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A B S T R A C T

Azospirillum brasilense was reported to up-regulate iron (Fe) uptake mechanisms, such as Fe reduction and rhi-
zosphere acidification, in both Fe sufficient and deficient cucumber plants (Cucumis sativus L.). Strategy I plants
take up both Fe and copper (Cu) after their reduction mediated by the ferric-chelate reductase oxidase (FRO)
enzyme. Interestingly, in cucumber genome only one FRO gene is reported. Thus, in the present study we applied
a bioinformatics approach to identify the member of cucumber FRO gene family and allowed the identification of
at least three CsFRO genes, one of which was the already identified, i.e. CsFRO1. The expression patterns of the
newly identified transcripts were investigated in hydroponically grown cucumber plants treated with different
Fe and Cu nutritional regimes. Gene expression was then correlated with morphological (i.e. root architecture)
and physiological (Fe(III) reducing activity) parameters to shed light on: i) the CsFRO homologue responsible of
the increased reduction activity in Fe-sufficient plants inoculated with A. brasilense cucumber plants, and ii) the
possible effect of A. brasilense in ameliorating the symptoms of Cu toxicity in cucumber plants.

The data obtained showed that all the CsFRO genes were expressed in the root tissues of cucumber plants and
responded to Cu starvation, combined Cu/Fe deficiency and Cu toxicity. Only CsFRO3 was modulated by the A.
brasilense in Fe-sufficient plants suggesting for the first time a different specificity of action of the three iso-
enzymes depending not only on the nutritional regime (either deficiency or toxicity) but also on the presence of
the PGPR. Furthermore, results suggest that the PGPR could even ameliorate the stress symptoms caused by both
the double (i.e. Cu and Fe) and Cu deficiency as well as Cu toxicity modulating, on one hand, the growth of the
root system and, on the other hand, the root nutrient uptake.

1. Introduction

The increasing World population requires an increase in agricultural
productivity, as well as, an enhancement in the food quality (Cassman,
1999; Matson et al., 1997; Tilman et al., 2002). So far, these challenges
have been met by increasing the application of chemical fertilizers
(Zhang et al., 2010). However, in the last decades, the agricultural
productivity has reached a plateau irrespective from the external in-
puts, suggesting that the limiting factor might be represented by the
nutrient use efficiency of crop plants (Taiz, 2013). In addition, metal
toxicity is also becoming a huge agronomic problem, mainly due to the
intense anthropogenic activities (Wuana and Okieimen, 2011). Inter-
estingly, in the last years several studies have shown that the use of
plant growth-promoting rhizobacteria (PGPR) might represent a useful
tool to reduce the effects of heavy metal toxicity in plants (Tak et al.,

2013), yet also improving the mineral nutrition of plants (Pii et al.,
2015b).

Indeed, PGPR are soil bacteria that efficiently colonize the rhizo-
sphere, i.e. the thin layer of soil in close contact with roots and influ-
enced by their biological activities (Hinsinger et al., 2005), and can
establish profitable relationships with plants (Alegria Terrazas et al.,
2016; Crecchio et al., 2018; Glick, 2012; Lugtenberg and Kamilova,
2009; Parray et al., 2016; Pii et al., 2015b). Emerging evidence shows
that PGPR can also interfere with the biochemical and/or molecular
mechanisms devoted to the uptake of mineral nutrients in plants
(Bashan, 1990; Bashan et al., 1989; Bertrand et al., 2000; Canellas
et al., 2013, 2002; de Santiago et al., 2009; Pii et al., 2016, 2015b;
Zhang et al., 2009; Zhao et al., 2014). In particular, recent works
highlighted that the PGPR Azospirillum brasilense can restore iron (Fe)-
deficiency symptoms of cucumber (Cucumis sativus L.) plants grown on
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calcareous soils (Pii et al., 2015c) by enhancing the response to the
nutrient shortage at molecular level (Pii et al., 2016). Cucumber plants
take up Fe from the growth media via an acidification/reduction me-
chanism (Marschner and Römheld, 1994); the inoculation with A.
brasilense up-regulates both these activities, independently from the Fe
nutritional status of plants (Pii et al., 2016). Whilst in Fe deficient cu-
cumber plants treated with A. brasilense the enhanced acidification and
reduction activities were due to an over-expression of CsFRO1 and
CsHA1 (the plasma membrane H+-ATPase), this phenomenon was not
observed in Fe sufficient plants (Pii et al., 2016). In fact, in this latter
condition, the enhanced reduction activity was not sustained by an
increased expression of CsFRO1, suggesting that the reduction of Fe3+

