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Abstract
Purpose: Laboratory studies have identi�ed fundamental processes and genetic determinants affecting the
growth and stress tolerance of maize, yet they ignore complex �eld conditions where soil and climate
variables interact. In this study, we assess the importance of plant development stage, substrate, and root hair
formation on �eld-grown maize in terms of root gene expression and resource allocation, and shoot element
status.

Methods: Wild type and root hairless rth3 mutant maize were grown on two substrates, sand and loam and
sampled during the 4-leaf, 9-leaf and tassel emergence stages. This period was accompanied with a low
precipitation rate. Youngest leaf and whole shoot elemental compositions were assessed by ionome analysis,
root gene expression by RNA sequencing and qRT-PCR, and root resource allocation of C and N uptake by
stable isotope labeling.

Results: Growth stage accounted for the main differences, followed by substrate and root hair formation in all
analyses. Lack of root hairs led to signi�cant impacts on shoot growth and total nutrient uptake, but had only
a minor effect on root gene expression and momentary leaf nutritional status. During tassel emergence, the
concentrations of several elements in leaves decreased, but nutrient transporter expression in roots increased;
whereas cell wall formation-related root gene expression and C allocation to roots decreased.

Conclusion: Our results demonstrate that the presence and function of root hairs are a determinant of maize
nutrient acquisition and growth, and provide insight on how maize acclimatizes to different substrates and a
longer period of low precipitation. 

Introduction
Agricultural intensi�cation poses a challenge for sustainable plant production, since it leads to lower soil
quality in terms of mineral nutrient levels and soil moisture, and crop yield loss (Jones et al. 2013; Kopittke et
al. 2019). The resulting dependency of conventional agricultural production on mineral fertilizers contributes
substantially to the on-going depletion of resources (Gilbert 2009). Maize is an important nutritional food
source for millions of people and animals (Ranum et al. 2014), but maize cultivation requires a considerable
amount of resources, water and mineral nutrients, and is therefore vulnerable to changes in soil quality (Biau
et al. 2012). Efforts to optimize maize production have led to an increased interest in root traits at the levels of
root architecture and root hair formation (Lynch and Brown 2012), as well as physiological features of roots
such as nutrient and water uptake (Hayat et al. 2019; Cai et al. 2021).

Plant growth is dependent on the availability of resources that can be allocated to growing tissues to support
resource-demanding processes of tissue formation and cell growth. Control of photosynthetic rate and C
allocation is as important during this process as the availability of nutrients and water in soil, and their uptake
and allocation to the active meristems (Ingestad 1982; Muller et al. 2011; Körner 2015). When resources are
available, the plant has to balance their allocation between growth, maintenance and defense against
detrimental organisms (Schultz et al. 2013; Huot et al. 2014). Therefore, resource allocation studies can
indirectly reveal how the plant integrates the information from abiotic and biotic environments. Among plant
organs, the root represents a particularly in�uential sink that additionally regulates not only sink-source
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interactions in the shoot, but also between the roots and rhizosphere organisms (Schultz et al. 2013; Tarkka et
al. 2021).

Greenhouse experiments showed that adaptation of the architecture of maize root system is an important
prerequisite for nutrient and water uptake (York and Lynch 2015). Maize produces a highly branched root
system, composed of multiple root types formed at different developmental stages (Tai et al. 2016). Lateral
roots play a major role in soil exploration and foraging for nutrients and water (Yu et al. 2016). Aging of maize
roots also affects their functional potential, such as changes in developmental and physiological processes
relevant for growth, differentiation and stress tolerance (Stelp�ug et al. 2016; Hill et al. 2016).

Root hairs are specialized tubular outgrowths of single epidermal cells. Their formation dramatically increases
the volume of exploited soil, and they are attributed major roles in mineral nutrient uptake as well as in
bene�cial interactions with soil microorganisms (Rongsawat et al. 2021). Greenhouse experiments with maize
have suggested that root hairs play an important role in P acquisition at the level of total tissue P content
(Klamer et al. 2019), and that the impaired P uptake in a mutant without root hairs can be compensated by
mycorrhizal symbiosis (Ma et al. 2021). Field data also supports the view that mycorrhiza formation is
important for maize P nutrition (Hu et al. 2009; Yu et al. 2018). Despite the well-documented role of root hairs
in mineral nutrient uptake (Haling et al. 2013; Bienert et al. 2021), their role in water uptake remains
controversial, and their quantitative contribution for individual elements is not well understood (Marzec et al.
2015; Bienert et al. 2021). Root hairs had only a minor contribution to soil-plant hydraulics (Cai et al. 2021),
and this effect was also less prominent in maize than in barley (Carminati et al. 2017). Marin et al. (2021)
investigated barley genotypes with differential capabilities for root hair formation under contrasting soils and
climate conditions in a �eld experiment. Under well-watered conditions, root hairs had no bene�cial effect on
barley growth, but conferred a notable advantage under drought, with enhanced plant water status, P
accumulation, and yield. This underlines the importance of �eld studies under variable environmental
conditions to disentangle the role of root hair formation in stress responses.

Relationships between soil and plant mineral composition are element-speci�c and are strongly in�uenced by
the environment (Stein et al. 2017). Leaf mineral composition, the leaf ionome, re�ects the complex
interaction between a plant and its environment including substrate properties, fertilization and soil moisture,
in�uential factors that can limit plant productivity. By contrast, total nutrient contents can be used to estimate
total nutrient uptake of the plant. Importantly, a de�ciency in a single nutrient may change the mineral balance
as it is cross-related to the levels of other nutrients (Pii et al. 2015). Elemental composition of a plant is
affected by the availability of elements in the environment, transport processes, plant metabolism and the
requirements of each element (Baxter 2015). Mineral nutrient uptake processes involve the appearance of
transporters at varying a�nities to accommodate the supply of available substrates. Expression and activity
of nutrient and water uptake systems can be regulated locally in response to substrate availability, and
systemically, by feedback control exerted by the plant signaling of the systemic nutrient status (Kobayashi
and Nishizawa 2014). The plasticity of the root system may also play a role; e.g. in order to optimize their N
nutrition, plants are able to direct C allocation (Sattelmacher and Thoms 1989) and enhance root growth in
nitrate-rich patches (Mounier et al. 2014).
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The objective of this research was to assess the importance of plant development, substrate and root hair
formation on plant nutrition and root gene expression of �eld-grown maize. This work is embedded in the
priority program 2089 - “Rhizosphere Spatiotemporal Organization” of the German Science foundation
(Vetterlein et al. 2020; Vetterlein et al. 2021), and is based on previous laboratory experiments. In soil column
experiments, it was shown that maize roots were longer and thinner in loam than sand substrates, irrespective
of the presence of root hairs (Lippold et al. 2021). At the water uptake level, soil texture rather than root hairs
dominated water uptake and soil-plant hydraulics (Cai et al. 2021). Gene expression analysis also showed a
much stronger effect for substrate than for root hairs, and e.g. gene functions related to immunity, stress,
growth and water uptake were differentially expressed between sand and loam, and in a soil depth-related
manner (Ganther et al. 2021). The general changes in the �eld regarding root architecture and water relations
on the same experimental platform as this study were recently con�rmed and will be reported in this volume
of Plant and Soil (Vetterlein et al. 2022). Adding to that, it was shown that soil substrate had a larger impact
on P solubilization in the rhizosphere of maize than the presence of root hairs (Bilyera et al. 2022).

