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Abstract: Phytic acid (PA) is an anti-nutritional factor for monogastrics and contributes to phosphorus
pollution. The low phytic acid (lpa) trait can provide several benefits to the nutritional quality of
foods/feeds and to environmental sustainability. In maize, four lpa1 mutants have been isolated,
and lpa1-1 is the most promising. Nevertheless, these mutations are frequently accompanied by
many negative pleiotropic effects affecting plant performance. One of these is a greater susceptibility
to drought stress, probably caused by an alteration in the root system. In this work, we set up an
experiment in hydroponics and two in mesocosms, where pots were built using transparent PVC
sheets to better access the roots. The results suggested that neither root architecture nor root depth are
limiting factors in mutant plants. In hydroponics, the dry weight of the mutant and the root area per
unit of length were twice that of B73. However, lpa1-1 exhibited a reduced efficiency of photosystem II
(Fv/Fm, 0.810 vs. 0.800) and a reduced leaf temperature (−0.5 ◦C compared to wild-type), probably
due to increased water loss. Furthermore, molecular analysis performed on genes involved in root
development (rtcs, rtcl, rum1, and BIGE1) revealed the abundance of rtcs transcripts in the mutant,
suggesting an alteration in auxin polar transport.

Keywords: phosphorus; low phytic acid mutants; phytic acid; drought stress; root system architecture;
environmental sustainability; agrobiodiversity

1. Introduction

Phytic acid (PA) (myo-inositol-1,2,3,4,5,6-hexakisphosphate) is the most common
storage form of phosphorus (P) in plant seeds [1]. In maize, PA is mainly located in the
scutellum and only small quantities are present in the aleurone layer [2]. Phytic acid is
accumulated in the protein storage vacuole as phytate mixed salts with different cations
(particularly iron and zinc), reducing their bioavailability [3]. During germination, these
salts are degraded by the activity of the phytase enzyme, releasing free phosphorus, myo-
inositol, and minerals, essential for seedling growth [4]. Only ruminants are able to degrade
phytic acid due to the presence of phytases in their digestive system. However, monogastric
animals do not possess this enzyme: only the 10% of phytate in the feed is assimilated, while
the remainder is excreted, contributing to P pollution and water surface eutrophication.
Therefore, farmers must supply mineral phosphorus to the feed of monogastric animals,
thus implying an economic problem [5]. Despite being considered an anti-nutritional factor
for all these reasons, phytic acid plays a key role as an antioxidant compound. In fact, by
chelating iron cations, PA can counteract the formation of reactive oxygen species (ROS),
thus preserving the viability of seeds [6,7].

Some breeding programs have analyzed the genetic variability of both phytic acid and
inorganic phosphorus present in a set of fifty inbred lines representing the Iowa lines from
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B73 to B129 [8,9]. In particular Lorenz and colleagues reported phytic acid values ranging
between 2.40–4.09 mg/g for fifty different maize lines [8]. However, the most promising
strategy concerns the use of low phytic acid (lpa) mutants in which the PA content drops to
around 1 mg/g [10].

In recent decades, many lpa mutants have been isolated in several crops: maize [10–13],
wheat [14], barley [15–17], rice [18,19], soybean [20–22], and common bean [23,24]. The lpa
trait can provide important benefits to the nutritional quality of foods and feeds and can
contribute to the environmental sustainability of phosphorus in agriculture.

In maize, three different low phytic acid mutants have been isolated and characterized:
lpa1 [10,11], lpa2 [10], and lpa3 [25]. Among these, lpa1 showed the greatest reduction of
PA in the seed, followed by a proportional increase of free P without altering the total P
content. Transposon mutagenesis experiments demonstrated that the gene ZmMRP4 (ac-
cession number EF86878) is responsible for the lpa1 mutation [26]. ZmMRP4 is a multidrug
resistance-associated protein (MRP) that belongs to the subfamily of ATP-binding cassette
(ABC) transmembrane transporters [26]. The majority of lpa mutants carry mutations
in genes that code for MRP proteins, and thus result in a lack of PA transfer from the
cytosol to the vacuole. In maize, four lpa1 mutants have been isolated so far: lpa1-1 [26],
lpa1-241 [27,28], lpa1-7 [12], and lpa1-5525 (not fully characterized) [13]. Lpa1-241 and lpa1-7
are not viable in the homozygous state, displaying an 80–90% decrease in PA [12,27], while
lpa1-1 is the most promising lpa1 mutant, showing a 66% reduction in phytic acid, followed
by a proportional increase in inorganic phosphorus [10]. Unfortunately, the reduction of PA
in lpa1 mutations leads to various negative pleiotropic effects on the seed and, in general,
on plant performance, as recently reviewed by Colombo et al. [29]. One of these agronomic
defects observed in the field on the mutant lpa1-1 is an increased susceptibility to drought
stress, which might be caused by an alteration in the root system architecture (RSA) [12].

