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Abstract: Biofortification has been widely used to increase mineral nutrients in staple foods, such
as wheat (Triticum aestivum). In this study, a new approach has been used by analyzing the effect of
inoculation with a plant growth-promoting rhizobacterium (PGPR), namely, Bacillus aryabhattai RSO25
and the addition of 1% (v/v) of organometallic Fe-containing polymeric nanoparticles (FeNPs) alone
and in combination. Previously, the minimal inhibitory concentration of FeNPs for the bacterium
was determined in order not to inhibit bacterial growth. All treatments had minor effects on seed
germination and plant survival. Considering the physiology of plants, several photosynthetic
parameters were significantly improved in individual treatments with FeNPs or the bacterium,
particularly the efficiency of the photosystem II and the electron transport rate, which is indicative of
a better photosynthetic performance. However, at the end of the experiment, a significant effect on
final plant growth was not observed in shoots or in roots. When using FeNPs alone, earlier spike
outgrow was observed and the final number of spikes increased by 20%. Concerning biofortification,
FeNPs increased the concentration of Fe in spikes by 35%. In fact, the total amount of Fe per plant
base rose to 215% with regard to the control. Besides, several side effects, such as increased Ca
and decreased Na and Zn in spikes, were observed. Furthermore, the treatment with only bacteria
decreased Na and Fe accumulation in grains, indicating its inconvenience. On its side, the combined
treatment led to intermediate Fe accumulation in spikes, since an antagonist effect between RSO25
and FeNPs was observed. For this reason, the combined treatment was discouraged. In conclusion,
of the three treatments tested, FeNPs alone is recommended for achieving efficient Fe biofortification
in wheat.

Keywords: biofortification; iron; Triticum aestivum; plant growth promoting rhizobacteria; Bacillus;
polymeric nanoparticles; cereals

1. Introduction

With the constant rise in human population, food security and quality are paramount
issues for this century. It is estimated that one billion people are undernourished and more
than a third of the total human population are malnourished [1]. In this context, “hidden
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hunger” is a widespread global problem affecting billions of people globally. Hidden
hunger is not “hunger as we know”, but is related to strong deficiency in micronutrients
and vitamins [2,3]. Iron deficiency is one of the most common micronutrient deficiencies
and causes anemia, fatigue and hampers the cognitive development of children [2,3].
Causes are diverse and include poor and deficient diets, little diversified diets, elevated
requirements at particular stages of life, such as infancy or pregnancy, or other problems,
such as malabsorption, etc. [4].

Several factors, including soil degradation, desertification, salinization, acidification,
and soil pollution are affecting the yield and quality of food globally; these conditions
unfortunately will be even more adverse under future climate change scenarios. Conse-
quently, one of the biggest challenges for sustaining global food security is to search for
implemented methods or techniques to mitigate its effects on agricultural production, in
terms of quantity and quality [5].

In this regard, biofortification is emerging as a solution to cope with the loss of food
quality as it can increase the content of micronutrients (such as Fe, Zn, and Se) in plants for
food security and new functional foods. Plant biofortification can be achieved by traditional
crop breeding or transgenesis, among others [6]. More recently, the use of hybrid organic-
metallic nanoparticles (NPs) has been developed as a very convenient strategy to improve
the nutrient content of several microelements in plants [7]. This type of NPs, synthesized
via different chemical methodologies [8], presents multiple and extensive applications in
various fields, such as medicine, treatment of tumors, drug delivery, antimicrobial agents,
and biomarkers, etc. [9]. At high concentrations, NPs induce the production of reactive
oxygen species (ROS), inhibit germination, affect carbon fixation, photosynthesis, and
water use efficiency [10,11]. However, at low concentrations, NPs sometimes improve seed
germination, plant growth, and/or photosynthesis and induce the defense system towards
pathogens or abiotic stress [12–14]. Biofortification of rice and wheat plants with Fe and Zn
has been reported using metallic NPs [15,16]. However, the use of organometallic FeNPs
containing tannic acid has not been tested for biofortification, in spite of the fact that these
FeNPs have multiple applications in medicine [17,18]. However, despite the recognized
potential of this methodology, there are gaps that must be filled to reliably determine its
potential for improving production quality and determining its conditions for use. In this
sense, it would be interesting to investigate if NPs would enhance the plant’s ability to
accumulate more iron when supplied in the form of FeNPs prepared from tannic acid
and stabilized with the biocompatible polymer, polyvinyl alcohol. It is worth mentioning
that tannic acid is a harmless and environmentally friendly plant-derived polyphenolic
compound with good reducing and stabilizing properties [19], able to form complexes with
iron [20] and increasing the possibility to deliver iron to the plant.

Concerning the mechanism of the action of FeNPs, they can enter the roots either
via root tips and rhizodermis or through wounds and lateral root junctions [21]. Once
FeNPs are taken up by the plant, besides being accumulated in root cells, they can also be
translocated to upper plant tissues via symplastic or apoplastic pathways. In the symplastic
pathway, NPs move between the cytoplasm/vacuoles of adjacent cells, whereas in an
apoplastic pathway NPs absorbed by the root are translocated through the cell walls and
intercellular spaces and reach the Casparian strip and xylem [22,23]. In another scenario,
it could be possible that NPs do not enter the plant. Grasses are known to secrete several
phytosiderophores that act as Fe chelators (mugineic, hidroxi-mugenic, and deoxy-mugenic
acids among others), that could extract Fe from the PVA-TA-FeNPs and transport it to the
interior of the plant [24]. In this scenario, the constant for complex formation with these
substances will determine the fate of Fe atoms in the rhizosphere [25]. This would mean
that the nanoparticle would act only as an intermediate for releasing Fe in the rhizosphere.
In previous studies, contrasting results are reported. Whereas in ryegrass (Lolium perenne L.)
and pumpkin (Cucurbita mixta) no translocation of FeNPs into the plants was observed [26],
other authors reported the uptake, translocation, and accumulation of manufactured iron
oxide nanoparticles by pumpkin plants [25]. Indeed, it could be possible that plant genetics,
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nanoparticle composition and delivery methods can affect the uptake and translocation of
FeNPs, as well as the biofortification possibilities of different treatments [27].