In this study, we surveyed a growth season of maize at three time points, comparing maize wild type to the
root hairless mutant rth3 grown on two substrates (loam, sand) with differing nutrient mobilities. We
investigated whether general patterns of root gene expression are similar in the �eld as compared to
laboratory conditions, expecting some deviations due to the environment (Nagano et al. 2012). To assess the
sink capacity of maize roots, the resource allocation to roots was investigated by 13C and 15N labeling. The
elemental compositions of young leaves and shoots were determined to assess the nutritional status of maize
plants along the vegetation period.

The work was directed by four hypotheses. As plants have to �nely balance their resource allocation to service
growth, maintenance and defense processes (Schultz et al. 2013), we �rst expected that C and N allocation in
the root is at its highest in young seedlings, and that it positively correlates with growth and leaf nutrient
concentrations. Following this, we expected pronounced stress-related gene expression in older seedlings. Our
second hypothesis stated that there is an increasing effect by substrate during the aging of maize due to
nutrient limitation and emerging water stress at the later developmental stages (Jorda et al. submitted). We
expected that the substrate effect is characterized by lower leaf nutrient concentrations (Peuke and
Rennenberg 2011; Acosta-Gamboa et al. 2016) and higher nutrient transporter levels in sand than in loam, as
topsoil drying is more detrimental for nutrient availability in sand. Since the topsoil is more subjected to drying
than deeper soil, the third hypothesis stated that the effect of soil depth becomes more pronounced
throughout the growing season. And �nally, as the fourth hypothesis we expected that the subtle effects by
root hair formation on root traits, water uptake and root gene expression (Lippold et al. 2021; Cai et al. 2021;
Ganther et al. 2021) are exacerbated in the �eld, but qualitatively cause similar changes in gene expression
than those observed in the previous laboratory experiments.

Materials And Methods

Experimental Design and Field Study Setup
The experimental design and setup of the soil plot experiment (SPE) at the research station in Bad Lauchstädt,
Central Germany, is described in extensive detail by Vetterlein et al. (2021). Details on plant shoot and root
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growth as well as total shoot nutrient content were provided in (Vetterlein et al. 2022). The sampling described
in this study was conducted in the months May to July in 2019. Brie�y, the �eld experimental setup consists
of a two-factorial, randomized block design with six replicates represented by individual plots. One plot was
excluded from analysis due to unintended compaction during its setup.

The investigated factors are substrate (loam, sand) and maize root hair genotype (Zea mays B73 wild type,
rth3). The substrate loam was derived from haplic Phaeozem soil (from 0 to 50 cm depth) in Schladebach,
Germany (51°18’31.41” N; 12°6’16.31” E). The substrate sand was obtained by repeated mixing and sieving of
16.7% loam with quartz sand (550 t, WF 33, Quarzwerke Weferlingen, Germany). The maize rth3 mutant is
genetically highly homozygous, and displays defective elongation of root hairs compared to the B73 wild type
(WT). In �eld trials, it has been characterized with an unaltered phenotype, but exhibited reduced crop yields
that were 20–40% lower compared to the wild type (Hochholdinger et al. 2008).

Substrate was supposed to drive differences for water and nutrient transport, thus differences in nutrient
availability were compensated by fertilization (detailed in Vetterlein et al. 2021). Pre-trials in soil columns were
run to calibrate fertilization amounts to achieve similar shoot growth rates for the wild type on both
substrates. As a results, sand was fertilized with twice the amount of N, P, K, Mg and Ca than loam, and
additionally provided with micronutrients. These ratios were applied to the �eld as well, using �eld-
conventional fertilizers applied to the soil surface (in kg ha-1 for loam/sand: N 50/100, P 12/24, K 50/100, Mg
18/33, Ca 27/52, micronutrients 0/100).Sampling was conducted at three different time points which
represent different developmental stages of maize (Lancashire et al. 1991). BBCH14 (4 leaves unfolded) and
BBCH19 (9 + leaves unfolded) represent vegetative growth stages, BBCH59 (end of tassel emergence) denotes
the transition from vegetative to generative growth. These stages were chosen to cross-compare the rapidly
growing root systems with a more mature root system, combined with three different parts of the growing
season: late spring (�rst week of June; mean daily temperature 20.6°C), early summer (late June; mean daily
temperature 23.7°C) and mid-summer (mid July; mean daily temperature 20.6°C). The basic weather data
during May, June and July 2019 are shown in Supplementary Fig. 1 (ESM1). The precipitation in 2019 was
low compared to the long-term average for the region, and led to the emergence of drought stress as the
growing season advanced. In particular, water de�cit between BBCH 19 and 59 resulted in visible symptoms
of drought stress, i.e. leaf rolling (Vetterlein et al. 2022).

Stable isotope labeling and root sampling
The allocation patterns of N and C were assessed by stable isotope labeling. The application procedure of
labeled K15NO3 and 13CO is detailed in Vetterlein et al. (2021) which describes the experimental setup
including the present study. Sampling was conducted between 10:00 and 16:00 h for a single CN-labeled
maize plant per plot. The shoot was cut off at the base and brought to the on-site laboratory for elemental
analysis. For root harvest, 20x20x20 cm soil next to the maize plant was excavated and directly sampled
(depth 0–20 cm, D1; all growth stages), followed by the excavation and direct sampling of the subsequent
20x20x20 cm soil of the second depth (depth 20–40 cm, D2; only for growth stages BBCH19 and BBCH59).
Root growth parameters from a soil core (5 cm diameter) in the center of the 20x20x20 soil cube were
provided by Vetterlein et al. (2022). From the remainder of the soil volume, all roots were manually sorted out.
Attached soil was gently loosened with a soft toothbrush to avoid root damage. Roots were cut up with
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scissors and mixed to obtain a representative mixture of root types. An aliquot of 2–3 g roots (fresh weight)
representing different root types was sampled from this mixture for root gene expression and C/N content
analyses. The roots were submerged and vortexed 3x in 0.3% NaCl to remove remaining adhering soil, snap-
frozen in liquid nitrogen and stored at − 80°C. Of note, our protocol did not include washing the root apoplast
after N labeling as the sampled root system was not intact - due to the sampling approach of cutting a de�ned
volume from the soil and cutting roots to obtain a homogenous mixture of root types this might otherwise
have led to a loss of nitrate from the vacuoles.

Frozen root samples were crushed and homogenized under liquid nitrogen using mortar and pestle. To
determine 13C/15N content, homogenized root powder was freeze-dried and C/N isotope ratio was measured
by stable isotope ratio mass spectrometry (DELTAplusCP, Thermo Fisher Scienti�c).

