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Phytic acid is an available phosphorus o

source for maize plants in juvenile phase
belonging to two populations with different
breeding backgrounds
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Abstract

Background Applying animal effluent/digestate to forage crops can improve the sustainability of intensive live-
stock husbandry. Organic phosphorus (P) forms, in particular phytic acid (InsPg) present in animal effluent/digestate,
would benefit from an effective uptake and assimilation by crops thus representing an alternative to mineral P
fertilization and controlling P losses in water system. A maize (Zea mays L) traditional Italian population (VA572), bred
before the widespread diffusion of crop chemical fertilization, and a modern commercial hybrid (P1547) were used

in this study to investigate their ability of growing in soilless medium using phytic acid (Po) vs phosphate P (Pi) as P
sources in a 28-day experiment. The hypothesis was that the different agronomical context in which the two varieties
were selected could have brought to different abilities in exploiting P sources for plant growth.

Results Quantitative and qualitative growth parameters, root enzymatic phosphatase activities and root transcrip-
tome by RNA-seq analysis were analyzed in this study. Both maize populations were able to grow using phytic acid
as the sole P source but organic P utilization was less efficient than Pi; a significant root-released phytase activity,
induced by the presence of InsPg, was detected in Po treatment.

The RNA-seq analysis showed different expression patterns induced by organic P treatment (Po) in the two popula-
tions. The upregulation in Po treatment of a Purple Acid Phosphatase (PAP) gene and of genes involved in inositol
transport indicate that both phosphate hydrolysis from InsP by root-secreted PAPs and a direct uptake of myo-
inositol at various degrees of phosphorylation could be involved in maize phytic acid exploitation. Root system
development and the relationship of P sources with other macro and micro nutrient uptake (N, K, metal ions) were
also implied in the response to Po treatment.

Conclusions This study indicates that phytic acid is a bioavailable P source for maize seedling growth. A wider mobi-
lization of genes/pathways was induced by Po treatment in VA572 with respect to P1547 hybrid. The physiological
responses to Po treatment were similar in both populations but the patterns of genes involved often differed being
specific to each one.

Keywords Maize (Zea mays L), Organic P availability, Phytic acid, Root RNA-seq analysis, F1 hybrid, Open pollinated
population

*Correspondence: T CREA Research Centre for Animal Production and Aquaculture, Lodi,
Maria Carelli Italy
maria.carelli@crea.gov.it

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-025-06431-y&domain=pdf

Carelli et al. BMC Plant Biology (2025) 25:425

Background

In intensive livestock husbandry, the sustainable use of
animal effluents, either raw or subjected to anaerobic
digestion, is regulated by mitigation strategies (e.g. EU
Nitrate Directive 91/676/EEC covering about 61% of
European agricultural land; limits to P application in EC
Member States; cutting of GHG emissions in the EU 2030
Climate and Energy Framework) aimed at controlling the
accumulation of surplus nutrients in soils, in particular
nitrogen (N) and phosphorus (P), and limiting losses to
water and air systems and the resulting environmental
pollution [1]. Phosphorus (P), as an essential macronu-
trient for crop growth and production, is absorbed by
plants as phosphate anions (H,PO,~, HPO,>") from the
soil solution depending on the solubilization of mineral
phosphates. Organic P (Po) forms must first be miner-
alized to become available to plants, a process which is
mediated by free soil and rhizosphere microflora or by
root-associated microflora e.g. arbuscular mycorrhizal
fungi [2—4]. Besides, plants itself have evolved strategies
to improve Po assimilation implying a wider exploration
of the soil via the development of specific root architec-
ture and morphology [5], the release of root exudates [6]
and root-excreted enzymes such as phytases and phos-
phatases. It is likely that such strategies played a specific
role in forage crops because of their long-standing asso-
ciation with livestock husbandry. Alfalfa and silage maize
are the most important forage crops sustaining two of the
main Po Valley (Northern Italy) agri-food supply chains,
the Parmigiano-Reggiano and the Grana Padano cheese
production, respectively. In this paper, we investigate the
maize’s ability to use the Po forms present in digestates/
animal effluents as a plant key aspect for increasing the
fertilization efficiency of raw and processed manures,
decreasing its leaching/emissive potential and contrib-
ute to making them an effective alternative to the non-
renewable mineral phosphate sources.

Phytic acid, i.e. D-myo-inositol (1,2,3,4,5,6) hexaki-
sphosphate or InsP,, was chosen as organic P source in
the present study, as soil organic P largely comprises (up
to 90%) phosphate monoesters, most of which are in the
form of phytate [7] and phytate is the main P storage
compound in cereal and oil seeds used in livestock feed-
ing. Although inorganic P represented the major compo-
nent in dairy farm manure (68%, [8]), digestate (80—90%,
[9]) and solid fraction of digestate (>80%, [10]), organic P
amounted for 30% in dairy cattle manure [8] and was part
of the biologically available P forms representing 30 to
70% of total phosphorus content in digestate solid frac-
tion [9].

Under low P supply, enhanced activity and secretion of
phytases/phosphatases were observed from roots of for-
age grass and legume species [11], cereals [12, 13] and
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white lupin [14]. However, few genes or candidate genes
encoding root-secreted phytases/phosphatases have
been identified and characterised till now in white lupin
[14], tomato [15], barrel medic [16], common bean [17],
tobacco [18], Arabidopsis [19], soybean [20], rice [21]
and poplar [22], thus hampering the display of genetic
resource investigation and breeding strategies focused at
improving the efficiency of organic P use in forage/fodder
species. For instance, a possible adaptation pattern of the
alfalfa root-secreted phytase MsPHYI1 gene was found,
differentiating two ecotypes originated from intensive
vs extensive cattle farming regions [23]. In maize, many
studies investigated the responses of different geno-
types to low P (LP) stress to improve crop tolerance to
P deficiency [24, 25] and a promotion of root phos-
phatase and phytase activity was found at low P and N
condition [26—28] but none of the maize phosphatases/
phytases identified was clearly associated to root secre-
tion and extracellular hydrolysis of organic P forms [29].
As an attempt to fill this gap and to provide a wider view
of the response of maize plant to organic vs mineral P
sources we used an experimental approach based on a
direct comparison of phytic acid (InsPg, indicated as Po)
vs phosphate (Pi) as unique P sources in axenic condi-
tions face to maize plants from germination to 28 days
after transplanting (DAT). Two maize populations were
chosen expressing different agronomical contexts of cul-
tivation and breeding, i.e. before and after the widespread
diffusion of crop chemical fertilization, to assess possible
different abilities in exploiting these P sources for plant
growth. Thus, the open pollinated Italian population
"Nostrano dell'Isola” (VA572), traditionally cultivated
in the plain west side Bergamo (Lombardy, Italy) and
object of a breeding work around 1920-30 at the Stazi-
one sperimentale di maiscoltura of Bergamo, was used
together with the modern commercial hybrid Pioneer
1547 (P1547). Plant growth parameters, P concentration,
P uptake and P use efficiency (PUE) in leaves and roots,
root phytase activities and root transcriptome by RNA-
seq analysis were analyzed in the different P treatments
together with a negative control devoid of P sources
(noP).