Furthermore, the employment of plant associated microorganisms is a powerful tool
for facing the decrease of plant productivity related to multiple kinds of stress situations.
In fact, the study of phytomicrobiota associated with plant roots is one of the most relevant
areas of research, not only within plant sciences and cropping, but also in the environ-
mental field [28]. In this line, some of these bacteria, known as rhizobacteria, live in the
rhizosphere of plants where they can establish a relationship with plant roots and promote
plant growth and, consequently, its production [29,30]. The mechanisms by which plant
growth-promoting rhizobacteria (PGPR) help plants grow are divided into direct mech-
anisms (including nutrient acquisition, such as phosphate and potassium solubilization,
nitrogen fixation, iron acquisition, and growth stimulation through the secretion of pf
phytohormones, etc.), and indirect mechanisms (such as diminution of plant stress based
on 1-aminocyclopropane-1-carboxylate (ACC) deaminase activity, biocontrol activity and
induction of the plant resistance mechanisms) [30–32]. In addition, some PGPR can display
biocontrol activity through the secretion of siderophores, production of substances with
bactericidal action or inhibition of communication signals in the rhizosphere [29]. In the
case of Fe, PGPR can mobilize Fe and increase the availability of this element, which in
turn can be better absorbed by plant roots [31]. This is due to the secretion of organic acids,
such as maleic, fumaric, citric, and succinic, etc. which acidify the rhizosphere and increase
the availability of Fe. In addition, some PGPR secrete siderophores, which are molecules
with a high affinity for Fe that form complexes with this element, making it available for
the bacterium but also for the plant [33].

Therefore, this study was designed and conducted to contribute to filling some of the
abovementioned gaps of knowledge. In particular, the following questions were assessed.
(i) Will the application of FeNPs prepared from polyvinyl alcohol combined with tannic
acid and/or bacterial inoculation improve the growth, physiology, and iron uptake in
wheat plants? (ii) Do these treatments share the same physiological targets and levels of
improvement? (iii) Is there a synergy effect using bacteria and FeNPs to reach a better
balance between plant growth and iron uptake, particularly in grains? To answer these
questions, the variations of plant growth and physiology, bacterial root colonization, and
iron accumulation pattern in plant tissues were followed and studied in detail.

2. Materials and Methods
2.1. Synthesis and Characterization of Tannic Acid-Polyvinyl Alcohol Nanoparticles and
Iron Nanoparticles (FeNPs)

Previous to the synthesis of FeNPs, tannic acid-PVA NPs were synthesized by scaling
up the method previously described [8]. Two grams of polyvinyl alcohol (PVA) were
dissolved in 200 mL of distilled water at 1000 rpm for 30 min. To this solution, 680 mg of
tannic acid (TA) dissolved in 200 mL of distilled water were added dropwise for 20 min
with vigorously stirring (1400 rpm). This mixture was additionally stirred for 30 min at
1400 rpm to obtain a white and stable suspension. To the previously described PVA-TANPs
suspension, 2 g of anhydrous iron chloride (FeCl3) were added as a solid in small portions
with vigorous stirring at 1400 rpm for 5 min. Once the addition finished, the mixture
turned rapidly from white to dark blue-green and was stirred for an additional 15 min. The
obtained suspension was dialyzed for 48 h at room temperature against distilled water
using a cellulose membrane.

After dialysis, Fe analysis of the NPs was carried out following the colorimetric
procedure based on the formation of a colored complex after Fe (II) reaction with o-
phenanthroline [34]. First, Fe3+ was reduced to Fe2+ with ascorbic acid, which reacts with
o-phenantroline in acidic medium to obtain a reddish-orange complex. The absorbance of
this complex was measured at 512 nm to reveal 2200 ppm total Fe in NPs.

The characterization of NPs, both PVA-TANPs and FeNPs, was carried out by measur-
ing the hydrodynamic size, Z potential and polydispersity index (PDI) of each NP using
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Dynamic Light Scattering (DLS) in a Zetasizer Nano ZS (Malvern Panalitical, Malvern, UK).
DLS measurements gave a hydrodynamic diameter of 165.5 nm, a Z potential of −20.7 mV,
and a PDI of 0.168 in PVA-TANPs. Likewise, FeNPs showed a size of 187 nm, a Z potential
of 2.1 mV, and a PDI of 0.130. As the results demonstrated, the FeNPs size was greater
than their Fe-free predecessors (Supplementary Information, Figure S1). The Z potential
was considerably higher for the FeNPs due to the positive charges provided by the Fe2+

ions that can bind to the multiple negative charges present in tannic acid by ionic binding.
The change in Z potential indicated that Fe2+ is located not only inside the NPs but is also
attached to the FeNPs’ surface.

2.2. Bacterial Growth Conditions

The bacterium used in this study was Bacillus aryabhattai RSO25, which was previously
isolated, identified, and characterized [35]. This bacterium has shown plant growth pro-
moting properties and enhanced the growth of the host plant, Spartina densiflora [36], but
was never used to inoculate crop plants. Moreover, this bacterium was able to enhance the
accumulation of several heavy metals, such as Cu, Pb and Zn, in plants of S. densiflora [36].

Bacteria were cultured on TSA (tryptone soya agar) plates and incubated at 28 ◦C for
48 h. Plates could be kept at 4 ◦C for up to two weeks before subculturing them on fresh
medium. For the preparation of liquid cultures, one individual colony was transferred to a
TSB (tryptone soya broth) medium and cultivated overnight at 28 ◦C and 200 rpm. The
absorbance at 600 nm of the cultures was determined and adjusted to 1.0 with the addition
of a sterile TSB medium. Finally, 5 mL of the bacterial inoculum (diluted in 1 L of watering
solution) were added per tray containing four pots × three plants per pot once a month
during the experimental run-up.

