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Abstract

Gluconacetobacter diazotrophicus PALS and Azospirillum brasilense REC3 are plant growth promoting bacteria. They are
able to produce hydroxamate and catechol type siderophores, respectively, when iron is not available, chelating this metal
to facilitate its absorption. Iron is required by plants and is involved in physiological processes as part of many important
compounds. The aim of this work was to evaluate the two siderophores producing bacteria in their contribution to iron
nutrition for strawberry plants through the growth index, leaf and root area, greenness index, total soluble phenolic com-
pounds and total iron content. Strawberry plants were grown hydroponically with a 16-h photoperiod in Hoagland nutrient
solution, modified in iron sources, and inoculated with each bacterium. At day 60, the highest values of growth index, root
area, greenness index, and iron content, were obtained for treatments with reduced iron, and the lowest values in treatments
without iron addition. Values in treatments with oxidized iron and inoculated with bacteria were similar to those obtained
with reduced iron and uninoculated plants. At day 30, phenolic compounds were higher in treatments without iron addition
and uninoculated, while they decreased when plants were inoculated. For treatments with reduced iron, phenolic compounds
content was low and increased when plants were inoculated. In conclusion, the siderophores produced by G. diazotrophicus
PALS and A. brasilense REC3 can contribute to the iron nutrition of hydroponically grown strawberry plants. The participa-
tion of the hydroxamates was better than that of the catechols in the provision of iron to the plants.
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Introduction

Iron is required by plants in small quantities, being involved
in physiological processes as part of many important com-
pounds, such as iron-containing proteins (i.e., cytochromes
and ferredoxins) and chlorophylls (Hochmuth 2011; Briat
et al. 2015). Although iron is present in the environment, it is
not always available, often limiting the plant growth (Walker
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and Connolly 2008). However, the plants have evolved to
obtain iron from the environment through different mecha-
nisms, known as Strategy I (in non-grassed monocots and
dicotyledon plants by acidification of the rhizosphere, the
surrounding area of the root) and Strategy II (in grasses, that
solubilize the Fe(IIl) ions forming an iron-phytosiderophore
complex) (Bienfait 1988).

Among the sustainable approaches to enhance the iron
supply to plants is the use of biofertilizers containing plant-
growth promoting bacteria (PGPB). The PGPB constitute a
heterogeneous group of beneficial bacteria that can be found
in the rhizosphere, associated with the roots, and that are
able to improve the growth of plants and to protect them
from diseases and abiotic stress through direct and indirect
actions (Bashan and Holguin 1998; Dimkpa et al. 2009;
Zhao et al. 2011; Glick 2012). One of the bacterial plant
growth promoting mechanism is the siderophores produc-
tion; they are secondary metabolites with low molecular
weight (<2000 Da) able to chelate iron to facilitate the metal
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absorption in poor environments (Budzikiewicz 2010; Chu
et al. 2010). Siderophores can improve vegetal growth by
increasing plant nutrient availability through iron uptake
(Bashan and de-Bashan 2005), or by preventing the growth
of soil borne pathogens due to iron limitation (Kumar 1999;
Gupta et al. 2002; Miethke and Marahiel 2007; Chaiharn
et al. 2009; Sayyed and Chincholkar 2009).

Within the PGPB producers of siderophores are Glucon-
acetobacter diazotrophicus (Logeshwaran et al. 2009) and
Azospirillum brasilense (Saxena et al. 1986; Tapia-Hernan-
dez et al. 1990; Shah et al. 1992). G. diazotrophicus, a mem-
ber of the family Acetobacteraceae, is a N,-fixing bacterium
originally associated with sugar cane (Saccharum sp.) and
currently used in agriculture (Cavalcante and D&bereiner
1988; Reis and Teixeira 2015; Pedraza 2016). A. brasilense,
a member of the family Rodospirillaceae, is one of the most
investigated PGPB and extensively applied in agriculture
(Bashan and de-Bashan 2010; Baldani et al. 2014). Logesh-
waran et al. (2009) observed that G. diazotrophicus PALS
produces in vitro hydroxamate type siderophores that could
be responsible to promote plant growth after inoculation. In
addition, it was reported that A. brasilense REC3, a strain
isolated from strawberry (Fragaria ananassa, Duch; Pedraza
et al. 2007), produces catechol type siderophores with the
capacity to control the phytopathological fungus Colletotri-
chum acutatum in strawberry plants (Tortora et al. 2011).
However, the siderophores production capacity of these
strains has not been assessed associated with the iron nutri-
tion of plants, including strawberry.