Root RNA sequencing
Roots from the topsoil (0–20 cm, D1) were assessed by RNAseq and gene expression analysis. Total RNA was
extracted from an aliquot of 50 mg homogenized root powder using the NucleoSpin RNA Plant kit (Macherey-
Nagel) according to the manufacturer’s protocol. The total RNA was treated with RNase-free DNase set
(Qiagen). RNA quality and quantity were checked using a Nanodrop spectrophotometer (Thermo Fisher
Scienti�c) and a Bioanalyzer 2100 on a Plant RNA Nano chip (Agilent). All RNA samples passed quality
checking with RNA integrity numbers (RIN) > 8. For RNA sequencing we used six biological replicates, except
for rth3 treatments in BBCH19/59 with three biological replicates.

RNA sequencing was conducted at the Genewiz sequencing facility (Leipzig, Germany) with a stranded paired-
end 150 bp library design on the Illumina NovaSeq 6000 platform. Raw reads were processed as described by
Ganther et al. (2020). Brie�y, raw read qualities were estimated using ‘FastQC’ (Andrews 2010), and the reads
were trimmed and quality-�ltered with ‘Trimmomatic’ (Bolger et al. 2014). The cleaned reads were aligned to
the maize B73_v4.47 reference genome (Zerbino et al. 2018) with ‘HISAT2’ (Kim et al. 2015) and quanti�ed
with ‘featureCounts’ of the ‘Subread’ package (Liao et al. 2014). All following downstream analyses were
conducted in R (R Core Team 2017). Signi�cant differences in gene expression were determined using the
‘DESeq2’ package (Love et al. 2014). Correction of p-values for multiple testing was done with the Benjamini-
Hochberg adjustment (Benjamini and Hochberg 1995). Genes with an adjusted p-value P < 0.05 and an
absolute log2 fold change LFC > 1 were considered as differentially expressed. Differentially expressed genes
were analyzed for their biological functions using gene ontology (GO) annotation. Enriched GO terms were
determined with the ‘goseq’ package (Young et al. 2010), utilizing the ‘maize-GAMER’ GO annotation by
(Wimalanathan et al. 2018). Permutational analysis of variance (PERMANOVA) was performed with the
‘adonis’ function of the ‘vegan’ package (Oksanen et al. 2020), using Euclidean distances with 999
permutations. Variance partitioning analysis was performed with the ‘variancePartition’ package (Hoffman
and Schadt 2016).

qPCR arrays
Differential gene expression of selected genes was assessed in roots from the upper (0–20 cm, D1) and lower
(20–40 cm, D2) depth of the soil on a 96.96 Dynamic Array chip (Fluidigm). A laboratory study (Ganther et al.
2021) and preliminary RNA sequencing results from the stage BBCH14 showed that genes related to the
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functional terms nutrient and water transport, plant immunity, and root exudation, were differentially
expressed between soil depths and between sand and loam. For the qPCR arrays, we selected 41 genes of
these functional categories according to the respective transcript abundances in the two experiments, as well
as three reference genes. The corresponding primers are listed in Supplementary Table 1 (ESM1). Primers
were used for pre-ampli�cation of PCR products and the qRT-PCR reaction in the chip.

First-strand cDNA was synthesized from 750 ng RNA using the SuperScript IV First-Strand Synthesis System
(Thermo Fisher Scienti�c) according to the manufacturer’s protocol. First-strand cDNA was pre-ampli�ed
according to the manufacturer’s instructions using MyTaq DNA Polymerase (Bioline) and the selected speci�c
primers. For every reaction were added 2 µl of the 5x MyTaq Reaction Buffer, 0.6 µl of MgCl2 (25 mM), 0.2 µl
of dNTPs (10 mM), 0.2 µl of MyTaq DNA Polymerase, 4 µl of nuclease-free water and 2 µl of 5x pooled
speci�c primers (250 nM). Pre-ampli�cation conditions were 5 min at 95°C followed by 18 cycles at 95°C for
10 s, 60°C for 1 min and 72°C for 15 s. The pre-ampli�ed cDNA was treated with Exonuclease I (New England
BioLabs) according to the manufacturer’s instructions, and quality was checked by real-time qRT-PCR using iQ
SYBR Green Supermix and the iQ5 real-time PCR detection system (Bio-Rad). The qRT-PCR conditions were 10
min at 95°C followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. The speci�city of each PCR
ampli�cation procedure was veri�ed by melt-curve analysis of the PCR product with a heat dissociation
protocol (from 60 to 95°C). The qPCR products were diluted at 1/40 with TE buffer.

The gene expression was analyzed by qRT-PCR using SsoFast EvaGreen Supermix (Bio-Rad) and the 96.96
Dynamic Array IFC chip for Gene Expression and the BioMark Systems for Genetic Analysis (Fluidigm). For
each assay, a mix composed of 2.5 µl of 25 µM of each forward and reverse primer and 2.5 µl of the 2x
Loading Reagent was loaded into the assay inlets of the array. Into the sample inlets, 5 µl of the solution
containing 2 µl of pre-ampli�ed cDNA and 3 µl of a mix composed of 1x SsoFast EvaGreen Supermix (Bio-
Rad), 1x loading reagent and 1x ROX were loaded. The cycling program consisted of 10 min at 95°C followed
by 40 cycles at 95°C for 15 s and 60°C for 1 min. Gene expression values were normalized to the mean of the
three reference genes (GAPDH, Actin1, and EF-1α) and analyzed with the ΔΔCT method (Schmittgen and Livak
2008). Signi�cant differences between treatments were determined by ANOVA and Tukey’s HSD test and
corrected for multiple testing by the Benjamini-Hochberg method (P < 0.05).

Shoot and leaf elemental content
For this study, we assessed the shoot and leaf ionome instead of the root ionome for several reasons. When
investigating roots from native environments, traces of remaining soil particles on roots may lead to biased
elemental concentrations; whereas on the over hand, extensive root washing may lead to leakage of nutrients,
especially for root systems that are not fully intact, such as in this sampling strategy that required cutting the
root system within a de�ned soil volume.

For this reason, we determined nutrient concentrations of the macronutrients N, P, K, Mg, Ca and S, and
micronutrients B, Mn, Fe and Zn in the youngest leaf (YL) for momentary nutrition status, and in the remaining
shoot (RS) plus YL for whole shoot nutrient content, in order to evaluate how plant nutrition is affected by the
growth stage, substrates and the presence of root hairs. Of note, Vetterlein et al. (2022) report separately on N,
P and K uptake in this experiment; these data are duplicated here so that the reader can cross-relate their
levels to those of other mineral nutrients. Whole shoot/leaf material was oven-dried at 65°C for 48 hours,
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milled and homogenized. An aliquot of 30 mg homogenized powder was digested in HNO3 (67–69%, Bernd
Kraft) in a high-performance microwave reactor (UltraClave IV, MLS). After digestion, samples were transferred
to centrifuge tubes and diluted with de-ionized water. Plant elemental composition was measured using an
Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES, iCAP 7400 OES Duo spectrometer with
Qtegra Software, Thermo Fisher Scienti�c). N was analyzed by combustion with a CNS analyzer (vario EL
cube, Elementar). 13C/15N isotope ratio of the shoot was measured by stable isotope ratio mass spectrometry
(DELTAplusCP, Thermo Fisher Scienti�c).