Materials and methods

Plant materials

Two populations were used in this study: a commercial
hybrid (Pioneer 1547), with maturity 130 days (FAO class
600) and the open pollinated Italian population "Nos-
trano dell'Isola” (VA572), with maturity 135-140 days.
Seeds of the VA572 population were provided by the
Council for Agricultural Research and Economics
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(CREA) — Research Centre for Cereal and Industrial
Crops of Bergamo (Italy).

Experimental design

Two independent trials per population — A and B for
P1547 hybrid; C and D for VA572— were conducted. The
experimental design was a completely randomised design
with ninety-six boxes (box=experimental unit, Figure
S1) for each trial, eight for each combination P treatment
x sampling time. The experimental units (two plants/
box, Figure S1) were considered as biological replicates.
Before the beginning of the experiment, four groups
of 24 boxes were randomly chosen to be analyzed (and
destroyed) at each sampling time.

Growth conditions

Seeds were surface sterilized by immersion in NaClO
2.5% for 15 min and subsequently in a solution of Plant
Preservative Mixture 50% (PPM"™ Plant Cell Technol-
ogy, Washington DC) for 10 min. Seeds were then ger-
minated in sterile Petri dishes containing water for 96 h
at 22 °C in the dark. Plantlets were transplanted in sterile
plastic boxes containing 22 g of dry perlite. The follow-
ing nutrient solutions were used to set up the different
P treatments: a) Pi treatment: Ca(NO,)-4H,O 3.5 mM;
KNO; 3.5 mM; KCl 0.6 mM; K,SO, 0.6 mM; MgSO,
1 mM; NH,H,PO, 2 mM; MnSO, 2 pM; H;BO, 2 puM;
CuSO, 0.3 pM; (NH,)M070,,-4H,0 0.05 pM; ZnSO,
0.5 uM and Fe-EDTA 200 uM; b) Po treatment, in which
NH,H,PO, 2 mM was replaced with NH,NO; 1 mM and
308 pl/l of phytic acid (C¢H;30,,P¢) 50% w/w solution
(Sigma-Aldrich catalogue n° 593648); c) noP treatment,
in which NH,H,PO, 2 mM was replaced with NH,NO,
1 mM. The pH of the solutions was adjusted to 6.0 before
use. The boxes were irrigated with 100 ml solution at
transplanting and with 70 ml, 70 ml, 100 ml, 100 ml,
200 ml, 200 ml, and 200 ml of fresh nutrient solution at 6,
10, 13, 17, 20, 24 and 27 days after transplanting (DAT),
respectively; the remaining solution was discarded before
introducing the fresh one. Growth chamber parameters:
16 h light at 22 °C and 8 h dark at 20 °C.

Determination of maize biomass and P concentration

At 7, 14, 21 and 28 DAT the maize plants were harvested.
Eight boxes for each combination population x P treat-
ment x sampling time, were oven dried at 50°C for 48 h
and shoot and root dry weight were determined.

The shoot and root of four boxes for each combination
population x P treatment x sampling time were analyzed
for P concentration: 0.5 g of dried tissues were reduced
to ash in the muffle (550 °C for 8 h), the ashes were dis-
solved in 10 ml of HCI 2N and the volume was brought
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to 100 ml with deionized water. P concentration was
determined by colorimetric (molybdenum-blue reac-
tion) assay [30]. P use efficiency (PUE) was calculated as
(Up—U,)/ Ep, where U, — U, are the P taken up by plants
with (Up) and without (U,) added P and F;, is the amount
of P applied [31].

Root samples were screened for the presence of arbus-
cular mycorrhizal fungi (AMF). The analysis was per-
formed on total RNA from 24 bulk samples (bulk of four
boxes for every population x P treatment x sampling time
combination) as described in Lumini et al. [32] using
AMV4.5NF and AMDGR primers (Table S1).

Maize root phytase activities

Four biological replicates for each combination popula-
tion x P treatment x sampling time were used for every
enzymatic determination. The phytase activity in intact
root (root-associated activity) and in the external solu-
tion (root-released activity) was determined as described
by Richardson et al., [33], using 8 ml, 12 ml, 16 ml, and
24 ml of MES/Ca buffer solution for the incubation of
the bulk samples at 7, 14, 21 and 28 DAT, respectively.
Phytase activity was calculated from the release of Pi
using the colorimetric molybdenum-blue reaction assay
[30].

Maize root RNA-seq analysis

Maize roots were sampled at 7, 14, 21 and 28 DAT, fro-
zen in liquid nitrogen and stored at —80 °C. From root
samples of experiments B and D for P1547 hybrid and
VAS572, respectively, ten samples at different P treatment
x sampling time combinations were selected, resulting
in twenty total samples for RNA-seq analysis (Table S2).
Total RNA was extracted from bulk samples (two plants
of the same box) using Spectrum plant total RNA kit with
DNase (Sigma-Aldrich).

The library preparation, sequencing and differential
expression analysis were performed by IGA Technology
service (www.igatechnology.com). RNA samples were
quantified and quality tested by Agilent 2100 Bioanalyzer
RNA assay (Agilent technologies, Santa Clara, CA). Final
libraries were checked with both Qubit 2.0 Fluorometer
(Invitrogen, Carlsbad, CA) and Agilent Bioanalyzer DNA
assay. Base calling, demultiplexing and adapter mask-
ing were performed using Illumina BCL Convert v3.9.3.
Reads were then processed for removing lower quality
bases and adapters by ERNE software [34] and aligned on
reference Zeamays.AGPv4 genome (www.maizegdb.org;
[35]) with STAR [36]. RSeqQC package [37] was used
to perform Statistics on “strandness” of reads, genebody
coverage and read distribution.

DESeq2 package [38, 39] was used to calculate the
gene-normalized expression values and to identify


http://www.igatechnology.com
http://www.maizegdb.org

Carelli et al. BMC Plant Biology (2025) 25:425

differentially expressed genes (DEGs) in the different
pairwise comparisons. Normalization was performed
using the median-of-ratios method; statistical signifi-
cance was determined using a Wald test [38]. Genes
showing an FDR-adjusted P-value (P,4) <0.05 in the pair-
wise comparisons were considered as DEGs.

The Gene Ontology enrichment analysis [40] was per-
formed by GENE ONTOLOGY (http://geneontology.
org/, [41, 42]) on RNA-seq DEGs identified in P treat-
ments within population comparisons (HPo vs HPi and
VPo vs VPi); the FDR value of 0.01 was the threshold for
significantly enriched GO.

Real-time qPCR

Root RNA was extracted as described above from four
boxes of Pi and Po treatment for each population x sam-
pling time combination of trial B (P1547 hybrid) and D
(VA572); in total, 32 samples for each maize population
were analysed. cDNA was obtained by iScript cDNA Syn-
thesis Kit (Bio-Rad) starting from 1 pg of RNA; 0,6 pg of
cDNA were used as template in a 10 pl reaction contain-
ing SSoFast EvaGreen supermix (BioRad) and specific
primers for selected genes (Table S1). All PCR reactions
were carried out in three replicates each using manufac-
turer optimized conditions, in a RotorGene 6000 (Cor-
bett). Data analysis was performed with Rotor-Gene 6000
series Software 1.7 (Corbett). Ct values of selected genes
were normalized against the Ct values of the actin refer-
ence gene to calculate for each sample the ACt. Expres-
sion levels of the selected genes were calculated by the
comparative Ct method using the equation E=2724C
AACt being the differences in ACt between Po and the
corresponding Pi for every time.

