
and synergism play a significant role.  
  
Conclusion and future perspective  
Root hairs significantly contribute to plant survival as an active physiological rooting 
structure by performing resource acquisition, providing anchorage, and constructing 
the rhizosphere with desirable physical, chemical, and biological properties (Gahoonia 
& Nielsen 1998; Bengough et al. 2016; Robertson-Albertyn et al. 2017; Holz et al. 
2018; Burak et al. 2021). Thus, root hairs play a crucial role in maintaining plant fit-
ness and have wider ecological relevance in terms of plant-environment interactions, 
especially with abiotic and biotic components of soil (Brown et al. 2017; Robertson-
Albertyn et al. 2017). Therefore, root hairs can be of great importance towards devel-
oping sustainable agroecosystems.  
  
 To improve root hair traits in modern cultivars, we need to know the impact of 
domestication, especially after improved irrigation and chemical fertilizers. Screening 
genetic resources like wild species and landraces is a way forward, though large-scale 
screening for root hair traits is challenging due to demanding and rigorous phenotyp-
ing. Additionally, root hair phenotyping becomes more cumbersome and requires dili-
gence due to the plastic nature of root hairs in different phenotyping systems (hydro-
ponics vs. soil) and between different roots of the same plant (Nestler & Wissuwa 
2016; Nestler et al. 2016). Therefore, large-scale screening requires the development 
of root hair compatible invasive or non-invasive high throughput phenotyping systems 
or identification of easily phenotyped proxy traits like rhizosheath that can be meas-
ured in place of root hairs (Liu et al. 2017; Wissuwa & Kant 2021). These phenotyp-
ing systems should be relevant for screening in stress conditions to be employed in 
crop research for stress-resilient agriculture.  
 Screening of root hairs is largely done in controlled conditions, which often 
fail to replicate complex field environments. In natural conditions, variables like soil, 
water and nutrients interact with each other; therefore, irregularities in them often ag-
gravate the situation to combinatorial and multiple stresses. In combined drought and 
P deficiency, root hairs are highly beneficial in mitigating both the stresses (Marin et 
al. 2021). Concomitantly, the presence of root hairs benefits the plant in high-strength 
soils for P uptake during its deficiency (Haling et al. 2013). Therefore, phenotypic 
screenings of available genetic resources in field conditions under combined stresses 
are required to incorporate root hairs in breeding programs for stress resilience.  
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 Further, to include root hairs in crop improvement programs, we need to widen 
our understanding of mechanistic details of root hair-environment interactions, partic-
ularly for root hair trait plasticity and trade-offs, interactions with soil and its microbi-
ota, and the role of root hairs in carbon sequestration. The plastic nature of root hairs 
is well-defined for nutrient deficiencies; however, the molecular pathways involved in 
controlling root hair morphology are largely unknown other than P deficiency. More-
over, root hair plasticity under water stress is highly diverse; for instance, grasses in-
crease root hair length (Zhang et al. 2021b a), while tomato and Arabidopsis shorten 
their root hairs (Schnall & Quatrano 1992; Karanja et al. 2021). Similarly, variability 
is present in trade-offs for root hairs, especially with arbuscular mycorrhizal fungi un-
der P deficiency, like in maize, root hairs are traded off with arbuscular mycorrhizal 
fungi, and in barley, root hairs (not mycorrhiza) play a major role in nutrient deficien-
cy mitigation (Brown et al. 2013a; Ma et al. 2021). These variabilities are largely un-
explained in the context of plant physiology, stress resilience and underlying molecu-
lar pathways, which need further attention.  
 Recently, root hairs have also been shown to modulate rhizosphere microbiota; 
however, how root hairs do it is largely unknown (Robertson-Albertyn et al. 2017). 
Exudation and root hairs’ influence on soil matrix are probable reasons, but things are 
yet to be explored at this stage. Due to root hairs’ influence on exudation and interac-
tion with soil microbiota, it would be interesting to investigate whether root hairs have 
any possible direct or indirect role in kin recognition and plant-plant interactions. 
Moreover, it is also important to probe further how these interactions will shape soil 
structure and plant health, leading to a better understanding for restoring degraded 
ecosystems.  
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Summary Statement 
Root hairs contribute to plant survival and assist in maintaining a holistic 
plant ecosystem through a coordinated interplay with various abiotic (edaph-
ic, water, and mineral nutrients) and biotic (microorganisms) components. 
References 
Abdalla M., Carminati A., Cai G., Javaux M. & Ahmed M.A. (2021) Stomatal closure 

of tomato under drought is driven by an increase in soil–root hydraulic 
resistance. Plant Cell and Environment 44, 425–431. 

Anwar M.R., Liu D.L., Macadam I. & Kelly G. (2013) Adapting agriculture to climate 
change: A review. Theoretical and Applied Climatology 113, 225–245. 

Babourina O., Hawkins B., Lew R.R., Newman I. & Shabala S. (2001) K+ transport 
by Arabidopsis root hairs at low pH. Australian Journal of Plant Physiology 28, 
635–641. 

Badri D. V. & Vivanco J.M. (2009) Regulation and function of root exudates. Plant, 
Cell and Environment 32, 666–681. 

Banks J.A., Nishiyama T., Hasebe M., Bowman J.L., Gribskov M., DePamphilis C., 
… Grigoriev I. V. (2011) The selaginella genome identifies genetic changes 
associated with the evolution of vascular plants. Science 332, 960–963. 

Bates T.R. & Lynch J.P. (1996) Stimulation of root hair elongation in Arabidopsis 
thaliana by low phosphorus availability. Plant, Cell and Environment 19, 529–
538. 

Bates T.R. & Lynch J.P. (2000) The efficiency of Arabidopsis thaliana (Brassicaceae) 
root hairs in phosphorus acquisition. American Journal of Botany 87, 964–970. 

Bengough A.G., McKenzie B.M., Hallett P.D. & Valentine T.A. (2011) Root 
elongation, water stress, and mechanical impedance: A review of limiting 
stresses and beneficial root tip traits. Journal of Experimental Botany 62, 59–68. 

Bengough Glyn A., Loades K. & McKenzie B.M. (2016) Root hairs aid soil 
penetration by anchoring the root surface to pore walls. Journal of Experimental 
Botany 67, 1071–1078. 

Berger F., Haseloff J., Schiefelbein J. & Dolan L. (1998a) Positional information in 
root epidermis is defined during embryogenesis and acts in domains with strict 
boundaries. Current Biology 8, 421–430. 

Berger F., Hung C.Y., Dolan L. & Schiefelbein J. (1998b) Control of cell division in 
the root epidermis of Arabidopsis thaliana. Developmental Biology 194, 235–
245. 

Bhadouria J. & Giri J. (2021) Purple acid phosphatases: roles in phosphate utilization 
and new emerging functions. Plant Cell Reports. 

Bhosale R., Giri J., Pandey B.K., Giehl R.F.H., Hartmann A., Traini R., … Swarup R. 
(2018) A mechanistic framework for auxin dependent Arabidopsis root hair 
elongation to low external phosphate. Nature Communications 9, 1409. 

Bonnot C., Hetherington A.J., Champion C., Breuninger H., Kelly S. & Dolan L. 
(2019) Neofunctionalisation of basic helix−loop−helix proteins occurred when 
embryophytes colonised the land. New Phytologist 223, 993–1008. 

Brown L.K., George T.S., Barrett G.E., Hubbard S.F. & White P.J. (2013a) 
Interactions between root hair length and arbuscular mycorrhizal colonisation in 



 

This article is protected by copyright. All rights reserved. 