Results

Maize growth and CN resource allocation
Maize shoot and root biomass and the allocation of recently incorporated 13C and 15N to roots were assessed
and related to gene expression levels of WT and rth3 maize grown on sand and loam during three growth
stages, BBCH14, BBCH19 and BBCH59. Maize shoot dry weight was higher in loam compared to sand;
however, the difference was only signi�cant for BBCH19 (Fig. 1a). For root dry weight, the opposite trend was
observed: signi�cantly higher values were found in sand for all BBCH stages. Accordingly, root-shoot ratios
were higher in sand, but the differences between substrates became less pronounced throughout the growth
season. The root hair-de�cient rth3 displayed similar root dry weights to the wild type, however shoot dry
weights were consistently lower, leading to higher root-shoot ratios in both substrates for BBCH14 and in loam
for BBCH19 (Supplementary Fig. 2, ESM1).

C allocation (shoot to root) declined over time, and was higher for sand compared to loam at BBCH14 and
BBCH19 (Fig. 1b). N allocation (soil to root) did not show a clear temporal pattern, and higher N uptake for
sand compared to loam could only be observed at BBCH14. Neither C nor N allocation showed a depth-
dependent pattern. There were no signi�cant differences attributed to root hair genotype. It should be noted
that C and N concentrations from the root and shoot corresponded well with each other, thus indicating that
apoplastic sorption was indeed negligible even without extensive root washing (Supplementary Fig. 3, ESM1).
The CN allocation in shoots followed a similar pattern to those in roots: Atomic 13C% decreased over time, and
atomic 15N% was highest at BBCH14 in sand compared to later stages.

Subsequently, we related the observed changes in root growth and resource allocation according to the growth
stage and substrate, to the expression of growth and cell wall-associated genes in roots. Gene expression
analysis between BBCH59 and the earlier stages of growth showed that several cell wall and growth-related
genes were down-regulated, including beta-glucosidase 40, xyloglucan endotransglucosylases, expansins and
fasciclin-like arabinogalactan proteins. Similar genes were up-regulated in sand compared to loam (Fig. 1c).
These genes belonged to several enriched GO terms that also related to plant-type cell wall organization
(Fig. 1d).

Effects of growth stage, substrate and genotype on global
maize gene expression and ionome
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Next, we investigated maize root transcriptomes from the uppermost 20 cm soil layer and the elemental
concentrations (Ca, K, Mg, N, P, S, B, Fe, Mn and Zn) in the youngest unfolded leaf (YL, momentary nutrition
status) and the remaining shoot (RS, nutrient concentration). PERMANOVA (Table 1) indicated highly
signi�cant growth stage-dependent differences for RNAseq root gene expression levels (R2 = 0.166, P < 0.001)
and YL elemental concentrations (R2 = 0.541, P < 0.001), as well as a signi�cant impact by soil substrate (R2 
= 0.099, P < 0.001 and R2 = 0.141, P < 0.001). In contrast, maize genotype (WT/rth3) affected only the YL
elemental concentrations (R2 = 0.012, P < 0.022). These observations were supported by variance partitioning
analysis of gene expression levels (Fig. 2a), and by principal component analysis of both datasets (Figs. 2a,
b). Only part of the variation between the samples could be explained by maize developmental stage,
substrate or genotype. As far as the complete datasets were concerned, the level of unexplained variance was
60.5% for gene expression and 21.6% for elemental concentrations (Table 1). When the datasets were
partitioned according to the three growth stages, an increasing impact of substrate over time (i.e. from
BBCH14 to BBCH59) became evident (Supplementary Table 2, ESM1). For gene expression, PERMANOVA
indicated an increase in explained variation by substrate from R2 = 0.107, P = 0.011 during BBCH14 to R2 = 
0.307, P < 0.001 during BBCH59. For YL elemental concentrations, we found no difference between substrates
during BBCH14, but a high signi�cance (R2 = 0.67, P < 0.001) during BBCH59. Apart from that, the in�uence of
genotype on the ionome became signi�cant (R2 = 0.086, P = 0.008) only during BBCH59. Signi�cant positive
correlations between YL elemental concentrations were detected between the concentrations of Zn and P, but
also between N, Mg, Ca, S, Mn and Fe (Fig. 2b). By contrast, negative correlations occurred between B and N,
Fe and Ca, as well as K and Mg, but also between Zn and Ca (Fig. 2b). These results demonstrated that
changes in gene expression and elemental concentrations of the YL are partly explained by growth stage and
by substrate and that the presence of root hairs has only a minor in�uence.

Table 1
PERMANOVA statistics for root RNAseq data and leaf elemental concentration. Permutational analysis of

variance of total maize root mRNA based gene expression data or total leaf element data. Terms were added
sequentially from �rst to last. Calculation was performed using 999 permutations and Euclidean distances. R2

represents the proportion of the variance that is explained by the experimental factors or their interaction.
Level of signi�cance: *** P < 0.001, ** P < 0.01, * P < 0.05

RNAseq Root Gene Expression Leaf Element Concentration experimental factor

DF F R2 P   DF F R2 P    

2 6.576 0.166 0.001 *** 2 73.224 0.541 0.001 *** stage

1 7.885 0.099 0.001 *** 1 38.260 0.141 0.001 *** substrate

1 1.521 0.019 0.071   1 3.371 0.012 0.022 * genotype

2 1.980 0.050 0.005 ** 2 11.433 0.085 0.001 *** stage:substrate

2 0.784 0.020 0.767   2 1.706 0.013 0.108   stage:genotype

1 0.889 0.011 0.526   1 0.787 0.003 0.499   substrate:genotype

2 1.155 0.029 0.256   2 1.700 0.013 0.11   stage:substrate:genotype

48   0.605     52   0.192     Residuals
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We next explored whether the changes in YL mineral element levels were also present in the RS. In
concordance with the data from YL, growth stage (R2 = 0.48, P < 0.001) and substrate (R2 = 0.135, P < 0.001)
exerted strong effects on RS elemental concentrations (Supplementary Table 3, left), while root hair genotype
had a lower impact (R2 = 0.044, P < 0.001). As described for young leaves, the substrate effect strongly
interacted with the growth stage (R2 = 0.09, P < 0.001). Considering that shoot dry weights were consistently
lower in rth3 than wild type, but root dry weights were comparable, we also performed an analysis on the total
amounts of elements in shoots (Supplementary Table 3, right). Whole shoot elemental contents (the product
of mineral nutrient concentrations and shoot dry weights) were strongly in�uenced by the substrate (R2 = 
0.080, P < 0.001) and moderately by the genotype (R2 = 0.044, P < 0.001), and these effects interacted with
growth stage (R2 = 0.064, P < 0.001; R2 = 0.041, P < 0.001).

Enrichment patterns of differentially expressed genes (DEGs)
The total DEG numbers between the treatments are listed in Supplementary Table 4 (ESM1). A more detailed
list of differentially expressed genes with log2 fold changes and adjusted p-values between the treatments of
interest is provided in Supplementary Table 5 (ESM2).

