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• Background and Aims Root hairs are single-cell extensions of the epidermis that face into the soil and increase 
the root–soil contact surface. Root hairs enlarge the rhizosphere radially and are very important for taking up water 
and sparingly soluble nutrients, such as the poorly soil-mobile phosphate. In order to quantify the importance of 
root hairs for maize, a mutant and the corresponding wild type were compared.
• Methods The rth2 maize mutant with very short root hairs was assayed for growth and phosphorus (P) acquisition in 
a slightly alkaline soil with low P and limited water supply in the absence of mycorrhization and with ample P supply.
• Key Results Root and shoot growth was additively impaired under P deficiency and drought. Internal P con-
centrations declined with reduced water and P supply, whereas micronutrients (iron, zinc) were little affected. The 
very short root hairs in rth2 did not affect internal P concentrations, but the P content of juvenile plants was halved 
under combined stress. The rth2 plants had more fine roots and increased specific root length, but P mobilization 
traits (root organic carbon and phosphatase exudation) differed little.
• Conclusions The results confirm the importance of root hairs for maize P uptake and content, but not for inter-
nal P concentrations. Furthermore, the performance of root hair mutants may be biased by secondary effects, such 
as altered root growth.
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INTRODUCTION

In low-phosphate soils and under dry conditions, root hairs 
comprise a cheap, ‘cost’-effective strategy to increase plant 
uptake of the sparingly soluble phosphate and water from soils 
(Jungk, 2001; Lynch and Ho, 2005; Brown et al., 2013). Water 
enters roots primarily in the root hair zone and is directly taken 
up via root hairs (Cailloux, 1972). The water (and nutrient) 
taken up via root hairs may, however, make only a limited con-
tribution to transpiration during the day (Segal et al., 2008).

The contribution of long and dense root hairs to depleting 
Olsen P from soil was initially estimated with diverse wheat 
and barley genotypes (Gahoonia et  al., 1997). A  spontan-
eous barley mutant without root hairs (brb) depleted less P 
from the soil and was less competent on low-P soil compared 
with the wild type (Gahoonia et al., 2001). When P-limited 
barley was exposed to drought, deficiency symptoms and 
growth retardation were most severe in plants lacking root 
hairs, confirming the synergism in nutrient and water up-
take in this species (Brown et  al., 2012). Interestingly, at 
low P supply, root-hair-deficient barley mutants tended to 
have elevated internal P concentration, although this effect 
was not significant (Brown et  al., 2012). Furthermore, the 
brb barley root-hair-deficient mutant was impaired in water 
uptake from drying soil, at least at high evaporative demand 

(Carminati et al., 2017) but less at low evaporative demand 
(Dodd and Diatloff, 2016).

In addition to root hairs, symbiotic vesicular arbuscular 
mycorrhiza help to acquire P and water via extension of the 
below-ground uptake surface. Mycorrhiza may compensate 
for root hairs, if successfully established. Mycorrhization re-
duced root hair density and length in wild-type maize by ~40 
% (Kothari et al., 1990). Furthermore, seedling root hairs are 
thought to help mechanical root anchorage during establish-
ment and root tip penetration into compacted soil (Bengough 
et al., 2011). Finally, root hairs are crucial for the interaction 
with rhizobacteria and may serve as entry points for endophytes 
(Prieto et al., 2011).

The patterning of root hairs in the rhizodermis and root-hair-
specific gene expression are best characterized in Arabidopsis 
(Lan et al., 2013) and experiments with this species and mutants 
have suggested that root hairs provide a competitive advantage 
in mixed cultures in low-P soil (Bates and Lynch, 2001). As P 
in soil is hardly mobile and typically only enriched in the upper 
soil layers, root hairs are especially effective in soil fractions 
close to the surface. Thus, their functional contribution cannot 
be viewed independently of other root architectural and mor-
phological features (Lynch, 2013).