might be carried out by other molecular entities (Pii et al., 2016).
Consistently, the genome of Arabidopsis thaliana was shown to encode
for an Fe reductase gene family composed of eight members, several of
which are expressed in the root tissue and are responsive to Fe defi-
ciency (Mukherjee et al., 2006). However, so far, information con-
cerning FRO isoforms in C. sativus is not available.

The enhancement of the abovementioned root activities induced by
A. brasilense inoculation (Pii et al., 2016) might also increase the
bioavailable fraction of other mineral cations, as for instance copper
(Cu) (Brunetto et al., 2016), which is an essential micronutrient for
regular plant growth and development (Broadley et al., 2011). Copper
is taken up by Cu Transport Protein 1 (COPT1) (Yuan et al., 2011),
albeit other transporters (e.g. Zn/Fe Permeases - ZIPs, Natural Re-
sistance Associated Macrophage Proteins - NRAMP and Iron Related
Transporters - IRT) seem to be involved in this process as well (Tsai and
Schmidt, 2017; Wintz et al., 2003; Yruela, 2005). In fact, it is well es-
tablished that the main Fe transporter (IRT1) can also mediate the

uptake of Cu, as well as of cadmium, cobalt and zinc (Korshunova et al.,
1999). In addition, it has been shown that Cu can be taken up both as
Cu2+ and Cu+, suggesting that Plasma Membrane-bound Reductase
might have a relevant role in these processes (Brunetto et al., 2016);
consistently, the Fe reductase genes FRO4 and FRO5 was shown to be
induced by Cu deficiency in A. thaliana plants (Bernal et al., 2012).

As mentioned earlier, the intense anthropogenic activities, such as
the application of Cu-based fungicides in agricultural soils, is causing an
increase in Cu concentration in the soils (Komárek et al., 2010) that
might lead to toxicity phenomena in plants (Brunetto et al., 2016; Feigl
et al., 2013). The use of PGPR has been proposed as a possible tool to
ameliorate heavy metals toxicity stress (Kumar and Verma, 2018; Tirry
et al., 2018). Indeed, the consociation between plants and soil micro-
biota, both arbuscular mycorrhizal fungi (AMF) and bacteria, might
result in an alleviation of Cu toxicity symptoms in the host plants
(Brunetto et al., 2016). Bacteria have been shown to reduce plants
metal uptake (Vivas et al., 2006), to change Cu speciation in less toxic
forms (Carlot et al., 2002) and to decrease the ethylene-mediated stress
induction (Rajkumar and Freitas, 2008). For instance, Pseudomonas
putida CZ1, a free-living PGPR, was reported to increase the fitness of
Elsholtia splendents plants in Cu polluted soils, most likely because the
microorganism was able to release chelating agents of Cu and to pro-
duce indole-3-acetic acid (Xu et al., 2015). In addition, at high Cu
concentration this microbial strain can aggregate and adhere onto the
root surface, facilitating the flux of Cu into the plant xylem and thus
enabling the accumulation of Cu in plant shoot (Xu et al., 2015).

However, the activities of microorganisms in the rhizosphere might
also produce an increase of the bioavailable fraction of different cations
(e.g. Fe, Cu) (Alegria Terrazas et al., 2016; Pii et al., 2016), thus