DEGs were surveyed for common gene functions by gene set enrichment analysis by assigning gene ontology
(GO) descriptors (Supplementary Table 6, ESM3). For the genes that increased in expression over maize
development from BBCH14 to BBCH59, the overrepresented GO terms included plant nutrition related
manganese ion binding, iron and nitrate transport, and nicotianamine synthase activity, but also genes related
to secondary metabolism, i.e. terpenoid biosynthesis (Fig. 3a). In contrast to this, genes that decreased over
time led to an enrichment of GO terms such as plant type cell wall and phosphate ion transport. Differential
gene expression by substrate with combined three growth stages data was re�ected by overrepresented GO
terms in sand related to oxidative stress including cellular oxidant detoxi�cation, but also cell wall
organization and biosynthesis-related terms including xyloglucan and suberin biosynthetic process, and iron
and zinc nutrition related nicotianamine synthase activity (Fig. 3b). Conversely, GO terms enriched by DEGs
with a higher expression in loam were related to defense responses against fungi (e.g. response to fungus,
chitin catabolic process).

Only 139 genes (P < 0.05, |LFC|>0) were differentially expressed between rth3 and WT among the three growth
stages, which supported the low signi�cance level of the PERMANOVA results. About 20% (23 genes) of these
DEGs were previously detected as differentially expressed by maize genotype in laboratory experiments of
young primary root gene expression (Rüger, MG, in preparation) or BBCH14 stage root system (Ganther et al.
2021) (Supplementary Fig. 4, ESM1; Supplementary Table 7, ESM4).

Changes in plant nutrition, water uptake and related gene
expression
With the macronutrients N, Ca, Mg, and S in young leaves, we saw a general decline of leaf elemental
concentrations over time while comparing the �rst two stages with the last stage BBCH59 (Fig. 4a, 5a,
Supplementary Table 8, ESM5). Ca, Mg and N concentrations in young leaves were relatively constant at
BBCH14 and BBCH19, followed by a drop at BBCH59. In young leaves, N concentrations were higher in loam
than sand, but the opposite was observed for the root expression levels of a high a�nity N transporter and
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NRT2, in particular during BBCH59 (Fig. 4b). The concentration of P and K remained stable during maize
development, but varied by substrate during speci�c stages of growth. P concentrations were considerably
higher in loam than sand during BBCH19 and BBCH59, and the opposite was observed for the expression of
high a�nity P transporters PHT1 and PHT2 in maize roots. Several purple acid phosphatase genes were
mostly up-regulated in BBCH14 (e.g. PAP7c/d, PAP10, PAP13, PAP16, PAP23) and showed higher expression
in sand than loam at BBCH19 and BBCH59 (e.g. PAP1c, PAP7c/d, PAP10, PAP13) (Supplementary Table 8,
ESM5).

The concentration of K was higher in sand than loam during BBCH14, but the opposite took place during
BBCH59. K transporters HAK2 and HAK4 increased their expression in roots at BBCH59 in loam, while in sand,
expression stayed at a relatively same level. For Mg, higher elemental concentrations were found for loam
during BBCH14, the same was true for the root Mg transporter gene levels MGT2 and MGT7, but more
pronounced at BBCH19 (Fig. 5b). By contrast, neither Ca element concentration nor Ca transporter expression
levels were affected by substrate or genotype. For S, substrate had no effect during BBCH14, but at later
stages higher concentrations were found in loam than sand, with higher expression level of the root SULTR3.4
in loam than sand during BBCH59, but the opposite for SULTR1.2.

Micro element levels in young leaves changed in an element-related pattern with time and substrate (Fig. 6a,
Supplementary Table 8, ESM5). Concentrations of Zn and B increased with time; additionally Zn
concentrations were higher in loam than sand. Temporal trends were observed for some Zn transporters, such
as ZIP2 and ZIP7 (Fig. 6b). In contrast to leaf elemental content, Zn transporter gene expression levels were
generally higher for sand compared to loam (ZIP2, ZIP4, ZIP7, ZIP9). B transporter RTE and RTE2 expression
levels were at their highest during BBCH59. Fe and Mn concentrations also exhibited a temporal pattern. For
these elements, the concentrations rose during BBCH19, but decreased during BBCH59, even below the initial
level during BBCH14. Substrate-dependent differences could be identi�ed for Fe during BBCH59; higher in
loam than sand. Related gene expression levels were highly variable. For example, Ferritin expression in sand
decreased slightly over time, but that of OPT7 increased during BBCH59 in sand (Fig. 6b). Based on the
nutrient concentrations of young leaves, supply of P, K and Zn during the three growth stages and supply of N
and Mn during BBCH59 were below the level classi�ed as adequate for maize growth, according to Bergmann
(1986).

The general decline of macro element concentrations over time was also evident for the RS tissue, irrespective
of the substrate or the genotype (Supplementary Table 9, Supplementary Fig. 5, ESM1). In shoots, P and S
concentrations were higher in loam than sand during BBCH19 and BBCH59. The presence of root hairs played
a minor but signi�cant in�uence in sand, with higher concentrations in WT than rth3 for N in BBCH14, but
lower concentrations for Ca during BBCH14 and P during BBCH59. Of the micronutrients, only Mn
concentrations changed with time, with lower levels during BBCH59 than other growth stages. Zn
concentrations were consistently higher in loam than sand.

Since the supply of N, P, K and Zn was low according to Bergmann (1986), and these mineral nutrients can be
moved to areas of active growth within the plant during nutrient de�ciency, we subsequently cross-compared
their concentrations between the YL and the RS. During BBCH14, N concentration was higher in YL than RS,
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but K and Zn lower (Supplementary Fig. 6, ESM1). During BBCH19, N concentration was higher in YL than RS,
but P, K and Zn lower. During BBCH59, N and K concentrations were higher in YL than RS.

Whole shoot elemental contents (product of elemental concentration and shoot dry biomass) were affected by
both substrate and genotype. The total amounts of elements were in general higher in loam than sand, and
higher in wild type than rth3 maize (Supplementary Fig. 7, ESM1). The in�uence by substrate was stronger
during BBCH19 and BBCH59 than BBCH14 for all elements except for Zn, and the in�uence of genotype varied
in the same way by growth stage for Ca, B, Fe, and Mn (Supplementary Table 10, ESM1).

Aquaporin gene expression was higher in sand compared to loam substrate, and increased substantially over
time (Supplementary Fig. 8, ESM1). In contrast to this, root hair formation did not signi�cantly affect
aquaporin gene expression patterns (Supplementary Table 8, ESM5).

Depth pro�les
To assess the impact of soil depth on maize gene expression, roots were sampled from two depths (D1 0–20
cm, D2 20–40 cm) and the expression of a subset of 41 genes involved in plant defense, stress, exudation,
and nutrient transport was analyzed by real-time qPCR. Depth pro�les were sampled during BBCH19 and
BBCH59, as plants were not yet rooted to the second depth during BBCH14. Calculated log2 fold changes
derived from qPCR array and RNAseq data of the upper depth were in accordance with each other
(Supplementary Fig. 9, ESM1).