The maize crop is especially sensitive to P deficiency 
in juvenile phases, after internal stores have been used up 
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(Nadeem et al., 2011). The internal P stores are large enough 
to provide sufficient P for several days, but a proteomic study 
revealed that phosphate uptake transporters were already more 
abundant in root hairs from just germinated seedlings exposed 
to a nutrient solution lacking P (Li et al., 2015).

We hypothesized that the loss of root hairs increases the 
severity of P deficiency in maize and strongly represses plant 
growth under drought, especially when combined with low P 
availability. The root-hair-defective maize mutant rth2 (Wen and 
Schnable, 1994) was used to estimate the importance of maize 
root hairs under low P availability and drought. Importantly, 
a soil mix was used in which mycorrhization was essentially 
absent (Neumann, 2007), as mycorrhization might compensate 
for the loss of root hairs (Kothari et al., 1990). We observed 
that juvenile shoot P concentrations were strongly decreased by 
the stresses, but were unaffected by the very short root hairs in 
rth2, irrespective of water limitation or P level. However, plant 
growth and plant P content (the product of concentration and 
biomass) were severely compromised by very short root hairs 
under combined drought and low P.  Interestingly, rth2 roots 
also had more fine roots.

MATERIALS AND METHODS

Plant material

We used the maize inbred line B73 as wild type and the rth2 
mutant, which was backcrossed to B73 more than seven times 
and is therefore nearly isogenic (Wen and Schnable, 1994). The 
seeds were surface-sterilized by rinsing them for 2  min in a 
10 % H2O2 solution and were then placed in a 10 mm CaSO4 
solution for 24 h. Seeds were put between foam sheets soaked 
in a 3 mm CaSO4 solution for 4 d to germinate and were then 
transferred gently to soil or nutrient solutions.

Growth experiments in soil

Plants were grown in 5-L ceramic, cylindrical Mitscherlich 
pots (diameter 20  cm, height 18  cm) in the greenhouse 
(48°42′41.04″ N, 9°12′34.20″ E) in a warm spring and were 
harvested after 44 d.  For the first experiments, a long-term-
stored nutrient-poor subsoil (pH 7.6, Corg <0.3.%, CaCO3 30 
%) with the following mineral concentrations was used (mg 
kg−1): 7.9 total P; 59.9 Ca; 11.3 Mg; 15 Mn; 7.8 Fe; 0.6 Zn; 
0.2 B; and 0.7 Cu (VDLUFA, 1997). This subsoil was mixed 
with quartz sand (17 % w/w) and fertilized with (mg kg−1 soil): 
200 NH4NO3; 200 K2SO4; 100 MgSO4; 1.9 Fe-Sequestrene; 2.6 
ZnSO4; 1 CuSO4; and 37.5 (−P) or 150 (+P) Ca(H2PO4)2. The 
rationale for using this carbonate-rich subsoil mix was its very 
low basal nutrient content and especially low P availability. 
Carbonate-rich soils may limit plant P availability and growth 
even when the soil pH is adjusted by liming to an optimal pH of 
6–7 (Rothwell et al., 2015).

Plants were additionally fertilized at day 17 with 100 mg ni-
trogen kg−1 substrate and 2.6 mg Zn kg−1 at day 27. In this sub-
soil mix, mycorrhization was previously checked in hundreds of 
samples over several years and was essentially absent across a 
wide array of plant species, including maize (Neumann, 2007). 

The absence of mycorrhiza was confirmed in our samples by 
using trypan blue stain (Neumann, 2007).

Each pot contained one plant and 6 kg of substrate. For the 
well-watered control (W+), the 15 % initial soil water content 
(total water-holding capacity 30 %) was raised at day 11 to 20 %  
water. For the drought treatments, the plants were gradually 
exposed to less water to allow adaptation to the dry conditions. 
These plants were treated like the controls until day 19, when 
water was reduced to 15 % and at day 27 further to 12 %. The 
soil moisture level was gravimetrically measured and adjusted 
on a daily basis.