Fig. 1. Cucumber root biomass and morphology of plants grown for 4 days with or without inoculation. The data reported are referred to root dry weight (Weight,
mg), total root length (Length, cm) and number of tips (Tips, n). The different Cu and Fe concentration are referred to the different nutritional regimes: combined
deficiency (0 μM Cu, 0 μM Fe) - Cu deficiency (0 μM Cu, 80 μM Fe) – control (0.2 μM Cu, 80 μM Fe) – moderate Cu supply (25 μM Cu, 80 μM Fe) – high Cu supply
(50 μM Cu, 80 μM Fe). Small letters indicate the ANOVA significance between the different Cu and Fe concentrations, whereas the * and capital letters report the t-
test significance (*, P < 0.05; **, P < 0.01; ***, P < 0.001) between the A. brasilense treatments. Data are expressed as mean ± SE, n=5.
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possibly exacerbating toxicity phenomena in plants.
Considering the lack of knowledge about the ferric-chelate re-

ductase (FRO) gene family in C. sativus, the aim of the present research
were to characterize the FRO gene family and to identify which member
is modulated by A. brasilene in cucumber plants subjected to different
nutritional regimes (Cu, Fe and combined Cu/Fe deficiency and Cu
toxicity conditions). In addition, biometric and physiological para-
meters, as for instance root morphology in terms of root weight, length
and number of root tips, together with gene expression analysis and
nutrient concentrations in roots will be employed to shed light on the
responses induced by A. brasilense in cucumber plants subjected to
different Cu and Fe nutritional regimes.

2. Materials and methods

2.1. Bacterial growth and plant inoculation

Azospirillum brasilense Cd (DSM-1843) growth and inoculation was
performed as described by Pii et al. (2016). Briefly, the bacteria was
grown for 4 days in LB medium (10 g L−1 triptone, 5g L−1 NaCl,
10 g L−1 yeast extract) with a continuous shaking at 30 °C. Bacteria
were then centrifuged for 15min at 4500×g and washed three times
with sterile saline solution (NaCl 0.85% w/v). Subsequently, plants
were inoculated to reach final bacteria concentration of 106 cfumL−1.
Control, non-inoculated, plants were treated with NaCl at the same
concentration.

2.2. Plant material and growth conditions

Cucumber (Cucumis sativus L. cv Chinese Long) plants were germi-
nated on 0.5 mM CaSO4 moist paper for 4 days and subsequently
transferred in 1.5 L pots with an aerated 0.5mM CaSO4 solution for 1
day. Then, cucumber plants were grown in 1.5 L pots filled with an
aerated solution; 5 different nutritional regimes have been used: control
(0.2 μM Cu, 80 μM Fe), Cu deficiency (0 μM Cu, 80 μM Fe), moderate Cu
supply (25 μM Cu, 80 μM Fe), high Cu supply (50 μM Cu, 80 μM Fe),
combined deficiency (0 μM Cu, 0 μM Fe). Copper was supplemented as
CuSO4·5H2O (Sigma-Aldrich), whereas Fe as FeNaEDTA (Sigma-
Aldrich). The macro- and micronutrients composition of the nutrient
solution was the following: Ca(NO3)2 2mM, KCl 0.1mM, KH2PO4

0.1 mM, K2SO4 0.1 mM, MgSO4 0.5 mM, H3BO3 10 μM, MnSO4 0.5 μM,
CuSO4 0.2 μM, ZnSO4 and 0.5 μM (NH4)6Mo7O24 0.01 μM. Plants were
grown in a climatic chamber with light/dark period of 14/10 at 70%
RH and 25 °C for 6 days. The nutrient solution was renewed just before
the inoculation with A. brasilense, which was carried out after two days
of growth in the nutrient solution; plants were harvested at 2 and 4 days
after inoculation (DAI).

2.3. Root morphology

Total root length and number of root tips were measured using
Winrhizo software (EPSON1680, WinRHIZO Pro2003b, Regent
Instruments Inc., Quebec, Canada) at 0, 2 and 4 DAI.