A
cc

ep
te

d 
A

rt
ic

le
 

phosphorus deficient barley (Hordeum vulgare). Plant and Soil 372, 195–205. 
Brown L.K., George T.S., Dupuy L.X. & White P.J. (2013b) A conceptual model of 

root hair ideotypes for future agricultural environments: What combination of 
traits should be targeted to cope with limited P availability? Annals of Botany 
112, 317–330. 

Brown L.K., George T.S., Neugebauer K. & White P.J. (2017) The rhizosheath – a 
potential trait for future agricultural sustainability occurs in orders throughout the 
angiosperms. Plant and Soil 418, 115–128. 

Brown L.K., George T.S., Thompson J.A., Wright G., Lyon J., Dupuy L., … White 
P.J. (2012) What are the implications of variation in root hair length on tolerance 
to phosphorus deficiency in combination with water stress in barley (Hordeum 
vulgare)? Annals of botany 110, 319–328. 

Buddrus-Schiemann K., Schmid M., Schreiner K., Welzl G. & Hartmann A. (2010) 
Root Colonization by Pseudomonas sp. DSMZ 13134 and Impact on the 
Indigenous Rhizosphere Bacterial Community of Barley. Microbial Ecology 60, 
381–393. 

Burak E., Quinton J.N. & Dodd I.C. (2021) Root hairs are the most important root 
trait for rhizosheath formation of barley (Hordeum vulgare), maize (Zea mays) 
and Lotus japonicus (Gifu). Annals of Botany 128, 45–57. 

Carminati A., Passioura J.B., Zarebanadkouki M., Ahmed M.A., Ryan P.R., Watt M. 
& Delhaize E. (2017) Root hairs enable high transpiration rates in drying soils. 
New Phytologist 216, 771–781. 

Carol R.J. & Dolan L. (2002) Building a hair: Tip growth in Arabidopsis thaliana root 
hairs. Philosophical Transactions of the Royal Society B: Biological Sciences 
357, 815–821. 

Choi H.S. & Cho H.T. (2019) Root hairs enhance Arabidopsis seedling survival upon 
soil disruption. Scientific Reports 9, 1–10. 

Daly K.R., Keyes S.D., Masum S. & Roose T. (2016) Image-based modelling of 
nutrient movement in and around the rhizosphere. Journal of Experimental 
Botany 67, 1059–1070. 

Datta S., Kim C.M., Pernas M., Pires N.D., Proust H., Tam T., … Dolan L. (2011) 
Root hairs: Development, growth and evolution at the plant-soil interface. Plant 
and Soil 346, 1–14. 

Datta S., Prescott H. & Dolan L. (2015) Intensity of a pulse of RSL4 transcription 
factor synthesis determines Arabidopsis root hair cell size. Nature Plants 1, 
15138. 

Delhaize E., Rathjen T.M. & Cavanagh C.R. (2015) The genetics of rhizosheath size 
in a multiparent mapping population of wheat. Journal of Experimental Botany 
66, 4527–4536. 

Dijkstra F.A., Zhu B. & Cheng W. (2021) Root effects on soil organic carbon: a 
double-edged sword. New Phytologist 230, 60–65. 

Ding W., Yu Z., Tong Y., Huang W., Chen H. & Wu P. (2009) A transcription factor 
with a bHLH domain regulates root hair development in rice. Cell Research 19, 
1309–1311 

Dodd I.C. & Diatloff E. (2016) Enhanced root growth of the brb (bald root barley) 
mutant in drying soil allows similar shoot physiological responses to soil water 
deficit as wild-type plants. Functional Plant Biology 43, 199–206. 

Dolan L. (2006) Positional information and mobile transcriptional regulators 
determine cell pattern in the Arabidopsis root epidermis. Journal of Experimental 
Botany 57, 51–54. 



 

This article is protected by copyright. All rights reserved. 

A
cc

ep
te

d 
A

rt
ic

le
 

Dolan L., Duckett C.M., Grierson C., Linstead P., Schneider K., Lawson E., … 
Roberts K. (1994) Clonal relationships and cell patterning in the root epidermis 
of Arabidopsis. Development 120, 2465–2474. 

Downie J.A. (2010) The roles of extracellular proteins, polysaccharides and signals in 
the interactions of rhizobia with legume roots. FEMS Microbiology Reviews 34, 
150–170. 

Esseling J.J., Lhuissier F.G.P. & Emons A.M.C. (2003) Nod factor-induced root hair 
curling: Continuous polar growth towards the point of nod factor application. 
Plant Physiology 132, 1982–1988. 

Feng Y., Xu P., Li B., Li P., Wen X., An F., … Guo H. (2017) Ethylene promotes root 
hair growth through coordinated EIN3/EIL1 and RHD6/RSL1 activity in 
Arabidopsis. Proceedings of the National Academy of Sciences of the United 
States of America 114, 13834–13839. 

Fitzpatrick C.R., Copeland J., Wang P.W., Guttman D.S., Kotanen P.M. & Johnson 
M.T.J. (2018) Assembly and ecological function of the root microbiome across 
angiosperm plant species. Proceedings of the National Academy of Sciences of 
the United States of America 115, E1157–E1165. 

Gahoonia T.S. & Nielsen N.E. (1998) Direct evidence on participation of root hairs in 
phosphorus (32P) uptake from soil. Plant and Soil 198, 147–152. 

Gahoonia T.S. & Nielsen N.E. (2003) Phosphorus (P) uptake and growth of a root 
hairless barley mutant (bald root barley, brb) and wild type in low- and high-P 
soils. Plant, Cell and Environment 26, 1759–1766.  

Gahoonia T.S., Nielsen N.E., Joshi P.A. & Jahoor A. (2002) Erratum: A root hairless 
barley 841 mutant for elucidating genetic of root hairs and phosphorus uptake 
(Plant and Soil (2001) 842 235 (211-219)). Plant and Soil 242, 299. 

Galloway A.F., Akhtar J., Marcus S.E., Fletcher N., Field K. & Knox P. (2020) Cereal 
root exudates contain highly structurally complex polysaccharides with soil-
binding properties. Plant Journal 103, 1666–1678. 

Galloway A.F., Pedersen M.J., Merry B., Marcus S.E., Blacker J., Benning L.G., … 
Knox J.P. (2018) Xyloglucan is released by plants and promotes soil particle 
aggregation. New Phytologist 217, 1128–1136. 

Gaviglio K., Shields S. & Mondala A. (2019) Synergistic Runoff Particulate-Bound 
Phosphorus Extraction by Oxalate and Citrate Ligands in a Mixed Aqueous 
Extractant System. Clean - Soil, Air, Water 47, 1–8. 

Gebauer L., Bouffaud M.L., Ganther M., Yim B., Vetterlein D., Smalla K., … Tarkka 
M.T. (2021) Soil Texture, Sampling Depth and Root Hairs Shape the Structure of 
ACC Deaminase Bacterial Community Composition in Maize Rhizosphere. 
Frontiers in Microbiology 12, 1–12. 

George T.S., Brown L.K., Ramsay L., White P.J., Newton A.C., Bengough A.G., … 
Thomas W.T.B. (2014) Understanding the genetic control and physiological 
traits associated with rhizosheath production by barley (Hordeum vulgare). New 
Phytologist 203, 195–205. 

Giri J., Bhosale R., Huang G., Pandey B.K., Parker H., Zappala S., … Bennett M.J. 
(2018) Rice auxin influx carrier OsAUX1 facilitates root hair elongation in 
response to low external phosphate. Nature Communications 9, 1408. 