Strawberry is a hybrid species cultivated worldwide
for its fruit, grown in crop fields or in hydroponics under
greenhouse conditions. In both situations, profitable straw-
berry production requires careful attention to many cultural
practices, including nutrient management (Trejo-Téllez and
Gomez-Merino 2014). The iron deficiency in strawberry
plants is observed in the younger leaves, starting as interner-
val chlorosis and then turning the whole leaf yellow-green,
yellow-lemon and finally pale yellow. Also, phenolic com-
pounds are frequently reported to be the main components
of root exudates in response to iron deficiency (Romheld
and Maschner 1986; Curie and Briat 2003; Hell and Stephan
2003; Colombo et al. 2014).

Considering these backgrounds, the working hypothesis
was that G. diazotrophicus (hydroxamate producer) and A.
brasilense (catechol producer) can contribute to the iron
nutrition of strawberry plants through the siderophores pro-
duction, according to their chemical type. Therefore, the aim
of this work was to evaluate the two siderophores produc-
ing bacteria to promote the growth of strawberry plants and
their contribution to iron nutrition. In particular, the growth
index, leaf and root area were assessed as the expression of
the plant growth promoting direct mechanism exerted by the
siderophores to provide iron to the plants. Also, iron supply
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was observed through the greenness index, as an indirect
way to assess the chlorophyll content, where iron plays an
important role.

Materials and methods

Bacteria, growth conditions and inoculum
preparation

Pure cultures of Gluconacetobacter diazotrophicus strain
PALS (ATCC 49037) isolated from sugar cane roots (Cav-
alcante and Dobereiner 1988) and Azospirillum brasi-
lense strain REC3 isolated from strawberry roots (Pedraza
et al. 2007) were grown for 48 h at 30 °C under agitation
in an orbital shaker (Vicking model Dubnoff, Argentina)
at 120 rpm in LGI-P and NFb liquid media, respectively
(Baldani et al. 2014).

LGI-P composition (g/l): crystallized cane sugar, 100;
K,HPO,, 0.2; KH,PO,, 0.6; MgSO,-7H,0, 0.2; CaCl,-2H,0,
0.02; Na,Mo0O,-2H,0, 0.002; bromothymol blue (5 g/l in
0.2 M KOH), 5 ml; FeCl;-6H,0, 0.01. Distilled water to
bring total solution to 1000 ml, pH 5.5.

NFb composition (g/1): malic acid, 5.0; K,HPO,, 0.5;
MgSO,-7H,0, 0.2; NaCl, 0.1; CaCl,-2H,0, 0.02; micro-
nutrient solution (CuSO,.5H,0, 0.04; ZnSO,-7H,0, 0.12;
H;BO;, 1.40; Na,Mo0O,-2H,0, 1.0; MnSO,-H,0, 1.175.
Complete volume to 1,000 ml with distilled water), 2 ml;
bromothymol blue (5 g/l in 0.2 N KOH), 2 ml; FeEDTA
(solution 16.4 g/1), 4 ml; vitamin solution (biotin, 10 mg;
pyridoxal-HCI, 20 mg. Dissolve in hotwater bath. Complete
to 100 ml with distilled water), 1 ml; KOH, 4.5 g. Distilled
water to bring the final volume to 1000 ml, pH 6.5.

After incubation, the cells were centrifuged at 2000xg for
10 min and washed twice with sterile bi-distilled water pH
7.0 to remove any residual culture medium that may interfere
on the plant assay. Subsequently, the cells were resuspended
in sterile bi-distilled water. The bacterial concentration for
plant inoculation was about 103 CFU/ml (ODs ,,, 0.3)
according to Delaporte-Quintana et al. (2017).