2.4. Determination of Fe(III) reductase activity

The Fe (III) reducing activity of cucumber plants were measured

Fig. 2. Iron reductase activity at 0, 2 and 4 DAI. The capital letters are referred
to the nutritional regimes: A. Combined deficiency (0 μM Cu, 0 μM Fe), B. Cu
deficiency (0 μM Cu, 80 μM Fe), C. Control (0.2 μM Cu, 80 μM Fe), D. Moderate
Cu supply (25 μM Cu, 80 μM Fe), E. High Cu supply (50 μM Cu, 80 μM Fe). The
statistical significance is referred to a Student t-test between non-inoculated and
inoculated plants (*, P < 0.05; **, P < 0.01; ***, P < 0.001). Data are
expressed as mean ± SE, n = 5.
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colorimetrically at 0, 2 and 4 DAI using the bathophenantroline dis-
ulfonate (BPDS) reagent (Vizzotto et al., 1999). As previously described
by Pii et al. (2016), roots of intact cucumber plants were washed with
CaSO4 0.5 mM and then submerged in the assay solution (10mM MES
NaOH pH 5.5, 0.25mM Fe(III)-EDTA and 0.6 mM BPDS). The reaction
was incubated for 60min in the dark at 25 °C.

2.5. Mineral composition of plant tissues

Roots were oven dried at 65 °C for 5 days, subsequently they were
digested with concentrated ultrapure HNO3 (650mL L−1, Carlo Erba,
Milano, Italy) using a single digestion chamber (SRC) microwave di-
gestion system (UltraWAVE, Milestone, Shelton, CT, USA) and the mi-
neral composition was obtained by Inductively-Coupled Plasma Optical
Emission Spectroscopy (ICP-OES, Arcos Ametek Spectro, Germany).

2.6. Bioinformatics analysis

The FRO sequences (Supplemental Table 1) of Arabidopsis thaliana
(Wu et al., 2005), Medicago truncatula (Del C Orozco-Mosqueda et al.,
2012), Lycopersicum esculentum (Li et al., 2004), Pisum sativus (Waters,

2002), Cucumis sativus (Waters et al., 2007), Malus xiajinensis (UNI-
PROT: B5KGU9), Oryza sativa (Ishimaru et al., 2006) and Populus tri-
chocarpa (UNIPROT: B918N2) were used to obtain CsFRO1 homologues
by an amino acids sequence BLAST analysis, using the Cucumis sativus v
1.0 genome provided by Phytozome (http://phytozome.jgi.doe.gov/pz/
portal.html). The sequences obtained were then screened for the
number of transmembrane domains using BOXSHADE, the presence of
the FAD (HPFT) and NAD (GPYG) binding domain as well as the four
histidine residues which are characteristic of the FRO enzymes
(Robinson et al., 1999; Waters, 2002). Subsequently the phylogenetic
tree was fashioned using FigTree (http://taxonomy.zoology.gla.ac.uk/
rod/treeview.html).

2.7. RNA extraction and cDNA synthesis

The roots of cucumber plants for the RNA analysis were frozen in
liquid nitrogen immediately after their excision. The tissues were then
ground to fine powder and the RNA was extracted using the Spectrum
Plant Total RNA Kit (Sigma Aldirch). Then, 1 μg of RNA was treated
with 1u of DNAse RQ1 (Promega, Madison, WI, USA). The cDNA
synthesis was performed using ImProm-II Reverse Transcription System

Fig. 3. Phylogenetic tree of FRO genes.
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(Promega, Madison, WI, USA).

2.8. Real-Time RT PCR

The Real-Time RT PCR primers were designed to be 20 bp long
(Supplemental Table 2) and to amplify fragments of 100 bp
(Supplemental Table 2). The specificity of each primer was tested firstly
performing a BLAST directly on the cucumber genome mRNA predic-
tion and subsequently carrying out the melting curve. The elongation
factor and the ubiquitin primers were obtained by Pii et al. (2016). The
Real-Time RT PCR was performed using SsoFast EvaGreen Supermix
(Bio-Rad), the Qiagen Rotor Gene Q Real-Time PCR. The amplification
efficiency was obtained through LinReg PCR (Ramakers et al., 2003)
and the relative expression and the standard error was calculated ac-
cording to Pfaffl et al., 2002.

2.9. Statistical analysis

The data are reported as mean of at least 3 replicates ± standard
error (SE) or standard deviation (SD). The statistical significance was
tested by Student t-test or ANOVA using GraphPad Prism 5.00.288 for
Windows, GraphPad Software, San Diego California USA.