Goffinet B., Buck W.R. & Shaw A.J. (2008) Morphology, anatomy, and classification 
of the bryophyta. In Bryophyte Biology, Second Edition. (ed A.J. Shaw), pp. 55–
138. Cambridge University Press, Cambridge. 

Gong X. & McDonald G. (2017) QTL mapping of root traits in phosphorus-deficient 
soils reveals important genomic regions for improving NDVI and grain yield in 



 

This article is protected by copyright. All rights reserved. 

A
cc

ep
te

d 
A

rt
ic

le
 

barley. Theoretical and Applied Genetics 130, 1885–1902. 
Gonzalez D., Postma J. & Wissuwa M. (2021) Cost-Benefit Analysis of the Upland-

Rice Root Architecture in Relation to Phosphate: 3D Simulations Highlight the 
Importance of S-Type Lateral Roots for Reducing the Pay-Off Time. Frontiers in 
Plant Science 12, 1–13. 

Goossens A.P. (1935) Notes on the anatomy of grass roots. Transactions of the Royal 
Society of South Africa 23, 1–21. 

Grierson C., Nielsen E., Ketelaarc T. & Schiefelbein J. (2014) Root Hairs. The 
Arabidopsis Book 12, e0172. 

Haling R.E., Brown L.K., Bengough A.G., Valentine T.A., White P.J., Young I.M. & 
George T.S. (2014) Root hair length and rhizosheath mass depend on soil 
porosity, strength and water content in barley genotypes. Planta 239, 643–651. 

Haling R.E., Brown L.K., Bengough A.G., Young I.M., Hallett P.D., White P.J. & 
George T.S. (2013) Root hairs improve root penetration, root-soil contact, and 
phosphorus acquisition in soils of different strength. Journal of Experimental 
Botany 64, 3711–3721. 

Haling R.E., Richardson A.E., Culvenor R.A., Lambers H. & Simpson R.J. (2010a) 
Root morphology, root-hair development and rhizosheath formation on perennial 
grass seedlings is influenced by soil acidity. Plant and Soil 335, 457–468. 

Haling R.E., Simpson R.J., Delhaize E., Hocking P.J. & Richardson A.E. (2010b) 
Effect of lime on root growth, morphology and the rhizosheath of cereal 
seedlings growing in an acid soil. Plant and Soil 327, 199–212. 

Han X., Zhang M., Yang M. & Hu Y. (2020) Arabidopsis JAZ proteins interact with 
and suppress RHD6 transcription factor to regulate jasmonate-stimulated root 
hair development. Plant Cell 32, 1049–1062. 

Han Y., Xin M., Huang K., Xu Y., Liu Z., Hu Z., … Sun Q. (2016) Altered expression 
of TaRSL4 gene by genome interplay shapes root hair length in allopolyploid 
wheat. New Phytologist 209, 721–732. 

Hassan H., Scheres B. & Blilou I. (2010) JACKDAW controls epidermal patterning in 
the Arabidopsis root meristem through a non-cell-autonomous mechanism. 
Development 137, 1523–1529. 

van Hees P.A.W., Vinogradoff S.I., Edwards A.C., Godbold D.L. & Jones D.L. 
(2003) Low molecular weight organic acid adsorption in forest soils: Effects on 
soil solution concentrations and biodegradation rates. Soil Biology and 
Biochemistry 35, 1015–1026. 

Hochholdinger F., Wen T.J., Zimmermann R., Chimot-Marolle P., Da Costa E Silva 
O., Bruce W., … Schnable P.S. (2008) The maize (Zea mays L.) roothairless3 
gene encodes a putative GPI-anchored, monocot-specific, COBRA-like protein 
that significantly affects grain yield. Plant Journal 54, 888–898. 

Holz M., Zarebanadkouki M., Kuzyakov Y., Pausch J. & Carminati A. (2018) Root 
hairs increase rhizosphere extension and carbon input to soil. Annals of Botany 
121, 61–69. 

Honkanen S., Jones V.A.S., Morieri G., Champion C., Hetherington A.J., Kelly S., … 
Dolan L. (2016) The Mechanism Forming the Cell Surface of Tip-Growing 
Rooting Cells Is Conserved among Land Plants. Current Biology 26, 3238–3244. 

Honkanen S., Thamm A., Arteaga-Vazquez M.A. & Dolan L. (2018) Negative 
regulation of conserved RSL class I bHLH transcription factors evolved 
independently among land plants. eLife 7, 1–21. 

Horn R., Wingen L.U., Snape J.W. & Dolan L. (2016) Mapping of quantitative trait 
loci for root hair length in wheat identifies loci that co-locate with loci for yield 



 

This article is protected by copyright. All rights reserved. 

A
cc

ep
te

d 
A

rt
ic

le
 

components. Journal of Experimental Botany 67, 4535–4543. 
Huang F., Chen Z., Du D., Guan P., Chai L., Guo W., … Ni Z. (2020) Genome-wide 

linkage mapping of QTL for root hair length in a Chinese common wheat 
population. Crop Journal 8, 1049–1056. 

Huang L., Shi X., Wang W., Ryu K.H. & Schiefelbein J. (2017) Diversification of 
root hair development genes in vascular plants. Plant Physiology 174, 1697–
1712. 

Huang Y., Wang Y., Tan L., Sun L., Petrosino J., Cui M.Z., … Zhang M. (2019) 
Erratum: Nanospherical arabinogalactan proteins are a key component of the 
high-strength adhesive secreted by English ivy (Proc. Natl. Acad. Sci. U.S.A. 
(2016) 113 (E3193–E3202) DOI: 10.1073/pnas.1600406113). Proceedings of the 
National Academy of Sciences of the United States of America 116, 18746. 

Ivashikina N., Becker D., Ache P., Meyerhoff O., Felle H.H. & Hedrich R. (2001) K+ 
channel profile and electrical properties of Arabidopsis root hairs. FEBS Letters 
508, 463–469. 

James R.A., Weligama C., Verbyla K., Ryan P.R., Rebetzke G.J., Rattey A., … 
Delhaize E. (2016) Rhizosheaths on wheat grown in acid soils: Phosphorus 
acquisition efficiency and genetic control. Journal of Experimental Botany 67, 
3709–3718. 

Jang G., Yi K., Pires N.D., Menand B. & Dolan L. (2011) RSL genes are sufficient for 
rhizoid system development in early diverging land plants. Development 138, 
2273–2281. 

Johnson J.A., Runge C.F., Senauer B., Foley J. & Polasky S. (2014) Global 
agriculture and carbon trade-offs. Proceedings of the National Academy of 
Sciences of the United States of America 111, 12342–12347. 

Jones D.L. & Edwards A.C. (1998) Influence of sorption on the biological utilization 
of two simple carbon substrates. Soil Biology and Biochemistry 30, 1895–1902. 

Jones V.A.S. & Dolan L. (2012) The evolution of root hairs and rhizoids. Annals of 
botany 110, 205–212. 

Karanja J.K., Aslam M.M., Qian Z., Yankey R., Dodd I.C. & Weifeng X. (2021) 
Abscisic Acid Mediates Drought-Enhanced Rhizosheath Formation in Tomato. 
Frontiers in Plant Science 12, 1–13. 

Ke D., Li X., Han Y., Cheng L., Yuan H. & Wang L. (2016) ROP6 is involved in root 
hair deformation induced by Nod factors in Lotus japonicus. Plant Physiology 
and Biochemistry 108, 488–498. 

Keiluweit M., Bougoure J.J., Nico P.S., Pett-Ridge J., Weber P.K. & Kleber M. 
(2015) Mineral protection of soil carbon counteracted by root exudates. Nature 
Climate Change 5, 588–595. 