Plant material

Micropropagated plants of strawberry (Fragaria ananassa,
Duch) cv. ‘Pajaro’ were used. They were obtained from the
Strawberry Active Germplasm Bank, National University
of Tucuman. The plantlets were tested to corroborate the
absence of microbes by plating root and leaf macerates in
trypticase soy agar medium (TSA) (Difco-BBL, Sparks,
MD) and incubating for 120 h at 30 °C. Only the plantlets
free of microbes were used for the experiments.
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Plant assay

Plants were grown hydroponically in 100 ml glass con-
tainer covered with aluminum foil to avoid the incidence
of light on the roots. All glassware used were previously
deferred with hydrochloric acid (10%), washed 3 times
with sterile distilled water, and autoclaved for 20 min
at 1 atm. The containers were filled with 50% Hoagland
nutrient solution modified by Bussler (1972) pH 6.5 and
autoclaved for 20 min at 1 atm. Variations were made in
the nutrient solution according to the iron source used.
When indicated, inoculations were performed with
strains G. diazotrophicus PALS and A. brasilense REC3
by root immersion during 30 min. In Table 1 are described
the 9 treatments applied according to the iron source used
in the nutrient solution and their bacterial condition.
The plants were maintained in the growing chamber at
24 °C, 70% relative humidity, and at 16-h photoperiod
(250 pmol photons/m?/s) during 60 days till the end of
the assay. When necessary the plants received sterile dis-
tilled water to maintain the nutrient solution level. During
this period, the following features were evaluated: growth
index, root area, root-hairs proliferation, most probable
number (MPN) of diazotrophs, greenness index and total
iron content. An additional set of plants received the same
treatments and conditions as described above in order to
use them for evaluating total soluble phenolic compounds
and leaf area at 30 days from the beginning of the assay.

The experiment was performed in a 3 X3 factorial
with a completely randomized design and each treatment
included 10 replicates. The bacterial factor was analyzed
in 3 levels: plants without bacterial inoculation, plants
inoculated with G. diazotrophicus PALS, and plants
inoculated with A. brasilense REC3. The iron factor was
also analyzed in 3 levels: nutritive solution without iron,
with reduced iron (Fe-EDTA Na,), and with oxidized iron
(Fe,(SO,);). Interactions between factor levels were ana-
lyzed and the corresponding assumptions for this experi-
ment were verified.

Growth index (Gl)

At 60 days, the plants were removed from the containers
and the roots were washed with sterile water and dried using
tissue paper. Then, they were dried in oven at 60 °C until
constant weight. The GI values were calculated from the
total biomass dry weight values of the plants, obtained at the
beginning (B1) and at the end (B2) of the assay, according
to the formula: GI=(B2—-B1)/B1.

Leaf area

The leaf area was determined at 30 days taken photographs
of the central full expanded leaf from each plant of the dif-
ferent treatments and calculated using the digital image pro-
cessing program “ImageJ 1.52a. Wayne Rasband, National
Institute of Health, USA” (Schneider et al. 2012).

Root area and root-hairs proliferation

Root area was determined at 60 days by the gravimetric
method described by Carley and Watson (1966). Briefly, it
was performed by immersing air-dried roots of each plant
in a Ca(NOs;), saturated solution and recording the weight
of Ca(NOs;), removed from the solution. The results were
expressed as g of Ca(NO;), adsorbed onto the roots. To
observe root-hairs proliferation, root samples were washed
with tap water, dried using tissue paper and then stained
with 0.2% crystal violet dye for 5 min and washed with tap
water. Samples were mounted on slides with 30% glycerol
and observed with a microscope at 100 X (Zeiss, Germany).

MPN of diazotrophs

At the end of the assay, samples of roots were collected and
processed according to Pedraza et al. (2007) to obtain the
MPN in LGI-P and NFb semi-solid medium (Baldani et al.
2014), using the McCrady Table for 3 repetitions.

Table 1 Treatments applied

. . Treatments Abbreviations

in the plant assay according

to thel iron source useld in the Nutrient solution without iron addition WIA

Hogg and nptrlent s.o. ution and Nutrient solution without iron addition; inoculated with G. diazotrophicus PALS PALS

their bacterial condition
Nutrient solution without iron addition; inoculated with A. brasilense REC3 REC3
Nutrient solution including 6.4 mM Fe-EDTA Na, (reduced Fe) Fe(I)
Nutrient solution including 6.4 mM Fe-EDTA Na,, inoculated with PALS Fe(Il) + PALS
Nutrient solution including 6.4 mM Fe-EDTA Na,, inoculated with REC3 Fe(Il) + REC3
Nutrient solution containing 6.4 mM Fe,(SO,); (oxidized Fe) Fe(III)
Nutrient solution containing 6.4 mM Fe,(SO,)s, inoculated with PALS Fe(III) + PAL5
Nutrient solution containing 6.4 mM Fe,(SO,);, inoculated with REC3 Fe(Ill) + REC3
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Total soluble phenolic compounds