For later experiments a nutrient-rich peat soil (Einheitserde 
type T, Einheitserde- und Humuswerke, Sinntal-Jossa, 
Germany) was mixed with 15 % of the loamy loess subsoil and 
10 % sand in 5-L Mitscherlich pots, to obtain a substrate with 
high P availability. Soil P was 130 mg kg−1, pH 6, and plants 
on this substrate were additionally fertilized twice with 100 mg 
kg−1 P (as Ca(H2PO4)2) in the last two growing weeks.

Growth experiments in nutrient solution

Hydroponic plants were grown for 6 weeks in a climate 
chamber at 24 °C, 60 % humidity and photosynthetically active 
photon flux density of 400 µmol m−2 s−1 for 14 h. Hydroponics 
started with six seedlings per pot in pots containing 2.8 L of 
a diluted maize nutrient solution, containing 0.1 mm K2SO4, 
0.12 mm MgCl2, 0.5 mm Ca(NO3)2, 200 µm KH2PO4, 0.2 µm 
H3BO3, 0.1  µm MnSO4, 0.1  µm ZnSO4, 0.04  µm CuSO4 and 
2 nm (NH4)6Mo7O24. Three days later the seedlings were sep-
arated into two seedlings per pot and the macronutrient con-
centrations were increased to 0.5 mm K2SO4, 0.6 mm MgCl2, 
2.5 mm Ca(NO3)2 and 0.1 mm KH2PO4. The KH2PO4 concen-
tration was progressively raised to 0.2 mm and finally to 0.5 
mm in week 4, while micronutrients were 1 µm H3BO3, 0.5 µm 
MnSO4, 0.5 µm ZnSO4, 0.2 µm CuSO4, 0.01 µm (NH4)6Mo7O24 
and 100 µm Fe-Sequestrene, which was raised to 200 µm at the 
first nutrient solution change and to its final amount of 300 µm 
at the second solution change. The first nutrient solution change 
was done after 1 week and from then on every 3 d until harvest.

Elemental analysis

Element concentrations of P, Zn and Fe were determined 
from oven-dried (60 °C) shoot material that was ground to fine 
powder. Half a gram of shoot dry matter was incubated with 
5 mL of HNO3, 4 mL of H2O2 and 2 mL of distilled water in a 
microwave (MLS Maxi 44, Germany) at a maximum of 210 °C 
and 1400 W for 65 min. This solution was adjusted to 20 mL 
and filtered over activated charcoal and through 90-µm mesh 
filter paper. Concentrations of Zn and Fe were determined by 
atomic absorption spectroscopy (AAS, ATI Unicam Solaar 939; 
Thermo Electron, USA). Before measuring Fe concentrations, 
caesium chloride and lanthanum chloride buffer (Merck, No. 
116755) was added at 1:50 ratio to eliminate spectral interfer-
ences. Phosphorus was measured spectrophotometrically via 
orthophosphate determination after addition of molybdate–
vanadate reagent (Gericke and Kurmies, 1952).
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Root analyses

Root dry biomass, specific root length (total root length 
per unit dry mass) and root diameter fractions were measured 
after washing the soil from the roots. To determine root traits, 
the roots were scanned and digitized at a resolution of 600 
dpi and analysed with WinRHIZO (Regent Instruments Inc., 
Canada) software. Mycorrhization of root samples in the car-
bonate-rich soil–sand mix was checked with classical trypan 
blue staining methods and confirmed to be essentially absent 
(Neumann, 2007).

Exudate analyses and phosphatase activity

Exudates were collected from 5-week-old hydroponically 
grown plants that were P-starved for 2 d before sampling. 
Collection was for 1 h in 1-L pots containing sufficient 1 mm 
CaSO4 solution that all roots were completely covered by the 
buffer solution. The total carbon in exudates was quantified 
with a total organic carbon analyser (Elementar). Phosphatase 
activities were photometrically quantified in 1250-µL extracts 
shaken for 1 h at 27 °C at pH 5.3 using p-nitrophenyl phosphate 
(Tabatabai and Bremner, 1969).

Statistical analyses

A three-way ANOVA and pairwise Tukey tests were used to 
investigate genotype ζ environment interactions between wild 
type, rth2 mutant and different treatments. Data are given as 
mean ± s.d.