Ketelaar T., Faivre-Moskalenko C., Esseling J.J., De Ruijter N.C.A., Grierson C.S., 
Dogterom M. & Emons A.M.C. (2002) Positioning of nuclei in Arabidopsis root 
hairs: An actin-regulated process of tip growth. Plant Cell 14, 2941–2955. 

Keyes S.D., Daly K.R., Gostling N.J., Jones D.L., Talboys P., Pinzer B.R., … Roose 
T. (2013) High resolution synchrotron imaging of wheat root hairs growing in 
soil and image based modelling of phosphate uptake. New Phytologist 198, 
1023–1029. 

Kim C.M. & Dolan L. (2011) Root hair development involves asymmetric cell 
division in Brachypodium distachyon and symmetric division in Oryza sativa. 
New Phytologist 192, 601–610. 

Kim C.M., Han C.D. & Dolan L. (2017) RSL class I genes positively regulate root 
hair development in Oryza sativa. New Phytologist 213, 314–323. 



 

This article is protected by copyright. All rights reserved. 

A
cc

ep
te

d 
A

rt
ic

le
 

Kimura Y., Ushiwatari T., Suyama A., Tominaga-Wada R., Wada T. & Maruyama-
Nakashita A. (2019) Contribution of root hair development to sulfate uptake in 
arabidopsis. Plants 8, 13–17. 

Klamer F., Vogel F., Li X., Bremer H., Neumann G., Neuhäuser B., … Ludewig U. 
(2019) Estimating the importance of maize root hairs in low phosphorus 
conditions and under drought. Annals of Botany 124, 961–968. 

Klinsawang S., Sumranwanich T., Wannaro A. & Saengwilai P. (2018) Effects of root 
hair length on potassium acquisition in rice (Oryza sativa L.). Applied Ecology 
and Environmental Research 16, 1609–1620. 

Knirel Y.A., Vinogradov E. V. & Mort A.J. (1989) Application of Anhydrous 
Hydrogen Fluoride for the Structural Analysis of Polysaccharides. Advances in 
Carbohydrate Chemistry and Biochemistry 47, 167–202. 

Koebernick N., Daly K.R., Keyes S.D., Bengough A.G., Brown L.K., Cooper L.J., … 
Roose T. (2019) Imaging microstructure of the barley rhizosphere: particle 
packing and root hair influences. New Phytologist 221, 1878–1889. 

Koebernick N., Daly K.R., Keyes S.D., George T.S., Brown L.K., Raffan A., … 
Roose T. (2017) High-resolution synchrotron imaging shows that root hairs 
influence rhizosphere soil structure formation. New Phytologist 216, 124–135. 

Kohli P.S., Kumar Verma P., Verma R., Parida S.K., Thakur J.K. & Giri J. (2020) 
Genome-wide association study for phosphate deficiency responsive root hair 
elongation in chickpea. Functional and Integrative Genomics 20, 775–786. 

Kravchenko A.N., Guber A.K., Razavi B.S., Koestel J., Quigley M.Y., Robertson G.P. 
& Kuzyakov Y. (2019) Microbial spatial footprint as a driver of soil carbon 
stabilization. Nature Communications 10, 1–10. 

Kumar A., Shahbaz M., Koirala M., Blagodatskaya E., Seidel S.J., Kuzyakov Y. & 
Pausch J. (2019) Root trait plasticity and plant nutrient acquisition in phosphorus 
limited soil. Journal of Plant Nutrition and Soil Science 182, 945–952. 

Kwasniewski M., Daszkowska-Golec A., Janiak A., Chwialkowska K., Nowakowska 
U., Sablok G. & Szarejko I. (2016) Transcriptome analysis reveals the role of the 
root hairs as environmental sensors to maintain plant functions under water-
deficiency conditions. Journal of Experimental Botany 67, 1079–1094. 

Leavitt R.G. (1904) Trichomes of the root in vascular cryptogams and angiosperms. 
Proceedings of the Boston Society of Natural History 31, 273–313. 

Lenaghan S.C. & Zhang M. (2012) Real-time observation of the secretion of a 
nanocomposite adhesive from English ivy (Hedera helix). Plant Science 183, 
206–211. 

Lhuissier F.G.P., De Ruijter N.C.A., Sieberer B.J., Esseling J.J. & Emons A.M.C. 
(2001) Time course of cell biological events evoked in legume root hairs by 
Rhizobium Nod factors: State of the art. Annals of Botany 87, 289–302. 

Lin Q., Ohashi Y., Kato M., Tsuge T., Gu H., Qu L.J. & Aoyama T. (2015a) 
GLABRA2 directly suppresses basic helix-loop-helix transcription factor genes 
with diverse functions in root hair development. Plant Cell 27, 2894–2906. 

Lin Q., Ohashi Y., Kato M., Tsuge T., Gu H., Qu L.J. & Aoyama T. (2015b) 
GLABRA2 directly suppresses basic helix-loop-helix transcription factor genes 
with diverse functions in root hair development. Plant Cell 27, 2894–2906. 

Liu M., Rathjen T., Weligama K., Forrest K., Hayden M. & Delhaize E. (2017) 
Analysis of aneuploid lines of bread wheat to map chromosomal locations of 
genes controlling root hair length. Annals of Botany 119, 1333–1341. 

Liu M., Zhang H., Fang X., Zhang Y. & Jin C. (2018) Auxin acts downstream of 
ethylene and nitric oxide to regulate magnesium deficiency-induced root hair 



 

This article is protected by copyright. All rights reserved. 

A
cc

ep
te

d 
A

rt
ic

le
 

development in Arabidopsis thaliana. Plant and Cell Physiology 59, 1452–1465. 
Lynch J.P. & Brown K.M. (2001) Topsoil foraging - An architectural adaptation of 

plants to low phosphorus availability. Plant and Soil 237, 225–237. 
Lynch J.P. & Ho M.D. (2005) Rhizoeconomics: Carbon costs of phosphorus 

acquisition. Plant and Soil 269, 45–56. 
Ma X., Li X. & Ludewig U. (2021) Arbuscular mycorrhizal colonization outcompetes 

root hairs in maize under low phosphorus availability. Annals of Botany 127, 
155–166. 

Ma Z., Bielenberg D.G., Brown K.M. & Lynch J.P. (2001a) Regulation of root hair 
density by phosphorus availability in Arabidopsis thaliana. Plant, Cell and 
Environment 24, 459–467. 

Ma Z., Walk T.C., Marcus A. & Lynch J.P. (2001b) Morphological synergism in root 
hair length, density, initiation and geometry for phosphorus acquisition in 
Arabidopsis thaliana: A modeling approach. Plant and Soil 236, 221–235. 

Marin M., Feeney D.S., Brown L.K., Naveed M., Ruiz S., Koebernick N., … George 
T.S. (2021) Significance of root hairs for plant performance under contrasting 
field conditions and water deficit. Annals of Botany 128, 1–16. 

Martín-Rejano E.M., Camacho-Cristóbal J.J., Herrera-Rodríguez M.B., Rexach J., 
Navarro-Gochicoa M.T. & González-Fontes A. (2011) Auxin and ethylene are 
involved in the responses of root system architecture to low boron supply in 
Arabidopsis seedlings. Physiologia Plantarum 142, 170–178. 

Marzec M., Melzer M. & Szarejko I. (2014) The evolutionary context of root 
epidermis cell patterning in grasses (Poaceae). Plant Signaling and Behavior 9, 
1–5. 

Marzol E., Borassi C., Denita Juárez S.P., Mangano S. & Estevez J.M. (2017) RSL4 
Takes Control: Multiple Signals, One Transcription Factor. Trends in Plant 
Science 22, 553–555. 