2.3. Determination of Optimal FeNPs Doses

Tannic acid at high concentrations has been shown to inhibit bacterial growth on
pathogenic microorganisms, such as Staphylococcus aureus [37]. However, in plant-associated
bacteria, positive effects of tannic acid were reported [38]. For this reason, first, we tested
the possible inhibitory effect of TA-PVA NPs (before and after adding Fe) on the bacterium
by determining the minimal inhibitory concentration CMI to fix the maximum applicable
concentration of NPs in the subsequent plant experiments. The CMI was tested in 96-well
plates (see scheme in Supplementary Information Figure S2).

TA-PVA NPs or FeNPs were added to Müeller-Hinton medium [39] at 20% (v/v). The
concentration of TA-PVA NPs or FeNPs in the wells followed a 2-base logarithm series,
ranging from 20% to 0.3125% (v/v). Two hundred µL of suspensions were deposited in
the wells of microtiter plates in triplicate. Wells were inoculated with 5 µL of overnight
cultures of the bacterial strain Bacillus aryabhattai RSO25 (absorbance at 600 nm adjusted to
1.0). An additional row was kept without inoculation as control. Since initial turbidity was
observed due to NPs, the initial absorbance at 600 nm was determined by using a microtiter
plate reader (Synergy Neo2, BioTek, Agilent, Santa Clara, CA, USA). After incubating the
plate for 24 h at 28 ◦C, the A600nm was determined and the initial value in each well was
detracted from the final value.

To confirm the lack of inhibition, the effect of FeNPs on RSO25 growth and morphology
was analyzed by using a low vacuum scanning electron microscope (SEM) (Pro, Phenom,
Thermo Fisher Scientific, Waltham, MA, USA). For this purpose, RSO25 was incubated
overnight at 28 ◦C in a TSB medium containing 1% FeNPs. After 24 h incubation, 50 µL
of the culture were transferred to the metal plate of the microscope and frozen at −20 ◦C.
The frozen metal plate was introduced into the low vacuum chamber of the microscope
for observation.
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2.4. Effect of Treatment on Seed Germination, Seedlings Survival, and Root Colonization by
Bacillus Aryabhattai RSO25

Seeds of Triticum aestivum cv. Mulhacen (a commercial variety in Spain) were surface
disinfected with ethanol (70%) for 2 min, followed by 5% sodium hypochlorite for 5 min.
Finally, the seeds were washed four times with sterile distilled water.

To evaluate the effect of treatment on the germination rate, seeds were placed in
square plates (five plates × ten seeds per plate) and exposed to four treatments: (i) Control:
Hoagland solution-agar [40]; (ii) FeNPs: Hoagland solution-agar containing 1% FeNPs;
(iii) RSO25: Hoagland solution agar and every seed was inoculated with 100 µL of an
overnight culture of RSO25; (iv) TT combined: Hoagland solution-agar containing 1%
FeNPs and every seed was inoculated with 100 µL of an overnight culture of RSO25. Plates
were sealed and placed vertically, the bottom part was covered with black paper, and they
were incubated in a light regime of 14 h light: 10 h dark at 22:18 ◦C in a plant growth
cabinet. The germination rate and survival were recorded for the first five days. Moreover,
seedling survival was evaluated after seven days.

Root colonization by RSO25 in the absence and presence of FeNPs was evaluated
seven days after inoculation. Plant seedlings were taken out of the plates, washed with
distilled water, and allowed to dry for 5 min at room temperature on sterile empty petri
dishes. Small pieces of roots (approx. 2–3 mm) were cut, placed on the metal plate of a
low vacuum scanning electron microscope (SEM) (Pro, Phenom, Thermo Fisher Scientific,
Waltham, MA, USA), and observed as indicated in Section 2.3.

2.5. Effect of the Treatments on Plant Growth, Physiology, and Iron Accumulation

Surface disinfected seeds were pre-germinated for two days on water-agar plates
in the dark at 18 ◦C and transferred to 13 cm high × 15 cm diameter plastic pots (three
seeds per pot) using a mix of perlite, vermiculite, and sand (1:1:1) previously sterilized as a
potting substrate. The experiment was conducted from September to November 2020 and
it was done in the green house in Seville (Southwest Spain, latitude 37.358874◦-longitude
5.986893◦) with controlled growth conditions: day/night cycle of 16 h light: 8 h dark,
and temperatures adjusted to 24 ± 2 ◦C during the day and 18 ± 2 ◦C during the night.
Relative humidity was maintained at 45–55%. Concerning illumination, the green house
has artificial illumination of fluorescent/incandescent lamps in order to supplement natural
irradiation to reach a constant value of 1000–1200 micromoles photons m−2 s−1.

After a stabilization period of seven days, pots were placed on trays and randomly
assigned to four different treatments (four pots per tray and three plants per pot, in total,
n = 12 plants per treatment). Plants were placed in trays which were randomly arranged in
different positions every week to avoid side effects. Every tray was watered once a week
with the same treatments as described before: (i) Control: 1 L of Hoagland’s solution [40];
(ii) FeNPs: 1 L of Hoagland solution containing 1% (v:v) FeNPs; (iii) RSO25: 1 L of Hoagland
solution and 5 mL of the bacterial culture (inoculation was performed once a month, the
rest of the weeks plants were watered only with 1 L of the watering solution), and (iv)
Combined TT: 1 L of Hoagland solution containing 1% (v/v) FeNPs and 5 mL of the
bacterial culture (inoculation was performed only once a month). The experiment lasted
for 45 days. It must be considered that, after the results of CMI, it has been established
that 1% (v/v) FeNPs was below the CMI for the bacterium. Table 1 shows the design of the
experiment and the parameters determined.