In maize, the root system includes embryonic and post-embryonic roots [30,31]: the
former are important for seedling vigor in the early stages of development [32] and include
the primary root and a variable number of seminal roots [33], while the post-embryonic
root system dominates the RSA of adult plants [34]: it is formed by shoot-borne roots and
includes crown roots (at underground nodes of the shoot) and brace roots (at aboveground
nodes) [31]. All these types of roots generate postembryonic lateral roots, increasing the
absorbing surface of the maize root system [35]. In recent decades, several genes that control
maize root development have been isolated and characterized [36–39]. Genetic analyses
conducted on maize revealed that many genes (rtcs, rtcl, rum1, and BIGE1) involved in
auxin signal transduction are fundamental elements for the development of lateral, seminal,
and shoot-borne roots [40]. The rtcs (rootless concerning crown and seminal roots) mutant
was identified for the first time by Hetz et al. [41] by the complete lack of embryonically
seminal roots and post-embryonically shoot-borne roots. The gene rtcl (rtcs-like) is the
paralog of rtcs [36]: the coordinated function of these two paralogous genes in maize root
initiation and elongation was reported in Xu et al., 2015 [39]. The rum1 (rootless with
undetectable meristems 1) mutant is defective in seminal roots and lateral roots at the
primary root [37], while BIGE1 (Big embryo 1) identifies a class of genes that regulate lateral
organ initiation and results in increased leaf and lateral root number [38].

The aim of this work was to establish the limiting factor in the lpa1-1 mutant under
drought stress, by analyzing and collecting parameters both on the hypogeal and epigeal
parts of the plant. We compared lpa1-1 to a wild phenotype using different approaches,
spanning from hydroponics to the greenhouse.

2. Materials and Methods
2.1. Plant Materials and Controlled Growth Conditions

The lpa1-1 mutation introgressed in B73 inbred line was kindly provided by Dr. Victor
Raboy, USDA ARS, Aberdeen, ID, USA. B73 inbred line was provided by the germplasm
bank at DISAA, Department of Agricultural and Environmental Sciences—Production
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Landscape, Agroenergy, University of Milan. All procedures were performed in accordance
with the relevant guidelines and regulations.

The first experiment was conducted in controlled conditions. Forty seeds of each geno-
type (B73 and the relative mutant lpa1-1) were sterilized with 5% (v/v) sodium hypochlorite
for 15 min and then rinsed in sterile distilled water. Seeds were germinated in a Plexiglas
tank covered with sheets of moistened germinating paper in a growth chamber (16 h light/8
h dark) with controlled temperature (22 ◦C night/28 ◦C day) and with photon fluence of
270 µmol m−2 s−1. At 5 DAS (days after sowing), different parameters were measured:
coleoptile length (mm), primary root length (mm), and total number of roots (primary
and seminals). After one week, twelve seedlings for each genotype were transferred to
hydroponics tanks containing Hoagland nutrient solution [42]. Seedlings were sampled at
16 DAS and several hypogeal and epigeal parameters were collected: shoot length (cm),
shoot diameter (mm), dry weight (mg), primary root length (cm), area (cm2), and area/L
(cm2/cm). In particular, the roots of each sample were scanned (with high-resolution digital
scanner) and the images were processed using Adobe Photoshop software: the shadows
of the roots and the background of the images were removed, the color of the roots was
changed (green) and made uniform. The processed images were analyzed using ImageJ
1.52 [43] and Easy Leaf Area software [44] in order to collect the following data (referring
to each plant): maximum root length and root system area. In addition, the root area/root
length ratio was calculated.