3. Results

3.1. Physiological characterization

The biomass and the architecture of the root system were de-
termined in cucumber seedlings at harvest. In non-inoculated samples,
the root biomass was the highest in plants grown in Cu deficiency (0 μM
Cu and 80 μM Fe) and in moderate Cu supply (25 μM Cu and 80 μM Fe),
whilst it was not significantly altered in combined deficiency (0 μM Cu

Fig. 4. Multiple sequence alignment. The conserved and similar amino acidic
residues are highlighted in black and grey respectively. Triangles indicate the
conserve H residues, black bars indicate the NAD and FAD binding domains and
the grey bars underlined the transmembrane domains numbered with roman
numbers.

Fig. 5. CsFRO gene expression in root tissues of both non-inoculated (white) or inoculated (black) cucumbers at 0 and 2 DAI. The gene expression was reported as
relative amount of transcript compared to the expression at 0DAI of cucumber plants grown with 0.2 and 80 μM Cu and Fe respectively. The different Cu and Fe
concentration are referred to the different nutritional regimes: combined deficiency (0 μM Cu, 0 μM Fe) - Cu deficiency (0 μM Cu, 80 μM Fe) – control (0.2 μM Cu,
80 μM Fe) – moderate Cu supply (25 μM Cu, 80 μM Fe) – high Cu supply (50 μM Cu, 80 μM Fe). The statistical significance is referred to a Student t-test between non-
inoculated and inoculated plants (*, P < 0.05; **, P < 0.01; ***, P < 0.001) at 2DAI. White columns are referred to non-inoculated plats while black to the
inoculated cucumber. Data are expressed as mean ± SD, n = 9.
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and 0 μM Fe) and in high Cu supply (50 μM Cu and 80 μM Fe) as
compared to control plants (0.2 μM Cu and 80 μM Fe) (Fig. 1). The
inoculation with A. brasilense increased the root biomass of cucumber
plants, yet resulting significant only in plants treated with combined
deficiency and high Cu supply (Fig. 1).

The total root length of non-inoculated cucumber plants increased
in combined deficiency, whereas decreased in both moderate and high
Cu supply as compared to the control (Fig. 1). The inoculation with A.
brasilensemodified the total root length compared to the non-inoculated
cucumbers increasing it in control condition and at high Cu supply and
decreasing the length in Cu deficiency and in moderate Cu supply
(Fig. 1).

The number of root tips did not change among non-inoculated
samples, whereas it did in A. brasilense-inoculated samples, particularly
in control and combined deficiency nutritional regimes (Fig. 1).

3.2. Fe reductase activity

The reductase activity of cucumber plants grown in deficiency
conditions, especially in the combined one, increased with the duration
of treatments (Fig. 2A and B) as compared to control plants (Fig. 2C).
On the contrary, in Cu toxicity the reducing activity decreased at 2 DAI
and increased at 4 DAI, even though only for the inoculated plants
(Fig. 2D and E).

At 2 days after treatments, the inoculation with A. brasilense caused
a significant increase in the reductase activity of cucumber plants
grown in combined deficiency (Fig. 2A), in Cu deficiency (Fig. 2B),
control conditions (Fig. 2C), and in moderate Cu toxicity (Fig. 2D), as
compared to non-inoculated samples. Similarly, at 4 DAI Azospirillum
induced an up-regulation of the reductase activity of cucumber plants,
except for those grown in the combined Cu and Fe deficiencies (Fig. 2).

3.3. Isolation of CsFRO gene family

Ferric Reductase Oxidases (FRO) are known to be a gene family in
plants, characterized by a different number of members according to
the plant species. For instance, A. thaliana and M. truncatula feature 8
and 6 members, respectively (Del C Orozco-Mosqueda et al., 2012; Wu
et al., 2005). In cucumber plants only one gene has been characterized
to date, therefore a bioinformatics approach was undertaken to possibly
reveal unknown components of FRO gene family. Genes encoding pu-
tative FRO enzyme were identified in the genome of C. sativus (www.