At day 30 (before seed setting), photosynthetic activity was determined. Thus, leaf
gas exchange and chlorophyll fluorescence parameters were measured in fully expanded
leaves (n = 7) using an infrared gas analyzer (LI-6400-XT, Li-COR Inc., Lincoln, NE, USA)
and a modulated fluorimeter (FMS-2; Hansatech Instruments Ltd., Norfolk, UK), respec-
tively. Thus, the net photosynthetic rate (AN), stomatal conductance (gs), intercellular
CO2 concentration (Ci), apparent carboxylation efficiency (Ce: ratio between AN and Ci)
and instantaneous water use efficiency (iWUE: ratio between AN and gs) were obtained
with the following settings: flux light density 1000 µmol photons m−2 s−1 (with 15% blue
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light to maximize stomatal aperture), ambient CO2 concentration (Ca) 400 µmol mol−1

air, leaf temperature of 25 ± 2 ◦C, 50 ± 5% relative humidity and vapor pressure deficit
of 2.0–3.0 kPa. On the other hand, the saturation pulse method was used to determine
the maximum quantum efficiency of PSII photochemistry (Fv/Fm) and the quantum ef-
ficiency of PSII (ΦPSII) [41]. As described by [42], a 0.8 s saturated actinic light pulse of
10,000 µmol m−2 s−1 was given at midday (1400 µmol photons m−2 s−1) in previously
dark- and light-adapted leaves for 30 min using a modulate fluorimeter (FMS-2; Hansatech
Instruments Ltd., Norfolk, UK). Using this information, the electron transport rate (ETR)
was calculated [43].

Table 1. Scheme of the experimental design and the parameters determined.

Treatments Number of Plants Watering Conditions
Control 4 pots × 3 plants per pot = 12 plants Once a week with 1 L of Hoagland solution

FeNPs 4 pots × 3 plants per pot = 12 plants Once a week with 1 L of Hoagland solution
containing 1% (v:v) FeNPs

RSO25 4 pots × 3 plants per pot = 12 plants
Once a week with 1 L of Hoagland solution.
Once a month with 1 L of Hoagland solution

and 5 mL of the bacterial culture

TT Combined 4 pots × 3 plants per pot = 12 plants

Once a week with 1 L of Hoagland solution
containing 1% (v/v) FeNPs. Once a month

with 1 L of Hoagland solution with 1% (v/v)
FeNPs and 5 mL of the bacterial culture

Parameters determined
After 7 days After 30 days At the end of the experiment (45 days)

Bacterial survival and root colonization Fluorescence of the chlorophyll Root and Shoot length and biomass
(dry weight)

Leaf gas exchange (IRGA) Content in macro and micronutrients
Number, weight, and Fe content of Spikes

At the end of the experiment, i.e., at day 45, plants were harvested and aboveground
and belowground fractions were separated, dried at 80 ◦C for 48 h, and weighed for dry
mass determination.

Finally, the concentrations of mineral nutrients in plant tissues were determined in
spikes, shoots, and roots. Samples of 500 mg tissues (n = 2 per treatment) were digested
with nitric acid, hydrochloric acid, and hydrogen peroxide in microwave at 240 ◦C in a
closed glass (Milestone, Ultrawave, Sorisole, Italy) and Fe, Zn, Ca, Na, K, Mg, S and P
concentrations were measured by a radial inductively coupled plasma (ICP) spectrometer
(Horiba Jobin Yvon, Ultima 2, Tulln, Austria).

2.6. Statistical Analysis

Data of growth and physiological parameters are means ±medium standard error of
12 determinations, whereas the determination of Fe accumulation was done in duplicate,
with each sample being a mix of six plants (two samples of six plants each). Statistical
tests were performed in the software package Statistica v. 10.0 (Statsoft Inc., Hamburg,
Germany). Two-way statistical models were used to analyze the interactive effects of bacte-
rial inoculation and FeNPs application (as categorical factors) on the growth, physiological
parameters and ion accumulation (as dependent variables) of Triticum aestivum plants.
Multiple comparisons were analyzed by a LSD (post hoc) test. Before statistical analysis,
Kolmogorov-Smirnov and Brown-Forsythe tests were used to verify the assumptions of
normality and homogeneity of variances, respectively.
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3. Results and Discussion
3.1. Effect of FeNPs on the Growth of the Bacterial Strain

First of all, the tolerance of the bacterium to FeNPs was assessed, since metallic NPs
at high concentrations are known to be toxic to all living beings [44]. The effect of both
TA-PVA NPs (before loading them with Fe) and FeNPs on bacterial growth was studied
to determine the minimal inhibitory concentration (MIC) for RSO25. Data indicated that
the presence of FeNPs affected bacterial growth. In fact, the growth was inhibited in a
dose-dependent manner, being MIC 2.5% (v/v). Since FeNPs concentration in the plant
experiment was 1% (v/v), this concentration was not inhibitory to bacterial growth. On its
side, and since tannic acid had been reported as inhibitory for some bacteria [37], the CMI
for TA-PVA NPs (without Fe) was also tested. In this case, the CMI was 2.5%, below the
concentration used in the experiments, which was 1% (v/v).

Furthermore, microscopy observation was done to confirm the survival of bacteria
after incubating RSO25 overnight in the presence of 1% FeNPs. Microscopy observation
under a low vacuum microscope showed the presence of dense colonies, indicating bacterial
multiplication. Moreover, the morphology of the cells (long and thick rods in pairs or short
chains of 4–6 bacteria) seemed not to be affected (Figure 1). The appearance of round
structures could indicate the formation of spores since this species is a spore-forming
rod [45].

Figure 1. Observation of Bacillus aryabhattai cultivated in the presence of 1% (v/v) Fe-NPs by low-
vacuum SEM microscopy. Red and white arrows point the rods in chains and pairs, respectively. The
presence of round structures could correspond to spores (yellow arrow).