2.2. Greenhouse Experiment

Two experiments were conducted successively in the greenhouse at the University
of Milan, Italy. The temperature of day/night was 25/18 ◦C and the relative humidity
was 60–70%. In each experiment, three plants per genotype were grown in mesocosms
(13.5 cm × 100 cm, top diameter × height) filled with sandy soil (Green Maxx, VitaFlor)
to 10.0 cm from the top. A layer of expanded clay was added to the base. Pots were built
using transparent PVC sheets to better access the root system. The cylindrical pots were
arranged randomly and three replications for each genotype were performed. To avoid
exposure to light, the mesocosms were covered with a cloth. Two days before sowing, each
cylinder was irrigated with 4 L of water. Each pot was sown with three seeds and then
thinned to a single seedling after 10 DAS. Root growth was measured weekly and three
agronomic parameters were collected in both genotypes: plant height, ear height, and culm
diameter. Plants were grown until flowering using the same amount of water (1 L every
week) and urea (2.5 g per plant). Finally, plants were uprooted, thoroughly washed, and
subjected to phenotyping.

2.3. Leaf Temperature, Chlorophyll a Fluorescence, Stomata Opening, and Water Loss

In the mesocosms experiment, thermal images of the fifth fully expanded leaves were
taken from 60-day-old lpa1-1 and wild-type seedlings with a semiautomated long-wave
infrared camera system (FLIR T650sc) in the greenhouse. Photos were taken between
11 a.m. and 12 a.m. The temperature of the leaves was then measured using the FLIR
ResearchIR Max software.

Chlorophyll a fluorescence was measured using a hand-portable Handy PEA fluorime-
ter (Hansatech Instruments Ltd., King’s Lynn, UK): leaves were dark-adapted for 30 min
using the equipped white leaf-clips and fluorescence was induced by three high-intensity
light-emitting diodes for one second at the maximal photosynthetic photon flux density
(PPFD) of 3500 µmol m–2 s–1 [45,46]. Among all the parameters measured with the fluorime-
ter, Fv/Fm is widely considered a sensitive indicator of plant photosynthetic performance
and represents the maximum quantum efficiency of photosystem II [47]. The performance
index (PI) is essentially an indicator of sample vitality, while Dio/CS represents the energy
dissipation of photosystem II.

Using clear nail varnish is a traditional method to measure stomatal density and
opening. It is used to take an impression of the leaf which is then viewed under the optical
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microscope. After preparing an epidermal impression by coating the leaf surface with nail
varnish, the dried layer of nail varnish was removed using sellotape and finally applied on
to a slide. Representative images of the stomata were taken on the fifth fully expanded leaf
in the wild-type and lpa1-1 mutant plants after 60 DAS. The ratio between the long side
and the short side of the stoma was used as an indication about the shape of the stoma and
its opening: the higher the ratio, the more elongated the shape; vice versa, if the ratio was
close to 1, the stoma had a circular shape.

Another experiment in 15 cm pots was set up to determine the time course of the
leaf water loss. After 20 days, six plants per genotype were sampled and the third leaf of
each seedling was detached and weighed immediately. Leaf weight was then estimated at
designated time intervals and water loss was calculated as the percentage of fresh weight
based on the initial weight. Significant differences between the wild-type and lpa1-1 were
assessed by Student’s t-test.

2.4. ICP-MS Analysis

For the ionomic analysis, seeds of the pure line B73 and the lpa1-1 mutant were grown
on moistened germination paper under controlled conditions, and the coleoptiles and
seedlings were sampled at 7 and 14 DAS, respectively, before being dried at 70 ◦C for
two days. Then, 10 mL of HNO3 (65%) was added to 300 mg of maize dry matter in
Teflon tubes. Samples were digested using a microwave digestor system (Anton Paar
Multiwave 3000, Austria) in Teflon tubes applying a two-step power ramp (400 W in 5 min,
maintained for 10 min; 1000 W in 10 min, maintained for 15 min). The mineralized samples
were transferred into polypropylene tubes, diluted 1:40 with Milli-Q water, and element
concentrations measured by ICP-MS (Varian 820 ICP- MS, Agilent, Santa Clara, CA, USA).
An aliquot of 2 mg L−1 internal standard solution (6LI, 45Sc, 89Y, and 159Tb) was added to
the samples and calibration curve to reach a final concentration of 20 µgL−1.

2.5. RNA, cDNA Preparation, and Quantitative Gene Expression Analysis

RNA extraction was performed on lpa1-1 and wild-type roots at 3 and 8 days after
germination, homogenizing 100 mg of roots in liquid nitrogen. Total RNA was extracted
using the Gene JET Plant RNA Purification Mini Kit (Thermo Scientific, Waltham, MA,
USA) and treated with Turbo DNA-free Kit (Invitrogen, Waltham, MA, USA) according to
the manufacturer’s instructions. First strand cDNA was synthesized with the Maxima First
Strand cDNA Synthesis (Thermo Scientific), according to the manufacturer’s instructions.
First strand cDNA was used as the template for subsequent PCR amplification.