Similarly as for RNAseq analysis and shoot element composition, growth stage was generally the strongest
impact factor on gene expression pro�les, followed by substrate (PERMANOVA, P < 0.001 and P = 0.002,
respectively, Supplementary Table 11, ESM1). For qRT-PCR data, with progressing time the differences
between sand and loam expression pro�les became more pronounced, and were at their highest during
BBCH59. The same trend was true for depth pro�les. Although not overall signi�cant (PERMANOVA, p = 
0.117), we found that 15 of the surveyed 41 genes were differentially expressed at BBCH59 in loam, and 8 in
sand (Supplementary Table 12, ESM6). DEGs with higher expression in D1 (0–20 cm) compared to D2 (20–40
cm) regardless of substrate were aquaporins (PIP1-5, 2–3 and 2–6), defense-related NPR1, disease resistance
RPP-like 4 and jasmonate-induced protein, as well as exudation-related Al-activated malate transporter and
transporter of mugineic acid. The K transporter ZORK showed higher expression in the bottom layer D2. While
the depth-related DEG in sand were almost all present in loam as well, some N and P transporter genes
showed differential expression by depth speci�cally in loam: Upregulated in D2 in loam were the ammonium
transporters AMT2, AMT7 and NRT2, and the P transporters PHT2 and PHT12.

Discussion
Development, soil texture and drought drive maize gene expression and nutritional status, while the presence
of root hairs supports shoot growth

Root properties such as root architecture and root function have a major impact on crop yield and production
(Lynch 2007), but insights from laboratory experiments under controlled conditions can be only partly
transferred to a �eld scale due to spatial constraints in the lab and highly variable properties of different soils,



Page 13/32

as well as �uctuating weather conditions in the �eld (Passioura 2006; Langstroff et al. 2022). In the current
study, maize was cultivated under limiting nutrient supply. Different types of �eld-derived data were measured
to shed light into processes impacting on water uptake, nutrition, growth, and interactions with the
environment. We identi�ed that the growth stage is a decisive driver for elemental composition of maize
leaves, but also a moderate driver of root gene expression. For both element composition and gene
expression, the effect of substrate is enhanced during the aging of maize, and the development of drought
stress. These results provide experimental evidence how maize responds to the environment, and support the
aim to increase the sustainability of maize cropping systems (Cordero et al. 2019). The presence of root hairs
mattered for shoot growth and total nutrient accumulation, but had a minimal in�uence on element
concentrations and root gene expression pro�les. This suggests that the functional role of root hairs is related
to e�cient nutrient acquisition and maize growth propagation (Zhu et al. 2005).

Lack of root hairs is re�ected by a small set of up-regulated genes in the roots but an substantial negative
impact on maize shoot growth and nutrient uptake

We observed that the global gene expression patterns were not signi�cantly different (PERMANOVA, P < 0.05)
between rth3 and WT maize although the loss of elongated root hairs resulted in lower shoot biomass and
lower total uptake of nutrients. This observation opposed our fourth hypothesis, which stated that effects of
root hair formation on root traits and root gene expression should be higher in the �eld than laboratory
settings. In fact, the minor extent of changes in gene expression was highly consistent with earlier data on
maize root architecture(Lippold et al. 2021) and root gene expression during BBCH14 in soil columns (Ganther
et al. 2021), but also regarding the transcript abundances in young primary roots (Rüger, MG, in preparation).
The fact that the total uptake of nutrients was higher in WT, but not root biomass, might indicate the nutrient
uptake and/or transport rates per root volume are higher in WT than rth3. Since transporter gene expression
was not affected, it is possible that transporter activity is regulated at the protein level. For instance, post-
translational modi�cations such as ubiquitination and phosphorylation are widespread among the members
of phosphate transporter 1 family, affecting the localization, abundance and activity of the transporters (Wang
et al. 2017). Our data for total nutrient uptake were also in accordance with observations made in a
greenhouse experiment assaying the rth2 maize mutant which forms extremely short root hairs (Klamer et al.
2019): While the concentration of P did not differ in rth2 compared to the wild type, the total P content of the
juvenile maize plants was reduced by 50% under combined water stress and P de�ciency. Furthermore, WT
plants did not show higher P concentrations, but higher total shoot P contents, a product of P uptake and
biomass generation. Lower biomass gain by rth3 could thus be related to a more ine�cient use of the
incorporated carbon by the root hair mutant, caused for instance by higher rate respiration rate (Earl et al.
2012). When cumulative water extraction was normalized to shoot dry weight, Jorda et al. (submitted)
detected higher water use e�ciency of WT than rth3 maize. Lower water use e�ciency of rth3 could be
explained by a more effective regulation of stomata in response to drought (Benešová et al. 2012), which
could also affect respiration rates.

As expected, the rth3 mutation caused qualitatively similar changes in gene expression to those observed in
the previous laboratory experiments. In fact, 23 genes of the differentially expressed genes between rth3 and
WT (~ 20%) from this study have also been observed in two previous laboratory experiments. The effect (in
terms of log fold change in expression) of root hair formation on this core gene set was consistent in these
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experiments, even though experimental size scales differed (soil column experiment: Ganther et al. (2021);
rhizobox experiment: Rüger, MG, in preparation). Several of the genes in this core gene set point to cell wall-
associated functions, such as COBRA-like protein 7, xyloglucan 6-xylosyltransferase, tetraspanin18, beta-
glucosidase aggregating factor1, and putative wall-associated receptor protein kinase. Out of them, the
COBRA-like protein gene is particularly interesting, since the rth3 gene also encodes a COBRA-like protein
(Hochholdinger et al. 2008). COBRA proteins are involved in cell wall development across angiosperms, and
members of the COBRA family act in cellulose formation and orientation (Brady et al. 2007). The down-
regulation of maize COBRA-like 7 gene might thus be indicative of the rth3 mutation-related changes in cell
wall development which appears to remain stable from external in�uences.

Elemental levels and related gene expression are growth
stage-dependent
Plant development depends on a balanced supply of macro- and micronutrients, and an equilibrium between
individual elements is maintained by homeostatic mechanisms. The age of a plant or plant organ represents
an important factor modulating plant nutrient concentration (Marschner 1995); for example, Peng et al. (2012)
showed that relative NPK uptake from the soil differs throughout the maize growth season. This relevance of
growth stage was also re�ected by strong regulation of nutrient concentration and gene expression data in our
study.

We found that maize plants did not receive adequate P, K and Zn from soil during the three growth stages, and
were supplied with too little N and Mn during BBCH59 (Bergmann 1986). For BBCH59, the limitation of
nutrients was particularly strong, most likely due to the fact that the topsoil dried out completely, rendering
fertilizer-applied nutrients unavailable for plant uptake (Bista et al. 2018). Low water availability and high
temperatures could have also limited shoot growth (He and Dijkstra 2014; Dodig et al. 2021) and thus
decreased nutrient demand.

Leaf (Baxter et al. 2008; Stich et al. 2020) and root (Courbet et al. 2021) ionome studies from hydroponics and
from the �eld (Watanabe et al. 2015) have shown that this homeostasis is mediated by strong interactions
between individual nutrients. In line with this, our �eld study found signi�cant correlations between the
concentration pro�les; the macronutrients N, Ca, Mg and S, and micronutrients Fe and Mn followed a similar
trend (Fig. 1b). The reports on interactions between multiple nutrient elements suggest that their uptake,
transport, and/or assimilation levels are correlated, and supports chemical element stoichiometry in plant
tissues (Kumar et al. 2021). For instance, Briat et al. (2015) presented a molecular framework in Arabidopsis
thaliana for interactions between P, S, Fe and Zn homeostasis. In our study, these nutrient elements showed in
part contrasting patterns according to sampling stage and substrate (Figs. 4–6).