In addition, the capacity of root colonization by RSO25 in the presence of FeNPs was
evaluated. After growing the pre-germinated seeds in the presence of RSO25 and FeNPs at
1% (v/v) for seven days, and colonization was observed under low-vacuum SEM (Figure 2).
In the control sample (non-inoculated) and in the samples treated with FeNPs alone, only a
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few bacteria could be observed (Figure 2A,B), probably reflecting endophytes (since the
seeds were surface disinfected). By contrast, in the root of the plant previously inoculated
with RSO25, the abundant presence of dense colonies of rods forming a biofilm onto the root
surface and covering it was clearly identified (Figure 2C). When 1% FeNPs were included
in the plant growth medium, the biofilm of bacteria colonizing the root was still observed,
although it was not so dense as in the absence of FeNPs (Figure 2D). These results could
suggest that FeNPs could affect biofilm formation by RSO25 at 1%, even though no growth
inhibition was achieved at this concentration. Antibiofilm activity of metallic nanoparticles
is reported [46].

Figure 2. Observation by low-vacuum SEM microscopy of wheat roots subjected to different inocula-
tion treatments. (A): Non-inoculated control plants. (B): Non-inoculated plants in the presence of
FeNPs (few bacteria are sporadically observed in A, B, probably reflecting the presence of endophytes
or residual contamination). (C): Plants inoculated with Bacillus aryabhattai RSO25 in the absence of
FeNPs. (D): Plants inoculated with Bacillus aryabhattai RSO25 in the presence of 1% FeNPs. Yellow
arrow points a cell in division, indicating that the concentration of FeNPs was not inhibitory to
bacterial growth.

3.2. Effect of Treatment on the Germination Rate, Initial Plant Survival, and Root Colonization

Treatment with FeNPs, both with or without bacteria, led to increased rates of germina-
tion (18% and 27%, respectively). However, only the combined treatment was significantly
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different (two-way Anova, p < 0.05; Figure 3). According to our results, previous studies re-
vealed that nanoparticles of Fe-PVP syntethised from polyvinyl pyrrolidone had a positive
effect on wheat seed germination at low concentrations ranging from 1–2 ppm but had toxic
effects at higher doses [47]. On its hand, RSO25 had demonstrated a positive effect on seed
germination of Spartina densiflora plants [48]. However, in our case, when considering
final survival, no significant amelioration was recorded (two-way Anova, p < 0.05). This
was related to a high dispersion of the data, particularly in control plates, since some
fungal contamination arising from the seeds was observed. In this particular case, plates
inoculated with bacteria showed less fungal contamination (not shown), indicating the
possible role of this bacterium in biocontrol. Many Bacillus species are known biocontrol
agents against fungal contamination [49].

Figure 3. Germination rate (final germination after five days) and survival after seven days of
seedlings treated with different biofortification treatments: control; FeNPs treated with Fe-containing
nanoparticles; RSO25, inoculated with Bacillus aryabhattai RSO25; TT combined, treatment including
FeNPs and Bacillus aryabhattai RSO25. Data are means of 50 seeds ± standard deviations. RSO25,
FeNPs or their interactions in the corner of the panel indicate main or interaction significant effects.
Different letters indicate means that are significantly different from each other. (LSD test, p < 0.05).

3.3. Effect of Treatment on the Growth and Physiology of Wheat Plants

As displayed in Figure 4, none of the treatments caused remarkable effects on plant
biomass or length, neither in shoots nor in roots (two-way Anova, p > 0.05). Thus, the
aboveground dry mass and length did not vary between experimental treatments, showing
in all cases mean values between 0.4–0.5 g and 35–45 cm, respectively. Concerning root
biomass, all data ranged between 0.4–0.5 g.
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Figure 4. Dry mass of stem (A), roots (B), and height of the stems (C) of Triticum aestivum plants treated
with metallic Fe-containing polymeric nanoparticles (FeNPs), inoculated with Bacillus aryabhattai
(RSO25) and exposed to the combination of both treatments (TT Combined) for 45 days. Values
represent means ± SD, n = 12.

In spite of this, no differences in growth between experimental treatments were ob-
served, although some variations in the performance of the photosynthetic apparatus of
plants were registered. Whereas the net photosynthetic rate (AN) showed no significant dif-
ferences between treatments (Two-way Anova, p > 0.05; Table 2), the stomatal conductance
(gs) and intercellular CO2 concentration (Ci) markedly decreased with FeNPs application,
bacterial inoculation and its combination (Two-way Anova: RSO25 x FeNPs, p < 0.05;
Table 2). These data indicate a higher ability of plants to maintain a better carbon and water
balance, as indicated by greater values of apparent carboxilation efficiency (Ce) and better
water use efficiency (iWUE) (two-way Anova: RSO25 x FeNPs, p < 0.05; Table 2). These
results suggest a better physiological state of plants treated with either of the treatments.
The mechanism by which the different treatments could ameliorate plant physiology was
further investigated, revealing that, although the maximum quantum efficiency of PSII
photochemistry (Fv/Fm) did not vary between treatments, it was linked to higher light
harvesting and transport efficiency, as deduced from the quantum efficiency of the photo-



Agronomy 2022, 12, 228 11 of 19

system II (ΦPSII) and from the electron transport rate (ETR) respectively. This effect was
particularly important in plants treated with FeNPs and in plants inoculated with RSO25,
whereas the effect seemed to be abolished in the combined treatment (two-way Anova:
RSO25, FeNPs; p < 0.05; Table 2).

Table 2. Results of different physiological parameters. Net photosynthetic rate (AN); stomatal
conductance (gs); intercellular CO2 concentration (Ci); apparent carboxylation efficiency (Ce); intrinsic
water use efficiency (iWUE); maximum quantum efficiency of PSII photochemistry (Fv/Fm); quantum
efficiency of PSII (ΦPSII) and electron transport rate (ETR) in Triticum aestivum plants watered with
metallic Fe-containing polymeric nanoparticles (FeNPs), inoculated with Bacillus aryabhattai (RSO25)
and exposed to the combination of both treatments (TT Combined) for 45 days. Values represent
means ± SD, n = 7, respectively. Different letters indicate means that are significantly different from
each other (LSD test, p < 0.05). Cells in gray indicate significant differences regarding the control.

