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Microelements are vital for plant growth and development. Among the micronutri-
ents, iron is required in relatively high concentrations, and although it is one of the most
abundant elements in the environment, its availability in soils is restricted due to its low
solubility, especially in alkaline conditions and calcareous soils [1]. In order to cope with its
limited availability, plants have evolved special mechanisms to mobilize, complex, reduce,
and take up iron. It has been a long time since Rémheld and Marschner [2] postulated the
two basic strategies of iron uptake in higher plants. Strategy I is based on the reduction of
soluble Fe-chelates in the apoplast by plasma-membrane-localised ferric reduction oxidase
(FRO) family enzymes, which is followed by the uptake of ferrous ions by a divalent metal
ion transporter of the iron-regulated transporter (IRT) family. This process is aided by
several complementary mechanisms. Iron solubility is increased via the acidification of the
rhizosphere by H*-ATPase enzymes located in the plasma membrane. In some plants, such
as Arabidopsis thaliana, phenolics (mostly coumarines) are synthesized and secreted to the
rhizosphere [3]. These may reduce and/or complex iron, thereby increasing its solubility.
Other plants, such as Cucumis sativus, synthesize flavins (e.g., riboflavin) which increase
iron availability by reduction and/or chelation or modifying the microbial population in
the rhizosphere [4,5].

Strategy II is based on the synthesis and release of phytosiderophores (mugineic acids)
by a transporter of mugineic acids (TOM). These compounds are strong iron chelators,
mobilizing and chelating ferric iron in the soil; they are taken up without further chemical
transformation by yellow stripe-like (YSL) transporters [6].

Strategy Il was only described in graminaceous plants, whereas Strategy I was confined
to the rest of higher plants. Nevertheless, combined strategies also occur, e.g., in Oryza
sativa, both YSL and IRT1 proteins were found to facilitate iron uptake [7].

As a response to insufficient iron supply, the synthesis of proteins is upregulated
in both strategies, accelerating the rate of iron uptake. After entering the cytoplasm,
ferrous iron is thought to be complexed by glutathione (GSH) and/or nicotianamine;
the latter is a ubiquitous amino acid derivative. Nicotianamine may have a key role in
carrying iron to the sites of assimilation, storage, or retranslocation [8]. In the xylem, iron is
translocated predominantly as Fe(III)-carboxylates such as Fe(III)3-(Citrate)3, which then
become available in the apoplast for leaf cells [9].

The major sink of iron is photosynthetic apparatus. About 90% of tissue iron can be
found in chloroplasts [10]. The mechanism of iron uptake to cellular compartments such
as plastids, mitochondria, and the vacuole, has been the focus of more recent research,
and despite the rapidly accumulating knowledge in this field, there are still unanswered
questions. In chloroplasts and mitochondria, a reductive step by FRO enzymes seems to be
necessary. Ferrous iron enters the stroma/matrix of these organelles, facilitated by another
transport system: PIC1/TIC21 or nickel cobalt transporter (NiCo) in chloroplasts, and
mitochondrial iron transporters (MITs) in mitochondria. In vacuoles, iron enters through
vacuolar iron transporter (VIT) proteins; however, the reduction step has not yet been
revealed [8].
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The export of iron from the root and leaf cell cytoplasm as well as cell compartments
are thought to be crucial in root-to-shoot transport, metabolic processes, loading of fruits
and seeds and remobilization during senescence. Cellular export is facilitated by YSL
family transporters but iron translocation in the xylem also relies on citrate loading to
the xylem by ferric reductase defective 3 (FRD3) proteins. Iron export from chloroplasts
may also occur through YSL proteins or a prokaryotic-type ECF ABC-transporter complex
described recently [11]. Both chloroplasts and mitochondria release Fe-S proteins, which
are important in cellular functions. Finally, iron is released from vacuoles through natural-
resistance-associated macrophage proteins (NRAMP) [8].

Transport processes of iron may interact with divalent metal ions such as Cd, Mn, Ni,
and Zn, but other elements may also influence iron metabolism. Competition or inhibition
may occur in divalent transport systems, but also upon binding to phytosiderphores.
Cadmium inhibits several metabolic processes in which it interacts with iron transport
and assimilation. Iron acquisition in soils cannot be independent from other organisms
such as fungi and bacteria. These may also release phytosiderophores or reduce iron,
which can be highly advantageous for plants, especially under conditions of low iron
availability. Iron deficiency in humans, known as anaemia, is one of the most critical
micronutrient deficiencies worldwide; thus, it is a major goal to increase the bioavailable
iron content in edible grains, fruits, and plant parts to serve as food products. Various
techniques can be applied for the biofortification of iron, such as foliar sprays with Fe-
chelates, iron-containing nanomaterials, or biostimulants; all these may influence iron
uptake and assimilation processes.

The published papers in this Special Issue focus on several aspects of iron nutrition and
its interactions during uptake, transport, and assimilation. Increasing the bioavailability
and uptake/accumulation of iron is still an important topic, as is iron incorporation into and
release from cellular compartments. The presence of bacteria and fungi in the rhizosphere
is under developing interest as iron acquisition by plants may be aided by these organisms.
Although this Special Issue does not address the question of regulation of iron homeostasis
and signalling, it is another very important area of current and future research that will
help to develop a holistic picture on the metabolic roles and interactions of iron.
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Abstract: The barley cultivar Sarab 1 (SRB1) can continue photosynthesis despite its low Fe acqui-
sition potential via roots and dramatically reduced amounts of photosystem I (PSI) reaction-center
proteins under Fe-deficient conditions. We compared the characteristics of photosynthetic electron
transfer (ET), thylakoid ultrastructure, and Fe and protein distribution on thylakoid membranes
among barley cultivars. The Fe-deficient SRB1 had a large proportion of functional PSI proteins by
avoiding P700 over-reduction. An analysis of the thylakoid ultrastructure clarified that SRB1 had a
larger proportion of non-appressed thylakoid membranes than those in another Fe-tolerant cultivar,
Ehimehadaka-1 (EHM1). Separating thylakoids by differential centrifugation further revealed that
the Fe-deficient SRB1 had increased amounts of low/light-density thylakoids with increased Fe and
light-harvesting complex II (LHCII) than did EHM1. LHCII with uncommon localization probably
prevents excessive ET from PSII leading to elevated NPQ and lower PSI photodamage in SRB1 than
in EHM1, as supported by increased Y(NPQ) and Y(ND) in the Fe-deficient SRB1. Unlike this strategy,
EHM1 may preferentially supply Fe cofactors to PSI, thereby exploiting more surplus reaction center
proteins than SRB1 under Fe-deficient conditions. In summary, SRB1 and EHM1 support PSI through
different mechanisms during Fe deficiency, suggesting that barley species have multiple strategies
for acclimating photosynthetic apparatus to Fe deficiency.

Keywords: barley; iron deficiency; LHCII; photosystem I; thylakoid membrane

1. Introduction

A large amount of iron (Fe) is required for efficient electron transfer in the photo-
synthetic apparatus. Specifically, the photosystem I (PSI) reaction center harbors three
4Fe-4S clusters and is the primary target of Fe deficiency [1-5]. Two strategies to maintain
photosynthesis in Fe-deficient chloroplasts are possible: a continuous supply of Fe to reac-
tion center proteins or the reorganization of protein complexes to ensure electron transfer
utilizing a smaller amount of Fe. Barley cultivar Sarabl (SRB1) has excellent tolerance
to Fe deficiency among more than 20 barley cultivars originating worldwide based on
Photosynthetic Iron-Use efficiency (PIUE) developed recently in our study on the chloro-
plast Fe economy [6]. Using quantification of the Fe uptake rate using the live autography
system, unexpectedly, SRB1 exhibited a lower rate of Fe acquisition into developing leaves
with a smaller accumulation of reaction center proteins of both PSI and photosystem 1II
(PSII) under the Fe-deficient condition than other cultivars [7]. In contrast, another Fe
deficiency-tolerant cultivar Ehimehadaka 1 (EHM1) accumulated more Fe in shoots and
maintained more amounts of reaction center proteins than did SRB1 under Fe-deficient
conditions [7]. However, the expression of some of the genes involved in the Fe-S cluster
supply pathway to photosystems, including that of sulfur utilization factor (SUF), reduced

Plants 2023, 12, 2111. https://doi.org/10.3390/plants12112111
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similarly under Fe deficiency in both SRB1 and EHM1 [7]. These results revealed that active
Fe acquisition into shoots or regulation of the Fe-S delivery system under Fe-deficient
conditions is not always the main factor contributing to Fe deficiency tolerance [7].

Several important findings have been reported regarding the adaptation of the plant
photosynthetic apparatus to Fe deficiency, mainly using algae as research material. In
cyanobacteria, the “iron-stress-induced” gene isiA is expressed, and the product IsiA pro-
tein (CP43’) forms a giant 18-subunit ring around the trimeric PSI core complex under
Fe deficiency [8]. Recently, an analysis of energy transfer in the PSI-IsiA supercomplex
indicated that IsiA functions as an energy donor but not as an energy quencher in the su-
percomplex [9]. In addition to PSI, to protect the acceptor side of PSII against Fe deficiency
in cyanobacteria, an additional pigment—protein complex, IdiA (iron deficiency-induced
protein), is expressed [10]. In the obligate photoautotrophic alga Dunaliella salina, Fe depri-
vation induces the expression of a chlorophyll a/b-binding protein Tidi, similar to that of
IsiA protein. Tidi resembles the light-harvesting antenna complex protein of PSI (LHCI)
and acts as an accessory antenna of PSI [11]. Additionally, in another eukaryote algae
Chlamydomonas reinhardtii, Fe deprivation causes the remodeling of LHCI and decreases
the antenna size of PSI to reduce the efficiency of excitation energy transfer between LHCI
and PSI [12,13]. The stress-inducible light-harvesting antenna LHCSR3 protein was also
expressed under conditions of Fe deficiency in C. reinhardtii, leading to increased non-
photochemical quenching (NPQ), thereby providing protection from photoinhibition [14].
Although NPQ is most often related to PSII photoprotection, it also protects PSI through
quenching of the LHCII antenna pool functionally associated with PSI. Along with the
regulation of these antenna systems, the chloroplasts in Chlamydomonas change the Fe
economy to preferentially maintain the Fe-containing enzyme Fe superoxide dismutase by
balancing the rates of synthesis and degradation of many plastid Fe-proteins [15,16].

In contrast to algae, higher plants lack the Fe deficiency-induced light-harvesting
antennae proteins such as IsiA, Tidi, or LHCSR3 in their genomes, making it challenging
to develop a link between photosynthesis and Fe deficiency. Nevertheless, some plant
species, including barley, can maintain photosynthetic function even after prolonged
exposure to Fe deficiency [17]. In this context, we have shed light on the diversity of
Fe-deficient responses on photosystems in Graminaceae plants and revealed the barley-
specific photoprotective mechanism using light-harvesting antenna Lhcb1 isoforms during
Fe deficiency [5,17,18]. Interestingly, we also found that SRB1, a barley variety with
significantly higher Fe deficiency tolerance, may have a unique electron transfer function
to protect downstream PSI [6]. However, the details surrounding this mechanism still need
to be discovered.

In this work, we investigated the characteristics of photosynthetic electron transfer
and Fe and protein distribution on thylakoid membranes in the barley cultivar SRB1.
Thereafter, we compared these characteristics between SRB1 and other barley cultivars
under Fe-deficient conditions. Among the barley cultivars we used, EHM1 was selected
as the reference cultivar for Fe deficiency tolerance. This specific cultivar was selected to
investigate the SRB1-specific tolerant mechanism and obtain physiologically meaningful
data under severe Fe-limited conditions as other cultivars are Fe deficiency-susceptible and
cannot maintain photosynthesis under such severe Fe-deficient conditions. Through com-
parative analysis, we explore the characteristics of SRB1 that contribute to the maintenance
of photosynthesis under limited Fe.

2. Results
2.1. SRB1 Has Superior Ability to Suppress Electron Transfer Downstream of PSI

SRB1 maintained the photosynthetic electron transfer function downstream of PSII,
including cytochrome (cyt) bsf, and PSI, through an unknown mechanism despite having
low Fe and very small amounts of reaction-center proteins in its leaves under Fe-deficient
conditions [6,7]. To elucidate this, we analyzed PSII and PSI simultaneously using Dual-
PAM-100 among four cultivars (SRB1 and EHM1 for tolerant cultivars, ETH2 and MSS
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for susceptible cultivars) with different Fe deficiency tolerance levels, as identified in a
previous study [6].

The leaves of Fe-deficient and susceptible barley cultivars often exhibit highly severe
chlorotic and wilt symptoms. Further, we cannot observe physiologically meaningful
chlorophyll fluorescence under the same Fe-deficient condition as Fe deficiency-tolerant
cultivars. We used the same cultivation techniques applied in previous reports [6,7].
Figure S1A shows a typical cultivation result: chlorophyll content in all four cultivars under
Fe-sulfficient conditions was 1.5 mg/gFW. The chlorophyll content under Fe-deficient con-
ditions was 0.3-0.5 mg/gFW in all four cultivars with no severe necrosis spots (Figure S1C).
Fe content in leaves was also comparable among all cultivars under Fe-deficient conditions
(Figure S1B); thus, we successfully prepared plant materials exhibiting almost the same
extent of Fe deficiency chlorosis and Fe content as previously reported [6].

The maximum quantum yield of PSII, denoted by Fv/Fm, was around 0.8 for all four
cultivars under Fe-sufficient conditions (Figure 1A), equivalent to the theoretical value
required for healthy leaves. EHM1 did not reduce Fv/Fm due to Fe deficiency among
four cultivars. In contrast, Fv/Fm in the Fe-deficient leaves compared was slightly, but
significantly, decreased compared to that in the Fe-sufficient leaves in SRB1, ETH2, and MSS
varieties (Figure 1A). The quantum yield of regulated energy dissipation, Y(NPQ), increased
with Fe deficiency compared with Fe-sufficient conditions in all cultivars (Figure 1B). This
is consistent with the results of our previous report that Fe-deficient barley induces NPQ
to dissipate excess light energy as heat to avoid PSII photoinhibition resulting from Fe-
deficiency-mediated defects in electron transport, regardless of the barley variety [6,17].
Interestingly, SRB1 had higher Y(NPQ) than the other cultivars under both Fe-sufficient and
Fe-deficient conditions. The NPQ of MSS, the most susceptible cultivar [6], was also similar
to that of SRB1 under Fe-deficient conditions (Figure 1B). The quantum yields of non-
regulated energy dissipation related to PSII photoinhibition, Y(NO), were not significantly
different among the cultivars, irrespective of the Fe nutritional status (Figure 1C), and
Fe deficiency increased the absolute Y(NO) in all cultivars. Therefore, the degree of
PSII photoinhibition in all varieties under Fe-deficient conditions was comparable. Thus,
consistent with the results of our previous report [6], the photoprotective mechanism of
PSII through NPQ induction in Fe-deficient leaves can be considered a ubiquitous Fe-
acclimation system for barley species, confirming that PSII maintenance itself is not a main
factor in imparting differential Fe deficiency tolerance within barley cultivars.

Next, to clarify the status of PSI, P700 absorbance was examined; P700 maximum
oxidation capacity (Pm) is generally used as an indicator of PSI quantity and function
because it reflects the maximum absorbance of P700. Pm values in all cultivars were
dramatically reduced under Fe-deficient conditions compared to those under Fe-sufficient
conditions (Figure 1D), confirming previous findings that Fe deficiency primarily affects
PSI [2]. The Fe deficiency tolerant cultivars SRB1 and EHM1 had comparable Pm values
under Fe-deficient conditions and significantly higher Pm values than those of the Fe
deficiency-susceptible varieties ETH2 and MSS, suggesting that functional PSI maintenance
is an essential factor in Fe deficiency tolerance.

Y(ND) is a PSI donor-side limitation, a mechanism of PSI protection that inhibits
electron transfer from PSII to PSI by NPQ, plastoquinone (PQ) reduction, or ApH expansion
in the thylakoid lumen. SRB1 showed the highest Y(ND) under Fe deficiency among the
four cultivars, followed by MSS with equally high Y(ND) (Figure 1E). Y(NA) is a parameter
for PSI acceptor-side limitation related to PSI photoinhibition by P700 over-reduction and
subsequent generation of the toxic reactive oxygen species (ROS). Interestingly, Y(NA)
increased under Fe deficiency in all cultivars except SRB1. In contrast, SRB1 showed almost
no increase in Y(NA), even under Fe-deficient conditions, indicating that SRB1 suppressed
P700 over-reduction.
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Figure 1. Comparison of the functionality of PSII and PSI in four barley cultivars with varied Fe
deficiency tolerance levels: PSII maximum quantum yield, Fv/Fm (A); the quantum yield of light-
induced non-photochemical fluorescence quenching induced for photoprotection of PSII, Y(NPQ)
(B); the quantum yield of non-light-induced non-photochemical fluorescence quenching related to
PSII photoinhibition; Y(NO) (C); the maximal P700 signal, Pm (D); PSI donor-side electron transfer
limitation, Y(ND) (E); PSI acceptor-side electron transfer limitation, Y(NA) (F). Data are represented
as the means = SE of three to four independent measurements. * p < 0.05, ** p < 0.01, and *** p < 0.001,
indicate significant differences between +Fe and —Fe treatments (according to Student’s t-test).
Different letters are shown on individual columns when p is <0.05 among the four barley cultivars
based on Tukey multiple testing.

These results suggest that the mechanism of the P700 oxidation system [19] is the
reason for the ability of SRB1 to maintain photosynthesis during Fe deficiency. There is a
link between elevated NPQ and increased Y(ND) [20]. This linkage is due to decreased
linear electron transfer from PSII to PSI by increased thermal dissipation of light energy.



Plants 2023,12,2111

Consistent with this, Y(NPQ) was highest in SRB1 under Fe deficiency (Figure 1B), and
Y(ND) was concomitantly elevated under Fe deficiency (Figure 1E), suggesting that the
high P700 oxidation induction of SRB1 is related to NPQ induction. To further confirm
this observation, the related parameters were also taken into consideration. 1-qL, which
indicates the reduced state of PQ pools, was higher in SRB1 than in the other cultivars
(Figure S2A). Further, the Y(I)/Y(II) ratio, the ratio of the quantum yield of PSI to PSII,
was significantly higher in SRB1 under Fe-deficient conditions (Figure S2B), indicating
that the PSII electron transfer rate was kept low relative to the PSI electron transfer rate.
Therefore, a safe PSII-PSI excitation balance that is less prone to PSI photoinhibition can
be maintained in the Fe-deficient SRB1. Although MSS also had high Y(NPQ) and Y(ND)
like SRB1 under Fe-deficient conditions (Figure 1E), the absolute Y(NA) of Fe-deficient
MSS was twice that of Fe-deficient SRB1 (Figure 1F), indicating that PSI photoinhibition is
unavoidable in the Fe-deficient leaves of MSS. Interestingly, the Fe-sufficient leaves of MSS
exhibited higher Y(NA) than those of other cultivars (Figure 1F; Fe-sufficient SRB = 0.63,
Fe-sufficient MSS = 0.136), suggesting that even before Fe deficiency, MSS was not highly
effective in PSI photoprotection via the P700 oxidation system, presumably because of
the low PSI structural stability associated with low Fe availability in the chloroplasts, as
previously reported [6].

2.2. SRB1 Is Excellent at Maintaining Functional PSI under Fe-Deficient Conditions

To determine whether the Fe-deficient cultivar SRB1 maintains a higher accumulation
of PSI proteins than the other cultivars, we quantified the contents of major photosys-
tem proteins of both PSII and PSI. The amounts of PSII core subunit proteins D1 and
D2 were generally similar among cultivars under Fe-sufficient conditions (Figure 2A,B).
However, because the Western blot (Figure 2A) was based on data obtained from different
electrophoresis gels for each variety, the proteins extracted from each variety grown under
Fe-sufficient conditions were also electrophoresed on the same gel, confirming that the
PSII amount was equivalent among the four cultivars. On the other hand, the D1 and D2
protein amounts in Fe-deficient SRB1 leaves were significantly lower (approximately 30%)
compared with those in Fe-deficient EHM1 or ETH2 leaves. The other PSII core subunit, cyt
bs59 (PsbE), which contains a hem Fe, did not differ significantly among cultivars regardless
of Fe sufficiency or Fe deficiency. Thus, although SRB1 contained lower amounts of D1
and D2 than those in other cultivars, the electron transfer function on PsbE within the
PSII complex was maintained under Fe-deficient conditions, consistent with the fact that
Fv/Fm was not greatly reduced by Fe deficiency (Figure 1A). These results substantiate
that PSII is not the primary reason for the difference in Fe deficiency tolerance levels among
these cultivars.

In the case of PSI core subunits, the amounts of PsaA, PsaB, and [4Fe-4S]-containing
PsaC in the Fe-deficient SRB1 were unexpectedly and significantly decreased by about 10%
compared to their levels in Fe-sufficient control (Figure 2A,C). This residual percentage of
PSI core subunits in SRB1 was equal to or less than that of the other Fe deficiency-susceptible
cultivars ETH2 and MSS, in which considerably fewer PSI reaction center proteins could
be detected. In contrast, EHM1, another Fe deficiency-tolerant variety, retained about 30%
of PsaA and as much as 20-25% for PsaB and PsaC under Fe-deficient conditions. As the
Western blot analysis in Figure 2A was performed after adjusting the protein concentration
to be the same in both Fe-sufficient and Fe-deficient samples, only a tiny amount of PSI
protein could be detected in the Fe-deficient samples due to chlorosis. Because of concerns
about the quantitation limit of Western blot analysis on protein content basis in Figure 2,
we re-performed the same analysis on samples in which the chlorophyll concentration
was adjusted to make them equal among all samples to better detect thylakoid membrane
proteins in the Fe-deficient samples (Figure S3). As shown in Figure S3A,C (Western blot on
a chlorophyll content basis), the reduction in PSII and PSI core subunits was significantly
observed in SRB1 and the Fe deficiency-susceptible cultivars ETH2 and MSS. In contrast, the
decrease in both PSII and PSI was less pronounced in EHM1, supporting the results shown
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in Figure 2. These results shown in Figure S3 (Western blot on a chlorophyll content basis)
reconfirmed the data shown in Figure 2 (Western blot on a protein content basis); unlike
SRBI, it is evident that EHM1 has a strategy to maintain the total amount of photosystem
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Figure 2. Western blot analysis normalized on a per total leaf protein to compare whole thylakoid
proteins and functional PSI levels in four barley cultivars with different Fe deficiency tolerance:
(A) Immunoblot analysis of PSII reaction center proteins (D1, D2, and cyt bssg [PsbE]) and PSI
reaction center proteins (PsaA, PsaB, and PsaC), Ferredoxin, and CBB-stained RubisCO large subunits.
Whole proteins extracted from leaves were separated by SDS-PAGE (1 ug protein/lane for D1,
5 ug protein/lane for the other proteins) and detected with specific antibodies for each protein;
(B,C) Immunoblots detected with specific antibodies against each PSII subunit (D1, D2, and cyt bss9)
(B) or PSI subunit (PsaA, PsaB, and PsaC) (C) in panel A was quantified by Image ] software and
calculated as relative values for the Fe-sufficient condition (Fe-sufficient condition = 1); (D) The
retention rate of functional PSI under the Fe-deficient condition is expressed as the relative value
of Pm per PSI subunit content under Fe-deficient conditions (value of Figure 2C) to that under Fe-
sufficient conditions. Data are presented as means & SE of three independent leaves, with different
letters shown on individual columns when p < 0.05 among four barley cultivars based on Tukey
multiple testing. * p < 0.05.

Because SRB1 has only a small amount of PSI reaction centers (Figures 2A,C and S3A,C),
we speculate that the remaining PSI in the Fe-deficient SRB1 may be more functional than
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those in the other three cultivars. PSI functionality has generally been calculated based on the
ratio of Pm before and after PSI photoinhibition treatments [21]. In relation to this concept,
we attempted to calculate PSI functionality by using the ratio of Pm under the Fe-deficient
conditions to the Pm of leaves under the control (Fe-sufficient) conditions. The problem
is that in the case of Fe deficiency, Pm is considerably lower, influenced by a decrease in
PSI complexes, regardless of PSI functionality. To eliminate the influence of the decline in
PSI content in Fe-deficient leaves, we divided the Pm value by the relative accumulation
of PSI core proteins, PsaA, PsaB, and PsaC, respectively (Figure 2C), for normalization to
align PSI content computationally under Fe-sufficient and Fe-deficient conditions. As a result
of this modified method from Lempidinen et al. [21], we have successfully calculated PSI
functionality under Fe-deficient conditions (Figure 2D). As shown in Figure 2D, the residual
functional PSI rate of the Fe-deficient SRB1 was approximately two times higher than that of
the other three cultivars, EHM1, ETH2, and MSS. This result was also confirmed in Figure
S3D (Western blot on a chlorophyll content basis), i.e., the functional PSI rate of SRB1 under
Fe-deficient conditions was about two-fold higher than in other varieties.

These results suggest the different strategies between the two Fe deficiency-tolerant
cultivars: SRB1, which keeps a large proportion of functional PSI to overcome the decrease
in PSI accumulation, and EHM1, which maintains a sufficient amount of PSI proteins
to preferentially bind Fe-S clusters. Unlike the tolerant cultivars, EHM1 and SRBI, the
susceptible cultivars, ETH2 and MSS, exhibited low PSI accumulation (Figure S3C) or
the functional PSI ratio (Figures 2D and S3D). The low PSI stability under Fe-deficient
conditions in these varieties may be related to various systems and would not be necessarily
related to photosystem function. Therefore, we excluded these cultivars from further
biochemical analyses focusing on the thylakoid membranes.

2.3. Organization of Thylakoid Membrane in Fe-Sufficient Leaves

With regard to the differences in the amount of functional PSI maintained under Fe-
deficient conditions among varieties, we investigated the sequence of the PsaC gene, whose
product harbors two 4Fe-4S clusters in PSI, based on the query whether the differences in
the primary structure itself may be responsible for PSI’s Fe availability. However, the gene
encoding PsaC is a single-copy gene in the barley genome and no sequence differences were
detected between SRB1 and EHM1 using Sanger dideoxy sequencing. Thus, differences
in its structure or ability to bind the Fe cofactors are not likely to explain the different
responses in photosystems to Fe deficiency between SRB1 and EHMI.

Therefore, to focus on whether thylakoid membrane structure and its protein distribu-
tion affect Fe availability, the analysis using transmission electron microscopy (TEM) was
conducted to observe the organization of grana stack and stromal thylakoids in chloroplasts
of SRB1 and EHMI1. Although the structures of thylakoids in Fe-deficient mesophyll cells
varied from rather normal to swollen abnormal thylakoids [5,18], we found that SRB1
seemed to have more stromal lamellar sheets than did EHM1, even under the Fe-sufficient
condition. To confirm this characteristic quantitatively, we tried to simply estimate the
stromal thylakoid /grana stacks on the TEM images.

In this analysis, the central part of the newest fully expanded leaf was used for imaging
analysis as the same position used in Figures 1 and 2. It is known that there are two types
of stroma lamellae membranes: one is directly linked to the grana stacks, and the other is
like a large sheet that is not directly linked to the grana structure [22]. The former type,
called “stroma lamella-grana (SG) structure”, is responsible for the compartmentalization
of PSI and the restoration of PSII [23]. Therefore, only stromal lamellae in the SG structure
were selected for this analysis as structures that have a significant effect on photosynthesis.

The granal and stromal thylakoid membrane lengths were traced on the vertically
visual image of thylakoids using NIH Image] (Figures 3 and S4). More than twenty
representative SG structures (n = 21 for EHM1 and n = 24 for SRB1) in four TEM images
for each cultivar were analyzed (Figure S4). As shown by the yellow line in Figure 3A, the
stroma lamella (the non-appressed region) includes the top and bottom planes of the grana
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stacks and the sheet structure connected with the grana stack (Figure 3A). After calculating
the stromal thylakoid to granal thylakoid ratio, we confirmed that the ratio for EHM1 was
about 0.6, while that for SRB1 was about 0.8, which in turn showed that the ratio of SRB1
was significantly higher than that of EHM1 by about 45% (Figure 3B).
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Figure 3. The ratio of stromal and granal thylakoids in Fe-sufficient chloroplasts. TEM images of
Fe-sufficient chloroplasts were obtained from SRB1 and EHMI1. All original images are shown in
Figure 54. We sampled four independent chloroplasts images per cultivar, and selected grana stacks
with stroma lamellar membranes clearly recognized in each image. Then, granal thylakoid and
thylakoid membranes in stroma connected to selected grana were measured by line length using
Image]. Typical magnified images of yellow lines tracing the membrane of grana and stroma are
shown in (A). All tracing lines on membranes are shown in Figure S4. Summations of line lengths
to grana or stroma were calculated for each image, then averages of the stromal thylakoid /granal
thylakoid ratio, as shown in (B). Values represent the mean + SE of the four images. * p < 0.05
indicates significant differences (according to Student’s t-test) between two cultivars.

2.4. Protein Complexes Contained in Thylakoid Fractions with Different Densities in
Fe-Sufficient Leaves

As shown above, we observed differences in the organization of the thylakoid mem-
brane between the two cultivars using TEM. We also found experimentally that the super-
natant obtained during the thylakoid membrane extraction procedure from SRB1 leaves
always showed more chlorophyll than that from EHMI1. The thylakoid membranes in
the supernatant of SRB1 were probably derived from unstacked thylakoid membranes
that were physically disrupted during homogenization and could not be precipitated after
the normal low-speed centrifugation. Therefore, we analyzed the composition of such
thylakoid membranes. We designated the slurries obtained after the 2500x g centrifugation
as “heavy/high-density thylakoids (H-Thy),” corresponding to typical thylakoid mem-
branes usually analyzed. In contrast, the remaining thylakoids in the supernatant were
recovered as pellets after centrifugation at 10,000x g, designated as “light/low-density
thylakoids (L-Thy).”

After obtaining H-Thy and L-Thy from Fe-sufficient leaves of SRB1 and EHM1, we
applied each fraction to sucrose density gradient (SDG) centrifugation following solubi-
lization with n-dodecyl -D-maltoside (3-DM). The appearance of SDG tubes and the
composition of proteins of H-Thy were highly similar between SRB1 and EHM1 (Figure 4).
This experiment was also performed on thylakoids isolated from stored frozen leaves,
and the SDG analyses were generally reproducible (Figures S5 and S6). Total proteins
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and Fe distribution patterns, not absolute values, were almost identical among the two
cultivars. In this analysis, we excluded the eighth fraction (fr.8) from consideration of Fe
since the lower fractions were less reproducible for quantitative Fe. For example, fr.8 of
SRB1 had a large proportion of Fe, as shown in Figure 4, but the corresponding fr.8 obtained
from snap-frozen leaves did not have such an amount of Fe (Figure S6). Such irregular
Fe detected from fr.8 of SRB1 in Figure 4 may not have biological meanings. Note that
PSII fractions in H-Thy had more Fe than did PSI-LHCI fractions in both SRB1 and EHM1
(Figure 4), but this is because this collected fraction contains both PSII and PSI as confirmed
by Western blot analysis (Figures 4 and 56) and is not considered abnormal data.

SRB L-Thy EHM L-Thy

EHM H-Thy

5
—_ = =]
(=}
c% 300 EE 300
=5 o =
ég 200 g5 200
a &
5% 100 S5 100
Sa® o g
E 15 0.4 2 10 = 04
=] Iy o o =
e$ g»g 03 &3 o6 § 03—
58, 02 5804 @ § 02 g
= 8 - . £ 2 .
= 0.1 2602 0.1 -
§°‘§+I_-'- Olﬁ—i--. g Ole= Nﬁ....m ONR‘ NNN
£ £
kDa kDa
J 60 - - o
60 = .. - . D1
D1
) 30 = e — -
80 1415 - - - -
60+
60 - .. - . - D2 ..‘ - - e
D2
30+ an -1 o ——
304 - - - Sse
bt [ [ ] vt [ @ T
Lhcb2 - - Lhcbh2 - =
PsaA - - - PsaA - - [
PsaB - .- PsaB -
PsaC S I | RORSuA | PsaC e

Figure 4. Analyses of fractions obtained from SDG using the thylakoid membranes derived from
SRB1 and EHM1. Thylakoid membrane samples from 0.4 mg/mL of chlorophyll were solubilized
with 3-DM (4.8 mg 3-DM for 0.1 mg chlorophyll) and loaded on the top of the SDG tube. Total
amounts of proteins or Fe in each fraction are presented in the bar graphs. The amount of Fe was
determined by two test solutions prepared from one fraction and measurement was conducted twice
for one test solution. A dot shows the average of one test solution and a bar shows the average of
two test solutions. A total of 1/1000 of each fraction was loaded for Western blot analysis, except for
anti-PsaC. For anti-PsaC, 1/500 of each fraction was loaded.
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The appearance and protein distribution pattern of the SDG tubes of L-Thy in SRB1
matched those of H-Thy. However, the Fe contents of fr.3 (LHCII-like fraction) and fr.7
(PSI-LHClI-like fraction) in L-Thy of SRB1 were higher than those in the corresponding
fractions in H-Thy of SRB1 (Figure 4), suggesting that more Fe seemed to be allocated to the
L-Thy in SRB1. In contrast, in EHM1, the distribution of green bands in L-Thy and H-Thy
was different in appearance, with fewer fr.7 bands corresponding to PSI-LHCI in L-Thy
than in H-Thy. Indeed, the signals of the Western blot against anti-PsaA, B, and C in fr.7 of
L-Thy of EHM1 were weak when compared to the corresponding fraction (PSI-LHCI) of
H-Thy of EHMI1 (Figure 4).

Besides that, three differences between SRB1 and EHM1 were found in both H-Thy
and L-Thy. First, the distributions of PsaA, B, and C extended to fr.8 in the case of SRB1,
whereas it extended to the upper layer where fr.5 is located in the case of EHM1 (Figure 4).
Thus, the thylakoid membrane of SRB1 may contain PSI complexes of larger molecular
weight than those of EHMI, regardless of H-Thy and L-Thy. Second, signals of anti-Lhcb1
in both H-Thy and L-Thy from SRB1 thylakoid membranes were enlarged when compared
to those from EHM]1, but signals of anti-Lhcb2 were not (Figure 4). Since total protein
amounts in the LHCII fractions in H-Thy and L-Thy of EHM1 were not smaller than those
of SRB1 (Figure 4) and the intensities of CBB stain of LHCII proteins did not differ between
the two cultivars (Figure S5), the abundance of Lhcb1 in LHCII should be higher in SRB1
than in EHMI. Third, LHCII fractions from H-Thy of SRB1 and the corresponding fr.3 from
L-Thy of SRB1 had larger proportions of Fe than did adjacent fractions when compared to
those of EHM1.

It is difficult to recover large quantities of thylakoid membranes from the chlorotic
Fe-deficient fresh leaves due to the size scale of the experimental apparatus. Therefore,
the same experiment was conducted in parallel on stocked frozen leaves to obtain the
reproducibility of the data. Data of H-Thy from frozen leaves (Figure S6) were almost
the same as that from fresh leaves (Figure 4). Minor differences between fresh and frozen
leaves were found; a few amounts of the extra green bands appeared in fr.8 of H-Thy from
EHML1 (Figure S6); also, fr.7 of L-Thy of frozen SRB1, which may correspond to PSI-LHCI,
was decreased more than that of H-Thy of fresh SRB1 when comparing the appearance
of the green band and the amount of PsaA, B, and C (Figures 4 and S6). Meanwhile, the
following differences were well reproducible in frozen and fresh leaves: the differences in
the distribution patterns of PsaA, B, and C and signal intensities of anti-Lhcb1 (Figure 4)
were almost reproducible in the case of frozen leaves (Figure S6); the LHCII fraction of SRB1
H-Thy and fr.3 of SRB1 L-Thy had a relatively higher proportion of Fe than that of EHM1
(Figure S6), similar to the data of fresh SRB1 leaves (Figure 4); the relative composition of
Lhcb1, which was observed to be higher in SRB1 than in EHM1, was also reproducible
among frozen leaves (Figure S6).

2.5. The Influences of Fe Deficiency on Protein Distribution in the Thylakoid Membrane

The SDG centrifugation method, which requires large amounts of thylakoid, is dis-
advantageous for further analysis because the recovery of the L-Thy fraction is further
reduced in the case of Fe-deficient leaves. Therefore, we tried to use Native-PAGE, which
generally requires fewer thylakoid proteins. However, Fe contamination from the PAGE gel
prevented accurate analysis of trace amounts of Fe. Instead, we quantitatively investigated
the influences of Fe deficiency on the partitions of chlorophyll, Fe, and proteins between
H-Thy and L-Thy.

We used twice the amounts of leaves to isolate the thylakoid membrane from chlorotic
leaves compared to those from control leaves since the accumulation of protein complexes
on the thylakoid membrane was remarkably decreased by Fe deficiency, even though both
SRB1 and EHM]1 are Fe deficiency-tolerant cultivars. The recovery rate of chlorophyll is
shown in Figure S7A. Fe deficiency clearly decreased the amount of H-Thy but not L-Thy
in both cultivars based on chlorophyll (Figure 5A,B); that is, Fe deficiency increased the
ratio of L-Thy to H-Thy. Fe deficiency may result in the loosening and easy disintegration
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of the structure of thylakoid membranes by decreasing the amount of protein complexes
on them. In fact, we reported abnormal thylakoid membranes in Fe-deficient leaves of
EHMI1 (moderate chlorosis: [18], severe chlorosis: [5]). However, the ratio of L-Thy to
H-Thy differed between the two cultivars. SRB1 exhibited a higher ratio (0.10; SE 0.007) of
L-Thy to H-Thy than that of EHM1 (0.05; SE 0.015), even under the control condition based
on chlorophyll when values of H-Thy were 1 (Figure 5A,B, green and green-hatched bars).
This difference was increased by Fe deficiency, up to 0.46 (SE 0.12) for SRB1 and up to 0.21
(SE 0.031) for EHM1 (Figure 5A,B, orange and orange hatched bars). Based on the amounts
of chlorophyll, it was estimated that one-third of the thylakoid membrane derived from
Fe-deficient SRB1 leaves was L-Thy. We also determined the Fe content of each fraction.
The ratio of Fe in L-Thy to Fe in H-Thy was 0.11 (SE 0.005) and 0.11 (SE 0.018) for SRB1
and EHM]1, respectively, when grown under control conditions; and 0.34 (SE 0.25) and 0.20
(SE 0.034) for SRB1 and EHM1, respectively (Figure 5C,D), when grown under Fe-deficient
conditions. These results indicate that SRB1 had a relatively high chlorophyll/Fe ratio in
L-Thy than in H-Thy under Fe-deficient conditions.

Furthermore, we evaluated the amounts of proteins on the thylakoid membranes.
Since Fe deficiency drastically decreases protein complexes on the thylakoid membrane
(Figure 2A), we applied four-fold amounts of Fe-deficient samples per lane for Western blot
analysis to observe differences between H-Thy and L-Thy. CBB stain images are shown
in Figure S8C. The signal intensity of the Western blot was evaluated using Image] and
we calculated the ratio of L-Thy to H-Thy. We did not normalize the values obtained from
Fe-deficient samples based on those from control samples because we had to load eight-fold
amounts of Fe-deficient materials to obtain enough signals to compare with those from the
control materials, as described above. The Fe-containing proteins, D1 and D2 of the PSII
reaction center and PsaA, PsaB, and PsaC of the PSI reaction center, were detected using
specific antibodies. Anti-HvLhcb1 and Lheb2 antibodies were also used, as we previously
reported the migration of HvLhcb1 under Fe-deficient conditions [18]. Allocations of
all proteins detected in L-Thy were increased by Fe deficiency in both cultivars, but the
proportion of each protein on H-Thy and L-Thy was largely different between the two
cultivars (Figure 5E). A large proportion of all detected proteins was localized on H-Thy
in EHM1 (Figures 5E and S8A). In contrast, SRB1 allocated more D1, D2, Lhcb1, and
Lhcb2 belonging to PSII to L-Thy than did EHM1, regardless of the Fe nutritional status
(Figures 5E and S8A). However, PsaA, PsaB, and PsaC of PSI were mainly localized on
H-Thy of the control SRB1, similar to that of EHM1, but were dramatically decreased by
Fe deficiency (Figures 5E and S8A), consistent with Figure 1D. The proportions of these
PSI core proteins on L-Thy, however, were further increased by Fe deficiency in SRB1
than in EHM1. Typically, PSII has relatively lower Fe content than PSI. Thus, unbalanced
distributions of reaction center proteins composing PSII, PSI, and LHCII proteins on L-Thy
obtained from SRB1 (Figure 5E) were consistent with a higher chlorophyll/Fe ratio in L-Thy
than in H-Thy extracted from Fe-deficient SRB1 (Figure 5A,C).

We tested the protein distribution on the thylakoid membrane of MSS since we ob-
served a significant reduction in PSI core proteins in both Fe deficiency-tolerant SRB1 and
Fe deficiency-susceptible MSS (Figure 2A). The proportions of H- and L-Thy in control and
Fe-deficient leaves of MSS were similar to those of SRB1 (Figure S7B). PSII core proteins
(D1 and D2) and PSI core proteins (PsaA, PsaB, and PsaC) were more distributed to L-Thy
than that in EHM1, similar to SRB1 (Figures S8B and 5E). The distribution of LHCII pro-
teins to H- and L-Thy in MSS exhibited an intermediate pattern between SRB1 and EHM1
(Figures S8B and 5E).
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Figure 5. Chlorophyll, Fe, and proteins present on high- and low-density thylakoids from SRB1 and
EHM1. (A,C) SRB1 and (B,D) EHM1. (A,B) Chlorophyll content and (C,D) Fe contents derived from
2.5 g or 5 g of control or Fe-deficient leaves, respectively. Solid bars and hatched bars represent H-Thy
and L-Thy, respectively. Values represent the mean = SE of three independent fractions. Small counts
on bars indicate the ratios of L-Thy to H-Thy. (E) Western blot analysis. Loading amounts: 1/2000
of the fraction for the control sample and 1/500 of the fraction for the Fe-deficient sample, except
anti-PsaC. For anti-PsaC, 1/1000 or 1/250 fractions were loaded for the control sample or Fe-deficient
sample, respectively. Higher amounts of Fe-deficient materials than control materials were used to
obtain a clear signal. Lanes of images from SRB1 were rearranged to match the order of those from
EHMI1. Corresponding CBB stain images are shown in Figure S8C, and original blot images of three
replicates are shown in Figure S8A. Relative signal intensities of L-Thy to corresponding H-Thy were
calculated and average and SE (1 = 3) were shown.
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3. Discussion
3.1. Electron Transfer around PSI under Fe-Deficient Conditions Is Better in Sarabl than in
Other Cultivars

We previously reported that the ability of Fe deficiency-tolerant cultivars of barley to in-
crease PIUE is related to the optimization of the electron flow downstream of PSII, including
cyt bgf and PSI [6]. Consistent with this report, we found that the two Fe deficiency-tolerant
cultivars, SRB1 and EHM1, both maintained higher Pm values (Figure 1D) than did the
Fe deficiency-sensitive variety under Fe-deficient conditions. However, the mechanism of
maintaining PSI function appeared to differ between the two cultivars, with SRB1 adopting
a strategy dependent on the maintenance of functionality rather than the accumulation of
PSI proteins, whereas EHM1 maintains more PSI protein complexes with lower functional-
ity than SRB1.

The strategy of SRB1 for maintaining functional PSI is a P700 oxidation-inducing
system [19,24] that increases P700* (Figure 1E,F). Two central mechanisms are known to
be involved in the P700 oxidation induction. The first is suppression of the accumulation
of reduced P700* by decreasing the electrons transferred to P700 by suppressing the PSI
donor [24,25]. This mechanism includes NPQ induction in PSII, ApH in the thylakoid
membrane lumen, and functional inhibition of the PQ pool [20]. In the present study, 1-qL,
which indicates the reduced state of the PQ pool, was relatively higher in SRB1 than in
other cultivars, both in Fe-sufficient and Fe-deficient plants (Figure S2A), suggesting that
the PQ pool in SRB1 was likely reduced by an increase in the ApH prior to exposure to
Fe deficiency. Such highly reduced states of the PQ pool could activate the xanthophyll
cycle to increase zeaxanthin, an efficient heat-dissipating pigment [26] and STN7 kinase to
enhance LHCII protein phosphorylation [5].

If LHCII phosphorylation was enhanced in SRB1, the conformation of the grana would
be loosened, which could lead to a decrease in grana and an increase in unstacked stroma
lamellar structures seen in the TEM images (Figure 3). Such a decrease in grana and increase
in stroma lamella is also found under Fe-deficient EHM1 [18], suggesting that SRB1 can
efficiently induce NPQ (Figure 1B) by retaining more mobile LHCII both under Fe-sufficient
and -deficient conditions. Thus, we need to determine whether LHCII phosphorylation is
more pronounced in SRB1 than in EHMI.

Another way to induce P700 oxidation is to promote electron transfer on the PSI
acceptor side. The Calvin-Benson cycle, photorespiration, cyclic electron transfer flow
(CEF), and the Water—Water cycle associated with ROS scavenging are essential for this
in higher plants [19,24,25,27]. Our study did not investigate whether there are differences
in these downstream PSI functions among cultivars. However, since ferredoxin (Fd) is
depleted downstream of PSI in an Fe-deficient environment (Figure 2A), it is questionable
whether Fd-mediated photorespiration and CEF are strongly induced in SRB1. The ROS
scavenging pathways and the robustness and repair kinetics of PSI in SRB1 also warrant
further analysis.

Despite MSS increasing the Y(NPQ) and Y(ND) under Fe deficiency similarity to SRB1,
this cultivar showed the lowest Fe deficiency tolerance among barley varieties [6] and had
a high Y(NA) value (Figure 1F), suggesting pronounced PSI photoinhibition during Fe
deficiency. The reason PSI photoinhibition is high even though MSS could induce P700
oxidation is possibly due to its low Fe-usage efficiency within chloroplasts; MSS has the
lowest photosynthetic Fe-use efficiency [6]. In fact, even under Fe-sufficient conditions, the
Pm value (Figure 1D) and the accumulation of the Fe-binding protein PsaC was remarkably
low in MSS (Figure 2A) even though its leaf-Fe content was higher than that of other
cultivars (Figure S1). These results suggest that much Fe in MSS is not used to build PSI
because the 4Fe-4S clusters are essential for de novo PSI assembly, but may be used for
assembling other Fe-containing proteins, deposited in the tissue, or in a chemical form that
cannot be recycled. Thus, the low efficiency of Fe supply to PSI in MSS would perturb the
PSI maintenance even if the P700 oxidative system worked under Fe-deficient conditions.
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Interestingly, SRB1 greatly decreased D1 and D2 accumulations than did EHM1 under
Fe-deficient conditions, although the function of PSII of SRB1 was comparable to that of
other cultivars (Figure 1). We calculated the ratio of signal intensity between Fe-deficient
and control samples (Figures 2B, 5E and S9). The loading amount in Figure 2B was
normalized by protein amount; Figure 5E by proportions of the fractions, and Figure S9
by chlorophyll amount. The results from the Western blot analysis showed that SRB1
rather decreased the accumulation of PSII core proteins. SRB1 could adopt a strategy of
reserving small but functional amounts of reaction centers in the case of PSII and organizing
‘economical” photosystems.

3.2. Sarabl May Have a Characteristic Region of Thylakoid Membrane Supporting Smooth
Electron Transfer under Fe-Deficient Conditions

The recovery rates of total thylakoid membranes based on chlorophyll from SRB1
leaves tended to be lower than that from EHM1 leaves regardless of Fe nutrition status, with
a significant result observed in the case of Fe-deficient leaves (Figure S7A, p = 0.16). Addi-
tionally, the rate of L-Thy to H-Thy of SRB1 was higher than that of EHM1 (Figure 5A,B).
These findings do not contradict the observations that SRB1 leaves had more stromal
thylakoid membranes, which may be fragile during the extraction procedure compared
with EHM]1 leaves using TEM (Figure 3). The structures and numbers of grana stack and
stromal thylakoid membranes change in response to short- or long-term changes in light
conditions, and these structural dynamics contribute to recovery from photoinhibition [28].
Nozue et al. reported that isolated grana, which were connected to a few stroma lamellae,
exhibited a slower PSII repair than did stroma—grana structures [23]. Since the ability of
photosystems to convert light energy into chemical energy decrease under Fe deficiency, Fe
deficiency stress may result in a similar response to that of excess light conditions for chloro-
plasts, even under growth light conditions. Therefore, the higher rate of stromal thylakoid
membranes in SRB1 chloroplasts may support the maintenance of photochemical reactions
under Fe-deficient conditions. Functional differences between stromal membranes directly
connected to granal membranes and stroma lamellae not directly connected to grana stacks
were assumed [22]. Since we prepared segments for TEM using chemical fixation in this
work, it was difficult to obtain a clear image of the whole chloroplast and to estimate a rate
of two distinct stromal thylakoid regions using sufficient replicates. Quantitative compar-
ison of the rate of grana stack, stromal thylakoid connected to grana, and not connected
stroma lamellae among barley species adopting high-pressure freezing-freeze substituted
fixation [29] may identify the advantageous structures of the thylakoid membrane under
Fe-deficient conditions in the future.

The composition of H-Thy, which may correspond to well-characterized thylakoid
membranes from SRB1 was highly similar to that from EHM1 based on the results from SDG
centrifugation (Figure 4). Overall, the composition of L-Thy was similar to that of H-Thy,
even though fr.7 corresponding to the PSI-LHCI fraction of L-Thy was reduced in EHM1
(Figure 4). Components of L-Thy in this work demonstrated that supernatants, which have
not been previously analyzed, may contain functional thylakoid membranes. However,
the dispositions of Fe and proteins to H-Thy and L-Thy were different between two Fe
deficiency-tolerant cultivars. Almost the same amount of Fe remained in H- and L-Thy
from SRB1 and EHM1 when barley plants were suffering from Fe deficiency (Figure 5C,D
orange and orange hatched bars), while the accumulation of PSI reaction-center proteins
on SRB1 thylakoid membranes was more drastically decreased by Fe deficiency than on
EHM]1 thylakoid membranes (Figures 2D and 5E). Moreover, the rate of the distribution of
Fe to L-thy was increased in SRB1 when compared to that in EHM1 (Figure 5C,D orange
hatched bars). These data suggest that SRB1 thylakoid membranes contribute relatively
larger amounts of Fe to the amounts of reaction-center proteins when compared to EHM1.
However, the results from SDG centrifugation did not show the larger proportions of Fe
in the fractions of PSI reaction-center proteins from SRB1 compared with those of EHM1
(Figure 4). Meanwhile, larger proportions of Fe were observed in the LHCII fractions of
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SRB1 than in those of EHM1 when grown under Fe-sufficient conditions (Figures 4 and S6).
We identified limited molecular species from each fraction using Western blot analysis in
this work; thus, chemical species of Fe in the LHCII fraction are unknown. CBB staining
of SDS-PAGE gels (Figures S5 and S8C) showed differences in the protein composition of
L-Thy between SRB1 and EHM1. The changes in thylakoid membrane structure discussed
in 3.1, which also affect the arrangement and complex structures of PSII and PSI within the
thylakoid membrane, may well explain the differences between SRB1 and EHM1 seen in
fractionated thylakoid membrane samples. Thus, analyses of both proteins and Fe in intact
protein complexes obtained from native PAGE are necessary in the future.

The results from SDG centrifugation suggest that the abundance of Lhcb1 in LHCII
could be higher in SRB1 than in EHM1 (Figures 4 and S5). This feature of SRB1 could be
linked to a higher ratio of stromal/granal thylakoid (Figure 3). Furthermore, the rate of
the distribution of Lhcb1 to L-Thy was largely increased by Fe deficiency both in SRB1
and EHM1 (Figure 5E). This data may correspond to the migration of Lhcb1 [18] and
NPQ induction [6] under Fe-deficient conditions. Those Lhcb1s with high mobility in
the unstacked thylakoid membranes could decrease the electron transfer from PSII in
SRB1, probably forming some efficient energy quenchers around PSI, as we have suggested
previously [5,17]. Indeed, the highest induction of NPQ was found in Fe-deficient SRB1
among barley cultivars (Figure 1B). Although NPQ is most often related to PSII photopro-
tection, NPQ also protects PSI, directly or indirectly through quenching part of the LHCII
antenna pool functionally associated with PSI [30]. It is reasonable to assume that the Lhcb1-
mediated NPQ induction in L-Thy of SRB1 resulted in higher 1-qL and Y(I)/Y(II) ratio
(Figure S2) than in other cultivars, as well as in the strong induction of Y(ND) (Figure 1E)
by Fe deficiency, leading to higher P700 oxidation levels in the Fe-deficient SRB1. Based
on our data, we conclude that high P700 oxidation of Fe-deficient SRB1 could avoid the
photoinhibition of PSI, allowing SRB1 to maintain PSI function even at low PSI content
under prolonged Fe-deficient conditions.

Overall, L-Thy from Fe-deficient SRB1 leaves seems to have relatively high amounts
of Fe, LHCII, PSII, and PSI proteins. These features are consistent with larger proportions
of Fe in LHCII fractions from SDG fractionation. Details of associated proteins with the
LHCII complex of SRB1 should be elucidated in the future. Based on the distribution of Fe
and proteins on the thylakoid membrane described above, it is possible that SRB1 stocks
some low-molecular-weight Fe polypeptide complexes fractionated to sucrose density
with LHCII in L-thy, even when grown under Fe-sufficient conditions. Although many Fe
proteins exist on thylakoid membranes, one of the candidate Fe proteins is PGR5, which
belongs to the ferritin-like protein superfamily with Fe as a cofactor. Its primary role is CEF
from PSI to the PQ pool, but its relevance to Fe partitioning on thylakoid membranes has
also been discussed recently [31]. The speculation that such Fe-containing polypeptides
might be important Fe reservoirs during Fe deficiency in low-density thylakoid membranes,
such as stromal lamellae where PSI is localized, would be worth testing in the context of
these recent discussions.

4. Materials and Methods
4.1. Plant Materials

Barley Hordeum vulgare L. cultivars and growth conditions were adopted for this study
according to Saito et al. [6]. ‘Ehime Hadaka 1" (EHM1), ‘Ethiopia 2" (ETH2), ‘Musashino-
mugi’ (MSS), ‘Sarab 1’ (SRB1) were kindly provided by Professor Kazuhiro Satoh (Barley
Germplasm Center, Okayama University, Japan). Seedlings were grown hydroponically
in a growth chamber at 24/20 °C. The growth light intensity was set at 150-200 wumol
photons m~2 s~! under 14/10 h light/dark cycles. The control nutrient solution had 30 uM
Fe-EDTA, and low Fe nutrient solutions were supplemented with 0.3-3 uM depending
on the demand for Fe of each cultivar since a sufficient amount of thylakoid membrane
cannot be obtained from severe chlorosis leaves. We used chlorotic leaves with a SPAD
value (index of total chlorophyll content in a leaf area) of 15-20 as Fe-deficient leaves. Intact
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plants, fresh leaves, or leaves immediately frozen and stored at —80 °C were used for
further experiments.