Specific primers for the orange pericarp-1 (orp-1) gene, which encodes the b-subunit
of tryptophan synthase, was used to standardize the concentration of the samples [48].
The orp-1 specific sequences were amplified using the following primers: forward 5′-
AAGGACGTGCACACCGC-3′ and reverse 5′-CAGATACAGAACAACAACTC-3′, gen-
erating a 207 bp amplicon. A set of specific primers for root genes (rtcs, rtcl, rum1, and
BIGE1) was selected from previous works [38,39,49]. The gene-specific primers are listed
in Supplemental Table S1. The reaction mix underwent an initial denaturation step at
94 ◦C for 2 min, 32 cycles of denaturation at 94 ◦C for 45 s, annealing at the specific primer
temperature for 1 min, and extension at 72 ◦C for 1 min and 30 s. Final extension at 72 ◦C
for 5 min was performed to complete the reaction. Amplification products were visualized
on 1% (w/v) agarose gels with ethidium bromide staining.

3. Results
3.1. lpa1-1 Alters RSA in Hydroponics

Under controlled conditions, the lpa1-1 mutant appeared to grow faster in the early
stages after germination compared to the control line (Figure 1). Seeds were germinated
on moistened paper, and after 5 days, lpa1-1 showed higher values than B73 control line
both in the coleoptile length (29.53 vs. 18.18 mm) and in the length of the primary root
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(56.35 vs. 35.13 mm) (Figure 2A,B). Furthermore, the total number of roots (primary and
seminals) present in the mutant was statistically higher than in the control (Figure 2C).
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Figure 2. Coleoptile length (A), primary root length (B), and number of roots (primary and semi-
nals) (C) measured at 5 DAS in controlled conditions. The data represent the mean of thirty-eight
and twenty-three biological replicates for wild-type and lpa1-1 homozygous plants, respectively.
Significant differences between wild-type and lpa1-1 were assessed by Student’s t-test (*** p < 0.01).

After one week, twelve seedlings for each genotype were transferred to hydroponics,
and several epigeal and hypogeal parameters were measured at 16 DAS, as shown in
Figure 3.

Regarding the epigeal measurements, lpa1-1 showed statistically higher values both
in the length of the coleoptile (Figure 3A) and in the diameter of the culm (Figure 3B).
Considering the root system architecture, no significant differences were found in the length
of the primary roots between the two genotypes (Figure 3D); in contrast, the dry weight
(DW) of the mutant root system was twice that of B73 (Figure 3C) and the area occupied by
the entire root system reached 12.8 cm2 in lpa1-1 compared to the 6.10 cm2 of the control
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line (Figure 3E). Another parameter measured was the root area per unit of length: this
ratio was statistically higher in the mutant than in the wild-type (0.55 vs. 0.28 cm2/cm)
(Figure 3F).
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Figure 3. Measurements on the epigeal part of the plant in hydroponics at 16 DAS: shoot length
(A) and shoot diameter (B). Parameters measured on the root system architecture: dry weight, DW
(C), primary root length (D), area occupied by the roots (E), and root area per unit of length (F).
Values represent the mean of twelve biological replicates. Significant differences between wild-type
and lpa1-1 were assessed by Student’s t-test (** p < 0.05 and *** p < 0.01).

In the light of these data, we hypothesized that the greater bioavailability of minerals
in lpa1-1 mutant, in the early stage of development, resulted in quicker development of
seedlings than in the wild-type.

Hence, the mineral and trace element content were also determined in the early stages
of growth by means of ICP-MS analysis. The results showed several differences among
the ion compositions of wild-type and lpa1-1 at two sampling points, 7 and 14 DAS. In the
first sampling, phosphorus was statistically more abundant in the mutant (Figure 4). In
addition, other cations, such as Na, Mg, Al, K, Ca, and Se, were accumulated in higher
amounts in lpa1-1 compared to the wild phenotype (Table 1). However, at 14 DAS the
mutant P content had decreased dramatically and was higher in the wild-type (Figure 4).
Similarly, some minerals and trace elements that were previously more abundant in the
mutant, at 14 DAS were more available in the control line (Table 1).
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Table 1. Mineral nutrient and trace element content determined by inductively coupled plasma mass
spectrometry (ICP-MS). Analyses were performed on maize seedling dry matter of wild-type and
lpa1-1 mutant at 7 and 14 DAS. The elements were expressed as micrograms per gram of dry matter.
SD is shown (n =3, p < 0.05).