Treatments
Parameters Control FeNps RSO25 TT Combined

Net Photosynthetic rate
AN (µmol m−2 s−1) 12.4 ± 1.5 13.4 ± 0.9 15.0 ± 2.5 11.3 ± 2.0

Stomatal conductance
gs (mmol m−2 s−1) 203.5± 30.2 (a) 142.0 ± 14.3 (b) 160.0 ± 45.2 (b) 155.0 ± 11.5 (b)

Intercellular CO2 concentration
Ci (µmol mol−1) 290.0 ± 14.0 (a) 234.7 ± 9.1 (b) 237.3 ± 15.9 (b) 227.0 ± 8.2 (b)

Apparent carboxylation efficiency
Ce (mmol mol−1) 0.044 ± 0.001 (a) 0.057± 0.001(b) 0.060 ± 0.001(b) 0.051 ± 0.001 (c)

Water use efficiency
iWUE (µmol mol−1) 64.2 ± 9.7 (a) 94.1 ± 5.9 (b) 93.0 ± 10.5 (b) 72.9 ± 4.5 (a)

Maximum quantum efficiency of
photosystem II (Fv/Fm) 0.80 ± 0.02 0.82 ± 0.01 0.81 ± 0.01 0.82 ± 0.0

Quantum efficiency of photosystem II (ΦPSII) 0.20 ± 0.02 (a) 0.26 ± 0.02 (b) 0.25 ± 0.01 (b) 0.20 ± 0.01 (a)

Electron transport rate
(ETR) 89.0 ± 8.4 (a) 107.0 ± 10.0 (b) 106.1 ± 4.8 (b) 86.2 ± 7.7 (a)

Some previous works reported the positive effect of diverse FeNPs on Capsicum
annus, for which an increase of chloroplast number and grana stacking were reported [23].
However, in our case, the effect on physiology was not finally correlated with measurable
growth. Regarding bacterial inoculation, previous studies with wheat reported that the
application of a bacterial consortium ameliorated plant growth and yield under nutrient
deficiency conditions [50]. Moreover, Bacillus aryabhattai has been widely used as a plant
growth promoting rhizobacterium [36,51,52]. Finally, the possibility of sinergy using FeNPs
and RSO25 is discouraged considering the results, since it does not ameliorate plant growth
nor plant physiology.

3.4. Effect of the Experimental Treatments on the Concentration of Mineral Nutrients in
Plant Tissues

The nutritional state of the plants was analyzed, in particular Na, K, P, S, Mg, Ca, and
Zn in three types of tissues of the plants, namely, stems, roots, and spikes (Table 3). The
results significantly different from control plants are highlighted in gray. In global terms,
after visual inspection of Table 3, it can be seen that the most affected tissue is the root,
precisely the tissue where the treatments were applied (from 21 nutrient concentrations:
7 nutrients × 3 treatments; 13 out of 21 nutrient concentrations were significantly affected).
Moreover, the treatment with RSO25 led to decreased levels of almost all nutrients in
roots (two-way Anova: RSO25; p < 0.05). On its side, treatment with FeNPs diminished
the concentrations of several nutrients in roots, such as P, S, and Na (two-way Anova:
FeNPs, p < 0.05). In the second place, the concentration of nutrients in the stems showed
also alterations, but at a lower extent (9 out 21 nutrient concentrations were significantly
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affected). Finally, only 3 out of 21 nutrient concentrations were significanly affected in
spikes (Table 3).

Table 3. Content of nutrients in plant tissues in mg.kg−1. Data are means ± SD of two independent
determinations corresponding to the mix of six plants each. Different letters indicate means that are
significantly different from each other in each specific tissue (LSD test, p < 0.05). Cells in gray indicate
significant differences regarding the control.

Plant
Tissue Treatment P

(mg.kg−1)
S

(mg.kg−1)
Na

(mg.kg−1)
K

(mg.kg−1)
Ca

(mg.kg−1)
Mg

(mg.kg−1)
Zn

(mg.kg−1)

Stems

Control 3302
± 231 (a)

3701
± 230 (a)

288
± 34 (a)

33949
± 2989

2061
± 234 (a)

595
± 78

9.79 ±
1.22 (a)

FeNPs 2808
± 134 (b)

2972
± 178 (b)

168
± 21 (b)

33788
± 2689

1803
± 224 (b)

574
± 36

8.83
± 1.65 (a)

RSO25 3540
± 158 (a)

3869
± 290 (a)

155
± 22 (b)

32123
± 4013

1773
± 202 (a)

575
± 47

6.71
± 0.76 (b)

TT
combined

2356
± 104 (c)

2769
± 134 (b)

158
± 30 (b)

32105
± 2.55

1492
± 243 (b)

559
± 36

8.34
± 0.56 (a)

Spikes

Control 4320
± 341

2473 ±
90

83
± 12 (a)

18873
± 2501

911
± 77 (a)

641
± 55

13.91
± 1.22

FeNPs 4477
± 109

2420
± 277

73
± 11 (a)

17849
± 1446

1236
± 112 (b)

627
± 68

15.13
± 3.04

RSO25 4327
± 212

2560
± 267

70
± 11 (b)

16795
± 1888

1055
± 167 (a)

632
± 51

11.49
± 2.64

TT
combined

4512
± 255

2419
± 190

73
± 8 (a)

16807
± 989

1255
± 131 (b)

664
± 43

11.76
± 2.47

Roots

Control 1174
± 144 (a)

1906
± 247 (a)

3330
± 69 (a)

12508
± 1329 (a)

5503
± 578 (a)

587
± 32 (a)

32.85
± 2.25 (a)

FeNPs 982
± 66 (b)

1479
± 117 (b)

2195
± 245 (b

12157
± 1534 (a)

5354
± 626 (a)

585
± 44 (a)

38.56
± 3.08 (b)

RSO25 751
± 223 (c)

1231
± 123 (c)

2276
± 201 (b)

7652
± 898 (b)

5060
± 249 (a)

475
± 45 (b)

41.68
± 4.29 (c)

TT
combined

1196
± 172 (a)