4.2. Measurement of Chlorophyll Fluorescence and P700 Redox State

Chlorophyll fluorescence and P700 redox state were measured simultaneously using a
DUAL-PAM-100 (Heinz Walz GmbH, Effeltrich, Germany) in the young fully expanded
leaves of 16 to 20-day-old plants as previously described [6]. The minimal fluorescence in
the dark-adapted state (Fo) was recorded after the illumination of a weak measuring light
(620 nm from the Dual-DR measurement heads) at a photon flux density of 5 umol photon
m2s LA saturating pulse (SP) light (300 ms, 14,000 umol photon m2s 1) was applied
to determine the maximal fluorescence in the dark-adapted state (Fm). The actinic light
intensity increased in a stepwise manner (0, 6, 14, 32, 90, 168, 210, 326, 497, 755, 1174 umol
photons m~2 s71), and the actinic light condition at 210 umol photons m~2 s~! was used
for the main analysis as growth light conditions. The maximal and minimal fluorescence in
the light-adapted state (Fm” and Fo’) and steady-state chlorophyll fluorescence (Fs) were
recorded during the exposure to the actinic light illumination. Prior to measuring Fm’
and Fo’, a saturating pulse light and far-red light (720 nm) were applied, respectively. The
maximal quantum yield of PSII and NPQ were calculated as Fv/Fm and (Fm — Fm')/Fm’,
respectively. The index for the reduction in the primary PQ electron acceptor (QA) (1—qL)
was calculated as 1 — (Fm’ — Fs)/(Fm’ — Fo’) x (Fo’/Fs). Y(II), Y(NO), and Y(NPQ) were
calculated as (Fm’ — Fs)/Fm’, 1/[NPQ + 1 + qL(Fm/Fo — 1)], and 1 — Y(II) — 1/[NPQ + 1
+ qL(Fm/Fo — 1)], respectively.

Simultaneous with the chlorophyll fluorescence measurements, the redox change of
P700 was assessed by monitoring the changes in the absorbance of transmission light at 830
and 875 nm, according to Klughammer and Schreiber [32]. The maximal P700 signal (Pm)
was determined by applying a saturated pulse light in the presence of far-red light (720 nm),
while that of the oxidized P700 during actinic light illumination (Pm’) was determined by
the saturated pulse-light application. The P700 signal during actinic light illumination (P)
was recorded just prior to the saturated pulse light application. Y(I), Y(NA), and Y(ND)
were calculated as (Pm’ — P)/Pm, (Pm — Pm’)/Pm, and P/Pm, respectively.

To determine the functional PSI from the value of Pm, the absolute Pm value, which
is affected by both PSI content and PSI function in leaves, was divided by the value
of the relative amounts of PSI core proteins, PsaA, PsaB, and PsaC, respectively. The
obtained Pm/PsaA, Pm/PsaB, and Pm/PsaC values are the ‘Normalized Pm’, which is
correlated to absolute functional PSI. Finally, the ratio (‘Normalized Pm” of Fe-deficient
leaves)/("Normalized Pm’ of Fe-sufficient leaves) was calculated as the functional PSI ratio
under Fe-deficient conditions shown in Figures 2D and S3D.

4.3. Transmission Electron Microscopy (TEM) and Measurement of Granal and Stromal Thylakoids

We adopted and modified the methods described in Saito et al. [18]. Barley leaves were
cut with a razor to squares of lengths less than 2 mm, and fixing solution (2% paraformalde-
hyde, 2% glutaraldehyde in 0.05 M cacodylate buffer pH 7.4 at 4 °C) was rapidly added to
the leaves for absorption in a sealed syringe by pulling the piston to reduce pressure. After
incubation in the fixing solution at 4 °C overnight, the samples were washed three times
with 0.05 M cacodylate buffer for 30 min each. Samples were postfixed with 2% osmium
tetroxide (OsQOy) in 0.05 M cacodylate buffer at 4 °C for 3 h. After dehydration with ethanol
series and infiltration with propylene oxide, samples were embedded in resin Quetol-651
(Nisshin EM Co., Tokyo, Japan) and polymerized. The polymerized resins were ultra-thin
sectioned to 80 nm using an ultramicrotome Ultracut UCT (Leica, Vienna, Austria), and
sections were stained with 2% uranyl acetate followed by secondary staining with a lead
stain solution (Sigma-Aldrich Co., St. Louis, MO, USA). The grids were observed using a
JEM-1400 plus transmission electron microscope (JEOL Ltd., Tokyo, Japan) at an accelera-
tion voltage of 80 or 100 kV. Images were taken with a CCD camera VELETA (Olympus
Soft Imaging Solutions GmbH, Miinster, Germany) or EM-14830RUBY2 (JEOL Ltd.).
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Granal and stromal thylakoid membranes were estimated using NIH Image] 1.53t
software (https://imagej.nih.gov/ij/, accessed on 24 August 2022). We sampled four
independent chloroplast images for each cultivar and selected all grana stacks with lamellar
membranes clearly recognized in each image. Each electron-dense layer in grana stacks
was traced by two lines as granal thylakoid membranes. Thylakoid membranes connected
to selected grana stacks were traced as stromal thylakoid membranes. Summations of line
lengths belonging to grana or stroma were calculated for each image, then stroma/grana
ratios were presented.

4.4. Thylakoid Membrane Extraction

Fresh or frozen leaf pieces were homogenized with an isotonic solution and filtered
crude thylakoid samples were corrected as pellets by centrifugation at 2500x g at 4 °C
for 10 min, as described by Saito et al. [6]. We designated green pellets suspended in the
buffer obtained by 2500 x g centrifugation as “heavy/high-density thylakoids (H-Thy)”.
The supernatants after centrifugation containing considerable amounts of chlorophyll were
subjected to further centrifugation at 10,000 x g at 4 °C for 10 min, and these green pellets
were designated as “light/low-density thylakoids (L-Thy)”. Precipitates were resuspended
in HM buffer [6] and stored at —80 °C as H-Thy and L-Thy fractions.

4.5. Sucrose Density Gradient (SDG) Centrifugation

Discontinuous SDG tubes were prepared by sequential layering of 1.3 M, 1.0 M, 0.7 M,
0.4 M, and 0.1 M sucrose (from bottom to top) with 0.05% (w/v) of 3-DM. Thylakoid
membrane samples as 0.4 mg/mL of chlorophyll were solubilized with 3-DM (4.8 mg
3-DM for 0.1 mg chlorophyll) at 4 °C in the dark for 2 min. The solubilized sample was
loaded on the top of the SDG tube and centrifuged at 280,000 x g for 20 h using a P40ST
rotor (Eppendorf Himac Technologies Co., Ltd., Ibaraki, Japan) at 4 °C.

4.6. Measurement of Chlorophyll, Proteins, and Fe

Chlorophyll in thylakoid membranes was quantified after resuspending aliquots
of samples in 80% (v/v) acetone [33]. The amounts of proteins in each sample were
quantified using the BCA (bicinchoninic acid) method with Protein Assay Standard I (Bio-
Rad Laboratories, Inc, Hercules, CA, USA). Dried leaves were digested in concentrated
HNO3; at 150 °C and dissolved in 1% (v/v) HNO3. Thylakoid fractions were digested using
extremely clean reagents, instruments, and atmosphere according to Saito et al. [6], due to
trace amounts of Fe in thylakoid membranes. The Fe concentration was measured using an
atomic absorption spectrophotometer (AA-6300, Shimadzu, Tokyo, Japan) coupled with a
graphite furnace atomizer (GFA-EX7i, Shimadzu, Tokyo, Japan).

4.7. Western Blot Analysis

Proteins of the thylakoid membranes were solubilized in protein-solubilizing buffer
and subjected to SDS-PAGE. Immunoblot analysis was performed as described previ-
ously [17]. Anti-PsbA /D1 (AS05-084), anti-PsbB/D2 (AS06-146), anti-PsbE/cyt bssg (AS06-
112), anti-Lhcb2 (AS01-003), anti-PsaA (AS05-084), anti-PsaB (AS10-695), anti-PsaC (AS10-
939), and anti-FDX1/ferredoxin (AS06-121) antibodies were obtained from Agrisera (Vén-
nds, Sweden). Anti-HvLhcb1 antibody was raised against the peptide derived from HvL-
hcb1 by Eurofins Genomics (Tokyo, Japan). Signal intensities were quantified using NIH
Image] 1.53t software with plug-in ‘BandPeakQuantification” [34].

5. Conclusions

We found that the Fe deficiency-tolerant barley cultivar SRB1 has a characteristic
region on the thylakoid membrane that contains a considerable amount of Fe and specific
composition of photosystem proteins when compared to the corresponding region in
EHM1. Such a region on the thylakoid membrane may contribute to effective electron
transfer utilizing only a small amount of Fe and reaction-center proteins under Fe-deficient
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conditions. The survey of the composition of photosystem proteins among various barley
cultivars and QTL analysis are ongoing. The advantages of such an organization of the
thylakoid membrane of SRB1 under other stress conditions will be of interest to understand
the acclimation of photosynthetic apparatus with high plasticity.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants12112111/s1, Figure S1: Comparison of chlorophylls and Fe
content of leaves of the cultivars used under Fe-sufficient and Fe-deficient conditions; Figure S2: The
property of SRB1 associated with the reduction in the plastoquinone pool to a relatively high degree, a
mechanism that allows photosystem I to avoid an over-reduced state; Figure S3: Data corresponding
to Figure 2 when the same amount of chlorophyll were applied to each lane; Figure S4: Original TEM
images and ROIs associated with Figure 3; Figure S5: CBB stain of gels applied with the same fractions
in Figure 4; Figure S6: Analyses of fractions obtained from SDG using the thylakoid membranes derived
from frozen leaves; Figure S7: Supplementary data for Figure 5; Figure S8: Original images of Western
blot analysis and CBB stain images corresponding to Figure 5; Figure S9: Comparison of PSII core
protein content among cultivars.
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Abstract: Iron is the most abundant micronutrient in plant mitochondria, and it has a crucial role in
biochemical reactions involving electron transfer. It has been described in Oryza sativa that Mitochondrial
Iron Transporter (MIT) is an essential gene and that knockdown mutant rice plants have a decreased
amount of iron in their mitochondria, strongly suggesting that OsMIT is involved in mitochondrial
iron uptake. In Arabidopsis thaliana, two genes encode MIT homologues. In this study, we analyzed
different AtMIT1 and AtMIT2 mutant alleles, and no phenotypic defects were observed in individual
mutant plants grown in normal conditions, confirming that neither AtMIT1 nor AtMIT2 are individually
essential. When we generated crosses between the Atmit]l and Atmit2 alleles, we were able to isolate
homozygous double mutant plants. Interestingly, homozygous double mutant plants were obtained only
when mutant alleles of Atmit2 with the T-DNA insertion in the intron region were used for crossings, and
in these cases, a correctly spliced AtMIT2 mRNA was generated, although at a low level. Atmit] Atmit2
double homozygous mutant plants, knockout for AtMIT1 and knockdown for AtMIT2, were grown and
characterized in iron-sufficient conditions. Pleiotropic developmental defects were observed, including
abnormal seeds, an increased number of cotyledons, a slow growth rate, pinoid stems, defects in
flower structures, and reduced seed set. A RNA-Seq study was performed, and we could identify
more than 760 genes differentially expressed in Atmitl Atmit2. Our results show that Atmitl Atmit2
double homozygous mutant plants misregulate genes involved in iron transport, coumarin metabolism,
hormone metabolism, root development, and stress-related response. The phenotypes observed, such as
pinoid stems and fused cotyledons, in Atmit]1 Atmit2 double homozygous mutant plants may suggest
defects in auxin homeostasis. Unexpectedly, we observed a possible phenomenon of T-DNA suppression
in the next generation of Atmit]l Atmit2 double homozygous mutant plants, correlating with increased
splicing of the AtMIT?2 intron containing the T-DNA and the suppression of the phenotypes observed
in the first generation of the double mutant plants. In these plants with a suppressed phenotype, no
differences were observed in the oxygen consumption rate of isolated mitochondria; however, the
molecular analysis of gene expression markers, AOX1a, UPOX, and MSM1, for mitochondrial and
oxidative stress showed that these plants express a degree of mitochondrial perturbation. Finally, we
could establish by a targeted proteomic analysis that a protein level of 30% of MIT2, in the absence of
MIT1, is enough for normal plant growth under iron-sufficient conditions.

Keywords: mitochondria; iron transporters; MIT; developmental defects; RNA-seq
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1. Introduction

Iron is an essential nutrient, and it is well known that it is an integral constituent of
many metalloproteins, primarily as part of heme groups and iron-sulfur clusters. As such,
iron is essential for oxygen transport, electron transfer (redox), and catalytic reactions [1].
The biological versatility of iron is based on its capacity to be coordinated by proteins and
to act as an electron donor and acceptor. Thus, iron can readily convert between its two
common oxidation states, Fe?* and Fe3*, by the loss or gain of one electron. However, iron
is also potentially toxic due to its redox reactivity. Indeed, free iron acts as a catalyst for
oxidative stress via Fenton reactions, which yield hazardous radicals with the capacity to
attack cellular macromolecules and cause tissue damage. Consequently, a tight control
of iron homeostasis is imperative to satisfy metabolic needs for iron and prevent the
accumulation of toxic iron concentrations. Iron homeostasis involves all the processes that
regulate the balance between iron uptake, its intracellular storage, and utilization [2].

In soil, Fe?* undergoes spontaneous aerobic oxidation to Fe3*, which is virtually
insoluble at physiological pH. This makes the acquisition of iron by cells and organisms
challenging, despite its high abundance. The mechanism of iron uptake in the roots of
Arabidopsis thaliana is now well-described and involves an acidification reduction-transport
mechanism [3]. Under iron deficiency, ferric chelates are solubilized by local rhizosphere
acidification caused by the release of protons by the Arabidopsis Plasma Membrane H*-
ATPase2 (AHA2; [4]). Solubilized Fe3* ions are then reduced to Fe?* by the Reductase Ferric
Reduction Oxidase2 (FRO2) [5] and, finally, transported into the cell by the Iron Transporter
Iron Regulated Transporterl (IRT1; [6,7]). The mechanisms governing the distribution of
iron to specific organs, cells, and organelles are still very poorly understood.

In plants, in addition to its role in the mitochondrial electron transport chain, common
to eukaryotes, iron is essential for chloroplast photosynthesis, as shown by the chlorosis of
plants grown under iron-deficient conditions [8-10]. A total of twenty-two iron atoms are
required per photosynthetic electron transport chain [11]. Iron import into the chloroplast
was proposed to be performed by the Permease in Chloroplastl (PIC1) localized in the
inner envelope of this organelle [12]. PIC1 knockout mutations result in dwarf plants with
altered iron homeostasis. Before being transported into the chloroplast, iron is thought
to be first reduced by the Ferric Reductase? (AtFRO?), also localized in the chloroplast
envelope [13]. Indeed, chloroplasts isolated from Atfro7 loss-of-function mutants have
significantly reduced iron content and altered photosynthetic complexes [13]. Iron remobi-
lization from leaf chloroplasts seems to be mediated by YSL4 and YSL6 [14]. Recently, it
has been suggested that FPN3 has a role in the iron export from Arabidopsis chloroplasts
and mitochondria [15].

In plant mitochondria, iron is more abundant than other transition metals such as
Cu, Zn, and Mn, consistent with its crucial role as a component in electron transfer re-
actions [16]. It has been suggested that iron is transported to the mitochondria through
the outer membrane by voltage-dependent anion protein channels (VDACs) and then to
the mitochondrial matrix by the Mitochondrial Carrier Family (MCF) transporters. The
MCEF gene family, with more than fifty members in Arabidopsis thaliana, encodes membrane
proteins containing six transmembrane domains [17]. Mitochondrial Iron Transporter
(MIT), a member of the MCF in Oryza sativa, was the first mitochondrial iron transporter
identified in plants [18]. Complementation studies using OsMIT demonstrated that it
is able to transport iron into yeast mitochondria, and its function is essential in Oryza
sativa. Knockdown plants for OsMIT showed a decrease in iron content in mitochondria
and in aconitase activity, an iron-sulfur protein [18]. In Arabidopsis thaliana, it has been
described that two genes encode MIT proteins [19]. Fusions with fluorescent proteins
demonstrated that AtMIT1 and AtMIT?2 localized to mitochondria, and plants knockout
for MIT1 (homozygous mutant) and knockdown for MIT2 (heterozygous mutant) showed
mitochondrial defects when plants were grown in iron deficiency conditions [19]. Both
mitochondrial iron deficiency and excess seem to provoke oxidative stress in a mammalian
model [20]. In plants, mitochondrial iron deficiency or excess also affects mitochondrial
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function [15,21], indicating that plant mitochondria have a crucial role in cellular metal
homeostasis [22].

In this article, we characterize Atmit1 Atmit2 double mutant plants (knockout for MIT1
and knockdown for MIT?2, using the same alleles used by Jain et al., 2019 [19]) grown in
iron-sufficient conditions. These plants showed pleiotropic developmental defects, some
of which strikingly resemble those found in auxin transport and sensing mutants. Tran-
scriptomic data revealed a misregulation of genes involved in iron acquisition, synthesis
of coumarins, formation of the Casparian strip, suberization, and root hair development.
Furthermore, we demonstrate unambiguously, by crossing knockout mutants for MIT1 and
MIT2, that MIT function is essential in Arabidopsis.

2. Results

Isolation of mutants in the two Arabidopsis genes encoding mitochondrial iron trans-
porters (MIT).

In Arabidopsis, two genes (At1g07030 and At2g30160) encode proteins with high
similarity to the rice Mitochondrial Iron Transporter (MIT) [18,23], and have recently been
characterized [19]. The Arabidopsis MIT isoforms share 82% of their peptide sequence
identity and similarity, including the putative mitochondrial targeting peptide. Both
are 66-67% identical (77-78% similar) to the rice MIT protein (excluding the putative
mitochondrial targeting peptides). To evaluate the potential role of the Arabidopsis proteins
as mitochondrial iron transporters, At1g07030 (MIT2) and At2g30160 (MIT1) were used to
transform the MRS3-MRS4 knockout yeast (Amrs3Amrs4). Saccharomyces cerevisiae Mrs3 and
Mrs4 are members of the MCF responsible for transporting Fe into mitochondria under
low-Fe conditions, and the double knockout Amrs3Amrs4 mutant grows poorly when Fe
availability is low [24,25]. Each Arabidopsis MIT isoform was able to complement the
growth defect of Amrs3Amrs4 yeast cells (Supplementary Figure S1), indicating that they
can act as mitochondrial iron carriers. Our results are largely in agreement with previous
observations by [19], with the exception of the lack of evidence for a significant difference
in the efficiency of complementation by MIT1 and MIT2 (Supplementary Figure S1).

To explore MIT1 and MIT2 function in Arabidopsis, we identified two and three
T-DNA insertion mutant lines for MIT1 and MIT2, respectively (Figure 1A, Supplementary
Figures S2 and S3). The T-DNA insertion is located in exon 1 for both mit1 mutants, causing
an interruption in gene expression 200 bp and 53 bp downstream of the start codon in
mitl-1 and mit1-2, respectively. In mit2-1 and mit2-3 mutants, the T-DNA is located in the
intron (419 and 500 bp downstream of the 5 splice site), while mit2-2 contains an insertion
in the first exon (239 bp downstream of the start codon). We analyzed the progeny of selfed
heterozygous mit1-1, mit1-2, and mit2-1 plants and found that the progeny did not deviate
significantly from 1:2:1 (wild type: heterozygous: homozygous). Furthermore, homozygous
mutant plants for each of the mit1 and mit2 alleles did not show any phenotypic alteration
when compared with wild type plants (data not shown).

Next, RT-PCR analysis of MIT1 and MIT2 expression was carried out to ascertain that
the homozygous mutant plants obtained for all five mutants (Figure 1B) were truly null
mutants (Figure 1C). Results show clearly that mit1-1, mit1-2, and mit2-2 plants are knock-
out mutants. Unexpectedly, mit2-1 and mit2-3 accumulate MIT2 transcript and thus are not
knockout mutants. Sequencing of the two MIT2 RT-PCR products obtained from mit2-1
RNA demonstrated that the intron is correctly spliced (Supplementary Figure S3). However,
the MIT2 transcript level as determined by RT-qPCR is significantly decreased (Supplemen-
tary Figure S6), confirming that both mit2-1 and likely mit2-3 are knockdown mutants.

Given that mit1-1, mit1-2, and mit2-2 are knockout mutants, their normal growth
showed that neither MIT1 nor MIT2 are essential per se and that they may be redundant.
These results led us to perform mit1 x mit2 crosses.
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Figure 1. Identification of mitl and mit2 individual mutants. (A) Exon-intron structure of MIT
genes and T-DNA insertion sites. Exons are represented by boxes, and T-DNA insertion sites in the
different mutant lines are shown (T-DNA inserts are not drawn to scale) (details in Supplementary
Figures 52 and S3). Horizontal arrows indicate the positions of primers. (B) Genotyping of individual
mit]l and mit2 plants showing they are homozygous mutants. Lanes 1: PCR of the wild type allele
(primers 11 and 12 for MIT2, 15 and 16 for MIT1); lanes 2: amplification of mutant alleles (primers
LBb1.3 and 12 for mit2-1, 11 and LB1sail for mit2-2, 11 and LBb1.3 for mit2-3, 15 and LBb1.3 for mit1-1,
and LBb1.3 and 16 for mit1-2). PCR reactions with DNA from wild type Col0 plants were performed
with all seven primer pairs (lanes 1 and 5: primers for wild type MIT2 and MIT1 alleles; lanes 2 to
4: primers for mutant mit2-1, mit2-2, and mit2-3 alleles; lanes 6 and 7: primers for mutant mit1-1
and mit2-2 alleles). (C) MIT1 and MIT2 expression in individual WT, mit1, and mit2 plants. cDNAs
from homozygous mitl-1, mitl-2, mit2-1, mit2-2, mit2-3 mutants, and WT plants were amplified
(40 cycles) with two primer pairs for each (position indicated in Figure 1A). MIT transcript: primers
17 and 18 (lanes 1) or primers 11 and 12 (lanes 2) for MIT2, primers 13 and 14 (lanes 3) or primers
15 and 16 (lanes 4) for MIT1. Size standards correspond to the GeneRuler 1kb Plus DNA ladder from
Thermo Scientific.
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2.1. MIT Function Is Essential in Arabidopsis

Given that mitl-1, mit1-2, and mit2-2 are knockout mutants, their normal growth
showed that neither MIT1 nor MIT2 are essential per se. To determine whether MIT
function is essential, we crossed the knockout mutants mit1-1 and mit2-2. F2 seeds from
selfed double heterozygous plants (MIT1mit1-1 MIT2mit2-2) were sown on 0.5X MS plates,
and a plant carrying three mutated alleles was identified (MIT1mit1-1 mit2-2mit2-2). Visual
inspection of F3 seeds in three siliques from this selfed plant showed that they contain
77.5 £ 7.0% normal seeds and 22.5 + 7.0% aborted seeds. Furthermore, when F3 seeds
were allowed to develop on soil under iron-sufficient conditions, we were unable to identify
a plant carrying a double homozygous mutation (65 plants analyzed). Altogether, these
results confirm that MIT function is essential, that the absence of MIT1 and MIT2 is embryo-
lethal, and that MIT1 and MIT2 genes are redundant.

2.2. Crosses Using mit1-1 and mit2-1 Alleles Show Segregation Defects and Produce Abnormal Seeds

Next, we crossed homozygous mitl-1 plants with homozygous mit2-1 plants. One
hundred and seventy-seven F2 plants grown from the seeds of three selfed F1 double
heterozygous plants (genotype MIT1mitl MIT2mit2) were genotyped (Supplementary
Table S2). No double homozygous mutants were identified, and we noted a bias against
plants homozygous for mit1 and heterozygous for mit2 (4 plants mit1-1mit1-1 MIT2mit2-1)
that is apparent but not observed for plants heterozygous for mit1 and homozygous for
mit2 (22 plants mit1-1IMIT1 mit2-1mit2-1). This may be due to mit1-1 being a knockout
mutation and mit2-1 being a knockdown mutation (see below). The plants carrying three
mutated alleles did not show visible phenotypic alterations when compared with wild type
plants, at least under standard growth conditions.

Then F3 seeds from selfed F2 plants carrying three mutated alleles and one wild
type allele (MIT1 or MIT2) were sown directly on the soil, and the grown plants were
genotyped. Again, no double homozygous mutant plants were obtained (73 and 65 plants
analyzed, Table 1). These results suggest that MIT function is essential and that the MIT1
and MIT2 genes are redundant. Furthermore, instead of the expected ratio of 2:1 for
heterozygous: wild type plants, MIT1mit1:MITIMIT1 in the mit2mit2 background, and
MIT2mit2:MIT2MIT?2 in the mit1mit1 background, ratios of 0.8 and 1.1 were observed. These
ratios suggest a gametophytic defect, i.e., a defect in gametes carrying only mutated alleles
of the mitochondrial iron transporters (mit1mit2 gametes).

Table 1. Segregation analysis in the progeny of F2 plants carrying three mutated alleles.

F2 plant genotype: MIT1mitTmit2mit2.

Analyzed F3 Plants Genotype of F3 Plants Ratio
MITImitImit2mit2 MITIMIT1mit2mit2
73 32 41 0.8
F2 plant genotype: mit1mit1MIT2mit2.
Analyzed F3 Plants Genotype of F3 Plants Ratio
mitImit1MIT2mit2 mitlmitIMIT2MIT2
65 34 31 1.1

F3 seeds obtained from selfed F2 plants carrying three mutated alleles were sown directly on soil, and inheritance
of mit1 and mit2 alleles were analyzed by genotyping 73 and 65 F3 plants, respectively. Uppercase letters indicate
wild type alleles, and lowercase letters indicate mutated alleles. Seedling genotypes were determined by PCR, as
described in Methods. Expected ratio for Mendelian inheritance is 2.0.

Visual inspection of F4 seeds from F3 plants carrying three mutated alleles showed that
in addition to “normal” seeds that resemble those from wild type plants, plants carrying
three mutated alleles produced seeds with altered phenotypes: (i) smaller, irregular seeds
(“abnormal” seeds), and (ii) shrunken, collapsed seeds (“aborted” seeds) (Figure 2A). Sets
of normal, abnormal, and aborted seeds per silique were quantitatively determined using
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four MIT1mit1 mit2mit2 plants, four mit1mitl MIT2mit2 plants, and two wild type plants
as controls (Figure 2B). In siliques from plants with three mutated alleles, 26% (plants
with one MIT1 wild type allele) and 20% (plants with one MIT2 wild type allele) of total
seeds were considered “abnormal”. Only a minor proportion of seeds were aborted (7%
and 9%, respectively). There are no significant differences in the total number of seeds
per silique between wild type plants and plants with three mutated alleles, nor are there
significant numbers of non-fertilized ovules. Furthermore, these numbers were evenly
distributed along the inflorescence axis, indicating that seed phenotypes are not due to
flower heterogeneity (Supplementary Figure S4).

A
normal abnormal
B
80 1
ok 1 wild type
g 3 miTimit1 mit2mit2
“3; B mittmit! MIT2mit2
%
> 40 -
B
o Kk
@ Kk
207 I_.L
0
normal abnormal aborted
seeds seeds seeds

Figure 2. Seed abnormalities in plants carrying three mit mutated alleles. (A) Mature seeds and
manually extracted embryos from wild type Col0 and mit1mitl MIT2mit2 plants. “Normal” seeds
are those with a wild phenotype; “abnormal” seeds and embryos are somewhat smaller and have
an irregular surface. To the right is shown a silique fragment with two shrunken, collapsed seeds,
indicated by arrows. Bars = 500 um. (B) Seed (normal, abnormal, and aborted) set per silique was
scored along the main inflorescence for four F3 MIT1mit1 mit2mit2 plants, four F3 mit1mitIMIT2mit2
plants, and two wild type plants. Twelve siliques per plant (from the 5th to 16th in appearance)
were scored. Error bars are SD. Asterisks indicate values that were determined by the t-test to be
significantly different from wild type (***, p < 0.001).

When these “abnormal” seeds were sown on plates containing half-concentrated MS
medium, almost all were able to germinate (Table 2) and expand their green cotyledons,
although at a lower rate than “normal” and wild type seeds (Supplementary Figure S5).
However, only around 50% of seedlings were established with true leaves and elongated
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roots (Table 2). A significant proportion of these abnormal seeds possessed embryos with
three cotyledons (Table 2, Figure 3). We were able to identify double homozygous mutants
(mit1-1mit1-1 mit2-1mit2-1) among plants grown from “abnormal” seeds, in addition to
plants with three mutated alleles (Figure 4). Furthermore, there is a strong correlation
between growth rate and genotype: all double homozygous mutants presented a delayed
growth rate when compared with plants with either one or two wild type MIT1 alleles.
These results showed that seed morphology was not a clear-cut criterion to identify geno-
type, and, alternatively, that double homozygous mutants are viable. This unexpected
result led us to determine that mif2-1 is not a knockout mutant (see above, Figure 1C)
and that MIT2 is expressed at a lower level (12.2%) in the double homozygous mutants
(Supplementary Figure S6).

Table 2. Characterization of “abnormal” seeds obtained from plants with three mutated mit alleles.

“Abnormal” Seeds From

MITTmitlmit2mit2 mitlmitIMIT2mit2
% germination 9444781 97.2+£2.62
% establishment 57.43 539 £11.94
% 3-cotyledon embryos 12.1£93% 14.8 £8.4°

Abnormal seeds of MITImitImit2mit2 and mitmitIMIT2mit2 plants were sown on 0.5xMS plates, and different
parameters evaluated. Germination was recorded as radicle protrusion and establishment as appearance of leaves
and root growth. Replicate numbers: ! 5 replicates (20-30 seeds each), 2 11 replicates (3040 seeds each), ® 1 experiment
with 29 seeds, 4 8 replicates (29-37 seeds each), ° 5 replicates (15-33 seeds each, 15 embryos with 3 cotyledons out of
122 total abnormal seeds), ® 10 replicates (3040 seeds each, 48 3-cotyledon embryos out of 310 total abnormal seeds).

el6

14 days

Figure 3. Presence of 3-cotyledon embryos in abnormal seeds. (A) Manually extracted mature embryo
(two views) from a MIT1mitl mit2mit2 plant. (B) Abnormal seeds from mit1mitl MIT2mit2 plants
were sown on 0.5 x MS, stratified for 48 h, and grown for 3.5, 6, and 14 days. The same plant bearing
three cotyledons was photographed. (C) Control wild type plants grown for 14 days. Bars = 100 um
in (A), 500 pm in (B), and 1000 um in (C).
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Figure 4. Identification of double homozygous mutant plants. (A) Twenty-two abnormal seeds from
a MIT1mit1 mit2mit2 plant were grown on 0.5 x MS and genotyped (B) for the presence of the MIT1
wild type allele (lanes a), using primers 15 and 16, and/or the mit1-1 mutant allele (lanes b), using
primers 15 and LBb1.3. Two plants have the MITIMIT1 genotype, six plants have the MIT1mit1
genotype, and fourteen plants have the mit1mit] genotype and are thus double homozygous mutant
plants (mit1mit] mit2mit2). Control 1 corresponds to DNA from a previously characterized double
heterozygous plant (MIT1mit1 MIT2mit2), and control 2 to a homozygous mit1-1mit1-1 plant. In the
figures, n° correspond to number.

Five individual siliques from MIT1mitl mit2mit2 plants were used in two experi-
ments to genotype all seedlings (established or not) grown from normal and abnormal
seeds: 16.0 & 3.5% of total seeds were double homozygous mutants (forty-three out of
two hundred and sixty-four total seeds in the five siliques), and 27.7 + 8.9% of the double
homozygous mutants possessed three cotyledons (eleven plants out of forty-three). It is
important to point out that all genotyped 3-cotyledon plants in this and other experiments
were double homozygous mutants.
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2.3. Growth of Double Homozygous Mutant Plants Is Severely Affected

Viable double homozygous mit1-1mit1-1 mit2-1mit2-1 plants were easily identified
by their severe phenotype. First, as already mentioned, germination and early post-
germinative growth were slower than those of wild type plants and plants with three
mutated alleles (Figure 4, Supplementary Figure S5). For instance, in one experiment, at
13 days, when all Col0 seedlings (90 out of 90) were at least at stage 1.02 on day 13 according
to Boyes et al. (2001) [26], only one out of 59 (1.9%) of the double homozygous mutant
seedlings attained this stage. Three weeks after germination, only 1.7% (1/59) and 10%
(6/59) of these seedlings were at stages 1.06 and 1.04, respectively.

Growth of double homozygous mutant plants on soil was severely affected through-
out the entire life cycle, and senescence was delayed by 1.5-2 months (Supplementary
Figure S7). Drastic reduction of MIT expression has pleiotropic effects on double homozy-
gous plants (Figure 5), including pinoid stems (Figure 5A,B) similar to those observed for
mutants of auxin efflux carriers (PIN) (39 out of 46 plants, 85%), stems terminated at either
cauline leaves (25 plants, 54%; Figure 5B), a unique flower (21 plants, 46%; Figure 5C), or
multiple floral buds and cauline leaves (18 plants, 39%; Figure 5D). Furthermore, phyl-
lotaxis in the appearance of cauline leaves was altered: there were a higher number of
these leaves in some stems of 15 plants (33%, Figure 5E), their position was less regular
(Figure 5D-F), and in some cases three cauline leaves were found at the same position (in
seven plants, fifteen percent, Figure 5F). Additionally, some enlarged stems were found in
five plants (eleven percent of the plants), as if two stems had been fused (Figure 5G, also
visible in the plant shown in Figure 5F).

Figure 5. Phenotypic alterations observed in double homozygous plants with drastic reduction of
MIT expression. (A) A pinoid stem (arrow) with the corresponding enlarged view. (B) Two plants
with stems terminated at cauline leaves (arrowheads) and which also have pinoid stems (arrows).
(C) A plant with stems terminated at unique flowers (arrowheads). (D) Multiple floral buds and
cauline leaves at stem tip. (E) Higher number and irregular appearance of cauline leaves. (F) Three
cauline leaves at the same position (arrowhead). (G) Enlarged stem (arrowhead).
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All double mutant plants showed, alongside some normal flowers, flowers with all
their structures (sepals, petals, anthers, and pistils) altered (Figure 6). This resulted in
seventeen out of forty-six plants (thirty-seven percent) being unable to give seeds, and the
remaining plants showed a reduced seed set (less than fifty seeds in one to six siliques for
seventeen plants, between fifty and two hundred and fifty seeds in six to sixteen siliques
for ten plants, and more than six hundred seeds for two plants with at least eighty siliques).

A

wt  mut

Figure 6. Altered flowers in double homozygous plants with drastic reduction of MIT expression.
(A) Two different flowers from double homozygous mit1-1 mit2-1 plants (mut) were compared with
wild type (wt) flowers: smaller sepals, smaller petals, lack of anthers (right panel) were visible.
(B) Two additional mutated flowers from which sepals have been excised: the four petals are
heterogeneous in shape, abnormally positioned (right panel), only four and three anthers are present,
pistil appears either normal (left panel) or curved (right panel). (C) Sepals, petals, and anthers
have been excised from wild type and mutated flowers; pistils with a stem-like base are frequent in
mutated flowers.

2.4. The Next Generation of Double Homozygous mit1-1 mit2-1 Mutant Plants Showed a
Normal Phenotype

When seeds obtained from mit1-1mit1-1 mit2-1mit2-1 plants were sown, almost all
germinated (97.2 & 5.0%), and plant establishment was variable (55.5 £ 17.9%). Most
importantly, plant growth was similar to that of wild type plants; for instance, all established
seedlings were at stage 1.0 at 7 days and at stage 1.02-1.03 at 2 weeks, and this similarity
extends to vegetative and reproductive growth. From now on, these plants have been
designated as “compensated” double homozygous mutant plants. Their genotype was
verified by PCR to be mit1-1mit1-1 mit2-1mit2-1.

This intriguing result led us to analyze MIT2 expression by RT-qPCR in these “com-
pensated” double homozygous mutant plants and compare it with that observed in plants
showing an affected phenotype (the first generation of double homozygous mutant plants,
arising from seeds obtained from plants carrying three mutated alleles) (Figure 7). Interest-
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ingly, MIT2 expression is significantly higher in compensated plants (60.9% that of wild
type plants) compared with affected plants (11.0-18.5% that of wild type plants).
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Figure 7. MIT2 expression in double homozygous mutant plants. MIT2 mature transcript levels were
determined by RT-qPCR and normalized to TIP41-like transcript levels. Means + SD of four biological
replicates is shown. RNAs were prepared from seedlings at stages 1.03-1.04 [26], i.e., 18 day old
seedlings for wild type and “compensated” double homozygous mutant plants (mit1-1mit1-1 mit2-
Imit2-1) and 27 day old seedlings for the first generation of the double homozygous mutant plants
(same developmental stage), and also from 18 day old seedlings from these last plants (stage 1.0).
The primers used for MIT2 were primers 20 (encompassing exon junction) and 21 (Supplementary
Table S1). Statistically significant differences were determined by one-way ANOVA followed by
Tukey’s multiple comparison test (***, p < 0.001; **, p < 0.01; *, p < 0.05).

These results are consistent with the view that increased splicing of the MIT2 intron
containing the T-DNA is responsible for phenotypic recovery of the double homozygous
mutant plants and may be related to a relatively recently described phenomenon called
“T-DNA suppression” (see Discussion).

2.5. Mitochondrial Stress Markers UPOX and MSM1 Are Upregulated in the First Generation of
mit1-1 mit2-1 Double Mutant Plants

Marker genes for the mitochondrial response to stress have been identified [27],
and they include the genes encoding the mitochondrial proteins alternative oxidase 1A
and UPOX (upregulated by oxidative stress) [28,29]. On the other hand, Van Aken and
Whelan (2012) [30] were able to identify marker genes that respond to mitochondrial
and chloroplast dysfunction (e.g., UPOX) or are specific for mitochondrial dysfunction
(e.g., MSM1, for Mitochondrial Stress Marker 1, also designated At12cys-2, [31]. We evalu-
ated the expression of these three genes, AOX1a, UPOX, and MSM1, and found that UPOX
and MSM]1 are significantly upregulated in the first generation of double homozygous
mutant plants (mit1-1mit1-1 mit2-1mit2-1) but return to wild type levels in the “compen-
sated” second generation plants (Figure 8). In contrast, AOX1a transcript levels were not
significantly altered in any genotype. These results suggest some degree of mitochondrial
perturbation in the first generation of double homozygous mutant plants with a drastic
reduction of MIT expression.
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Figure 8. Expression of UPOX, MSM1, and AOX1A in double homozygous mutant plants. Transcript
levels were determined by RT-qPCR and normalized to TIP41-like transcript level. Means + SD of four
biological replicates is shown. RNAs were prepared from seedlings at stages 1.03-1.04, i.e., 18 day old
seedlings for wild type and “compensated” double homozygous mutant plants (mit1-1mit1-1 mit2-
1mit2-1) and 27 day old seedlings for the first generation of the double homozygous mutant plants
(same developmental stage), and also from 18 day old seedlings from these last plants (stage 1.0).
Primer sequences are indicated in Supplementary Table S1. Statistically significant differences were
determined by one-way ANOVA followed by Tukey’s multiple comparison test (same letter indicates
no significant differences). For UPOX: a-b differences, p < 0.001; b-c differences, p < 0.01; for MSM1:
a-b differences, p < 0.05.

Unfortunately, we were unable to purify mitochondria from first-generation double
homozygous mutant plants (mit1-1mit1-1 mit2-1mit2-1) with an affected phenotype. To
do this, it would be necessary to grow plants with three mutated alleles, collect seeds,
manually separate “abnormal” seeds, and grow plants from these seeds, thus, it was
unfeasible to obtain enough biological material. Thus, mitochondria were purified from
“compensated” double homozygous mutants (mit1-1mit1-1 mit2-1mit2-1) and wild type
seedlings as described in Supplementary Methods.

Targeted proteomic analysis was performed on four biological replicates of both
compensated and wild type mitochondria by Selective Reaction Monitoring (SRM) mass
spectrometry. In this way, more than one hundred proteins (listed in Supplementary
Table S3) were quantified, allowing a focused dissection of responses in the TCA cycle,
electron transport chain, mitochondrial localized iron-related proteins, and MIT1/2 proteins
(Supplementary Figure S8A). Significant differences in protein levels between compensated
and wild type plants were found only for MIT1 and MIT2. The specific quantified peptide
for MIT1 was found in wild type cells but was below the limit of detection in mitochondria
from “compensated” double homozygous plants (as expected for a knockout mutation).
The specific peptide for MIT2 in compensated plants was 30.9 &= 12.4 (SD)% the level found
in wild type mitochondria, confirming that mit2-1 is a knockdown allele.

Despite this large reduction in MIT abundance (absence of MIT1 and 30% of MIT2),
no differences were observed in the oxygen consumption rate of isolated mitochondria
(Supplementary Figure S8B). Furthermore, no differences were detected in the abundance
or native size of respiratory complexes or in complex I activity when analyzed by BN gel
electrophoresis (Supplementary Figure S8C). Complex I activity was assessed as it is the
respiratory complex having the highest number of iron ions in its structure, present as
iron-sulfur centers. These results show that, at least when plants are grown under standard
conditions, mitochondria with a drastic reduction in MIT are not functionally impaired.

2.6. Double Homozygous Mutant Plants Misregulate Genes Involved in Iron Uptake, Root
Development, and Stress-Related Response

Since RN A-seq analysis required less biological material, we were able to perform
this analysis with the first generation of double homozygous mutant plants (mit1-1mit1-
1 mit2-1mit2-1), which showed an affected phenotype, and we compare this transcriptome
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with that of “compensated” plants having the same genotype and that of wild type plants.
Total RNA was prepared from three biological replicates of 18 day old wild type seedlings
and compensated double homozygous mutant seedlings. For double homozygous plants
of the first generation (thus presenting a severe phenotype), 27 day old seedlings were
considered in order to compare plants at the same developmental stage, in this case,
1.04 of Boyes et al. (2001) [26]. Poly A-enriched RNA fractions were employed to construct
libraries for Illumina sequencing (see Methods).

Differentially expressed genes between genotypes were identified (padj < 0.05, log,
[fold change] > 1 in any condition, LRT test) and grouped in two clusters by k-means
(Figure 9). Interestingly, no significant differences (except for MIT expression) were found
between wild type plants and compensated plants (Wald test, padj = 3.08 x 1018, log, fold
change = —4.2), further supporting the conclusion that partial expression (around 30%)
of one of the two MIT genes is sufficient for normal plant growth and development. In
cluster 1 (408 genes, listed in Supplementary Table 54), expression is downregulated in
double homozygous mutant plants (1st generation) when compared with wild type and
compensated plants. In cluster 2 (360 genes, listed in Supplementary Table S5), higher
levels of transcripts are found in the double homozygous mutant plants (1st generation).

Cluster 1 (408 genes) Cluster 2 (360 genes)
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1 2 1 2 3 1 2 3 1 2 3 1 2 3 1 2 8
wild type compensated mit1mit1 mit2mit2 wild type compensated mitTmit1 mit2mit2
(1st generation) (1st generation)
Fold Fold

GO biological process Enrichment FDR GO biological process Enrichment FDR

cell-cell junction assembly (GO:0007043) 45.72 8.52E-04 production of siRNA involved in gene silencing by small RNA (GO:0070919) 2435 4.37E-02
coumarin metabolic process (GO:0009804) 38.10 1.38E-04 heterochromatin assembly (GO:0031507) 7.85 2.31E-02
suberin biosynthetic process (GO:0010345) 24.94 1.27E-06 regulation of jasmonic acid mediated signaling pathway (GO:2000022) 2029 3.59E-08
zinc ion transmembrane transport (GO:0071577) 14.91 3.94E-03 jasmonic acid metabolic process (GO:0009694) 13.25 1.35E-04
iron ion transport (GO:0006826) 14.69 8.55E-04 plant organ formation (GO:1905393) 5.07 3.19E-02
root hair elongation (GO:0048767) A 2.82E-03 anatomical structure formation involved in morphogenesis (GO:0048646) 412 5.04E-03
foot hair cell differentiation (GO:0048765) 8.15 4.24E-08 response to jasmonic acid (GO:0009753) 470 599E-1
trichoblast differentiation (GO:0010054) 9.08 2.65E-10 flower development (GO:0009908) 3.46 4.42E-04
root epidermal cell differentiation (GO:0010053) 877 4.32E-11 response to wounding (GO:0009611) 417 1.99E-11
root morphogenesis (GO:0010015) 585 6.10E-23 glucosinolate metabolic process (GO:0019760) 395 226E-02
root system development (G0:0022622) 5.20 5.34E-34 floral organ development (GO:0048437) 3.69 2.23E-02
plant-type cell wall modification (GO:0009827) 6.33 3.43E-02 response to water deprivation (GO:0009414) 295 4.28E-06
cell wall organization or biogenesis (GO:0071554) 3.32 6.98E-10 response to other organism (GO:0051707) 1.81 3.27E-03
unidimensional cell growth (GO:0009826) 3.04 9.83E-03 defense response (GO:0006952) 1.68 3.28E-02

Figure 9. (A) K-means clustering of differentially expressed genes. RNAs were prepared from
seedlings at the same developmental stage: wild type plants (18 days old), compensated double
homozygous mutant plants (18 day old), and 1st generation of double homozygous mutant plants with
an affected phenotype (27 day old). RNAseq was performed on three biological replicates (seedlings
grown on different days) for each group. Differentially expressed genes (at least two-fold) were
identified using DEseq2 software and clustered by k-means. (B) Some enriched GO terms (biological
processes) in clusters 1 and 2. See Supplementary Tables S6 and S7 for more detailed information.

Enrichment of GO terms (biological processes) was analyzed in both clusters (Supple-
mentary Tables S6 and S7).

Cluster 1 shows an overrepresentation of genes belonging to the Gene Ontology
annotation categories of iron ion transport (GO:0006826; FDR 8.6 x 104, 14.7 fold enrich-
ment) and coumarin metabolic process (GO: 0009804; FDR 1.4 x 1074, 38.1 fold enrich-
ment); coumarins being involved in iron chelation in the rhizosphere for incorporation
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IRT1 relative expression

normalized expression

into the plant [32-34]. For instance, FRO2 (At1g01580, ferric reduction oxidase 2), IRT1
(At4g19690, iron-regulated transporter 1), IRT2 (At4g19680, iron-regulated transporter 2),
FIT1/FRU/PHLH29 (At2g28160, FER-like iron deficiency induced transcription factor),
IREG2/FPN2 (At5g03570, iron-regulated transporter 2, ferroportin 2), BTSL2 (Atlg74770,
zinc finger BRUTUS-like protein 2), and NAS2 (At5g56080, nicotianamine synthase 2), are
in cluster 1. The downregulation of FRO2 and IRT1 was also independently verified by
RT-qPCR (Figure 10). Other relevant overrepresented biological processes in cluster 1 are
related to growth processes, including root hair elongation, plant-type cell wall modifi-
cation, and unidimensional cell growth, which are consistent with the growth deficiency
phenotypes presented in the double homozygous mutants (Supplementary Table S6).

RT-gPCR
*%k
*%
15+ | ¢ 2.07
5 |
—|— * ﬁ *
2 151
1.0 4 g
o
2 1.0
&
. o
05 S o5
|__I__| s
0.0 T T T 0.0 T T T
o ° N (] 9 N~
S = €5 S 3 £5
z 2 S3 z g S3
= @ £ S = @ £5
2 £ T 5 3 g T 5
8 g2 3 g2
T2 T2
gE- £
RNAseq
IRT1 FRO2
*
*
30001 | 2000 _l_
c
S
% 1500
2000 g
x
2 1000 7
(0]
- N
1000 T L0
T g
0 T 0 T

wild type -
compensated -
mit1mit1 mit2mit2
wild type =
compensated -

(1st generation)
mit1mit1 mit2mit2
(1st generation)

Figure 10. IRT1 and FRO2 expression in double homozygous mutant plants. (A) IRT1 and FRO2
mature transcript levels were determined by RT-qPCR and normalized to TIP41-like transcript lev-
els. RNAs were prepared from seedlings at stages 1.03-1.04 (same developmental stage). Primers
sequences are indicated in Supplementary Table S1. Means 4= SD of three (IRT1) or four (FRO2) biolog-
ical replicates are shown. Statistically significant differences were determined by one-way ANOVA
followed by Tukey’s multiple comparison test (**, p < 0.01; *, p < 0.05). (B) Normalized expression of
IRT1 and FRO2 as determined by RNAseq. Means =+ SD of the three biological replicates are shown; a
one-way ANOVA was performed, followed by Tukey’s multiple comparison test (*, p < 0.05).

36



Plants 2023,12,1176

Cluster 2, containing genes with increased expression relative to wild type and com-
pensated plants, shows an overrepresentation of biological processes that can be related to
plant defense, including different terms related to jasmonic acid (regulation of jasmonic
acid-mediated signaling pathways, jasmonic acid metabolic process, response to jasmonic
acid), regulation of defense response, response to other organisms, and glucosinolate
metabolic process. As well, processes related to wounding and response to water depriva-
tion were found in cluster 2. This suggests that double homozygous plants have a basal
activation of stress-related responses, which might impact plant growth in these plants.

3. Discussion

Arabidopsis MIT1 and MIT2 encode proteins highly similar to rice MIT and with
significant similarity to yeast mitochondrial iron transporters MRS3 and MRS4 (38% iden-
tity). MIT1 and MIT2, with their own targeting peptides (Supplementary Figure S1) or
that of MRS3 [19], were able to complement the defect of the yeast Amrs3Amrs4 mutant,
demonstrating that they function as high-affinity iron transporters in yeast mitochondria
and likely also in plant mitochondria.

The rice MIT function is essential, since the absence of its unique MIT encoding gene
is embryo-lethal [18]. In contrast, in Arabidopsis, the two genes MIT1 and MIT2 appear to
be redundant since individual mutants, including the knockout mutants mit1-1 and mit2-2,
were indistinguishable from wild type plants. Like in rice, MIT function is essential in
Arabidopsis since, when crossing these two null mutants, no double homozygous plants
could be obtained, and almost 25% of the seeds from plants with three mutated alleles
(MIT1mit1-1 mit2-2mit2-2) aborted, as expected for a Mendelian segregation.

3.1. Phenotypic Alterations of the mit1-1 mit2-1 Double Homozygous Mutants

When crossing the knockout mit1-1 mutant with the knockdown mit2-1 mutant, we
were able to obtain double homozygous mutant plants from the so-called “abnormal” seeds
plated on MS x 0.5 (Figures 2 and 4). The 1st generation of these plants expressed only
low levels of MIT2 (10-20%, Figure 7 and Supplementary Figure S6) and showed striking
phenotypes, highlighting the importance of MIT function. Pleiotropic defects include
polycotyly (3-cotyledon embryos, Figure 3 and Table 2), retarded germination and early
post-germinative growth with reduced establishment (Supplementary Figure S5, Figure 4,
Table 2), delayed and altered reproductive development, including pin stems, abnormalities
in phyllotaxy and in all organs of the flowers (Figures 5 and 6), and reduced seed set.

Some of these phenotypes are clearly indicative of defects in auxin signaling. For
instance, it is well known that polar auxin transport is involved in cotyledon emer-
gence [35,36], and both pin and pid mutants show polycotyly [37-40]. However, whereas
the presence of one cotyledon is more frequent in pinl mutants (auxin efflux carrier, PIN-
FORMED1), mutants in the ser/thr protein kinase PID (PINOID), which phosphorylates
PIN1, show a higher frequency of 3-cotyledon embryos and thus resemble double ho-
mozygous mit1-1 mit2-1 embryos. In all these cases, phenotype penetrance is incomplete.
Furthermore, striking similarities are found between pin, pid, and mit1-1mit2-1 mutants dur-
ing reproductive development: inflorescence stems without flowers and cauline leaves (pin
stems), alterations in cauline leaves’ phyllotaxis, abnormal flowers, and reduced fertility
(Figures 5 and 6) [37,41,42].

Although somewhat surprising at first sight, an interplay between mitochondrial
function and auxin signaling is well documented [43—46]. The exact mechanisms linking, in
each case, mitochondrial dysfunction and auxin signaling are not known, but several com-
peting or complementary hypotheses have been proposed based on the deep connections
between auxin synthesis, conjugation, and post-translational regulation of auxin signaling
pathways [47]. These assembled examples and our results suggest that at least some of the
phenotypes observed in the mit1-1mit2-1 double homozygous mutants are mediated by
defects in auxin homeostasis.
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Alternatively, phenotypes such as reduced plant establishment, delayed germination,
and slow early post-germinative growth are characteristic of mitochondrial deficiency.
Mitochondria are expected to play a crucial role at these early stages, supplying energy
and carbon skeletons for growth, and a role for respiratory complexes I, I, and IV has been
described e.g., [48-53]. Unfortunately, as already mentioned, we were unable to obtain
mitochondria from these seedlings to assess mitochondrial function, and only indirect
evidence for mitochondrial dysfunction, i.e., higher transcript levels of MSM1 and UPOX,
was documented (Figure 8). However, Bashir et al. (2011) [18] characterized a knockdown
mutant of the unique rice MIT gene (mit-2, T-DNA insertion in the gene promoter), which
displays a less severe phenotype, allowing mitochondrial preparation from homozygous
mutant plants. Those rice mitochondria contain less Fe and have less aconitase (an iron-
sulfur protein) activity, thus supporting mitochondrial dysfunction due to iron deficiency,
also in our Arabidopsis double mutant.

3.2. Phenotypic Recovery of Double Homozygous mit1-1 mit2-1 in Next Generations

When the few seeds obtained from the affected mit1-1mit1-1 mit2-1mit2-1 plants were
sown, plant growth was similar to that of wild type plants. In these “compensated” double
homozygous mutant plants, MIT2 expression is enhanced with respect to parent plants
(Figure 7), and targeted proteomic analysis of purified mitochondria showed they differ
significantly from wild type mitochondria only in MIT1 (undetectable) and MIT2 (30%)
content (Supplementary Figure S8). Furthermore, no differences were observed in mito-
chondrial respiratory rate, respiratory complex size and abundance, or complex I activity.
Thus, increased splicing of the MIT2 intron containing the T-DNA is likely responsible for
the phenotypic recovery of the double homozygous mutant plants. In the past years, a
phenomenon called “T-DNA suppression” has been described, occurring when crossing
two mutants with similar T-DNA insertions (e.g., two SALK lines). At least one of the
T-DNA insertions must be intronic, and the “suppressed” phenotype is then caused by the
T-DNA [54-57]. Although the mechanism is not well known, T-DNA hypermethylation and
heterochromatinization are necessary, and the RdADM (RNA-dependent DNA methylation)
pathway is involved [57]. In our experiments, the altered phenotypes observed in the first
generation of double homozygous mutant plants are “suppressed” by an increase in MIT2
intron splicing.

3.3. Transcriptome of Double Homozygous mit1-1 mit2-1 Mutant Plants

No significant differences (except for MIT expression) were found between wild type
plants and “compensated” mit1-1mit2-1 double homozygous mutant plants, supporting
the conclusion that partial expression (around 30%) of MIT2 is sufficient for normal plant
growth and development, at least under standard growth conditions. In contrast, in the first
generation of mit1-1mit2-1 double homozygous mutant plants, which expressed 10-20%
of MIT?2 (at the transcript level), 408 genes are down-regulated (cluster 1) and 360 genes
are upregulated (cluster 2) compared with wild type and compensated plants (Figure 9,
Supplementary Tables S4 and S5).