Statistical analyses

Analyses of variance on maize biomass, P content/con-
centration/PUE and enzymatic activities were performed
using the General Linear Model procedure (GLM) of SAS
Software version 8c (SAS Institute Inc.) in a 2X2 facto-
rial design with P treatments and sampling time as fac-
tors and experiments as temporal repetitions. Linear
contrasts were used for comparison of specific means.
The CORR procedure of SAS was used for the correlation
between Real-time qPCR and RNA-seq expression data
of the 13 chosen DEGs.

In the case of Real-time qPCR analysis, the compara-
tive Ct method generated expression values>1 and<1,
whose variances were proportional to the squares of
the means; consequently, a logarithmic transformation
(log,) was applied to the expression values to equalize the
variances.
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Results

Maize biomass and P concentration

P treatment, as main source of variation, showed a highly
significant effect on root and shoot growth in both the
maize populations (Fig. 1b and Table S3). The absence
of P (noP treatment) did not significantly affect plant
growth until 14 DAT while from this time on a significant
difference in shoot biomass in noP compared to Pi and
Po treatments was observed in both populations (Fig. 1b)
and symptoms of P starvation, e. g. accumulation of
anthocyanins [43], became evident in leaves (Fig. la).
At 21 DAT, Pi and Po treatments had a similar effect on
root and shoot growth of VA572 population while in
P1547 hybrid Pi treatment showed greater root and shoot
growth than Po. At 28 DAT, inorganic Pi treatment sup-
ported in both populations a significantly greater root
and shoot biomass compared to Po treatment (Fig. 1b),
in which leaves were generally characterized by the pres-
ence of yellow stripes (Fig. 1c).

Different from biomass, P concentration of plant tis-
sues was earlier affected by the absence of P as since 7
DAT the noP treatment significantly reduced root and
shoot P concentration in both the maize populations
(Fig. 1d). No significant differences in P concentration
were in general observed between Po and Pi treatments;
however, at 21 and 28 DAT, Po treatment in VA572 roots
determined significantly greater values (Fig. 1d). The cal-
culated P content parameter (P concentration x DM) and
PUE confirmed at 28 DAT a similar effect of Pi and Po
treatments in roots and a prevailing effect of Pi over Po
treatment in shoots for both populations (Figure S2a and
b).

No colonisation by AMF was detected in any root sam-
ple of both the maize populations (Figure S3) thus indi-
cating that the use of InsP, as P source can be ascribed
solely to plant strategies.

Taken together, these results indicated that the two
maize populations were able to grow, over the time of
28 DAT considered in this study, using phytic acid as the
sole P source, although this source resulted less efficient
than inorganic phosphate at 28 DAT in terms of root and
shoot biomass and shoot P content.

Enzymatic activity

The root-released phytase activity was considered the
most indicative of the root secreted phytase activities.
Despite a wide variation of activity values, in both maize
populations a significant root-released phytase activity
was mainly detected in Po treatment (Fig. 2). In P1547
hybrid, two peaks of phytase activity were found at 7 and
21 DAT, while in VA572 population the phytase activity
was present since 14 DAT and strongly increased at 28
DAT in Po and noP treatments (Fig. 2).
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Fig. 1 Plant bio-agronomic parameters. a P deficiency symptoms in leaves of noP treatment plants. b Root and shoot DM of the different
population x P treatment x sampling time combinations (means of the two trials per population). ¢ Yellow stripe symptoms in leaves of Po
treatment at 28 DAT. d Root and shoot P content (mg/g dry matter) of the different population x P treatment x sampling time combinations (means
of the two trials per population). Values are means + SE; different letters above bars indicate significant differences (p < 0.05, italic; p <0.005, normal
font) among treatments within sampling times by linear contrasts. Only significant differences are indicated

No significant differences among treatments and sam-
pling times were found for the root- associated phytase
activity in P1547 hybrid, because of a wide among-rep-
licate variation; in VA572 population, a significantly
greater activity in noP treatment was present at 28 DAT
(Table S3 and Figure S4).

These results indicated that a root-released phytase
activity was present in maize roots and suggested it was
induced by the presence of InsP, as P source.

RNA-seq analysis

To investigate the strategies displayed by the two maize
populations in the use of phytic P compared to inorganic
phosphate, an RNA-Seq analysis was run on twenty root
samples obtained from Po and Pi treatments of P1547
hybrid (H) and VA572 (V) populations. The analysis gen-
erated a mean of 37,96 million high-quality reads per
sample, 72.66% of which mapped to the maize B73 refer-
ence genome with 62.4% of these representing uniquely

mapped reads (Table S2). The alignment on the reference
Zeamays.AGPv4 genome resulted in 32,079 genes (Data
S1). The differentially expressed genes (DEGs) specific to
populations H and V, P treatments and sampling times
were identified by comparing the populations within
P treatment (HPo vs VPo and HPi vs VPi, Table S4), P
treatments within population (HPo vs HPi and VPo vs
VPi, Table S5) and P treatments within time (14DATPo vs
14DATPi, 21DATPo vs 21DATPi, 28DATPo vs 28 DATP;,
Table S6).

A PCA analysis based on the whole dataset of 32,079
genes per root sample after variance stabilizing trans-
formation (Data S1) clearly differentiated the two maize
populations along the PC1 component. Pi and Po treat-
ments were distinguished along the PC2 component in
VA572 population, while a clear distinction was not evi-
dent in P1547 hybrid (Fig. 3a). No clear differences were
put in evidence among different sampling times (7, 14,
21 and 28 DAT) in neither the populations (Fig. 3a). A
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Fig. 2 Root-released phytase activity of the different population x P treatment x sampling time combinations. Values are means + SE of the two
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larger internal variation in VA572 population compared
to P1547 hybrid was also evident from PCA plot (Fig. 3a)
and confirmed by the clustering of the same data (Figure
S5).

The number of DEGs differentiating the two popula-
tions was the same in the two P treatments: 4112 in Pi
and 4111 in Po; 1739 DEGs, 42.30% of the total, were pre-
sent in both the P treatments (common DEGs, Fig. 3b)
and was similarly distributed in up and down regulated
genes in the two treatments (Fig. 3c). The DEGs specific
to each P treatment (non-common DEGs), 2373 and 2372
respectively for Pi and Po, were evenly distributed in up
and down regulated in Pi treatment while in Po treatment
the majority was downregulated (1558/2372, i.e. 66%)
with respect to the upregulated DEGs (814/2372, i.e.
34%) (Fig. 3c). Then, about two third of the DEGs specific
to Po treatment had a lower expression in P1547 hybrid
compared to VA572 population.

The expression pattern of Po vs Pi treatment varied
greatly in the two populations for the number of DEGs
involved: 58 in the case of P1547 hybrid and 618 in the
case of VA572 population. Six DEGs were present in both
populations (common DEGs, Fig. 3b) and were all down-
regulated (Fig. 3d). The DEGs specific to each population
(non-common DEGs), 52 and 612 for P1547 hybrid and
VA572 respectively, were mainly downregulated in the

hybrid (45/52, i.e. 86.54%) while mainly upregulated in
VA572 population (503/612, i.e. 82.19%) (Fig. 3d).

Taken together, these data indicated that the expression
pattern in the comparison Po vs Pi treatment was charac-
terized by the overexpression of a large number of genes
in the case of VA572 and by the repression of a reduced
number of genes in the case of P1547 hybrid.