During the transition between vegetative and reproductive growth (Chen et al. 2016), but also when root
mineral uptake is limited and cannot fully support plant growth (Maillard et al. 2015), nutrient reallocation has
been identi�ed as a strategy by higher plants to improve mineral resource availability of sink tissues. Whereas
N can be readily remobilized from leaves, K, S, P, Mg, Cu, Mo, Fe and Zn are predominantly mobilized during
nutrient de�ciency (Courbet et al. 2021). Our data showed lower N and Mn levels in remainder shoot (RS) than
younger leaves at all stages, and lower K levels during BBCH59 (Supplementary Fig. 7, ESM1). Leaf mineral



Page 15/32

nutrient remobilization has been described in maize, but maize was among the least e�cient plants in nutrient
reallocation from senescent to young leaves (Maillard et al. 2015). Our data thus indicates that maize did not
e�ciently compensate for the loss of nutrients in young leaves by nutrient reallocation from the rest of the
shoot.

Nutrient starvation cues are immediately transmitted from the shoots to the roots via signaling molecules to
maintain nutrient homeostasis. This signaling leads to the activation of transporter gene expression, secretion
of organic acids, siderophores or enzymes, associations with mycorrhizal fungi and alterations in root
architecture and growth to enhance mineral uptake (Bouain et al. 2014). For some of the surveyed transport
genes, we also saw complementary expression pro�les in dependence of the developmental stage or
substrate. These included high-a�nity transporters NRT1 and NRT2 which are induced by N starvation
(Trevisan et al. 2008) and accordingly induced in our study on sand with lower N concentration in leaves. A
similar compensatory pattern was found for P transporters PHT1 and PHT2, as well as several purple acid
phosphatases (Supplementary Table 8, ESM5) that are known to be induced during P starvation (Yun and
Kaeppler 2001). The stronger expression in sand than loam suggests that the topsoil in sand was dry and
nutrient availability decreased, leading to higher mineral transporter gene expression. The characterization of
these gene “responders” in the �eld could be applied for future studies to target and possibly elicit certain
plant responses to environmental stresses.

However, we found that leaf elemental concentrations declined from higher levels during the �rst two stages
of growth to the last stage BBCH59 (Figs. 4–6). Apparently, maize could not compensate for acquisition of
these nutrients by faster root growth or enhanced nutrient transporter or siderophore biosynthesis gene
expression (Figs. 1, 6). Still, one of the most highly enriched GO terms by developmental stage was
nicotianamine biosynthesis. Nicotianamine represents a critical metabolite in the biosynthetic pathway to
mugineic acid family phytosiderophores, natural Fe and Zn chelators (Takahashi et al. 2003), that
graminaceous plants secrete from their roots to mobilize and take up Fe and Zn from the rhizosphere (Wiren
et al. 1996; Nozoye et al. 2011; Hanikenne et al. 2021). As Fe concentration in the maize leaf remained low
during BBCH59, the elevated expression of genes involved in nicotianamine biosynthesis could be interpreted
as a response to that.

Root resource allocation and biomass were also affected by plant age, with a higher level of carbon (atomic %
of 13C) and nitrogen (15N) uptake during BBCH14, and higher root-shoot ratio during BBCH14 than BBCH59, in
both substrates (Fig. 1). This suggests a relative increase in shoot sink activity at the cost of the root system,
which would be normal during maize development in soils under no water limitation. Since the precipitation
was low during BBCH19 and continued to be so during BBCH59 (Supplementary Fig. 1, ESM1), a stronger
resource and biomass investment to the roots than during su�cient soil moisture was expected (Gargallo-
Garriga et al. 2014). Root sink limitation by environmental factors, like water or nutrient availability, may thus
be more constraining for growth and development than C availability (Körner 2015). The temporal pattern of
root resource allocation was also re�ected in related gene expression. When root C allocation decreased over
time, this was accompanied by a decrease in cell wall-related gene expression (e.g. beta-glucosidase 40,
xyloglucan endotransglycosylase). Comparing substrates, C allocation was consistently higher in sand than
loam. In terms of gene expression, this was supported by a higher gene expression in sand for transport and
cell wall-related genes (Fig. 1). These �ndings were also in line with higher root length densities of plants
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grown on sand (Vetterlein et al. 2022). Root length density (root length per volume soil) describes root
architecture in respect to the size of the soil volume that can be explored by roots, and it is thus related to the
e�ciency of water and nutrient uptake (Ren et al. 2017). By contrast, for plants on loam we found an
enrichment of genes supporting GO categories related to microbial defenses and stress (for example chitin,
resp. to herbivory; Supplementary Table 6, ESM3). These �ndings support our �rst hypothesis, that the
balancing of resources in order to favor either growth or defense (Schultz et al. 2013) is re�ected on a
transcriptomic level.

Water stress towards BBCH59 leads to differences between substrates in root-shoot ratios and aquaporin root
gene expression

Within the same �eld experiment, water transpiration data from Jorda et al. (submitted) demonstrated that
severe water stress occurred just before tassel emergence (BBCH59 stage). Water stress is especially
detrimental during the reproductive stages when water requirement is the highest (Pandey et al. 2000; Çakir
2004; Araus et al. 2012). According to the water transpiration data, drought stress occurred earlier in loam
than sand substrate and earlier in the wild type than the rth3 mutant. This could possibly attributed to the
higher root-shoot ratios observed in plants grown on sand, as an adaptation to water stress (Gargallo-Garriga
et al. 2014). In wheat, it was shown that increased root-shoot ratios supported growth under drought
conditions, as they served to limit ine�cient transpiration (Bacher et al. 2021; Collins et al. 2021). For maize,
transpiration-limiting variants were also estimated to produce to higher yields under extreme conditions
(Messina et al. 2015).

Water transport in plants is conveyed by intrinsic membrane proteins of the aquaporin family (Siefritz et al.
2002), and the role of aquaporins in root water uptake has been abundantly documented (Aroca et al. 2012).
Plant aquaporin genes are regulated in a complex manner, for instance some up- and others down-regulated
by drought, suggesting that the maintenance of water transport requires spatial regulation of aquaporin gene
expression (Galmés et al. 2007; Šurbanovski et al. 2013). Elevated aquaporin expression, with higher values
for sand than loam was observed at BBCH59. This would �t a compensatory pattern in aquaporin expression,
taking into account measurements of plant available water by (Vetterlein et al. 2022) that demonstrate a
sharp decline of plant available water during the transition from BBCH19 to BBCH59. At BBCH59, plants on
loam (both root hair genotypes) had already experienced drought stress for 1–2 weeks, but plants on sand
(wild type) only for 4–5 days. The fact that aquaporin expression is higher in sand even though they
experienced later onset of drought than loam could perhaps indicate a differential stress response in relation
to immediate or prolonged water stress exposition. Plants grown on sand were sampled during the recent
onset of drought stress which led to elevated aquaporin gene expression. Another possibility could be that
plants on sand generally expressed higher levels of aquaporin genes and thus were better equipped to face
drought stress. Elevated aquaporin expression in sandy substrate was also found for a companion soil
column experiment conducted under �nely controlled growth and watering conditions (Ganther et al. 2021),
suggesting that the induction could also in part be related to the properties of the root system. Interestingly,
both �eld and lab grown plants developed thicker root diameters in sand (Lippold et al. 2021; Vetterlein et al.
2022), and the thicker roots might compensate for potential increase in radial resistance by increased
aquaporin expression (Del Carmen Martinez-Ballesta et al. 2011).
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Depth pro�les are more pronounced at BBCH59 and affect selected N, P and water transport genes