Interestingly, the data suggest downregulation of the iron acquisition system. Besides
FRO2, IRT1 and IRT2, genes encoding either proteins involved in coumarin biosynthe-
sis (F6'H1, feruloyl CoA ortho-hydroxylase 1; S8H, Scopoletin 8-hydroxylase; CYP82C4,
fraxetin 5-hydroxylase) or coumarins export (ABCG37/PDRY) are included in cluster 1.
These genes are part of the Fe deficiency response [58] and are regulated by the master
transcription factor FIT1/FRU (Fe-deficiency-induced transcription factor), which is also
found in cluster 1 and known to control expression of additional cluster 1 genes involved
in Fe homeostasis: IREG2, iron-regulated transporter 2/ferroportin 2; BTSL2, E3 ubiquitin
ligase BRUTUS-like protein 2; and MTPA2, metal tolerance protein A2. Therefore, the
response to a deficiency in iron uptake by mitochondria may be opposite to the response
observed under Fe deficiency reviewed in [34,58] and reminiscent of the root Fe exclusion
strategy described in rice [59].
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Other enriched GO categories in cluster 1 related to the root system may be indirectly
relevant to iron acquisition (Supplementary Table S6). Given the role of the root epidermis,
and in particular root hairs, in water and nutrient uptake [60-62], future work will be
necessary to analyze root development in the mutant plants.

Relevant enriched GO terms in cluster 2 (upregulated in mutant plants) may be
involved in the observed pleiotropic phenotypes (Supplementary Table S7), for instance
plant organ formation, anatomical structure formation involved in morphogenesis, flower
development, and floral organ development. Furthermore, the enriched GO categories
“production of siRNA involved in gene silencing by small RNA”, which has three RNA-
dependent RNA polymerases (RDR1, RDR2, and RDR3), and “heterochromatin assembly”,
which contains the same three RDR, nucleolin 2, and two chromatin remodeling factors
(chr31/SNF2 domain-containing protein CLASSY 3 and chr42/SNF2 domain-containing
protein CLASSY 2), may be relevant to explain the T-DNA suppression phenomenon
discussed above.

Although enriched GO terms related to auxin were not found, careful examination of
the genes in both clusters (Supplementary Tables S4 and S5) highlighted a number of genes
related to either auxin metabolism, transport, signaling, or response (9 in cluster 1 and
13 in cluster 2). For instance, PIN2 (At5g57090), ABCG37/PDR9 (At3g53480), ABCB11
(At1g02520), ERULUS (At5g61350), MYB93 (At1g34670), and YUCCA3 (At1g04610) are
downregulated in mutant plants (cluster 1). Other genes were found to be upregulated
(cluster 2), for example AIL7/PLT7 (At5g65510), LRP1 (At5g12330), SHI (At5g66350),
SGR5 (At2g09140), SKP2A (At1g21410), ENP/MACCHI-BOU4/NPY1 (At4g31820), TCP18
(At3g18530), and GH3.5 (At4g27260). Whether these changes are related to the observed
phenotypes similar to those of polar auxin transport mutants remains to be explored.

4. Materials and Methods
4.1. Plant Material and Growth Conditions

All A. thaliana plants used were from the Columbia (Col-0) region. Seeds were sown
on half-concentrated MS agar medium and stratified for 48 h at 4 °C in the dark. After two
weeks in a 16/8 h day/night cycle at 22 °C, seedlings were transferred to soil and grown
under long-day conditions (16 h light/8 h dark).

Seeds from five T-DNA insertion mutants were obtained from the ABRC stock center:
mit1-1 (SALK_013388), mit1-2 (SALK_208340C), mit2-1 (SALK_096697), mit2-2 (SAIL_653_B10,
(CS828300), and mit2-3 (SALK_095187). For genotyping, DNA was extracted from either
15 day old seedlings or leaves of 4 week old plants and analyzed as described [63]. Primers
used to amplify wild type and mutant alleles are described in Figure 1 and Supplementary
Figures S2 and S3. To further characterize the T-DNA insertion in mit2-1, located in
the intron spliced out in spite of its size, both T-DNA/MIT?2 junctions were amplified
(Supplementary Figure S3). All amplified junctions were characterized by DNA sequencing.

Homozygous mutant mit1-1 plants were crossed with either mit2-1 or mit2-2 homozy-
gous mutant plants. F1 seeds were germinated, and F1 plants were verified to be double
heterozygous plants (genotype MIT1mit1 MIT2mit2). F2 seeds obtained from these selfed
F1 plants were used to characterize the F2 generation and obtain the next generations
(F3, F4, and so on).

4.2. Complementation of Mutant Amrs3Amrs4 Yeast Cells

The Amrs3Amrs4 strain (MATa, ura3-52, leu2-3, 112, trp1-1, his3-11, ade2-1, can1-100(oc),
Amrs3:kanMax Amrs4::kanMax) was kindly provided by Liangtao Li and Diane Ward (De-
partment of Pathology, School of Medicine, University of Utah) and is described in Li and
Kaplan (2004) [64]. The constructs containing the ADH1 promoter, MIT1 (At2g30160) or
MIT2 (At1g07030) cDNAs, and the ADH2 terminator were generated using in vivo assembly
yeast recombinational cloning [65,66]. ADH1 promoter and ADH2 terminator were ampli-
fied by PCR using as templates a plasmid kindly provided by Dr. Luis Larrondo and Phu-
sion High-Fidelity DNA polymerase (Thermo Scientific, https:/ /www.thermofisher.com
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(accessed on 27 February 2023)). For the promoter, either primers 1 and 2 (with an overlap
in its 5" end with the beginning of MIT2 cds) or primers 1 and 3 (with an overlap in its 5’
end with the beginning of MIT1 cds) were employed; for the terminator, either primers 8
(with an overlap in its 5’ end with the end of MIT2 cds) and 9, or primers 10 (with an
overlap in its 5 end with the end of MIT1 cds) and 9 were used. MIT1 and MIT2 cDNAs
were obtained by RT-PCR. Total RNA was prepared from 15 day old seedlings with a
Spectrum Plant Total RNA Kit (Sigma-Aldrich). cDNAs were synthesized with the Super-
script First Strand synthesis system for RT-PCR (Invitrogen, Life Technologies), and PCR
amplifications were performed with primers 4 and 5 for MIT2 and primers 6 and 7 for MIT1.
PCR products were co-transformed with the linear pRS426 plasmid into the BY4741 yeast
strain (MATa, his3A1, leu2 A0, LYS2, met15A0, ura3A0), and circular plasmids obtained from
several ura* colonies were transferred to E. coli DH5«. Positive colonies were identified
by PCR, plasmids were prepared (AxyPrep Plasmid Miniprep Kit), and construct integrity
was verified by DNA sequencing. These plasmids were used to transform the Amrs3Amrs4
strain, and transformants were selected by plating on synthetic defined (SD) medium
without uracyl. Complementation assays were performed by growing yeast cells in liquid
SD medium (without uracyl) to a DOgponm of 1.5, concentrating five times and plating serial
dilutions onto agarose-SD plates with or without 50 uM of the impermeable iron chelator
bathophenanthroline disulfonate (BPDS).

4.3. Expression Analysis by RT-PCR and RT-gPCR

Total RNA was obtained from frozen seedlings with the TRIzol reagent, treated with
DNase I (Promega, http://www.promega.com/ (accessed on 27 February 2023)), and
quantified using a Nanodrop spectrophotometer (Thermo Scientific). cDNA synthesis
was carried out on 1-2 ug of RNA, using oligodT as a primer and SuperScript II Reverse
transcriptase (Thermo Scientific).

To analyze MIT expression by RT-PCR in individual mutants, total RNA was prepared
from 15 day old seedlings. Then PCR reactions were performed with 1/10 of the cDNA
and the following primer pairs (Supplementary Table S1): for MIT1, either primers 13 and
14 or 15 and 16; for MIT2, either primers 17 and 18 or 11 and 12.

For RT-qPCR, total RNA was obtained from seedlings at stages 1.02-1.04 (Boyes et al.,
2001). RT-qPCR experiments were performed on 1/10 of the cDNA using the StepOne
Plus Real-Time PCR System (Applied Biosystems, http:/ /www.appliedbiosystems.com/
(accessed on 27 February 2023)) according to the manufacturer’s instructions and the
Brilliant IIT Ultra-fast SYBR GREEN QPCR reagents (Agilent). RNA levels were estimated
considering the amplification efficiency of each primer pair and normalized relative to
either the clathrin adaptor (At4g24550) or the TIP41L (At4g34270) transcripts as internal
controls. The primer pairs (Supplementary Table S1) used for the clathrin adaptor were
At4g24550F and At4g24550R, and for TIP41L, At4g34270F and At4g34270R. Those for MIT2
are indicated in the figure legends. Primer sequences for UPOX, MSM1, AOX1A, FRO2,
and IRT1 are also shown in Supplementary Table S1.

4.4. Transcriptome Analysis by RNA Sequencing

Total RNA was prepared from seedlings (stage 1.04), using a Spectrum Plant To-
tal RNA Mini Kit (Sigma-Aldrich). Following DNase I (Invitrogen, Life Technologies)
treatment, RNA integrity was evaluated by capillary electrophoresis on a Qsep100 Bio-
fragment analyzer (BiOptic, https:/ /www.bioptic.com.tw (accessed on 27 February 2023)).
Libraries for RNA-Seq were prepared with an Illumina TruSeq Stranded mRNA Kit,
quantified by qPCR with a KAPA Library Quantification Kit (Universal) (Roche, https:
/ /sequencing.roche.com (accessed on 27 February 2023)), and sequenced using the NextSeq
500 System (Illumina, https://illumina.com (accessed on 27 February 2023)), consider-
ing 150 bp paired-end reads. Raw sequences were processed with Trimmomatic v.0.39
([67]; http:/ /www.usadellab.org (accessed on 27 February 2023)), using the following
settings: ILLUMINACLIP:TruSeq3-PE.fa:2:30:10:2:keepBothReads LEADING:30 TRAIL-
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ING:30 SLIDINGWINDOW:10:30 MINLEN:36. Filtered sequences were mapped to the Ara-
bidopsis genome (The Arabidopsis Information Resource TAIR v.10, www.arabidopsis.org
(accessed on 27 February 2023)) using HISAT2 v.2.1.0 with standard settings [68]; http:
/ /daehwankimlab.github.io/hisat2/ (accessed on 27 February 2023)). Count tables were
generated using the featureCounts function from the Rsubread (v.2.10.4) library from R [69]
and the Araportl1 GTF gene annotation [70].

Differential gene expression between genotypes was analyzed with the DESeq2 pack-
age (v. 1.24; [71], using the likelihood ratio test (LRT). We considered differentially expressed
genes those with log, > 1 or log, < 1, and adjusted p-value < 0.01. Clustering of differentially
expressed genes was performed with the R library heatmap v. 1.0.12 (kmeans_k = 2).

Overrepresentation of Gene Ontology (GO) terms (biological processes) was analyzed
for each cluster using the PANTHER Overrepresentation Test tool (http://geneontology.org
(accessed on 27 February 2023)) [72].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants12051176/s1, Figure S1: Arabidopsis MIT1 and MIT2 com-
plement the growth defect of yeast Amrs3Amrs4 in Fe-deficient medium. Serial dilutions of the yeast
Amrs3Amrs4 strain transformed with a construct expressing either Arabidopsis MIT1 (AT2G30160)
or MIT2 (AT1G07030) or with the pRS426 vector alone as a control were plated onto SD medium
(solified with agarose to avoid Fe contamination and lacking uracyl) with or without the iron chelator
BPDS; Figure S2: Characterization of mutant mit1 alleles. (A) Exon-intron structure of the MIT1 gene
with exons represented by boxes. Horizontal arrows indicate the position of primers, and the T-DNA
insertion sites are shown (T-DNA inserts are not drawn to scale). (B) Sequence of the MIT1/T-DNA
junction in the mitl-1 mutant allele. PCR amplification was performed using primers 13 and LBb1.3,
and the product was sequenced. T-DNA is inserted 595 bp downstream of the ATG initiation codon,
interrupting codon 200. In the alignment, the first row corresponds to the left border T-DNA sequence
(in blue), the third row to the wild type MIT1 allele sequence (in red), and the second row to the
junction between MIT1 and T-DNA in the mutant allele (inserted nucleotides of unknown origin
in green). (C) Sequence of the T-DNA/MIT1junction in the mitl-2 allele. PCR amplification was
performed using primers LBb1.3 and 14. T-DNA is inserted 154 bp downstream of the ATG initiation
codon, interrupting codon 53. In the alignment, the first row corresponds to the left border T-DNA
sequence (in blue), the third row to the wild type MIT1 sequence (in red), and the second row
to the junction between T-DNA and MIT1 in the mutant allele (inserted nucleotides of unknown
origin in green); Figure S3: Characterization of mutant mit2 alleles. (A) Exon-intron structure of the
MIT?2 gene with exons represented by boxes. Horizontal arrows indicate the position of primers,
and the T-DNA insertion sites are shown (T-DNA inserts are not drawn to scale). (B) Sequences
of the T-DNA/MIT?2 junctions in the mit2-1 mutant allele. PCR amplifications were performed
with either primers LBb1.3 and 12 (3’ side of insertion) or primers 11 and RB (5’ side of insertion),
and products were sequenced. T-DNA is inserted 419 bp downstream of the exon-intron junction;
18 nucleotides from the intron have been deleted (not shown), and 15 nucleotides of unknown origin
are inserted (in green). In the alignments, the first rows correspond to the left or right border T-DNA
sequences (in blue), the third row to the wild type MIT2 sequence (in red), and the second row
to the junctions between MIT2 and T-DNA in mit2-1. (C) Sequence of the MIT2/T-DNA junction
in the mit2-2 allele. PCR amplification was performed using primers 11 and LB1sail. T-DNA is
inserted 712 bp downstream of the ATG initiation codon, interrupting codon 239. In the alignment,
the first row corresponds to the left border T-DNA sequence (in blue), the third row to the wild
type MIT2 sequence (in red), and the second row to the junction between MIT2 and T-DNA in the
mutant allele. (D) Sequence of the MIT2/T-DNA junction in the mit2-3 allele. PCR amplification was
performed using primers 11 and LBb1.3. T-DNA is inserted 500 bp downstream of the exon-intron
junction. In the alignment, the first row corresponds to the left border T-DNA sequence (in blue),
the third row to the wild type MIT2 sequence (in red), and the second row to the junction between
MIT2 and T-DNA in the mutant allele; Figure S4: A significant proportion of seeds in plants with
three mit mutated alleles have an abnormal phenotype. Seed set per silique was scored along the
main inflorescence axis for four F3 MIT1mit]l mit2mit2 plants, four F3 mitImitIMIT2mit2 plants,
and two wild type plants. Silique 5 (older) to Silique 16 (younger) were grouped in three groups of
four siliques for each plant, and normal, abnormal, and aborted seeds were counted in each of the
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References

sixteen siliques of plants carrying three mutated alleles and the eight siliques of Col-0 plants. Error
bars are SD; Figure S5: Abnormal seeds from plants with only one wild type MIT allele germinate
slowly. Wild type seeds and both normal and abnormal seeds from MIT1mit1-1 mit2-1mit2-1 plants
were sown on 0.5 X MS, stratified for 48 h, and grown for 3 and 4 days before being photographed;
Figure S6: MIT2 expression in double homozygous mutant plants. MIT2 expression levels were
determined by RT-qPCR using primers 19 and 21 (Supplementary Table S1) and normalized to the
clathrin adaptor transcript level. Means =+ SD of three biological replicates is shown. RNAs were
prepared from 6-12 seedlings at stage 1.02 (Boyes et al., 2001), i.e., 12 day old seedlings for the wild
type and 19 day old seedlings for the first generation of the double homozygous mutant plants
(mit1-1mit1-1 mit2-1mit2-1). Three asterisks indicate a value that was determined by the f-test to be
significantly different from wild type (p < 0.001). To evaluate MIT2 gene expression, primers 19 and
21 were used; Figure S7: Growth of double homozygous mutant plants was retarded throughout the
entire life cycle. Wild type Col-0 plants and double homozygous mutant plants (mit1-1mit1-1 mit2-
1mit2-1, 1st generation) were grown as described in Materials and Methods, and three representative
plants of each genotype were photographed at 2 months (A) and 3.5 months (B); Figure S8: Analysis
of purified mitochondria from “compensated” double homozygous plants (mit1-1mit1-1 mit2-1mit2-1)
and wild type plants. (A) Proteomic analysis of the purified mitochondria (four mitochondrial
preparations for each genotype). Heat map showing the relative abundance in both genotypes of
274 peptides, corresponding to 108 polypeptides (Supplementary Table S3). Only the abundances of
MIT1 (not detected in the mutant) and MIT2 were significantly different (p < 0.001, ¢-test) between
wild type and compensated plants. (B) Oxygen consumption by purified mitochondria using pyru-
vate, malate, and ADP as substrates. Four mitochondrial preparations per genotype were tested,
and means & SD are shown. Difference between genotypes is not significant (f-test). (C) BN-PAGE
separation of respiratory chain complexes and supercomplexes followed by staining for Complex I
activity (NADH:UQ oxidoreductase; right panel) and Coomassie blue staining (left panel). Three
replicates (each containing 0.3 mg mitochondrial protein) of purified mitochondria from wild type
and “compensated” double homozygous seedlings were loaded. Mobility of respiratory complexes I,
II, 111, IV, and 'V and supercomplexes is indicated.
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Abstract: Micronutrient iron (Fe) deficiency poses a widespread agricultural challenge with global
implications. Fe deficiency affects plant growth and immune function, leading to reduced yields and
contributing to the global “hidden hunger.” While conventional Fe-based fertilizers are available,
their efficacy is limited under certain conditions. Most recently, nanofertilizers have been shown as
promising alternatives to conventional fertilizers. In this study, three nanohematite /nanoferrihydrite
preparations (NHs) with different coatings were applied through the roots and shoots to Fe-deficient
cucumber plants. To enhance Fe mobilization to leaves during foliar treatment, the plants were
pre-treated with various acids (citric acid, ascorbic acid, and glycine) at a concentration of 0.5 mM.
Multiple physiological parameters were examined, revealing that both root and foliar treatments
resulted in improved chlorophyll content, biomass, photosynthetic parameters, and reduced ferric
chelate reductase activity. The plants also significantly accumulated Fe in their developing leaves and
its distribution after NHs treatment, detected by X-ray fluorescence mapping, implied long-distance
mobilization in their veins. These findings suggest that the applied NHs effectively mitigated Fe
deficiency in cucumber plants through both modes of application, highlighting their potential as
nanofertilizers on a larger scale.

Keywords: iron; micronutrient; nanofertilizers; nanoferrihydrite; nanohematite; XRF mapping

1. Introduction

Iron (Fe) is an essential micronutrient for plants, playing a vital role in various
metabolic processes, such as photosynthesis, respiration, and chlorophyll biosynthesis. It
acts as an electron donor or acceptor in enzymes in the form of Fe-sulfur clusters, heme,
and free Fe ion [1]. As a constituent of the photosynthetic electron transport chain, Fe plays
a crucial role in plant growth and development [2].

Despite being the fourth most abundant element in the Earth’s crust, plants continue to
suffer from Fe deficiency [3]. Fe deficiency is a common problem in agriculture, particularly
in alkaline or calcareous soils where higher pH levels prevent the uptake of Fe [4]. Fe
deficiency manifests in plants as chlorosis or yellowing of the leaves, stunted growth, and
reduced crop yields. The symptoms are more pronounced in young leaves and can result
in poor root development, reduced yield, or even complete crop failure [5]. Fe deficiency
can also reduce the production of proteins involved in the photosynthetic apparatus,
decreasing photosynthetic efficiency. This includes alterations in the thylakoid membrane
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structures, photosynthetic electron transport chain, and reduced formation of iron-sulfur
complexes [6]. Chloroplast biogenesis and differentiation are also negatively affected by Fe
deficiency [7].

Plants have evolved two main strategies to acquire Fe from the soil. Dicots and non-
graminaceous monocots use reduction-based strategy I. In this strategy, Fe is reduced from
the ferric (Fe**) to ferrous (Fe?*) form by a membrane-bound ferric reductase oxidase (FRO).
The reduced Fe is then transported into the root epidermal cells via another membrane-
localized iron-regulated transporter (IRT1). Phenolics, particularly coumarins and other
secondary metabolites such as flavins, are also secreted by the roots and can directly reduce
Fe3* and chelate both Fe (III) and Fe (II), thus improving Fe mobilization and reduction [8].
Strategy II is based on chelation of Fe and is used by graminaceous plants. It is dependent
upon the release of mugineic acid family phytosiderophores (MAs) in the rhizosphere that
chelate ferric iron. In rice, transporter of mugineic acids (TOM1) is involved in the secretion
of deoxy mugineic acid (DMA) from the root to the rhizosphere in Fe deficiency [9]. The
chelated Fe-phytosiderophore complex is then transported into the root via yellow stripe
(YS) and yellow stripe-like (YSL) transporters [10,11].

The traditional methods for alleviating Fe deficiency in agriculture include soil amend-
ment with Fe-rich fertilizers, e.g., Fe sulfate, Fe chelate, or Fe oxide. In addition, use of
Fe-rich organic matter, such as compost or green manure, is also considered. However,
these have certain limitations. For example, Fe-rich fertilizers are usually ineffective in
soils with high pH levels, as Fe is less soluble in alkaline conditions [12]. Moreover, even
though they are cost-effective, higher amounts need to be applied in soil, which can prove
to be toxic to plants and cause leaf damage or stunted growth. Fe fertilization with these
may provide a temporary boost to Fe levels in plants, but the effects are not long-lasting
and repeated applications may be necessary [13,14]. In addition, poor distribution of these
fertilizers may result from leaching or fixation in soil, thus decreasing their effectiveness.
On the other hand, chelated fertilizers, such as Fe-EDDHA, are effective even in alkaline
conditions, but they are uneconomic and their application is limited to cash crops [15].

Due to the limitations of conventional fertilizers, there is increasing interest in ex-
ploring more environmentally friendly solutions, such as manufactured nanomaterials.
Nanomaterials have unique properties, such as high surface area and reactivity, making
them ideal for plant nutrient supplementation. The use of nanoscale Fe particles can pro-
vide a more efficient and sustainable solution for Fe supplementation, as they can be more
easily absorbed by plants, reducing the amount of total fertilizer required [16]. Additionally,
the use of nanoscale Fe particles can help to alleviate the issue of soil alkalinity, as they
can be designed to release Fe at a specific pH level, improving the availability of Fe for
plants [17]. In agriculture, Fe-based nanomaterials have been studied for their potential
to alleviate Fe deficiency in crops. Recent studies have demonstrated that the application
of nanofertilizers, both through the root system and as foliar treatment, can dramatically
enhance plant growth and yield [18-20].

Fe exists as four main different forms in soils: (1) as Fe?* released from primary min-
erals such as silicates, borates, and sulfates; (2) as ferric oxyhydroxides after oxidation
and precipitation under aerobic conditions within the pH range of 5 to 8 (also known as
pedogenic Fe); (3) as soluble and exchangeable Fe; and (4) as short-range ordered crys-
talline minerals, including ferrihydrite and schwertmannite, which are bound to organic
matter [21]. Fe oxides that are most abundant in soil with low solubility include geothite
(x-FeOOH) and hematite (x-Fe,O3) [16,22].

Fe oxides are known to have high affinity for water, with the ability to absorb up to one
mole of excess H,O per mole of Fe oxide. The affinity of these oxides for water is further
increased by their small particle sizes, particularly at the nanoscale. In fact, nanoparticles
of hematite can form naturally in soil through nucleation when groundwater becomes
saturated with clusters of the same mineral phase. These nanoparticles are an important
source of bioavailable Fe, which is essential for plants and microorganisms to thrive, grow,
and diversify [23-25].

47



Plants 2023, 12,3104

In previous work, we compared various aspects of nanoferrihydrite and nanohematite
suspensions, including their utilization in providing Fe to plants [26]. It was found that
nanohematites performed better than nanoferrihydrites, and surfactants such as polyethy-
lene glycol polymers may increase the efficiency of nanohematites. In the present investiga-
tion, nanocolloid suspensions of hematites/ferrihydrites with different surfactant coatings
were assessed for their effectiveness as supplements in nutrient solutions and as foliar
sprays to address Fe deficiency in plants. By using these nanohematite /nanoferrihydrite
(NH) preparations, this study sought to identify the most effective application method to
enhance plant growth and alleviate Fe deficiency symptoms in cucumber model plants.

2. Results
2.1. Greening and Chlorophyll Concentration

In this study, three NH colloid suspensions differing mainly in the surfactant (PEG-
1500, NH-S1; Emulsion 104D, NH-S2; and SOLUTOL HS 15, NH-S3) used for stabilization
were used as amendments to nutrient solutions or as foliar fertilizers. For further character-
ization of the NHs, please see Section 4.2.

The roots of 2-week-old Fe-deficient (dFe) cucumber plants were supplied with a
nominal concentration of 20 uM Fe in NH-51-3 at two different pH values (unbuffered
acidic pH 6.0 and alkaline pH buffered at 8.5). Plants at acidic pH showed a remarkable
increase in chlorophyll (Chl) a+b content (Table 1). A significant 20-21-fold increase was
observed for all three NHs in comparison with dFe plants. The Chl a/b ratio decreased
when plants were supplied with NHs compared to dFe plants. Greening was also assessed
using a SPAD instrument. Within 24 h of NH supplementation, plants showed an increase
in the SPAD index. All three NH-treated plants exhibited a 13-14-fold increase in the SPAD
values of the 1st leaf after 6 days of treatment compared with the corresponding dFe plants.
For the 2nd leaves as well, in comparison to dFe plants, the SPAD values showed an 11-fold
increase. In general, the relative SPAD values for dFe leaves continued to decline with time
(Figure 1a,b). At pH 8.5, there was no greening at all and the Chl a/b ratio did not change
significantly either. (SPAD values are not shown).

Table 1. The chlorophyll content of dFe plants treated with NH-51-3 supplied in nutrient solutions at
two different pH values. Data are shown as mean =+ SD (n = 5). Significant differences between data
are shown by different letters, p < 0.05.

Chl a+b (ug/g FW) Chl a/b
Treatment
Acidic pH Alkaline pH Acidic pH Alkaline pH
NH-S1 1924.8 + 287.32 171.9 £28.99b 3.040.05° 3.040.22
NH-S2 2063.9 + 76.3 2 173.8 +28.30° 3.0+£0.09° 3.0 4+ 0.57
NH-S3 2092.9 4+ 171.8 168.2 + 39.80 29+0.03° 2.7 4028
sFe 255528 +191.76 2  2273.06 + 246.922 24+40.14P 2.8+0.03
dFe 922 +27.7P 162.6 + 70.97 P 49+1.032 2.8+ 0.54

In a preliminary experiment, it was found that NHs applied alone as foliar treatment
did not induce Chl synthesis. For this reason, we applied citric acid (Cit), ascorbic acid
(Asa), and glycine (Gly) as pre-treatments before the application of NHs. The leaves of
plants with foliar application of NH-51-3 demonstrated remarkable greening regardless
of the pre-treatment received. The SPAD values of both the 1st and 2nd leaves increased
significantly, ranging from 1.3- to 3-fold compared to their original values (Figure 1c,d) for
all NHs. However, the greening of leaves was not uniform across the blade, with small, dark
green spots corresponding to NH droplets clearly visible on the lamina (Supplementary
Figure S1). Nevertheless, with time, the young 2nd leaves exhibited subsequent growth in
surface area and increased overall greening.
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Figure 1. SPAD values of the 1st and 2nd leaves of dFe plants supplied with NH-51-3 in unbuffered
nutrient solution (a,b) and as foliar treatment combined with citric acid (Cit), ascorbic acid (Asa),
or glycine (Gly) pre-treatment (c,d) (dFe and sFe plants served as controls). Data are shown as
mean + SD (n = 5). Significant differences between data are shown by different letters, p < 0.05.
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2.2. Biomass and pH

Plants that were supplied with NHs in nutrient solutions at acidic pH showed an
increase in biomass after 6 days of treatment (Figure 2). NH-S2-treated plants showed
maximum gain in biomass, with a significant 2-fold increase in dry weight (DW) upon
comparison with dFe plants. Importantly, the biomass recorded for this treatment was
higher than that of Fe-citrate-treated control plants. The other two NHs also resulted in
enhanced biomass compared to dFe plants, in the order NH-S2 > NH-S3 = NH-S1, but
the change was not significant. For plants grown at alkaline pH, no significant change in
biomass was recorded when compared with dFe plants (data not shown).

0.30
a
0.25 + ab [
] ab
0.20 - j i
C l b
= 0.15- J [
O
0.10- |
0.05 -
0.00 : ; . . ;
NH-S1 NH-S2  NH-S3 sFe dFe

Figure 2. Total dry weight (DW) of plants grown in unbuffered nutrient solutions with 3 different
NHs after 6 days. Data are presented as mean + SD (1 = 5) significant differences between data are
shown by different letters, p < 0.05.

Regarding the pH of the unbuffered nutrient solution, there was smaller decrease in
the pH values of plants treated with NH-S1-3 at the end of experiment than that of dFe
plants (Table 2). As anticipated, the pH of the dFe plants decreased by approximately
one pH unit. The final pH difference between nutrient solutions of the NH-treated and
untreated dFe plants was significant whereas the 3 NHs were not different from each other.
For plants at alkaline pH, the final pH of the nutrient solution did not deviate significantly
from the original pH 8.5 as it was maintained by buffer (data not shown).

Table 2. The pH values of nutrient solutions 3 days after supplying NH-51-3 to dFe plants in
(unbuffered) nutrient solution or as foliar treatment. The initial pH values of the fresh nutrient
solutions were 4.91 for dFe, 5.50 for sFe, 4.81 for NH-S1, 4.71 for NH-S2, and 4.66 for NH-S3. Data are
presented as mean =+ SD (1 = 5). Significant differences between data are shown by different letters,
p < 0.05, where statistical analysis was run independently for hydroponic and foliar treatments.

Treatment Root Supply Cit FOliﬂzi;lpply aly
NH-S1 42740208 457 +0.03 2 436+ 0.19° 4.04+0.16"
NH-S2 439 4 0.25 4B 446 +0.17° 413 +0.13" 3.84 +0.15°
NH-S3 437 4+0.26 4B 4.60 & 0222 4.89 +0.05 2P 418 +035P

sFe 6.29 +0.08 A 597 +£0.202
dFe 3.88+£0.17C 4.07 +0.36°
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The pH of the nutrient solution of plants with foliar treatment, as an indicator of
the downregulation of Fe-efficiency reactions, was slightly influenced by the type of pre-
treatment they received. For all NHs, pre-treatments did not result in highly remarkable
changes in the pH of the nutrient solution. Pre-treatment with Cit and in case of NH-S3
with Asa seemed to result in higher pH values than the other treatments. Surprisingly, the
pH of plants pre-treated with Gly was remarkably low and for NH-S2, it was even lower
than that of the dFe plants.

2.3. Ferric Chelate Reductase Activity

As the plants grown at alkaline pH did not show promising greening, further mea-
surements were performed only for plants treated with nutrient solutions at unbuffered
pH and with foliar sprays. Three days after treatment, the root ferric chelate reductase
(FCR) activity was measured to evaluate the regeneration from Fe deficiency. The results
shown in Figure 3a clearly demonstrate that the FCR activity of all NH-treated roots was
significantly lower than that of dFe roots. The FCR activity of the roots of treated plants
was in the range of that of sFe plants grown with Fe-citrate.
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100 80 Bl sFe|
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e c b b
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® ©
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Figure 3. Ferric chelate reductase activity of the root tips 3 days after supplying NH-S1-3 to
dFe plants in (unbuffered) nutrient solution (a) or as foliar treatment (b). Data are presented as
mean £ SD (n = 5). Significant differences between data are shown by different letters, p < 0.05.

The root FCR activity of the plants supplied with NHs as foliar spray after 3 days of
treatment is shown in Figure 3b. All NH treatments resulted in significant suppression
of FCR activity (except for NH-51/Gly), suggesting that the plants could utilize Fe from
the supplied NHs. Interestingly, the pre-treatment spraying solution had a significant
impact modulating the effect of the NHs. The lowest FCR activity for all NHs was recorded
in plants pre-treated with Cit, with significant 4.62-, 3.31-, and 3.02-fold decreases after
NH-S3, NH-S2, and NH-S1 treatments, respectively, compared to the FCR activity of dFe
roots. Similarly, Asa pre-treatment caused a significant suppression of root FCR activity
for all three NHs, with 1.65-, 3.21-, and 1.88- fold decreases measured for NH-S3, NH-S2,
and NH-S1, respectively. In contrast, Gly pre-treatment had a relatively lesser effect on
FCR activity, with a 2-fold decrease only for NH-S3 and 1.7-fold decrease for NH-S2. For
NH-S1, Gly pre-treated plants had comparable FCR activity to that of dFe plants. Therefore,
these findings implied that pre-treatment of plants with Cit, Asa, and Gly had a significant
repressive effect on root FCR activity for all three NHs, except for Gly pre-treatment in
NH-S1-treated plants.

2.4. Photosynthetic Efficiency

Higher values of CO; assimilation rate (Apet) observed in Fe-citrate control and NH-
treated plants indicated their greater ability to photosynthesize and convert CO, into
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organic carbon compounds (Table 3). However, a negative Apet value was recorded for dFe
plants, indicating release instead of fixation of CO,.

Table 3. Photosynthetic and Chl a fluorescence induction parameters of plants after 3 days of
supplementation with NH-51-3 (CO, assimilation, Anet; maximum quantum efficiency of PSII,
Fv/Fm; actual quantum efficiency of PSII in light-adapted state, Fv’/Fm’; actual quantum efficiency
of PSII, ®PSII; quantum yield of CO2, ®CO,; non-photochemical quenching, NPQ). The NHs were
applied either in nutrient solution or as foliar treatment after pre-treatment with Cit, Asa, or Gly.
Untreated dFe and sFe plants served as controls. Data are presented as mean + SD (n = 5). Statistical
analysis was run independently for hydroponic and foliar treatments. Significant differences between
data are shown by different letters, p < 0.05.

Root Supply

Assimilation ®CO; (umol
(Apet) (umol Fv/Fm Fv'/Fm’ DPSII CO, pmol—1 NPQ
CO,m 2571 Photons)

NH-S1

12.901 +2.526 2

0.798 4 0.005 @

0.634 +0.034 2

0.478 £ 0.031 2

0.033 + 0.006 A

0914 £ 0.2422

NH-52

14.840 + 14262

0.798 4 0.001 @

0.641 £+ 0.025 %

0.488 4 0.029 @

0.036 + 0.003 A

0.832 £0.173 2

NH-53

14.251 +0.560 2

0.799 4 0.004 #

0.637 +0.001 2

0.487 £ 0.010 2

0.033 £ 0.002 A

0.921 £0.124 2

sFe

14.156 +3.421%

0.806 4 0.004 #

0.650 £ 0.027 @

0.491 £ 0.046 2

0.033 + 0.007 &

0.8454+0.130 2

dFe

—0.506 4 0.123 P

0.570 + 0.047

0.389 + 0.125 P

0.090 + 0.009 b

0.003 + 0.003 b

0.574 +0.130®

Foliar supply

NH-S1

Cit

9.596 + 2.374 2P

0.805 4 0.002 #

0.568 £ 0.007 @

0.388 + 0.015 2P

0.025 £ 0.004 @

1.351 £0.1052

Asa

10.725 + 3.810 @

0.807 + 0.006 2

0.587 4+ 0.045°

0.426 + 0.041 2

0.028 + 0.006 @

1.309 £0.3172

Gly

11.193 +3.895 ab

0.809 4 0.002 2

0.593 +0.0152

0.426 + 0.031 2

0.029 £ 0.008 @

1.204 £0.128 2

NH-52

Cit

6.423 + 0.356 P

0.772 +0.002 2

0.532 £ 0.0422

0.324 + 0.046 ©

0.024 £ 0.004 @

1.111 £0.199 2

Asa

9.618 +2.917 2

0.777 4+ 0.008 @

0.586 & 0.047 @

0.401 + 0.089 2P

0.026 £ 0.004 @

1.196 £ 0.447 2

Gly

10.241 + 1.368 2P

0.776 £ 0.008 2

0.611 £+ 0.026 @

0.434 £ 0.017 2

0.035 4+ 0.0112

0.867 +0.079 #

NH-S3

Cit

4.835+1.478°

0.790 4 0.009 @

0.579 +0.038 @

0.286 + 0.047 ©

0.020 £ 0.005 @

1.082 £0.387 @

Asa

6.308 £ 1.163 P

0.777 £ 0.009 @

0.596 + 0.062 @

0.319 + 0.033

0.023 4+ 0.003 @

0.941 +0.501 @

Gly

5.999 + 1.689 b

0.776 +0.013 2

0.588 £ 0.036 2

0.322 + 0.046 ©

0.022 £ 0.005 @

0.972 +£0.3202

sFe

14.770 +3.799 @

0.797 £ 0.006 2

0.637 +£0.031

0.463 4+ 0.051 2

0.040 £ 0.006 @

0.821 £ 0.186 2

dFe

—1.950 + 0.656 ¢

0.473 +0.051 P

0.313 + 0.076 ®

0.043 + 0.006 ©

0.004 + 0.001 P

0.462 + 0.187 P

The efficiency of the photosystem in fixing CO, was assessed by measuring ®CO,,
which represents the quantum yield of CO, fixation during photosynthesis. The dFe plants
exhibited significantly lower ®CO, values compared to Fe-citrate control and NH-treated
plants, indicating poor performance in fixing the incoming CO; (Table 3). This reduced
CO;, fixation was attributed to the observed lower biomass as well as the reduced plant
growth and productivity in dFe plants. Foliar spray-treated plants also showed a signif-
icant increase in ®CO, (0.0262 4 0.0070 pmol umol~! photons) compared to dFe plants
(0.00499 = 0.00214 pumol umol ! photons).

The maximum quantum efficiency of photosystem II (Fv/Fm) of plants supplied
with NHs in nutrient solution was in the healthy range compared to sFe plants (Table 3).
Similarly, NH-S1 applied via the foliar method, regardless of pre-treatment, as well as
NH-S2 with Cit pre-treatment caused full recovery. NH-S2 with Asa and Gly and NH-S3
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with all pre-treatments also caused a significant increase in the Fv/Fm values of leaves
compared to dFe plants; however, they did not reach the optimal range.

Similarly, the actual quantum efficiency of photosystem II (PSII) in a light-adapted
state (Fv’/Fm’) showed recovery for all NH-treated dFe cucumbers, as the values reached
the same levels as Fe-citrate control plants, with a 68% recorded increase compared to dFe
plants (Table 3). Additionally, for all foliar treatments, a significant average increase of 88%
in Fv’/Fm’ (0.582 + 0.044) was observed compared to dFe plants, which approached that
of Fe-citrate control plants.

The actual quantum efficiency of photosystem II (PPSII) for all plants (root-applied
NHs) was in the same range as that of Fe-citrate control plants (0.47 £ 0.028) (Table 3). The
@PSII value was recorded to be much lower for dFe plants, which was 80% less than that
of Fe-citrate control plants. Additionally, for foliar spray-treated plants, the ®PSII values
increased significantly, but slightly lower values were recorded for NH-S3 than for the
other two NHs.

In the presence of Fe deficiency stress, the non-photochemical quenching (NPQ) values
demonstrated a marked reduction, indicating an impairment of both electron transport
and proton pumping, which are critical for photosynthesis (Table 3). Fe-deficient plants,
therefore, face a challenge in curbing the excess energy that may lead to photodamage
and reduced photosynthetic efficiency. However, plants treated with NHs, both via foliar
and root application, as well as Fe citrate control plants, exhibited NPQ values that were
comparable in range. This suggested that they effectively dissipated excess energy and
potentially experienced photoprotection under conditions of stress.

2.5. Element Analysis

The 2nd leaves of plants supplied with NHs in nutrient solution were analyzed for
Fe, Mn, and Zn concentrations. The NH-treated plants successfully internalized the Fe
originating from NHs, as shown in Figure 4. The Fe concentration doubled in NH-treated
plants, but it did not reach that of sFe plants. This was accompanied by a visible but yet
non-significant reduction in the uptake of Mn and Zn. The levels of Mn and Zn rose more
than 2.3- and 2.6-fold in dFe plants in the absence of Fe in comparison with Fe-citrate
control plants.

1000 -
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a
= 1l a |
a 600 a
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D 400
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b ik ﬂ |
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b & {—‘
0 T T T T I—{_‘ T
NH-S1 NH-S2 NH-S3 sFe dFe

Figure 4. Element analysis of the 2nd leaves of plants treated with NH-51-3 supplied in nutrient
solution after 6 days. dFe and sFe plants served as controls. Data are presented as mean + SD
(n = 5). Statistical analysis was run independently for different elements. Significant differences
between data are shown by different letters, p < 0.05.
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NH-S1/Cit

NH-S1/Asa

2.6. X-ray Fluorescence Mapping of the Leaves

X-ray fluorescence mapping was performed on arbitrarily chosen sections of the
2nd leaves of plants to observe the distribution of Fe in comparison with well-detectable
macroelements such as K and Ca (Figure 5). The macroelements showed well-characterized
distributions in the leaves, with high intensity. In sFe plants, Ca showed accumulation
especially in small-concentrated patches that were evenly distributed and in the veins. In
dFe plants, the distribution was similar but the intensity was much lower, indicating lower
concentrations. Potassium showed more uniform distribution in the interveinal sections,
but its accumulation was confined to the major and minor veins in both sFe and dFe plants.
This distribution was primarily observed in plants after application of foliar treatment. Iron
accumulation was seen in sFe plants but not in untreated dFe plants. Patches of Fe were
also seen on NH-53/Cit and NH-S3/Gly leaves, obviously due to treatment solution dried
on the surface, but not in other cases. A well-detectable Fe intensity was seen in NH-51/Cit,
NH-S1/Gly, NH-52/Cit, and NH-52/ Asa, whereas in other treatments, the Fe intensity
was much lower although the amount of Fe applied in the NH treatments was the same.

NH-S1 NH-S2 NH-S3

NH-S1/Gl NH-S2/Cit NH-S2/Asa  NH-S2/Gl NH-S3/Cit _ NH-S3/Asa NH-S3/Gly _

Figure 5. Representative X-ray fluorescence maps of arbitrarily selected leaf sections from the
2nd leaves of plants harvested 3 days following foliar treatment. Panel (a) demonstrates leaves of
control plants (sFe and dFe) and plants treated with NH-S1-3 supplied in nutrient solution, while
panel (b) exhibits leaves of plants treated with NH-S1-3 applied as foliar spray and pre-treated with
Cit, Asa, or Gly. Data for optical images were collected for about 150 min at K& emission for Ca, Fe,
and K (peak emissions are 3.69, 6.40, and 3.31 keV, respectively).
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3. Discussion

In this investigation, three NH colloid suspensions with different coatings, when
supplemented in unbuffered nutrient solution at a nominal concentration of 20 uM, were
found to ameliorate Fe deficiency symptoms in cucumber plants. The treated dFe plants
showed enhancements in biomass, chlorophyll content, and improved photosynthetic
efficiency. All of these indicate a metabolic shift towards Chl synthesis and assimilation
of the photosynthetic apparatus. Furthermore, the acidification of the nutrient solution
and FCR activity of the root tips decreased, which showed downregulation of the high-
affinity Fe uptake system [27]. Element analysis of the 2nd leaves confirmed that the plants
were able to efficiently take up and utilize Fe from all three NHs at unbuffered pH. On
the contrary, when the NHs were supplied in nutrient solutions buffered to pH 8.5, no
improvements were found in the measured parameters and the plants remained Fe deficient.
Various studies have been carried out to understand the effect of hematite particles on
plants. Boutchuen et al. [18] applied hematite NPs of ~16 nm at low (0.022 g~L*] Fe) and
high (1.1g-L~! Fe) concentrations to seeds of four different commercial crops, resulting
in 230-280% increases in plant growth. The treatment also increased the survival span of
plants, doubled fruit production per plant, accelerated fruit production by nearly two times,
and produced healthy second-generation plants with slight species-specific variations. In a
recent study by Ndou et al. [28], green-synthesized hematite NPs (average NP diameter of
18 nm) positively impacted sorghum bicolor growth and inhibited the oxidative damage
of proteins, DNA, and lipids by enhancing nutrient uptake and osmoregulation under
drought conditions. Rath et al. [29] also demonstrated enhanced seed germination for
Triticum aestivum, fenugreek (Trigonella foenum-graecum), Bengal gram (Cicer arietinum),
and broad bean (Vicia faba) in the presence of a low amount of hematite NPs (20 mg-L~1).
Similarly, Pariona et al. [20] studied the effect of hematite NPs (100 nm, ovoid and rounded
shape) on Zea mays and reported enhanced growth and chlorophyll content of maize
seedlings. All of these results are in accordance with the positive effects of NHs found in
our study.

We also studied the effectiveness of the three NHs as foliar fertilizers applied on dFe
model plants. However, in a preliminary experiment, it was found that NHs applied on the
leaves alone was not effective at all. Therefore, we examined the ability of three different
pre-treatments (Cit, Asa, and Gly) to facilitate Fe uptake from the supplied NHs.

Various studies have explored the biostimulatory effects of organic and amino acids
on plant growth and nutrient uptake enhancement under various biotic and abiotic
stress conditions [30-32]. Rasp [33] found that foliar spraying of amino acids and FeSO4
was more effective in promoting the absorption, translocation, and utilization of Fe in
grapevine plants compared to FeSO, application alone. Additionally, studies by Tejada and
Gonzalez [34] with asparagus (Asparagus officinalis L.) plants demonstrated the beneficial
effects of amino acids, including increased root and shoot growth and chlorophyll content
in leaves. Sanchez-Sanchez et al. [35,36] also observed that soil application of amino acids
mixed with Fe-EDDHA improved Fe uptake and several fruit quality parameters in citrus
and tomato plants. Most recently, Rajaie and Tavakoly [37] found that citric acid and sulfu-
ric acid enhanced the leaf chlorophyll content of orange trees, indicating their role in the
remobilization of already existing Fe in leaves. The improvement of plant Fe nutrition could
be attributed to the ability of amino acids to act as natural chelators and efficient carriers
of Fe into plants, as well as their effects on metabolism and plant physiology, such as the
stimulation of H*-ATPase and FCR activity and increased cell membrane permeability, as
suggested by Sdnchez-Sénchez et al. [35,36].

When we applied Cit, Asa, or Gly as a pre-treatment, it was found that Cit was the
most effective regardless of the NH used. Plants treated with Cit had the lowest FCR
activity and higher Fe accumulation compared to those treated with Gly or Asa. It is well
established that Cit, succinic acid, and malic acid are involved in Fe metabolism [37]. Cit,
specifically, serves as an intermediate in the Krebs cycle and forms a crucial Fe (Ill)-citrate
complex that is highly mobile and facilitates the transport of Fe between various plant
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compartments over long distances [38,39]. The applied Cit may mobilize and complex
ferric Fe from the applied NHs. Thus, Cit proved to be an effective pre-treatment solution
for the NH foliar fertilizers, enhancing Fe utilization by the leaves and leading to the
downregulation of root FCR activity in our model plants.

Another compound we applied as a pre-treatment, Asa, is a well-known acid for its
ability to effectively scavenge oxidative stress and reduce the production of free radicals
caused by abiotic stress factors [40]. Applying Asa to the leaves of plants can stimulate
the plant’s natural production of Asa, helping to mitigate stressful conditions [41,42]. Asa
also plays a critical role in maintaining essential plant processes, such as photosynthesis,
cell wall expansion, plant hormone production, regulation of antioxidant systems, and ion
uptake, thereby increasing yield [43]. In vivo and in vitro studies have provided evidence
that Asa can promote Fe solubility in mammals [44,45].

Several studies have investigated the use of Asa to promote plant growth. For instance,
Shokr and Abdelhamid [46] found that foliar spraying of Asa resulted in improved vegeta-
tive growth and yield, and increased soluble solid substances and pigment constituents in
pea (Pisum sativum L) plants compared to untreated controls (tap water). Similar results
were observed in lettuce (Lactuca sativa L.) by Shafeek et al. [47] and in soybean (Glycine
max L var. klark) by Mansour [48], where foliar spray of Asa led to significant increases
in growth, yield, and nutritional content in the leaves. Ramirez et al. [49] reported that
supplementing Arabidopsis seedlings with Asa had protective effects against Fe deficiency,
maintaining chlorophyll content without increasing the internal Fe concentration. The
authors suggested that this could be due to the antioxidant properties of Asa, as the pro-
tective effect was correlated with decreased levels of reactive oxygen species (ROS) and
higher activity of ascorbate peroxidase, thereby maintaining cell redox homeostasis in
Fe-deficient plants. In the present study, pre-treatment with Asa resulted in improved Fe
utilization from the NHs by cucumber plants, similar to Cit pre-treatment, with lower root
FCR activity (especially in case of NH-52) compared to dFe plants.

Glycine is a commonly used amino acid in plant nutrition and is often utilized in the
production of various amino-chelate fertilizers. External application of Gly can enhance
the nitrogen status and concentration of mineral elements in plants [50]. Souri et al. [51]
demonstrated that both foliar and soil application of Fe-glycine chelate resulted in a
substantial improvement in the growth, yield, and quality characteristics of bean plants
(Phaseolus vulgaris L.), even more so than Fe-EDDHA. Similarly, the application of Gly
through Hoagland nutrient solution significantly increased leaf SPAD value and the fresh
and dry weights of shoots and roots in coriander (Coriandrum sativum) plants, as reported
in [52]. Noroozlo et al. [53] also showed that foliar application of Gly led to a significant
increase in leaf Fe concentration compared to control Romain lettuce (Lactuca sativa subvar
Sahara) plants. The latest study by Xu et al. [54] provided evidence using dual-isotope
labeling tests that the presence of nitrogen in glycine can negatively influence Zn absorption
by the leaves of waxy corn (Zea mays L. var. ceratina Kulesh), despite the fact that ZnGly
facilitated the storage of Zn in the seeds, with improved Zn use efficiency. In the current
study, pre-treatment with Gly improved the Fe utilization efficiency from the NHs in
cucumber plants, as indicated by the increase in chlorophyll content and photosynthetic
efficiency. However, the pH values of the nutrient solutions remained in the range of dFe
plants for all NHs and the root FCR activity decreased only in case of NH-52 and NH-S3,
whereas it remained high for NH-S1.

The utilization of Fe in the mesophyllum tissues of treated leaves was also examined
using XRF spectroscopy. The highest intensity was found in the case of macroelements
such as Ca and K. Ca distribution in the leaf is determined by its accumulation in the cell
walls and apoplastic spaces, especially around stomatal guard cells [55]. This was clearly
seen in sFe plants and those treated with the three NHs in nutrient solutions. However, the
Ca distribution in plants treated with NHs through the leaves resembled that of dFe plants.
K distribution was mostly confined to the main veins, as it is delivered to leaves through
the xylem in high concentrations. This provides a perfect orientation in leaf surface images,
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which is particularly useful in analyses of trace elements in low concentrations, such as
Fe [56].

In the case of NHs applied in nutrient solution, a healthy delivery of Fe was found as
compared to its distribution in sFe plants. Certainly, the intensity was much lower as the
time of Fe supply was much shorter. In case of foliar application, NH-S1/Cit, NH-S1/Gly,
NH-S2/Cit, and NH-S2/ Asa also resulted in Fe distribution similar to that in sFe plants, as
the veins were identified and the interveinal sections also had homogeneous Fe intensity.
In the case of NH-S3, Fe intensity was much less confined to the veins in Cit and Asa pre-
treatments. As the Fe in foliar treatment of dFe plants was not delivered from the nutrient
solution, we suggest that Fe intensity confined to the veins may indicate its accumulation
in sieve elements for distribution in the plant.

4. Materials and Methods
4.1. Plant Material

Cucumis sativus L. cv. Joker seeds were used. Seeds were first germinated on wet
filter paper in darkness at 30 °C for 2 days, followed by 24-hour incubation with 0.5 mM
CaS0Oy solution in darkness to stimulate elongation of the hypocotyl. The seedlings were
then transferred to a modified quarter-strength unbuffered Hoagland solution containing
1.25 mM KNO3, 1.25 mM Ca(NO3),, 0.5 mM MgSOy, 0.25 mM KH,POy, 11.6 uM H3BO;3,
4.5 uM MnCly, 0.19 uM ZnSOy, 0.12 uM NayMoQOy, and 0.08 uM CuSO, (Fe-deficient
plants). Fe-sufficient plants were grown in the same solution but with 10 uM Fe (III)-
citrate. Another set of plants was grown in nutrient solution buffered to pH 8.5. In order
to maintain the desired pH value, 1 mM KHCOj; and 0.3 g CaCO3; were added to each
pot. In this case, Fe-sufficient plants were grown with Fe (III)-EDDHA. Each plant was
grown in a single plastic pot with 400 mL nutrient solution, which was replaced every other
day for 2 weeks. The plants were grown in a climate-controlled growth chamber with a
120 umol s~ 'm 2 photosynthetic photon flux density and 14/10 h (light/dark) photoperiod,
with temperatures of 20-26 °C and a relative humidity of approximately 70/75%. The
experiments were conducted using 2-week-old Fe-deficient plants.

4.2. Treatment with Nanomaterials

Three NH colloid suspensions were applied in the experiments, which were prepared
together in one synthesis process investigated and described in our previous study [26].
The different suspensions characterized by transmission electron microscopy and X-ray
diffraction were originally ferrihydrite with a particle size of 4-7 nm (PEG-1500 coating, NH-
S1), nanohematite with a particle size of 12-25 nm (Emulsion 104D coating, NH-S2), and
nanoferrihydrite/nanohematite with a particle size of 4-8 nm (SOLUTOL HS 15 coating,
NH-S3) [26]. With aging there was a slow conversion of the particles towards nanohematite
components. The NHs were stabilized with different coating agents: PEG-1500 (NH-S1),
Emulsion 104D (NH-S2), and SOLUTOL HS 15 (NH-S3). The nanomaterial treatments
were applied to Fe-deficient plants in nutrient solution or as foliar fertilizer. In the nutrient
solutions, the equivalent amount of NH suspension was added to give a 20 uM nominal
concentration of Fe. In the foliar treatment, the NH suspensions were applied to the 2nd
leaves of plants twice a day for 2 days in a nominal concentration of 2 mM Fe. Prior to
foliar spray treatment with the NH suspensions, the leaves were sprayed with Cit, Asa, or
Gly solution at a final concentration of 0.5 mM, prepared in 0.02% nonit as a surfactant.

4.3. Physiological Parameters

Chlorophyll content was estimated non-destructively using a SPAD-502+ Chlorophyll
Meter device (Konica-Minolta, Osaka, Japan) for 4 days starting from the day of treatment
in both cases.

Three days post-treatment, disks were cut from the 2nd leaves using a cork borer
and the chlorophyll was extracted in 80% acetone (V/V) and 5 mM Tricin buffer (pH 7.5)
using a mortar and pestle. After centrifugation at 10,000x g for 5 min, the chlorophyll
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concentration was measured using a UV2101 spectrophotometer (Shimadzu, Kyoto, Japan)
with the extinction coefficients of Porra et al. [57].

Total dry weight of the plants was determined after drying at 80 °C for 2 days.