phytozome.net) on the basis of protein sequence homology by running
a BLASTP algorithm (Altschul et al., 1997) with members of the FRO
family from A. thaliana (Wu et al., 2005), M. truncatula (Del C Orozco-
Mosqueda et al., 2012), L. esculentum (Li et al., 2004), P. sativus (Waters,
2002), C. sativus (Waters et al., 2007), M. xiajinensis (UNIPROT:
B5KGU9), O. sativa (Ishimaru et al., 2006) and P. trichocarpa (UNI-
PROT: B918N2). This approach allowed the retrieval of 20 protein se-
quences: a phylogenetic approach allowed the separation between the
members of FRO and the correlated rboh (respiratory burst oxidase
homologue) genes family (Supplemental Fig. 1), which was defined as
the closest family to the FRO gene family in A. thaliana (Mukherjee
et al., 2006). Afterwards, the hallmarks of the FRO enzymes, i.e. the
number of amino acid residues and of transmembrane domains, the
presence of the FAD and NAD binding domains as well as the four
histidine (H) residues, were used to further screen the sequences ob-
tained (Fig. 3). This allowed the identification of three putative mem-
bers of cucumber FRO gene family: Cucsa.166120.1, which showed
100% homology with the already identified CsFRO1 (Waters et al.,
2007), Cucsa.260.380.1 and Cucsa.108040.1, hereafter referred to as
CsFRO2 and CsFRO3. The newly identified genes CsFRO2 and CsFRO3
encode for 701- and 703-residues long proteins; they are both char-
acterized by 10 transmembrane domains and feature the FAD and NAD
binding domains, between the 7th and 8th transmembrane domains, as
well as the four H residues distributed in the 5th and 7th helixes
(Waters, 2002).

By running a phylogenetic analysis together with already char-
acterized FRO enzymes, CsFRO2 clustered withMtFRO5, already known
to be induced by Fe deficiency (Del C Orozco-Mosqueda et al., 2012),
and MtFRO2 (Fig. 4) whereas, CsFRO2 grouped with AtFRO4 and the
two AtFRO5 isoforms (Fig. 4), which are known to be expressed in the
root tissue of Fe deficient Arabidopsis plants (Mukherjee et al., 2006).

3.4. Quantitative gene expression analysis

The inoculation with A. brasilense has already been shown to induce
an enhancement of FRO gene expression in cucumber plants at 2 DAI,
whilst it was strongly down-regulated in Fe sufficient plants at 4 DAI
(Pii et al., 2016). Accordingly, all the members of the CsFRO gene fa-
mily resulted expressed in the roots of cucumber plants grown in con-
trol condition at both 0 and 2 DAI. Nonetheless, among the three FRO
genes, CsFRO2 was the more expressed in control conditions at 0 DAI
(Supplemental Fig. 2). Except for the Cu toxicity condition, CsFRO1

Fig. 6. Cu and Fe accumulation in cucumber root tissues at 4 DAI. Concentrations are expressed as μg per g of DW (Dry Weight). The different Cu and Fe con-
centration are referred to the different nutritional regimes: combined deficiency (0 μM Cu, 0 μM Fe) - Cu deficiency (0 μM Cu, 80 μM Fe) – control (0.2 μM Cu, 80 μM
Fe) – moderate Cu supply (25 μM Cu, 80 μM Fe) – high Cu supply (50 μM Cu, 80 μM Fe). The statistical significance was tested with the ANOVA between the non-
inoculated (small letters) and inoculated (capital letters) cucumber plants. The significance of the difference between inoculated and non-inoculated cucumber plants
was calculated through a Student T-test (*, P < 0.05; **, P < 0.01; ***, P < 0.001). The data are reported as mean ± SE (n = 3).
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gene resulted significantly induced in cucumber roots only at 2 DAI
(Fig. 5). Interestingly, the inoculation with A. brasilense further up-
regulated the expression, albeit only in Cu deficiency and in moderate
toxicity (Fig. 5). The CsFRO2 transcript was not strongly modulated by
the nutritional regimes imposed, except for Cu toxicity, whereas it re-
sulted significantly up-regulated by the PGPR inoculation in Cu defi-
cient plants and, on the contrary, down-regulated in Cu toxicity (Fig. 5).
Differently, the relative abundance of CsFRO3 transcript showed a time-
dependent dynamic, generally increasing at 2 DAI; in addition, the in-
oculation induced a significant over-expression of the gene in control,
in Cu deficiency and in moderate toxicity conditions (Fig. 5).