Phytase/phosphatase genes

To identify possible candidate genes responsible
for the root-released phytase activity found in both
maize populations (Fig. 2), the presence among DEGs
of the two phytase genes Zm00001d041660 and
Zm00001d041670, involved in the mobilization of phy-
tin globoids in radicle cortex during early germination
phases [44], was examined without success. Acid phos-
phatases (AP) and in particular the purple AP (PAP)
family represent a major route for plant cleavage of
phosphate from organic P sources: eight PAPs differ-
entiated the two populations in Po (Zm00001d053099,

Zm00001d04:3291, Zm00001d023404), in Pi
(Zm00001d025343, Zm00001d034839) and in both
treatments (Zm00001d003990, Zm00001d033566,

Zm00001d023410) (Table 1, Table S4). On the contrary, a
single candidate PAP-encoding gene, Zm00001d027731,
was among the Po vs Pi DEGs in VA572 (Table 1,
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Table S5). This gene, however, was not retained among
candidate maize PAP because of the absence of three PAP
conserved residues out of five [29]. Zm00001d027731
was also significantly upregulated in the comparison
HPi vs VP4, i.e. more expressed in P1547 hybrid than in
VAS572 population in Pi treatment, thus making it one
of the 100 more expressed genes in our whole dataset
(Table 1).

Phosphate signaling pathway

Zm00001d042935, considered an early responsive gene
to LP stress in maize [45], was among the upregulated
DEGs only when comparing 14DAT Po vs 14DAT Pi
(Table 1, Table S6), possibly corresponding to the seed-
ling transition from the prevailing use of seed P reserves
to the Po uptake from the medium.

Phosphate starvation response (ZmPHR) genes, mem-
bers of the MYB transcription factors (TF), are known
to regulate phosphate homeostasis in plants; among
the 18 ZmPHR genes identified in the maize genome
[46], a common DEG (Zm00001d015226) downregu-
lated in both the comparisons HPi vs VPi and HPo vs
VPo and a DEG (Zm00001d038546) upregulated in
HPi vs VPi distinguished the two populations (Table 1,
Table S4). Instead, in VA572 population a single DEG
(Zm00001d020019), coding for the PHR1-LIKE 3 pro-
tein, was downregulated in Po vs Pi treatment (Table 1,
Table S5). As PHR induction of phosphate starvation-
induced (PSI) genes can be inhibited by the association
with SPX proteins [47, 48], the presence of SPX genes
among DEGs was also examined. Zm00001d044541
was one of the seven upregulated DEGs in P1547 hybrid
(HPo vs HPi comparison Fig. 3d, Table 1, Table S5); the
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Table 1 Log, fold change values of DEGs discussed in the text in the different comparisons. Genes selected for Real-time gPCR
analysis are indicated in bold

Gene ID Gene description HPo vs HPi VPovsVPi HPivsVPi HPovsVPo 14DAT PovsPi 28DAT Po vs Pi

Phytase/Phosphatase activity

Zm00001d053099 Purple Acid Phosphatase 4.14
(Zm00001eb201680) (ZmPAP)

Zm00001d043291 Purple Acid Phosphatase 1.19
(Zm00001eb151650) (ZmPAP)

Zm00001d023404 Purple Acid Phosphatase —1.54
(Zm00001eb406620) (ZmPAP)

Zm00001d025343 Purple Acid Phosphatase -1.35
(Zm00001eb421880) (ZmPAP)

Zm00001d034839 Purple Acid Phosphatase 1.63
(Zm00001eb064450) (ZmPAP)

Zm00001d033566 Purple Acid Phosphatase 6.16 3.21
(Zm00001eb053560) (ZmPAP)

Zm00001d003990 Purple Acid Phosphatase 6.54 4.67
(Zm00001eb085600) (ZmPAP)

Zm00001d023410 Purple Acid Phosphatase —2.61 —3.77
(Zm00001eb406650) (ZmPAP)

Zm00001d0277312 putative Purple Acid Phos- 1.60 1.05
(Zm00001eb004420) phatase (putative PAP)
Phosphate signalling pathway

Zm00001d042935 Induced Phosphate Starvation 1.23
(Zm00001eb148590) 1 (ZmIPST)

Zm00001d015226 Phosphate starvation -2.00 -261
(Zm00001eb232000) response gene (ZmPHR)

Zm00001d038546 Phosphate starvation 1.06
(Zm00001eb291350) response gene (ZmPHR)

Zm00001d020019 Phosphate starvation —1.42
(Zm00001eb309360) response gene (ZmPHR1-like

3)

Zm00001d044541 SPX domain-containing
(Zm00001eb162710) protein4 (ZmSPX4)

Zm00001d051945 SPX domain containing phos- 1.53
(Zm00001eb191650) phate transporter 2

Zm00001d029460 SPX domain containing 345
(Zm00001eb019570) protein 7

Zm00001d038972 ubiquitin-conjugating E2 -0.73
(Zm00001eb295490) enzyme (ZmPHO2)

Zm00001d032850 PHT1 gene family (ZmPHT1,9) 1.27
(Zm00001eb047070)

Zm00001d027700 PHT1 gene family (ZmPHT1,13) -5.95
(Zm00001eb004100)
Maize inositol phosphate metabolism

Zm00001d044442 ABC transporter G family 338 -3.77 3.89
(Zm00001eb161780) member 40

Zm00001d046234 Inositol oxygenase 2 -1.15 —1.54
(Zm00001eb384280)

Zm00001d027625 ABC transporter (ZmMRP4) 0.94 -0.74
(Zm00001eb003490)

Zm00001d053333 Sec14-like phosphatidylino- 5.85 5.68
(Zm00001eb203680) sitol transfer protein

Zm00001d038530 Putative inositol polyphos- 1.66 1.65
(Zm00001eb291170) phate phosphatase

(ZmPROH9)
Zm00001d041608 Inositol-phosphotransferase 1 2.52 —-2.00

(Zm00001eb137020)
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Table 1 (continued)
Gene ID Gene description HPo vs HPi VPovsVPi HPivsVPi HPovsVPo 14DAT PovsPi 28DAT Po vs Pi

Zm00001d037160 Nodulin-like protein 574 -243
(Zm00001eb279030)

Zm00001d022636 Major Facilitator Superfam- 253 1.83
(Zm00001eb332090) ily protein (ZmNPI611a)
Root system development

Zm00001d040035 Low phosphate root 1b 2.16 1.30
(Zm00001eb125660) (ZmLPR1b)

Zm00001d032732 cyclin-dependent kinase 1.07 -0.86
(Zm00001eb046080) inhibitor 1 (ZmCKIT)

Zm00001d003311 dioxygenase for auxin oxida- 2.82 -2.06
(Zm00001eb079790) tion1 (ZmDAOT)

Zm00001d018414 TF aux/IAA24 (ZmAUX/IAA24) 321 —2.72
(Zm00001eb258220)

Zm00001d039624 TF aux/IAA8 (ZmAUX/IAAS8) 1.27
(Zm00001eb122410)

Zm00001d038165 GID1-like gibberellin receptor 2.03 1.84
(Zm00001eb287800) (ZmGIDT)

Zm00001d039520 Cytokinin oxidase 1 4.94 241
(Zm00001eb121500) (ZmCKOT1)