7 DAS 14 DAS

wt lpa1-1 wt lpa1-1

Na 311.77 ± 11.84 650.68 ± 16.21 a 135.67 ± 6.66 182.72 ± 22.04 a

Mg 2307.66 ± 36.44 2445.65 ± 12.82 a 2252.27 ± 57.86 2142.91 ± 26.65 a

Al 29.64 ± 8.35 83.25 ± 15.69 a 42.22 ± 5.02 47.38 ± 6.14
K 25,511.38 ± 377.77 32,858.76 ± 279.07 a 28,154.83 ± 533.08 27,422.72 ± 373.22
Ca 806.69 ± 12.57 881.08 ± 39.03 a 3252.48 ± 45.87 3314.33 ± 48.74
Cr 0.46 ± 0.03 0.72 ± 0.14 a 2.02 ± 0.26 1.40 ± 0.19 a

Mn 9.16 ± 0.31 8.23 ± 0.09 a 21.78 ± 1.15 18.44 ± 0.03 a

Fe 78.89 ± 6.31 74.63 ± 19.58 128.89 ± 1.86 134.45 ± 24.29
Cu 7.66 ± 1.18 10.15 ± 2.76 7.30 ± 1.03 8.72 ± 1.64
Zn 140.88 ± 3.44 119.18 ± 5.55 a 103.96 ± 3.47 93.35 ± 3.81 a

Se 0.69 ± 0.02 1.60 ± 0.08 a 0.87 ± 0.18 1.60 ± 0.38 a

a Statistically different from wt, based on t-test.

3.2. Root Genes Involved in Auxin Signal Transduction

The content of minerals and trace elements gives us indications of the rapid develop-
ment of the mutant in the early stages of growth but does not explain the different root
systems between the mutant and the control line. These differences in the mutant RSA could
be attributable to an alteration in the polar transport of auxins: it is known that inositol phos-
phates are involved in the polar transport of auxins, important phytohormones that regulate
several plant developmental processes and responses to environmental stresses [50,51].
In this work we selected four genes involved in auxin signal transduction that are key
elements for the development of seminal, lateral, and shoot-borne roots in maize: rtcs1
(accession number Zm00001eb003920), rtcl1 (Zm00001d048401), rum1 (Zm00001eb156910),
and BIGE1 (Zm00001eb211050) gene expression levels were analyzed on 3- and 8-day roots
of wild-type and lpa1-1 by reverse transcription polymerase chain reaction (RT-PCR) (see
“Materials and Methods” for details). As shown in Figure 5, rtcs1 was upregulated in lpa1-1
roots at 8 DAS compared to the wild-type corresponding tissues, but this difference was
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lower at the 3-day sampling. A similar pattern was observed for its paralog, rtcl1 (rtcs-like),
even if the expression at 8 DAS was reduced, and rum1 showed no differences in expression
levels between the two genotypes in either sampling. Moreover, BIGE1 was upregulated at
8 DAS in the mutant roots than in the wild-type, while these differences were not found at
3 days (Figure 5).
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lpa1-1. Orp1 gene was used as control.

3.3. Root Depth Is Not Affected in lpa1-1

In the mesocosms experiment, the growth of the embryonic primary root and the
post-embryonic crown roots was monitored weekly to understand if a different root depth
was the main cause of the drought stress observed in lpa1-1 mutant. In the first replicate, the
primary root of the mutant did not differ significantly from the wild phenotype at any of the
four points of detection (Figure 6A). In the second replicate of the experiment, no significant
differences were found, except at 36 DAS, in which lpa1-1 roots were statistically deeper
than those of the control (67.83 vs. 54.67 cm, respectively) (Figure 6A). Considering the
growth of the post-embryonic crown roots, in the two experiments there were no significant
differences in crown root depth, except for the measurement at 64 DAS in the first trial
(Figure 6B). Furthermore, the dry weight of the entire root system measured after the final
cleaning was statistically the same in both the experiments (data not shown).