Gas exchange and photosynthetic activity were measured using an LI-6800F portable
photosynthesis system (LICOR Biosciences, Lincoln, NE, USA) with a 2 cm? aperture
for leaf samples. The applied parameter settings were as follows: CO, concentrations of
400 umol mol~! air, relative humidity of 60%, with a flow rate of approximately
600 umol s~ 1. To induce Chl a fluorescence, leaves were dark-adapted in the leaf chamber
of the device until reaching a stable fluorescence signal in approx. 20 min. An actinic
radiation of 600 umol photons m~2 s~ PPED was applied. Measurements of different pho-
tosynthetic parameters (Anet, Fv/Fm, Fv'/Fm’, ®PSII, $CO,, and NPQ) were performed
between 9 a.m. and 5 p.m. on the 2nd leaves 3-4 days post-treatment. The parameters
used in this study were defined and calculated using the instrument’s internal software:
https:/ /www.licor.com/documents/ajncmgtxtonajwvs3nehxxwbu9dlfai (accessed on 5
August 2023).

4.4. X-ray Fluorescence Imaging

Once the treatment was completed, the 2nd leaves were collected and dried at 60 °C
under press, ensuring a smooth surface of the leaf blade. X-ray fluorescence (XRF) analysis
was conducted using an XGT-7200 V analytical imaging instrument (Horiba, Osaka, Japan)
equipped with a Rh X-ray tube and silicon drift detector (SDD). The sample was positioned
in the measuring chamber at atmospheric pressure and room temperature. Acceleration
voltage and current of 50 kV and 1 mA, respectively, and an X-ray guide tube of 100 pm
were employed. The element distribution maps were prepared using the characteristic
Ko photons emitted by the Fe (6.405 keV), Ca (3.692 keV), and K (8.637 keV) atoms and
detected by the SDD. A mapping area of 15.36 x 15.36 mm was analyzed, with 1000 s
survey time per frame, and data were collected 5 times per pixel.

4.5. Ferric Chelate Reductase Assay

The ferric chelate reductase assay was conducted according to the method used
by Kovacs et al. [58]. Spectrophotometric measurement of the absorbance of the [Fe(II)-
bathophenanthroline disulfonates]*~ complexes was performed at a wavelength of 535 nm
using a Shimadzu UV-2101PC spectrophotometer (Shimadzu, Kyoto, Japan). The extinction
coefficient of the complex used for calculations was 22.14 mM~! em™!, as reported by
Smith et al. [59].

4.6. Element Analysis

Element concentration estimation was performed after acid digestion of dried plant
samples. The samples were dried for two days at 85 °C and then digested in ccH,O, for
1 h, followed by the addition of ccHNO3, and incubation for 15 min at 60 °C and 45 min
at 120 °C. The resulting solution was filtered through MN 640 W filter paper (Macherey-
Nagel, Diiren, Germany) and thoroughly homogenized. The filtrate was then analyzed
for elemental content using an inductively coupled plasma-optical emission spectrometer
(ICP-OES) (Spectro Genesis, SPECTRO, Freital, Germany) with the help of a multi-element
standard for 33 elements (Loba Chemie Product code: 1166N, Loba Chemie PVT, Mumbai,
India) used for calibration.

4.7. Statistical Treatment

The experiments were performed twice. To analyze differences, ANOVA was per-
formed with the Tukey-Kramer multiple comparison post hoc test using InStat v. 3.00
software (GraphPad Software, Inc., San Diego, CA, USA). A significant difference was
considered when the similarity of the samples was less than p = 0.05.
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5. Conclusions

In our study, three NH colloid suspensions with different coatings were applied
as nanofertilizers through nutrient solution or as foliar spray to young dFe cucumber
plants. The results demonstrated that the NHs effectively improved various physiological
parameters and overall growth when administered via both routes, underscoring their
efficacy as nanofertilizers. However, it was noted that the NHs did not yield significant
growth and physiological improvement when applied in nutrient solution at alkaline
pH levels, as none of the coating materials were effective in maintaining continuous Fe
supply. The introduction of three different pre-treatments (Cit, Asa, and Gly) prior to foliar
spraying remarkably facilitated Fe uptake by the leaves, leading to enhanced photosynthetic
parameters and reduced root ferric chelate reductase activity, indicating the downregulation
of Fe efficiency reactions. The different coatings did not result in significantly different
micronutrient efficiency; they performed equally well. Overall, the NHs assessed in this
study hold promise as valuable sources of Fe, offering a potential solution to address Fe
deficiency in agricultural settings.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants12173104/s1, Figure S1: Representative 2nd leaves post
NH supply.
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Abstract: The present experiment addressed the effects of foliar sprays of different iron (Fe) concen-
trations (mg L71),ie, 2.8 (Fel), 4.2 (FeII), and 5.6 (Fe III), as well as an ionic derivative of salicylic
acid (iSal) in two doses (10 and 20 mg L’l) on lettuce yield, chlorophyll and carotenoids content, and
fluorescence parameters. Chemicals were used individually and in combinations two times, 23 and
30 days after the plants were transplanted. This experiment was carried out in a climate chamber.
The Fe and iSal applications generally (except Fe IiSal, 10 mg L~!; Fe I iSal, 20 mg L~; and Fe III iSal,
20 mg L~1) did not influence the fresh and dry matter content. The concentration of chlorophylls and
carotenoids was reduced for all treatments in comparison to the control (without spraying). The Fe
content in leaves was promoted in the Fe-treated plants (+70% for Fe III + iSal, 10 mg L™, and Fe I).
The iSal treatment promoted the Mn content. For most combinations, the Zn and Cu accumulations,
as well as the fluorescence parameters, decreased after the foliar spray applications. Overall, our
study revealed the effectiveness of Fe-DTPA chelate, but not iSal, in increasing the Fe content of
lettuce grown in soilless cultivation systems.

Keywords: Fe chelate; biofortification; foliar spraying; exogenous salicylic acid

1. Introduction

Lettuce is one of the most widely consumed vegetables worldwide, but its nutritional
value has been underestimated. Lettuce is low in calories, fat, and sodium. It is a good
source of fibre, iron, folate, and vitamin C. Lettuce is also a good source of various other
health-beneficial bioactive compounds, like phenolic compounds and carotenoids [1].

Iron (Fe) is a very important micronutrient for both plants and humans. It participates
in processes such as photosynthesis, respiration, and oxygenation [2]. However, about two
billion people suffer from anaemia, primarily due to a diet low in Fe [3]. In addition, its
phytoavailable concentration (10717 M) does not reach the optimal range for plant growth
(107°-10~* M) [4]. It should be further noted that Fe is poorly absorbed by the human
body, with only about 14-18% of Fe available in food being bioavailable. [5]. Therefore, one
way to solve the above problems may be to increase Fe in plant foods [6]. This condition
can be achieved by biofortifying plants with a specific element [7]. A safe way to carry
this out is through soilless cultivation, where it is possible to control water availability, pH,
and nutrient concentration in the root zone [8]. Biofortification is carried out by increasing
the level of a specific element in the nutrient solution. Additionally, in the case of Fe, its
bioavailability can be increased by managing the pH in the nutrient solution [9]. Since, as
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mentioned above, Fe is not easily assimilated by plants and excess Fe can be harmful to
plants (DNA and protein damage) and cause stress conditions for plant growth [10], using
biostimulants or growth inducers that will alleviate the effects of stress and increase Fe
assimilation is most appropriate.

According to the European Council Regulation (EC) No. 2019/1009, certain substances,
mixtures, and products of microorganisms have been defined as plant biostimulants, and
they can be used as fertilizer products according to the European Union (EU). Their task
is to stimulate the nutritional processes of plants independently of the nutrient content of
the product for the sole purpose of improving one or more of the following plant or plant
rhizosphere characteristics: nutrient use efficiency, tolerance to abiotic factors and stress,
quality characteristics, or the availability of limited nutrients in the soil or rhizosphere [11].

Several studies have shown that biostimulants of various origins can improve the up-
take of nutrients, including minerals, in plants [12,13]. Among other things, biostimulants
improve the plant uptake of Ca, Mg, and K [14]. Plant biostimulants also enhance the ion
ratios of Na*:CaZ* and Na*:MgZJr in lettuce leaves [15].

One natural biostimulant is willow bark. The extract of this herbal raw material
contains salicylic acid (SA). One of its characteristics is its strong fungicidal properties [16].
Another way in which salicylic acid and its ionic derivatives, such as choline salicylate,
interact with plants is by influencing signalling pathways, leading to the induction of
systemic acquired resistance (SAR) [17,18]. In our previous studies, we demonstrated that
the derivatization of another well-known plant resistance inducer from the benzothiadia-
zole group leads to an increased expression of genes encoding pathogenesis-related (PR)
proteins [19]. The effectiveness of SAR inductors has been confirmed in practice in various
tested crops, where the activation of the immune system was observed by a reduction in
the occurrence of diseases [20,21]. Moreover, it was found that the induction of resistance
is correlated with the stimulation of plant metabolism, providing lasting beneficial effects
to a diverse range of crop plants [22,23].

Some researchers suggest that SA plays an important role not only in protecting
plants from disease but also in thermogenesis, abiotic stress and salinity tolerance, DNA
damage/repair, seed germination, fruit yield, etc. [24]. According to recent studies, it can
also be used for rooting woody (lavender) and semi-woody (chrysanthemum) cuttings [25]
due to the presence of indole 3-butyric acid (IBA), as well as maize seedling production
under salt stress conditions [26]. There was also determined to be a positive effect of
salicylic acid contained in willow extract on some macronutrient uptake in lettuce [15].

The chemical composition of willow extract and the amount of salicylate compounds
can vary depending on the age of the plant, the date of harvest of the herbaceous material,
tissue, genotype, and species, as well as various environmental factors [27], so it was
reasonable to create a synthetic SA with established and stable properties.

The conducted study aimed to evaluate the possibility of iSal (an ionic derivative of
salicylic acid) application to modify the iron nutritional status of lettuce (Lactuca sativa L.
cv. ‘Zeralda’).

2. Results and Discussion
2.1. The Yield

The spray applications of both Fe and iSal did not affect the fresh weight of lettuce
(Table 1). The application of the highest doses of Fe and Fe I'iSal (10 mg L~1), FeIiSal
(20 mg L~1), and Fe IIT iSal (20 mg L !) increased dry matter yield relative to the control.
The other combinations resulted in similar dry matter yields and DM percentages.

In earlier studies, increasing Fe dosage (ranging from 0.9 to 25 mg L) caused a decrease
in the fresh weight of biofortified plants [28]. This was related to Fe toxicity above a certain
level of doses used in biofortification [9]. Excess Fe levels in plants cause an increase in reactive
oxygen species (ROS) production, oxidative stress responses, and physiological disorders [29].
In the current study, no symptoms of toxicity were observed, which means that the doses
used in this experiment were safe for plants [30]. According to Filho et al. [28], for Cichorium
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intybus cultivated in an NFT, the optimal Fe range was from 2.7 to 8.3 mg L. In the current
experiment, the Fe doses applied resulted in a higher dry matter yield and % dry matter
content. In particular, the highest Fe dose (Fe III, 5.6 mg L~ 1) resulted in a greater dry mass.
Interestingly, in another experiment, the dry matter content (%) in lettuce increased as the Fe
dose increased, and in turn, the dry matter yield decreased [31]. It is worth noting that in this
study, there was no effect of iSal on the lettuce biomass.

Table 1. The influence of the Fe and iSal applications on the yields of plants.

Treatment Fresh Yield (g) Dry Matter Yield (g) % DM
Control 2322a* 132a 570a
Fel 25.17 a 1.62 cd 6.46 abc
Fell 24.89 a 1.58 bed 6.35 abc
Fe Il 25.19a 1.64 cd 6.51 bc
iSal 10 mg L1 2357 a 1.38 ab 5.86 ab
iSal20 mg L1 2394 a 1.50 abed 6.25 abc
FeliSal 10 mgL™! 2436a 1.55 bed 6.38 abc
FelliSal 10 mg L~? 24.08 a 1.44 abc 6.01 abc
FeTlliSal 10 mg L1 23.06 a 1.48 abed 6.42 abc
FeliSal 20 mg L™! 2433 a 1.57 bed 6.50 abc
FeITiSal 20 mg L ! 24.18 a 1.50 abed 6.20 abc
FeTlliSal 20 mg L1 25.02a 1.66d 6.62 c

* Data followed by the same letter do not differ significantly at oc = 0.05 for each parameter.

2.2. Microelement Content and Uptake

The applied sprays with iron as well as iSal modified the content and uptake of
microelements by the lettuce leaves (Table 2). Each of the foliar spray treatments increased
the Fe content in the lettuce leaves. The highest amount was obtained for the highest level
of Fe with 10 mg L1 iSal (70% more than in the control). However, it is worth noting
that spraying only iSal or spraying iSal at a dose of 20 mg L~! with added Fe had less
effect on the content of this microelement in the leaves compared to the other foliar spray
treatments. Similarly, spraying only Fe significantly increased the Fe uptake by the lettuce
plants compared to the control combination, but the application of only iSal did not affect
Fe uptake as strongly. Iron bioavailability may be affected by polyphenols due to the high
affinity of these compounds for this mineral [32]. This may have been the reason for the
reduction in the Fe content in the leaves when a higher dose of iSal was applied. The use of
Fe biofortification also proved to be effective in increasing the Fe content in the cultivation
of lettuce in some previous studies [7,31,33].

The well-known antagonistic effect of Fe on Mn absorption was not found in the
conducted studies. In general, the treatments resulted in a higher Mn content in the leaves
and a higher uptake by the leaves compared to the control combination. However, the
Mn content of the lettuce leaves and the uptake by the leaves varied widely. The lowest
content was obtained for the Fe IiSal 10 mg L~! combination. Also, the treatments of Fe
I'and Fe IT with 10 mg L~ of iSal obtained a lower uptake, similar to that of the control
combination. The lettuce treated Fe I and with a 20 mg L.~! iSal dose was characterised
by the highest Mn content and uptake, significantly higher compared to treating plants
with Fe I alone. We can conclude that the low doses of applied Fe with high doses of iSal
reduced the Mn content and uptake compared to the control. The application of 10 mg L~
of iSal alone also had a positive effect on the Mn content, as did the application of Fe Il and
Fe III. Previous studies have shown that foliar Fe application had much less or no effect
on Mn uptake and content in soybean [34] and chickpea plants [35]. In chickpeas, foliar
Fe and Mn additions increased the average Fe concentration and uptake in shoots. The
antagonism of the two elements mainly occurs in the soil fertilization of plants through
the negative effect of Fe on the translocation of Mn from the root to the shoot [35]. Our
research resulted in a low Fe:Mn ratio. The Fe: Mn ratio varied from 1.6 to 1.0 in the leaves,
which resulted from high levels of Mn in the leaves. At the molecular level, excess Mn
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may prevent the uptake and translocation of other essential elements, including Fe [36].
However, there was no negative effect of high Mn levels on the uptake of Fe and Fe content
in the leaves. In another study, the application of two levels of Fe (1 and 2 mmol L1 of
Fe, in chelate form) in a nutrient solution also significantly increased the Mn as well as Zn
content of lettuce leaves [37]. However, in these studies, the Fe:Mn ratio was much higher
at 3.5 and 4.0 for the Fe-enriched nutrient solutions and 2.2 for the control, respectively.
This may have been because the plants were fertilised with Fe-enriched nutrient solution
all the time.

Table 2. The influence of the Fe and iSal applications on the content (mg kg~! D.M.) of metallic
microelements in lettuce leaves and the uptake (pg-plant™!) of them by leaves.

Treatment Fe Mn Zn Cu
Content (mg kg~! D.M.)
Control 142.79 a* 132.18 b 39.42 ef 9.26 bc
Fel 202.75 be 149.50 cd 37.45 de 9.80 ¢
Fell 191.30 bc 163.70 def 30.80 ab 8.23a
Fe III 197.30 be 163.67 def 30.67 ab 8.10a
iSal 10 mg L1 177.27 be 165.40 ef 37.37 de 8.73 ab
iSal 20 mg L1 176.17 be 149.60 cd 4153 f 790 a
FeliSal 10 mgL~! 192.20 be 117.70 a 37.23 de 8.23a
FelliSal 10mg L~! 193.00 be 143.23 be 37.87 de 8.67 ab
FeTlliSal 10 mg L1 204.70 ¢ 151.60 cde 34.70 cd 8.55 ab
FeliSal20 mgL~! 172.70 b 173.15 f 29.05a 8.30 a
FelliSal 20 mg L ! 175.80 be 158.55 de 31.40 ab 8.40 ab
FeTlliSal 20 mg L™! 183.95 be 162.15 def 32.45 bc 8.80 ab
Uptake (ugplant’l)
Control 210.34 a 194.71 ab 58.06 cde 13.63 bc
Fel 323.26d 237.90 cdef 59.69 de 15.63d
Fell 301.39 cd 258.36 efg 48.59 ab 13.00 ab
Fe Il 322.25d 268.06 fg 50.11 ab 13.24 abc
iSal 10 mg L1 245.20 ab 228.96 cde 51.73 abc 12.06 a
iSal20 mg L1 263.16 be 223.63 bed 62.00 e 11.82a
FeliSal 10 mgL~! 298.56 cd 182.50 a 57.83 cde 12.75 ab
FeIliSal 10 mg L' 279.06 bed 206.66 abc 54.75 bed 12.48 ab
Fe IIT iSal 10 mg L1 302.64 cd 224.76 bed 51.38 abc 12.61 ab
FeliSal20 mg L' 272.88 bed 273.63 g 4591 a 13.12 abc
Fe IliSal 20 mg L' 276.41 bed 248.51 defg 49.19 ab 13.17 abc
FeIlliSal20 mg L~! 304.35 cd 268.87 fg 53.63 bed 14.54 cd

* Data followed by the same letter do not differ significantly at o = 0.05 for each parameter.

The Fe treatment significantly reduced the Zn content uptake in the leaves. The content
of this microelement was positively affected by spraying iSal at a dose of 20 mg L~1. In
contrast, spraying Fe alone (without Fe I) or Fe with an iSal dose of 20 mg L1 significantly
reduced the Zn content in the leaves. The highest uptake was also noted for the iSal
20 mg L~! combination. However, there were no statistically significant differences between
this combination and the control and Fe I and Fe I'iSal 10 mg L ~! combinations. All the
applied sprays except Fe I significantly reduced the Cu content in the leaves compared to
the control combination. Most of the treatments also had a negative effect on Cu uptake.
The best results were obtained for the Fe I and Fe IIT iSal 20 mg L~ combinations as well
as the control.

One of the biggest problems associated with plant biofortification is the antagonism
among some nutrients. The enrichment of plants with one ion reduces the uptake of
others [38]. Such a plant response may be due, among other things, to the fact that Fe and
other elements share the same membrane transporters, resulting in the competition of iron
with other cations [39,40]. It is worth noting that in some studies, an increase in the level
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of Fe in a medium also contributed to an increase in the level of Zn in lettuce leaves [37].
The effect of Fe on a plant’s Zn and Cu uptake and their content in the leaves also depends
on the form of fertilizer used for biofortification. For example, iron-ammonium sulphate
increased Zn uptake compared to untreated control plants, and chelates increased the Cu
content in African marigolds [41].

In the current study, the biostimulant iSal greatly increased the uptake and content of
Mn and Zn in the plants, in contrast to the uptake and content of Fe. This also supports
the idea that salicylic acid applications work as biostimulants rather than fertilizers and
contribute to the induction of different metabolic pathways beyond providing nutrients to
the plant [26].

2.3. Chlorophyll and Carotenoid Content

There was a tendency for the chlorophyll (Chl) and carotenoid (Car) content to decrease
after the sprays were applied (Table 3). This is especially evident with the Fe sprays
combined with iSal at a dose of 20 mg L~ L. For these combinations, the level of carotenoids
was about 25% lower than in the control, and the chlorophyll content was about 28-20%
lower. Other studies have also shown that high SA concentrations (1-5 mM) reduce Chl
contents in various plant species. The lowest concentration (10~° M) of SA generated the
highest values for Chl content for a 60 d-stage Brassica juncea [42]. However, the values
decreased as the concentration of SA increased and reached below that of the control
at the maximum concentration (10~3 M) [42]. Also, in wheat and moong seedlings, as
the concentration of applied salicylic acid (SA) increased, the Chl content significantly
decreased [43]. According to these authors, SA induces an increase in the hydrogen
peroxide (HyO,) content in plants. The increase in oxidative stress can cause a decrease in
the total Chl content, or a decrease in the total Chl content can induce oxidative stress with
an increase in SA concentration. In addition, to protect the photosynthetic apparatus from
oxidative stress, carotenoid levels may be increased. However, this was not observed in the
current study.

Table 3. The influence of the Fe and iSal applications on chlorophyll and carotenoids content.

Treatment Chlorophyll a Chlorophyll b Chlorophyll Carotenoids
[mgg—1dm.] [mg g1 d.m.] a+blmgg1dm] [mg g1 d.m.]

Control 11.16e* 3.38¢ 14.54 € 1455 e

Fel 9.60 bed 2.93 abc 12.53 bed 12.54 bed

Fell 10.94 de 3.26 ¢ 14.20 de 14.20 de

Fe III 10.44 de 3.30c 13.74 de 13.74 de

iSal 10 mg L~! 10.21 cde 3.00 be 13.21 cde 13.21 cde

iSal20 mg L~! 10.27 cde 3.05bc 13.32 cde 13.33 cde

FeliSal 10 mg L~} 10.38 cde 2.93 abc 13.31 cde 13.31 cde

FeIliSal 10 mg L~ 10.23 cde 3.02 be 13.26 cde 13.26 cde

Fe Il iSal 10 mg L' 9.85 bede 3.00 be 12.85 bede 12.86 bede

FeliSal20 mg L~! 8.72 ab 2.59 ab 11.31 ab 11.31 ab

FeIliSal 20 mg L ! 8.10a 247 a 10.57 a 10.57 a

FeIlliSal 20 mg L™t 9.00 abc 2.65 ab 11.65 abc 11.65 abc

* Data followed by the same letter do not differ significantly at o = 0.05 for each parameter.

Fe spraying also reduced the Chl and Car content compared to the control combination.
In contrast, in other studies, Fe application (1.02 and 2.02 mmol L~!) promoted the Chls
and Car content in lettuce [37], and the application of Fe NPs (0, 5, 10, 20 mg Lfl) resulted
in an enhancement of both pigments’ content in Red Sails Lettuce [33]. The increase in
the carotenoid content was probably linked to the high ROS-scavenging ability of this
antioxidant [37]. The current study clearly showed the multidirectional influence of Fe
applications on the Chls and Car content in lettuce.

2.4. Fluorescence Parameters

The values of the minimum chlorophyll fluorescence (Fo), the maximum chlorophyll
fluorescence (Fm), and the variable fluorescence (Fv) varied widely (Table 4). However, for
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most combinations, these values were lower compared to the control. Fo is the minimum
fluorescence level, assuming that all antenna pigment complexes associated with the
photosystem are open (dark-adapted) [44]. An increase in Fo indicates any difficulty and
degradation of photosystem II (D1 protein and another part of the PS) or any disruption
of energy transfer to the reaction centre [45]. This suggests that the lettuce plants were
partially subjected to photosynthetic stress under the applied treatments.

Table 4. The influence of the Fe and iSal sprays on chlorophyll fluorescence parameters.

Treatment Fo Fm Fv Fv/Fo Fv/Fm
Control 6525 ef * 48 587 e 42062 e 6.45a 0.87a
Fel 6892 f 44 185 cde 38 925 cde 5.65 a 0.88 a
Fell 5240 ab 36513 a 32437 a 6.19 a 0.89 a
Fe III 5541 abc 40 018 abc 34 477 abc 6.23a 0.86a
iSal 10 mg L1 6018 cde 43 344 bed 37 326 bed 6.20 a 0.86 a
iSal20 mg L1 5517 abc 40 253 abc 34 736 abc 6.30 a 0.86a
FeliSal 10 mg L' 5294 ab 38115a 32821 a 6.19a 0.86a
FeIliSal 10 mg L' 6209 e 44 226 cde 38 017 bede 6.13 a 0.86 a
FellliSal 10mgL~! 5359 ab 39 003 ab 33 644 ab 6.28 a 0.86 a
FeliSal 20 mg L~! 6161 de 46 068 de 39908 de 6.48 a 0.87 a
FeIliSal 20 mg L' 5664 bed 40 718 abc 35 055 abc 6.19 a 0.86 a
FellliSal20 mg L-!  5035a 36929 a 318%a 6.32 a 0.86a

* Data followed by the same letter do not differ significantly at o = 0.05 for each parameter.

Spraying the applied chemicals mostly lowered the efficiency of the PSII quantum
field (lower Fv), which may have resulted in a greater dissipation of energy in the form of
heat [46]. However, the lettuce yield was not affected.

In the present study, there was no effect of the applied sprays on the parameters Fv/Fo
and Fv/Fm. The lack of differences among the combinations confirms the low sensitivity
of these parameters to changes in the photochemical properties of PSII [47].

Additional treatments applied during plant growth can be stress factors for plants,
causing photoinhibition and/or damage to the photosynthetic apparatus. One such treat-
ment may be the application of biostimulants or intensive biofortification. In the present
study, foliar spray treatments were shown to affect the photochemical efficiency param-
eters of PSII in different ways (Table 5). The analysis of PSII function, assessed by PSII
photochemical efficiency parameters, showed that both Fe biofortification and iSal sprays
can lead to chloroplast dysfunction in lettuce leaves.

Table 5. The influence of the Fe and iSal sprays on chlorophyll fluorescence parameters.

Treatment Pi_Abs ABS/RC TRo/RC ETo/RC DIo/RC
Control 10.12 abc* 157d 136 ¢ 095¢ 021c
Fel 1141c¢ 1.31 be 1.13 ab 0.73 ab 017 a
Fell 10.54 be 1.20 ab 1.11ab 0.65a 0.17a
Fe III 1144 c 114a 1.05 ab 0.69 ab 0.16 a
iSal 10 mg L1 9.04 ab 1.33 be 1.15 ab 0.75 ab 0.18 ab
iSal 20 mg L1 9.41 abc 1.26 abc 1.09 ab 0.71 ab 0.17a
FeliSal 10 mg L™ 9.73 abc 1.17 ab 1.01a 0.65a 0.16 a
FelliSal 10mgL~! 823a 1.39¢ 1.19b 0.77b 0.20 be
FellliSal 10mg L~!  10.44 bc 1.20 ab 1.03 ab 0.69 ab 0.16a
FeliSal20 mg L™! 9.40 abc 1.33 be 1.15 ab 0.76 b 0.18 ab
FelliSal20 mg L'  9.48 abc 1.27 abc 1.09 ab 0.71 ab 0.18 ab
FellliSal20mg L~!  9.89 abc 121 ab 1.04 ab 0.68 ab 0.17a

* Data followed by the same letter do not differ significantly at o = 0.05 for each parameter.

For most combinations, the applied sprays did not result in a deterioration of the PSII
viability index, i.e., a reduction in the value of the PI_abs parameter compared to the control
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combination. Previous studies have shown that differences in the PI_abs values can be
attributed to genetic differences, physiological traits, and environmental conditions [48,49].

One of the protective mechanisms of the photosynthetic apparatus, especially PSII,
against stress-induced damage is the slowing down of electron transport from reaction
centres to plastoquinones [50,51]. In the conducted study, a significant reduction in the
rate of electron transport (ETo/RC) was found for all the combinations compared to the
control. At the same time, there was no increase in energy dissipation at the expense of
heat (DIo/RC).

The applied treatments caused a decrease in the flow of absorbed energy through one
active reaction centre (ABS/RC). There was a similar tendency for changes in the energy
uptake by one active reaction centre (TR0/RC)—it decreased significantly as the foliar
sprays were used. The TR0O/RC changes indicate a decrease in the conversion efficiency of
the excitation energy.

3. Materials and Methods
3.1. Plant Material and Growth Conditions

The experiment was conducted on lettuce cultivation (Lactuca sativa L. cv. “Zeralda’) in a
growth chamber. NEONICA LED 240 (Poland) modules were used as the light source. The
photosynthetic photon flux density (PPFD) was 140 pmol m~2 s~!, with the following share
of individual colours: R (red): 111.7 (umol m~2 s~ 1), G (green): 9.7 (umol m~2 s~1), and B
(blue): 18.6 (wmol m~2 s~ 1). The plants were exposed to light for 16 h; the temperature was
maintained at 18/17 °C (day/night); and the RH was approximately 60-75%.

The experiment was established in a randomized design with 5 replications (a repli-
cation was one single plant). Seedlings were prepared 30 days before the vegetation
experiment. The seeds were sown individually on multiple plates filled with standard peat
substrate, as recommended for seedling preparation. The seedlings (in the 3—4-leaf phase)
were put in drainless pots filled with perlite (V 500 cmd). During the whole experiment, the
plants were watered to a stable weight.

The plants were fertigated with a nutrient solution (NS) of the following chemical
composition (mg dm_S): N-NHy, <15; N-NO3, 160; P-POy, 40; K, 250; Ca, 150; Mg, 50; Fe,
0.58; Mn, 0.33; Zn, 0.21; Cu, 0.08; B, 0.2. It had a pH of 5.50 and an EC of 1.9 mS-cm~'. The
following fertilisers for hydroponic cultivation were used to prepare the nutrient solution:
potassium nitrate (13% N-NOjs, 38.2% K), calcium nitrate (14.7% N-NOgz, 18.5% Ca), mono
potassium phosphate (22.3% P, 28.2% K), potassium sulphate (44.8% K, 17% S), magnesium
sulphate (9.9% Mg, 13% S), manganese sulphate (32.3% Mn), copper sulphate (25.6% Cu),
borax (11.3% B), and sodium molybdate (39.6% Mo).

3.2. Foliar Application of Fe and iSal

The studied factors were Fe (1. factor) and iSal application (2. factor). The source of
iron was Librel FeDP7 DTPA chelate (7% Fe; Royal Brinkman, Poznan, Poland).

For the research, an active substance in the form of an ionic derivative of salicylic
acid (iSal), developed by Poznan Science and Technology Park (PSTP) and the Innosil
research team, was used. Currently, the active substance is the subject of patent application
PCT/PL/2023/050110 [52]. To prepare a working solution for spraying, the ionic derivative
of salicylic acid was weighed and dissolved in water in an amount to prepare solutions
with concentrations of 10 and 20 mg L. The published results are part of preliminary
studies conducted to file a patent application.

A foliar spray treatment (5 mL per 1 plant) was applied two times, 23 and 30 days after
the transplantation to a stable place (24-25 and 26-27 BBCH-scale, respectively). The plants
were treated with different chemicals: control (without spraying), iSal (10 and 20 mg L),
and Fe (3 levels, in mg L1: 2.8, 4.2, and 5.6, described, respectively, as Fe-I, Fe-II, and
Fe-III) and the mixture. Ten days after the second spraying, the experiment was finished.
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3.3. Biometrical and Chlorophyll Fluorescence Measurements

On the day of harvest (40th day after transplanting to the stable place, 28-29 BBCH-
scale), the following parameters were determined: the weight of the lettuce leaves (the
whole head, g), the dry matter yield (after drying for 24 h at 105 °C), and the dry matter
content (% DM). The chlorophyll a fluorescence was measured using a PAR-FluorPen FP
110D fluorometer (Photon Systems Instruments Company (PSI), Drasov, Czech Republic).
All the plants in the experiment were measured. Leaf fragments were shaded with a
special leaf clip for 30 min. Then, the OJIP test was conducted to measure the following
chlorophyll fluorescence parameters: Fy—the initial fluorescence, Fyy—the maximum
fluorescence intensity, Fy—the maximum variable fluorescence, Fy /Fyj—the maximum
photochemical quantum PSII after dark adaptation, ABS/RC—the light energy absorbed
by the PSII antenna photon flux per active reaction centre, TRg/RC—the total energy used
to reduce QA by the unit reaction centre of PSII per energy captured by a single active RC,
ETy/RC—the rate of electron transport through a single RC, DI /RC—non-photochemical
quenching per reaction centre of PSII; the total dissipation of energy not captured by the
RC in the form of heat, fluorescence, and transfer to other systems, PIo,s—the performance
index (potential) for energy conservation from excitation to the reduction in intersystem
electron acceptors [53].

3.4. Chloroplast Pigments

On the day of harvest, the leaf samples from all the tested plants were collected
and stored at —20 °C until the analyses. The total chlorophyll and carotenoids content
was determined according to the method of Hiscox and Israelstam [54]. The leaf samples
(100 mg) were cut into pieces, and pigments were extracted at 65 °C using 5 cm? of dimethyl
sulfoxide (DMSO). The optical density of the extracts was measured at 480, 649, and 663 nm.
The content of total chlorophyll and carotenoids was calculated following the modified
Arnon equations [55] and expressed in mg/g d.m.

3.5. Chemical Analysis

All analyses were conducted on the aerial parts of the plants. The samples were dried
for 48 h at 45-50 °C to a stable mass and then ground. Before mineralisation, the plant
material was dried for 1 h at 105 °C. To analyse the total content of Fe, Mn, Zn, and Cu,
the plant material (2.5 g) was dissolved in a mixture of concentrated nitric (ultrapure)
and perchloric acids (analytically pure)in a 3:1 ratio (30 cm3) [56] (pp. 25-83). After
mineralisation, the following measurements were taken: Fe, Mn, Zn, and Cu. These were
measured with flame atomic absorption spectroscopy (FAAS) using the Carl Zeiss Jena
5 apparatus (Carl Zeiss Jena, Thornwood, NY, USA). The accuracy of the methods used for
the chemical analyses and the precision of the analytical measurements of nutrient levels
were tested by analysing the reference material of branched flour (Pseudevernia furfuracea),
certified by the IRMM (Institute for Reference Materials and Measurements) in Belgium.
The procedure was also verified with the LGC7162 reference material (LGC standards),
with an average nutrient recovery of 96% (N, P, K, Ca, Mg, Fe, Mn, Zn).

3.6. Statistical Analysis

The study was conducted as a one-factor experiment. The results are the averages
of five replications. The differences between the means were estimated using Duncan’s
test at a significance level of a = 0.05. The data were statistically analysed using Statistica
13.3 software (StatSoft Inc., Tulsa, OK, USA).

4. Conclusions

The iron and iSal treatments did not affect the linearly fresh and dry matter yields of
lettuce, probably because the concentrations of both compounds were within appropriate
ranges and had no toxic effects on the plants. The foliar spray of Fe improved the Fe content
of the plants and had no negative effect on the Mn content. However, the higher doses of Fe
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negatively affected the Zn and Cu content when also in combination with iSal. It should be
noted that the application of only iSal at a dose of 20 mg L~! did not reduce the Zn content
in the plants compared to the other treatments. The study showed that foliar-applied Fe
chelate is effective in the biofortification of lettuce.

However, exogenous iSal applied foliarly did not specifically positively affect the uptake
or content of micronutrients in the lettuce, except manganese. In addition, iSal at a dose of
20 mg L=! combined with Fe negatively affected the chlorophyll and carotenoid content.

To sum up, we conclude that the foliar spraying of chelate Fe-DTPA may be an
alternative for increasing the concentration of this element in lettuce. However, the need
for additional applications of exogenous iSal has not been proven in this experiment. This
may have been since the lettuce plants were cultivated under optimal growth conditions
without any stress factors.
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Abstract: Iron (Fe) is necessary for plant growth and development. The mechanism of uptake and
translocation in Cadmium (Cd) is similar to iron, which shares iron transporters. Yellow stripe-like
transporter (YSL) plays a pivotal role in transporting iron and other metal ions in plants. In this study,
MsYSL6 and its promoter were cloned from leguminous forage alfalfa. The transient expression of
MsYSL6-GFP indicated that MsYSL6 was localized to the plasma membrane and cytoplasm. The
expression of MsYSL6 was induced in alfalfa by iron deficiency and Cd stress, which was further
proved by GUS activity driven by the MsYSL6 promoter. To further identify the function of MsYSL6, it
was heterologously overexpressed in tobacco. MsYSL6-overexpressed tobacco showed better growth
and less oxidative damage than WT under Cd stress. MsYSL6 overexpression elevated Fe and Cd
contents and induced a relatively high Fe translocation rate in tobacco under Cd stress. The results
suggest that MsYSL6 might have a dual function in the absorption of Fe and Cd, playing a role in
the competitive absorption between Fe and Cd. MsYSL6 might be a regulatory factor in plants to
counter Cd stress. This study provides a novel gene for application in heavy metal enrichment or
phytoremediation and new insights into plant tolerance to toxic metals.

Keywords: cadmium stress; transporter; gene expression; Fe translocation; antioxidant activity

1. Introduction

Iron (Fe) is an essential micronutrient playing an active role in plant photosynthesis, an-
tioxidant defense systems, electron respiration, and embryogenesis. Under iron deficiency,
plants show typical chlorosis symptoms and hampered crop yield and productivity [1].
Plants develop efficient absorption strategies to support the requirement of sufficient iron.
Iron abundance in plants is tightly regulated by iron uptake, translocation, and recycling.
In addition to playing an important role in the uptake process, iron transporters are re-
sponsible for the transport and distribution of iron in plants [2]. Cadmium (Cd) is one of
the most phytotoxic elements that negatively affects plant metabolism, growth, and devel-
opment and indirectly contributes to ROS formation by altering the antioxidant system
in plants, reducing crop failure [3-6]. Since there is no Cd-specific transporter in plants,
Cd is supposed to be transported in plants via cation transport systems. Being closely
similar to the essential metal element Fe, Cd is often taken up by Fe transporters. For
example, NRAMPs in Arabidopsis thaliana, Oryza sativa [7-9], and Sedum alfredii [10], IRTs
in Oryza sativa [11], and OPT and ZIP in Arabidopsis thaliana [12,13] transport both Fe and
Cd. Cd distribution throughout a plant is an intricate process controlled by root uptake,
root-to-shoot translocation through the xylem, and the redistribution of Cd from the leaves
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to sink tissues [4,14]. The contribution of cation transporters to the management of stress is
beneficial in plant improvement programs [15]. Metal transporter genes can be potentially
used for engineering genotypes for phytoremediation or minimizing Cd in crops. The
overexpression of AtHMA3 [16], OsNramp1 [8], NtPIC1 [17], and Miscanthus sacchariflorus
MSsYSL1 [18,19] enhances plant tolerance to Cd. The sodium/calcium exchanger-like gene
TaNCL2-A plays a role in alleviating the toxic effects of Cd in conjunction with salinity and
osmotic stress in Arabidopsis [20].

Cd competes with essential macro- and microelements at their absorption sites, dis-
rupting the homeostasis of crucial microelements [6,21]. It has been postulated that Cd
toxicity can be attributed, at least in part, to the perturbation of the metabolism of Fe [22].
The chlorosis of plant leaves under Cd stress is similar to the typical symptoms of iron defi-
ciency [23]. Cd induces moderate-to-strong iron deficiency in leaves, which strongly affects
photosynthesis [24]. Previous studies revealed that Cd significantly decreased the Fe con-
tent in shoots, but increased the Fe content in roots [22,25]. Fe significantly accumulated in
root apoplasts and root cell walls under Cd stress [10]; Fe played a significant role in allevi-
ating the damage caused by Cd toxicity through reducing Cd accumulation and increasing
Cd detention, photosynthesis protection, antioxidant defense capacity enhancement, elec-
trolyte leakage amelioration, and other ion status regulation [26-29]. Limiting Fe uptake
through the downregulation of Fe acquisition mechanisms confers a Si-mediated allevia-
tion of Cd toxicity [30]. The Fe regulation transcript factors (FITs) AtbHLH38, AtbHLH39,
bHLH104, and BTS are involved in Cd tolerance [22,31,32]. Although the Cd-induced
increase in root Fe contents has been described, and several possible explanations for such
observations including impaired Fe uptake and translocation have been proposed, the
underlying mechanism of Cd-induced changes in Fe homeostasis within plants is still not
fully understood.

The yellow stripe-like transporter (YSL) family has attracted attention in recent years
for its function in iron uptake from soil or iron translocation throughout whole plants [19].
During the last two decades, YSLs have been revealed to transport iron complexes with
specific Fe chelators and phytosiderophores. YSLs participate in Fe homeostasis in gram-
inaceous and nongraminaceous plants with distinguished functions in each plant type.
In graminaceous plants, most of the YSLs take up the Fe3*-mugineic acid (MA) com-
plex [33,34]. Some YSLs transport Fe?*-Niacinamide (NA) or Fe3*-2’ -deoxymugineic acid
(DMA) over long distances and enable the distribution of Fe within the plant leaves, phloem,
and reproductive organs [35-37]. In nongraminaceous plants, YSLs transport the Fe-NA
complex over long distances and intracellularly distribute Fe in plants [38-40]. Beyond the
essential functions in Fe transport, evidence supports the notion that YSLs are mediated
in the processes of transporting Cu, Mn, Ni, and Cd in plants [19,41-43]. YSL1 and YSL3
in Arabidopsis thaliana [40], SnYSL3 in Solanum nigrum [44], BjYSL7 in Brassica junce [45],
YSL3 in peanut [46], MsYSLI in Miscanthus sacchariflorus [18], and ZmYS1 in maize [47]
were reported to be involved in the uptake, distribution, and translocation of Cd.

Leguminous plants can grow in poor and degraded soils. Meanwhile, perennial
grasses occupy diverse soils worldwide, including many sites contaminated with heavy
metals [26], whereas studies on Fe and Cd interaction have minimal information reported in
legumes [48]. Alfalfa (Medicago sativa L.) is an essential forage of biological nitrogen fixation,
biofuel, and animal feed. Investigators have supported the idea that alfalfa reaches a new
steady state to acclimate under chronic Cd stress by adequately adjusting its metabolic
composition [30,49]. An increased abundance of xylogalacturonan of Medicago sativa after
long-term exposure to Cd might hinder Cd binding in the cell wall and is an important
factor during tolerance acquisition [50]. At the same time, reducing Cd bioaccumulation
and controlling Cd distribution in alfalfa deserve more attention. The overlap of Fe and
Cd transport in previous reports reflects the importance of the transporter’s function. The
overexpression or elimination of transporter reduces Cd uptake in plants [51].

Moreover, several YSL genes have been found to enhance Cd resistance ability in
transgenic plants [18,45]. It is beneficial to explore the potential of YSL in metal transport
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for genetic engineering. Several YSL genes can assist plants in participating in the process
of Cd uptake, transport, and accumulation [52]. There are also some YSLs that can help
the zinc—iron biofortification of wheat [53]. It was found that the rice YSL family is closely
related to the evolution and function of other plants [54]. Whether YSL is involved in
Cd uptake and transport has not been investigated in alfalfa yet. Therefore, we isolated
iron transport genes MsYSL6 from alfalfa, focusing on the Fe and Cd contents and the
Cd-tolerant ability in MsYSL6 transgenic plants. This research will provide new insight
into plant metal transporters in heavy metal enrichment or phytoremediation.

2. Results
2.1. MsYSL6 Belongs to the YSL Transporter Family

The open reading frame (ORF) of MsYSL6 (LOC_MG673951.1) was cloned from alfalfa
by PCR (Supplementary Figure S1A). The full length of MsYSL6 ORF contains 2 028 bp,
encoding 675 amino acids. MsYSL6 protein harbors 12 transmembrane domains (Supple-
mentary Figure S52). The phylogenetic tree was constructed using data of MsYSL6 and other
23 YSL proteins from eight plant species (Figure 1). MsYSL6 belonged to a branch with
AtYSL6, OsYSL6, MtYSL6, GmYSL6, GsYSL6, VaYSL6, CcYSL6, and CaYSL6, indicating
a close relationship in these YSLs. These findings indicated that MsYSL6 belonged to the
YSL transporter family.

Figure 1. The phylogenetic analysis and domain characteristics of MsYSL6. The phylogenetic tree
was constructed using data of MsYSL6 and other 23 YSL proteins from nine plant species, OsYSL6
(NP_001406189.1), AtYSL6 (NP_566806.1), CcYSL6 (LOC109787669), VaYSL6 (LOC108329245), GsYSL6
(LOC114398115), GmYSL6 (LOC100799897), CaYSL6 (LOC101506832), MtYSL6 (LOC11438343),
AtYSL7 (NC_003070.9), MtYSL7 (LOC11415075), CaYSL7 (LOC11415075), OsYSL13 (LOC4336441),
OsYSL11 (LOC4336445), OsYSL9 (LOC4336545), OsYSL2 (LOC4330161), OsYSL16 (LOC4336546),
OsYSL10 (LOC4337382), OsYSL3 (LOC4338223), OsYSL4 (LOC4338224), OsYSL1 (LOC4326360),
OsYSL8 (LOC4328078), OsYSL18 (LOC4327424), and OsYSL7 (LOC4328077), using methods of
neighborjoining by MEGA 7.0. Red underline highlights the MsYSL6 protein. Ms (Medicago sativa);
Mt (Medicago truncatula); Ca (Cicer arietinum); At (Arabidopsis thaliana); Os (Oryza sativa); Gm (Glycine
max); Va (Vigna angularis); Gs (Glycine soja); Cc (Cajanus cajan).
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2.2. The Subcellular Localization of MsYSL6

The subcellular localization of MsYSL6 was investigated using a fusion protein
with GFP (Figure 2). The pBWA(V)HS-MsYSL6-Glosgfp was transformed into tobacco
leaf cells. Apparent green fluorescence signals of MsYSL6-GFP were observed in the
cell membrane and protoplast. The tobacco leaf cells expressing GFP alone exhibited
weak and dispersive fluorescence inside the cells (Figure 3). Overlay images were cre-
ated and showed that MsYSL6-GFP-mediated fluorescence does not co-localize with the
chlorophyll-mediated fluorescence.

M 1 2

2000 bp —

Figure 2. PCR amplification of MsYSL6 promoter fragment. M, Marker DL 2000; 1-2, MsYSL6 promoter.

Chloroplast

GFP auto-fluorescence Bright field Merge

Figure 3. The subcellular localization of MsYSL6. The subcellular localization of MsYSL6 was
investigated using a pBWA(V)HS-MsYSL6-Glosgfp vector. MsYSL6-GEP fusion protein transiently
expressed in tobacco. Left to right: green fluorescence of GFP, red fluorescence of chloroplast
spontaneous fluorescence, bright field, and merged microscope images (scale bars: 20 pm).

2.3. The Expression of MsYSL6 in Alfalfa

To gather insight into the expression of the MsYSL6 gene in alfalfa, the transcript
profiles of MsYSL6 were monitored in alfalfa under iron deficiency or Cd treatment, with
nonstress treatment as the control. MsYSL6 showed tissue-specific expression in alfalfa
in the control. The expression level was higher in the leaves than that in the roots and
the stems. In alfalfa roots, the expression of MsYSL6 was significantly upregulated by
iron deficiency and Cd stress at 0.05 and 0.01 levels, respectively. In particular, MsYSL6
expression increased nearly 60 folds in alfalfa roots under Cd treatment. In alfalfa stems,
the expression of MsYSL6 was significantly upregulated by iron deficiency and Cd stress
at 0.05 level. Although the expression was higher than that in the roots and the stems,
the expression of MsYSL6 showed no significant differences in leaves under these three
conditions (Figure 4A).
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Figure 4. The expression of MsYSL6 in response to iron deficiency and Cd. The 30-day-old hydroponic
young alfalfa seedlings were treated with no Fe supply (-Fe), 0.5 mM CdCl, (Cd), and nonstress as
the control (Ck) for 4 days. (A) The relative expression of MsYSL6 in the roots, the stems, and the
leaves of alfalfa. Data are means =+ s.d. of three experimental replications. Statistical comparison was
performed by ANOVA followed by an LSD test. Asterisks indicate significant differences between
the treatment and the control (* p < 0.05; ** p < 0.01). (B) The GUS activity induced by MsYSL6pro in
alfalfa hairy roots. The alfalfa hairy roots were treated with 75 uM CdCl, (Cd) and no stress as the
control (Ck) for 15 days.

2.4. The GUS Activity

In order to determine the specific expression of MsYSL6, we fused the MsYSL6 pro-
moter in-frame to 3-glucuronidase (GUS) reporter (Supplementary Figures S3 and S4). The
pBI121-MsYSL6pro::GUS construct was transformed in alfalfa and induced hairy roots
(Supplementary Figure S5). The alfalfa with hairy roots were grown in a medium contain-
ing 75 uM CdCl,, with no Cd treatment as the control. The alfalfa hairy roots exhibited
blue when the medium contained no Cd, and exhibited strong blue when the medium
contained Cd. The alfalfa cotyledons exhibited no staining when the medium contained
no Cd, and exhibited blue when the medium contained Cd (Figure 4B). The GUS activity
driven by MsYSL6pro was enhanced by Cd indicating that MsYSL6 responded to Cd stress,
which is consistent with the upregulated expression of MsYSL6 detected by qRT-PCR.

2.5. The Growth of MsYSL6 Transgenic Tobacco

To screen the effect of MsYSL6 on Cd tolerance, the T3 seeds of three MsYSL6 overex-
press lines (MsYSL60E), namely, L5, L8, L9, and WT, were grown in the medium containing
50 uM CdCly, 75 uM CdCl,, and 100 uM CdCl,, with no Cd as the control. A preliminary
observation showed that MsYSL60OE germination was similar to WT plants when grown in
no Cd medium. The germination of MsYSL60OE and WT decreased following the increase
of Cd concentration, and the germination of MsYSL6OE lines was significantly less affected
than that of WT (Supplementary Figure S6, Table S1). The WT plant grown on 75 pM
CdCl, medium exhibited shorter and smaller roots, while MsYSL60E exhibited a normal
root phenotype with minimal stunted growth. The MsYSL60E plants showed significantly
higher fresh weight and longer roots than the WT (Figure 5).

2.6. The Chlorophyll Content

The chlorophyll content decreased in MsYSL60OE and WT plants under Cd treatment
more than that of the control. The chlorophyll content of MsYSL60OE leaves was significantly
higher than that of WT in the control at 0.05 level. The chlorophyll content of L5 and L8
leaves was significantly higher than that of WT under Cd treatment at 0.05 level. The higher
chlorophyll content showed that the MsYSL60OE transgenic tobacco was more tolerant to
Cd stress (Figure 6A).
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Figure 5. The growth of MsYSL60OE tobacco under Cd stress. The 4-week-old tobacco seedlings of
three MsYSL60OE tobacco lines (L5, L8, and L9) and WT plants were treated with 75 uM CdCl, (Cd)
and no stress as the control (Ck) for 10 d. The fresh weight and root length were detected. (A) The
fresh weight of in MsYSL60OE tobacco lines and WT. (B,C) The root length of in MsYSL60E tobacco
lines and WT. The data presented are the means =+ s.d. of three experimental replications. Statistical
comparison was performed by ANOVA followed by an LSD test. Asterisks indicate significant
differences (* p < 0.05; ** p < 0.01).
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Figure 6. The chlorophyll and MDA content of MsYSL60OE tobacco under Cd stress. The 4-week-old
seedlings of three MsYSL60E tobacco lines (L5, L8, and L9) and WT plants were treated with 75 uM
CdCl, (Cd) and no stress as the control (Ck) for 10 d. (A) The chlorophyll content in MsYSL60OE
tobacco lines and WT. (B) The MDA content in MsYSL60E tobacco lines and WT. The data presented
are the means =+ s.d. of three experimental replications. Statistical comparison was performed by
ANOVA followed by an LSD test. Asterisks indicate significant differences (* p < 0.05).

2.7. The MDA Content

The malondialdehyde (MDA) content showed no difference in MsYSL60E tobacco
and WT in the control. Cd treatment increased the MDA content in the MsYSL60OE tobacco
and WT plants. The MDA content in L5, L8, and L9 was significantly lower than that of
WT under Cd treatment at 0.05 level (Figure 6B). The results showed that overexpress of
MSsYSL6 protects plants from damage and leakage in the membrane caused by Cd stress.
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2.8. The DAB and NBT Staining

Under Cd treatment, DAB staining showed that the leaf of WT was deeper brown
while the leaves of L5, L8, and L9 were shallow brown. The staining was scattered at
the leaves of L5, L8, and L9, and the brown color was less than that of WT. NBT staining
showed that the leaf of WT was deeper blue, while the leaves of L5, L8, and L9 were shallow
blue (Figure 7). The results represent that MsYSL60OE tobacco has less ROS production than
WT under Cd stress.

WT L5 L8 Lo

DAB staining

NBT staining

Figure 7. The DAB and NBT staining of MsYSL60E tobacco under Cd stress. The 4-week-old tobacco
seedlings of MsYSL60E tobacco lines (L5, L8, and L9) and WT plants were treated with 75 uM CdCl,
(Cd) and no stress as the control (Ck) for 10 d. The leaf was stained with nitro blue tetrazolium
chloride (NBT) and diaminobenzidine (DAB). The leaf of WT showed deeper staining. The results
represent that MsYSL60E tobacco has less ROS than WT under Cd stress.

2.9. The Cd Content and Translocation Rate

The Cd accumulation in MsYSL60OE plants under 75 uM Cd treatment with a signif-
icant increase was observed compared with the WT plants (Figure 8A). The Cd content
in L5, L8, and L9 roots was significantly higher than that of the WT at 0.05 level. The Cd
content in shoots of L5 and L8 was significantly higher than that of the WT at 0.05 level,
which showed no difference in L9 from that of the WT (Figure 8A). The Cd translocation
rate was 31%, 34%, 38%, and 33% in L5, L8, L9, and WT, respectively.
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Figure 8. The Cd and Fe contents in MsYSL60E tobacco and WT. The 4-week-old tobacco seedlings
of three MsYSL60OE tobacco lines (L5, L8, and L9) and WT plants were treated with 75 uM CdCl,
(Cd) and no Cd treatment as the control (Ck) for 10 d. (A) The Cd content in the roots and shoots of
MsYSL60OE tobacco lines and WT. (B) The Fe content in the roots of MsYSL60OE tobacco lines and WT.
(C) The Fe content in the shoots of MsYSL60OE tobacco lines and WT. Data are means =+ s.d. of three
experimental replications. Statistical comparison was performed by ANOVA followed by an LSD
test. Asterisks indicate significant differences (* p < 0.05).
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2.10. The Fe Content and Translocation Rate

In the roots, the Fe content of MsYSL6OE lines was significantly higher than that
of WT under Cd or non-Cd treatment at 0.05 level. Notably, the Fe content in roots was
increased in all lines by Cd treatment, and the increase of MsYSL60OE plants was greater
than that of WT (Figure 8B). In the shoots, the Fe content was significantly higher in L8
and significantly lower in L9 than that in WT under non-Cd treatment; the Fe content was
significantly higher in L5 and L8 than that in WT under Cd treatment at 0.05 level; the
Fe content increased in MsYSL60OE shoots and decreased in WT shoots by Cd treatment
(Figure 8C). Under non-Cd treatment, the Fe translocation rate accounted for 15%, 24%,
and 13% in L5, L8, and L9, respectively, both lower than 29% in WT. Under Cd treatment,

the Fe translocation rate accounted for 24%, 29%, and 16% in L5, L8, and L9, respectively,
both lower than 34% in WT.