RESULTS

Maize biomass under drought, low P and combined stress

Maize plants were grown with two different water and P supply 
levels under greenhouse conditions for 6 weeks. Representative 
maize plants are shown in Fig. 1A–D and indicate that mutant 
shoots grew similarly under optimal conditions, but were 
smaller with increasing stress compared with the wild type. 
The unstressed control plants were largest, while drought (−W) 
reduced the wild-type and rth2 mutant shoot biomass by 30 and 
38 %, respectively. The root dry biomass in −W was 39 and 38 
% lower than in controls, respectively.

The low-P (−P) treatment severely decreased wild-type shoot 
biomass by 75 % and that of the mutant by 83 %, while root dry 
mass was reduced in the wild type and mutant by 72 and 76 %, 
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Fig. 1. Phenotype and biomass of 5-week-old maize plants. (A–D) Representative shoots (wt, wild type, left; rth2, root hair defective2, right) with (A) optimal P 
nutrition and water (+P+W), (B) low P but water (−P+W), (C) optimal P but low water (+P−W) and (D) low P and low water supply (−P−W). Scale bars = 20 cm. 
(E) Dry shoot, (F) root biomass and (G) root/shoot ratio under different P and water levels. The inset in G shows primary roots of both genotypes with root hairs 
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respectively. Shoot size and dry shoot and root biomass of the 
rth2 mutant tended to be always smaller than in the wild type, 
although this was not always statistically significant in all treat-
ments (Fig. 1E, F). The combined stress did not further reduce 
shoot and root biomass. The root/shoot ratio was little affected 
by drought as the only stress, but this ratio was higher in −P, 
especially when plants were additionally exposed to drought  
(Fig. 1G). The root/shoot ratio was higher in the mutant than in 
the wild type in −P, potentially indicating more investment in 
root growth in the mutant (Fig. 1G).

The rth2 mutant was not completely devoid of root hairs, 
but short root hairs with similar density were detected, 
although their length was reduced by >80 % in the primary 
root just after germination (inset in Fig. 1G). This decrease 
in total root hair length was somewhat less at later growth 
stages and in seminal roots, but very short root hairs were 
consistently observed on all rth2 root types. While wild-
type root hairs at harvest in soil were on average 0.84 mm in 
length, the root hairs of the rth2 mutant were only ~0.19 mm 
long (Weber et al., 2018).

Effect of water supply, P level and root hairs on shoot water 
content and nutrients

Both genotypes contained ~90 % water in their fresh shoot 
biomass under control conditions (Fig. 2A), but both the wild 
type and the mutant had marginally reduced water content, at 
about 88–89 %, in the fresh shoot biomass under drought. The 
same lower water content was measured in −P, while the water 
content was further reduced in −P−W to ~86 % in both geno-
types (Fig. 2A).

Shoot P content per plant (product of P concentration and dry 
biomass) followed the same trend as shoot biomass (Figs 1E 
and 2B). Except for the well-supplied condition, the mutant had 
a lower shoot P content, which is commonly taken as evidence 
for the importance of root hairs in taking up P (Zhu et al., 2010; 
Brown et al., 2012). This increased P content in the wild type 
relative to the mutant was only due to higher biomass of these 
plants, as the wild-type and mutant shoot P concentrations were 
indistinguishable in each condition (Fig. 2C). By contrast, the 
shoot P concentration of both genotypes in –W was below the 
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sufficiency threshold (around 2.5 mg g−1). The P concentration 
was further drastically lowered in –P and was lowest in the −
P−W condition. Wild-type and rth2 plants were progressively 
delayed in development under increasing stress, as both geno-
types had fewer leaves. In −P, these plants also showed necrotic 
old leaves, the typical visible signs of P starvation (Fig. 2D).  
The severity of this symptom was greater in the mutant, sug-
gesting that although shoot P concentration was identical to 
that in the wild type, the mutant suffered more under the −P 
condition.