Different epigeal parameters were collected on plants grown in mesocosms: the mutant
showed a reduced plant and ear height compared to the pure line in most of the samplings
(Figure 7A,B). Moreover, the plant culm diameter was measured weekly using an electronic
caliper: in both the experiments, culm diameter was higher in the mutant, but the difference
was statistically significant at few sampling points (Figure 7C).
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Figure 6. Depth of the embryonic primary root (A) and of the post-embryonic crown roots
(B) measured every week till flowering. The data represent the means of three biological replicates in
two different experiments. Significant differences between wild-type and lpa1-1 were assessed by
Student’s t-test (** p < 0.05).
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Figure 7. Plant height (A), ear height (B), and culm diameter (C) measured every week till flowering
in two different experiments. The data represent the means of three biological replicates. Significant
differences between wild-type and lpa1-1 were assessed by Student’s t-test (* p < 0.1, ** p < 0.05, and
*** p < 0.01).
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3.4. Cuticular Permeability Is Altered in lpa1-1 Mutant

The results obtained so far seem to exclude the root system as the main cause of the
drought stress in lpa1-1. Hence, our research focused on the aerial part of the plant, and
several measurements were carried out.

In order to investigate the impact of drought stress on the mutant, thermography
images of the fifth fully expanded leaves of wild-type and lpa1-1 homozygous mutant were
analyzed (Figure 8A). In both the experiments, lpa1-1 presented a reduced leaf temperature
compared to the control (Figure 8B), probably due to a greater water loss from stomata. For
this reason, the photos of the stomata were taken with the optical microscope (Figure 8C).
The subsequent analysis allowed the calculation of the ratio between the long side and the
short side of the stoma. This parameter gave us an indication about the shape of the stoma
and its opening: the higher the ratio, the more elongated the shape; conversely, if the ratio
was close to 1, the stomata had a circular shape. The stomata of the wild phenotype were
characterized by a statistically higher ratio in the two experiments, and, consequently, by a
more elongated shape (Figure 8D). In contrast, the stomata of the mutant had a lower ratio
and a circular shape, which could cause greater water loss under stressful conditions.
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Figure 8. (A) Representative images of the leaf temperature acquired with the thermographic
camera (FLIR T650sc) in wild-type and homozygous lpa1-1 plants. (B) Temperature of the fifth fully
expanded leaf in the wild-type and lpa1-1 homozygous plants measured at 60 days after sowing (DAS).
Values represent the mean of three biological replicates in two different experiments. Significant
differences between wild-type and lpa1-1 were assessed by Student’s t-test (* p < 0.1 and ** p < 0.05).
(C) Representative images of the stoma acquired by optical microscope on the fifth fully expanded
leaf in wild-type and lpa1-1 mutant plants at 60 DAS. (D) Ratio between the long side and the short
side of the stoma. This parameter gives us an indication about the shape of the stoma and its opening:
the higher the ratio, the more elongated the shape; if the ratio is close to 1, the stoma has a circular
shape. Values represent the mean of eighteen biological replicates. Significant differences between
wild-type and lpa1-1 were assessed by Student’s t-test (* p < 0.1 and ** p < 0.05).

Hence, it seems that the mutant plant suffers more from drought stress compared to the
control line. Consequently, the efficiency of photosystem II measured with the fluorometer
should also decrease. The parameter Fv/Fm represents the maximum quantum efficiency
of PSII and gives information on the potential photosynthetic ability of the plant. In both
the experiments, the mean was around 0.810 in the wild phenotype, while it was lower,
at 0.800, in lpa1-1 mutant (Figure 9A). The performance index (PI) had a similar trend to
Fv/Fm ratio: the graphs show a statistically significant difference (p < 0.05) with higher
values in the control line compared to the mutant (Figure 9B). In particular, the values of
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P.I. in the control line were higher than those of the mutant by 22.5% and 20.7% in the
two experiments. On the other hand, the parameter Dio/CS measured with the same
fluorimeter represents the energy dissipation of photosystem II. The results showed that
lpa1-1 lost more energy than the wild-type, supporting the hypothesis that the mutant is
characterized by a lower photosynthetic efficiency (Figure 9C).
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Figure 9. The fluorimeter Handy PEA+ was used to measure Fv/Fm (A) and other important
photosynthetic parameters, such as the performance index (PI) (B) and the energy dissipation of
photosystem II (Dio/CS) (C). Values represent the mean of three biological replicates. Significant
differences between wild-type and lpa1-1 were assessed by Student’s t-test (** p < 0.05 and *** p < 0.01).