2.11. The Cu, Mn, and Zn Content

The Cu, Mn, and Zn content were also screened in MsYSL60E plants and the WT
plants. In plant roots, Cu contents were significantly higher and Mn contents were signifi-
cantly lower in MsYSL6OE lines than that of WT plants under no-Cd treatment at 0.05 level;
Cu contents and Mn contents in L5 and L8 were significantly higher and Mn content in
L9 was significantly lower than that of the WT plants under Cd treatment at 0.05 level; Zn
contents of MsYSL60OE lines showed no difference with the WT plants under all treatments
(Figure 9A-C). In shoots, the Cu and Zn contents in L8 and L9 were significantly higher
and Mn content in L5 shoots was significantly lower than that of the WT plants under
no-Cd treatment at 0.05 level; the Mn contents in L5, L8, and L9 shoots were significantly
lower than that of the WT plants at 0.05 level (Figure 9D-F). In general, Cu, Mn, and Zn
contents in the roots and Cu contents in the shoots decreased, while Mn and Zn contents in
the shoots of MsYSL60OE plants and the WT plants increased by Cd treatment.
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Figure 9. The Cu, Mn, and Zn contents in MsYSL60OE tobacco and WT. The 4-week-old tobacco
seedlings of three MsYSL60OE tobacco lines (L5, L8, and L9) and WT plants were treated with 75 uM
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CdClI2 (Cd) and no stress as the control (Ck) for 10 d. (A) The Cu content in the roots of MsYSL60OE
tobacco lines and WT. (B) The Mn content in the roots of MsYSL60E tobacco lines and WT. (C) The
Zn content in the roots of MsYSL60OE tobacco lines and WT. (D) The Cu content in the shoots of
MSsYSL60OE tobacco lines and WT. (E) The Mn content in the shoots of MsYSL60OE tobacco lines
and WT. (F) The Zn content in the shoots of MsYSL60E tobacco lines and WT. The Cu, Mn, and
Zn contents in the roots and shoots were assessed by ICP-OES. Data are means =+ s.d. of three
experimental replications. Statistical comparison was performed by ANOVA followed by an LSD
test. Asterisks indicate significant differences (* p < 0.05).

3. Discussion

Although not essential for plant growth, Cd is readily taken up by roots and accu-
mulated in plant tissues to high levels [26]. Cd uptake and transport in different plant
species is linked to Fe due to their similar chemical characteristics. It has been reported
that the iron transporter OsNRAMP5 contributes to the uptake of Cd from the soil, and
the total Cd content in the OsNRAMP5i plants decreases [9]. The upregulation of IRT1
facilitated Cd uptake by roots, thus increasing the Cd concentration in plant tissues [32].
Transcript levels of IRT1 are very low and transcript levels of HMA? are strongly elevated in
Arabidopsis halleri from the most highly heavy metal-contaminated soil, which can account
for its altered Cd handling [55]. ABC, NRAMP, and ZIP genes might play important roles in
different levels of Cd accumulation in sunflower cultivars [56]. MsYSL1 SnYSL3 and BjYSL7
may be essential transporters for diverse metal-NAs to participate in the Cd detoxification
by mediating the reallocation of other metal ions [18,40,45]. Studies have shown that most
YSLs may function in the intracellular transport, translocation, and distribution of Fe and
other metals in Arabidopsis thaliana and Oryza sativa. In this study, we obtained a novel
YSL transporter gene, MsYSL6, from alfalfa. MsYSL6 belonged to a branch with AtYSL6,
OsYSL6, and several YSL6s in leguminous plants, indicating a close relationship in these
YSLs. A fundamental role has been demonstrated for Arabidopsis YSL6 in managing
chloroplastic iron [38]. OsYSL6 was suggested to be a Mn—-NA transporter [42].

Transporters play specific biological roles in mineral transport within the tissues
where they are expressed. Data indicated that YSL expression was detected in three main
territories: vascular tissues throughout the plant, pollen grains, and seeds [35,39,57,58].
MsYSL6 was expressed in all vegetative tissues of alfalfa and was most expressed in the
leaf. However, MsYSL6 was induced by iron deficiency and Cd in alfalfa roots, consistent
with MsYSL1, SnYSL3, and BjYSL7, suggesting an important role for MsYSL6 in response
to Cd stress, possibly functioning in Cd uptake [18,43,44]. The altered patterns of MsYSL6
expression might be a response to Cd stress.

In plants, Cd toxicity disrupts photosynthesis, causes the production of reactive oxygen
species (ROS), and increases antioxidant enzyme activity [6,21,27,59-61]. The present study
also found that MsYSL6 overexpression reduced ROS accumulation and mitigated the
adverse effects on the growth of tobacco under Cd stress, in accordance with previous
studies. The specific mechanism of MsYSL6 conferring tolerance to Cd stress into tobacco
might be involved in metal distribution.

The Fe-biofortified lentil genotype exhibited Cd tolerance by inciting an efficient an-
tioxidative response to Cd toxicity [19]. Fe significantly reduced Cd transfer towards rice
grains, which might be attributed to a sharp decrease in the proportion of bioavailable
Cd in leaves [62]. The significantly high Fe content in MsYSL6 transgenic tobacco indi-
cated the primary function of MsYSL6 in Fe uptake from the medium. Increasing supply
of Fe remarkably reduced Cd accumulation in rice shoots, mainly because of inhibited
translocation of Cd from rice roots to shoots [63]. Fe deficiency increased Cd uptake and
accumulation in peanuts but decreased Cd translocation from roots to shoots [64]. In rice,
low Fe or excess Fe facilitated the uptake of Cd in rice roots, as low Fe upregulated the
expression of Cd-transport-related genes, and excess Fe enhanced Cd enrichment on the
root by iron plaque [63]. Thus, the accumulation of Cd in MsYSL6 transgenic tobacco might
be due to the high expression level of MsYSL6 in this study.
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Many studies have found that Cd stress affects Fe concentration in plants. Cd-induced
Fe accumulation in roots is mediated by upregulating Fe transporter genes such as IRT1 [65].
The Cd and Fe accumulation in plants could be partially due to the crucial ligands for
metal chelation [66]. Like AhOPT3/6/7 and AhYSL1/3 in peanuts, MsYSL6 might be
involved in the transport of Fe and/or Cd and Fe/Cd interactions [67]. Cd damages the
photosynthetic apparatus, as well as the “Fe-deficiency-like” symptoms, and the supply of
Fe nutrients saves the photosynthesis symptoms caused by Cd [68,69]. Under Cd stress,
high Fe concentrations in MsYSL6 confer the plant tolerance to Cd toxicity. We infer that
MsYSL6 might have a dual function in the absorption of Fe and, at the same time, Cd.
It plays a role as a regulatory factor in the competition absorption between iron and Cd.
MSsYSL6 increased the ratio of iron to Cd in the total amount and transferred more Fe to
the above-ground part of the plant, thereby reducing the oxidative damage of Cd to the
plant and resulting in the improvement of tolerance to Cd toxicity in MsYSL6 transgenic
tobacco lines.

The metal translocation rate represents the metal translocate capacity in plants. The
Cd translocation ratio showed little difference in all tested plant lines. From the results,
we hypothesize that MsYSL6 might possibly contribute to the Cd uptake while not likely
involved in Cd transport from roots to shoots. In this study, overexpression of MsYSL6 did
not increase the Fe transport rate, suggesting that MsYSL6 might not be involved in the
translocation of Fe from roots to shoots, while Cd stress increased the Fe transport rate in
MsYSL60OE lines, which is similar to the idea that Cd exposure increases the root-to-shoot
translocation ratios of Fe in MsYSL1 and SnYSL3 overexpressing Arabidopsis thaliana. The
relationship between Cd stress and Fe uptake ability deserves further investigation [66].
Additionally, the absorption and transport of Mn, Zn, and Cu in MsYSL6 transgenic tobacco
were affected by Cd stress. Specialized cation transport mechanisms have been developed
in plants, which can maintain a balance between the deficiency and toxicity of these
ions [15]. The state of these metals could also have an effect on plant growth and is worth
further study.

The phytosiderophores chelate iron were suggested to prevent graminaceous plants
from Cd toxicity. In maize, phytosiderophore provides an advantage under Cd stress
relative to Fe acquisition via ferrous Fe [47]. The nicotinamide synthase (NAS) synthesizes
nicotinamide (NA), which plays an essential role together with YSLs in iron homeostasis in
nongraminaceous plants. It has also been reported that Cd induces the expression of the
NAS gene in Medicago truncatula [70]. MsYSL6 may also achieve the effect of alleviating
plant Cd toxicity by co-acting with NAS, despite reports claiming that YSL6 in Arabidopsis
thaliana has an essential role in chloroplast development, likely in the transport of Fe
required for chloroplast development [36]. In another study, AtYSL6 was localized to
vacuole membranes and to internal membranes [71]. In this study, MsYSL6 was found to
have no chloroplast localization properties, so it is unlikely that MsYSL6 is involved in
Cd detoxification through this pathway. Our results support the idea that MsYSL6 may
function as a Cd/Fe transport gene and may be useful for genetic engineering in cultivating
Fe-fortified or Cd-tolerant crops.

4. Materials and Methods
4.1. Plant Growth Conditions

Alfalfa (Medicago sativa L. cv. Zhaodong) seeds were soaked in 70% ethanol and 10%
NaClO for 10 min, then washed with H,O three times. Seeds were placed onto sterile
Whatman paper and germinated for 3 d in the dark. After germination, seedlings were
transferred into 1/2 Hoagland’s solution. The solution was renewed every 2 d. The
seedlings were grown at 25 °C with 16 h light/8 h darkness. The wild-type tobacco
(Nicotiana tabacum) seeds were grown on a sterile MS medium at 25 °C with 16 h light/8 h
darkness. For detection of gene expression, 30-day-old hydroponic alfalfa seedlings were
treated with iron deficiency (no Fe supply, -Fe), 0.5 mM CdCl, (Cd), and the control (no
stress, Ck) for 4 days. For detection of the tolerance to Cd stress, T3 of MsYSL60OE and WT
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tobacco seedlings were germinated and cultivated in MS medium for four weeks, and then
transferred onto MS medium containing 75 pM CdCl, (Cd) for 10 d, with no CdCl, MS
medium as the control (Ck).

4.2. RNA and DNA Extraction

The total RNA of plant tissues was isolated using the RNA prep Pure Plant Kit 175
(TianGen Biotech, Beijing, China). RNA derived from the leaf was reverse transcribed into
cDNA by using Easy Script One-Step DNA Removal and cDNA Synthesis SuperMix (Trans-
Gen 177 Biotech, Beijing, China). The total RNA quality was performed by visualization on
a1l x TBE gel stained with ethidium bromide. Total DNA was extracted using a Plant Kit
(OMEGA, New York, NY, USA, D3485-01).

4.3. Cloning of MsYSL6 and MsYSL6pro

Alfalfa cDNA was used as the template to amplify the open reading frames (ORFs)
of the MsYSL6 gene. The MsYSL6 gene amplified primers were designed according to
alfalfa iron deficiency transcriptome data (Table S2). The PCR system was as follows:
template 1 uL, each primer 0.4 uL, ExTaq DNA polymerase (5 U/uL) 0.05 pL, ANTP mix
(2.5mM) 0.8 uL, 10 x PCR Buffer 1 puL, add ddH,O to 10 puL. PCR was performed using
the following program: 94 °C for 5 min, 94 °C for 30 s, 55 °C for 30 s, 72 °C for 2.5 min,
95 °C for 15 s, for 30 cycles; 16 °C for 1 h. The PCR products were purified with a Gel DNA
Purification Kit (OMGAE), and then cloned into pMD18T plasmids for sequencing. The
amino acid sequence of MsYSL6 was identified using the SMART website (http://smart.
embl-heidelberg.de/ accessed on 11 June 2022). To elucidate the evolutionary relationship, a
BLASTP search was performed in the NCBI nr (nonredundant protein sequences) database.
Amino acid sequences were aligned with MEGA7.0 software. An unrooted neighbor-
joining tree was constructed. The transmembrane domains were predicted using the
TMHMM Server v.2.0 website (http://www.cbs.dtu.dk/services/ TMHMM/ accessed on
11 June 2022). Conserve protein motifs were predicted through the online program MEME
(http:/ /memesuite.org/tools/meme accessed on 11 June 2022).

The amplification primers of the MsYSL6 promoter (MsYSL6pro) fragment were
designed according to alfalfa genomic data (Table S2). The PCR system was as follows:
template DNA 1 puL, each primer 0.4 uL, ExTaq DNA polymerase (5 U/uL) 0.05 uL, ANTP
mix (2.5 mM) 0.8 pL, 10 x PCR Buffer 1 uL, add ddH,O to 10 uL. The PCR was performed
as follows: 94 °C for 5 min; 30 cycles of 94 °C for 30 s, 58.1 °C for 30 s, and 72 °C for
2 min; and a final extension at 72 °C for 10 min. The PCR products were separated and
purified with a Gel DNA Purification Kit (OMEGA). Purified products were then cloned
into pMD18T plasmids for sequencing. The cis-elements in MsYSL6pro were predicted
online by PlantCARE.

4.4. Subcellular Localization of MsYSL6

The MsYSL6 ORF without stop codes was cloned into the pBWA(V)HS-GLosgfp vector
to construct a fusion plasmid. Then, the fusion plasmid was introduced into Agrobacterium
tumefaciens GV3101 by freeze—thaw method and injected into tobacco leaf through the
epidermis with a syringe. After cultivation for 2 d, fluorescence signals were recorded using
a confocal laser scanning microscope (Nikon C2-ER Laser Scanning Confocal Microscope
(Tokyo, Japan)). The green fluorescent protein was excited at 488 nm, and emissions were
collected at 510 nm. The chlorophyll autofluorescence was excited at 640 nm, emissions
were collected at 675 nm, and overlay images were created.

4.5. gRT-PCR

The qRT-PCR was performed by a Real-Time PCR System (Applied Biosystems 7300
Real-Time PCR System, Foster City, CA, USA), using specific primers (Table S2). MsActin
and NtGAPDH were used as internal controls. The qRT-PCR system was as follows: cDNA
2 uL, primer Mix 1 uL, qPCR Mix 10 pL, 50 x ROX 0.4 puL, ddH,O 6.6 uL, total 20 uL. The
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qRT-PCR was performed as follows: 95 °C for 10 min, 95 °C for 15, 55 °C for 30 s, 72 °C
for 30's, 95 °C for 15 s, 60 °C for 30 s, for 40 cycles; 95 °C for 15 s. The qRT-PCR results were
quantified using the comparative 2~-8ACt method. All of the qRT-PCR experiments were
performed with three independent RNA samples.

4.6. GUS Assay

The MsYSL6pro was cloned to create a C-terminal translational fusion to the reporter
gene GUS. The pBI121-MsYSL6pro::GUS was introduced into the Agrobacterium rhizogenes
K599 and then infected on alfalfa roots to induce hairy roots. MsYSL6pro::GUS transformed
explants were cultured with MS; medium with 50 uM kanamycin for 4 d and then cultured
with MS; medium. After hairy root emergence, the transformants were transferred to an
MS; medium supplemented with 75 uM CdCl, (Cd) and no stress (Ck) for 15 d. The alfalfa
hairy roots were stained for the exam the GUS activity.

4.7. Plant Transformation and Selection

MSsYSL6 was digested with Xbal and Smal and cloned into a plant expression vector
pBI121. The Agrobacterium tumefaciens GV3101 harboring the pBI121-35S:: MsYSL6 was
transformed into tobacco by leaf disc method. Subsequently, the transgenic Ty plants
were consecutively self-crossed and detected by PCR and qRT-PCR analysis with MsYSL6
gene-specific primers. T3 seeds were used for further analyses.

4.8. Phenotypic and Physiological Analysis

The 2-week-old tobacco seedlings of three MsYSL60OE tobacco lines (L5, L8, and L9)
and WT were treated with 75 uM CdCl, (Cd) and no stress (Ck) for 15 d. The germinated
seeds were recorded and used to calculate the germination rate. The fresh weight and root
length of seedlings were measured and photographed. The chlorophyll was extracted by
acetone according to Lichtenthaler [72] et al., and the absorption value was measured at
649 nm and 665 nm by an ultraviolet-visible spectrophotometer (Metash Instruments CO.
UV-5100). The MDA content was measured at 450 nm according to Reshmi et al.[73].

4.9. Oxidative Analysis

The leaves from tobacco were infiltrated with NBT and DAB dyeing solution following
published procedures. The leaf was infiltrated with 1 mg/mL nitro blue tetrazolium (NBT)
(pH 7.8) for 40 to 60 min in the dark to detect O, accumulation. The leaf was infiltrated
with 1 mg/mL diaminobenzidine (DAB) (pH 7.0) for 8 h in the dark to detect H,O,
accumulation; the leaf was then decolorized by boiling in ethanol: glycerin (3:1) solution
for 10 min, photographed after cooling.

4.10. Metal Content Determination

The 30-day-old tobacco seedlings of MsYSL6 transgenic tobacco (MsYSL60OE) lines
and wild-type plants (WT) were treated with 75 uM CdCl, for 10 d [74]. The shoots and
roots of MsYSL60OE and WT were collected, and all samples were dried to measure weight.
The dried and ground samples were placed into the digestive tube with 4 mL 65% HNO;
and heated at 120 °C for 90 min. After cooling, 1 mL 30% H,O, was added and it was
heated at 120 °C for 90 min. After cooling, 750 pL 30% H;O, was added and it was left to
stand for 4 h, constant to 50 mL with ddH,O. All standard solutions were analyzed with
the ICP-OES method using ICP-OES8000 (Perkin Elmer, Waltham, MA, USA). All of the
measurements were performed with three independent samples.

4.11. Statistical Analysis

All of the experiments were repeated three times independently. Data were analyzed
by one-way analysis of variance (ANOVA) with LSD Test (least significant difference). The
significance of the data was annotated with asterisks (*) based on the following criteria:
*,p<0.05*,p<0.01.
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5. Conclusions

Understanding how Fe/Cd accumulates in plants provides guidance for crop cultiva-
tion. For the first time, the role in Fe/Cd transport of MsYSL6 was revealed. This study
was a preliminary characterization of the MsYSL6 gene. Studies are needed to determine
the subcellular localization of MsYSL6 protein using markers specific for chloroplasts and
various organelles. Although studies showing that Fe/Cd uptake and accumulation mecha-
nisms in plants are similar in some respects, increasing numbers of researchers have found
that these mechanisms are distinct between Fe/Cd uptake and accumulation. MsYSL6
might cooperate with NAS to exercise their biological functions, but it remains unclear.
Further study is needed to further clarify these mechanisms.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ plants12193485/s1, Figure S1: The cloning of MsYSL6 from alfalfa
and the transformation into tobacco; Figure S2: The predicted transmembrane domains of MsYSL6
protein; Figure S3: Construction of pBI121-MsYSL6pro::GUS; Figure S4: Identification of pBI121-
MSsYSL6pro::GUS; Figure S5: The pBI121-MsYSL6pro::GUS induced alfalfa hairy roots; Figure S6:
The germination of MsYSL6OE tobacco under Cd stress. Table S1: The germination rates of MsYSL6
overexpressed tobacco lines and WT under Cd stress; Table S2: The primer sequence.
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Abstract: The transport of metals such as iron (Fe), manganese (Mn), and cadmium (Cd) in rice is
highly related. Although Fe and Mn are essential elements for plant growth, Cd is a toxic element
for both plants and humans. OsNRAMP5—a member of the same family as the Fe, Mn, and Cd
transporter OsNRAMP1—is responsible for the transport of Mn and Cd from soil in rice. Knockout
of OsNRAMP5 markedly reduces both Cd and Mn absorption, and this OsNRAMPS5 knockout
is indispensable for the development of low-Cd rice. However, in low-Mn environments, such
plants would exhibit Mn deficiency and suppressed growth. We generated random mutations in
OsNRAMP5 via error-prone PCR, and used yeast to screen for the retention of Mn absorption and
the inhibition of Cd absorption. The results showed that alanine 512th is the most important amino
acid residue for Cd absorption and that its substitution resulted in the absorption of Mn but not Cd.

Keywords: OsNRAMPS5; cadmium; manganese; rice; transporter; random mutation

1. Introduction

The global population surpassed 8 billion in 2023 and is increasing; it is projected
to exceed 11.2 billion in 2100 [1]. Worldwide, 750 million people suffer from hunger and
undernourishment, a number projected to exceed 840 million in 2030 and 2 billion in 2050 [2].
The total global cultivable area has decreased since 1961 as a result of urbanization [3]. The
improvements in crop varieties and techniques resulting from the ‘Green Revolution” have
increased yields per unit area; however, further increasing yields is problematic. To provide
sufficient food for the increasing global population, there is a need to develop plants that
are tolerant of poor environments.

Soil contamination by toxic heavy metals precludes its use for agricultural purposes.
When crops absorb nutrients such as trace elements from soil, they also take up harmful
heavy metals. Among these harmful heavy metals, cadmium (Cd) is an atypical transition
heavy metal readily absorbed in conjunction with other minerals required for plant growth
(e.g., iron (Fe), zinc (Zn), and manganese (Mn)) [4]. It has a long biological half-life; high
mobility, solubility, fluidity, and bioaccumulation; and long-lasting toxicity, irrespective of
concentration [5]. Cd is not essential for plant growth or the biological functions of humans
and animals. In plants, excess Cd causes growth disorders. Cd contamination is a severe
and ubiquitous environmental problem, and Cd enters food chains by being absorbed by
plants and then subsequently accumulating in animals and humans. Lifelong intake of Cd,
which has a biological half-life of around 10 years, can damage the lungs, kidneys, bones,
and reproductive system. In Japan, Itai-Itai disease was first reported in the 1910s, and
Cd-exposed miners in Europe suffered lung damage in the 1930s; in both cases, the damage
was induced by chronic Cd intoxication [6].

Cd is produced by natural activities (volcanic activity, weathering, and erosion), an-
thropological activities (smoking, smelting, and fossil fuel combustion), and remobilization
of historical sources, including watercourse contamination. Those industrial activities,
including mining and smelting, could influence paddy fields to a large extent [7]. As a
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result, dietary intake accounts for approximately 90% of all Cd intake in the nonsmoking
population; other sources include drinking water and exposure to inexpensive jewelry, toys,
and plastics [8]. According to the national food survey and estimation of total diet, the Cd
intake worldwide is within the range from 0.1 to 0.51 ug/kg of body weight per day, but in
comparing the intake of different countries, Asian nations, such as China (0.21-0.51 pg/kg)
and Japan (0.31-0.36 ng/kg), showed a higher level of intake than those of the United States
(0.13-0.15 ug/kg) and European nations (0.16 ng/kg in Finland, 0.18 pug/kg in Germany,
etc.) [9], which could be attributed to the larger consumption of rice in Asian nations [10].
Specifically in China, which is the largest rice producer [11], although the National Standard
of the People’s Republic of China limits the Cd content in rice to 0.2 mg/kg [12], 10.3%
of rice on the Chinese market exceeds this limit [13]. The independent market surveys
carried out in six administrative regions in those three major cropping regions showed
tested samples from all administrative regions are Cd-contaminated to different extents: the
average Cd content ranged from 0.12 to 0.46 mg/kg and 14-100% exceeded the standard
limit [14-19]

In rice, Cd is transported within the plant via the apoplastic and symplastic pathways,
and both pathways involve transporters of other metallic elements essential for plant
growth. Because Cd shares similar chemical properties with Fe, they are closely associated
in plants [20]. The mechanisms of the uptake and accumulation of Fe and Cd are somewhat
common as a result of similar entry routes within rice. During the vegetative stage, Fe and
Cd are absorbed by specific root transporters and transported to the aerial parts via the
xylem-to-phloem transfer system, and at grain-filling, grain Fe and Cd are both derived
from the phloem [21]. With the presence of Cd, Fe deficiency symptoms could be induced
because Cd inhibits not only the absorption of Fe [22], but the transportation of Fe from
root to shoot [23]. On the other hand, the addition of Fe could also reduce Cd content in
rice [20] and enhance rice growth and yield [24], which suggests that Cd translocation into
rice might occur via Fe metabolic pathways [25]. The interaction between Mn and Cd has
also been identified, because the accumulation of Cd is reduced in both roots and shoots in
the Mn sufficiency environment compared with the Mn deficiency environment [26]. Fe
and Mn alleviated Cd toxicity by preventing Cd from being absorbed by forming an Fe
plaque on the surface of rice roots [27]. Meanwhile, Fe and Mn could also protect plants
from damage induced by Cd on root growth and photosynthesis [28].

Several genes in rice have been reported to take part in xylem loading and phloem
redistribution of Fe, Mn, and Cd at different locations in the plants [29]. For example,
members of the heavy metal-associated protein (HMA) metal-transporter family transport
Cd to the root vascular bundle. Similar to AtHMA4 and AhHMA4, OsHMAZ2 has also
been identified as a transporter of both Zn and Cd, and in OsHMA2-suppressed rice,
the concentrations of both Cd and Zn decreased in the leaves and seeds, which suggests
that OsHMAZ2 plays a role in Cd loading to the xylem and participates in root-to-shoot
translocation of Cd apart from Zn [7]. Different from OsHMA2, OsHMA3 reportedly
does not transport other metals such as Zn [30]. To be specific, OsHMA3, a regulator for
Cd transport in the xylem in rice, has the function of mediating vacuolar sequestration
of Cd in root cells [31]. The expression of OsHMA3 was directly proportional to Cd
concentration in the environment [32], but with excessive Fe treatment, the expression of
OsHMAS significantly increased [33]. RNAi-mediated knockdown of OsHMA3 increased
root-to-shoot Cd translocation, and on the other hand, the overexpression of OsHMA3
reduced shoot Cd accumulation, which indicates that OsHMAZ3 has the function in vacuolar
compartmentation of Cd in roots, which decreases the xylem loading of Cd and subsequent
shoot Cd accumulation [34]. Cd is also transported to seeds via the phloem in a manner
involving the product of OsLCT; the phloem and seeds of OsLCT1 mutants generated
through RNA interference had low levels of Cd [35]. Because Cd is toxic, it is detoxified by
inclusion in complexes with thiol compounds such as phytochelatin (PC) and glutathione
(GS, a synthetic substrate for PC). In rice, such thiol compounds are synthesized by OsGS
and OsPCS, resulting in the extracellular transport of some Cd [36]. Therefore, it is necessary
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to modify steps in the plant Cd transport pathway—for instance, Cd absorption from
soil, transportation from root to leaf, and sequestration into the vacuole—to enhance its
detoxification. Doing so would enable the development of low-Cd foods in which Cd is
not stored in seeds.

The natural resistance-associated macrophage protein (NRAMP) family is involved
in the absorption of metal elements in diverse taxa. NRAMP1 transports divalent metals
(e.g., Mn, Fe, and cobalt) across the phagosomal membranes of macrophages, as does diva-
lent metal transporter 1 (DMT1; alternatively, NRAMP2, DCT), which is a transporter of Cd
and Fe [37]. The NRAMP family serves as the secondary active transporters with the gen-
eral features of proton transportation and proton-metal coupling, and the alternating access
in the NRAMP family depends largely on the motion and the structure of transmembrane
proteins [38]. Rice has seven NRAMP transporters, among which OsNRAMP1 is respon-
sible for the uptake and transport of Cd in plants [39]. Transformation with OsNRAMP1
reduced the Cd tolerance of yeast [40]. However, OsNARMP1 also transports Mn and Fe.
Similar interactions between Cd and Fe were also found in both the ferrous Fe transporter
iron-regulated transporter 1 (IRT1) and IRT2 in rice. Both OsIRT1 and OsIRT2 are related to
Fe uptake in roots and also showed an influx activity of Cd as well as Fe in yeast, showing
that OsIRT1 and OsIRT2 are important transporters in roots with the function of the uptake
of Cd [41,42]. OsIRTs may contribute to the uptake of Cd in aerobic conditions when water
is released. Meanwhile, Cd is absorbed in roots through the OsNRAMPS5 transporter, and
OsNRAMPS5, which has been identified as a transporter of Mn and Cd, is responsible for
the absorption of Mn and Cd from soil [43]. The reason that rice accumulates more Cd than
other cereal crops may also be related to the OsNRAMP5 gene having a higher expression
in rice [29]. Interestingly, Fe absorption by OsNRAMP5 in root and shoot tissues did not
differ significantly between the wild type and an OsNRAMP5 mutant [44]. Furthermore,
knockout of OsNRAMP5 markedly reduced the amount of Cd in rice by abolishing its
uptake from the soil. Therefore, knockout of OsNRAMPS5 is a promising trait for producing
low-Cd rice. Because OsNRAMPS5 transports both Mn and Cd, OsNRAMP5 knockout also
reduced Mn absorption by about 90% [45]; therefore, in low-Mn environments, such plants
would exhibit Mn deficiency and suppressed growth.

Mutations in OsIRT1 and AtNRAMP4 alter their metal selectivity [46,47]. Furthermore,
the changes in structure of ScaNRAMP also vary the metal transportation [48], which
might result from a single amino acid substitution together with the protein stability [49].
Similarly, among the 538 amino acid residues comprising OsNRAMPS5, 1 or more may
mediate its transport of Mn, Cd, or both. Therefore, substitution of a specific amino acid
residue may affect Mn and/or Cd transport in a manner that does not alter the Mn uptake
while suppressing Cd uptake by changing the amino acid, the protein structure, or both.
Rice with such a mutation could maintain Mn uptake while avoiding Cd accumulation
when grown in Cd-contaminated soil with low Mn, with no negative influence on the
growth. The development of rice varieties that can absorb Mn but not Cd would enable the
cultivation of soil with a greater range of Cd contamination levels than would rice varieties
with OsNRAMP5 knockout, and enlarge the production of sufficient crops with low Cd
concentration. To this end, in the present study, we introduced mutations into OsNRAMP5
and evaluated their effects on Mn and Cd transport.

2. Results
2.1. Optimization of Mn and Cd Concentration for Mutant Screening in Yeast

The appropriate conditions of screening were determined by analyzing the transporta-
tion of Cd and Mn by OsNRAMPS5 in yeast because although when expressed in yeast,
OsNRAMP5 functions as a transporter of both Mn and Cd, the growth of the yeast might
also depend on the environmental concentrations of the metals [42,44]. In the absence of
Mn with different concentrations of EGTA, the growth of the negative control (VC) was
inhibited from 10 mM EGTA, and the effect was the most at 20 mM EGTA (Figure 1b,c), but
no significant difference was found with 2 mM EGTA (Figure 1a); however, OsNRAMP5-
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expressing N5 showed good growth even with 20 mM EGTA as a result of transport of
Mn by the OsNRAMPS5 (Figure la—c). In the presence of different concentrations of Cd,
the growth of N5 was impaired from 50 uM Cd, and the most significant difference was
found at 100 uM Cd (Figure 1e,f), but the Cd concentration of 10 M did not influence the
growth of the yeast significantly (Figure 1d), and that of VC was unaffected regardless of
Cd concentration (Figure 1d—e). Furthermore, both VC and N5 showed inhibited growth
in a —Mn/+Cd environment compared with a +Cd environment and —Mn environment,
respectively (Figure 1c,e f,g), and no significant difference was found between the growth
of VC and N5 in a —Mn/+Cd environment (Figure 1g). These results indicate that the
difference in growth of VC and N5 could be clearly identified in the environment with
20 mM EGTA chelating Mn and 100 uM CdCl,, which demonstrates that the concentrations
of EGTA and Cd were appropriate for the later screening.
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Figure 1. OsNRAMPS5 transport activity in yeast. Growth of two individual manganese-absorbing
transporter-deficient mutant Asmifl-harboring empty pDR195 vectors (VC 1 and 2) and OsNRAMP5
(N5 1 and 2) in synthetic defined medium containing (a) 2 mM EGTA, (b) 10 mM EGTA, (c) 20 mM
EGTA, (d) 10 uM CdCly, (e) 50 uM CdCl,, (f) 100 uM CdCly, (g) 20 mM EGTA, and 100 uM CdCl,.

2.2. Patterns of OsSNRAMP5 Mutations

We selected 100 colonies from 10 —Mn/+Cd plates in the first screening (200,000 colonies
in total) and 20 colonies in the second screening (Table 1). The nucleotide sequences of
20 mutants were classified into 4 patterns: pattern 1, 2 nucleotide mutations corresponding
to 1 amino acid mutation (A512T and a silent mutation at the 21st position); pattern 2,
4 nucleotide mutations corresponding to 3 amino acid mutations (S8R, C111Y, A512T, and
a silent mutation at the 291st position); pattern 3, 2 nucleotide mutations corresponding to
1 amino acid mutation (A512T and a silent mutation at the 507th position); and pattern 4,
3 nucleotide mutations corresponding to 3 amino acid mutations (S8R, C111Y, and A512T).
Only mutants with different amino acids were focused on in this study, so these four

92



Plants 2023,12,4182

patterns were divided into type 1 and type 2 according to their amino acid mutations:
patterns 1 and 3 with A512T and patterns 2 and 4 with S8R, C111Y, and A512T. The G
to A substitution at position 1534 (alanine to threonine at residue 512) was present in all
four patterns.

Table 1. Sequences of mutant OsSNRAMP5 and the locations of the mutations from the start codon of
OsNRAMPS.

Pattern Plasmid No. Mutation Location =~ Change in Base = Change in a.a.
1 6,69,75,76,77,78,79, #21 C—T —
80, 81, 87,95,97,98 #1534 G—A A—=T
#22 A—C S—R
#291 T—C —
2 3 #332 GoA oY
#1534 G—A A—T
#507 T—C —
3 35,36, 70, 82 #1534 G—A A—T
#22 A—C S—R
4 89 #332 G—A C—Y
#1534 G—A A—=T

2.3. Mutants Absorb Mn but Not Cd

The absorption of Cd and Mn by the 20 mutants was compared with those of the
VC and N5. Under Mn-deficient conditions, all mutants showed growth similar to N5,
indicative of similar levels of Mn absorption (Figure 2a). In the presence of Cd, N5 showed
little growth, but the mutants—particularly those with pattern 3 (M35, M36, M70, and
M82)—showed improved growth compared with the other mutants (Figure 2b). In the
presence of Cd but not Mn, the growth of VC and N5 was inhibited by Mn deficiency and
Cd toxicity, respectively. However, all mutants showed improved growth, indicating that
they could absorb Mn but not Cd in the environment of —Mn/+Cd (Figure 2c).

The patterns with the biggest number of plasmids were selected from each type
(pattern 1 from type 1 and pattern 2 from type 2) to test the sensitivity to EGTA and
Cd. M6 (mutant from pattern 1) and M9 (mutant from pattern 2) were investigated on
media with various concentrations of EGTA and Cd. Apart from the result of VC and N5
similarly to Figure 1, because VC was not sensitive to low concentrations of Mn (2 mM
EGTA), the mutants showed only slightly better growth with 10 mM EGTA and a significant
difference with 20 mM EGTA (Figure 3a—c). Meanwhile, the growth of the mutant was
slightly inhibited with 10 mM of EGTA compared with N5, but when N5 also showed
decreased growth with a further increase in EGTA, the mutants had growth similar to it
(Figure 3b,c). In the presence of Cd, the mutants were not inhibited in growth as N5 at
10uM Cd (Figure 3d), and even showed slightly better growth at medium concentration
(50 uM) compared with VC (Figure 3e). With a high concentration of Cd (100 uM), the
growth of the mutants was slightly worse than that of VC (Figure 3f). Meanwhile, the
significant difference between the growth of M6 and M9 was not found in either —Mn or
+Cd conditions (Figure 3).
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Figure 2. Transport activities of OsNRAMP5 mutants in Asmfl yeast expressing the OsNRAMP5
mutants (M), empty pDR195 vector (VC), and wild-type OsNRAMP5 (N5) in solid synthetic defined
medium containing (a) 20 mM EGTA, (b) 100 uM CdCl,, and (c) 20 mM EGTA and 100 uM CdCl,.

In the growth test in liquid medium, the growth rates of M6 and M9 were compared
with those of VC and N5. Under Mn-deficient conditions, M6 and M9 grew slightly slower
than N5, but much faster than VC (Figure 4a). In the presence of Cd, the growth of N5 was
suppressed, and the growth of the two mutants was similar to that of VC (Figure 4b). In
the presence of Cd but not Mn, the growth rates of the two mutants were higher than those
of VC and N5 (Figure 4c).

The growth rate of VC, N5, M6, and M9 in different concentrations of Cd for 24 h
indicated that both mutants were more tolerant in all Cd concentrations compared with the
N5 yeast, but similar in growth compared with the VC yeast. Both mutants showed similar
growth rates regardless of the concentration of Cd, but N5 showed a decreased growth rate
at high Cd concentration (100 uM CdCl,) compared with low Cd concentration (10 M
CdClp) (Figure 4d).
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Figure 3. EGTA and Cd sensitivity of OsNRAMP5 mutants in Asmfl yeast expressing the OsSNRAMP5
mutants (M), empty pDR195 vector (VC), and wild-type OsNRAMP5 (N5) in solid synthetic defined
medium containing (a) 2 Mm EGTA, (b) 10 Mm EGTA, (c) 20 Mm EGTA, (d) 10 uM CdCl,, (e) 50 uM
CdCly, and (f) 100 uM CdCl,.
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Figure 4. Growth rate of OsSNRAMP5 mutants in Asmfl yeast expressing the OsNRAMP5 mutants
(M6 and M9), empty pDR195 vector (VC), and wild-type OsNRAMPS5 (N5) in liquid synthetic defined
medium containing (a) 20 mM EGTA, (b) 100 uM CdCly, (c) 20 mM EGTA and 100 uM CdCl,, and
(d) 10 uM, 50 uM, and 100 uM CdCl,.

2.4. Mutants Show Reduced Absorption of Cd but Similar Absorption of Mn Compared with N5

M6 and M9 showed Cd absorption similar to that of VC but significantly different
from that of N5 in the presence of 20 uM CdCl, for 72 h (Figure 5a). In the presence of Cd,
M6, M9, VC, and N5 showed similar Mn absorption. In the absence of Cd, M6 showed
greater Mn absorption than N5, and M9 showed Mn absorption lower than N5 but similar
to VC (Figure 5b).

M6 showed similar Fe absorption to N5 in the absence of Cd, which was significantly
higher than in the presence of Cd. However, M9 showed similar absorption of Fe to VC
irrespective of the presence of Cd. Meanwhile, the absorption of Fe in both M9 and VC
showed lower levels in the absence of Cd, but M6, M9, VC, and N5 showed similar levels
of Fe absorption in the presence of Cd (Figure 5c). There was no significant difference in
the absorption of Cu compared with M6, M9, VC, and N5, irrespective of the presence of
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Cd. Therefore, neither pattern 1 mutants nor the pattern 2 mutants showed an influence in
the absorption of Cu. Moreover, M6, M9, VC, and N5 showed similar Zn absorption in the
presence of Cd, although in the absence of Cd, only M6 showed elevated Zn absorption
(Figure 5e).
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Figure 5. Metal concentrations in empty pDR195 vector (VC), wild-type OsNRAMP5 (N5), and
mutants (M6 and M9) in the presence or absence of 20 uM CdCl, for 72 h followed by drying for
24 h: (a) cadmium, (b) manganese, (c) iron, (d) copper, and (e) zinc. Data are the means =+ standard
deviation (1 = 3). Different letters indicate significant differences (p < 0.05).

2.5. Alanine 512 Is Essential for Cd Absorption

The 20 plasmids harbored a substitution of alanine for threonine at residue 512. To
evaluate its importance, we mutated alanine 512 to methionine (A512M), isoleucine (A512I),
and aspartic acid (A512D). The metal-transport activities of the mutants were compared
with those of VC, N5, and A512T. All mutants had growth rates similar to A512T (Figure 6).

-Mn/+Cd SD
(a) -MnSD (EGTA=20mM)  (]) +Cd SD (Cd=100pM) (c) (EGTA=20mM, Cd=100uM)
0.1 0.01  0.001 0.1 0.01__ 0.001 0¥ 0I001

0.01
VC| VvC @

N5 N5
A512T A512T
A512M A512M

A512I A5121 A512

A512D
A512D A512D

Figure 6. Transport activities of OsNRAMP5 mutants. Growth of empty pDR195 vector (VC),
wild-type OsNRAMPS5 (N5), and amino-acid-512 mutants in synthetic defined medium containing
(a) 20 mM EGTA, (b) 100 M CdCl,, and (c) 20 mM EGTA and 100 uM CdCl,.
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3. Discussion

The growth of the mutants in the presence of Cd and the absence of Mn is likely
attributable to the mutations (Table 1 and Figure 2a,b, Figures 3 and 4a,b). In the medium
containing Cd but not Mn, VC and N5 did not grow, as a result of Mn deficiency and Cd
toxicity, respectively (Figures 1 and 2), and in the environment with the presence of Cd and
the absence of Mn, the improved growth of N5 compared with that in the environment
with the presence of Cd (Figure 1f,g) might be attributed to the chelation by EGTA of
Cd, which reduced the free Cd in the medium [50]. However, the obtained OsNRAMP5
mutants showed good growth (Figure 2). The selected M6 and M9 were investigated and
the transport of Mn remained, but they had a low sensitivity to Cd (Figure 3). In liquid
medium, the growth rates of the M6 and M9 mutants were similar to that of N5 in the
absence of Mn (Figure 4a); both mutants showed similar growth rates under all conditions
(Figure 4a—) and a lower Cd sensitivity in different Cd concentrations compared with
N5 (Figure 4d). These findings indicate that M6 and M9 had reduced absorption of Cd in
various concentrations of Cd (Figure 2b,c, Figure 3d—f, Figures 4c and 5a) but similar or
increased absorption of Mn compared with N5 (Figure 2a,c, Figures 3a—c and 5b), suggesting
that the OsNRAMPS5 mutants could mediate the absorption of Mn while suppressing that
of Cd. Also, alanine 512, which was common to all mutations, is likely involved in the
absorption of Cd (Figure 6). However, even though there was a significant increase in Mn
absorption level of M6 and N5 in the absence of Cd, it still showed similar performance
with the presence of Cd in M6, M9, VC, and N5 (Figure 5b) due to competitivity of Mn with
Cd [51]. Furthermore, because the previous research on OsIRTs indicated that although
Cd accumulation in the roots and shoots of OsIRT1-overexpression plants was increased
under MS medium with excessive Cd, such a phenotype was not shown in the paddy field,
which demonstrates that the contribution of the transporters is also affected by the external
environmental conditions [52]. The mutations affecting the Mn and Cd transport ability of
yeast will be introduced into rice to verify whether rice with mutations can show a higher
Mn concentration in the environment with low Mn and lower Cd in the environment with
Cd, which is similar to the performance of yeast in this study, in the future.

In the presence of Cd, M6 showed lower Cd absorption, and in the absence of Cd, M6
showed higher Mn (Figure 5a,b), suggesting that the altered Cd and Mn absorption of M6
resulted from the mutation of alanine 512 (Figure 6), and the similar absorption level of
Mn in M9 compared to VC might be attributed to the extra mutation of serine 8 and/or
cysteine 111 (Table 1 and Figure 5b). Alanine 512 is also important for the absorption of
Zn. In the absence of Cd, Zn absorption by N5 was markedly lower than that of M6, and
slightly but non-significantly lower than that of M9 (Figure 5e). However, because Cd is
more competitive and more easily absorbed than Zn [51], the Zn absorption by M6 and
M9 decreased to a level similar to that of VC and N5 in the presence of Cd. Cd is less
competitive with Cu [51], which might lead to no significant change in the absorption
of Cu with both the presence and absence of Cd in all M6, M9, VC, and N5 (Figure 5d).
Moreover, mutations of serine 8, cysteine 111, or both may impede the absorption of Zn and
Fe, possibly explaining the similar Zn absorption of N5 and M9 and the lower Fe absorption
in M9 than in N5 and M6 in the absence of Cd (Figure 5c,e). For all metals investigated,
MO9 had similar absorption rates to VC (Figure 7), suggesting that serine 8, cysteine 111,
or both are important for metal transport by OsNRAMP5. In M9, the A512T mutation
non-significantly enhanced Mn transport compared with VC (Figure 5b). This may explain
why the mutations of patterns 2 and 4 were obtained by screening in the absence of Mn.

Particular attention should be paid to the change at nucleotide 507, because yeast with
pattern 3 grew better than that with pattern 1 on a Cd-containing medium with the same
construction of amino acid (Table 1 and Figure 2b). Meanwhile, the change at nucleotide
21 in M6 might also be important to enhance the absorption of Mn and Zn in the absence
of Cd, because M6 showed an increased absorption of Mn and Zn compared with N5,
but M9 sharing the mutation at alanine 512 showed a reduced and similar absorption
of Mn and Zn, respectively, compared with N5 (Figure 5b,e). The changes from C to T
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at nucleotide 21 (pattern 1) and T to C at nucleotide 507 (pattern 3) (Table 1) could alter
transcriptional efficiency, RNA stability, transfer RNA levels, and protein expression levels
even though the amino acid was kept the same [53,54]. It will be very interesting to see if
these silent mutations have the same effect in plants as well as in yeast. Whether these are
silent mutations that affect absorption could be evaluated by creating a plasmid with the
only mutation at nucleotide 21 and a plasmid with the only mutation at nucleotide 507 and
evaluating the effect on metal absorption compared with M6, A512T, and yeast with the
pattern 3 mutant introduced into both yeasts and plants in a future study. Because all three
mutations were not found in other NRAMP proteins, we need further study on whether
the influence of these residues is also conserved in other NRAMPs.

(a) extra (b) extra

Figure 7. Structural prediction. (a) Schematic diagram of wild-type OsNRAMP5 produced with
AlphaFold DB version, with alanine 512 (red), which is important for cadmium and manganese
transport and affecting the absorption of zinc, and serine 8 and cysteine 111 (green), which influence
metal absorption. (b) Schematic diagram of OsNRAMPS5 with three mutations predicted with
AlphaFold DB version, with potentially important locations indicated by the same color as (a).

Regarding structural prediction, OsNRAMP5-Q337K, in which a glutamine residue in
the eighth transmembrane domain was substituted with a lysine residue, reduced the grain
Cd concentration without causing severe Mn deficiency in rice [55]. The three mutations in
this study were predicted to be cytoplasmic, and all three mutations slightly changed the
structure of the protein (Figure 7). It is necessary to investigate how these residues, which
are not extracellular and so cannot interact directly with extracellular metal ions, affect the
absorption of metals.

4. Materials and Methods
4.1. Mn and Cd Absorption Assays

The plasmids pDR195 and pDR195 containing OsNRAMP5 were transformed into
the Mn-absorbing transporter-deficient mutant yeast strain Asmfl (MATalpha, his3A1;
leu2A0; metal5A0; ura3A0; YOL122c:; kanMX4), generating VC and N5, respectively. Metal
transport assays were carried out in synthetic defined (SD) medium (2% glucose, 0.5%
yeast nitrate base without amino acids, and 2% agar) containing Cd (10 uM, 50 uM, 100 uM
CdClp) but not Mn (2 mM, 10 mM, 20 mM EGTA, pH 5.9) in different concentrations [43,44].
The media were spotted with 8 uL of yeast suspension (ODggg = 0.1, 0.01, 0.001), incubated
statically at 30 °C for 2 days, and the growth of the yeast strains was monitored.

4.2. Error-Prone PCR

To ligate OSNRAMPS5 into pDR195, HindIll and EcoRI sites were introduced (Ligation
Mighty Mix (TaKaRa)), and the vector was digested with BamHI and Xholl. Mutations were
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introduced into OsNRAMPS5 via error-prone PCR, which we employed previously [56],
in ten separated tubes (using 50 x Titanium Taq DNA Polymerase (TaKaRa)). The PCR
conditions were denaturation at 95 °C for 15s, annealing at 55 °C for 15 s, and extension at
68 °C for 2 min for 30 cycles, during which the Mn concentration was changed and random
mutations were introduced. OsNRAMPS5 has 1614 nucleotides; we used 300 uM Mn to
introduce two to five mutations.

4.3. Screening

OsNRAMPS5 fragments with random mutations obtained from 10 separated tubes in
the error-prone PCR were ligated into pDR195. The vectors with OsNRAMP5 fragments
from each error-prone PCR tube were transformed into Asmfl and cultured on —Mn/+Cd
SD medium (20 mM EGTA, 100 pM CdCl,, pH = 5.9) for 48 h at 30 °C in separated plates for
the first screening (10 plates). Next, colonies were diluted and cultured in fresh —Mn/+Cd
SD medium for the second screening (100 plates) and the colonies were sequenced.

4.4. Growth Assay

Plasmids harboring OsNRAMP5 mutants were transformed into Asmf1 and cultured
on solid —Mn, +Cd, and —Mn/+Cd SD media. The EGTA and Cd sensitivity of the mutants
was tested on the solid +Cd media with different conditions (2 mM, 10 mM, 20 mM EGTA
and 10 uM, 50 uM, 100 uM CdCly) using the same method as 4.1. The growth rates of
the mutants were analyzed in liquid —Mn, +Cd, and —Mn/+Cd SD media starting with
ODgqp = 0.05 and compared with those of VC and N5 within 48 h. The Cd sensitivity was
also analyzed by measuring the growth rate of the mutants in +Cd SD media with different
concentrations of Cd and comparing them with those of VC and N5 in 24 h.

4.5. Uptake of Metals

VC, N5, and two OsNRAMP5 mutant yeast strains (M6 and M9) were cultured in
50 mL of liquid SD medium (20 uM CdCly, 2.5 pM MnSQOy, 0.75 uM FeCls, 1.5 tM ZnSOy,
0.15 uM CuSOy) for 72 h at 30 °C. The yeasts were centrifuged at 8000x ¢ for 5 min, washed
with 50 mL of distilled H,O at 8000x g for 5 min 2 times, and washed with 30 mL of
distilled H,O at 8000 x g for 5 min. The pellets were dried in a warmer at 60 °C for 48 h.
The dried pellets were weighed and wet-ashed diluted with 2% HNOj3, and the Fe, Mn,
Cu, Zn, and Cd concentrations were analyzed with inductively coupled plasma optical
emission spectrometry (ISPS-3500, Seiko Instruments Inc., Chiba, Japan).

4.6. Amino Acid Substitution

The candidate amino acid residue in pDR195 (digested by Sall) was substituted for
other amino acid residues to evaluate its function in Mn and Cd transport. The resulting
plasmids were transformed into Asmf1 and cultured on solid —Mn, +Cd, and —Mn/+Cd
SD media.

4.7. Statistical Analysis

The significance of the differences was evaluated using one-way analysis of variance
followed by Tukey’s multiple comparison test; p < 0.05 was considered to indicate significance.

4.8. Protein Structure Analysis

The schematic diagram of the OsNRAMP5 protein structure was produced with
AlphaFold DB version.

5. Conclusions

The results in this study indicate that alanine 512 mediates, at least in part, Cd transport
by OsNRAMPY5; its substitution significantly decreased Cd transport but increased Mn
transport. Furthermore, it is also necessary to consider the two amino acid residue changes,
S8R and C111Y, other than the 512th alanine for the metal selectivity of the OsNRAMP5
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protein. Rice harboring metal-selective OsNRAMP5 could grow in low-Mn soil and/or
Cd-contaminated soil, thereby increasing the cultivable land area in the future.
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Abstract: The application of synthetic iron chelates to overcome iron deficiency in crops is leading
to a high impact on the environment, making it necessary to find more friendly fertilizers. A
promising alternative is the application of biodegradable iron chelates, such as those based on
siderophores. In the present work, seven bacterial strains of the genus Pseudomnonas were selected
for their ability to secrete pyoverdine, a siderophore with a high affinity for iron, which could be
used as a biofertilizer. The concentration of siderophores secreted by each bacterium expressed as
desferrioxamine B equivalents, and the pyoverdine concentration was determined. Their potential as
Fe biofertilizers was determined based on their capacity to complex Fe, determining the maximum
iron complexation capacity at alkaline pH and selecting the RMC4 strain. The biostimulant capacity
of the RMC4 strain was evaluated through the secretion of organic acids such as the hormone Indol-
3-acetic acid or glutamic acid, among others, in a kinetic assay. Finally, the genome of RMC4 was
determined, and the strain was identified as Pseudomonas monsensis. The annotated genome was
screened for genes and gene clusters implicated in biofertilization and plant growth promotion.
Besides iron mobilization, genes related to phosphorus solubilization, production of phytohormones
and biological control, among others, were observed, indicating the suitability of RMC4 as an
inoculant. In conclusion, RMC4 and its siderophores are promising sources for Fe biofertilization
in agriculture.

Keywords: iron; siderophore; pyoverdine; Pseudomonas; biofertilizer

1. Introduction

Iron (Fe) deficiency is a major nutritional disorder in crops causing lower yields and
important economic losses [1]. Despite the fact that Fe is the fourth most abundant element
on Earth, Fe deficiency has been considered the most common micronutrient deficiency
in crops worldwide [1]. This problem is especially relevant in alkaline and calcareous soil
conditions characterized by a pH between 7.4-8.5 [2], and a high bicarbonate concentra-
tion, buffering the pH and causing the Fe to react with insoluble chemical species, thus
limiting its availability for crops [3,4]. To overcome Fe deficiency in crops, the application
of synthetic compounds derived from polyaminocarboxylic acids or polyaminophenylcar-
boxylic acids (commonly known as Fe chelates) such as ethylendiaminetetraacetic acid
(EDTA), ethylendiamine-N-N’bis(o-hydroxyphenylacetic) acid (o,0-EDDHA), or N-N’bis(o-
hydroxyphenyl)ethylendiamine-N-N’-diacetic acid (HBED) [5] is the most widespread
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solution [4]. Despite their effectiveness, their high price and environmental impact [6-8]
have encouraged the development of new research lines to focus on finding sustainable
alternative formulations to these Fe chelates.

One promising line of research in agriculture is the use of siderophore-producing bacte-
ria [9-11]. Under Fe deficiency conditions, these bacteria secrete siderophores. Siderophores
are molecules with low molecular weight and high affinity and selectivity for binding and
complexing with Fe3* [12]. This high affinity is due to the functional donor groups present
in the siderophores (amino, catecholate, hydroxamate, and /or carboxylate), which are able
to bind to Fe [13]. Depending on the main functional group present in the siderophore, it
can be classified as a catecholate, hydroxamate, carboxylate, or mixed (if they have more
than one functional group) type [14]. Currently, many different siderophores of each type
are known: catecholate types such as aminochelin, azotochelin, bacillobactin, enterobactin
or protochelin; hydroxamate types such as desferrioxamine B (DFOB), putrebactin or vi-
cibactin; carboxylate types such as corynebactin, rhizoferrin or vibrioferrin; and mixed
types such as aerobactin, ferribactin, pseudobactin or pyoverdine [9,13,14]. All known
siderophores are compiled in a freely usable database [15].

Siderophores exhibit a well-established high-affinity binding with Fe, yet their utiliza-
tion in biofertilizers remains constrained. Ferreira et al. [16] investigated the efficacy of
freeze-dried products derived from siderophore bacterial cultures (Azotobacter vinelandii
and Bacillus subtilis) complexed with Fe in ameliorating Fe deficiency in soybean crops.
Results indicated the superior stability of Azotobacter vinelandii siderophores in calcareous
soils, leading to significant enhancements in dry weight and leaf chlorophyll content. This
underscores the potential of Azotobacter vinelandii siderophore-Fe complexes as environ-
mentally friendly Fe sources for addressing Fe deficiency in calcareous soils. While the
exploration of other bacterial families such as Bacillus megaterium, Pantoea allii, and Rhizo-
bium radiobacter in siderophore production and Fe complexation in calcareous conditions
has been studied and dismissed [17], promising attributes have been identified in bacteria
from the Pseudomonas family. Therefore, the selection of bacteria with favorable traits
for Fe biofertilizers in calcareous environments may hinge on identifying those producing
siderophores with strong Fe affinity and high production capacity.