Massalha H., Korenblum E., Malitsky S., Shapiro O.H. & Aharoni A. (2017) Live 
imaging of root-bacteria interactions in a microfluidics setup. Proceedings of the 
National Academy of Sciences of the United States of America 114, 4549–4554. 

Mehra P., Pandey B.K. & Giri J. (2017) Improvement in phosphate acquisition and 
utilization by a secretory purple acid phosphatase (OsPAP21b) in rice. Plant 
Biotechnology Journal 15, 1054–1067. 

Melzer B., Steinbrecher T., Seidel R., Kraft O., Schwaiger R. & Speck T. (2010) The 
attachment strategy of English ivy: A complex mechanism acting on several 
hierarchical levels. Journal of the Royal Society Interface 7, 1383–1389. 

Menand B., Yi K., Jouannic S., Hoffmann L., Ryan E., Linstead P., … Dolan L. 
(2007) An ancient mechanism controls the development of cells with a rooting 
function in land plants. Science 316, 1477–1480. 

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. 

Misra R.K., Alston A.M. & Dexter A.R. (1988) Role of root hairs in phosphorus 
depletion from a macrostructured soil. Plant and Soil 107, 11–18. 

Moon S., Cho L.H., Kim Y.J., Gho Y.S., Jeong H.Y., Hong W.J., … Jung K.H. (2019) 
RSL class II transcription factors guide the nuclear localization of RHL1 to 
regulate root hair development. Plant Physiology 179, 558–568. 

Mousa W.K., Shearer C., Limay-Rios V., Ettinger C.L., Eisen J.A. & Raizada M.N. 
(2016) Root-hair endophyte stacking in finger millet creates a physicochemical 
barrier to trap the fungal pathogen Fusarium graminearum. Nature Microbiology 



 

This article is protected by copyright. All rights reserved. 

A
cc

ep
te

d 
A

rt
ic

le
 

1, 16167. 
Murray J.D. (2011) Invasion by invitation: Rhizobial infection in legumes. Molecular 

Plant-Microbe Interactions 24, 631–639. 
Murren C.J., Auld J.R., Callahan H., Ghalambor C.K., Handelsman C.A., Heskel 

M.A., … Schlichting C.D. (2015) Constraints on the evolution of phenotypic 
plasticity: Limits and costs of phenotype and plasticity. Heredity 115, 293–301. 

Nath D. (2005) Membrane biology. Nature 438, 577. 
Nestler J., Keyes S.D. & Wissuwa M. (2016) Root hair formation in rice (Oryza sativa 

L.) differs between root types and is altered in artificial growth conditions. 
Journal of Experimental Botany 67, 3699–3708. 

Nestler J., Liu S., Wen T.J., Paschold A., Marcon C., Tang H.M., … Hochholdinger F. 
(2014) Roothairless5, which functions in maize (Zea mays L.) root hair initiation 
and elongation encodes a monocot-specific NADPH oxidase. Plant Journal 79, 
729–740. 

Nestler J. & Wissuwa M. (2016) Superior root hair formation confers root efficiency 
in some, but not all, rice genotypes upon P deficiency. Frontiers in Plant Science 
7, 1935. 

Ortíz-Castro R., Martínez-Trujillo M. & López-Bucio J. (2008) N-acyl-L-homoserine 
lactones: A class of bacterial quorum-sensing signals alter post-embryonic root 
development in Arabidopsis thaliana. Plant, Cell and Environment 31, 1497–
1509. 

Panchal P., Miller A.J. & Giri J. (2021) Organic acids: versatile stress-response roles 
in plants. Journal of Experimental Botany 72, 4038–4052. 

Pausch J., Loeppmann S., Kühnel A., Forbush K., Kuzyakov Y. & Cheng W. (2016) 
Rhizosphere priming of barley with and without root hairs. Soil Biology and 
Biochemistry 100, 74–82. 

Pečenková T., Janda M., Ortmannová J., Hajná V., Stehlíková Z. & Žárský V. (2017) 
Early Arabidopsis root hair growth stimulation by pathogenic strains of 
Pseudomonas syringae. Annals of Botany 120, 437–446. 

Pires N.D., Yi K., Breuninger H., Catarino B., Menand B. & Dolan L. (2013) 
Recruitment and remodeling of an ancient gene regulatory network during land 
plant evolution. Proceedings of the National Academy of Sciences of the United 
States of America 110, 9571–9576. 

Poitout A., Martinière A., Kucharczyk B., Queruel N., Silva-Andia J., Mashkoor S., 
… Desbrosses G. (2017) Local signalling pathways regulate the Arabidopsis root 
developmental response to Mesorhizobium loti inoculation. Journal of 
Experimental Botany 68, 1199–1211. 

Prieto P., Schilirò E., Maldonado-González M.M., Valderrama R., Barroso-Albarracín 
J.B. & Mercado-Blanco J. (2011) Root Hairs Play a Key Role in the Endophytic 
Colonization of Olive Roots by Pseudomonas spp. with Biocontrol Activity. 
Microbial Ecology 62, 435–445. 

Proust H., Honkanen S., Jones V.A.S., Morieri G., Prescott H., Kelly S., … Dolan L. 
(2016) RSL Class i Genes Controlled the Development of Epidermal Structures 
in the Common Ancestor of Land Plants. Current Biology 26, 93–99. 

Raven P.H. & Wagner D.L. (2021) Agricultural intensification and climate change are 
rapidly decreasing insect biodiversity. Proceedings of the National Academy of 
Sciences of the United States of America 118, 1–6. 

Read D.B., Bengough A.G., Gregory P.J., Crawford J.W., Robinson D., Scrimgeour 
C.M., … Zhang X. (2003) Plant roots release phospholipid surfactants that 
modify the physical and chemical properties of soil. New Phytologist 157, 315–



 

This article is protected by copyright. All rights reserved. 

A
cc

ep
te

d 
A

rt
ic

le
 

326. 
Renzaglia K.S., Villarreal J.C. & Duff R.J. (2008) New insights into morphology, 

anatomy, and systematics of hornworts. In Bryophyte Biology, Second Edition. 
(ed A.J. Shaw), pp. 141–171. Cambridge University Press, Cambridge. 

Rhee J.Y., Chung G.C., Katsuhara M. & Ahn S.J. (2011) Effect of nutrient 
deficiencies on the water transport properties in figleaf gourd plants. Horticulture 
Environment and Biotechnology 52, 629–634. 

Ribaudo C.M., Krumpholz E.M., Cassán F.D., Bottini R., Cantore M.L. & Curá J.A. 
(2006) Azospirillum sp. Promotes root hair development in tomato plants 
through a mechanism that involves ethylene. Journal of Plant Growth Regulation 
25, 175–185. 

Richards C.L., Bossdorf O., Muth N.Z., Gurevitch J. & Pigliucci M. (2006) Jack of all 
trades, master of some? On the role of phenotypic plasticity in plant invasions. 
Ecology Letters 9, 981–993. 

Robertson-Albertyn S., Terrazas R.A., Balbirnie K., Blank M., Janiak A., Szarejko I., 
… Bulgarelli D. (2017) Root hair mutations displace the barley rhizosphere 
microbiota. Frontiers in Plant Science 8, 1–15. 

Ruiz S., Koebernick N., Duncan S., Fletcher D.M.K., Scotson C., Boghi A., … Roose 
T. (2020) Significance of root hairs at the field scale – modelling root water and 
phosphorus uptake under different field conditions. Plant and Soil 447, 281–304. 