Since root hairs are also considered important for the uptake 
of sparingly soluble micronutrients, such as Fe and Zn, the con-
centrations of these elements were also measured. While the Fe 
concentrations were increased in the most severe stress condi-
tion, the Zn concentration was higher in −P. However, except 
for the Zn concentration in –P with sufficient water supply, 
the mutant and wild-type element concentrations matched and 
were independent of root hairs (Fig. 2E, F).

The relationship and interaction of individual factors (P sup-
ply, water supply and genotype) with plant biomass, root/shoot 
ratio and nutrient concentrations are summarized in Table 1.  
The P supply significantly affected root and shoot dry biomass, 
root/shoot ratio and P, Zn and Fe concentrations. Drought also 
affected all these parameters, except for Zn concentration. 
Genotype, i.e. whether long root hairs were present or not, sig-
nificantly affected plant biomass but not internal nutrient con-
centrations (Table 1). Most interestingly, interactions between 
factors were only significant for the combination of limited 
water and P supply, which affected root and shoot biomass, 
root/shoot ratio and P concentrations. Phenotypic plasticity for 
these factors, also called genotype × environment interaction, 
however, was entirely absent (Table 1).

Very short root hairs are associated with more fine roots

We then quantified root length in different diameter classes, 
to test whether the mutant had altered root morphology, in add-
ition to root hair phenotype. Most of the roots were fine roots 
of diameter <0.2 mm, which represent lateral roots (Tai et al., 
2016). Despite substantial variation amongst individual plants, 
rth2 clearly tended to have more lateral roots, independent of 
the P supply (Figs 2B and 3A). We did not detect differences 

between the tested conditions, probably because the variance 
among the samples was relatively large. Therefore only the 
common trend for all roots per genotype is shown. Thinner root 
fractions in rth2 were observed despite the overall reduced root 
dry biomass (Fig. 1F), suggesting a morphological switch to 
the production of thinner roots and an increase in specific root 
length (length per unit root dry mass).

In a second experiment the growth of wild-type and rth2 
plants was compared in another, slightly acidic, but nutrient-
rich soil substrate with contrasting texture and sufficient mois-
ture, as well as in hydroponics, since root hairs may represent 
an extra metabolic cost to the plant in P-rich, moist conditions. 
In the nutrient-rich substrate, we failed to identify significant 
genotypic differences between the shoot and root biomass, as 
well as in the shoot P concentration after 5 weeks, in agreement 
with the +P+W conditions in the first experiment. Furthermore, 
in hydroponics, where both genotypes had the same, unre-
stricted access to water and otherwise immobile nutrients, 
the rth2 mutant accumulated slightly, but significantly, higher 
shoot and root biomass (Fig. 3B, C).

Furthermore, root hairs participate in releasing protons, sug-
ars and organic anions from roots, to feed the soil microflora 
and mobilize P from sparingly soluble soil fractions (Holz 
et al., 2018). Short-term carbon release from the roots into the 
nutrient solution, which accounts for the sum of all organic 
solutes released, was therefore quantified in hydroponically 
grown plants after 2 d of P starvation. However, the released 
total Corg was similar in the plants without root hairs (Fig. 3D). 
Likewise, the (low) phosphatase activity of P-starved roots was 
also similar in the two genotypes (Fig. 3E), suggesting minor 
effects of the very short root hairs on rhizosphere P mobiliza-
tion processes, at least when plants were grown in hydroponics. 
High shoot P concentrations occurred after 5 weeks of growth 
under luxury P supply in hydroponics, as expected, with no dif-
ferences between mutant and the wild type (Fig. 3F).