Zm00001d036416 Calcium dependent protein 2.06 =201
(Zm00001eb272410) kinase13 (ZmCDPK13)

Zm00001d049020 Root preferential 1 —244
(Zm00001eb168290) (ZmRTP1)

Zm00001d043019 Laccase 9 (ZmLAC9) —1.85 -2.19
(Zm00001eb149240)

Zm00001d010308 GID1-like gibberellin receptor 0.64
(Zm00001eb349710) (ZmGID2)

Zm00001d030993 TF aux/IAA2 (ZmAUX/IAA2) 1.32
(Zm00001eb031190)

Zm00001d052112 Growth regulatory factor 1.03 1.39
(Zm00001eb193180) (ZmGRFTF10)
Uptake, transport and assimilation of macro and micronutrients

Zm00001d054057 Nitrate transport 2 -3.28
(Zm00001eb209670) (ZmNRT2.1)

Zm00001d054060 Nitrate transport 1 (ZmNRT2.2) —4.37 —3.58
(Zm00001eb209690)

Zm00001d006823 Nitrate transporter -1.49
(Zm00001eb108840) (ZmNPF8.18)

Zm00001d031769 Nitrate reductase (ZmNNR4) 324 -2.24
(Zm00001eb037860)

Zm00001d049995 Nitrate reductase (ZmNNRT) 1.56 1.68
(Zm00001eb176470)

Zm00001d003859 High-affinity K* transporter —6.73 739
(Zm00001eb084600) (ZmHAK20)

Zm00001d037289 Outward rectifying potassium 1.84 —-1.66
(Zm00001eb280210) channell (ZmORKT)

Zm00001d003555 Potassium channel SKOR 2.60 1.51 -2.10 2.60
(Zm00001eb081780)

Zm00001d029360 Starch synthase 1b -5.50 —741 -5.80

Zm00001d045042° Sucrose synthase 1 (ZmSHT1) 247 2.01
(Zm00001eb374090)

Zm00001d017121% (Zm000  glyceraldehyde-3-phosphate- 137
01eb246370) dehydrogenase (ZmGPC4)

Zm00001d045431% (Zm00O  Enolase (ZmENOT) 1.62 -1.73

01eb377870)
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Table 1 (continued)
Gene ID Gene description HPo vs HPi VPovsVPi HPivsVPi HPovsVPo 14DAT PovsPi 28DAT Po vs Pi

Zm00001d018429 Phosphoenolpyruvate car- 3.64 354
(Zm00001eb258360) boxylase kinase (ZmPPCK19)

Zm00001d033931° (Zm000  Alcohol dehydrogenase 2.31 1.12
01eb056510) (ZmADH1)

Zm00001d049059° (Zm000  Alcohol dehydrogenase 2.08 -142
01eb168550) (ZmADH2)

Zm00001d017429 yellow stripe 1 transporter 1.36 2.85
(Zm00001eb249020) of Fe-phytosiderophores

(ZmYST)

Zm00001d042062 bHLH transcription factor 231 329
(Zm00001eb140680) (ZmbHLH126)

Zm00001d041352 Adenine phosphoribosyltrans- 0.53
(Zm00001eb135050) ferase2 (ZmAPT)

Zm00001d041111 yellow stripe 3 transporter 343 4.37
(Zm00001eb133440) of Fe-phytosiderophores

(ZmYS3)
Zm00001d052435 Transporter of the phytosi- 535 -3.59 523

(Zm00001eb196180) derophores mugineic acids

(ZmTOM2)

2 DEGs included in the 100 most expressed genes

variant ZmSPX4.2 of this gene was proved to interact
with ZmPHRI by yeast two-hybrid assay [48]. Other two
SPX genes—Zm00001d029460, implied in phosphate
starvation response, and Zm00001d051945, phosphate
transporter 2—were among the DEGs upregulated in
HPo vs VPo and HPi vs VPi comparisons, respectively
(Table 1, Table S4).

Consistent with the negative regulation of PHR genes in
Po treatment, the P transporters belonging to the PHTI
gene family [49] and targeted by the PHR-SPX complex
[50], were absent among the DEGs differentiating the
two populations in Po treatment and present only in Pi:
Zm00001d032850, more expressed in P1547 hybrid, and
Zm00001d027700, more expressed in VA572 population
(Table 1, Table S4).

Maize inositol phosphate metabolism

Among the genes implied in co-expression networks
related to inositol phosphate metabolism in maize [51],
only the ABC transporter Zm00001d044442, upregu-
lated in VPo vs VPi comparison and Zm00001d046234,
involved in inositol catabolic process and downregulated
in the same comparison, differentiated the two P treat-
ments in VA572 population (Table 1, Tables S5). Other
transmembrane transporters, upregulated in VPo vs VPi
comparison, were represented by the ABC transporter
gene Zm00001d027625, known for its effect on seed
phytate content in maize [52], the nodulin-like family
gene Zm00001d037160 and the major facilitator super-
family gene Zm00001d022636 (Table 1, Table S5). Both

the Arabidopsis orthologs At4g34950 and At2g16660 of
Zm00001d022636 were found being involved in root reg-
ulators of phosphate starvation response networks [53].

These findings suggested that in Po treatment highly
phosphorylated inositol phosphates could be the object
of a direct root uptake and further directed by inter-
nal transfer to metabolic pathways based on these
compounds.

The synthesis of phosphoinositides (PIPs) represented
the inositol phosphate-based pathways largely involved in
our dataset. In fact, the genes Zm00001d053333, coding
for a Sec14-like phosphatidylinositol transfer protein reg-
ulating the homeostasis of PIPs [54], Zm00001d038530,
involved in phosphatidylinositol dephosphorylation, and
Zm00001d041608, a phosphotransferase synthetizing the
SL inositol phosphoryl ceramide, were all upregulated in
VPo vs VPi comparison (Table 1, Table S5).

The genes Zm00001d037160, Zm00001d044442,
Zm00001d027625 and Zm00001d041608 turned out
to be also more expressed by VA572 in HPo vs VPo
comparison while Zm00001d046234 in HPi vs VPi
comparison; on the contrary, Zm00001d053333 and
Zm00001d038530 were more expressed in P1547 hybrid
in HPi vs VPi comparison (Table 1, Table S4).

Root system development

The upregulation of the genes Zm00001d040035, a
negative regulator of primary root elongation in LP
condition [55], and the cyclin-dependent kinase inhibi-
tor Zm00001d032732, a negative regulator of cell divi-
sion and growth, suggested a reduction of primary root
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growth and an inhibition of lateral root development in
VPo vs VPi comparison (Table 1, Table S5).

Auxin and gibberellic acid (GA) signaling are known
to play important roles in this process [55, 56] and
in fact the auxin-related genes Zm00001d003311,
the transcriptional repressors Zm00001d018414
and Zm00001d039624 and the gibberellin receptor
Zm00001d038165, were also found among the upregu-
lated DEGs in VPo vs VPi comparison (Table 1, Table S5).
The cytokinin oxidase Zm00001d039520 was among the
upregulated DEGs in VPo vs VPi comparison as well as
the calcium-dependent protein kinase Zm00001d036416,
identified as a candidate gene in a GWAS study for
Root System Architecture traits in maize [57] and more
expressed in VA572 in HPo vs VPo comparison (Table 1,
Tables S4 and S5).