Rymen B., Kawamura A., Schäfer S., Breuer C., Iwase A., Shibata M., … Sugimoto 
K. (2017) ABA suppresses root hair growth via the OBP4 transcriptional 
regulator. Plant Physiology 173, 1750–1762. 

Salazar-Henao J.E., Vélez-Bermúdez I.C. & Schmidt W. (2016) The regulation and 
plasticity of root hair patterning and morphogenesis. Development (Cambridge) 
143, 1848–1858. 

Sandhu N., Torres R.O., Sta Cruz M.T., Maturan P.C., Jain R., Kumar A. & Henry A. 
(2015) Traits and QTLs for development of dry direct-seeded rainfed rice varie-
ties. Journal of Experimental Botany 66, 225–244. 

Schiefelbein J.W., Shipley A. & Rowse P. (1992) Calcium influx at the tip of growing 
root-hair cells of Arabidopsis thaliana. Planta 187, 455–459. 

Schmidt W & Schikora A (2001) Different pathways are involved in phophate and 
iron stress-induced alterations of root epidermal cell development. Plant 
Physiology 125, 2078–2084. 

Schnall J.A. & Quatrano R.S. (1992) Abscisic acid elicits the water-stress response in 
root hairs of Arabidopsis thaliana. Plant Physiology 100, 216–218. 

Scotland R.W. (2010) Deep homology: A view from systematics. BioEssays 32, 438–
449. 

Segal E., Kushnir T., Mualem Y. & Shani U. (2008) Water Uptake and Hydraulics of 
the Root Hair Rhizosphere. Vadose Zone Journal 7, 1027–1034. 

Shane M.W., McCully M.E., Canny M.J., Pate J.S., Huang C., Ngo H. & Lambers H. 
(2010) Seasonal water relations of Lyginia barbata (Southern rush) in relation to 
root xylem development and summer dormancy of root apices. New Phytologist 
185, 1025–1037. 

Shane M.W., McCully M.E., Canny M.J., Pate J.S. & Lambers H. (2011) 
Development and persistence of sandsheaths of Lyginia barbata (Restionaceae): 
Relation to root structural development and longevity. Annals of Botany 108, 
1307–1322. 

Shehata H.R., Dumigan C., Watts S. & Raizada M.N. (2017) An endophytic microbe 
from an unusual volcanic swamp corn seeks and inhabits root hair cells to extract 



 

This article is protected by copyright. All rights reserved. 

A
cc

ep
te

d 
A

rt
ic

le
 

rock phosphate. Scientific Reports 7, 1–13. 
Sherrier D.J. & VandenBosch K.A. (1994) Secretion of cell wall polysaccharides in 

Vicia root hairs. The Plant Journal 5, 185–195. 
Song L., Yu H., Dong J., Che X., Jiao Y. & Liu D. (2016) The Molecular Mechanism 

of Ethylene-Mediated Root Hair Development Induced by Phosphate Starvation. 
PLoS Genetics 12, e1006194. 

Stetter M.G., Schmid K. & Ludewig U. (2015) Uncovering genes and ploidy involved 
in the high diversity in root hair density, length and response to local scarce 
phosphate in Arabidopsis thaliana. PLoS ONE 10, e0120604. 

Szarejko I., Janiak A., Chmielewska B. & Nawrot M. (2005) Genetic analysis of sev-
eral root hair mutants of barley. Barley Genetics Newsletter 35, 36–38. 

Thamm A., Saunders T.E. & Dolan L. (2020) MpFEW RHIZOIDS1 miRNA-
Mediated Lateral Inhibition Controls Rhizoid Cell Patterning in Marchantia 
polymorpha. Current Biology 30, 1905-1915.e4. 

Tigchelaar M., Battisti D.S., Naylor R.L. & Ray D.K. (2018) Future warming 
increases probability of globally synchronized maize production shocks. 
Proceedings of the National Academy of Sciences of the United States of America 
115, 6644–6649. 

Vandamme E., Renkens M., Pypers P., Smolders E., Vanlauwe 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. 

Vejchasarn P., Lynch J.P. & Brown K.M. (2016) Genetic Variability in Phosphorus 
Responses of Rice Root Phenotypes. Rice 9, 29. 

Vijayakumar P., Datta S. & Dolan L. (2016) ROOT HAIR DEFECTIVE SIX-LIKE4 
(RSL4) promotes root hair elongation by transcriptionally regulating the 
expression of genes required for cell growth. New Phytologist 212, 944–953. 

Vissenberg K., Claeijs N., Balcerowicz D. & Schoenaers S. (2020) Hormonal 
regulation of root hair growth and responses to the environment in Arabidopsis. 
Journal of Experimental Botany 71, 2412–2427. 

Walsh B. (2017) Crops can be strong and sensitive. Nature Plants 3, 694–695. 
Wang L., Li X., Mang M., Ludewig U. & Shen J. (2021) Heterogeneous nutrient 

supply promotes maize growth and phosphorus acquisition: additive and 
compensatory effects of lateral roots and root hairs. Annals of Botany 128, 431–
440. 

Wang Y.-L., Almvik M., Clarke N., Eich-Greatorex S., Øgaard A.F., Krogstad T., … 
Clarke J.L. (2015) Contrasting responses of root morphology and root-exuded 
organic acids to low phosphorus availability in three important food crops with 
divergent root traits. AoB Plants 7, plv097. 

Watt M., McCully M.E. & Jeffree C.E. (1993) Plant and bacterial mucilages of the 
maize rhizosphere: Comparison of their soil binding properties and 
histochemistry in a model system. Plant and Soil 151, 151–165. 

Weaver J.E. (1925) Investigations on the Root Habits of Plants. American Journal of 
Botany 12, 502. 

Wen Tsui Jung & Schnable P.S. (1994) Analysis of mutants of three genes that influ-
ence root hair development in Zea mays (Gramineae) suggest that root hairs are 
dispensable. American Journal of Botany 81, 833–842. 

Wendrich J.R., Yang B.J., Vandamme N., Verstaen K., Smet W., Velde C. Van de, … 
Rybel B. De (2020) Vascular transcription factors guide plant epidermal 
responses to limiting phosphate conditions. Science 370. 

Wheatley R.M. & Poole P.S. (2018) Mechanisms of bacterial attachment to roots. 



 

This article is protected by copyright. All rights reserved. 

A
cc

ep
te

d 
A

rt
ic

le
 

FEMS Microbiology Reviews 42, 448–461. 
Wissuwa M. & Kant J. (2021) Does half a millimetre matter? Root hairs for yield 

stability. A commentary on “Significance of root hairs for plant performance 
under contrasting field conditions and water deficit.” Annals of Botany 128, III–
V. 

Won S.K., Lee Y.J., Lee H.Y., Heo Y.K., Cho M. & Cho H.T. (2009) cis-element- 
and transcriptome-based screening of root hair-specific genes and their functional 
characterization in Arabidopsis. Plant Physiology 150, 1459–1473. 

Yan X., Liao H., Beebe S.E., Blair M.W. &amp; Lynch J.P. (2004) QTL mapping of 
root hair and acid exudation traits and their relationship to phosphorus uptake in 
common bean. Plant and Soil 265, 17–29. 

Yang X. & Deng W. (2017) Morphological and structural characterization of the 
attachment system in aerial roots of Syngonium podophyllum. Planta 245, 507–
521. 

Yu Z., Kang B., He X., Lv S., Bai Y., Ding W., … Wu P. (2011) Root hair-specific 
expansins 1189 modulate root hair elongation in rice. Plant Journal 66, 725–734. 

Zamioudis C., Mastranesti P., Dhonukshe P., Blilou I. & Pieterse C.M.J. (2013) 
Unraveling root developmental programs initiated by beneficial Pseudomonas 
spp. Bacteria. Plant Physiology 162, 304–318. 