At BBCH59 compared to BBCH19, more depth-related gene expression among the surveyed genes has been
detected, which is in line with our third hypothesis, stating that depth pro�les become more pronounced
towards later growth stages. At BBCH19 no gene expression differences between depths 0–20 and 20–40 cm
were observed, but at BBCH59 a stronger induction of N, P and water transporters in the upper layer, in
particular for the loam substrate, was shown. Root length density was higher in the top 20 cm than the lower
depth at BBCH59 (Vetterlein et al. 2022), suggesting that the roots in the upper layer may have exhausted
some of the available nutrients. This possibly was exacerbated by the drying out of the topsoil. For maize
under �eld conditions, Wiesler and Horst (1994) observed that nitrate uptake rate per unit root length generally
increased with soil depth, most likely due to increased root growth. That aquaporin genes PIP1-5, 2–3 and 2–
6 were higher expressed in the upper soil, is probably related to lower soil moisture, and higher expression
levels of root exudation-related genes in the topsoil suggests that root exudation is also enhanced by low soil
moisture (Zhang et al. 1995). Of the analyzed maize phosphate transporters, PHT2 (Nagy et al. 2006) and
PHT7 (Liu et al. 2016) are up-regulated by arbuscular mycorrhizal fungi, implying that these transporters
might participate with other P transporters in mediating inorganic P absorption and/or transport by the
mycorrhizal pathway. Mycorrhiza formation in this experiment was higher in the topsoil than in the lower
depth (Vetterlein et al. 2022), and this matched the higher expression PHT2 and PHT12 in the topsoil layer, but
only for loam-grown plants.

Conclusions And Perspectives
Our results demonstrated that root hairs do play a role in the maintenance of maize growth, while exerting
relatively minor differences on transcriptomic level that were highly consistent with laboratory data. That the
root hairs mattered for maize growth, supports their potential role in the development of nutrient e�cient
maize (Zhu et al. 2005). The low impact of root hairs on root gene expression is compelling, and whether this
is by maintaining mineral nutrient transport by root hair localized transporters, remains to be shown for maize
nutrient transporters (Bienert et al. 2021). Further research is necessary to unravel the complex relationship of
phenotypic variation with the biological processes that lead to losses in productivity and growth e�ciency. We
also showed that during their development, maize plants differ in their ability to acquire nutrients, allocate
resources and express genes, and that the growth stage determines how strong the impact of substrate is. The
scope of this study was limited to one single growth season, thus not taking into account year-to-year
variations in maize and its rhizosphere. As the next step forward, ongoing and future work will consider the
performance of maize in the same experimental �eld setup in the next �ve consecutive years.
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Figure 1

Growth parameters, recently incorporated carbon and nitrogen from air/soil (13C and 15N atomic %) and
related root gene expression in maize. (a) Shoot and root biomass (log scale) and root-shoot ratio. Differences
between treatments (P<0.05) across stages according to ANOVA and Tukey’s HSD test are indicated by
different letters. (b) C and N allocation (atomic %) to roots (D1: depth 0-20cm; D2: depth 20-40 cm).
Differences between treatments (P<0.05) across stages and depth according to ANOVA and Tukey’s HSD test
are indicated by different letters. (c) Root gene expression related to cell wall expansion (contrast top: BBCH59
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vs BBCH14, bottom: sand vs loam; LFC: log2 fold change). (d) Signi�cantly enriched gene ontology terms
related to cell wall expansion and growth

Figure 2

Developmental stage, substrate and maize genotype-dependent distributions of maize gene expression and
leaf elemental concentration. Global analysis of drivers for (a) root gene expression and (b) leaf elemental
concentrations. (a) Variance Partitioning Analysis of RNAseq data with explained gene variance attributed to
each experimental factor, as well as PCA (Principal Component Analysis). The three PCA plots represent the
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growth stages BBCH14, BBCH19 and BBCH59, and each symbol represents the total distribution of gene
expression levels. Substrate treatments are encircled with ellipses. (b) Elemental composition analysis of the
macro- and micronutrient concentrations in the youngest fully developed maize leaf. The PCA plot combines
the data from the three developmental stages (convex hulls). Substrate and genotype treatments are encoded
as in a). The correlation matrix shows the results of correlation tests (Spearman correlation) between the
concentrations of the individual elements, where color indicates negative (blue) or positive (red) correlations.
Level of signi�cance: *** P<0.001, ** P<0.01, * P<0.05

Figure 3

Enrichment of Gene Ontology terms according to growth stage and substrate. Gene Ontology (GO) terms
enriched by up- or down-regulated genes (P<0.05) in the roots of maize. Point size encodes enrichment level
(coverage or hits of differentially expressed genes within a speci�ed GO category). (a) Effect of growth stage
in the comparisons between BBCH19/BBCH14 (left panel), BBCH59/BBCH19 (middle), and BBCH59/BBCH14
(right). Red indicates up-regulation in later stages, blue up-regulation in earlier stages. (b) Effect of substrate
(sand/loam). Red indicates up-regulation in sand, blue up-regulation in loam
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Figure 4

Relations between leaf N, P and K concentrations and related root transporter gene expression over time and
substrate. (a) Leaf element concentrations over time and in two different soils. Differences between
treatments (P<0.05) across stages according to ANOVA and Tukey’s HSD test are indicated by different letters.
(b) Root gene expression levels for selected corresponding transporter genes. Asterisks indicate signi�cant
impact of grouping factor (Likelihood ratio test, *** P<0.001, ** P<0.01, * P<0.05). A list of related transporter
genes is given in Supplementary Table S8 (ESM5)



Page 30/32

Figure 5

Relations between leaf macro element (Mg, Ca, S) concentrations and related root transporter gene expression
over time and substrate. (a) Leaf element concentrations over time and in two different soils. Differences
between treatments (P<0.05) across stages according to ANOVA and Tukey’s HSD test are indicated by
different letters. (b) Root gene expression levels for selected corresponding transporter genes. Asterisks
indicate signi�cant impact of grouping factor (Likelihood ratio test, *** P<0.001, ** P<0.01, * P<0.05). A list of
related transporter genes is given in Supplementary Table 8 (ESM5)



Page 31/32

Figure 6

Relations between leaf micro element concentrations and related root transporter gene expression over time
and substrate. (a) Leaf element concentrations over time and in two different soils. Differences between
treatments (P<0.05) across stages according to ANOVA and Tukey’s HSD test are indicated by different letters.
(b) Root gene expression levels for selected corresponding transporter genes. Asterisks indicate signi�cant
impact of grouping factor (Likelihood ratio test, *** P<0.001, ** P<0.01, * P<0.05). A list of related transporter
genes is given in Supplementary Table 8 (ESM5)
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