Modifications of cell wall structure appeared to occur
in VA572 as suggested by the down regulation of the gene
Zm00001d049020, involved in suberin pathway [5], and
Zm00001d043019, participating in lignin polymer forma-
tion (Table 1, Table S5); this last gene was also downregu-
lated in HPo vs HPi comparison (Table 1, Table S5).

Taken together these results suggested that VA572
population was subjected to root morphology changes
induced by Po treatment and dependent on the modifica-
tion of gene expression mediated by auxin, GA and cyto-
kinin signaling.

In P1547 hybrid, the genes Zm00001d040035,
Zm00001d010308, belonging to the same gene family
of Zm00001d038165, and Zm00001d039520 were pre-
sent among the DEGs in HPi vs VPi comparison where
they were expressed at higher level in the hybrid than
in VA572 populations as the transcriptional repressor
Zm00001d030993 in HPo vs VPo comparison (Table 1,
Table S4). However, the only root development-related
gene induced by Po treatment in P1547 hybrid was
the growth regulatory TF Zm0001d052112 (Table 1,
Table S5), highly expressed in maize roots [58] as its
ortholog OsGRF6 positively regulating root develop-
ment in rice [59]. Thus, in P1547 hybrid Zm0001d052112
appeared a key factor in the root morphology changes
induced by Po treatment mediated by auxin, GA and
cytokinin signaling networks.

Relationship of P sources with N and K macronutrients

and micronutrients

Both the high affinity nitrate transporters
Zm00001d0054060 and Zm00001d0054057, displaying
a root-specific expression profile [60, 61], were among
the downregulated DEGs in HPo vs HPi comparison
(Table 1, Table S5). In VPo vs VPi comparison, the low-
affinity nitrate transporter Zm00001d006823 was also
downregulated; instead, two nitrate reductase genes
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Zm00001d031769 and Zm00001d049995, acting in
nitrate reduction into nitrite in cytoplasm, were among
the upregulated DEGs in VPo vs VPi (Table 1, Table S5).

Considering K uptake, the high-affinity Kt trans-
porter Zm00001d003859 [62] was downregulated in
VPo vs VPi, while the K channels Zm00001d037289 and
Zm00001d003555 were upregulated, this last also being
highly constitutively expressed by P1547 hybrid in Pi
treatment and present in 14DATPo vs 14DATPi compari-
son (Table 1, Tables S4, S5, S6).

Sugar metabolism was largely affected by Po treat-
ment in VA572 roots: the granule-bound starch synthase
1b gene (Zm00001d029360), involved in starch syn-
thesis [63], was downregulated in VPo vs VPi (Table 1,
Table S5) and in 28DATPo vs 28DATPi comparisons
(Table 1, Table S6). On the contrary, several genes act-
ing on primary sugar metabolism (Zm00001d045042),
glycolysis (Zm00001d017121, Zm00001d045431,
Zm00001d018429) and anaerobic sugar metabolism
(Zm00001d033931, Zm00001d049059) were upregulated
in VPo vs VPi (Table 1, Table S5). Zm00001d045042,
Zm00001d017121, Zm00001d045431, Zm00001d033931
and Zm00001d049059 were also among the 100 most
expressed genes in our dataset (Table 1).

The genes Zm00001d017429, an  oligopep-
tide transporter of Fe(Ill)-phytosiderophores [64],
Zm00001d042062, a bHLH TF ortholog of OsIRO2
induced in rice shoots and roots by Fe deficiency [65]
and Zm00001d041352, involved in the synthesis of the
Fe chelator mugineic acid [66], were found among the
upregulated DEGs in HPo vs HPi, Zm00001d017429
and Zm00001d042062 being also present in 28DATPo
vs 28DATPi comparison (Table 1, Tables S5 and S6). In
VPo vs VPi and 28DATPo vs 28DATPi comparisons, the
Fe(III)-phytosiderophore transporters Zm00001d041111
and Zm00001d052435 resulted also among the upregu-
lated DEGs (Table 1, Tables S5 and S6).

Gene ontology (GO) enrichment analysis

A GO enrichment analysis of the functional significance
for the category biological process was performed on the
670 DEGs (58 from P15447 and 618 from VA572, six being
common to populations) resulting from Po vs Pi compar-
ison. The 622 uniquely mapped genes used in the analysis
were grouped in ten significantly enriched (FDR<0.01)
GO terms indicated in Fig. 4. Response to stimulus
(G0O:0050896), Response to chemical (GO:0042221) and
Transmembrane transport (GO: 0055085) were the GO
terms showing the major number of DEGs involved. The
DEGs present in Response to stimulus and Response to
chemical GO terms included genes involved in Phos-
phate signalling pathway (Zm00001d044541), Root sys-
tem development (Zm00001d018414, Zm00001d036416,
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Fig.4 GO enrichment analysis for biological processes on RNA-seq DEGs in within population P treatment comparison of both maize populations.
Only GO terms with FDR values<0.01 are considered as enriched terms. Numbers at the end of the bars represent the DEGs belonging to each GO

terms
Zm00001d039624, Zm00001d040035) and Uptake
of macro and micronutrients (Zm00001d054057,

Zm00001d054060, Zm00001d018429, Zm00001d033931,
Zm00001d049059, Zm00001d017429) reported in
Table 1. Among the DEGs representing the Transmem-
brane transport class, Zm00001d028689, present and
downregulated in both populations, was a ZmPHRI-reg-
ulated PSR gene, that is responsive to the major regula-
tor of phosphate signaling and homeostasis, also involved
in response to ABA, osmotic stress and water depri-
vation [67]. Two other DEGs (Zm00001d021396 and
Zm00001d012938), upregulated in VPo vs VPi compari-
son, were annotated as phosphate ion transport in GO
biological process. Besides, the root-expressed ZmPIN9
gene (Zm00001d043179), present in Transmembrane
transport and Response to chemical classes and upregu-
lated in VPo vs VPi comparison, took part in the response
to sensing heterogeneous Pi supply by modifying auxin
distribution of lateral roots to increase root proliferation
[68]. Other DEGs present in this GO class are involved in
Maize inositol phosphate metabolism (Zm00001d044442,
Zm00001d027625, Zm00001d037160) and Uptake
of macro and micronutrients (Zm00001d054057,

Zm00001d054060, Zm00001d006823, Zm00001d003859,
Zm00001d037289, Zm00001d003555, Zm00001d017429,
Zm00001d041111, Zm00001d052435) (Table 1). Among
DEGs representing acid metabolic process GO
terms (GO 0006082, GO 0019752 and GO 0032787,
Fig. 4), genes involved in Maize inositol phosphate
metabolism (Zm00001d046234) and Uptake, trans-
port and assimilation of macro and micronutrients
(Zm00001d031769, Zm00001d049995, Zm00001d017121
and Zm00001d045431) were present (Table 1). Finally,
the Zm00001d052112 involved in Root system develop-
ment (Table 1) was found among the DEGs representing
GO 0090304, GO 0016070 and GO 0010467 (Fig. 4).