1957
± 154 (a)

2825
± 200 (c)

11814
± 1005 (a)

10489
± 2688 (b)

542
± 32 (a)

37.28
± 3.66 (b)

The most affected element was Na, whose concentration diminished after almost
every treatment in shoots and roots (from 50% less in the stem to 20–30% less in the spike
and root). In spikes, only the treatment with RSO25 had an effect on the concentration
of this element (two-way Anova: RSO25, p < 0.05). The other elements that majoritarily
diminished in shoots and roots were P and S (between 20–40%), although, again, there
was no effect in the spikes. On its side, the concentration of Zn was much increased in
roots after the three treatments (Two-way Anova: RSO25 × FeNPs, p < 0.05). It has to be
remembered that RSO25 is a Zn resistant bacterium, as previously reported [35]. In plants
of Spartina densiflora, incoulation with this bacterium led to an increased concentration of
several metals, including Zn [36], particularly in the roots.

Regarding the spike, which is the most relevant tissue concerning biofortification,
Table 3 shows an increment in Ca concentration in the spike (between 15–30%) by treatment
containing FeNPs. It is known that cation channels are involved, not only in the nutritional
aspects of the plant, but in the management of salt stress development and signaling [53].
In this regard, it could be interesting to analyze the possible modulation of the expression
of Ca channels that could affect the distribution of this element among different plant
tissues, particularly those involved in mobilizing Ca to the spike, as has been done for
Zn transporters in wheat grains [54]. Besides, a diminution in Na levels was recorded.
The collateral effects of other FeNPs on the assimilation of different elements in several
plants are noteworthy. In this context, FeS2 NPs (600–700 nm) applied to spinach (Spinacia
oleracea) led to a higher content of calcium, manganese, and zinc in the leaves [55]. Similarly,
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nano-chelated iron fertilizer led to increased concentrations of, not only iron, but nitrogen,
phosphorus, potassium, and zinc in rice of between 25% and 50%, depending on the
element [18]. Analogously, a set of nutrient deficiencies in plants watered with FeNPs
stand out from this experiment as possible detrimental effects, most of which are outside
the spike, where the only serious deficiency is related to Na. Interestingly, this deficit of
stem and root nutrients does not seem to affect the physiology or physical characteristics
of the plant but may be a consequence of an ionic reorganization due to the imbalance
provoked by FeNPs. In fact, in other plants, such as sunflower, an imbalance of nutrients
was recorded upon application of iron oxide NPs [56].

The kinetics of spike development varied between different treatments (Figure 5A).
In the control treatment, the development of spikes followed a linear trend and finally
2.7 spikes per plant on average were produced. The treatment with RSO25 led to the lowest
spike production, with, finally, 1.7 spikes per plant (two-way Anova, RSO25, p < 0.05). On
the other hand, both treatments with NPs, either inoculated or non-inoculated, led to the
highest production, at up to a maximum of 3.3 spikes per plant. Moreover, the treatment
with FeNPs was the one that favored the fastest spikes outgrow (Figure 5A).

Figure 5. Kinetics of spikes outgrow (A), biomass of spikes (B), and Fe content in spikes (C) of Triticum
aestivum plants treated with metallic Fe-containing polymeric nanoparticles (FeNPs), inoculated with
Bacillus aryabhattai (RSO25) and exposed to the combination of both treatments (TT Combined) for
45 days. Values represent means ± SD, n = 12. RSO25, FeNPs or their interactions in the corner
of the panel indicate main or interaction significant effects. Different letters indicate means that
are significantly different from each other (LSD test, p < 0.05). In the case of Figure 5A, the letters
correspond to data of day 10 after spike outgrow.
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The average biomass of spikes in the different treatments was also determined and
the results are shown in Figure 5B. The treatment with FeNPs led to the highest biomass,
with a net increase of 20% regarding the control. Still, this difference was not significant
(two-way Anova, p > 0.05). In addition, Fe was determined in the dry mass of the spikes.
The results (Figure 5C) pointed to significant differences between the treatments, including
FeNPS or not, regardless of the presence of the bacteria. In fact, both treatments including
FeNPs led to increases of around 33–35% in the concentration of Fe (two-way Anova:
RSO25 x FeNPs, p < 0.05), thus suggesting the effectiveness of biofortification. These data
are similar to other data provided by different authors using different FeNPs [57]. For
instance, biofortification of 8% and 20% were reported after using FeEDTA and FeSO4 NPs,
respectively [58]. Moreover, biofortification could rise to 56% when NPs were applied in the
form of foliar spray and wheat plants were supplemented with additional nitrogen (such
as urea) in the soil. In the same work, biofortification with FeEDTA, FeSO4, FeEDDHA (N,
N′-ethylenediamine-bisacetic acid), and Fe contained in a citrate salt led to a less than 20%
increase in Fe content after application of urea as a foliar spray [59]. On their side, [16]
used Fe2O3-NPs applied as irrigation and obtained enhancements in the amount of Fe
by 26% and 45% in two wheat varieties, thus probing the contribution of the plant to the
biofortication process, besides the type of FeNPs and the application method. Finally, the
findings of other authors on the biofortification of another cereal, Oryza sativa (rice), with
foliar application of Fe nanochelants showed an increase of 25% in the amount of Fe in the
grain [15].

Finally, the total amount of Fe in the spikes per plant was calculated by multiplying
the three parameters in Figure 5, i.e., the product of [spikes production] × [biomass of
spikes] × [Fe accumulation in spikes] (two-way Anova: RSO25, FeNPs, RSO25 × FeNPs,
p < 0.05; Figure 6). In the treatment with only FeNPs, an efficient increase of 214% in the
total amount of Fe per plant was found. By contrast, the treatment with only bacteria
led to a 40% decrease in Fe accumulation in spikes. Finally, the combination of both
treatments seemed to cause an antagonist effect and is not recommended, since the final Fe
accumulation regarding the treatment with only FeNPs was significantly reduced by 19%.