3.5. Cu and Fe accumulation in root tissues

Root Cu concentration was maintained constant in plants cultivated
in combined and single Cu deficiency as well as in control conditions,
whereas it increased in moderate Cu supply reaching the highest value
in high Cu supply grown plants (Fig. 6A). Differently, the root Fe
concentration increased with increasing Cu and Fe concentrations
(Fig. 6B). The inoculation with A. brasilense reduced root Cu con-
centration in double deficiency, control condition and high Cu supply,
whereas elicited Cu accumulation in cucumber roots grown in moderate
Cu supply (Fig. 6A). In the case of Fe, A. brasilense led to an increased
micronutrient concentration in the roots treated with 80 μM Fe, except
for the plants grown with high Cu supply (Fig. 6B).

4. Discussion

The reduction of Fe(III) to Fe(II) as well as that of Cu(II) to Cu(I) at
the root plasma membrane is crucial to allow the uptake of both these
micronutrients in Strategy I plants (Kobayashi and Nishizawa, 2012;
Peñarrubia et al., 2015). Yet, it has been demonstrated that the Fe
chelate reductase enzyme (FRO) can indiscriminately catalyse the re-
duction of both cations (Welch et al., 1993). In a previous work, we
have shown that in Fe deficient cucumber plants such enzymatic ac-
tivities were sustained at transcriptional level by an up-regulation of
CsFRO1, thus resulting in an increased Fe uptake from the growth
medium (Pii et al., 2016). The inoculation with the PGPR A. brasilense
has been demonstrated to induce the mechanisms belonging to the re-
sponse towards Fe starvation of Strategy I plants, regardless the Fe
nutritional status (Pii et al., 2016). However, in spite of the increase in
the Fe reduction activity, CsFRO1 expression was not modulated by the
inoculation in Fe sufficient plants (Pii et al., 2016); in A. thaliana andM.
truncatula genome, 8 and 6 FRO homologue genes have been char-
acterized, respectively, and their expression was shown to be modu-
lated depending on plant tissues and nutrient condition (Del C Orozco-
Mosqueda et al., 2012; Wu et al., 2005). A bioinformatic approach led
to the identification of a FRO gene family composed of three members
in cucumber genome, the already known CsFRO1 (Waters et al., 2007),
and the two newly identified CsFRO2 and CsFRO3 (Fig. 4).

As already reported (Pii et al., 2016), Fe sufficient cucumber plants
inoculated with A. brasilense showed an increase in the lateral root
growth and an enhancement in the Fe reduction activity as compared to
the non-inoculated plants (Figs. 1 and 2). The relative expression levels
of both CsFRO1 and CsFRO2 were not affected by the inoculation in Fe
sufficient plants (Fig. 5), whilst CsFRO3 resulted up-regulated (Fig. 5).
These data further confirmed that, in Fe sufficiency, the up-regulation
of Fe reduction activity induced by A. brasilense was not ascribable to
the induction of the known molecular entities belonging to the cano-
nical response to the micronutrient starvation (i.e. induction of
CsFRO1).

The Azospirillum-induced root activities (i.e. reduction and acid-
ification) can indeed influence the rhizosphere bioavailability of other
mineral nutrients, as for instance Cu (Brümmer, 1986). Despite being a
plant essential micronutrient (Broadley et al., 2011), high Cu con-
centrations can be toxic for plants (Adrees et al., 2015). Considering

that the development of sustainable agronomic practices based on the
use of PGPR is recognized as a task to meet the challenges of the near
future in terms of agricultural productivity (Crecchio et al., 2018; Pii
et al., 2015b), the understanding of the influence of A. brasilense on Cu
nutrition (both deficiency and toxicity) might be of crucial importance.
Indeed, the PGPR increased the lateral roots development of Cu defi-
cient cucumber plants and this effect was further enhanced in combined
Fe and Cu deficiency (Fig. 1). Indeed, a more developed root system can
enable plants being more efficient in nutrients interception, thus having
an influence on the plants nutritional status as well as on the ionomic
profile (Adesemoye and Kloepper, 2009; Pii et al., 2015a). Interestingly,
A. brasilense enhanced cucumber root length also in plants exposed to
Cu toxicity compared to the non-inoculated plants, thus suggesting that
the PGPR might alleviate the Cu toxicity symptoms (i.e. reduction of
root growth) normally shown by non-inoculated plants (Fig. 1). It has
been widely demonstrated that some plant species accumulate Cu
mainly in the apoplasm (Kopittke and Menzies, 2006; Lu et al., 2017;
Zhao et al., 2010); therefore, the increase of the root surface induced by
Azospirillum inoculation might serve as possible strategy to cope with
Cu excess, also considering the ability of Azospirillum to thrive in the
presence of high Cu concentrations in the growth medium
(Supplemental Fig. 3).