Quantitative real-time PCR analysis

A total of thirteen genes, identified as DEGs in Po vs Pi
treatment in at least one of the two populations, were
selected for quantitative real-time PCR (qRT-PCR) analy-
sis (Table 1, in bold). The complete set of root samples
along the four sampling times (7, 14, 21 and 28 DAT) was
analyzed from B (P1547 hybrid) and D (VA572) experi-
ments used for RNA-seq analysis. Considering both
populations, 10 out of 13 genes showed a significant main
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effect of P treatment on the expression level across sam-
pling times in the same direction found in RNA-seq anal-
ysis; in two further genes, the transporters Secl4p-like
and noduline-like, the effect of P treatment was signifi-
cant only for a specific sampling time and consistent with
the results of RNA-seq; finally, ZmCKO1 did not show
any significant P treatment effect in both the populations,
despite the increasing expression level at 21 and 28DAT
in VA572 (Fig. 5).

Then, qRT-PCR results generally confirmed the expres-
sion patterns obtained by RNA-seq analysis as indicated
by the significant correlation (r=0.73, p<0.005) found
between the two sets of expression values (Figure S6). The
major differences between qRT-PCR and RNA-seq con-
cerned the significant P1547 hybrid induction at 28DAT
for the transporters ZmMRP4 and ZmSeci4-like and the
significant downregulation of ZmNRT2.1 at 28DAT in
VA572 (Fig. 5). The expression variation of these genes
was relative to the only 28DAT time and then probably
not able to significantly modify the gene expression level
across all sampling times of the RNA-seq analysis.

For both the populations, the significant P treatment
differences were present at 21 and/or at 28DAT sug-
gesting a trend of induction along sampling times and
the persistence of the induced expression patterns also
longer the 28DAT term of the present study. Finally, the
expression patterns of genes characterizing each popula-
tion in RNA-seq analysis were maintained in qRT-PCR:
ZmSPX4 and ZmNRT2.1, with opposite regulation, spe-
cific to P1547 hybrid; the upregulated transporters ZmA-
BCG40, ZmNPI611a, and the sucrose synthase ZmSH1I
particular to VA572 population together with the down-
regulated root development-related ZmRTPI.

It is interesting to note that the putative PAP
Zm00001d027731, induced in VA572 population at
21 and 28DAT in both RNA-seq and qRT-PCR analy-
sis, resulted induced also in P1547 hybrid in qRT-PCR
(0.08<p>0.05 at 14DAT, Fig. 5); as seen before in the
case of ZmSPX4 and ZmNRT2.1 genes, such an expres-
sion pattern suggests that the differences between the
two populations in the responses to Po treatment could
be in some case less clear cut than indicated in RNA-seq
analysis and that some genes could play a transient role in
both the populations at specific times.

Discussion

Both maize populations were able to use phytic acid

for growth during a 28DAT span

In both maize populations the Po treatment sustained a
significantly greater tissue P content and biomass growth
with respect to noP treatment since 7 and 14DAT,
respectively (Fig. 1) indicating a phosphate hydrolysis in
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the medium by AMF-free plant roots. The significantly
higher level of root-released phytase/phosphatase activity
in Po treatment suggested an induction by the presence
of InsP;. An enhancement of root phosphatase release in
Trifolium alexandrinum grown in aseptic culture with
phytin as P source was also observed by Tarafdar and
Claassen [69]. However, InsPy source in our experiment
was utilized less efficiently than Pi in both the popula-
tions, except for VA572 root at 21 DAT. The 2 mM rate of
P from InsPg, equivalent to that from Pi source, was not
limiting in our experimental conditions as a tenfold rate
of 20 mM InsP did not affect maize growth and P uptake
at 28 DAT (data not presented), excluding also significant
InsP, sorption by perlite substrate and/or precipitation
by reaction with mineral cations. Thus, InsP availability
for plant growth did not appear a limiting step in P acqui-
sition in our experimental conditions as, on the contrary,
found by other authors working with agar or sand-ver-
miculite media [70, 71]. Findenegg and Nelemans [72]
comparing maize growth and P uptake with 2 mM Ca-
phytate vs Pi sources also found a better efficiency of
Pi and an improved P uptake from phytate source with
addition of a phytase of microbial origin, thus conclud-
ing that the rate of phytin hydrolysis was a limiting step
in the use of phytate. The presence of the PAP-encoding
gene Zm00001d027731 among the 100 more expressed
genes in our whole dataset was consistent with a wide
mobilization of root-secreted phytase/phosphatase activ-
ities, which makes it a candidate for external phytic acid
hydrolysis in maize. However, a more complex response
to Po source, indicating a possible direct uptake of InsP,
by maize roots, emerged from our RNA-seq data consist-
ent with a limiting effect of maize root-secreted phytase/
phosphatase activities. Finally, the leaf interveinal chloro-
sis in Po-treated plants of both populations (Fig. 1c) indi-
cated a side-effect of the use of phytic acid as P source
due to its chelating properties towards metal ions, thus
impairing the maize chelation-based strategy of mineral
uptake that can negatively affect maize shoot growth
more than root [73].

Different numbers of DEGs were involved in organic P
treatment response by the two maize populations

The expression changes induced by organic P treatment
(Po) with respect to the mineral (Pi) control treatment
involved a very different number of DEGs in the two
maize populations: 58 in P1547 and 618 in VA572. The
six DEGs common to both the populations, all down-
regulated (Fig. 3d) and four of them also downregulated
in the 21DAT and/or 28DAT Po vs Pi comparisons,
are likely to be involved in root cell wall modifications
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induced by Po treatment in the last sampling times:
Zm00001d002687, an ortholog of rice CYP86A1l
(0Os04g0560100) involved in root suberin pathway [74],
Zm00001d028689, ZmPHR1-regulated ABC transporter,
associated with the symplastic transport in the suberized
cell wall [75], Zm00001d037359, a peroxidase implicated
in abiotic stress response [76] and the hypothetical pro-
tein Zm00001d031822 (Tables S5 and S6).

The greatest difference between the maize popula-
tions concerned the upregulated DEGs in Po treat-
ment, specific to each population: seven in P1547
hybrid (Zm00001d044541, Zm00001d052112,
Zm00001d017429, Zm00001d042062, Zm00001d041352
in Table 1, the MATE transporter Zm00001d004055 and
the hypothetical protein Zm00001d042030) and 503 in
VA572 populations, 28 among which present in Table 1.
Then, in term of number of genes positively induced by
Po treatment, VA572 showed an increased expression
plasticity with respect to the P1547 hybrid. However,
among the 178 genes common to VPo vs VPi and HPi vs
VPi comparisons (Fig. 3b) 140 resulted upregulated in
both the comparisons indicating that about 28% of the
Po-induced genes in VA572 had a higher constitutive
(baseline) expression in P1547 hybrid than in VA572 in
the "control” situation represented by the Pi treatment.
Seven DEGs in Table 1 were consistent with this situa-
tion. Higher constitutive expression in P1547 hybrid, pos-
sibly derived from heterosis exploitation specific to the
F1 hybrid variety model, could provide an effective way to
face the environmental change represented by Po treat-
ment consistent with the higher baseline strategy illus-
trated by Rivera et al. [77] in providing a reaction norm
framework for gene expression plasticity across varying
experimental conditions. On the contrary, among the 221
genes common to VPo vs VPi and HPo vs VPo compari-
sons (Fig. 3b), 199 resulted more expressed in VPo then
HPo thus indicating that about 40% of the Po-induced
genes in VA572 reacted more to Po condition than P1547
hybrid, i.e. had a greater gene expression plasticity [77].
Fourteen DEGs in Table 1 were consistent with this situ-
ation. The larger shift of transcriptomic profile in the two
P treatments displayed by VA572 and the higher baseline
expression with reduced expression plasticity of P1547
hybrid appear as different ways to face the environmen-
tal change of P sources likely in relation with the agro-
nomic context of cultivation and breeding and with the
variety models adopted for the two populations. A thor-
ough investigation spanning the entire vegetative and
reproductive crop stages should be necessary to know
whether these different strategies can evolve towards bet-
ter adapted phenotypes in organic P exploitation.
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Similar responses to Po treatment were achieved