Pseudomonas are Gram-negative bacteria, with well-known plant growth-promoting
(PGP) characteristics including the production of siderophores [18], the most significant of
which is pyoverdine [19]; production of 1-aminocyclopropane-1-carboxylate deaminase
(ACC deaminase) [20]; production of indole acetic acid (IAA) [21]; phosphate solubi-
lization [22]; and nitrogen fixation [7], among others. Furthermore, there are several
experiments in the literature testing the effect of the PGP characteristics of Pseudomonas on
different crops. In the experiment performed by Gusain et al. [23], several bacteria from
rainfed agricultural fields of the Garhwal Himalayas were tested for inorganic phosphate
solubilization, production of IAA, and production of siderophore. One of the bacteria
selected was identified as Pseudomonas koreensis, and it promoted plant growth in rice,
increasing biomass and phosphorus uptake.

On the other hand, another strategy for the application of these plant growth-promoting
bacteria has been found in the literature, which consists of separating the bacterial secre-
tions from the bacteria and isolating the compounds of interest (such as siderophores) for
later application. Lopez-Rayo et al. [24] tested the efficacy of ethylenediaminedisuccinic
acid ([S,S’]-EDDS) as an Fe fertilizer. [S,S’]-EDDS is a siderophore generated by the actino-
mycete bacterium Amycolatpsis japonicum [25]. Lopez-Rayo et al. [24] observed that the Fe
concentration in soybean plants grown in calcareous soil was similar for [S,S']-EDDS/Fe
and EDTA /Fe applications. Nagata et al. [26] applied pyoverdine in Fe deficient tomato
plants and observed an improvement in the bioavailability of Fe in tomato plants. Nagata
et al. [26] demonstrated the increase in Fe bioavailability in tomato plants due to pyover-
dine; however, they used an optimum pH for Fe nutrition (5.75) and a high Fe concentration
(100 puM).
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This investigation aimed to identify a bacterial strain with a high capacity to produce
siderophores from horticultural soils and determine its characterization as an eco-friendly
alternative to synthetic ligands for Fe chelation and potential use to alleviate Fe chlorosis in
crops. To achieve this objective, wild bacteria of Pseudomonas were isolated from soils, and
the strain producing a higher concentration of siderophores was selected. The Fe chelating
capacity in alkaline soil, the production of organic acids responsible for biostimulant
activity in plants, and the plant growth-promoting rhizobacteria (PGPR) characteristics
were evaluated in the selected strain.

2. Results
2.1. Bacterial Isolation

Different bacterial strains of the genus Pseudomonas were isolated from the rhizosphere
of crops. Selected colonies were identified as pseudomonads by their 165 RNA gene
sequence. Isolates were also tested for the lack of growth at 37 °C, and siblings were
discarded by their BOX pattern. After bacterial isolation, chrome azurol sulphonate (CAS)
assay was performed in Petri dishes to determine the amount of siderophore produced
by each isolated bacterium. Those strains with more halo formation than the control were
selected as possible biofertilizers. The results are shown in Table 1.

Table 1. Measure of halo formation (mm) in the CAS agar assay. Strain F113 was used as a control

bacterium.
Strains Halo Formation (mm) Strains Halo Formation (mm)
F113 10

HFL1 15 RMT4

HFL3 30 RMT6 13
HFL4 10 RMT7 5
RMC2 10 RMT9 15
RMC4 25 RMT12 20
RMC5 12 RMP5 10
RMCe6 7 RMP9 12
RMC8 8 RKP1 7
RMC9 23 RKP2 17
RMT2 10 RKP3 20

Those bacteria that showed more halo formation (mm) than the control bacterium
were selected: RMT9 (20 mm), RKP1 (17 mm), RKP2 (20 mm), RKP3 (20 mm), RMC4
(25 mm), RMC9 (23 mm), and HFL3 (30 mm).

2.2. Siderophore and Pyoverdine Production

With the selected bacteria described in 3.1, the CAS liquid assay was performed to
quantify siderophore production; the results were expressed as DFOB equivalents (1M)
and compared to the strain F113, used as a control. As can be seen in Figure 1, the strain
producing the highest concentration of siderophores was RMC4. Also, this strain produced
the highest concentration of pyoverdine (Figure 2). Only this strain produced a significantly
higher amount of siderophores or pyoverdine than the control strain F113.
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Figure 1. Concentration of siderophore expressed as DFOB equivalents (uM). The data are the
mean £ SE (n = 9). Different letters indicate significant differences according to Duncan’s test
(p <0.05).
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Figure 2. Concentration of pyoverdine (uM) produced by the selected bacterial strains. The data are
the mean + SE (n =9). Different letters indicate significant differences according to Duncan’s test
(v <0.05).

2.3. Iron Complexation Capacity Assays

To assess the potential use of the siderophores obtained from the selected strains as Fe
biofertilizers, the maximum complexation capacity was determined with the spent media
obtained after the growth of the selected strains. To a constant amount of bacterial extract
of each bacterial strain, increasing concentrations of Fe** were added at pH 9, obtaining a
curve, where the maximum Fe complexation can be determined (Figure 3). The higher the
soluble Fe value, the higher the complexation capacity of the siderophore.
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Figure 3. Molar ratio values of Fe: siderophore determined by the representation of the concentration
of soluble Fe (uM)/siderophore concentration (M) vs. concentration of added Fe (uM)/siderophore
concentration (uM) for each bacterial strain.

Once the soluble Fe was measured and the siderophore concentration of each spent
medium was known, the approximated stoichiometry with which each supernatant would
complex Fe was calculated, and the results are shown in Table 2. The RMC4 strain pre-
sented the highest value of stoichiometry, which indicated that, at alkaline pHs, the spent
medium of the bacterial strain RMC4 could complex a maximum of 2 Fe atoms for each
siderophore unit.

Table 2. Maximum number of Fe atoms that can be complexed by each bacterial cell-free supernatant.

Strain Soluble Fe:Fe Added
F113 1:1

RMT9 1:2

RKP1 1:1

RKP2 1:2

RKP3 3:4

RMC4 2:1

RMC9 2:3

HFL3 1:3

2.4. Titration of Bacterial Secretion

The RMC4 strain was selected because of its high Fe complexation capacity at pH 9.
Then, a titration was performed at pH 8.0 and with a fixed wavelength at 480 nm to verify
the maximum Fe complexation capacity obtained. The results are shown in Figure 4. The
gradual increase in the absorbance of the solution at 480 nm indicated the formation of the
pyoverdine/Fe complex attributed to the absorbance of the Fe bond to hydroxamate groups.
Once the maximum complexation capacity was reached, the absorbance no longer increased;
instead, a slight, gradual decrease was observed. To ascertain the value corresponding to the
maximum complexation capacity, a mathematical analysis was performed by calculating
the second derivative of the absorbance. The point where the minimum was achieved
in this analysis represented the point of maximum complexation. According to this, the
complex formed between pyoverdine and Fe had a molar stoichiometry of 1:1 (169 & 8 uM
of pyoverdine and 168 £ 5 uM of Fe).
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Figure 4. The grey circular dots represent the corrected absorbance for mL of Fe added. The rhomboid
dots represent the second derivative of the absorbance versus mL of Fe added.

2.5. Temporal Variation in Organic Acids

Whether the RMC4 bacterial strain produces biostimulant compounds was studied
thought the quantification of the organic acids produced in a kinetic assay. Results are
shown in Figure 5. The analysis included a large series of acids, but only glutamic acid,
acetic acid, aminobutyric acid, IAA, and succinic acid were detected in the secretions.
Complementing this study, the concentration of pyoverdine was quantified by spectropho-
tometric methods (Section 4.2) (Figure 5F). As can be seen in Figure 5, with respect to acetic
acid (5A), the concentration remained in a constant range until 72 h, where the concen-
tration increased; aminobutyric acid (5B) showed a peak at 50 h, then its concentration
decreased to 0; glutamic acid (5C) did not show marked variation in its concentration
during all of the experiment; with IAA (5D), a peak concentration was obtained at 48 h,
then it decreased to 0; succinic acid (5E) decreased gradually to 0 concentration at 72 h;
and finally, the concentration of pyoverdine (5F) increased steadily, with different slopes
up to 150 h. The presence of the IAA among others, indicated that RMC4 could have
biostimulant properties.
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Figure 5. Cont.
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Figure 5. Concentration (mmol/L) of (A) acetic acid; (B) aminobutyric acid; (C) glutamic acid;
(D) IAA; (E) succinic acid, and (F) pyoverdine (umol/L) over time (n = 3) in the bacterial extract of
the Pseudomonas RMC4.

2.6. Genomic Analysis of Pseudomonas monsensis RMC4

Sequencing of the RMC4 genome resulted in 16 contigs spanning 6,443,679 bp, and
the sequencing coverage was estimated at 37x. A completeness of 98.4% was estimated for
this genome by the SqueezeMeta pipeline. The genome was shown to belong to a strain of
Pseudomonas monsensis, a species belonging to the P. koreensis subgroup of the P. fluorescens
cluster of species.

Functional assignment of the genome showed the presence of multiple genes and
clusters involved in plant growth promoting activity (Table 3). A cluster was identified
in the genome for the biosynthesis of potential antifungals related to lokisin. In addition,
the cluster for the hydrocyanic acid production (hicn genes) was also found. The potential
of the strain RMC4 to produce siderophores was confirmed by the identification of the
fecAR and hasDEF genes that are involved in iron siderophore biosynthesis. The genome
also showed the bacteria’s ability to produce and secrete the siderophore pyoverdine, the
presence of which was observed during growth of the strain under low iron availability
conditions. Furthermore, genes and clusters implicated in phosphate mobilization were
also found. Regarding the genes involved in phytohormone production by P. monsensis
RMC4, the cluster composed of the InaM and laaH genes, responsible for the biosynthesis of
the auxin IAA, was identified. Likewise, a cluster for the degradation of auxin phenylacetic
acid (PAA), which may be involved role in plant-bacteria interaction, was also found.
Additionally, the fitD gene, which encodes an insect toxin, was also detected in the genome.
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Table 3. Identification of the PGPR characteristics of RMC4 strain.

POSSI]?IE Genes/Clusters Function PGP Category
Specie
Cluster 1 Type NRPS/lokisin (78%) Antifungal
fecAR Transport of iron dicitrate (IIT) Iron siderophore receptor protein
fitD Insect toxin Toxin
hasDEF Hemophore biosynthesis Siderophores
henABC Hydrocyanic acid biosynthesis Biocontrol
hep (T6SS) Type VI secretion system Biocontrol
Pseudomonas iaanHM Auxin biosynthesis Phytohormone modulation
monsensis paaFIKY Phenylacetic acid degradation Interaction with the environment
phnBCDENWXZ Phosphate transport Nutrient mobilization (P)
phoBDHH2LPQRU Phosphate transport Nutrient mobilization (P)
pqaqABCDE Pyrrolc;)c%(l)l;;ﬁil;;;q:lnone Nutrient solubilization (P)
pstABCS Phosphate transport Nutrient mobilization (P)
puvdE Pyoverdine Nutrient mobilization (Fe)
ubiA Production of 4-hydroxybenzoate Antibiotic

3. Discussion

The main objective of this work was to find and characterize a bacterial strain from
horticultural soils with a high capacity to produce siderophores, as an eco-friendly al-
ternative to synthetic ligands to be used as Fe biofertilizer. Besides its Fe complexing
capacity, the plant growth-promoting characteristics were also analyzed. A wide variety of
naturally produced bacteria were isolated, but only those that fluoresced under UV light
were selected, as this is indicative of pyoverdine-producing Pseudomonas. The CAS test and
the comparison in halo formation were performed on the selected bacteria. The control for
comparison was the bacterium Pseudononas fluorescens F113, isolated for the first time from
the rhizosphere of sugar beet by Shanahan et al. [27] and well-described. A variant of this
bacterium, “F-variant”, was generated, which overproduced pyoverdine in an iron-limited
medium (SA) and even produced pyoverdine in the iron-rich medium LB [28]. The bacteria
that qualitatively generated a larger halo than the control were selected, resulting in a
total of seven bacteria: RMT9, RKP1, RKP2, RKP3, RMC4, RMC9, and HFL3 (Table 1).
The larger halo formation could be due to a higher production of siderophores. To verify
this, a method to quantify the production of siderophores was performed (Figure 1). A
colorful dye-iron complex loses its color when a compound with a higher affinity for Fe
is added [29]. In an attempt to quantify this process, a known commercial siderophore,
DFOB, was used. Thus, the results could be expressed in concentration as DFOB equiva-
lents [30]. The RMC4 bacterium showed a significantly higher concentration of siderophore
(DFOB equivalents) than the control bacterium F113. The rest of the bacteria did not show
significant differences as compared to the control, except for RKP2, RMC9, and HFL3,
which had significantly lower values than the control. Comparing the results in Table 1 and
Figure 1, bacteria with a higher halo formation than F113 did not show significantly higher
siderophore concentrations than the control bacterium. As one test was qualitative and the
other quantitative, it would be expected that concentrations without significant differences
could be obtained; however, significantly lower siderophore concentrations than that of the
control were obtained. This may have been due to the difference in the culture media used:
in the halo formation test, SA medium was used, while in the determination of siderophore
concentration, MMS was used. MMS has been shown to cause a significant increase in
pyoverdine production by Pseudomonas fluorescens [31]. However, this increase has not
been observed in other bacteria of the Pseudomonas genus, such as P. aeruginosa, chlororaphis,
pertucinogena, putida, stutzeri, and syringae. Sasirekha and Srividya [32] observed that the
bacterium Pseudomonas aeruginosa FP6 produced more siderophores in a culture medium
with mannitol or sucrose as a carbon source (instead of succinic acid) or with yeast extract or
urea as a nitrogen source (instead of ammonium sulfate). Murugappan et al. [33] optimized
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the culture medium for maximum siderophore production from the bacterium Pseudonionas
putida (CMMB2) and observed that, for this bacterium, the culture medium for maximum
production of siderophores was the MM9 medium, the best carbon source was succinate
(as used in this paper), and the nitrogen source was NH4Cl, with a pH adjusted to 8 (7
was the pH used in this work). The use of MMS may have resulted in the optimization
of pyoverdine production by those bacteria belonging to the fluorescens species, while the
maximum yield was not obtained from those not belonging to this group.

The quantification of siderophores by CAS assay may have presented interference due
to compounds present in the culture medium that could also have complexed Fe (such as
phosphates) and cause discoloration before the addition of DFOB. However, as the same
culture medium was used for all bacteria, in combination with the application of a blank
using only the culture medium, this was not likely to interfere with the results. The CAS
assay is the most widely used method for the quantification of siderophores; however, due
to the large number of siderophores that could be secreted by the same bacterium and
the complexity of the culture supernatant, it is not possible to accurately determine the
real concentration of siderophores. For the identification of each siderophore, advanced
analytical techniques, such as ultraperformance liquid chromatography coupled to tandem
mass spectrometry [34], would have to be used. Nevertheless, the CAS assay is a very fast,
reliable, and inexpensive method of approximating the concentration of siderophores.

The RMC4 bacterium produced a significantly higher concentration of pyoverdine
than the control bacterium, while RKP1, RKP2, RMC9, and HFL3 bacteria produced
significantly lower concentrations of pyoverdine than F113 (Figure 2). These results are
possibly related to the group of Pseudomonas to which each bacterium belongs, as explained
above. Related to RMC4, a comparison between Figures 1 and 2 showed that the percentage
of siderophores corresponding to pyoverdine was 88.1 & 8.8%; this means that the major
component of the segregated siderophores in RMC4 bacteria was pyoverdine. This result is
consistent with that described in the literature. Under Fe deficiency conditions, bacteria
could synthesize siderophores to bind Fe>* and load into the cytoplasm via highly specific
transport systems [35]. If the Fe limitation conditions are moderated, bacteria could
produce siderophores with low affinity for Fe but metabolically inexpensive to produce,
although under extremely Fe deficient conditions, bacteria could produce highly efficient
but metabolically expensive siderophores [36,37]. In the case of Pseudomonas aeruginosa, in
situations of moderate Fe deficiency, pyochelin is secreted, an inefficient but metabolically
profitable siderophore; under severe Fe deficiency, pyoverdine, a siderophore very efficient
(KpFe(rm = 10308, KrrFem) = 10%3-0) [38] but metabolically very costly, is secreted [39]. In the
present experiment, severe Fe deficiency conditions were induced, causing the bacteria to
tend to secrete pyoverdine rather than other siderophores with less affinity for Fe; this was
consistent with the fact that a higher percentage of the siderophores excreted corresponded
to pyoverdine.

A complexation capacity assay was performed, and the stoichiometry of the Fe com-
plex was determined (Table 2). The resulting stoichiometry for RMC4 (Figure 3) was around
2, showing that the maximum Fe complexation capacity of the siderophores secreted by this
bacterium is double that of F113, RKP3, and RMC9, which resulted in a 1:1 stoichiometry.

In the experiment conducted by Ferreira et al. [17] to determine the Fe complexation
capacity of other bacterial strains, the method described by Villén was also used to de-
termine the maximum Fe complexation capacity of different siderophores under alkaline
conditions. Ferreira et al. [17] studied the siderophores secreted by the bacteria Azotobacter
vinelandii, Bacillus megaterium, Bacillus subtilis, Pantoaea allii, and Rhizobium radiobacter and
the maximum Fe complexation capacity by the abovementioned method, but ambiguous
values were obtained. This occurrence could be ascribed to the diversity of bacteria studied,
which may secret various siderophores with differing iron affinities, and also to the highly
alkaline conditions in which the maximum complexation capacity test was carried out.
Ferreira et al. [17] argued that pH 9 could be used to test the maximum complexation
capacity in basicity ranges typical of alkaline soils; however, it would be advisable to carry
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out a study of the stability of the siderophore-Fe complexation at different pH values. The
pH will define the type of siderophore-Fe bonding. Hydroxamate functional groups bind
to Fe3* through the loss of a proton, which is conditioned by the pH of the medium [40].
Catecholate functional groups bind Fe3* after the loss of two protons in neutral-alkaline
pH via phenolic oxygens [41]. The pH could also affect the stability of the siderophore,
and even competition for binding different metals, as siderophores such as DFOB are more
likely to bind to Co?* than Fe3* at alkaline pH [42]. Therefore, pH is a limiting parameter
when analyzing the maximum complexation capacity; the state of the functional groups
and the stability of the compound at the pH of the study must be considered. The study of
maximum Fe complexation capacity in alkaline soils should be studied at pHs where Fe
chlorosis problems may occur. Iron precipitates as (hydr)oxides in soils at pH 7.5 in the
presence of CaCOs [24]. It would, therefore, be interesting to carry out the study starting
from this pH, and not directly from pH 9.

Due to the results obtained in the maximum complexation capacity assay (Figure 3/Table 2),
the bacterial strain RMC4 was chosen to perform an assessment and calculate more ac-
curately the maximum Fe complexation capacity. The titration yielded a maximum com-
plexation capacity of molar pyoverdine:Fe ratio of 1:1. A priori, these results may seem
to contradict the results obtained previously; however, there are several factors to be
considered. The titration was performed at 480 nm to observe the absorbance of the
hydroxamate-Fe bond. This indicated that this group has a 1:1 iron complexing capacity;
however, the rest of the possible complexing functional groups that may be present in the
peptide chain of pyoverdine were not being observed. Furthermore, in Figure 4, which
shows the formation of the complex, the increase in absorbance does not have a linear trend;
two trend lines can be observed in the gradual increase in absorbance with different slopes,
which could indicate the formation of different pyoverdine-Fe complexes where, probably,
different functional groups would be involved. Also, once the maximum complexation
point was reached, a decrease in absorbance was observed, which could be indicative of
the degradation of the pyoverdine-Fe complex or the formation of another, more-stable
pyoverdine-Fe complex not visible at the selected wavelength. Finally, it was shown that
the selected strain is able to biosynthesize hemophore groups (Table 3), which indicates
that pyoverdine was probably not the only complexing agent present in the medium. If
the hypotheses presented were confirmed, we could potentially develop a promising iron
biofertilizer with multiple complexing groups. Some of these groups might form more-
stable iron complexes, while others could form less-stable ones. Consequently, when this
iron biofertilizer is applied to plants, it could release the iron complexed in the less-stable
groups more rapidly compared to the iron complexed in the more-stable groups. This
might result in a slow release of iron, ensuring a continuous supply of iron to the plants
even after the faster-release iron has been utilized.

The sequencing of the RMC4 genome revealed that the bacterium sequenced belonged
to the species P. monsensis. The genome of P. monsensis RMC4 confirmed that this strain had
potential as a plant growth-promoting rhizobacterium (PGPR) because it contains several
beneficial genes for plants (Table 3). In fact, it is known that P. fluorescens strains are involved
in plant growth-promoting activity by several mechanisms, for example, the production
of siderophores and nutrient solubilization and mobilization, or in biological control
through the production of antibiotics and fungicides [43—45]. Regarding the biocontrol
potential of these rhizobacteria, Sehrawat et al. [46] reported on the beneficial effect of
using antagonistic microorganisms (e.g., HCN producers) against pathogens, indicating
they can be employed as a sustainable strategy, thus avoiding the use of pesticides. Type
six secretion systems of pseudomonads have been proposed as a biocontrol trait against
phytopathogenic bacteria [47]. The gene cluster for biosynthesis of the antifungal lokisin
and the production of hydrocyanic acid identified in the genome of the RMC4 strain
could give the bacteria the capacity for biological control. These results have also been
previously reported in the genus Pseudomonas [48-50]. In addition, this strain has been
shown to have insecticidal activity, which has also been observed in P. fluorescens towards
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agricultural pests [51]. To promote plant growth, microorganisms have also developed
several mechanisms to mobilize and mineralize nutrients, such as iron or phosphate,
that are not available for plant uptake [52,53]. In this sense, soil bacteria are known to
produce small organic molecules, siderophores, under iron-limiting conditions through
high-affinity interactions [54,55]. Our results indicate that P. monsensis RMC4 is involved
in the biosynthesis of several iron siderophores, as previously found by Gu et al. [56] in
the P. koreensis group. In addition, Fernandez et al. [57] informed that pseudomonads
also could mobilize phosphate in the soil, and this was indeed observed in the RMC4
strain. Furthermore, phytohormones such as IAA and PAA, through catabolism, play
an important role in plant growth and development and are involved in the interactions
between microorganisms and plant roots [58-60]. The presence in the P. monsensis RMC4
strain of both IAA biosynthesis and PAA degradation pathways could be important for the
PGPR activity. Therefore, the present study provides a more comprehensive view of the
capacity of the P. monsensis RMC4 strain as a plant growth-promoting biofertilizer and its
potential as a biostimulant.

The results described above showing the highest production of siderophores and
pyoverdine and higher iron complexation capacity show that Pseudomonas monsensis RMC4
is an excellent candidate to be used as an Fe biofertilizer and able to mobilize iron. Fur-
thermore, the finding that the genome encodes many other plant growth-promoting traits
highlights its use as a polyvalent agricultural inoculant. A kinetic study was performed
(144 h) where some carboxylic acids with biostimulant properties [22] were measured
(glutamic acid, acetic acid, aminobutyric acid, IAA, and succinic acid); data are shown in
Figure 5. The limiting factor in the production of the different acids was the Fe deficiency of
the bacteria, which affected many metabolic processes of the bacteria, such as protein and
nucleic acid synthesis. Glutamic acid is an amino acid with biostimulant properties, possi-
bly related to the fact that it is the central product in the nitrogen metabolism pathway [61],
is involved in chlorophyll biosynthesis [62], and has been shown to exert a positive effect
on Fe uptake in tomato plants with lime-induced Fe deficiency [63]. As shown in Figure 5C,
the initial concentration of glutamic acid decreased until 48 h and then increased in a linear
progression until the end of the experiment. Glutamic acid is known to be involved in the
biosynthesis of pyoverdine, being a component of the side chain, and could be modified
to succinimide, catalyzed by pyoverdine I decarboxylase (PvdN), or to x-ketoglutarate,
catalyzed by pyoverdine aminotransferase (PtaA) [64]. The concentration of pyoverdine
increased until 48 h, then remained stable until the end of the experiment (Figure 5F). As
mentioned above, the biosynthesis of pyoverdine requires a very high energy expenditure
for the organism, probably after 48 h, and not having obtained Fe, it is likely that the bacteria
are no longer producing pyoverdine, keeping its concentration stable and possible causing
metabolites used for its biosynthesis (such as glutamic acid) to increase in concentration.
Acetic acid can be produced in the metabolic pathway of the bacteria. High concentrations
of acetic acid are an important physiological stress factor in cells [65]. Acetic acid had
a maximum at 12 h (Figure 5A), then remained stable with values around 2 mmol-L 7!,
and after 72 h, its values increased to a maximum of 4 mmol-L~1. The initial values were
probably due to natural generation of the bacteria ‘s metabolism, and the maximum value
in the final time could be indicative of physiological damage caused by severe Fe deficiency
and failure of Fe acquisition strategies to work. Gamma-aminobutyric acid (GABA) is a
phytohormone secreted by plants with abiotic stress regulation functions [66]. Several
studies have reported its positive effects in horticultural crops under abiotic stresses; in
melon plants with saline-alkaline stress, it induced increased growth, reduced oxidative
stress levels, and increased antioxidant enzymes [67]. In bacteria, GABA is synthesized
from the x-decarboxylation of L-glutamic acid. The GABA concentration value was around
2 mmol-L~! until 26 h, then the concentration decreased until it was not detected after
52 h. The variation in values was similar to that observed for glutamic acid, under Fe
deficiency conditions; the normal functioning of metabolism was disrupted, leading to the
inability to metabolize GABA. Indol-3-acetic acid is a well-known phytohormone involved
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in the regulation of growth, stem elongation, and seed germination, among other functions.
In bacteria, IAA synthesis plays a key role in plant-microorganism interaction. These
interactions could promote plant phytostimulation but also could be pathogenic [56]. In
the present experiment, high concentrations of IAA were detected at 26 h, then ceased to
be produced after 34 h. It was demonstrated that the RMC4 bacterium was able to produce
IAA, a compound with PGP characteristics that could have a biostimulant effect on the
plant. This result agrees with that obtained for the PGPR characterization (Table 3): the
bacterium possessed the iazaHM gene, whose function is the biosynthesis of auxins (such
as IAA). Succinic acid was the carbon source used by the bacteria in this experiment. The
concentration of this compound decreased until it was not detected after 30 h (Figure 5E).
Perhaps, as it was the only carbon source available to the bacteria, this compound was
consumed by the bacteria and once completely consumed, the bacterial metabolism was
deregulated, causing the chain reaction that was observed with the other compounds (it
stopped producing GABA, IAA, and pyoverdine). Regarding pyoverdine, initially, its
production was slow. After 12 h, the pyoverdine concentration was less than 10 pmol- L1,
Probably due to the activation of the Fe acquisition mechanism, the production of pyover-
dine increased substantially until 48 h, when it reached a concentration of 85 pmol-L—1,
which means that in the first 12 h, the production of 0.83 pmol-L~!-h~! was observed,
and in the following 36 h, the pyoverdine production rate was 2.08 umol-L~'-h~1, an
increase of 2.5 fold in the production rate. Possibly due to the deregulation of the bacteria ‘s
metabolism (as explained before), from 48 h until the end of the experiment (144 h), py-
overdine production remained stable, obtaining a concentration of 108 pmol-L~1 at the end
of the experiment. A further 23 umol-L~! was obtained from 48 h to 144 h, resulting in a
production rate of 0.24 pmol-L~!-h~! of pyoverdine in the last part of the experiment. With
these results, three phases of pyoverdine production by the bacterium were observed. The
first phase may correspond to metabolic activation; the bacterium was aware of the need for
Fe and activated the strategies for acquiring this element. The second phase corresponds to
the metabolic zenith; the production of pyoverdine is the fastest, as a result of the activation
of Fe acquisition strategies. Finally, the last phase corresponds to metabolic collapse, since
the Fe acquisition strategies have not worked and the bacterial metabolism has collapsed,
which will probably lead to the death of the bacterium. For the biotechnology industry
interested in optimizing pyoverdine production, the challenge to overcome is to optimize
the parameters that affect pyoverdine production (temperature conditions, carbon source,
nitrogen source, iron concentration, pH, etc.) in order to extend the metabolic zenith phase
as much as possible and try to increase the production per hour in this phase.

4. Materials and Methods
4.1. Bacterial Isolation

Bacteria were isolated from the rhizosphere of different horticultural plant species:
pepper (Capsicum annuum), tomato (Solanum lycopersicum), and pumpkin (Curcubita sp.).
Roots were weighed and immersed in saline solution (8.5% NaCl). After vigorously
shaking and serial decimal dilutions, the supernatants were used to inoculate plates of
Sucrose-Asparagine (SA) culture medium, a medium that is selective for pseudomonads
and stimulates pyoverdine production [68]. Ampilicin (100 pg-mL~!) and Cycloheximide
(100 ug-mL~1) were added to the medium to increase selectivity and to avoid the growth
of eukaryotes. After two days of incubation, colonies showing a yellow / green fluorescence
were selected as potential Pseudomonas isolates. Colonies that did not show fluorescent
pigment were discarded. Those that survived temperatures of 37 °C were discarded to
avoid potential pathogens. In addition, using the Box-PCR technique as described by
Gutiérrez-Barranquero et al. [69], sibling strains were discarded. Those bacteria showing
higher siderophore production than the control bacterium Pseudononas fluorescens F113 [28]
according to the halo formation in the CAS agar assay [29] were selected as potential
biofertilizer candidates. Strains were identified as Pseudomonas spp. by amplification and
sequencing of the 165 RNA gene.
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4.2. Culture Conditions and Siderophore and Pyoverdine Production

The selected bacterial strains were grown in 10% phosphorus minimal medium suc-
cinate (MMS), described as optimized for siderophore production by bacteria, with the
following composition (reagents obtained from Panreac (Barcelona, Spain) except where
indicated): 0.6 g-L~! dipotassium hydrogenphosphate trihydrate; 0.3 g-L~! monopotas-
sium phosphate; 0.2 g-L~! magnesium sulfate heptahydrate; 1.0 g-L. "1 ammonium sul-
fate; and 4.0 g~L*1 succinic acid (Sigma-Aldrich (St. Louis, MO, USA)), pH fixed at
7.00 # 0.01 [19,31]. Culture conditions were as described by Vindeirinho et al. [31]. In brief,
starter cultures were obtained by inoculating 2 loops of culture in MMS with ~3.7 umol- L™
FeCl; - 6 H,O (Panreac), at 30 °C, 150 rpm, for ~8 h. Pre-cultures were prepared also in
MMS with Fe 0.37 umol-L ™!, by inoculating an appropriate volume of the starter culture,
and incubated under the same conditions described above, for ~16 h until the bacteria
reached exponential phase (optical density ODggg ~ 1.0). Finally, cultures designated for
siderophore production were prepared in 200 mL MMS without Fe, by inoculating an
appropriate volume of the pre-culture until an initial ODggo of ~ 0.1. Bacteria were in-
cubated for ~48 h under the same conditions described above. Subsequently, samples
were centrifuged (3000x g, 15 min, at 25 °C), filtered using a 0.45 pum cellulose nitrate
membrane filter (Labbox Labware S.L. Barcelona, Spain) and stored protected from light at
—20 °C until siderophore quantification. The quantification of siderophores was conducted
using the CAS liquid assay method originally outlined by Schwyn and Neilands [29], as
amended by Mehnert et al. [30]. In brief, 1.5 mL of 1 mol-L~! FeCl; - 6 H,O dissolved in
10 mol-L~1 HCI (Merck, suprapur) was mixed with 7.5 mL of 2 mol-L~1 CAS solution; then,
the mixture was added slowly to 6 mL of 10 mol-L~! cetyltrimethylammonium bromide
(purchased from Sigma-Aldrich). Simultaneously, 9.76 g 2-(N-morpholino)ethanesulfonic
acid (MES) (Sigma-Aldrich) was dissolved in 80 mL water, and pH was adjusted to 5.6 with
50% KOH. Water was added to attain a final volume of 85 mL, and this MES buffer solution
was then combined with the dye solution. After 4 h, 150 pL of the culture supernatant and
150 pL of metal CAS solution were mixed, and OD was measured at 630 nm. To quantify
siderophores, a commercial siderophore known as DFOB (Sigma-Aldrich) was utilized as
standard, and the concentrations within culture supernatants were expressed in “DFOB-
equivalents”. A standard curve was constructed by plotting the discolorization (d) of the
metal CAS solution at 630 nm as a function of siderophore concentration (Equation (1)).
Sterile culture medium was used as reference solution (A,), and zero absorbance (Ap) was
performed using a mixture of the metal CAS solution and 2 mol-L~! DFOB. Presuming an
association/dissociation equilibrium, data were fitted using (Equation (2)) with vy set at
100. Both the methodology and the equations were obtained from the protocol described
by Mehnert et al. [30].

Aref - Asupernutant

Are f = Ao

Y = Ymax- (1 - e—kx) (2)

The concentration of pyoverdine was measured by UV-VIS spectroscopy. The chro-
mophore group, common in the pyoverdines produced by Pseudomonas genera, has a maxi-
mum absorption peak between 380-400 nm; thus, the concentration was determined using
the Lambert-Beer law, using the molar extinction coefficient (¢) of 16,000 L-mol~! - cm~1[19].

To avoid Fe contamination, all glassware was soaked with HCI (VWR, Normapur)
6M overnight and, afterwards, washed with ultrapure water (Milli-Q system, Bedford,
MA, USA).

d= 1)

4.3. Iron Complexation Capacity Assays

The complexation capacity assay was performed as described by Villén et al. [70]. To a
fixed volume of the supernatant, increasing concentrations (from 0 to 16 mg~L*]) of FeClj
- 6 HyO were added, then the pH was adjusted to 9.00 + 0.01. The solution was allowed
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to stand for 3 h, then the pH was adjusted again to 9. Subsequently, the solution was left
in the dark for 24 h. Afterwards, pH was adjusted once more. Then, the mixture was
centrifuged (10,000 x g, 15 min) and filtered by 0.45 um pore-size nylon membrane. Finally,
the final volume was adjusted to 50 mL, and the concentration of Fe was determined by
atomic absorption spectroscopy with flame atomization (Perkin-Elmer Analyst 800; Shelton,
CT, USA).

4.4. Titration of Bacterial Secretion

The assessment protocol described by Yunta et al. [71] was followed with modifications.
Pyoverdine was obtained as described in Section 4.2. The pH was adjusted to 8, and
the concentration of pyoverdine was measured as described above. The experimental
solution (10 mL) was placed in a 50 mL thermostatic (25.0 &= 0.5 °C) jacketed reaction vessel
provided with an airtight cap fitted with a gas inlet and outlet tubes, combined pH glass
electrode, a spectrode, two piston burets (tips placed below the surface of the solution),
and a magnetic stirrer. The photometric titration consisted of the gradual addition of Fe>*
standard solution to the pyoverdine until the absorbance at 480 nm remained constant.
Potentiometric measurements were performed with Metrohm 719 and 721 potentiometers
(precision of 0.1 mV) combined with a pH glass electrode that kept the pH constant at 8.0,
while a NaOH 0.2 mol-L.~! solution was automatically added if necessary. Photometric
titrations were carried out using a Metrohm 662 photometer (resolution of 10 4= 0.1 nm)
with a light spectrode of path length 2 x 10 nm. Both potentiometers were controlled by
the software for PC Tiamo 2.5 (Metrohm AG, Switzerland). The titration was performed
in triplicate.

4.5. Evaluation of Temporal Variation in Organic Acid Concentrations Secreted by Bacteria

A kinetic assay was carried out to evaluate temporal changes in organic acid concentra-
tions secreted by the selected bacteria. The analysis was focused on the identification of 11
carboxylic acids, including monocarboxylic acids (MCAs) and polycarboxylic acids (PCAs):
acetic, lactic, oxalic, citric, aminobutyric, succinic, malic, gluconic, fumaric, pyruvic acids,
and IAA. For this, the experiment was carried out for 144 h (6 days), and samples were taken
every 4 h. Zero time corresponded to the cultures to produce siderophores, after performing
the initial pre-culture and culture procedures described in Section 4.2. For its evaluation,
a previous sample treatment was necessary. Briefly, 1.0 mL of sample was loaded onto a
Strata-X-AW 33 um polymeric weak anion cartridge (SPE) (Phenomenex, Torrance, USA),
previously conditioned with 5 mL of methanol (MeOH) (Sigma-Aldrich) and 5 mL of
25 mM tris(hydroxymethyl)aminomethane-acetate (Tris-OAc) (Sigma-Aldrich) (pH = 7.5)
for MCAs and 25 mM MES (Sigma-Aldrich) (pH = 4.5) for PCAs at about 1 mL-min~! by
means of a suction system. The SPE cartridge was then washed with 5 mL of a mixture of
25 mM Tris-OAc:MeOH (90:10, v/v) for MCAs and 25 mM Tris-OAc:MeOH (90:10, v/v) in
the case of PCAs. The rinse was discarded, and after 10 min of drying time, the analytes
were eluted with 2 mL of 25 mM Tris-OAc: 0.01M HCl (10:90, v/v) mixture for MCAs and
0.1 M HClI for PCAs. The resulting solution was passed through a nylon 0.45 um syringe
filter, and 10 pL was injected into the chromatographic system. Analysis was achieved by
high-performance liquid chromatography coupled to a refractive index detector (HPLC-
RID) system (1260 Infinity model Agilent Technologies, Waldbronn, Germany). A Bio-Rad
Aminex HPX-87 H column (300 x 7.8 mm, 9 um) was used, protected by a guard column
from Phenomenex. Analysis conditions were set as follows: the mobile phase was sulfuric
acid 5 mM, the flow rate was 0.5 mL-min~! the column temperature was set at 60 °C, and
the temperature of the refractive index detector was at 50 °C in positive polarity mode.

During sampling times, the concentration of pyoverdine was also measured by UV-Vis
spectrophotometry, as explained in Section 4.2. The experiment was conducted in triplicate.
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4.6. Sequencing and Analysis of the Genome of Strain RMC4

The genomic DNA of strain RMC4 was extracted using the NucleoSpig® Microbial
DNA kit (Macherey-Nagel, Diiren. Germany), and the quality was determined on an
agarose gel and quantified using a Qubit fluorimeter (Invitrogen, Carlsbad, CA, USA).
The genome was analyzed on a MinION sequencer (Oxford Nanopore Technologies, UK).
The library was prepared with 1 ug of DNA and the Nanopore Ligation Sequencing kit
(SQK-LSK-110). The library was loaded onto a MinION flow cell (R9.4.1 pores) follow-
ing the manufacturer’s recommendations. Subsequently, sequencing was performed via
MinKNOW software (v22.03.6). Guppy (v6.0.7) was used to carry out the base calling
step, which consists of translating raw signal data into nucleotide sequences in FASTQ
format, and reads shorter than 5000 nts were excluded before further analysis [72]. For
bioinformatic analysis, NanoPack [73] was applied to evaluate the read length and ASE
calling quality. Additionally, the ONT reads were filtered, and the adapter sequences
were removed with Porechop (v0.2.4). The novo assembly was performed using Flye
(v2.9, [74]), and SquezzeMeta was used to annotate the genome and determine the taxo-
nomic classification [75]. In addition, the Type-Strain Genome Server (TYGS) platform [76]
was used to determine whether the genome sequenced corresponded or not to a known
bacterial species, through the percentage of DNA-DNA hybridization (%DDH). The P.
monsensis RMC4 genome has been submitted to the NCBI database and is available under
BioProiect accession number PRINA1028413. Secondary metabolite biosynthesis clusters
were identified using the AntiSMASH (v7.0) web application [77]. The genome was also
searched using subsystems technology (RAST server, [78]) in order to identify genes and
gene clusters implicated in plant growth promotion.

4.7. Statistical Analysis

IBM SPSS Statistics 24.0 software (SPSS Inc., Chicago, IL, USA) was used for one-way
analysis of variance (ANOVA). Siderophore and pyoverdine production were compared
using Duncan’s test for p < 0.05.

5. Conclusions

In the present work, RMC4 was selected from a large group of bacteria isolated from
horticultural soils according to their siderophore production, corresponding mainly to
pyoverdine. The Fe chelating capacity was evaluated at alkaline pH, elucidating that
the bacterial secretion had the capacity to form an Fe complex in a 1:2 molar ratio (secre-
tion:Fe), which was explained not only by the pyoverdine but also by the presence of other
siderophores of compounds able to complex Fe in the studied conditions. In addition,
RMC4 showed plant biostimulant characteristics according to its high production of IAA or
glutamic acid and the gene clusters related to phosphorus mobilization/solubilization and
the production of antibiotics and antifungals detected by genomic analysis. These results
contribute to the existing knowledge of Pseudonomas as a siderophore-producing bacterium
and bring novel insights to the identification of eco-friendly alternatives to synthetic ligands
for Fe chelation and their potential use to alleviate Fe chlorosis in crops.

Future experiments involving plants can contribute to advancing our comprehension
of the effectiveness of Fe complexed by RMC4 secretions (mainly pyoverdine-Fe) as a
biofertilizer in calcareous environments and assessing the biostimulant impact of RMC4 on
plant growth.
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Abstract: Rice (Oryza sativa L.) is a very important cereal worldwide, since it is the staple food for more
than half of the world’s population. Iron (Fe) deficiency is among the most important agronomical
concerns in calcareous soils where rice plants may suffer from this deficiency. Current production
systems are based on the use of high-yielding varieties and the application of large quantities of
agrochemicals, which can cause major environmental problems. The use of beneficial rhizosphere
microorganisms is considered a relevant sustainable alternative to synthetic fertilizers. The main
goal of this study was to determine the ability of the nonpathogenic strain Fusarium oxysporum FO12
to induce Fe-deficiency responses in rice plants and its effects on plant growth and Fe chlorosis.
Experiments were carried out under hydroponic system conditions. Our results show that the
root inoculation of rice plants with FO12 promotes the production of phytosiderophores and plant
growth while reducing Fe chlorosis symptoms after several days of cultivation. Moreover, Fe-related
genes are upregulated by FO12 at certain times in inoculated plants regardless of Fe conditions.
This microorganism also colonizes root cortical tissues. In conclusion, FO12 enhances Fe-deficiency
responses in rice plants, achieves growth promotion, and reduces Fe chlorosis symptoms.

biostimulant;

Keywords: Fe deficiency; phytosiderophores; rhizosphere microorganisms;

graminaceous plants

1. Introduction

It is estimated that the world population will reach approximately 9 billion inhabitants
by the year 2050, with an increase in food demand of 70% [1]. Rice cultivation is a very
important cereal throughout the world, since it is the staple food for more than half of
the world’s population. It is cultivated in more than 100 countries and provides more
than 20% of the calories consumed worldwide [2]. Currently, production systems are
mainly based on the use of high-yield varieties and the application of large amounts of
agrochemicals, which leads to unsustainable agriculture [3]. Among the problems caused
by these production systems, there is soil and groundwater contamination, imbalance of
soil nutrients and reduction of soil biodiversity [4,5]. Given this situation, it is necessary to
change to a sustainable production system which is more environmentally friendly and
has less dependence on chemical fertilizers [6,7]. For this reason, the development of crop
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varieties more efficient in nutrient acquisition and a better management of the rhizosphere
are necessary [8]. The rhizosphere is the fraction of the soil close to the roots, rich in energy
and in which a large number of microbes, like rhizobacteria and fungi, live [9]. Some of
these microbes associated with plants could be exploited to achieve promotion of growth
and greater plant productivity [10]. Many of these mutualistic microbes release nutrient
solubilizing compounds or modify the physiology and architecture of the roots in order to
help plants to obtain nutrients like iron (Fe) and others [11-15].

Iron (Fe) is one of the most abundant elements in the earth’s lithosphere, but its solubility
and availability for plants is low in calcareous soils with pH ranging from 7.4 to 8.5 [16,17].
In this case, plants may suffer from Fe deficiency, showing chlorosis in the youngest
leaves [18-20]. Fe is a redox-active metal that is involved in hemoproteins related to electron
transfer in photosynthesis and mitochondrial respiration, as well as protection against
reactive oxygen species [21]. This nutrient is also involved in other key processes in plant
physiology, such as chlorophyll biosynthesis, nitrogen assimilation and the biosynthesis of
hormones like gibberellic acid, ethylene and jasmonic acid [21-23].

Plants have evolved two distinct strategies, namely Strategy I and Strategy II, to facilitate
the uptake of Fe from the soil. Strategy I is employed by non-graminaceous plants, such as
dicots, and involves the reduction of Fe?* to Fe?* before absorption [24,25]. This reduction
process is facilitated by a ferric reductase located at the root surface, which is encoded by
the AtFRO2 gene in Arabidopsis thaliana. Subsequently, Fe?* is taken up through an Fe?*
transporter, which is encoded by the AtIRT1 gene in Arabidopsis thaliana [24,25]. When facing
Fe deficiency, these Strategy I plants activate several physiological and morphological
responses in their roots. These responses include an increased ferric reductase activity,
enhanced capacity for Fe?* uptake, acidification of the rhizosphere (due to H*-ATPases
encoded by AtAHA genes in Arabidopsis), as well as escalated synthesis and release of
organic acids (e.g., malate and citrate) and phenolic compounds (such as coumarins and
others) [17,19]. Morphologically, noteworthy adaptations include the formation of subapical
root hairs, cluster roots, and transfer cells, all aimed at increasing the root’s contact surface
with the soil. The enhancement of both morphological and physiological responses is
particularly significant in the subapical region of the roots [19,26].

To obtain Fe from the soil, Strategy II plant species release PhytoSiderophores (PS)
from their roots, through transporters like the one encoded by the TOM1 gene in rice,
which form stable Fe?* chelates with Fe3* ions in the soil [27]. These Fe?* chelates (Fe3*-PS)
are then taken up by specific epidermal root cell plasma membrane transporters, like the
one encoded by the YSL15 gene in rice [25,28,29]. Under Fe-deficient conditions, Strategy
IT species greatly increase the production and release of PSand the number of Fe>*-PS
transporters, and develop other physiological responses [29]. The increased production of
PS is related to a higher expression of genes encoding transcription factors, like IRO2, which
upregulate the expression of genes implicated in PS synthesis, like the NAAT gene, encoding
the enzyme nicotianamine aminotransferase [30]. Rice, traditionally considered a Strategy
IT species [29], also presents some characteristics of Strategy I species, such as an enhanced
FeZ* uptake through a Fe?* transporter, encoded by the OsIRT1 gene [27,31,32]. For this
reason, some authors consider it a plant species that uses a combined strategy [33-35].

Our group has demonstrated a role for ethylene, whose production increases in Fe-
deficient roots, in the regulation of Fe-deficiency responses by Strategy I plant species [25,36].
However, there are few publications relating ethylene to Fe deficiency responses in Strategy
II plant species [19,25]. In fact, Romera et al. [37] found that there were no differences
in ethylene production between Fe-sufficient and Fe-deficient roots of several Strategy II
plant species, like maize, wheat and barley. However, in the roots of rice plants that
possesses a combined strategy, ethylene production is also higher under Fe-deficient
conditions [38]. These results are reinforced by the discovery that, under Fe deficiency,
ethylene synthesis genes, such as OsACS, OsACO, OsSAMS and OsMTK, are upregulated
in rice roots [29,38,39]. SAMS and MTK genes are also involved in nicotianamine (NA) and
PS synthesis [40,41].
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It has been well demonstrated that some beneficial rhizosphere microorganisms, i.e.,
bacteria and fungi, are able to enhance plant nutrition and growth. These kinds of beneficial
microorganisms are called Plant-Growth-Promoting Bacteria or Plant-Growth-Promoting
Rhizobacteria (PGPB or PGPR, respectively) and Plant-Growth-Promoting Fungi (PGPF) [9].
Some of them can also boost plant defenses, rendering the entire plant more resistant to
pathogens and pests, through a phenomenon called Induced Systemic Resistance (ISR) [9].
Some of the ISR-eliciting microorganisms are also able to enhance plant Fe nutrition by
inducing Fe-deficiency responses because both processes (ISR and the responses) are
modulated by similar hormones and signaling molecules, like ethylene and NO [19]. In
Strategy I plants, the effects of these microorganisms on Fe nutrition are associated with
their capacity to upregulate many key Fe-related genes, like FIT, MYB72, IRT1, FRO2, and
others [9,19]. Nonetheless, their effects on Strategy II plants have been less studied [19].

In some cases, nonpathogenic strains of Fusarium oxysporum have been found to
trigger Induced Systemic Resistance (ISR) [42,43], providing protection against soilborne
pathogens like Fusarium spp. wilt and Verticillium dahliae-induced wilt, effectively reducing
disease symptoms [42-44]. However, it has been proposed that these nonpathogenic strains
might also induce a different type of resistance known as Endophytic Mediated Resistance
(EMR). EMR occurs when a plant gains resistance against pathogens after being colonized
by an endophytic microorganism, such as Fusarium spp. [45].

This form of resistance (EMR), unlike ISR, is characterized by endophytic microor-
ganisms that typically do not provide protection against pathogens in the above-ground
tissues [46]. Moreover, some studies suggest that ethylene does not play a role in this type
of resistance [47]. However, the claim that nonpathogenic strains of Fusarium oxysporum
induce this resistance (EMR) is a subject of debate due to conflicting evidence. For in-
stance, research has shown that when Capsicum annuum plants are inoculated with the
nonpathogenic strain of F. oxysporum FOA47, they gain resistance against Verticillium dahliae
and experience reduced foliar damage [48]. Constantin et al. [47] have proposed that endo-
phytic microorganisms can induce EMR, a resistance mechanism distinct from ISR, with the
intriguing feature of ethylene independence. This assertion implies that the introduction of
nonpathogenic strains of F. oxysporum to plant hosts would activate resistance pathways
not reliant on ethylene signaling. However, our own research, documented and published
by our group, has revealed a contrary finding. Specifically, the inoculation of plants with
the FO12 strain resulted in a noticeable augmentation of ethylene-related gene expression
at specific intervals [49].

Within this framework, most recently, the nonpathogenic strain F. oxysporum FO12 has
been characterized not only as a potential biological control agent of Verticillium wilt of
olive, a disease caused by the soilborne pathogen Verticllium dahliae [44,50-53], but also
as a resistance host inducer modulating in parallel the Fe acquisition in Arabidopsis and
cucumber plant models [49]. In order to go ahead in generating knowledge on this last
evidence, in this study, we have conducted experiments with rice plants (Oryza sativa L.
cv. Puntal) using the nonpathogenic strain FO12 of F. oxysporum to demonstrate whether
FO12 could induce Fe-deficiency responses in rice, as other ISR-eliciting fungi do in dicot
plants [19].

2. Results
2.1. Effect of the Inoculation with FO12 on Fe Chlorosis

The main symptom of Fe deficiency in plants is an interveinal yellowing of the
youngest leaves, known as Fe chlorosis. It is produced because Fe plays an important role
in the functioning of some enzymes involved in the synthesis of chlorophyll [23,54]. Rice
plants cultivated with Fe presented higher SPAD values than those without Fe (Figure 1).
The inoculation caused a clear promotive effect on the SPAD index of plants grown under
Fe deficiency but had almost no effect in those grown under Fe sufficiency (Figure 1).
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Figure 1. Effect of the inoculation with the nonpathogenic strain Fusarium oxysporum FO12 on the
SPAD index of rice plants grown under Fe sufficiency or Fe deficiency. SPAD index determinations
were carried out at 3, 6, 9 and 12 d after treatments. Treatments: —Fe, -Fe+FO12, +Fe and +Fe+FO12.
The values represented are mean =+ ES (n = 8). Within each time, ** p < 0.01 or *** p < 0.001 indicate
significant differences between treatments. For each evaluation moment, different lowercase or
capital letters indicate significant differences between non-inoculated or inoculated plants with FO12
for +Fe or —Fe treatments, respectively.

2.2. Effect of the Inoculation with FO12 on Growth Promotion

To determine growth promotion, half of the 22 d old rice plants were inoculated
with the FO12 strain, and then both inoculated and control plants were cultivated for
12 additional days, either under Fe deficiency (-Fe) or Fe 70 uM (+Fe). After 6 d of the
inoculation with FO12, there was a significant growth-promoting effect both in shoots and
roots just under Fe sufficiency (Figure 2a,b). However, no changes were observed both in
shoots and roots relative to inoculation in Fe-deficient plants (Figure 2a,b).
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Figure 2. Effect of Fe deficiency and inoculation with FO12 in the growth of rice plants. (a) Shoot fresh
weight. (b) Root fresh weight. To determine this effect, half of the 22 d old plants were inoculated.
Then, both inoculated and control plants were cultivated for 12 additional days, either under Fe
sufficiency (+Fe) or Fe deficiency (—Fe). After that time, roots and shoots were excised and weighed
separately. The values represented are mean + ES (n = 8). Different letters indicate significant
differences according to Duncan’s multiple range test (p < 0.05). Similarly, *** p < 0.001 indicate
significant differences between treatments.
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2.3. Effect of the Inoculation with FO12 on Phytosiderophores Production

Regarding PS production, an increasing trend is observed up to 24 h, then it decreases
substantially (Figure 3). In the first sampling carried out at 6 h, there are statistical differ-
ences between the treatments without Fe. The highest average value is observed in the
treatment that was inoculated with FO12. In the case of treatments with Fe, differences
between treatments are also observed. However, the plants that were inoculated with FO12
showed a lower average than those that were not inoculated. At 12 h, the plants of the
treatments without Fe and inoculated with FO12 presented the highest mean PS production
among all the treatments. Likewise, it was the only treatment where statistical differences
were observed. The sampling carried out at 24 h was the one where the highest values were
obtained in terms of PS production. The plants of the treatments without Fe plus FO12 had
the highest means of this sampling. In the same way, statistical differences were observed
both in the treatments with and without Fe, the plants of the treatments inoculated with
FO12 being the ones that presented the highest values. At 48 h, PS production by the plants
declined in all treatments (Figure 3).
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Figure 3. Evolution of phytosiderophore production in rice plants during 48 h of treatments.
Four treatments were carried out: plants with Fe (+Fe), plants with Fe and inoculated with FO12
(+Fe+FO12), plants without Fe (—Fe), plants without Fe and inoculated with FO12 (-Fe+FO12). The
inoculation was carried out the same day the Fe-deficiency treatment was applied. Within each
sampling time, * or ** indicate significant differences (p < 0.05 or p < 0.01) relative to their respective
non-inoculated control plants.

2.4. Effect of the Inoculation with FO12 on Expression of Fe-Related Genes

The relative expressions of PS-related genes (TOM1, IRO2, NAAT and YSL15) by the
roots of the rice plants, as well as that of the IRT1 gene, were also analysed (Figure 4).
Inoculation with FO12 strain had a clear inductor effect over the expression of all genes
analysed in rice plants grown under Fe-deficient conditions. Similarly, most of the genes,
except NAAT and IRT1, presented higher expression in the +Fe+FO12 treatment in relation
to the +Fe treatment (control plants) (Figure 4).
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Figure 4. Effect of FO12 on the relative expression of PS-related genes (TOM1, IRO2, IRT1, NAAT and
YSL15) in roots of rice plants. Four treatments were carried out: plants with Fe (+Fe), plants with Fe
and inoculated with FO12 (-Fe+FO12), plants without Fe (-Fe), and plants without Fe and inoculated
with FO12 (+Fe+FO12). The data represent the mean =+ SE of three independent biological replicates
and two technical replicates 2 d after treatments. Within each time, * p < 0.05 or *** p < 0.001 indicate
significant differences in relation to the control treatment.