Moreover, to better understand the impact of the mutation lpa1-1 on leaf surface
permeability, a water loss time course experiment was carried out on the third detached leaf
by estimating the loss of weight with respect to the initial leaf fresh weight. The resulting
profiles showed that lpa1-1 was characterized by a higher water loss rate compared to
wild-type plants (Figure 10).
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Figure 10. Percentage of water loss in the third detached leaf of homozygous lpa1-1 and wild-type.
Values represent the mean of six biological replicates. Significant differences between wild-type and
lpa1-1 were assessed by Student’s t-test (** p < 0.05 and *** p < 0.01).

4. Discussion

Phytic acid is considered an anti-nutritional factor for human and monogastric animals
and it is also involved in environmental problems of phosphorus pollution. In underdevel-
oped countries, the lack of important cations such as iron and zinc in the diet represents
a serious problem for human health. On the other hand, in rich countries the problem is
not nutritional, but related to feed: farmers must supply mineral phosphorus to the feed of
monogastric animals, thus increasing the cost [5].

In the past few years, some programs have analyzed the genetic variability of both
phytic acid and inorganic phosphorus present in different accession collected in the
germplasm bank [8,9]. Lorenz and colleagues reported that the phosphorus fraction of wild
maize grains could be modified by breeding and selection, demonstrating that the phytic
acid–phosphorus and, consequently, the mineral nutrients’ accumulations are controlled
by several QTLs [9]. However, in this context, the most promising strategy concerns the
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use of low phytic acid (lpa) mutants. The lpa trait can provide several potential benefits
to the nutritional quality of foods and feeds and to the environmental P sustainability in
agriculture [52].

In maize, four different lpa1 mutants have been isolated and characterized so far,
and lpa1-1 is the most promising. However, reducing PA content in seeds to improve
nutritional quality affects seed quality and plant performance, as recently reviewed by
Colombo and coworkers [29]. Among these pleiotropic effects, a greater susceptibility to
drought stress was observed in the field on lpa1-1, and our recent research focused on this
agronomic defect.

In fact, in recent decades, low water availability is considered a primary limitation to
crop productivity all around the world [53,54]. The frequency and the severity of drought
stress on crops will increase in the future because of climate change [55]. The greater water
loss observed in lpa1-1 could be caused by an alteration in root system architecture or by
differences in the aerial part of the plant. The aim of this work was to establish which was
the limiting factor in the mutant lpa1-1, analyzing and collecting parameters on both the
hypogeal and epigeal parts of the plant.

Regarding the root system architecture, many differences were found between the
mutant and the wild-type phenotype (Figure 1). From the data measured after 5 days on
wet paper, a greater development of the mutant was observed compared to the pure line
B73 (Figures 1A and 2B,C). The fast growth of lpa1-1 in the first weeks after germination
was also confirmed at 16 DAS, after the transfer of the seedlings to hydroponics (Figure 1B).
Once again, the mutant’s root system appeared more developed: both the dry weight and
the root area per unit of length were twice that of B73 (Figure 3C,F). These differences in the
mutant root system could be attributable to an alteration in the polar transport of auxins.
In fact, several studies carried out on different species have shown that inositol phosphates
are involved in the polar transport of auxins, important phytohormones that regulate
numerous plant developmental processes and responses to environmental stress [50,51].
For instance, a previous study on Arabidopsis reported that null mutations in the inositol–
phosphate synthase MIPS1 gene had dramatic impacts on plant development, including
impaired embryogenesis and altered cotyledon development, root agravitropism, reduced
transport of auxin, and altered root cap organization [56].

Furthermore, another factor that could influence the faster growth of lpa1-1 is the
higher bioavailability of phosphorus and minerals in the early stages of development
(Table 1, Figure 4). Similar measurements at ICP-MS were previously carried out on seeds
by Landoni et al. [57]. In this work, these analyses were conducted for the first time on
seedlings. These results confirmed a strong chelating effect of PA on mineral cations in the
control line, while the lpa1-1 mutant was characterized by more bioavailable cations that
do not need to be released gradually by the phytase enzyme.