via different pathways in the two maize populations

In both the populations the ZmPHR-mediated induc-
tion of the phosphate starvation-induced genes was
inhibited in Po treatment mainly via the SPX protein
(Zm00001d044541) interaction with ZmPHR in P1547
hybrid and likely via the downregulation of the con-
served regulatory module of Pi homeostasis formed
by PHR1, miR399, and PHO2 [78, 79] in VA572. These
responses clearly indicated that InsPg is perceived by
maize plants as an available P source. The putative PAP
Zm00001d0277731, induced by Po treatment in VA572
and highly constitutively expressed in P1547 hybrid, is
likely to play a role in the root-secreted enzymatic phos-
phate cleavage from InsP.. However, the downregulation
of Zm00001d046234, responsible for myo-inositol deg-
radation into D-glucuronate [80], induced by Po treat-
ment in VA572 suggested that a direct uptake of InsP,
by maize roots could also take place. Notably, Roberts
et al., [80] demonstrated that excised maize root tips were
able to rapidly remove myo-inositol from the medium,
using it as precursor in pectic cell wall biosynthesis. This
uptake/internal transfer could be mediated by differ-
ent transporters (Zm00001d044442, Zm00001d027625,
Zm00001d037160, Zm00001d022636) induced by Po
treatment in VA572 (Table 1 and GO 0055085 Fig. 4)
while in P1547 hybrid mainly mediated by the same SPX4
proteins also interacting with ZmPHR and by the other
ZmSPX gene Zm00001d029460. The introduced InsPq is
likely to be partly directed to synthesis of membrane phos-
phoinositides (PIPs), the membrane lipids based on phos-
phatidylinositol, and of sphingolipids (SLs), a diversified
class of lipids characterizing membrane architecture and
biophysical properties [81]. PIP homeostasis is regulated
by SEC14 proteins (Zm00001d053333) induced by Po
treatment in VA572 and highly constitutively expressed in
P1547 hybrid; PIPs have been reported to play important
roles in tip-growing cells such as root hairs [82].

Maize root morphology is known to be affected by
P status [55] and VA572 appeared to exert a more thor-
ough regulation on root development in response to Po
treatment than P1547 hybrid. The primary root elonga-
tion was likely inhibited by Zm00001d040035, upregu-
lated in Po treated VA572 and highly constitutively
expressed in P1547 hybrid, an opposite effect compared
to low P condition [55], while similar was the upregula-
tion of Zm00001d032732 suggesting an inhibition of
lateral root development. In VA572, a modulation in
root IAA and gibberellin levels in Po treatment are sug-
gested by the upregulation of the auxin regulator genes
(Zm00001d018414, Zm00001d039624, Zm00001d003311,
Table 1; Zm00001d043179, GO 0055085 Fig. 4) and the
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gibberellin receptor Zm00001d038165 and by the modu-
lation of the auxin antagonistic cytokinin via the upregula-
tion of the cytokinin oxidase Zm00001d039520 (Table 1).
The induction of Zm00001d036416, a regulator of root
meristem development by modulating auxin and cyto-
kinin activities, induced by Po treatment in VA572, sug-
gested a fine-tuned regulation of root meristem activity
in VA572. A common feature of both the populations was
the reduction of lignin (Zm00001d043019) and suberin
(Zm00001d049020) pathways induced by Po treatment
and suggesting a greater root cell wall extensibility. The
TF Zm00001d052112 appeared specific to P1547 hybrid
and clearly induced by Po treatment; this gene contained
an auxin-responsive-related element [58] suggesting an
involvement in root meristem hormonal regulation.

A modulation of Pi and NO; uptake under Pi starvation
was found by Wang et al., [83] in Aradidopsis and maize.
In our experimental conditions, NO; uptake was clearly
inhibited in Po-treated P1547 hybrid via the downregula-
tion of both the main high affinity root NO; transport-
ers Zm00001d054057 and Zm00001d054060. In VA572
the NO; uptake inhibition appeared less important as
only the low affinity transporter Zm00001d006823 was
downregulated while NO; assimilation was enhanced via
the upregulation of two nitrate reductases, one of which
(Zm00001d049995) high constitutively expressed in
P1547 hybrid (Table 1). Interestingly, none of the maize
NH, transporters [61] were found among the DEGs indi-
cating that NH,-N, the only mineral N form present in
animal effluents/digestates, should be readily available to
plants.

As for K* transport systems, represented by potas-
sium channels and transporters [62], Po treatment
enhanced the role of K™ channels Zm00001d003555 and
Zm00001d037289, upregulated in VA572, with respect
to the high affinity transporter Zm00001d003859, down-
regulated, probably to maintain K* root homeostasis by
minimizing energy cost and fully exploiting the regula-
tory networks of KT channels [84, 85].

Increased carbon and energy needs were induced by
Po treatment in VA572 as indicated by the upregula-
tion of sucrose-cleaving enzymes in VPo vs VPi possibly
to sustain the growth of maize root tips and the cost of
transcription, translation, and protein turnover linked
to the larger root transcriptomic changes present in this
population with respect to P1547 hybrid. Phytic acid has
known chelating properties of metal ions such iron (Fe)
and zinc (Zn) essential for plant growth and develop-
ment; a possible interference between Po treatment and
metal ion uptake by maize root was put in evidence by
interveinal chlorosis in young leaves (yellow stripes) of
Po-treated plants of both populations (Fig. 1c). In fact
both populations were affected by impairment of Fe(III)
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homeostasis and reacted by promoting phytosidero-
phore release (Zm00001d017429, Zm00001d041111,
Zm00001d041352) and Fe(III)-phytosiderophore uptake
(Zm00001d052435) to cope with iron deficiency, in par-
ticular at 28DAT. These widespread changes in biological
processes in response to different P sources agreed with
the enriched functional significance of response to stim-
ulus and chemical stimulus and transmembrane trans-
port evidenced by GO enriched analysis and suggest the
implementation of a complex adaptation pattern in Po-
treated maize plants.

Conclusions

This study indicates that phytic acid is a bioavailable P
source for maize seedling growth although the entire veg-
etative and reproductive crop cycle should be assessed to
verify this result. Both phosphate cleavage from InsP, by
root-secreted PAPs and a direct uptake of myo-inositol
at various degree of phosphorylation are suggested by
the root RNA-seq data presented. A wider mobilization
of genes/pathways and a steeper slope of the expression
reaction across P treatments (expression plasticity) are
induced by Po treatment in VA572 while the response
pattern of P1547 hybrid is based on a higher baseline
expression in Pi treatment with reduced expression plas-
ticity across P treatments. The physiological responses to
Po treatment, inferred from DEG analysis of P treatments
within population comparisons, are similar in both the
populations but the patterns of genes involved often dif-
fered being specific to each population.
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