2.5. Iron Concentration in the Plant Substrate Affects FO12 Colonization in Rice Root Tissues

With the aim of assessing the effect of Fe on the colonization process of rice root
tissues by FO12, the GFP-tagged F. oxysporum was visualized using CLSM in the absence of
Fe and compared with the colonization process observed in the presence of Fe at 70 uM
concentration. Using the GFP-FO12 in CLSM experiments allowed the in situ visualization
of the fungus on/in rice roots without any tissue manipulation. Rice roots were already
colonized by conidia of F. oxysporum 1 dai (days after inoculation) in both treatments.
Conidia were observed already germinating at this time point and did germinate similarly
over rice roots in both treatments (—Fe and +Fe). After 4 dai, differences were already
observed in GFP-FO12 colonization progress on rice roots, with the colonization of the rice
root surface being more profuse in the absence of Fe than in the presence of Fe (Figure 5a,b).
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Figure 5. CLSM images of the time-course colonization processes of rice roots by the GFP-FO12 (in
green). Confocal analysis was carried out on 4-5 cm long roots to show surface GFP-FO12 colonization.
Images are projections of 20 adjacent confocal optical sections. The focal step between confocal optical
sections was 0.5 um. (a,b) Surface colonization at 4 dai by GFP-FO12 on rice roots of plants (a) without
Fe, and with a supplement of (b) 70 uM Fe. (c,d) Surface colonization at 10 dai by GFP-FO12 on rice roots
of plants growing (c) without Fe and (d) with an addition of 70 uM Fe. (e f) Surface and internal (inset)
colonization at 15 dai by GFP-FO12 on rice roots of plants (e) without Fe and (f) with a supplement of
70 uM Fe. (g h) Surface colonization at 18 dai by GFP-FO12 on rice roots of plants (g) without Fe and (h)
with a supplement of 70 uM Fe. (i,j) Surface colonization at 21 dai by GFP-FO12 on rice roots of plants
(i) without Fe and (j) with a supplement of 70 tM Fe. Rice roots were colonized by GFP-FO12 hyphae in
plants growing both in the presence and in the absence of Fe during the whole bioassay.
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During the progression of the experiment, GFP-FO12 developed on the root surface at
a later stage (10 dai) both in the presence and in the absence of Fe (Figure 5¢,d). Fungus
conidia showed a slight reduction in the development of hyphae on the root surface of
plants growing in the presence of Fe at 15 dai (Figure 5e,f). From this time point, we kept
analysing plants by CLSM until 21 dai, although no substantial variations in plants were
detected from 10 dai until the end of the experiment. Thus, GFP-FO12 reached a similar
degree of hyphae development on the root surface of rice plants from 10 dai until the end
of the bioassay. In fact, the visualization of the fungus at 18 dai (Figure 5g,h) showed
an equivalent colonization degree to those of the preceding and following days until the
end of the experiment (21 dai, Figure 5i,j). As with the observations taken previously, the
proportion of hyphae were slightly lower in the root surface of plants growing with Fe at
the end of the experiment (Figure 5i,j).

The colonization progress of GFP-FO12 on the rice root surface displayed non-uniformity,
both in the presence and absence of Fe. Some regions of the roots exhibited a significant
abundance of hyphal colonization, while other areas remained entirely devoid of the fungus.
Utilizing Confocal Laser Scanning Microscopy (CLSM), we were able to identify internal
colonization of rice roots by GFP-FO12. This internal colonization by GFP-FO12 was evident
in the cortical tissue of rice roots starting from the early days of the bioassay and continued
until the end, particularly in plants growing without Fe (Figure 5e and inset).

It did not detect GFP-FO12 hyphae proliferating in the vascular tissue at any time.
In contrast, GFP-FO12 was only detected on the rice root surface up to the end of the
experiment in the roots of rice plants growing with Fe, although we cannot rule out that
internal colonization can also occur in plants in the presence of Fe.

Most of the conidia germinated and the proliferation of hyphae could be observed on
the root surface in plants growing both in the presence and in the absence of Fe. A slightly
higher proliferation of hyphae could be observed on the root surface in plants growing
with no concentration of Fe, in the absence of iron from the beginning of the bioassay.

3. Discussion

To obtain Fe from the soil, Strategy II plant species release PhytoSiderophores (PS)
from their roots, which form stable Fe3* chelates (Fe3*-PS). PS are released through trans-
porters, like the one encoded by the TOM1 gene in rice, while the Fe3*-PS are taken up
by transporters, like the one encoded by the YSLI5 gene in rice [25,27-29]. Under Fe-
deficient conditions, Strategy II species greatly increase the production and release of PS
and the number of Fe?*-PS transporters, and develop other physiological and regulatory
responses [29]. Rice, traditionally considered a Strategy II species [29], also presents some
characteristics of Strategy I species, such as an enhanced Fe?* uptake through a Fe?* trans-
porter, encoded by the OsIRT1 gene [27,31,32]. For this reason, some authors consider
it a plant species that uses a combined strategy [33-35]. Despite the activation of these
Fe-deficiency responses, crops can need an added contribution of fertilizers to withstand
the enormous pressure that current agriculture exerts on crop production.

Searching for production strategies focused on gradually reducing the dependence
on the application of large amounts of chemical products is one of the main challenges of
current agriculture. The use of beneficial microorganisms is one of the strategies that is
becoming more and more established every day. Microorganisms contribute to enhancing
the tolerance of plants to abiotic stresses and to increasing their resistance to pathogens.
In the same way, they can promote plant growth and increase the acquisition of nutrients
through different mechanisms, such as changes in the soil structure and nutrient solubility,
and changes in root morphology and physiology [55-58].

The results of this study show some positive effect of FO12 on plant growth and
Fe acquisition by rice plants. The primary indication of Fe deficiency in plants man-
ifests as interveinal yellowing in the most juvenile leaves, a condition referred to as
Fe chlorosis. This discoloration arises due to iron’s pivotal function within several en-
zymes engaged in chlorophyll synthesis [23,54]. FO12 can affect the photosynthetic activ-
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ity of the plants since those growing without Fe that were inoculated presented higher
SPAD values (Figure 1). These results are similar to those obtained with inoculation with
the fungus Trichoderma asperellum SL2 in rice [59]. However, the SPAD values did not show
significant differences between control and FO12 inoculated treatments in cucumber plants
cultured in a calcareous soil [49].

The effect on the development of the plants was reflected in a greater weight of both
the aerial part and the roots (Figure 2). These positive effects have also been identified
in various studies with the use of endophytic microbes [60-62]. FO12, in addition to in-
ducing Fe-deficiency responses, exhibits growth-promoting properties, much like other
Plant-Growth-Promoting Fungi (PGPF) and Plant-Growth-Promoting Bacteria (PGPB) [9].
Numerous studies have reported similar findings with other beneficial rhizosphere mi-
croorganisms. For instance, [63] utilized a combination of four microorganisms to inoculate
soybean seeds, resulting in a noticeable growth-promoting effect on the plants. Similarly,
Fontenelle et al. [64] observed a highly significant growth promotion when various isolates
of Trichoderma spp. were applied to tomato plants under greenhouse conditions.

The application of PGPR or PGPF has proven to be an effective method in improving
Fe chlorosis in calcareous soils [65-67]. Liu et al. [66] demonstrated the promotion of
growth and enhanced mineral uptake in strawberry plants by inoculating them with
isolates like Agrobacterium, Bacillus and Alcaligenes. Likewise, Liu et al. [66] achieved
growth promotion in alfalfa plants by inoculating them with Pseudomonas aeruginosa and
Enterobacter aerogenes cultured under saline—alkali conditions in a greenhouse. Moreover,
El_Komy et al. [67] ameliorated the symptoms caused by Fusarium solani, Macrophomina
phaseolina and Rhizoctonia solani in sunflower plants cultivated in a calcareous soil under
field conditions, showing a clear growth-promoting effect with the inoculation of a mixture
of rhizobacteria.

Many microbes produce signals that induce in the plant PS production and hormones
that favor Fe acquisition [68]. In this study, the results obtained show that FO12 can induce
a greater PS production by rice plants (Figure 3). This positive effect was higher when
plants were growing without Fe (Figure 3). In order to summarize our results and the
results of other authors [19,49] it seems that FO12 induces Fe-deficiency responses like
other ISR-eliciting microorganisms.

According to Constantin et al. [47], endophytic micro-organisms induce EMR. These
authors suggested that this type of resistance is independent of ethylene, in contrast to
ISR. This statement means that the colonization of the plant by nonpathogenic strains
of F. oxysporum would induce resistance in an ethylene-independent manner. However,
Aparicio et al. [49] showed that the expression of ethylene-related genes was evidently
enhanced at certain times under inoculation with FO12 in cucumber plants. Additionally,
NO levels were also increased with the inoculation in the subapical region of the roots.
Kavroulakis et al. [69] demonstrated that ethylene-deficient mutants of tomato inoculated
with F. solani were more susceptible to pathogen attack, supporting a role for ethylene in
the acquisition of resistance against Fusarium. Furthermore, NO and ethylene enhance the
expression of several Fe acquisition genes in Arabidopsis thaliana [70,71]. Given that FO12
has been shown to upregulate ethylene-related genes and enhance NO production [49], it is
plausible to consider that FO12 might induce iron deficiency responses in an ethylene/NO-
dependent manner. Consequently, this implies that the FO12 strain could trigger Induced
Systemic Resistance (ISR) rather than Endophytic-Mediated Resistance (EMR). Something
similar could happen with rice plants, traditionally considered a Strategy II species but
that possesses some characteristics of Strategy I species, in which several authors have
shown that ethylene can also play a role in the regulation of some of its Fe-deficiency
responses [25].

The expression of Fe-related genes in rice plants was evaluated (Figure 4). Results
indicated a more enhanced expression in the presence of FO12. In cucumber plants, the
FO12 strain induces the upregulation of Fe-related genes, including CsFRO1, CsIRT1, and
CsHAT [49]. Similar effects have been observed in Arabidopsis thaliana when root-inoculated
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with the WCS417 strain of Pseudomonas simiae, leading to the increased expression of MYB72,
FRO?2 and IRT1 [11,72]. Moreover, the Paenibacillus polymyxa BFKCO01 strain was found
to promote growth and enhance the expression of FRO2, FIT and IRT1 in A. thaliana [73].
Additionally, exposure of tomato plants to Trichoderma volatiles induced the expression of
Fe-deficiency genes, such as LeFRO, LeIRT, and LeFER [74].

Fusarium oxysporum, being an endophytic microorganism, can grow inside the plant
but typically does not colonize the vascular system. Instead, it forms fungal hyphae along
the root cortex and endodermis [45]. Our findings align with this understanding, as the
FO12 strain was observed to colonize the intercellular spaces of the cortical cells (Figure 5),
supporting its endophytic nature. Notably, the inoculation of rice plants with the FO12
strain is facilitated by depleting Fe from the nutrient solution. On the other hand, the
cortical tissue of rice roots was internally colonized by GFP-FO12 from early days until the
end of the bioassay when plants were growing without Fe (Figure 5e, inset). These results
agree with those obtained by Guerra & Anderson [75], showing that Phaseolus vulgaris
plants growing in a hydroponic system with restricted Fe and B were more susceptible
against Fusarium wilt. Similar results were obtained recently by Aparicio et al. [49], ana-
lyzing the time-course colonization processes of cucumber roots by the FO12-GFP-tagged
strain. Collectively, these findings suggest that the depletion of Fe in the plant promotes
endophytic colonization by non-pathogenic strains, such as FO12.

4. Materials and Methods
4.1. Seed Germination and Plant Cultivation

Experiments were carried out with rice (Oriza sativa L. var. ‘Puntal’) plants. Seeds
were surface sterilized as described by Aparicio et al. [49]. Then, seedlings were transferred
to a hydroponic system. Each of eight seedling groups were inserted in plastic lids and
held in the holes of a thin polyurethane raft floating on an aerated nutrient solution
containing 2 mM Ca(NO3), 0.75 mM K,SO4, 0.65 mM MgSOy, 0.5 mM KH,POy4, 50 uM KCl,
10 },LM H3BO3, 1 LLM MDSO4, 0.5 },LM CuSO4, 0.5 LLM ZHSO4, 0.05 LLM (NH4)6MO7OZ4 and
45 uM Fe-EDTA. When the plants were 22 d old, different treatments were applied: (1) +Fe
(complete nutrient solution with 70 uM Fe-EDTA); (2) +Fe +FO12 (+Fe treatment + FO12
inoculum); (3) —Fe (nutrient solution without Fe-EDTA); and (4) —Fe +FO12 (-Fe treatment
+ FO12 inoculum). Plants were maintained in the treatments from 4 to 21 d, depending on
the experiments.

4.2. Cultivation of Fungus and Inoculum Preparation

The FO12 strain and GFP-FO12, which was transformed with GFP (Green Fluorescent
Protein) [76], were generously provided by the ‘Patologia Agroforestal” group from the
‘Universidad de Cérdoba’. The FO12 strain was cultured in 250 mL of Potato Dextrose Broth
(PDB, Scharlau) in 1-L flasks. Following a 4-day incubation period at 28 °C with continuous
shaking at 110 rpm, the culture was filtered using a sterile nylon filter with a pore size of
10 uM (NY-LONL_10, Filtra Vibracion) to separate the spores from the mycelia. The spores
were then centrifuged at 10,000 rpm for 10 min and subsequently resuspended in 4 mL
of sterile distilled water. Prior to inoculation, the spore concentration was determined by
counting them in a Neubauer chamber. As for GFP-FO12, the same culture method was
employed, with the addition of 25 ppm of Hygromycin to maintain selective pressure.

4.3. Plant Inoculation

Following the method by Navarro-Velasco et al. [77], 22-day-old rice plants underwent
root immersion for inoculation. Initially, a solution containing 107 spores/mL was prepared
using distilled water and poured into a 1.5 L capacity tray. To prevent contact between the
solution and shoots, certain lanes were covered with insulating tape. The roots of the plants
were then submerged in the solution for a duration of 30 min. Throughout the process,
constant gentle shaking of the system was maintained to prevent spore precipitation. After
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inoculation, the plants were subsequently subjected to the mentioned treatments: +Fe or
—Fe. For each treatment, there was a corresponding control group that was not inoculated.

4.4. Physiological and Morphological Assessments

Plants were periodically harvested (at 4, 8, 12 and 16 d after treatments) to observe
growth promotion, by determining shoot height and both shoot and root fresh weights.
Furthermore, in this study, Fe chlorosis was evaluated in the rice plants at 3, 6, 9 and 12 d
after treatments by determining the chlorophyll level of the rice plants by the SPAD index
using a portable chlorophyll meter, Minolta SPAD-502. Four readings were made per plant,
taken over the center area of fully developed apical leaves, assigning the average value to
each plant.

Phytosiderophore (PS) assessments were carried out at 6, 12, 24, 48 and 72 h af-
ter the treatment s application, using the methodology described by Inal et al. [78] and
Reichman et al. [79]. Rice plants were removed from the treatment and washed three times
with deionized water. They were then placed in containers with 70 mL of deionized water
for 3 h with constant aeration. From the root exudates produced in these 3 h, 9 mL aliquots
were taken in vials, where 0.5 mL of 0.6 uM FeCl3 was added. They were stirred for
1 h to form the Fe (III)-PS compounds. Immediately afterwards, 1 mL of 1.0 M sodium
acetate buffer (pH 7.0) was added to the solutions, and the mixture was stirred for 15 min
to precipitate the remaining Fe (III). Next, the solutions were filtered through a 0.2 um
filter to remove any solid particles, and then 0.25 mL of 6 M HCL and 0.5 mL of 80 g L.~
hydroxylamine hydrochloride were added to reduce Fe (III) to Fe (II). The solutions were
then placed in an oven and maintained at a temperature between 50-60 °C for 30 min.
After the incubation, 0.25 mL of 2.5 ¢ ™! and 1 mL of 2.0 M sodium acetate buffer (pH 4.7)
were introduced to the mixture. Finally, the contents of the tubes were mixed by shaking
them briefly for 5 min.

The absorbance was determined at 562 nm. PS release rates were calculated as Fe
equivalents.

After PS determination, roots were collected and kept at —80 °C for gene expression
determination using primer pairs shown on Table 1.

Table 1. Primer pairs used for rice gene expression analysis.

Gene Sequence 5-3
Forward: TAAGAG
OsNAAT1 GATAATTGATTTGCTTAC

Reverse: CTG
ATCATTCCAATCCTAGTACAAT

Forward: AACATAAGGGGGACTG GTAC

OsYSL15
Reverse: TGATTACCGCAATGATGCTTAG
OsIRO? Forward: CTCCCATCGTTTCGGCTACCT
Reverse: GCTGGGCACTCCTCGTTGATC
OsTOMI Forward: GCCCAAGAACGCCAAAATGA

Reverse: GGCTTGAAGGTCAACGCAAG

Forward: CGTC
OsIRT1 TTCTTCTTCTCCACCACGAC

Reverse: GCAGCTGATGATCGAGTCTG ACC
Forward: TGCTATGTACGTCGC CATCCAG
Reverse: AATGAGTAACCACGCTCCGTCA

OsActin
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4.5. Fusarium oxysporum Colonization Studies in Rice Roots

The GFP-tagged F. oxysporum FO12 transformant (GFP-FO12) was used to monitor the
infection and colonization process of an entire rice plant growing in hydroponic system. Fifty
plants were inoculated with the GFP-FO12, and the colonization of root tissue samples was
visualized by CLSM (confocal laser scanner microscopy) over the 21 d post-inoculation period.

Two different treatments were set up in the presence of the GFP-FO12 to assess the
effect of the concentration of Fe in the GFP-FO12 colonization process of root tissues. Thus,
25 inoculated plants were growth in the absence of Fe and 25 inoculated plants were grown
with 70 uM Fe concentration. Two plants per treatment were analysed per day until 7 d
after inoculation (7 dai). From this time point, two plants per treatment were analysed
every 2 days until the end of the bioassay (21 dai). All the inoculated plants were examined
by CLSM.

Rice tissue samples for microscopic studies were prepared according to the protocol
previously described by Prieto et al. [79]. Rice roots were thin enough to perform CLSM
analysis without vibratome sectioning. Therefore, whole roots were used to visualize the
F. oxysporum colonization process. At least ten different roots per plant were mounted in a
slice with distilled water to perform CLSM analysis.

Whole root tissues from the different treatments were used to collect single confocal
optical sections using an Axioskop 2 MOT microscope (Carl Zeiss, Jena, Germany) equipped
with a krypton and an argon laser, controlled by Carl Zeiss Laser Scanning System LSM5
PASCAL software (Carl Zeiss). GFP-FO12 was visualized using a 488 nm argon laser light
(detection at 500-520 nm). Finally, data were recorded and the images relocated for analysis
to Zeiss LSM Image Browser version 4.0 (Carl Zeiss). Confocal stacks were mounted and
analysed to assess colonization of GFP-FO12. Images included in Figure 5 were obtained
from projections of adjacent confocal optical sections. Final figures were handled with
PhotoShop 10.0 software (Adobe Systems, San Jose, CA, USA).

4.6. gRT-PCR Analysis

Genes related to PS production by root cells of Fe-deficient rice plants were anal-
ysed. The following genes were analysed: OsTOM1, a deoxymugineic acid (DMA) efflux
transporter; OsNAAT, which participates in DMA biosynthesis for Fe (IIT)-DMA uptake
and translocation; OsYSL15, a Fe (III)-DMA transporter; OsIRT1, a FeZ* transporter; and
OsIRO2, which is an essential regulator involved in mediation of Fe uptake.

Roots were first ground into a fine powder using a mortar and pestle in liquid nitro-
gen. Total RNA was then extracted from the powdered roots using Tri Reagent solution
(Molecular Research Center, Inc., Cincinnati, OH, USA), following the manufacturer’s
instructions. To generate cDNA, 3 ug of DNase-treated root RNA was reverse transcribed
using M-MLV reverse transcriptase (Promega, Madison, WI, USA) and random hexamers
for amplification. For the study of gene expression, quantitative real-time polymerase chain
reaction (qQRT-PCR) was performed on a qRT-PCR Bio-Rad CFX connect thermal cycler. The
amplification profile involved cycles with the following conditions: initial denaturation and
polymerase activation at 95 °C for 3 min, followed by amplification and quantification at
90 °C for 10's, 57 °C for 15 s, and 72 °C for 30 s. A final melting curve stage was performed
from 65 to 95 °C with an increment of 0.5 °C for 5 s to ensure the absence of primer dimer
or nonspecific amplification products. The PCR reactions were set up in 20 pL of SYBR
Green Bio-RAD PCR Master Mix, following the manufacturer’s instructions. To detect
any contamination in the reaction components, controls containing water instead of cDNA
were included. For normalization of gene expression, a reference gene (OsActin) was used.
The specific primers utilized in the qRT-PCR analysis are listed in Table 1.

4.7. Statistical Analysis

The statistical analyses were carried out using IBM SPSS Statistics 25. To assess the
normal distribution of the variables studied, the Shapiro-Wilk normality test was applied.
If the significance value was greater than 0.05, the data were considered to follow a normal
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distribution (parametric). Conversely, if the significance value was below 0.05, the data
were considered non-parametric. For comparisons between the inoculated and control
treatments, either Student’s {-test (parametric) or the Mann-Whitney test (non-parametric)
was used to determine significant differences (p < 0.05). To compare gene expression
between control and inoculated treatments at different times, analysis of variance (One-way
ANOVA) and Dunnett’s test were utilized, setting the threshold for statistical significance
atp <0.05.

5. Conclusions

In conclusion, the results of this study demonstrate that the FO12 strain exhibits
promising characteristics as a biofertilizer for rice plants. Its ability to colonize rice roots
under Fe-deficient conditions, induce the expression of Fe-relative genes, increase phy-
tosiderophore production and promote plant growth and development highlights its
potential as an effective Fe biofertilizer. However, further research is necessary to fully un-
derstand its mechanisms of action and to optimize its application for agricultural purposes.
Continued investigation and experimentation will be crucial in harnessing the full potential
of the FO12 strain as a biofertilizer to enhance Fe uptake and improve crop productivity in
rice and potentially other agricultural systems. Our results also indicate that the FO12 strain
can indeed induce Fe-deficiency responses in rice plants, similarly to other ISR-eliciting
microbes.
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Abstract: Iron is an essential element for most organisms. Both plants and microorganisms have
developed different mechanisms for iron uptake, transport and storage. In the symbiosis systems,
such as rhizobia-legume symbiosis and arbuscular mycorrhizal (AM) symbiosis, maintaining iron
homeostasis to meet the requirements for the interaction between the host plants and the symbiotic
microbes is a new challenge. This intriguing topic has drawn the attention of many botanists and
microbiologists, and many discoveries have been achieved so far. In this review, we discuss the
current progress on iron uptake and transport in the nodules and iron homeostasis in rhizobia—legume
symbiosis. The discoveries with regard to iron uptake in AM fungi, iron uptake regulation in AM
plants and interactions between iron and other nutrient elements during AM symbiosis are also
summarized. At the end of this review, we propose prospects for future studies in this fascinating
research area.

Keywords: iron; plant symbiosis; iron uptake; iron homeostasis; rhizobium; mycorrhiza

1. Introduction

Iron, as one of the most abundant elements on earth, is an essential element for most
organisms since it functions as an indispensable co-factor of many enzymes in various
crucial metabolic processes [1]. In plants, iron deficiency results in reduced chlorophyll
synthesis and photosynthesis, and causes chlorosis and dramatic growth defects. To obtain
sufficient iron from soil, plants evolved different strategies for effective iron uptake and
homeostasis. The first one is the reduction strategy (Strategy I), which is widely used
in all non-graminaceous plants. The second one is the chelation strategy (Strategy II),
which is applied by graminaceous plants [2]. Compared with plants, microorganisms
engage high-affinity and low-affinity uptake systems for iron uptake [3,4]. The high-affinity
uptake pathways include the siderophore-mediated iron uptake pathway and the reductive
iron assimilation (RIA) pathway [4]. The low-affinity uptake pathways include the iron-
containing protein (e.g., heme, ferredoxin) uptake pathway and the ferrous iron uptake
pathway. In general, the high-affinity uptake pathways are adopted by microorganisms
when limited iron is available. In contrast, when iron is sufficient, the low-affinity pathways
are applied by microorganisms.

Plants and microorganisms in the rhizosphere recruit their own ways to acquire
iron from soil until an infection or a symbiosis event takes place between them. In the
competition of host plants with pathogens, iron also plays an important role in restricting
pathogen growth either by the overaccumulation of iron at the pathogen attack site to
induce ROS burst, which leads to the infected cell’s death [5,6], or by withholding iron out
of the vicinity of the infection site [2,7].

Symbiosis between a plant and microorganism is a very common phenomenon in
nature. In the symbiont, both the plant and microorganism can obtain nutrients from each
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other, supporting better growth and development. For example, leguminous plants obtain
ammonia from symbiotic rhizobia and bacteria obtain carbon compounds from host plants.
Similarly, AM fungi supply nitrogen and phosphate to host plants and host plants provide
lipids to mutualistic AM fungi [8,9]. Therefore, symbiosis is very important for both mutu-
alistic microorganisms and host plants. In the symbiosis, such as legume-rhizobium and
plant-arbuscular mycorrhizal (AM) fungi, iron is coordinated as an important micronutri-
ent for both plants and symbiotic microbes. For legume-rhizobium symbiosis, iron is an
essential co-factor for the nitrogenase and the enzymes of the bacterial respiration. A large
amount of iron has to be transported from the roots to the bacteroids to support symbiotic
nitrogen fixation (SNF). In the last thirty years, many studies focused on this process have
been conducted. For the plant-AM fungi symbiosis, recent studies revealed that AM
symbiosis can influence the iron uptake of plants. However, the iron transport mechanisms
between the plants and AM fungi are still unknown. In this review, we introduce the
iron transportation mechanism in the symbiosis and interaction between the plants and
symbiotic microbes in terms of the iron uptake, transport and homeostasis.

2. Iron Transport in Rhizobia-Legume Symbiosis

Legumes play a crucial role in the nitrogen cycle in agricultural and natural environ-
ments since they form symbioses with nitrogen-fixing soil bacteria (rhizobia) that enable
the plants to utilize atmospheric nitrogen. Starting with the infection of the legume roots
by rhizobia, the symbiotic process eventually forms a new organ, root nodule, where
the symbiotic nitrogen fixation occurs. The mature nodule possesses a central infection
zone, containing infected and uninfected cells, surrounded by layers of cells termed the
cortex [10,11]. Metabolites are transported to the nodule through the vasculature, which
terminates in the cortex [10,11]. Nodules are classified as two distinct types, determinate
and indeterminate. Determinate nodules, such as those in Glycine max (soybean) and Lotus
japonicus, are spherical without a meristem and embed the infected region in the center
surrounded by the cortex layer on the outside [10,11]. Indeterminate nodules, such as those
of Medicago truncatula, Pisum sativum (pea) and Vicia faba (broad bean), are elongated or
branched shape because they have persistent meristems [11,12]. A mature indeterminate
nodule can be divided into at least four zones: zone I is the meristematic region that drives
nodule growth; zone II is where rhizobia are released from the infection thread and differ-
entiate into bacteroids; zone III is the site of nitrogen fixation; and zone IV is the senescence
zone, where bacteroids are degraded and nutrients are recycled [13]. Once the rhizobia
attach to the root hair, they are transported to the cortical cell through an infection thread,
and then release into the root’s cortical cells surrounded by the symbiosome membrane
(SM), which is a plant-derived membrane [14].

Iron is a crucial micronutrient for nodule development and symbiotic nitrogen fixation
(SNF). Symbiotically grown legumes have a particularly high requirement for iron, and
iron deficiency severely interferes with their growth and the ability to fix atmospheric
nitrogen [15,16]. In soybean, nitrogen-fixing nodules contain approximately 44% of the
total iron of the plant, compared to 39% in the leaves, 7% in the seeds and 5% in the roots [17].
To achieve enough iron for nodulation and SNF, the plants and rhizobia mutually stimulate
their iron uptake mechanisms. For example, Sinorhizobium meliloti, a typical rhizobium,
secretes some volatile organic compounds (VOCs), which are able to significantly induce the
ferric reductase activity and enhance the rhizosphere acidification [18]. On the other hand, a
plant peptide NCR247 secreted by Medicago truncatula can be transported into the rhizobium
cytoplasm and binds to the haem [19], resulting in a decrease in free haem and the release
of the activity of haem-inactivated transcription factor Irr in the rhizobium. Active Irr
represses the expression of the rirA gene, which encodes a transcriptional repressor of
iron-uptake genes [19]. Thus, the secreted NCR247 peptide from host plants will induce
the expression of rhizobium iron-uptake genes by binding the haem in the rhizobium
cytoplasm [19].
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2.1. Iron Transport from Root to Nodule

Iron is transported as a form of ferric citrate complex into the xylem of plants [20].
Therefore, iron is also most likely to be imported into the nodule as a ferric citrate complex
from the vasculature via the crossing of a number of cell layers to the infected cells [21,22].
Several transporters responsible for iron uptake and transport to nodules have been iden-
tified. The citrate transporters, MtMATEG67 in Medicago truncatula and LjMATE1 in Lotus
japonicus, which are located in nodules (Figure 1), assist the translocation of iron from
the roots to nodules via the transportation of citrate to improve the solubility and avail-
ability of iron [23,24]. An iron and manganese transporter MENRAMP1, a member of the
Natural Resistance-Associated Macrophage (NRAMP) protein and located on the plasma
membrane of nodules, is mainly expressed in zone II (Figure 1B) and has lower expression
level in zone I, zone III, the nodule cortex and root vasculature (Figure 1B). Nitrogenase
activity is reduced in MtNRAMP1 knockout mutant nramp1-1. Exogenous iron supply can
rescue the nitrogen fixation to normal levels in nramp1-1 mutant nodules. This indicates
that MEINRAMP1 is involved in the iron uptake of the infected cells in nodules [25]. Re-
cently, Yellow Stripe 1-like (YSL) transporters MtYSL3 in Medicago truncatula and GmYSL7
in soybean have been demonstrated as being important for iron transport from roots to
nodules [26,27]. It was confirmed that GmYSL?7 is located in both cortical cells and infected
cells, whereas MtYSL3 is only localized in the vascular tissue (Figure 1) [26].

A
Vasculature  Cortical cell Infected cell
Fe— GmYSL7 -Fe Fe- GmYSL7 — Bacteriod
LjMATE1 GmYSL7
B
Nodule vasculature

 Zone IV, Zonelll | Zonell , Zonel
i i Root vasculature
|
!

77, MtMATE67

A MtNRAMPA

< MtysL3

Figure 1. Iron transport from root to nodule. (A) Iron transporters in determinate nodule. (B) Iron
transporters in indeterminate nodule. MtMATE®67 is located in zone I and partially in zone II, which
next to zone I; MtNRAMP1 is located in root vasculature, cortex, and zone I, II, and III; MtYSL3 is
located in both root vasculature and nodule vasculature.
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2.2. Iron Transport through the Symbiosome Membrane

It was proved that the symbiosome enables the uptake of both ferric and ferrous
iron by studying isolated symbiosome with a given amount of radiolabeled ferric and
ferrous iron [28-30]. The uptake of ferrous iron by isolated symbiosome is faster than
that of ferric iron [28], indicating that ferrous iron may be the major form transported
from the infected cells into the symbiosome. Meanwhile, the transporter for ferrous iron
is probably not specific for the acquisition of iron because the transporting efficiency
of ferrous iron can be inhibited by copper [28]. The NRAMP family metal transporter
GmDMT1 (Glycine max Divalent Metal Transporter 1), which is localized on the symbiosome
membrane (SM), is able to transport ferrous iron [31], but its transporting direction is still
unclear. In the complementary experiment of yeast iron-transport-deficient mutant fet3fet4,
GmDMT1 was located on the plasm membrane and restored the iron uptake of fet3fet4 [31].
This indicates that GmDMT1 transports ferrous iron from the extracellular space into
the cytoplasm. However, the symbiosome is a vacuole-like structure [32] and the iron
uptake into the symbiosome means iron transported out of the cytoplasm. Considering
GmDMT1 transports ferrous iron into the cytoplasm in fet3fet4, GmDMT1 most likely
transports ferrous iron from the symbiosome into the cytoplasm in the infected cells as well
(Figure 2) [22,31].

Citrate “% Infected Cell
/ éF .\? \

MATEs GmYSL7?
\ “ Symbiosome
- Fe
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Fet* — VTls —— Fe?* G — @

Fash Bacteriod

Fe2* — GMFPN2——» Fe2-

Fe2s
-

GmDMT1
o~
Fe2t

Figure 2. Iron uptake for symbiosome and bacteroid. VITLs and GmFPN?2 transport ferrous iron from
infected cell cytoplasm into symbiosome, MATEs transport citrate from infected cell into symbiosome,

YSLs contribute the transportation of ferric iron from infected cell into symbiosome, FeoAB system
transports ferrous iron from symbiosome into bacteroid, GmDMT1 transports ferrous iron from
symbiosome to infected cell.

If the symbiosome is considered as an organelle of the infected cell, the transporters
that export iron out of the cytoplasm may be involved in iron uptake of the symbiosome.
The Vacuolar Iron Transport (VIT) and VIT-like (VLT) proteins are known to transport iron
from the cytoplasm into the vacuole [33-35]. Two members of the VIT gene family, GmVTLa
(known as Nodulin-21) and GmVTLb, which are highly expressed in nodules [36,37], have
been identified by transcriptome data analysis of soybean [38—-40]. Both GmVTL1a and
GmVTL1Db are located on the SM of the infected cells (Figure 2), and are able to complement
the yeast ferrous iron transport mutant Acccl [37]. Knockdown of GmVLT1a and 1b causes
defected nodule development and reduced iron content in nodules and bacteroids [36]. The
GmVTL1a homologues in Medicago truncatula, MtVTL4 and MtVTLS, are also expressed in
nodules and MtVTLS8 is localized on the SM [41]. Both MtVTL4 and MtVTLS8 can rescue
the yeast Acccl mutant, indicating that they are ferrous iron transporters. Expression of
MtVTLS alone reverted the defect phenotype of nodule development in the 13U mutant,
which has a 30 kb deletion spanning MtVTL4 and MtVTLS in the genome, while expression
of MtVTL4 did not [41]. Further analysis of the iron contents in the 13U and v/t4 mutants
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revealed that the iron content of the rhizobium in the mutant roots was significantly lower
than that of the wild type, while the iron content in the cytoplasm of the infected cells
remained similar to that of the wild type. These results indicate that MtVTL4 and MtVTL8
are specifically required for iron delivery into the bacteroids [41]. Another VIT protein of
Lotus japonicus, LjSEN1, an important regulator of rhizobia differentiation in the nodule [42],
was suggested to be an iron transporter in the infected cells as well [22,37]. However, there
is still no direct evidence to show whether LjSENT1 is located on the SM.

Another type of ferrous iron transporter mediating iron out of the cytoplasm into
the organelles is ferroportins [43]. Medicago truncatula nodule-specific gene Ferroportin 2
(MtFPN2) encodes an iron efflux protein located on the SM of the infected cells (Figure 2)
and the vascular intracellular compartments [44]. Mutation of MtFPN2 resulted in a severe
reduction in nitrogenase activity, and the mislocalization of iron in the nodules [44]. This
suggests that MtFPN2 is indispensable for iron transport into the symbiosome.

As well as ferrous iron, a symbiosome is able to uptake ferric iron [29,30]. It was found
that the iron-activated citrate transporter MtMATEG67 is located not only on the plasma
membrane of nodule cells but also on the symbiosome membrane in Medicago truncatula [23]
(Figure 1B). The loss function of MtMATEG67 resulted in the accumulation of iron in the
apoplasm of nodule cells. MtMATE67 is responsible for citrate efflux from nodule cells
into the symbiosome to ensure the solubility and mobility of ferric iron in the apoplasm
and further uptake into nodule cells [23]. Based on the fact that MtMATE67 itself does not
transport the iron—citrate complex, there must be another system for iron translocation.
MtFPN2 or MtVTL8 may be good candidates since these two ferrous transporters are
located on the SM [22,44]. Considering that MtFPN2 or MtVTLS8 only transport ferrous
iron, a ferric reductase is needed to reduce ferric iron to ferrous iron before the iron can be
transported by MtFPN2 or MtVTL8. Another possibility is that there is an unknown ferric
iron transporter working with MtMATE67 on the SM.

Yellow Stripe 1 (YS1) is induced by iron deficiency and transports the Fe’*-DMA
(deoxymugineic acid) complex in maize (Zea mays) [45]. Yellow Stripe 1-like (YSL) trans-
porters also play a significant role in plant iron homeostasis. In soybean, GmYSL7 is
localized on the plasma membrane of cortical cells in nodules and the SM of the infected
cells (Figures 1A and 2) [26,46]. Its iron uptake activity (for both ferric and ferrous) was
proved by complementary tests of yeast mutants fet3fet4 and Acccl. Furthermore, it was
demonstrated that GmYSL7 as an iron transporter preferentially transports chelated iron
(both ferric and ferrous iron) [26].

2.3. Transporting of Iron into the Bacteroids

Free rhizobia in soil need to manage iron uptake from an oxidizing environment. Some
transporters in free-living rhizobia have been well studied, such as the TonB-ExbBD com-
plex and ABC (ATP-binding cassette-type) transporters, which transfer ferric siderophore
and the heme into rhizobia. However, the expression of TonB-dependent receptors, TonB
and ABC transporters, are down-regulated in the bacteroid, and neither the rhizobia mu-
tants of heme transporters or the mutants of TonB/ExbB/ExbD have a defect in symbiosis
or nitrogen fixation [47-50]. These results suggest that the major way that the bacteroid
obtains iron is different from free rhizobia [11]. It is worth noting that an isolated bacteroid
exhibited ferrous iron uptake activity [28,30]. A FeoAB system, which transports ferrous
iron, has been reported in pathogenic facultative anaerobic bacteria [12,51]. FeoB is a ferrous
iron transporter widely distributed among bacteria and archaea, while feoA encoding an
auxiliary protein which is necessary for ferrous iron uptake [52]. FeoA and FeoB are located
in the same expression operon [52]. The incubation of soybean roots with the feoA or feoB
deletion strains led to small and ineffective nodules with few bacteria and compromised
nitrogen fixation activity [53]. A mutant strain E40K, which carried a missense mutation
within the feoA gene, exhibited a diminished iron uptake activity, although it is able to
develop nodules with nitrogen fixation activity in soybean [53]. This character of E40K
makes it possible to evaluate the function of the FeoAB system under the state of symbiosis.
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The measurement of %Fe?* uptake by isolated bacteroids illustrated that the E40K strain
had lower uptake activity than the wild type [53]. These studies indicate that the FeoAB
transport system is responsible for ferrous iron uptake into bacteroids.

2.4. Iron Homeostasis in Rhizobia—Legume Symbiosis

As the most important function of nodules, symbiotic nitrogen fixation (SNF) requires
a large amount of iron. It was shown that iron deficiency significantly inhibits nodule de-
velopment and nitrogen fixation [54]. To meet the increased requirement for iron, legumes
stimulate the iron-deficiency-induced responses in roots to obtain more iron from soil [55],
such as secreting more protons and reductants [56,57], up-regulating the activity of the fer-
ric chelate reductase [58,59], and the accumulation of H-ATPase and IRT1 proteins around
the cortex cells of nodules [60]. The bHLH (basic helix-loop-helix) transcription factors
play crucial role in the regulation of the iron deficiency response [61-64]. GmbHLH300 is
remarkably up-regulated in the nodules of the Gmysl7 mutant and GmYSL7OE plants [26].
Meanwhile, the expression of GmbHLH300 was induced under both low and high iron
conditions, suggesting that it plays a crucial role for iron homeostasis in soybean nodules.
Wau et al. also found that GmbHLH300 negatively regulates the expression of GmYSL7 and
ENOD93, which are two positive nodulation regulator genes [26].

3. Iron in Arbuscular Mycorrhizal Symbiosis

Arbuscular mycorrhizal (AM) symbiosis is more popular in nature compared with
rhizobia—legume symbiosis since 80% of plants growing under natural conditions are
associated with mycorrhizae [55,65,66]. AM fungi provide plants with essential mineral
nutrients, such as phosphorus (P) and nitrogen (N), and fungi obtain their carbon from
the host plants in the form of plant photosynthates and fatty acids in return [67-70].
Additionally, AM fungi can improve the biotic and abiotic stress tolerance in plants. It has
been reported that AM symbiosis can both increase and decrease the iron uptake of host
plants [55,71]. A meta-analysis of 233 studies supports that there is a positive impact of AM
fungi on crop plants’ iron nutrition [72]. Studies showed that the impact of AM fungi on
iron uptake is dependent on the growth conditions, host plant species and AM fungi species.
Using *Fe as a tracer, Caris et al. found that the iron uptake of Glomus mosseae (an AM
fungus)-cultured sorghums (Strategy II plant) increased in calcareous iron-deficient soil,
but the iron content of peanut (Strategy I plant) had no change [73]. This result suggests that
AM fungi increase the iron uptake in Strategy II plant but not Strategy I plant. However,
Kabir et al. discovered that AM fungi increase the iron uptake in sunflower (Strategy
I plant) when the plants are inoculated with a mixed endomycorrhizal spore including
Glomus intraradices, Glomus mosseae, Glomus aggregatum and Glomus etunicatum [74]. On
the other hand, the AM plants grown at a low pH showed higher iron uptake than those
grown at a high pH [75,76]. As well as pH, the temperature influences the iron uptake
of the host plant in AM symbiosis. The sorghum inoculated with Glomus macrocarpum (a
vesicular-arbuscular mycorrhizal fungus) had more than 10-fold iron grown at 25 °C or
30 °C than that grown at 20 °C [77]. Al-Karaki et al. found that water stress promoted the
iron uptake in AM-fungi-cultured wheat [78,79]. All of the above studies indicate that AM
symbiosis increases the iron uptake of host plants in some certain conditions. Nevertheless,
further understanding on how the growth conditions, host plants and AM fungi species
affect the iron uptake of the AM plant is still lacking.

3.1. Iron Uptake in AM Fungi

In AM roots, AM fungi develop arbuscules to facilitate nutrient exchange with the host
plants. In the soil, AM fungi develop extensive and highly branched external mycelium to
absorb nutrients beyond the depletion zone that develops around the roots [80]. In this way,
the AM plants can absorb nutrients through both the plant roots and mycorrhiza [80]. Caris
et al. found that providing *Fe to the hyphae resulted in a radioactive signal appearing
in the shoots of host plant in both peanut and sorghum [73]. This result indicated that
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iron was delivered from the AM to the host plant. Kobae et al. performed similar isotopic
tracing in maize and observed the same result [81].

Only a few iron transporters in AM fungi have been identified so far. Genome se-
quencing and transcriptomic analyses of Rhizophagus irregularis, an arbuscular mycorrhizal
fungus, revealed two potential iron permeases, RiFTR1 and RiFTR2, which are expressed
in germinated spores and mycorrhizal roots [82]. RiFTR1 is up-regulated (10-fold) during
the symbiotic phase of the fungus, which indicates that RiFTR1 plays an important role
in the biotrophic phase of AM fungus [82]. The genes encoding NRAMP family members
RiSMF1, RiSMF2, RiSMF3.1 and RiSMF3.2 were characterized in Rhizophagus irregularis. In
the complementary experiment of yeast fet3fet4 mutant, only RiSMF3.2 was proved to be
an iron transporter [83].

3.2. Iron Uptake Regulation in AM Plants

The research on the iron uptake regulation in AM symbiosis is relatively lacking
compared with that of rhizobia—legume symbiosis. Recently, transcriptome analysis in the
wheat roots colonized by AM fungus revealed that two iron-phytosiderophore transporters
were up-regulated during AM symbiosis [84], indicating that wheat may secrete more
siderophores in the symbiosis with AM fungus. On the other hand, in a genome-wide
analysis of the nodulin-like gene family in bread wheat, six VIT subfamily genes were found
to be down-regulated in response to AM inoculation, and five of them were significantly
down-regulated only at the fully colonized stage [85]. These results suggest that iron might
be involved in the AM symbiosis process.

Some evidences have provided clues on the molecular mechanism of AM fungi posi-
tively alleviating iron deficiency for host plants. In Strategy I plants, AM fungi resulted in
a significant improvement in iron concentrations in the roots and the shoots of sunflower
under iron deficiency [74]. In the presence of AM fungi, the expressions of transport genes
HaIRT1 and HaNramp1 and the ferric reductase gene HaFRO1 were up-regulated and the
ferric reductase activity was increased as well [74]. Similarly, increased siderophore release
was observed in AM fungi symbiosis with Tagetes patula nana [86]. In Medicago sativa L.,
the expression of ferric iron reductase gene MsFRO1 is significantly induced in roots by
cultivation with AM fungi under iron-deficient conditions [87].

In Strategy II plants, Prity et al. reported that phytosiderophore (PS) release was
increased in the sorghum root cultured with AM fungi, and the expressions of iron uptake
related genes SA DMAS2, SINAS2, and SbYS1 were elevated under iron deficiency, compared
to the root without AM fungi [88]. Sulfur deficiency had a strong, negative impact on
the Strategy II iron acquisition, causing a reduction in iron concentration and induced
ZmNAS1T and ZmYS1 expression in the roots in non-mycorrhizal maize [89]. However, in
myecorrhizal plants, the iron content and the expression of ZmYS1 remained at a normal
level during sulfur depletion, and the expression of ZmNAS1 was down-regulated [89].
These results imply that the maize with AM symbiosis maintained sufficient iron during
sulfur depletion. Chorianopoulou et al. suggested that iron is mainly transported directly to
the root from the AM fungi via a special symbiotic iron uptake pathway [89]. This result is
consistent with the observations of Caris et al. and Kobae et al. using isotopic tracing which
were mentioned before [73,81]. It was also found that the transcript levels of oligopeptide
transporter genes ZmOPT8a and ZmOPT8b in mycorrhizal roots were induced 194- and
62-fold, respectively, than non-mycorrhizal roots [81]. However, the expression levels of
other iron-uptake-related genes such as ZmDMASa, ZmYS1, ZmIRTa, ZmIRTb and ZmIRO2a
were similar between non-mycorrhizal roots and mycorrhizal roots [81]. Considering the
rice OsOPT1, OsOPT3, and OsOPT#4 transport ferric-nicotianamine complex [90], ZmOPT8
is probably involved in iron transport in the mycorrhizal root [81].

3.3. Interactions of Iron and Other Nutrient Elements during AM Symbiosis

It was reported that iron interacts with other mineral elements during uptake and
homeostasis in plants including AM plants [91]. Phosphorus (Pi) was proven to have a
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negative effect on the iron uptake of AM plants [92]. Iron uptake decreased under a high
Pi condition, whereas it increased under a low Pi supply in AM plants [93]. AM fungi
release significant amounts of organic acids to mobilize the phosphorus bounded to iron
oxides in soil and increase the Pi acquisition of host plants [94]. There is a possibility that
iron is also mobilized by the organic acids under a low Pi supply and are easier to absorb
by host plants. The effect of iron on Pi acquisition is barely known. Recently, Pang et al.
discovered that AM fungi enhanced Pi uptake when FePO,4 was used as Pi sources but not
KH,POy4 [95]. In addition, co-inoculation of AM fungi and rhizobia enhanced nodulation
under the use of FePOy, but not KH,POy, as a Pi source [96].

Zinc is another nutrient element that has been revealed as interacting with iron in
AM plants. In sunflower, the uptakes of iron and zinc were both up-regulated under iron
deficiency in AM plants [74]. This is consistent with the expression of HaZIP1, responsible
for Zn uptake, being significantly up-regulated following AM fungi inoculation under Fe
deficiency [75]. Ibiang et al. reported that zinc treatment leads to the iron accumulation
in roots in AM soybean [96]. However, excess zinc increases the iron content in fruit and
decreases iron in mycorrhizal roots in AM tomato [97].

4. Prospects

Although the information with regard to iron in AM symbiosis is limited, it is mean-
ingful to discover that AM symbiosis plays positive roles in the relief of iron deficiency
for plants since AM symbiosis is popular in crops suffering from iron deficiency such as
sorghum, maize, potato and peanut. This means it is possible to relieve iron deficiency in
crops by applying AM fungi in soil. However, the mechanisms involved in this process
need to be studied in the future. For instance, AM fungi induce the expression of the
iron-uptake-related genes of host plants under iron deficiency. In this process, the signal
transport between AM fungi and the host plant needs to be investigated to answer how
AM fungi regulate the host’s gene expression. In the meantime, studies have shown that
plants can obtain iron from AM fungi directly, but how iron is transported from AM fungi
into plants is not clear.

In the past decades, researchers have made remarkable progress in understanding the
mechanisms of iron transport and distribution in rhizobia—legume symbiosis. However,
some questions still remain to be accomplished to illustrate the overall picture for iron
homeostasis in rhizobia—legume symbiosis. Firstly, GmYSL7 is located on the SM in the
infected cells. However, neither its function for iron transport through the SM, or the
transport direction of iron on the SM have been demonstrated (Figure 2). Secondly, the
impact of the interaction of the host plants and the symbiosis bacteria on the regulation of
iron homeostasis is still not clear. Thirdly, in the high iron environment such as the symbio-
some and the bacteroid, the iron efflux and storage mechanisms are crucial for avoiding
iron toxicity. It will be meaningful to figure out the detoxification mechanisms. Actually,
there are some clues for iron efflux from the symbiosome and the bacteroid. For instance,
Wittenberg et al. showed that the bacteroids released a large amount of siderophores-bound
iron into the symbiosome space in isolated soybean nodules [98]. GmDMT1 was suggested
to transport iron from the symbiosome to the cytoplasm [31]. These results indicate that
the iron level is regulated by an unclear system in the symbiosome. Recently, GmbHLH300
has been shown to be involved in the regulation of iron homeostasis in the infected cells.
More investigation of the GmbHLH300 network may reveal unknown details for iron
detoxification in the symbiosome.
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Abstract: One of the most significant constraints on agricultural productivity is the low availability
of iron (Fe) in soil, which is directly related to biological, physical, and chemical activities in the
rhizosphere. The rhizosphere has a high iron requirement due to plant absorption and microorganism
density. Plant roots and microbes in the rhizosphere play a significant role in promoting plant iron (Fe)
uptake, which impacts plant development and physiology by influencing nutritional, biochemical,
and soil components. The concentration of iron accessible to these live organisms in most cultivated
soil is quite low due to its solubility being limited by stable oxyhydroxide, hydroxide, and oxides.
The dissolution and solubility rates of iron are also significantly affected by soil pH, microbial
population, organic matter content, redox processes, and particle size of the soil. In Fe-limiting
situations, plants and soil microbes have used active strategies such as acidification, chelation, and
reduction, which have an important role to play in enhancing soil iron availability to plants. In
response to iron deficiency, plant and soil organisms produce organic (carbohydrates, amino acids,
organic acids, phytosiderophores, microbial siderophores, and phenolics) and inorganic (protons)
chemicals in the rhizosphere to improve the solubility of poorly accessible Fe pools. The investigation
of iron-mediated associations among plants and microorganisms influences plant development and
health, providing a distinctive prospect to further our understanding of rhizosphere ecology and iron
dynamics. This review clarifies current knowledge of the intricate dynamics of iron with the end goal
of presenting an overview of the rhizosphere mechanisms that are involved in the uptake of iron by
plants and microorganisms.

Keywords: rhizosphere; iron deficiency; iron acquisition; microorganisms; interaction

1. Introduction

TIron (Fe), the fourth most abundant and necessary micronutrient for the growth of
plants and other organisms, is insoluble in neutral and alkaline soils, making it unavailable
to plants. Fe is considered a vital element in the plant system for controlling life-sustaining
processes, such as respiration, nitrogen fixation, photosynthesis, assimilation, the synthe-
sis and repair of nucleotides, metal homeostasis, hormonal regulation, and chlorophyll
production due to its redox-active nature under biological circumstances [1-5]. Fe can
exist in two different oxidation states (FeZ* and Fe3*), and it can switch between them by
receiving and giving away electrons. In crucial metabolic pathways, such as respiration
and photosynthesis, which are needed for plants to make energy, iron plays a key role in
enzyme reactions requiring electron transfer [2,6].

Although total Fe is a highly plentiful element in the soil, its accessibility to plants is
generally quite low [7]. Thus, insufficiency of iron is one of the most significant limiting
variables that influences crop yields, the quality of food, and human nutrition. Inadequate
iron absorption results in interveinal chlorosis, stunted growth, reduced nutritional value,
and diminished plant yield. Iron deficiency-induced anemia, one of the world’s most
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common nutritional disorders, requires adequate iron levels in food crops [8]. According
to reports, one third of the world’s farmed lands suffer from Fe deficiency, resulting in a
considerable annual drop in agricultural productivity, especially in calcareous soils [9,10].

Fe deficiency causes major changes in a plant’s physiology and metabolism, slow-
ing plant growth, impacting nutritional quality, and lowering yield [11], which, in turn,
affect the health of people through the food chain, especially those with diets high in
plant-based foods.

Plants must boost soil iron’s mobility to overcome its limited availability. In response to
Fe deficiency, plants have evolved sophisticated systems to maintain cellular Fe homeostasis
by modifying their physiology, morphology, metabolism, and gene expression to enhance
Fe availability [12,13]. Basically, these methods involve: (i) acidification, which is facilitated
by the secretion of organic acids or protons; (ii) chelation of Fe** by ligands, which may
include siderophores that have an extremely strong affinity for Fe*; and (iii) the reduction
of Fe** to Fe?* through the action of reductases and reducing substances [14-16].

Most of the physical, chemical, and biological activities in soil are linked to the
geochemistry of iron (Fe) [17] and, consequently, to how much iron is available to the
microorganisms and plants that grow in the soil. Iron is mostly found in the rhizosphere
as Fe®*, which is inaccessible to plants. The rhizosphere is a thin, dynamic zone with
substantial abiotic and biotic interactions between soil microorganisms and plant roots [18].
Plant metabolism strongly influences the rhizospheric environment through the release of
5-21% of photosynthetic material by root exudates [19]. Rhizosphere activities and the rhi-
zosphere’s impact on plants are mostly controlled by the release of a complex combination
of low and high molecular weight compounds from roots, such as carbohydrates, amino
acids, organic acids, protons, phytosiderophores, enzymes, and phenolics [20]. Several
microorganisms that interact with plants release siderophores in response to an iron defi-
ciency [21]. These substances can modify the physical, biological, and chemical properties
of the soil near the roots.

To improve the adaptability of economically significant plants to specific environmen-
tal and soil chemical conditions, it is necessary to comprehend the processes that govern
the expression of Fe-deficiency responses in plants. Fe insufficiency is a common issue for
various crops, especially those grown in calcareous soils, and it is one of the most significant
factors reducing crop production. Increasing our knowledge on how plants deal with iron
stress will help us to produce more stress-resistant crops in the future. This article discusses
the potential for plant roots and microbes to be able to help plants absorb more iron in
iron-deficient soils. The significant role of microorganisms in plant iron uptake has been
highlighted by growing knowledge of the interaction between microbes and plants related
to dynamics of iron in the rhizosphere.

2. Dynamics of Iron in the Rhizosphere

The dynamics of iron in the rhizosphere are controlled by a combination of factors,
including the impacts of soil qualities, the absorption and activities of plants and microor-
ganisms, as well as the interactions between these factors. There are two distinct ways that
plants can obtain Fe under iron deficiency, namely strategy I and strategy II, to obtain iron
from the rhizosphere in an efficient manner [22,23]. In strategy I, Fe is mobilized by the
reduction system in most non-graminaceous species. The initial phase of this technique is to
acidify the rhizosphere through the H* translocating P-type ATPase AHA2 [12]; this acidifi-
cation increases Fe®* solubility. To deal with the effects of Fe-deficiency stress in strategy I,
plants often induce ferric chelate reductase and Fe(Il) transporter in their root systems,
acidify the rhizosphere media, and exude organic substances such as phenolics [24,25].