At this point, since the root architecture did not appear to be a limiting factor, we
thought that drought stress in the field could be caused by different root depths. Root depth
plays a central role in plant resistance to water stress [58,59]. In order to analyze this trait,
plants were grown in transparent mesocosms. The use of mesocosms allowed the control of
different conditions, such as soil type and moisture, temperature, light intensity, pot sizes,
and nutrient and water inputs [60]. From the data collected weekly, it emerged that in the
two experiments there were no significant differences (except at a few sampling points)
either in the depth of the embryonic primary root (Figure 6A) or in that of post-embryonic
crown roots (Figure 6B).

Therefore, the experiments conducted in this work showed for the first time that root
depth did not appear to be the main cause of the drought stress observed on lpa1-1 mutant
plants in the field, even if the RSA showed many differences in the two genotypes. In
particular, the mutant root system was characterized by a greater development in the first
weeks after germination: the higher dry weight and the larger root surface recorded in
hydroponics seemed to be determined by early lateral root and root hair development.
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For this reason, from the literature we selected many root genes involved in auxin
signal transduction that are fundamental for the development of lateral, seminal, and
shoot-borne roots [40]. Expression analysis carried out on 3- and 8-day roots of wild-type
and lpa1-1 revealed the high abundance of rtcs transcripts in the mutant, in line with the
role of this gene. The upregulation of rtcs in mutant plants suggested an alteration in the
polar transport of auxins. In the same way, expression analysis on BIGE1 (involved in
lateral organ initiation) confirmed the upregulation of BIGE1 transcripts at 8 days.

Despite this possible alteration in the auxin polar transport, the root system was
excluded as the main cause of the drought stress, and so our research focused on the aerial
parts of the plant. Epigeal data collected at 5 and 16 DAS in the experiment performed
under controlled conditions confirmed the faster development of lpa1-1 in the early stages
(Figures 1A and 2A,B). In fact, due to the reduction of phytic acid in lpa mutants, the cations
are more bioavailable, while in the wild phenotype they tend to form phytate salts. The
situation changed completely after two weeks: the seedling phosphorus content decreased
dramatically in the mutant (Figure 4), and several minerals (previously more abundant in
lpa1-1) were more abundant in the control line (Table 1). The measurements carried out
in the mesocosms experiment on the aerial parts of the plant confirmed this hypothesis:
after a few weeks, the agronomic performance of B73 improved significantly and some
important parameters (such as plant height and ear height) were statistically higher at
most of the sampling points in both the experiments (Figure 7A,B). The shortening of the
internodes found in lpa1-1 plants and the increased culm diameter (Figure 7C) could be
caused by an alteration in the polar transport of the auxins. In fact, some known maize
mutants, such as brachytic 2 (br2) and brevis plant1 (bv1), are characterized by shortened
internodes and are deficient in auxin transport [61–63].

In the same experiment conducted in the greenhouse, several epigeal parameters were
measured in both genotypes in order to understand the causes of drought stress. Lpa1-1
exhibited reduced leaf temperature compared to its control (Figure 8A,B), possibly due to
increased water loss from leaves (Figure 10). It was found that the efficiency of photosystem
II measured with the Handy PEA fluorimeter was lower in mutant plants (Figure 9A,B),
probably due to a greater dissipation of energy in the leaves (Figure 9C). In this context, we
cannot exclude that the water loss observed in the lpa1-1 mutant is also associated with
alterations in the cuticle and/or cell wall composition. In fact, both cuticular waxes and
lignin constitute a natural protection against damage caused by biotic and abiotic factors,
as well as a waterproof barrier that regulates water loss and leaf gas exchange [64,65].

In conclusion, further breeding work will be necessary to clarify the causes of water
loss in this mutant and to attenuate the negative pleiotropic effects impacting on plant
performance. The aim is to overcome these agronomic defects and exploit the potential of
the lpa trait, especially for underdeveloped countries, where diet is based on staple crops.

In this work, the experiments were performed under controlled or semi-controlled
conditions. Field tests are underway to confirm the hypothesis that drought stress is caused
by a reduced photosynthetic efficiency in the lpa1-1 mutant, and not by a shallower root
system, as previously reported. In this work, the comparisons and measurements were
carried out using the pure line B73. The introgression of the lpa1-1 mutation into a new
genetic background (such as commercial hybrids) could represent a solution and could
improve the performance of the plant, contributing to overcome the effects of drought
stress described here. Several breeding programs are in progress in order to develop new
lpa varieties by conventional breeding and transgenic/genome editing methods. In this
way it will be possible to exploit the nutritional properties of this mutant and improve the
P management in agriculture.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy12030721/s1, Table S1: Gene specific primers.
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