Zenone A., Alagna A., D’Anna G., Kovalev A., Kreitschitz A., Badalamenti F. & 
Gorb S.N. (2020) Biological adhesion in seagrasses: The role of substrate 
roughness in Posidonia oceanica (L.) Delile seedling anchorage via adhesive 
root hairs. Marine Environmental Research 160, 105012. 

Zhang M., Liu M., Prest H. & Fischer S. (2008) Nanoparticles secreted from ivy 
rootlets for surface climbing. Nano Letters 8, 1277–1280. 

Zhang X., Kuzyakov Y., Zang H., Dippold M.A., Shi L., Spielvogel S. & Razavi B.S. 
(2020a) Rhizosphere hotspots: Root hairs and warming control microbial 
efficiency, carbon utilization and energy production. Soil Biology and 
Biochemistry 148, 107872. 

Zhang Y., Du H., Gui Y., Xu F., Liu J., Zhang J. & Xu W. (2021a) Moderate water 
stress in rice induces rhizosheath formation associated with abscisic acid and 
auxin responses. Journal of Experimental Botany 71, 2740–2751. 

Zhang Y., Du H., Xu F., Ding Y., Gui Y., Zhang J. & Xua W. (2020b) Root-bacteria 
associations boost rhizosheath formation in moderately dry soil through ethylene 
responses. Plant Physiology 183, 780–792. 

Zhang Y., Xu F., Ding Y., Du H., Zhang Q., Dang X., … Xu W. (2021b) Abscisic 
acid mediates barley rhizosheath formation under mild soil drying by promoting 
root hair growth and auxin response. Plant Cell and Environment 6, 1935-1945. 

Zhu J., Kaeppler S.M. & Lynch J.P. (2005) Mapping of QTL controlling root hair 
length in maize (Zea mays L.) under phosphorus deficiency. Plant and Soil 270, 
299–310. 

Zhu J., Zhang C. & Lynch J.P. (2010) The utility of phenotypic plasticity of root hair 
length for phosphorus acquisition. Functional Plant Biology 37, 313–322. 

Zygalakis K.C., Kirk G.J.D., Jones D.L., Wissuwa M. & Roose T. (2011) A dual 
porosity model of nutrient uptake by root hairs. New Phytologist 192, 676–688. 

 
  



 

This article is protected by copyright. All rights reserved. 

A
cc

ep
te

d 
A

rt
ic

le
 

Figures 

 
Figure 1. Stages of root hair development. Growth of the root hair can be divided 
into morphologically distinct three stages. First, the appearance of a bulge on the basal 
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region of the trichoblast cell (root hair initiation). The initial bulge precedes a slow 
growth phase which transits to a fast growth phase. Together both these growth phases 
are considered as root hair tip growth (Dolan et al. 1994). Before root hair initiation, 
the epidermal cell nucleus gets migrates to the region where bulge formation occurs. 
During the transition and slow growth phase, the nucleus enters the root hair and re-
mains near the shank. After the transition phase, i.e., in fast growth, the nucleus enters 
the growing root hair cell and maintains a certain distance from the growing tip until 
root hair achieves a certain length (Ketelaar et al. 2002). 
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Figure 2. Epidermal cell patterning of the root of angiosperms and gemma of 
Marchantia polymorpha. a) Angiosperms mainly consist of three types of arrange-
ment: in type 1, there is no distinction between the hair and nonhair forming cell; any 
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of the epidermal cells can form root hair. Type 2 patterns have hair and nonhair cells 
present in the same longitudinal epidermal files. This arrangement results from an 
asymmetric division in which shorter cell forms a root hair and larger remains as a 
nonhair cell. In Type 3, alternate longitudinal epidermal files of trichoblasts and non-
hair cells are present, and the fate of epidermal cells is decided early in the rootward 
region of the meristem (adapted from Datta et al. (2011). b) Gemma of Marchantia 
consists of a single or group (up to 7) of rhizoidal cells surrounded by flat epidermal 
cells/non-rhizoid cells (adapted from Thamm et al. (2020). 
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Figure 3. Comparative molecular control of epidermal cell patterning between 
Marchantia polymorpha and Arabidopsis thaliana. Epidermal cell patterning in M. 
polymorpha and A. thaliana. Epidermal cell patterning exhibits independent evolution 
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in different plant lineages. In Marchantia, a miRNA FEW RHIZOIDS1 (MpFRH1) 
inhibits MpRSL1, whereas GL2 inhibits AtRHD6 in Arabidopsis. Positional devel-
opmental signals decide the cell fate of epidermal cells early in the root development 
of Arabidopsis through a non-cell autonomous mechanism. On the contrary, lateral 
inhibition guides the cell fate in Marchantia (Hassan, Scheres & Blilou 2010; Lin et 
al. 2015b; Honkanen et al. 2018; Thamm et al. 2020). JKD-JACKDAW; SCM-
SCRAMBLED; WER-WEREWOLF 
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Figure 4. Contribution of root hairs in influencing physical, chemical, and biolog-
ical components of the rhizosphere. Root hairs’ actions influence the rhizo-engine 
framework for soil organic carbon (SOC) (proposed by Dijkstra et al. (2021). Root 
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hairs modulate the SOC pool towards sequestration through their input as exudates 
and actions on soil microbes (M) and soil physio-chemical matrix (P). Green boxes 
indicate root hair actions that contribute to SOC, and red boxes include actions that 
add to the conversion of SOC to CO2 (adapted from Dijkstra et al. (2021). Further, 
root hair influences microbial diversity of the rhizosphere by enriching plant growth-
promoting rhizobacteria (PGPR) (Robertson-Albertyn et al. 2017) and are instrumen-
tal in forming rhizosheath (Haling et al. 2014; Brown et al. 2017). 
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Figure 5. Roles of root hairs in water and phosphate (Pi) acquisition and their 
response in dry and Pi deficiency conditions. (a) During dry conditions, root hairs 
provide better hydraulic conductance than dry soil, and buffer water potential (ψ) de-
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crease at root-soil interface (Carminati et al. 2017); leads to lower leaf abscisic acid 
(ABA) and higher leaf ψ (Marin et al. 2020). (b) ABA synthesis during drought in 
barley and rice leads to longer root hairs and increase in rhizosheath size. Rhizosheath 
helps in dry conditions as it has more water holding capacity than bulk soil (Zhang et 
al. 2020b, 2021b); (c) Root hairs acquire half of the total Pi from the soil (Keyes et al. 
2013) and; (d) during Pi deficiency root hair length and the number increases through 
complex molecular and phytohormonal interplay (Feng et al. 2017; Bhosale et al. 
2018; Wendrich et al. 2020). Auxin near epidermal cells and in the xylem is repre-
sented by green; Cytokinin gradient extends from stele to epidermal cells in red. ↑-
Increase, ↓-Decrease, Eth-ethylene 
Table 1. List of selected root hair mutants in monocots used for understanding 
root hair physiology  

Species 
Name 

Mutant Gene Phenotype Identified root 
hair functions 

References 

 
Oryza 
sativa  

 
rhl1,2 

(root hair 
less1,2) 

 
OsRHL1 

(bHLH tran-
scriptional 

factor) 

 
Shorter 

root hairs 

 
Rhizosheath de-
velopment, water 
uptake/deficiency 

 
(Ding et al. 
2009; Zhang 
et al. 2021a) 

 
OsexpA17 

 
OsEXPA17 
(Expansin) 

 
Shorter 

root hairs 

 
Rhizosheath de-
velopment, water 
uptake/deficiency 

 
(Yu et al. 