DISCUSSION

This study confirms the importance of root hairs for water and 
P uptake in dry conditions and when P bioavailability is low in 
maize, similar to results in other species (Jungk, 2001; Lynch 
and Ho, 2005; Brown et al., 2013). The bald root barley (brb) 
line, a root-hairless mutant (Gahoonia et  al., 2001), has fre-
quently been used to analyse the function of crop root hairs 
(Zuchi et  al., 2011; Holz et  al., 2018). However, the genetic 
cause of the brb phenotype is unknown and it was recently 
reported that in this mutant other plant properties are also af-
fected, besides the formation of root hairs. Indeed, brb shows 
increased root growth in dry soil, which compensated for the 
surface loss of root hairs (Dodd and Diatloff, 2016). This was 
apparently P-independent and young (non-tillering) plants 
of this mutant had shoot growth similar to that of the wild 
type, in both low- and high-P soil (Dodd and Diatloff, 2016). 
A somewhat different genetic compensation of root growth was 
found for the maize rth2 mutant. The fine root fraction was ra-
ther constitutively increased, independently of the stress, but 
the rth2 mutant had less total root biomass (Fig. 1). Although 
we cannot rule out that the genetic defect in rth2 also affects 
other processes in addition to root hairs, our observation that P 

Table 1. Factorial analysis (three-way ANOVA)

 DM shoot DM root R/S ratio P  
(g g–1)

Zn  
(g g–1)

Fe  
(g g–1)

P * * * * * *
W * * * * ns *
G * * ns ns ns ns
P × W * * * * ns ns
P × G ns ns ns ns ns ns
W × G ns ns ns ns ns ns
P × W × G ns ns ns ns ns ns

Main effects and significant interactions (P  <  0.05) are indicated with an 
asterisk. ns, interaction not significant.

P, phosphate supply; W, water supply; G, genotype; DM, dry mass; R/S, root 
shoot ratio.
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concentrations in the mutant are not affected suggests that the 
metabolism may be little different in the mutant. Importantly, 
mycorrhization was absent in our set-up, excluding the pos-
sibility that fungal symbioses compensated or aggravated the 
lack of root hairs (Zhu et al., 2010; Brown et al., 2012).

Under P limitation, as well as under drought stress in the car-
bonate-rich soil, the rth2 mutant performed worse than the wild 
type. Thus, growth of rth2 was most drastically impaired under 
combined stress with low P and drought (Fig. 1), in agreement 
with the substantial importance of root hairs for P and water 
uptake in maize under low availability. Indeed, the longer root 
hairs and root hairs that were induced by low P conferred a 
yield advantage on maize plants grown in low-P environments 
(Zhu et al., 2010). The limited P and water availability in our 
experiments strongly reduced internal shoot P concentrations 
below the critical value of 2.5 mg g−1 and induced P deficiency 
symptoms in the plants, such as darker coloration of young 
leaves and necrotic old leaves (Jones et al., 1991; Bergmann, 
1993). The P content per plant (the product of concentration 
and dry biomass per plant) was higher for the wild type com-
pared with the mutant in each condition, indicating how much 
the root hairs contributed to P uptake: +14 % in +P+W, +24 % 
in +P-W, +61 % in −P+W and +103 % in −P−W. The shoot P 
concentration, typically used by farmers, researchers and the 
plant itself to estimate crop nutritional status, did not indicate 
that rth2 was more deficient than the wild type. Indeed, the 
inverse of the P concentration is proportional to P utilization 
in plant tissue, i.e. how much biomass is generated at a given 
tissue P supply. This was apparently unchanged in the mutant, 

indicating that at least this aspect of metabolism was similar in 
rth2 and the wild type, at least when the wild type and mutant 
were exposed to the same external P concentration. The P con-
tent, by contrast, a measure of how much total P was acquired 
at a given external supply, indicated the massive growth benefit 
conferred by the root hairs (Fig. 2), especially under combined 
stress. Non-significant differences in internal P concentrations 
among barley root hair mutants and wild type (higher P concen-
trations in mutants) were also reported in barley, but these did 
not drop below 2 mg g−1 (Brown et al., 2012).