Figure 6. Net Fe biofortification per plant in Triticum aestivum treated with metallic Fe-containing
polymeric nanoparticles (FeNPs), inoculated with Bacillus aryabhattai RSO25 (RSO25) and exposed to
the combination of both treatments (TT Combined) for 45 days. Data are obtained after multiplication
of the three parameters in Figure 5, i.e., the product of [spikes production] × [biomass of spikes] ×
[Fe accumulation in spikes]. RSO25, FeNPs or their interactions in the corner of the panel indicate
main or interaction significant effects. Different letters indicate means that are significantly different
from each other (LSD test, p < 0.05).
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Particularly, it is worth mentioning that, in our experiment, both the number of spikes
and the per spike biomass were improved after treatment with FeNPs, which led to a
total increase of 214% in the Fe accumulated in grains per plant. A similar effect was
observed in previous publications using iron oxide NPs [59] or nano Fe-fertilizer [60].
Besides, in soybean, an increased number of pods and higher size of pods were recorded
after treatment with metallic FeNPs [61]. Furthermore, FeNPs based on poly-vinyl-alcohol
and tannic acid show high stability and low toxicity, since the compounds used in their
synthesis are biocompatible [62,63]. In addition to this, several parameters, such as using
FeNPs in foliar spray or adding nitrogen, can be adjusted to improve Fe absorption [58].

In contrast to the expected results, application of Bacillus aryabhattai did not led
to improved growth in spite of the fact that this species is well known PGPR [51]. In
particular, the strain RSO25 has proved good PGP properties in Spartina densiflora [35],
being able to increase the concentration of several metals in this plant [36]. This strain
was isolated from halophyte Spartina maritima in saltmarshes, being adapted to thrive in
conditions of moderate salinity and heavy metals [35]. It is known that both the habitat
and the plant through the secretion of specific root exudates can modulate rhizosphere
populations [64,65]. In fact, root exudates produced by Brachypodium distachyon, a plant
which is considered as a model for wheat, are being deciphered [66]. Thus, different plants
can secrete different exudates and modulate the effect of rhizosphere bacteria, which in
turn can affect the expression of genes in the plant [52]. Besides, genotypic characteristics
determine the higher or lower ability of plants for ions translocation from root to shoots [67].
These reasons may explain why this bacterium, which was reported to increase metal
concentration in S. densiflora [36], has not been useful to increase Fe concentration in wheat.

Finally, although the possibility of combinatorically using FeNPs and RSO25 was ex-
plored, considering the results, it was discouraged, since the amelioration of plant growth,
physiology or accumulation either of Fe or other essential nutrients in grains were not
detected. One possible explanation could be related to the antimicrobial and antibiofilm
effects of NPs in general, and tannic acid in particular, that may affect bacterial commu-
nities in the rhizosphere [68,69]. Thus, even though the concentration of FeNPs used for
the experiments (1%) was below the CMI, a cumulative effect could have been produced
after repeated watering. Different types of NPs, such as amine-modified polystyrene
nanospheres and titanium dioxide nanoparticles, caused significant decreases in rhizo-
sphere bacterial counts and decreased root and stem growth of lettuce plants [70]. In other
microbe-plant associations, such as mycorrhizal and rhizobial symbioses, a negative effect
of some metal NPs was reported, depending mainly on the concentration, but also on the
type of NPs, size, soil physicochemical properties and sensitivity of the plant species [71]. In
a metatranscriptomic study on maize, drastic changes in the composition and functionality
of the root microbiome upon long treatment with silver NPs was observed, finally leading
to plant stress, fungal attack and impaired nitrogen cycling [72]. All of these data point to
the negative effects of different kinds of NPs on root microbiome health and functionality,
finally leading to negative effects on plant growth. In our case, even though colonization of
the root in the presence of NPs was observed, the amount of bacteria was lower than in
the control, suggesting a certain toxicity of FeNPs to the bacteria and/or to their capacity
to colonize the roots [70]. In this regard, the treatment with only FeNPs seems to be the
most adequate not only to maintain plant growth, but also to improve plant physiology,
and enhance Fe biofortification at the same time.

4. Conclusions

In spite that both strategies, the use of PGPR and the use of NPs, are widely utilized for
plant biofortification, in our hands this is one of the few studies concerning the combinatory
use of both treatments for this purpose. Our results led us to conclude that both treatments
and their combination had minor effects on germination, plant survival and final growth,
in spite of the fact that several photosynthetic parameters were ameliorated. Considering
final biofortification, it is possible to conclude that the biofortification resulting from the
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use of FeNPs based on PVA-tannic acid is superior or similar to that obtained by other Fe
nanoparticles previously described in the literature. Besides, the lateral effects of some
other macro- and micronutrients in spikes, namely an increase in Ca and deficit of Na, were
recorded upon treatment with FeNPs. On the other hand, the bacterium Bacillus aryabhattai
RSO25 has not demonstrated good plant growth promoting properties in wheat plants.
Finally, the combined use of FeNPs and RSO25 is discouraged, since the amelioration of
plant growth and physiology was not achieved, but the amount of total Fe accumulated in
grains was diminished by 19%. The application of only FeNPs is indeed the best option
of the three treatments investigated. The possibility of other application methods, such as
foliar spray may be investigated, since nutrient concentrations of several elements followed
a gradient roots > stems > spikes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/agronomy12010228/s1. Supplementary Information Figure S1: Size distribution of A) PVA-
TANPs y B) FeNps. It can be observed that PVA-TANPs intensity peaks at a lower size than FeNps.
Supplementary Information Figure S2: Scheme of the microtiter plate for determination of the CMI of
the bacterium B. aryabhattai RSO25 towards the FeNPs nanoparticles. A: TSB; B: TSB + 20% FeNPs; C:
TSB + 10% FeNPs; D: TSB + 5% FeNPs; E: TSB + 2.5% NPs of FeNPs; F: TSB + 1.25% FeNPs; G: TSB +
0.625% FeNPs; H: TSB + 0.3125% FeNPs.
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