2011; Zhang 
et al. 2021a) 

 
Zea 

mays 

 
rth2 

(root hairless 
2) 

 
N.I 

 

Shorter 
root hairs 

 

P up-
take/deficiency 

 
(Wen Tsui 

Jung & 
Schnable 

1994; Klamer 
et al. 2019) 

 
rth3 

(root hairless 
3) 

 
ZmRTH3 
(COBRA 

Like Protein) 

 
Shorter 

root hairs 

 
Microbial interac-

tion, P up-
take/deficiency, 
root penetration, 
rhizosheath de-

velopment 

 
(Wen Tsui 

Jung & 
Schnable 

1994; Hoch-
holdinger et 

al. 2008; Ben-
gough et al. 

2016; Kumar 
et al. 2019; 
Zhang et al. 

2020a; 
Gebauer et al. 
2021; Burak et 

al. 2021) 
 

Hordeum 
vulgare 

 
rhp1.b 

(root hair 
primodia1.b) 

 
N.I 

 
Root hair 

bulge 

 
Microbial interac-

tion 

 
(Szarejko et 

al. 2005; Rob-
ertson-

Albertyn et al. 
2017) 
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nrh 

(no root hair) 

 
N.I 

 
Root hair-

less 

 
Root penetration, 

P up-
take/deficiency, 

microbial interac-
tion, water up-

take/deficiency, 
soil pore struc-

ture, rhizosheath 
development 

Brown et al. 
2012, 2013; 
Haling et al. 
2013, 2014; 
George et al. 

2014; Koeber-
nick et al. 

2019; Marin et 
al. 2020; 

Zhang et al. 
2021b) 

 
srh 

(short root 
hair) 

 
N.I 

 
Shorter 

root hairs 

 
Water up-

take/deficiency, 
rhizosheath de-

velopment, P up-
take/deficiency, 

microbial interac-
tion 

(Brown et al. 
2012, 2013; 
George et al. 
2014; Haling 
et al. 2014) 

 
brh 

(bud root 
hair) 

 
N.I 

 
Root hair 

bulge 

Water up-
take/deficiency, 

rhizosheath 

(Brown et al. 
2012; Haling 
et al. 2014; 
Marin et al. 

2020) 
 

brb 
(bald root 

barley) 

 
N.I 

 
Root hair-

less 

 
Rhizosheath de-
velopment, exu-
dation, carbon 
sequestration, 

water up-
take/deficiency, 

rhizosphere prim-
ing, P up-

take/deficiency, 
microbial interac-

tion 

(Gahoonia et 
al. 2002; Ga-

hoonia & 
Nielsen 2003; 
Haling et al. 
2010; Pausch 
et al. 2016; 
Carminati et 

al. 2017; Holz 
et al. 2018; 
Burak et al. 

2021) 
 

rhl1.a 
(root hairless 

1.a) 

 

N.I 

  
Root hair-

less 

 
Water up-

take/deficiency, 
microbial interac-

tion 

 (Szarejko et 
al. 2005; 

Kwasniewski 
et al. 2016; 
Robertson-

Albertyn et al. 
2017) 

N.I – Not Identified 
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Table 2. QTL mapping studies for root hair-associated traits in diverse crops  
S
.
N

 

Spe-
cies 

Gro
wth 
met
h d 

Parents Cros
s 

Pop
ula-
tion 
i  

Con
di-
tion 

Tra
it 

QT
Ls 
Ide

ti
 

L
O
D 
R

 

PV
E
% 
R

 

Reference 

1
. 

Triti-
cum 
aes-

tivum 
L. 

Nu-
tri-
ent 
agar 

Zhou 
8425B; 
Chinese 
Spring 

Bipa
rent-

al 
RILs  

227 Con-
trol 

RH
L 

Ma-
jor: 
4 

3.9
6-
2.7
7 

6.5
2-
4.5
6 

(Huang et 
al. 2020) 

Mi-
nor: 

4 

2.3
1-
2.0
9 

3.6
8-
3.3
2 

   

2
. 

Triti-
cum 
aes-

tivum 
L. 

Pot 
soil 

EGA 
Burke; 
Fron-
teira 

Bipa
rent-

al 
RILs 

139 Con-
trol 
(Aci
dic 

soil) 

Rhi
zos
heat

h 
size 

5 15.
78-
3.0
6 

34.
1-
6.8 

(James et 
al. 2016) 

3
. 

Triti-
cum 
aes-

tivum 
L. 

Pot 
soil 

Yitpi; 
Baxter; 
Chara; 
Wes-
tonia 

MA
GIC 

466 Con-
trol 

Rhi
zos
heat

h 
size 

Ma-
jor: 

 

9.6
5-

 

9.7
-

 

(Delhaize, 
Rathjen & 
Cavanagh 

2015) 
Mi-
nor: 

 

2.6
9-1 

3.1
-

  

4
. 

Triti-
cum 
aes-

tivum 
L. 

Nu-
tri-
ent 

phyt
agel 

Spark; 
Rialto 

Bipa
rent-

 
 

115 Con-
trol 

RH
L 

3 2.7
-

 

8.2
-

 

(Horn, 
Wingen, 
Snape & 

Dolan 
2016) 

Charger
; Badg-

 

Bipa
rent-

 
 

95 Con-
trol 

RH
L 

1 3.8 17.
6 

        

5
. 

Hord
eum 
vul-
gare 

Pot 
soil 

Com-
mander; 

Fleet 

Bipa
rent-

al 
DHs 

175 Con-
trol 

Rhi
zos
heat

h 
size 

5 4.9
1-
2.9
5 

11.
96-
7.9
4 

(Gong & 
McDonal
d 2017) 

6
. 

Zea 
mays 

L. 

Pa-
per 
roll 

B73; 
Mo17 

Bipa
rent-

al 
RILs 

169 Con-
trol 

RH
L 

3 4.5
5-

 

14.
7-

 

(Zhu, 
Kaeppler 
& Lynch 

2005) 
P 

defi-
cien-

cy 

RH
L 

1 4.0
4 

10.
4 

RH
L 

 

1 5.8
6 

9.6 

    

7
. 

Phas
eolus 

Hy-
drop

DOR36
4; 

Bipa
rent-

86 P 
defi-

RH
L-

 

2 4.1
8-

 

14.
5-

 

(Yan, 
Liao, 
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vul-
garis 

L. 

on-
ics 

G19833 al 
RILs 

cien-
cy 

RH
L-tr 

3 5.4
3- 
2.5
3  

28.
6-
8.5 

Beebe, 
Blair & 
Lynch 
2004) RH

D-
 

3 5.5
5-

 

20.
0-

 8
. 

Ory-
za 

sati-
va 

Fiel
d 

con
di-

 

Aus276
/3;IR64 

Back 
cross 
(BC2
F1) 

206 Drou
ght 
(Di-
rect 

 
 

RH
L 

1 - 7.1
-

6.8 

(Sandhu 
et al. 
2015) 

       RH
D 

2 - 6.6
-

6.3 

   Aus276
/3;MTU

1010 

Back 
cross 
(BC2
F1) 

116 Drou
ght 
(Di-
rect 

 
 

RH
L 

1 - 6.9
-

6.6 

       RH
D 

1 - 6.7
-

6.3 

  
RIL - Recombinant inbred lines; DH- Double haploid; RHL- Root hair length; P- phosphorus; MAGIC- 

multi-parent advanced generation intercross; PVE- Percentage variation explained; RHL-br - Root 
hair length of basal roots; RHL-tr - Root hair length of tap roots; RHD-br - Root hair density of basal 
roots 
 