At higher soil P levels, a large collection of modern maize 
hybrids differed substantially in their juvenile P concentrations, 
but this poorly predicted (rp = 0.04) their final yield (Melchinger 
et al., 2016). Here, the nutrient concentrations indicated that the 
plants were apparently already P-deficient under drought condi-
tions (although water was probably the growth-limiting factor), 
in agreement with the idea that deficiencies of soil-immobile 
nutrients are a rapid consequence of low soil moisture. The 
poorly soluble micronutrient Zn was also low (deficiency 
threshold ~10–20 ppm), although substantial Zn fertilizer was 
added to the alkaline soil. Zinc was increased under the –P con-
dition, which is not uncommon, as Zn is frequently co-mobi-
lized by rhizosphere processes induced by –P (Neumann and 
Römheld, 2002). Under −P with sufficient water, such rhizo-
sphere processes might be less efficient in the root hair mutant 
(as the rhizosphere did not extend as deep into the soil as in the 
wild type), so in low P the Zn concentration was higher in the 
wild type than in the mutant (Fig. 2). Iron is taken up in maize 
by an independent phytosiderophore complexation mechanism 
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(Marschner and Römheld, 1984), potentially explaining why 
root hairs did not affect internal Fe concentrations across envir-
onments (Fig. 2).

Plant strategies to adapt to low soil phosphorus bioavailability 
generally can be divided into ‘foraging’ (by adapting root archi-
tecture and morphology) and ‘mobilizing’ (by solubilization of 
fixed P via rhizosphere processes) strategies (Hinsinger, 2001; 
Lynch, 2011). Maize is a crop that mainly responds to insuffi-
cient P with root architectural changes (Lyu et al., 2016), while 
this species is thought to invest relatively little in rhizosphere 
processes, such as proton and organic acid release, secretion 
of phosphohydrolyses, interaction with rhizosphere microbes, 
etc. However, substantial organic metabolites are released in 
hydroponics in a nutrient deficiency-specific way; these com-
prise amino acids, sugars and organic anions (Carvalhais et al., 
2011). The very short root hairs in rth2 were apparently not 
associated with major differences in some rhizosphere-related 
processes, such as the sum of organic molecules released and 
phosphatase activity (Fig. 3).

The mutant apparently had, in addition to the root hair phe-
notype, altered root architecture. Based on previous analyses 
of the maize root system, thick roots of diameter >0.8 mm can 
be classified as primary and shoot-borne roots, while the cat-
egory of 0.6–0.8 mm comprises the seminal roots and the 0.4- 
to 0.6-mm class contains a mixture of seminal and lateral roots. 
Roots thinner than 0.4 mm are lateral roots (Tai et al., 2016), 
indicating an increased amount of laterals in rth2. Interestingly, 
genotype × environment interaction was apparently low or 
absent, suggesting that the effects of the very short root hairs 
were similar in each environment. Thus, the root architecture 
changes were seemingly not a response to short root hairs under 
P-limiting conditions. Importantly, the altered root architecture 
in rth2 and brb in barley (Dodd and Diatloff, 2016) may also 
have influenced P uptake, so mechanistic conclusions on root 
hair function from these mutants must be drawn with care.

The importance of root hairs has been questioned in some 
rice varieties recently, where root hairs improved P efficiency 
only in some genotypes (Nestler and Wissuwa, 2016). In a 
population of native Arabidopsis, root hair density and length 
responded surprisingly heterogeneously to differential P sup-
ply and some genotypes reduced hair length or density when 
locally lacking P in agar plates (Stetter et al., 2015). However, 
predictions of root hair behaviour in real soils from root hair 
density and length on agar plates must be made with great care, 
as enormous variability in root hair traits was found in single 
genotypes between synthetic growth substrates and real soils 
(Nestler et al., 2016). Surprisingly, the mutant performed better 
than the wild type in well-supplied hydroponics, which may 
reflect a substantial energetic cost of building root hairs in con-
ditions where they are not required.

Conclusions

Long root hairs were substantially important for growth and 
P content of maize under drought and low P conditions, but they 
were dispensable for internal P concentrations and even slightly 
detrimental in well-supplied conditions. Because the reduction 
in root hair length in rth2 was associated with secondary effects 
on root architecture, future experiments on the relevance of root 

hairs should involve several independent mutants (especially 
those with complete absence of root hairs). The collection of 
root hair mutants in maize is growing and it will be interest-
ing to see whether other maize root hair mutants are associated 
with secondary root phenotypes (Hochholdinger et al., 2018).
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