Strategy II (grass species) extracts iron from the soil via a chelation technique. This
mechanism is highly reliant on the release of phytosiderophores (PSs) (such as mugineic
acids, avenic acid, nicotinamine, etc.) by the root, which would result in the formation of
stable iron-phosphate chelates. The Fe(Ill)-phytosiderophore complex transporter known
as yellow stripel is a membrane protein that facilitates iron absorption [26]. Temperature,
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rhizosphere pH, and the type of electrolyte may have a major impact on strategy II Fe acqui-
sition by changing the timing and concentration of the “window of Fe absorption.” [27]. The
two strategies rely on molecular mechanisms that are carefully controlled and involve two
main components: the root, especially its cell of plasma membrane, and the rhizosphere,
which is the soil in closest proximity to the roots [28,29]. Plants have special proteins
known as “transporters” that are present in the plasma membranes, and they assist plants
in transferring molecules either into or out of the roots as required. Under conditions of
severe Fe shortage, phytosiderophores may account for 50-90% of the exudates secreted
at the root tip (Fan et al., 1997, as cited in [30]). It is challenging to differentiate between
plant species based on their iron uptake mechanism because certain plants, for example,
rice or peanut, use both strategies [31,32]. The influence of plants and microorganisms on
iron dynamics and status in the rhizosphere, especially on iron solubilization, has been
investigated and presented.

2.1. Status of Fe in the Rhizosphere and Soil

The rhizosphere is the active zone across a plant root that is home to a diverse pop-
ulation of microorganisms and is impacted by the chemicals produced by plant roots.
Rhizosphere processes are the communications between plant roots-soil-microbes that
occur and alter continually, impacting things such as nutrient solubility, their movement
through the soil, and plant absorption. These systems’ primary driving force seems to be
tied to processes of root exudation (Figure 1). Root exudates are organic and inorganic
chemicals released by plant roots. They include high and low molecular weight substances,
such as carbohydrates, proteins, amino acids, organic acids, protons, polypeptides, en-
zymes, and hormones, in the rhizospheric soil environment [33,34]. Rhizosphere priming
effect occurs when plant roots release recently formed photosynthates into the rhizosphere,
which speeds up the breakdown of organic materials by saprotrophic soil bacteria and
increases plant nutrient availability [35]. Increased root exudates in the soil improve mi-
crobial biomass and soil fertility levels. The dynamics of Fe in the rhizosphere can also be
affected by organic compounds generated by the degradation of soil organic matter. These
soil microorganisms are essential for the nutrient transformation in the soil and crop plant
nutrition absorption. Plants may affect soil qualities by modifying the composition of root
exudates, allowing them to adapt and survive under severe environments.

Iron is one of the most plentiful elements in the soil, but after it is weathered, Fe(III)
and Fe(Il) ions can be released through dissolution and oxidation/reduction. However,
when hydroxyl ions (OH") are present, it almost always forms Fe hydroxides and oxides,
which have very poor solubility [14]. The dissolution and solubility rates of pedogenic iron
oxides (oxides, oxyhydroxides, and hydroxides) play an important role in regulating iron
accessibility. The dissolution and solubility rates of iron soil oxides are also significantly
affected by pH, microbial population, organic matter content, redox processes, and particle
size of the soil [7,14,15,36,37]. Soil pH is the most important of these parameters since it
can decrease Fe availability by as much as 95% for every unit increase in soil pH above
neutral [38]. When the pH is lowered, the ferric iron is released from its bond with the
oxide, making it easier for the roots of plants to absorb it [25]. Fe is transformed to an
insoluble Fe-hydroxyl compound in salty, calcareous, alkaline, and sodic soils, which
prevents the element from being taken up by plant roots [36]. Soil organic matter level and
its breakdown rate affect Fe accessibility because of the formation of excess bicarbonates
and phosphates, which hinder the uptake of Fe [4,39].

One of the most significant constraints on agricultural productivity is the low acces-
sibility of iron (Fe) in the soil, which is directly linked to the biological, physical, and
chemical activities taking place in the rhizosphere due to the interactions between the
soil, microorganisms, and plants [20]. It is widely known that plant roots can alter the
pH of the rhizosphere by releasing protons through the H-ATPase enzyme in epidermal
cells [40]. This can also occur during Fe deficiency; thus, the plant’s impact on pH can result
in the exudation of inorganic metals through the plant roots. Iron deficiency causes soil

152



Plants 2023, 12, 1945

organisms to emit organic (carbohydrates, amino acids, organic acids, phytosiderophores,
phenolics, siderophores, and enzymes) and inorganic (protons) chemicals to improve the
solubility of inaccessible Fe pools [20]. Soil pH can be lowered by the plant’s secretion of
low molecular weight organic acids [40]. Thus, in order for microorganisms to survive and
flourish, the rhizosphere is a geographically and temporally uneven habitat with quick
changes in potentially harsh conditions, such as cycles of water stress and anaerobiosis.

==l e e ==

Figure 1. Mechanisms that alter the availability of iron in the rhizosphere. Plants and microbes
can improve the bioavailability of iron via (a) acidification—secretion of protons and organic acids,
(b) chelation—excretion of complexing molecules with varying affinities for Fe (siderophores, phy-
tosiderophores, carboxylic acids, and phenolics), and (c) reduction—release of substances with
reducing characteristics or development of a membrane-bound reductase activity.

It has been extensively documented that metal complexation by humic substances
derived from various sources improves plant iron nutrition. The chelation of Fe>* by the
organic ligands that comprise the dissolved organic matter has a substantial effect on the
solubility of soil iron as well. Reported by [41], more than 95% of the Fe in soil solution is
probably complexed or chelated. Depending on the molecular size of humic substances
(HS) and solubility, the presence of humified fractions of organic matter in soil sediments
and solutions might help provide a reservoir of Fe for plants that exhale metal ligands and
supply Fe-HS complexes that are directly utilizable by plant Fe absorption processes [42].
In addition to having iron-chelating qualities, which help enhance iron bioavailability,
humic substances also exhibit redox-reactive properties [43].

2.2. Iron Interaction with Plant and Rhizospheric Microorganisms

In the rhizosphere, iron competition is important for microbial and plant-microbe
interactions. Competition for Fe occurs among microbes and plants, regarding which has
the competitive edge due to their capacity to break down plant-derived chelators and their
closeness to the surface of the root. However, plants might avoid direct competition with
microbes because the amount and type of exudates they release into the rhizosphere change
over time and space [30]. Plant to plant interactions, as well as microbial interactions in
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non-sterile growth circumstances, can modify the iron status of plants. It is well known
that the microorganisms in the soil have a substantial impact on the iron nutrition of
plants. The iron content of plants can be significantly increased by intercropping grain and
legumes [44]. The intercropping of wheat and chickpeas raised the Fe content in wheat
seeds [45], whereas the intercropping of maize and peanuts improved the Fe nutrition of
peanuts in a calcareous soil [46]. So, we might postulate that the rhizosphere microbes are
responsible for the higher iron absorption with intercropped plants.

Rhizosphere microbes live in an environment where plant activity has a substantial ef-
fect on the accessibility of nutrients. In the rhizosphere, a wide variety of biotic interactions
take place that might influence the composition and diversity of the microbial population
in the soil near the roots. These species’ uptake of iron results in complicated interactions,
ranging from mutualism to competition [47]. The organization of the microbial community
is typically influenced more by biotic interactions in the rhizosphere than by abiotic factors,
which are more common in the bulk soil. By excreting rhizodeposits into the rhizosphere,
plants provide a fertile and dynamic environment for the microbial populations. The
content of iron in solution is further reduced by the iron absorption of these microbes and
the host plant. As a result, there is high competition among rhizosphere microbes for iron,
encouraging those with the most effective iron absorption strategy [47].

2.3. Impact of Plants and Microorganisms on the Iron Status

Plants and microorganisms play important roles in the cycling and availability of iron
in the environment. Plant-associated microbes may promote plant development and affect
crop output and quality by mobilizing and transporting nutrients [48]. It has been proven
that soil microbes play a significant role in promoting plant iron (Fe) absorption in Fe-
limiting situations [24,49]. Plant roots and rhizospheric microorganisms release substances
such as organic acids, proteins, phenolics, phytosiderophores, and siderophores, which can
promote the solubilization of low-availability iron in the soil [14,20,50].

A research report showed that in Chinese cabbage leaves and stalks the concentration
of soluble protein, soluble sugar, and vitamin C was significantly decreased under Fe-
deficiency stress conditions, whereas the content of cellulose and nitrate was increased [51].
The same study found that Fe-deficiency stress significantly lowered net photosynthetic
rate and nitrate reductase activity in the leaves. Iron shortage in the rhizosphere resulted in
a 40% rise in root biomass as well as elevated levels of citrate, malate, and phenols in root
exudates [52]. The increase in root biomass and elevated levels of these compounds in the
root exudates in response to iron deficiency are part of the plant’s adaptive response to this
micronutrient limitation.

In Fe-limiting situations, plants and soil microorganisms have used active strategies
to enhance soil iron availability, which plays a key role in promoting iron absorption. In
the rhizosphere, iron oxides are more easily soluble and dissolvable due to processes such
as acidification, chelation, and reduction (Figure 1).

2.3.1. Acidification

Plants that experience a shortage of iron may adopt various methods to enhance their
absorption of iron. In strategy I plants, such as Arabidopsis, this involves the release of
protons by plasma membrane (PM)-localized H*-ATPases (AHAs) to increase acidity in the
rhizosphere, which aids in the solubilization of Fe3* [53]. These Fe3* complexes are then re-
duced to Fe?* and taken up by plants. The process of rhizosphere acidification occurs when
H*-ATPases, which are bound to the plasma membrane, expel protons from the symplastic
area into the rhizosphere, which plays a critical role in nutrient acquisition by plants [5,54].
The FER-like iron deficiency-induced transcription factor (FIT) is crucial for the activation
of genes related to iron acquisition and uptake in the root cluster. Its expression is induced
in response to iron deficiency and plays a key role in regulating the upregulation of these
genes [16,55,56]. FIT is upregulated under low-iron conditions and activates the expression
of downstream genes that encode transporters and enzymes involved in iron acquisition,
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such as the H* -ATPases responsible for rhizosphere acidification and enzymes responsible
for iron reduction. This mechanism improves the absorption of iron by enhancing the
solubility of iron-containing substances in the soil, creating favorable conditions for iron
reduction, and generating a proton motive force that aids in the uptake of irons [15,57].

Acidification helps iron become more soluble in the rhizosphere, which is beneficial
to plant health. In the rhizosphere, the roots of plants also release organic acids, such as
citric acid, malic acid, and oxalic acid, into the soil. These organic acids can chelate cations,
including iron (Fe), making them more available to the plant. Acidification occurs as a
result of the secretion of protons and organic acids by microorganisms and plants, resulting
in proton concentrations in the rhizosphere that are up to 100-fold greater than in bulk
soil [14]. Protons are produced through microbial processes such as nitrification [58]. Plants
and microbes release protons into the rhizosphere, which makes it more acidic [59,60].

An insufficiency of iron causes a variety of reactions in soil organisms, releasing
inorganic (protons) and organic (carbohydrates, amino acids, organic acids, siderophores,
phytosiderophores, enzymes, and phenolics) substances that enhance the solubility of
low-accessibility Fe pools. Nevertheless, due to the high microbial activity at the soil-root
interface, rhizospheric organic compounds (ROCs) have short half-lives, which may restrict
their impact on Fe mobility and acquisition [20]. Overall, the acidification of the rhizosphere
caused by proton and organic acid release from plant roots and microbes can increase the
availability of iron for the plant and promote optimal growth and development.

Despite the advantages it offers, the degree and adaptability of rhizosphere acidi-
fication vary significantly among different plant species. In response to iron deficiency,
woody and herbaceous plants such as cork oak (Quercus suber), M. plum (Prunus cerasifera
E.), and cucumber (Cucumis sativus) can increase proton extrusion to acidify their rhizo-
sphere [57,61,62]. Similarly, when tomato roots are subjected to Fe deficiency, an increased
proton extrusion was detected, and Fe-deficient roots exhibit a greater number of proteins
that react with monoclonal antibodies targeting a P-type proton-ATPase from maize com-
pared to Fe-sufficient roots [63]. In contrast, peach-almond hybrids (Prunus amygdalus B.
Prunus persica B.), Vaccinium arboreum (VA), Southern highbush blueberry (SHB), and wild
apple (Malus baccata) lack the ability to acidify their rhizosphere through proton extrusion
in response to iron deficiency [62,64,65]. Moreover, certain species, such as grapevine
(Vitis vinifera), display diversity in their responses within the same species, for instance,
“Cabernet Sauvignon” can acidify its rhizosphere, while “Balta” cannot [66,67].

2.3.2. Chelation

Chelation, which involves a strategy II-based mechanism, is well known in gram-
inaceous plants. Grasses have the ability to dissolve and absorb Fe from the relatively
insoluble inorganic Fe(Ill) by secreting chelators, which are non-protein amino acids such
as mugineic acid and avenic acid. The roots release chelators called phytosiderophores
(PSs) that bind with Fe(III) in the rhizosphere and create a complex called Fe(III)-PS, which
is transported into the plant via specific plasmalemma transporter proteins [13,68,69]. The
release of MAs from plants increases considerably under Fe-deficient conditions, and
their capacity to withstand such conditions is closely linked to the quantity of MA that
they produce and release. This results in the formation of Fe(III)-PS complexes, which
can then be absorbed by the plant roots. The Fe(III)-PS complex is transported into the
root cells through the transporters known as yellow stripe (YS) to yellow stripe-like (YSL)
after binding to them [70]. Some crops, such as sorghum, rice, and maize, produce only
low amounts of deoxymugineic acid (DMA), making them highly vulnerable to Fe defi-
ciency [23]. On the other hand, barley secretes various types of MAs, including mugineic
acid, 3-hydroxymugineic acid (HMA), and 3-epi-hydroxymugineic acid (epi-HMA), in
relatively high amounts, making it more resistant to low Fe availability [71].

Microorganisms secrete low molecular weight biomolecules that function as chelating
agents for metal ions. These molecules are called microbial siderophores and have a
greater affinity for Fe** than phtosiderophores such as mugineic acids, as reported in
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studies [72]. A significant population of siderophore-producing bacteria is typically found
in the rhizosphere, and their secretions enhance the movement and accessibility of metal
ions, thereby promoting phytoremediation [73]. When it comes to iron, the existence of
microbes that produce siderophores within the rhizosphere has been shown to improve
morphological responses. The process by which siderophores mobilize Fe is not yet
fully understood. Cupriavidus necator, a bacterium that degrades pollutants, has been
found to produce a siderophore called cuprabactin, which is utilized by the bacteria to
overcome Fe deficiency [74]. This study could be used in the future to introduce microbes
to the rhizosphere as a way to help plants acquire more iron. In reaction to an iron
deficiency, almost all microbes make siderophores, which are chelating agents for iron.
Siderophore-mediated iron absorption is important in regulating the capacity of various
microbes to colonize plant roots and promotes microbial associations in the rhizosphere [75].
Siderophores, which are produced by graminaceous plants and by microorganisms, are
among those that have a role in the active iron-uptake strategies.

When iron deficiency occurs, the roots of plants begin to secrete phytosiderophores,
while citrate has been shown to be an important chelator of iron [76,77]. Iron is also
made more soluble in the rhizosphere by its chelation with siderophores and organic
acids, which remove ferric iron from insoluble forms and make it accessible to plants
(Figure 1) [24,78]. Most aerobic microorganisms make small molecules that have a strong
attraction to ferric iron. These molecules, called siderophores, help plants obtain the iron
nutrient in iron stress conditions. In addition to being varied in size and chemical makeup,
microbial siderophores exhibit a high but variable affinity for ferric iron (Fe3+) [79,80].
Hence, microbial siderophores improve the solubility of iron in the soil, which can benefit
plant growth and development.

The research suggested that red clover’s iron-deficiency stress may modify the struc-
ture of siderophore-emitting microorganisms in the rhizosphere, possibly because of the
root’s phenolic secretion, which may increase soil Fe solubility and plant Fe nutrition [24].
Additionally, in rhizosphere soil, a higher concentration of phenolics and number of mi-
croorganisms that released siderophores were found in the Fe-deficient treatment than in
the Fe-sufficient treatment [24]. However, data have suggested that in a Fe-limited situation,
the responses caused by Fe deficiency are not enough for plants to avoid Fe deficiency.
According to [81], sunflowers and maize grown in sterile soil grew slowly and had less
iron in their tissues than plants grown in non-sterile soil. Similar results were seen for red
clover (Trifolium pratense) and rape (Brassica napus), which grew substantially more slowly
in sterile soil and absorbed less iron [82,83]. Furthermore, it was discovered that the barley
plant Fe nutritional status affected the microbial population in the rhizosphere, and it was
hypothesized that this was affected by variations in root exudates [84]. Hence, it would
seem that soil microbial activity is important in promoting plant absorption of iron. Even
though some new information has been provided, the precise processes behind the positive
influence of microbial siderophores on plant nutrition are still unknown [85].

2.3.3. Reduction

Regarding Fe deficiency, many studies have investigated root responses to this stress
condition, showing that most dicot and some monocot species increase NADPH-dependent
reductase activity and ATPase-driven proton efflux pumps to solubilize inorganic Fe(III) in
the rhizosphere, which enhances Fe(III) reduction to Fe(II) [23,86]. The reduction of Fe(III)
in ferric-specific chelates refers to the process of converting Fe(III) ions that are bound to
chelating agents or ligands into Fe(Il) ions. Reduction of Fe(IIl) in ferric-specific chelates
leads to complex breaking and metal ion release, with the resultant Fe?+ being the species
of Fe absorbed by the roots [87]. The reduction strategy in the plant Fe uptake process is
essential for plant growth and development, as Fe is a critical nutrient required for many
important biochemical processes. However, the reduction process is also energy-intensive
and can be inhibited by various factors, such as high pH, high levels of calcium, or low
levels oxygen [7,15]. As a result, plants have evolved various strategies to cope with Fe
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deficiency, including the production of various Fe chelators and the modulation of ferric
reductase activity. Fe(IIl) reduction is a necessary and indispensable step in the process of
iron uptake by strategy I plant species, since these plants are only capable of absorbing iron
in the form of Fe(II). In strategy I, Fe(III) reduction is primarily mediated by reductases, the
activities of which are enhanced in response to iron deprivation [14]. H* extrusion into the
rhizosphere stimulates its reductase activity in the plasma membrane, and in calcareous
soils, high levels of HCO; ™ inhibit it. The reduction strategy in the plant Fe uptake process
is based on the ability of the plant to release reducing agents that can convert Fe(III) to
Fe(II) in the rhizosphere.

The reduction of Fe(III) in the rhizosphere is mediated by two types of compounds
secreted by the plant roots: phenolic compounds and organic acids. Phenolic compounds,
such as flavins, coumarins, and catechols, are able to reduce Fe(III) to Fe(II) by donating
electrons to the Fe(III) ions. Organic acids, such as citrate, malate, and oxalate, also play a
role in Fe(III) reduction by chelating Fe(III) ions and facilitating their reduction by donating
protons or electrons. When acidified, membrane-bound ferric reductase oxidase (FRO)
such as FRO2 reduces Fe®* to Fe?*. Arabidopsis FRO2 was initially recognized as the
enzyme that reduces ferric iron chelates at the interface of the root surface and rhizosphere,
functioning as a ferric chelate reductase [88]. FRO2 is the specific enzyme accountable
for the reduction of Fe(III) chelates in the plasma membrane, which occurs in response to
iron deficiency in Arabidopsis roots [89]. The expression of FRO genes is not restricted to
the root plasma membrane which suggests that FRO genes play a role in reduction-based
Fe transport in other plant organs as well [13,90]. Plants with higher FRO expression
exhibit resistance to growth under low iron conditions [91]. Once Fe(III) is reduced to
Fe(Il) in the rhizosphere, it can be taken up by the root cells through a family of integral
membrane proteins called iron-regulated transporter (IRT1) [23,92]. IRT1 is a predominant
Fe transporter in Arabidopsis, belonging to the ZRT IRT-like protein (ZIP) family. Both
IRT1 and FRO2 have specific expression patterns in the root epidermis, where they play
crucial roles in the uptake of iron from the soil and are essential for plant growth [93]. The
expression of IRT1 is quickly increased upon Fe deficiency, which is likely influenced by
signals from both the roots and shoots [94]. These proteins are responsible for the transport
of Fe(II) across the plasma membrane into the root cells, where it can be further transported
to other parts of the plant.

3. Conclusions

Even though iron is one of the most abundant metals on Earth, its bioavailability is
considerably decreased due to the low solubility of Fe(Ill) oxyhydroxide particles, which
are the most common form in neutral pH to alkaline soil and under oxygenated conditions.
Due to the enormous demand for Fe(IIl) in the rhizosphere and its poor accessibility in
soils, there is intense competition among living organisms for this nutrient. Iron deficiency
in the rhizosphere can have a significant negative impact on plant growth and productiv-
ity. However, plants have evolved several mechanisms to increase their resilience to iron
deficiency and maintain their growth and development, even in low-iron environments.
The mechanisms that plants have developed are active techniques for acquiring iron that
rely on acidification and reduction of Fe(III) (strategy I) as well as the production of phy-
tosiderophores (strategy II), enabling plants to adjust more effectively to environments
with low levels of iron. Plants emit a large portion of their photosynthates as rhizode-
posits, which increase microbial population and activity. The roots of plants can influence
the rhizosphere microbiome, by forming distinct chemical niches in the soil through the
production of phytochemicals (i.e., root exudates), which is dependent on several factors,
such as soil characteristics, plant genotype, climatic conditions, and plant nutritional status.
During iron deficiency, both plant roots and microorganisms in the soil can release various
compounds, such as organic acids, phenolics, siderophores, reductants, and enzymes, into
the rhizosphere. By releasing these compounds, plants can mobilize and acquire more iron,
ultimately promoting growth and survival in iron-limited environments. As a result, better
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understanding these dynamics is a critical issue for increasing plant iron nutrition and
productivity in sustainable agriculture.
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Abstract: Plant iron (Fe) nutrition and metabolism is a fascinating and challenging research topic;
understanding the role of Fe in the life cycle of plants requires knowledge of Fe chemistry and
biochemistry and their impact during development. Plant Fe nutritional status is dependent on
several factors, including the surrounding biotic and abiotic environments, and influences crop yield
and the nutritional quality of edible parts. The relevance of plant Fe research will further increase
globally, particularly for Africa, which is expected to reach 2.5 billion people by 2050. The aim of this
review is to provide an updated picture of plant Fe research conducted in African countries to favor
its dissemination within the scientific community. Three main research hotspots have emerged, and
all of them are related to the production of plants of superior quality, i.e., development of Fe-dense
crops, development of varieties resilient to Fe toxicity, and alleviation of Fe deficiency, by means of Fe
nanoparticles for sustainable agriculture. An intensification of research collaborations between the
African research groups and plant Fe groups worldwide would be beneficial for the progression of
the identified research topics.

Keywords: Africa; biofortification; crops; Fe deficiency; Fe toxicity; nanoparticles; nutrition; research
dissemination; rice; sustainable agriculture

1. Introduction

Plant iron (Fe) research deals with the multifaceted strategies adopted by plants
for Fe uptake from soils of various pHs [1,2], its transport, metabolism, signaling, and
distribution from roots to other districts, such as leaves and seeds [3,4], and the biochemistry
of Fe-requiring enzymes FeRE [5,6] and Fe complexes [7,8]. Fe homeostasis is influenced
by below- and above-ground environments, including detrimental or beneficial living
organisms [4,9]. A relevant branch of plant Fe research is devoted to amelioration of
bioavailable Fe content in edible parts of staple crops for improving human nutrition and
for combating Fe deficiency anemia [10-12]. These research goals require competency in
genetics, agronomy, biotechnology, and both human and plant physiology, and they could
benefit from the identification of novel hubs in plant nutrition [13]. The various micro-
and macronutrients reciprocally influence each other in terms of their homeostasis, as has
emerged, for example, between Fe and molybdenum [14] and between Fe and sulfur [15],
clearly indicating that “no plant nutrient is an island”.

Hence, research of all these aspects of plant Fe metabolism is of worldwide importance,
including the African continent. Indeed, African countries can count on incredible plant
biodiversity and a variety of environments, and they can contribute to expanding the num-
ber of species employed for Fe research. Moreover, several African populations experience
severe Fe deficiency anemia (IDA) [16] exacerbated by malaria, which is endemic in various
African countries. Fe-rich staples are therefore needed. However, Fe metabolism of some
of the species which are nutritionally relevant in Africa (e.g., millets) is not investigated as
intensively as other more globally relevant crops.

Plants 2024, 13, 14. https://doi.org/10.3390/plants13010014
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Unfortunately, plant Fe research prominently conducted by scientists affiliated with
African research centers does not always enjoy full international visibility and dissemina-
tion. This can be ascribed to several factors, besides research funding, such as participation
in international congresses, publications in relevant journals in the field, availability of
scholarships, student mobility, rigor of research, etc.

The analysis of all these aspects is beyond the scope of the present work, which
instead aims to fill this gap of visibility and dissemination. For that, we focused on
research conducted by scientists affiliated with African universities/research institutions
and focusing on plant Fe nutrition and metabolism in recent years (2018-2023). Interestingly,
three major topics of interests emerged, which are discussed in the following paragraphs.

2. Plant Fe Research Prominently Conducted in Africa, from 2018 to 2023

Various databases of scholarly literature are available; the Scopus database (https://
www.scopus.com/home.uri, accessed on 14 September 2023) was used for the present work,
as it allows user-friendly searches with multiple exclusions and/or restrictions in various
fields. The query in Scopus was conducted by searching all research papers or reviews
published in English from 2018 onwards, in which the term “iron” appears in the title. Only
“Agricultural and Biological Sciences” and “Biochemistry, Genetics and Molecular Biology”
subject areas were considered; all the other subject areas were excluded. To restrict searches
to plant science, several keywords (Supplementary Figure S1) as well as various journals
(Supplementary Figure S2) were used as criteria for exclusion. The search was then limited to
authors affiliated with African countries. The final list of 92 publications was then manually
pruned to exclude publications whose main focus was not on plant science (e.g., publications
mainly on nutrition were excluded). At the end, 69 publications were retained, affiliated with
26 countries (Supplementary Figure S3). Although not retrieved by this procedure, one more
publication [17] was added to the list, as it represents the beginning of a work [18] included
among the 69 publications.

About 50% of these 70 publications are focused on rice (various Oryza species),
maize (Zea mays), common bean (Phaseolus vulgaris), soybean (Glycine max), pearl mil-
let (Pennisetum glaucum), finger millet (Eleusine coracana), and pea (Pisum sativum), which
are well-known staple crops in African countries; the remaining publications deal with a
further 24 plant species, and a few papers investigate more than one species. The list of all
the investigated plant species with the related references is reported in Table 1.

Table 1. List of investigated species in publications on plant Fe science and affiliated with African
countries, from 2018 to 2023, as retrieved by the Scopus search described in the text. Columns from
left: plant species, references of publications referring to the species, and publications with prominent
African affiliations. Species investigated in publications with prominent African affiliations are
in bold.

Publications with African

Flant Species Publications Prominent Authorship
rice

(various Oryza species) [17-26] [17,18,21-26]
I;:;Z:nuys) [27-34] [29-34]
common bean

(Phaseolus vulgaris) [35-40] [37-40]

soyb

(G}llyv:eii:lle1 max) [27,41-44] [44]

pearl millet . )
(Pennisetum glaucum) [45-48] [45-48]
finger millet (33,49,50] [33,49,50]

(Eleusine coracana)
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Table 1. Cont.

Publications with African

Flant Species Publications Prominent Authorship
pea

(Pisum sativum) (51,52] [51,52]
tomato

(Solanum lycopersicum) [53-55] [53-55]
sorghum ~

(Sorghum bicolor) [56-58] [57,58]
lentil

(Lens culinaris) 59,601

wheat ; [61,62] [61,62]
(various species)

barrel medic

(Medicago truncatula) [63,64] [63,64]
cowpea

(Vigna unguiculata) [33,65] [33,65]
broad bean

(Vicia faba) [66,67] [66,67]
barley

(Hordeum vulgare) [68] [68]
flax

(Linum usitatissimunt) [69]

date palm

(Phoenix dactylifera) (701

grey mangrove 1]

(Avicennia marina)

African wormwood

(Artemisia afra) (72] [72]
spinach

(Spinacia oleracea) [72] [72]
carrot

(Dacus carota) [72] [72]
Chinese mandarine (73]

(Citrus reticulata Blanco)

fenugreek

(Trigonella foenum-graecum) (74] [74]
rose-scented geranium

(Pelargonium graveolens) [75] [75]
sesame

(Sesamum indicum) [76] [76]
durum wheat

(Triticum durum) (771 [771
alfalfa

(Medicago sativa) 78]

Washington navel orange (79]

(Citrus sinensis)

roselle

(Hibiscus sabdariffa) (801 [80]
grape

(Vitis vinifera) [81]
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Table 1. Cont.

Publications with African

Plant Species Publications Prominent Authorship
Sulla carnosa 182]

(Hedysarum carnosum)

legumes [83] [83]

cereals [84] [84]

To further restrict our analysis to research prominently conducted in Africa, only
48 publications were retained for further analysis, i.e., those with first and /or corresponding
authors affiliated with an African country (Table 1, plant species and references in bold).
Hence, 22 papers were excluded, as they either did not report an African affiliation as a
prominent authorship [15,19,20,27,28,35,36,41,42,53,56,59,70,71,73,78,81,82,85], or the first
author did not have an African affiliation, and there was no clear African research leadership
due to the presence of at least three corresponding authors [43,60,69].

Egypt, Tunisia, Nigeria, Ghana, and South Africa are the most represented affiliated
countries in these 48 publications (11, 8, 7, 5, and 5 publications each, respectively). Notably,
the model plant Arabidopsis thaliana is not among the analyzed plants species (Table 1).

A variety of journals with a broad range of impact factors (IFs) and publishers are
represented in the 48-publication list, as detailed in Supplementary Table S1. Most im-
portant, three “research hotspots” emerged from content analysis of these 48 publications,
i.e., (1) Fe deficiency and crops biofortification, (2) sustainable agriculture and fertiliza-
tion with Fe nanoparticles, (3) Fe toxicity. These hotspots are described in detail in the
following paragraphs.

3. Research Hotspot: Fe Deficiency and Crops Biofortification

Fe availability is low in alkaline soils; plants in arid and semiarid regions incur a
shortage of Fe availability and hence, a Fe deficiency. Plants activate a complex array of
morphological and biochemical responses to counteract Fe deficiency stress [86-88]. The
isolation of plant genotypes from different crop species which are more tolerant to Fe
deficiency represents a current effort pursued by several plant scientists in Africa. Such
effort goes hand in hand with the search for and validation of Fe biofortification approaches.
Also, efforts to achieve Fe enrichment in seeds is often associated with efforts to achieve Zn
enrichment [29,84]. Surely, some hurdles have been identified in the various approaches, at
least for cereals. The variability of the measured Fe content in seeds, as observed in various
studies, could be due to the sensitivity of the adopted analytical method to improper
post-harvest seed handling and also to data restricted to a single year [84]. The results
obtained with rice, wheat, maize, barley, millet, and various legume species are detailed
below; it is worth recalling that wild species have higher Fe content but lower yields than
cultivated ones [3,84].

3.1. Rice

Oryza glaberrima is an African indigenous low-yielding rice species with various
resistance traits, cultivated in West Africa for thousands of years [89,90]. Scientists from
the West Africa Rice Development Association (WARDA) succeeded in producing fertile
progenies from crosses of this species with O. sativa and further backcrosses with O.
sativa, increasing stability and fertility for better performance in upland cultivation [89].
Later, hybrids from O. sativa x O. glaberrima crosses were produced for irrigated, lowland
cultivation [90]. Some of these hybrids were named NERICAs (New Rice for Africa).
Several concerns regarding the rigorous scientific assessments of the claims regarding
NERICA rice as the “silver bullet” for Africa’s green revolution were raised [91]. Physical
properties of NERICA varieties NERICA-1 and NERICA-4, Indica varieties IR-28 and IR-50,
and Japonica variety Yumepirika were then compared; NERICA and Indica rice seeds had
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similar results in these tests [92]. A total of 445 NERICA x O. sativa rice lines have been
field-tested in two different sites in Liberia during the wet season to identify QTLs for
higher tolerance to Fe-toxicity; for that, four traits were scored: days to flowering, plant
height, grain yield, and leaf bronzing score [21]. Also, 35 upland rice genotypes were
grown in the field, in Ibadan, Nigeria, under Fe sufficiency or deficiency; three varieties
tolerant to Fe deficiency were identified (FARO65, IRAT 109, NERICA3) [22].

3.2. Wheat

Foliar treatments with FeSO4 and/or ZnSO, of winter wheat could alleviate drought
symptoms [61], although the molecular mechanisms of interaction between Fe supplemen-
tations and such abiotic stress were not investigated.

Various synthetic wheat lines were developed in the past by Japanese groups [93] by
crossing the tetraploid wheat cultivar “Langdon” with Aegilops tauschii accessions mainly
collected from Iran but also from other Asian countries; three lines with high Fe and Zn
content in grains were identified; such traits were stable across the seasons [62]. Durum
wheat genotypes tolerant to growth in calcareous soil were also selected [77].

3.3. Maize

Low nitrogen levels affect maize cultivation and yield in Sub-Saharan Africa (SSA), as
well as the Fe and Zn content of seeds [30]. Several maize hybrids were grown in various
experimental conditions (low or optimum N levels), and the most stable genotypes for
Fe and Zn content of grains and for yield were identified under low N conditions [31].
Also, hybrid lines grown under low or optimum N conditions or under controlled drought
stress were analyzed for genotype x environment interactions [32]. The authors reported a
high positive correlation between grain Fe and Zn concentration (r = 0.97) and a moderate
negative correlation between grain yield and Fe and Zn content (r = —0.43 and r = —0.44,
respectively). The authors concluded that the development of Fe- and Zn-dense maize
cultivars with high grain yield is feasible to combat Fe and Zn deficiency in SSA [32].
However, the effect of N treatments on total Fe grain content in maize is less clear, as
reported in another study [33].

Efforts for multiple enrichments of maize with Fe, Zn, and also provitamin A have
been conducted in Nigeria, with the identification of sets of hybrids which combined high
Fe and Zn content (24.45 mg kg~ ! and 29.24 mg kg~!) and average provitamin A content
(748 mg kg*] ); however, there was a weak but significant negative correlation between Zn
and provitamin A, so the hybrids with the highest provitamin A content were also lowest
in Zn content [34].

3.4. Barley

Barley (Hordeum vulgare) is another staple crop in North Africa and in Ethiopia, and
a genome-wide association study (GWAS) of a collection of 496 spring barley genotypes
(cultivars, improved lines, landraces) identified several single-nucleotide polymorphisms
(SNPs) associated with Fe and Zn content, although several candidate genes are still
annotated as “undescribed” [68].

3.5. Millet

Pearl millet is one of the six most important cereal crops for human nutrition in the
world, and its relevance is increasing with global climate changes due to its resilience to
high temperatures and drought [94]. Moreover, this so-called “nutricereal” has a very
high nutritional value with respect to other cereals, and various breeding approaches for
pearl millet are currently adopted [94]. Open-pollinated varieties (OPVs) of pearl millet
were tested in various locations in West Africa for their growth performance and Fe and
Zn grain content, with the identification of stable, high-Fe varieties [45-47]. Interestingly,
quantitative genetics were applied to six generations of pearl millet obtained from two sets
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of parental lines grown at ICRISAT, Sadore, Niger, to model the trait inheritance of Fe grain
content [48].

Finger millet also represents an important staple crop in various arid and marginal
lands in eastern Africa, where other crops cannot thrive, as in Ethiopia, where finger millet
represents one of the major staple foods [49]. Three different genotypes (Diga-01, Urji,
Meba) grown in two different regions of Ethiopia and in two different slope configurations
for each region were treated with Fe and Zn in a combination of the two micronutrients
with the NPKS fertilization [49]. It emerged that, besides genotypes and treatments, the
yield is dependent on location and slope, and all these variables should be considered for
programs of agronomic biofortification [49].

Fertilization with phosphorus is beneficial to finger millet, causing an increase in
calcium, Fe, and Zn content of grains from plants grown in three different locations in
Kenya [50]. Again, the optimal level of phosphorus fertilizer is dependent on tested loca-
tion [50]. This aspect should be considered to avoid the negative effects of unnecessary,
supra-optimal concentrations of phosphorus for plants and soils.

3.6. Legumes

Legumes show genetic variability in their tolerance to Fe deficiency; their inclusion
in crop rotation improves soil nutritional status, thanks to symbiosis with N-fixing bacte-
ria [83]. For these reasons, legumes are good candidates for sustainable agriculture [63,83].
As most Tunisian soils are calcareous, several Tunisian researchers studied Fe deficiency
responses in different legume species in order to identify tolerant lines. Twenty genotypes
of barrel medic (Medicago truncatula), a small annual legume used as forage but also as
a model plant, were screened for their physiological response to Fe deficiency during
growth. Fe deficiency-tolerant and -sensitive genotypes were identified; tolerance was
correlated with greater acidification capacity, modified root architecture, and an induction
of Superoxide Dismutase (SOD) activities [63,64]. Similar approaches were applied to
investigate genotypic differences in the response to Fe deficiency in pea [51,52] and in
common bean [37]. A set of 99 different cultivars and landraces of common bean were
tested in different locations in Tanzania for their adaptability and stability [38]. Moreover,
SNPs associated with grain Fe and Zn concentration were identified for such species [39].
In another study, Fe and Zn content of broad bean (Vicia faba) in Ethiopia was influenced by
environmental conditions, especially soil properties [66].

4. Research Hotspot: Sustainable Agriculture and Fe Nanoparticles

Soil fertilization with macro- and microelements is a common agricultural practice
which needs to be tailored to the specific crop to limit leakage and soil degradation. The
use of nanoparticles (NPs) is a practice explored in recent years; such research has been
prompted by the evidence that parts of fertilizers (whether in soil or directly applied to
plants) are not used by plants, and they are therefore wasted, with economical as well as
ecological consequences. The production of micronutrient NPs would offer a sustainable
alternative to traditional fertilizers due to their higher efficiency and reduced contamination.
All these aspects, as well as the ways in which they are internalized by plants’ leaves and
roots, the potential risks associated with their use (human health and food safety), and the
need of rigorous assessments, have been recently reviewed [95,96].

A study described the green production of Fe-NPs, starting from extract of African
wormwood (Artemisia afra) [72]. The authors characterized the physical and chemical
properties of the obtained NP, thus demonstrating that they are genuinely formed by Fe
oxides of 10-20 nm in diameter. These Fe-NPs influence the germination rate of both
spinach and carrot seeds in a concentration-dependent way, and they can therefore act as
nano-priming agents [72]. This, in turn, opens the question regarding the mechanisms by
which Fe-NPs can promote seed germination in a given concentration range [72]. Another
study compared the effects of conventional Fe treatment (ferric sulfate or Fe-EDDHA) with
Fe-NPs on the composition in essential oils (EOs) of rose-scented geranium (Pelargonium
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graveolens). This perennial plant is cultivated worldwide, for instance in Egypt, and it is
used for cosmetic and perfume production; its EO composition is dependent on nutritional
status, and treating plants with Fe-NPs and humic acid boosts EO production in a superior
way with respect to the other Fe treatments [75]. Also, the effects of treatment of orange
trees (Citrus sinensis) grown in Egypt with green Fe-NPs (produced from fresh leaves of
Psidium guiaiava, commonly known as guava) were evaluated in comparison with other
conventional Fe treatments (FeSO,, Fe-EDTA) [79]. The appearance of produced Fe-NPs
of needle-like shape at SEM seems different from the green Fe-NPs characterized in [72],
and their chemical composition was not investigated; nonetheless, the improvement in
most of the analyzed parameters in terms of physical and chemical features of fruits (yields,
shelf life, mineral contents of fruits, etc.) would encourage the use of such Fe-NPs with
respect to the other treatments for orange cultivation in arid regions [79]. Effects of foliar
application of Fe-NPs, FeSOy, and Fe-chelate were also evaluated in broad bean grown
in sandy soil, and Fe-NP gave superior results in terms of plant growth parameters and
harvest index [67]. The superiority of Fe-NP fertilization with respect to conventional Fe or
chelated Fe was also demonstrated in tomato for growth and yield [54].

Fe-NPs were also effective in ameliorating growth parameters in soybean [44]; com-
mercial Fe-NPs (n-Fe,O3) were also effective in ameliorating growth parameters in sorghum
seedlings, as well as their tolerance to salinity stress [57].

Sesame (Sesamum indicum) is produced in many African countries. An Egyptian
group [76] studied the effect of treating three different sesame genotypes with a mixture of
Fe, Mn, and Zn in nano form; however, the production of such Fe, Zn, and Mn fertilizers in
the nano form has not been clearly described by authors.

Although these studies are promising and in line with the worldwide interest in
precision agricultural practices, benefits observed from use of Fe-NPs have been not always
confirmed, and indeed, in some cases, treatment with classic Fe-EDTA was more beneficial
than with Fe-NPs, as described for sorghum plants [58].

Within the above cited results on this African research hotspot, we believe that dis-
cussion on health risks for exposed workers and on food safety for consumers due to
exposure to Fe-NP via inhalation or via ingestion is still missing. Such risks should not
be underestimated, as several studies reported endotheliar disfunction and inflammation,
with increased pulmonary, vascular, and cardiac diseases, due to exposure to Fe-NPs of
various diameters [97,98].

5. Research Hotspot: Fe Toxicity

Fe toxicity is less frequent than Fe deficiency due to Fe chemistry; indeed, although
Fe is abundant in the Earth’s crust, it is usually in highly insoluble Fe (III) oxidized form.
Still, occasionally, Fe solubility can massively increase due to Fe reduction to Fe (II) form.
This increase in Fe (II) availability can occur in anoxic conditions, such as in the so-called
“rainfed lowlands on Fe-rich soils”, i.e., in Fe-rich soils exposed to prolonged floods and
without satisfactory drainage ([23,99], or in acid sulfate soils, acid clay soils, and peat
soils [100]. In all these conditions, Fe can be taken up in excess by root cells and exert its
toxicity, with a consequent reduction in crop yields. The typical phenotypic hallmark of Fe
toxicity is a brownish-red color, known as “bronzing”.

Four plant defense mechanisms against Fe toxicity are adopted by plants [19,24]:
(1) Fe exclusion, achieved by oxidation of Fe (II) into Fe (III) via oxygen released by roots;
(2) Fe retention in metabolically inactive forms in cell vacuoles and within the Fe storage
protein ferritin, mainly in plastids; (3) Fe partitioning in older plant tissues; and (4) ROS
detoxification to alleviate oxidative load. Rice genotypes are broadly classified as Fe
“excluders” or “includers”, relative to the adopted strategy [24].

Rice is the only major crop species which can incur Fe toxicity [99]; rice cultivations in
several African regions are potentially exposed to Fe-toxicity conditions [23,24].

Praiseworthily, van Oort [23] mapped the Fe-toxicity spots in the African regions for
the first time, together with maps of spots for other abiotic stresses (drought, cold, salinity,
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and sodicity). The various countries with the largest areas potentially at risk of Fe toxicity
were identified, with Nigeria being at the highest risk. Also, a list of five countries with the
largest surfaces cultivated with rice at risk of Fe toxicity was provided; such values were
expressed as “rainfed lowland rice areas on Fe rich soil”/“total rice area”, and Togo was at
the top of this list [23]. A predominance of West African countries is exposed to Fe toxicity,
involving 12% of total rice area, thus representing a relevant threat for rice production. This
percentage might become even larger, as further expansion of crop areas, which is expected
in Africa for rice as well as for other cereals, could involve wetlands, which are currently
neglected [23].

Tolerance mechanisms were investigated in seven different rice genotypes (KA-28,
Bahia, Ciherang, IR64, L-43, Tsipala, X265), either tolerant of or sensitive to Fe toxicity,
which were grown in the central highlands of Madagascar. Fe uptake rate, growth rate,
and Fe partitioning between shoot tissues during vegetative and reproductive growth were
measured, together with grain yield. Exclusion mechanisms, even in “excluder” genotypes,
were relaxed during reproductive growth, indicating that mechanisms activated by plants
to counteract Fe toxicity are dependent on developmental stage [24]. Strikingly, no corre-
lation between grain yield and visual symptoms has been observed, indicating that the
selection of tolerant lines based on visual symptoms is a simplistic approach [24]. These
findings, together with the environmental dependence of intensity and the dynamics of
Fe toxicity, highlight the need to unveil the genetic factors orchestrating responses against
Fe toxicity. An RNA-seq analysis was performed to investigate the effects of magnesium
(Mg) on Fe toxicity in the central highlands of Madagascar, as well as in hydroponic condi-
tions, thus uncovering various genes potentially affecting the enhancement of tolerance
by Mg [25]. Another research group analyzed Fe toxicity-tolerant rice varieties CK801
and Suakoko8, as well as sensitive varieties IR64 and Supa, under hydroponic conditions
for their morphological and physiological responses to Fe toxicity [17,18]. In these stud-
ies, tolerant lines showed more lateral roots, a better development of aerenchyma, and
higher O, release. Hundreds of African rice Oryza glaberrima accessions were grown in the
Plateaux region of Togo and analyzed for growth parameters, together with symptoms
of Fe toxicity [26]. Physiological and biochemical responses against Fe toxicity were also
studied in 15 accessions of cowpea (Vigna unguiculata) [65].

6. Other Research Lines

Analysis of fenugreek (Trigonella foenum-grecum) under increasing concentrations of Fe
in the form of FeSO,4 would encourage the use of such plants in Tunisian phytoremediation
programs [74]. Roselle (Hibiscus sabdaiffa L.), known as karkadeh, is cultivated in various
African regions, and it is a valuable commercial plant, as its sepals are used for human
nutrition as well as for beauty cosmetic industries. Roselle plants grown in-field were
sprayed with different compounds (Fe-EDTA, arginine, hemin, and their combinations),
and the yield and chemical and elemental composition of their sepals were analyzed,
showing stimulatory effects on flavonoid pigments [80].

7. Discussion

The responses of crops to Fe deficiency, including various approaches of plant bioforti-
fication with Fe, whether via fertilization or via genetic approaches, is a well-represented
research topic in Africa; several lines of wheat, maize, rice, and various legumes have
been examined to identify those of superior quality. Such research, in Africa, also involves
millets; this is promising, since these species can better withstand adverse growth condi-
tions and have the potential to also become an important crop outside Africa. Notably,
the Food and Agriculture Organization of the United Nations (FAO) declared 2023 the
International Year of Millets (IYM 2023) at https:/ /www.fao.org/millets-2023 /en (accessed
on 14 September 2023) Hoboken, NJ, USA. The screening for Fe-dense millets is therefore
of great importance [94]. Still, the molecular basis of Fe nutrition and homeostasis in millet
is not known in the same detail as in other plant species. The international expansion of
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Current works

millet as a model plant in the plant Fe research community could therefore contribute to
boosting its diffusion as a “nutricereal”.

Sustainable agriculture is becoming a growing concern not only in Africa but world-
wide, requiring the adoption of eco-friendly cultivation practices for correct soil manage-
ment and for the optimization of costs versus crop yield. Several scientists in the African
continent are involved in the analysis of the effects of Fe-NP, indicating that this subject is
very relevant for such parts of the world.

Several approaches can be followed to synthesize Fe-NP, and one of them is based
on a bottom-up approach in which NPs can grow from reaction precursors by using plant
extracts rich in organic reductants [101]. Several plant extracts have already been used
for such synthesis, and various mechanisms have been proposed for the reactions in-
volved [101]. Still, the establishment of species- and developmental stage-specific protocols
for Fe-NP preparation and use in terms of concentration and times of treatments is still
needed. These shared protocols should also clearly include the green Fe-NP preparations. A
systematic comparison of green Fe-NP versus Fe-NP prepared with other chemical methods
would help disentangle the variety of results which are emerging from various research
groups; this, in turn, would offer shared avenues of collaborative approaches to this rele-
vant research field among scientists from different countries and with different expertise
(Figure 1). Moreover, in this identified research hotspot, we noticed a general lack of risk
assessment of Fe-NPs in terms of human health upon exposure to Fe-NPs during handling,
but also in terms of food safety. Fe-NP risk assessment is for sure a compulsory step in any
future research involving use of nanomaterials in agriculture (Figure 1). Historically, NP
emissions from industrial or traffic sources have been associated with health risks; however,
the expansion in the use of Fe-NPs for novel agricultural approaches requires a rigorous
risk assessment of the nanomaterials within this application field, for human health [97,98]
but also for the whole environment [102]. Notably, proposals to modify surfaces of nanoma-
terials to make them more biocompatible and reduce the inflammatory/oxidative responses
of human tissues have been put forward [97]; such hazard reduction strategies have been
named “safe by design” [103].

Future research expansions

Green versus non-green production of FeNP | ¢

set-up of protocols for production of green FeNPs

foliar or soil/medium treatment with Fe-NP
versus other Fe conventional forms (Fe-chelates,

from different plant species and rigorous E
comparison of the FeNP physical/chemical features| 7
| %
— %
Field testing of green FeNPs
Fe-NP go'e r‘{;
72
z
1 species-specific protocols for FeNPs use in the %
]

different types of soils

FeSO,)

'

evaluation of plants growth and yields |

'

optimal Fe-NP concentration (to maximize
beneficial effects thus avoiding Fe

| overtreatments) |

Figure 1. Current works and approaches on Fe nanoparticles (Fe-NPs) in the research conducted in
the time span from 2018 to 2023 by prominently African-affiliated scientists (text boxes in blue, on the
left) and the future research expansions suggested in the present work (text boxes in red, on the right).
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Current works: green and non-green Fe-NPs, produced with or without plant extracts, respectively;
soil, growth medium, or foliar treatments with various concentrations of Fe-NP, Fe-chelates, or other
conventional Fe treatments (e.g., FeSO,) have been performed on different plant species. To identify
the best Fe-NP concentration to avoid overtreatments, plant growth and yield have been assessed.
Future research expansions: a higher number of plant species could be tested as starting green extracts
for the production of green Fe-NP; the physical/chemical features of the produced Fe-NP should
be rigorously assessed. To optimize Fe-NP use in the environment, protocols specifically adapted
for optimal treatment of each plant species with green Fe-NP should be established and shared
within the scientific community. A rigorous risk assessment is needed: direct effects on human health
during Fe-NP treatments and indirect effects on human health in terms of food and soil safety should
be considered.

Research on Fe toxicity is also well represented in African countries, as it is driven
by the need to ameliorate crop yield and quality of lowland rice. The extent of African
soil prone to Fe toxicity and the increasing African population and consequent increasing
need of crop production, including rice, make the understanding of Fe toxicity of great
importance for millions of people. Some molecular aspects of plant exposure to Fe ex-
cess have been analyzed in the past in model and/or crop plants, such as the regulatory
mechanisms of Fe sequestration through the iron storage protein ferritin [104-109]. Also,
below-ground as well as above-ground adaptive mechanisms of rice to Fe toxicity have
been elucidated [19,100]. Still, various aspects of plant response to Fe excess and defense
mechanisms against Fe toxicity need to be disentangled. Fe toxicity is indeed often accom-
panied by deficiencies in other nutrients, such as potassium, magnesium, calcium, and
silicon [19]. The impact of such deficiencies in the development of Fe toxicity symptoms
during exposure to Fe excess and their homeostatic adjustments from root to seed in toler-
ant versus Fe-sensitive species might contribute to the identification of markers of tolerance
for breeding programs (Figure 2). Most of the gene regulators involved in the responses
against Fe toxicity are also unknown [100].

Factors influencing sensitivity of
rice plants to Fe excess

developmental stage

Biochemical responses:
-ROS scavenging enzymes)| —— Tolerance to Fe toxicity

Morphological responses:
-aerenchyma
-lateral roots

-

Nutrients metabolism and

| Magnesium supply |Scccmm——— »
homeostasis

PR

,/

|Uptake of macro- and micronutrients |,

Figure 2. Current findings on tolerance/sensitivity to Fe toxicity in rice in the research conducted in
the time span from 2018 to 2023 by prominently African-affiliated scientists (blue boxes) and the
research potentialities suggested in the present work (red boxes). The sensitivity of rice plants to Fe
excess is dependent on anatomical traits (extent of root aerenchyma and expansion of lateral roots),
on the involvement of the ROS scavenging enzymes, and on Mg nutritional status of the plant; also,
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responses to Fe excess are dependent on developmental stage. All these features contribute to
tolerance/sensitivity of rice plants to Fe toxicity. Possible future research potentialities could involve
the analysis of the uptake processes and of the nutritional status of the other essential nutrients under
Fe excess, together with the analysis of their homeostatic adjustments.

8. Conclusions and Future Directions

Predictions on climate change and growth of human population make plant Fe science
of utmost relevance; more accurate working models on Fe nutrition and metabolism in
plants are needed for crops of established economic and nutritional value, as well as for
plants with emerging nutritional, economic, and ecological importance. Hence, any relevant
advancement in this field should be worthy of consideration, and its dissemination within
the scientific community should be favored. The present work therefore turns the spotlight
on plant Fe research mainly conducted in Africa, with an overview of the current research
situation. Three main research hotspots were identified, and future research expansions
were proposed, hopefully fostering initiatives with research groups worldwide.

The 48 research products identified in the time span from 2018 to 2023 are affiliated
with 22 countries; hence, more than half of the African countries are either not involved in
any research on plant Fe or did not succeed in publishing any Scopus-indexed work. Also,
around one fifth of such research products have been published in minor journals without
an impact factor. This analysis reveals that an expansion of African plant Fe research, both
quantitative and qualitative, is welcome, as it could be beneficial for Africa itself, but also
outside this continent. For example, a similar Scopus search on plant Fe research conducted
on Southeast Asian territories highlighted a limited number of total publications (22), with
Thailand, Indonesia, the Philippines, and Vietnam as affiliated countries; interestingly, half
of the publications were related to plant response against Fe toxicity (not shown). Hence, Fe
toxicity is an economical and nutritional burden for many low-income countries worldwide.
Last, ongoing projects of Fe research in Africa, if unpublished, have not been included in the
present review to avoid any bias regarding retrieval, visibility, sponsorship, or funding of
unpublished results. We nonetheless hope that the present work can be handled as a useful
tool by plant Fe scientists worldwide to come in direct contact with Fe research conducted
in Africa, as well as for future collaborations and shared initiatives. Scholarships and
shared organizations of scientific sessions at congresses in plant physiology and nutrition
might represent starting points for such collaborative initiatives.
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www.mdpi.com/article/10.3390/plants13010014/s1. Figure S1: Keywords excluded from Scopus
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the 48 publications on plant science prominently produced by African research groups in the time
span from 2018 to 2023; Table S1: List of journals in which the 48 publications of plant Fe science with
African affiliations in a prominent position have been published, from 2018 to 2023. For each journal,
impact factor IF and the number of publications published in that journal are given. Lack of IF is
indicated as “not available” (n.a.).
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