The Cu uptake at root level involves several molecular entities;
nonetheless, COPT represents a specific family of Cu transporters,
which are responsible for Cu(I) transport across the plasma membrane
(Peñarrubia et al., 2015). Therefore, Cu(II) needs to be reduced to Cu(I)
by the root plasma membrane reductase FRO before being taken up
(Printz et al., 2016). Consistently, all the members of the cucumber FRO
gene family were expressed in control condition, Cu deficiency and
toxicity (Fig. 5). Moreover, in Cu deficiency all the three CsFRO iso-
forms were over-expressed in inoculated plants compared to the non-
inoculated ones (Fig. 5). Indeed, also in A. thaliana plants FRO4 and
FRO5 were shown to be responsive and up-regulated in the root tissue
of Cu deficient plants (Bernal et al., 2012). On the contrary, the com-
bined deficiency had an inhibitory action on the CsFRO1 gene expres-
sion induced by Azospirillum, whereas no effects of the PGPR were re-
ported for CsFRO2 and CsFRO3 (Fig. 5). These findings might suggest
that the presence of at least one of the two cations (i.e. Cu and/or Fe) is
required for this PGPR activity. In Cu toxicity, A. brasilense inoculation
caused a significant inhibition of CsFRO2 and CsFRO3 compared to the
non-inoculated cucumber plants (Fig. 5), that was in line with the lack
of variation of the Fe reduction activity at root plasma membrane be-
tween inoculated and non-inoculated plants (Fig. 2E).

In Cu toxicity, non-inoculated plants did not modulate FRO activity
(Fig. 2). However, both root Cu and Fe concentrations increased with
increasing Cu concentration in nutrient solution (Fig. 6), suggesting a
synergic relation between the two nutrients. Furthermore, by mod-
ulating the root biological processes, the PGPR A. brasilense could also
affect the nutrient uptake mechanisms, influencing both Fe and Cu root
concentrations. Indeed, A. brasilense increased the Fe accumulation in
roots of Cu deficient cucumber plants as compared to the non-in-
oculated ones, whilst reduced the root Cu concentration in those plants
exposed to the double deficiency (Fig. 6). In control condition, the
PGPR enhanced the accumulation of Fe and reduced the concentration
of Cu in the root tissues, whereas, in extreme Cu toxicity, the inocula-
tion reduces both Fe and Cu concentration in roots. These results are in
agreement with the PGPR modulation of plant nutrient homeostasis
reducing the accumulation of toxic elements or altering the uptake of
essential nutrients (Paul and Lade, 2014).

5. Conclusions

In conclusion, the data hereby presented highlight that in cucumber
plants the Fe chelate reductase enzymes are encoded by a gene family
composed of three members, all of them expressed in the root tissue and
responding to both Cu starvation, combined Cu/Fe deficiency and Cu
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toxicity. Interestingly, only CsFRO3 showed a modulation upon A.
brasilense inoculation in Fe sufficient control plants. Overall, these ob-
servations might suggest a different specificity of action of the three
isoenzymes. In addition, the experiments carried out in both Cu star-
vation and Cu toxicity showed that A. brasilense might play a role in
alleviating this abiotic stress in cucumber plants, by modulating, on one
hand, the growth of the root system and, on the other hand, the root
uptake of Cu. Nevertheless, further studies using soil-grown plants will
be necessary to assess the efficacy of A. brasilense inoculation in alle-
viating Cu stresses in cucumber plants.
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