Total soluble phenolic compounds were determined at
30 days in roots and shoots by a colorimetric technique
according to Swain and Hillis (1959). Briefly, 1 g of fresh
weigh (FW) sample was ground using ethanol as solvent for
the extrusion of soluble phenolic compounds. It was left at
room temperature protected from light for 48 h and after that
time it was centrifuged and the supernatant was collected.
The sample was prepared by adding distilled water, Folin-
Ciocalteu reagent and sodium carbonate; then the absorb-
ance was read in a spectrophotometer (SPECTRUM SP1103,
China) at 760 nm of wavelength, using phenol as standard.

Greenness index

Greenness index constitutes an indirect way to assess the
chlorophyll content. In strawberry, the internerval chlorosis
and albino color in new leaves can express iron-deficiency
(Trejo-Téllez and Gémez-Merino 2014). Greenness index
was determined with a portable Chlorophyll-meter Minolta
SPAD 502 (Minolta, Japan). The evaluations were carried
out by triplicate every 10 days starting on the day 30 of
the assays. Color was determined on the last central fully
expanded leaf of plants from each treatment and the results
were expressed as SPAD (Single-Photon Avalanche Diode)
values.

Total iron content

Total iron content was determined at 60 days in the entire
plant by atomic absorption spectrophotometry after calcina-
tion of tissues according to Estefan et al. (2013). This deter-
mination was carried out in the Laboratory of Chemistry
of Agroindustrial Experimental Station Obispo Colombres,
Tucuman, Argentina.

Statistical analysis

The plant assays were performed three times. Each experi-
ment was statistically analyzed separately; however, data
were combined since the results were similar. The results
were statistically tested using unidirectional analysis of vari-
ance (ANOVA) with a level of significance set at a=0.05.
When differences were significant, Fisher’s least significant
difference (LSD) test (p <0.05) was applied. Both analyses
were performed using InfoStat software version 2015 (Di
Rienzo et al. 2015). To compare the simultaneous effect of
the different treatments on the plant iron-nutrition, a Princi-
pal Component Analysis (PCA) was performed by using the
R statistic software (RStudio Team 2015). To identify the
Principal Components, Kaiser’s stopping rule and Scree test
along with the percentage of variance were used. Also, to
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identify variables of each principal component, the broken-
stick model was applied. Interpretation and evaluation of the
PCA was plotted in the variables factor map and individuals
factor map by using the FactoMineR package of R statistic
software (RStudio Team 2015).

Results

The results were obtained in two periods of time from the
beginning of the assay: 30 days (total soluble phenols and
leaf area) and 60 days (growth index, root area, root-hair
proliferation, total iron-content and greenness index). These
last features were evaluated until day 60 as from day 40 most
of the phenotypic changes of the plants in relation to iron
deficiency were observed. In both cases, 30 and 60 days after
applying the treatments and making the determinations, the
plants were in a vegetative stage.

Strawberry plant growth promotion

The highest growth index (GI) values were observed when
Fe(II) was applied (8.55+0.03 a; p <0.05) and when
plants were inoculated with G. diazotrophicus strain PALS
(Fe(IT) + PALS; 8.85+0.22 a; p<0.05) and A. brasilense
REC3 (Fe(II) + REC3; 8.78 £ 0.20 a; p <0.05), and when
iron was oxidized but plants were inoculated with strain
PALS (Fe(IIl) + PALS; 8.42+0.10 a; p<0.05). The low-
est GI values were observed when iron was not included
in the nutrient solution (WIA; 5.90 +£0.05 c; p <0.05) and
when the plants were inoculated with strain REC3 (REC3;
5.99+0.11 c; p<0.05) in the same condition of the nutrient
solution (Fig. 1).

Leaf area

Leaf area is routinely measured in experiments where
some physiological phenomenon such as photosynthesis,
respiration, plant water consumption or transpiration is
being studied. Due to having a shallow root system and
high leaf area, strawberry needs a high water supply and is
sensitive to water deficit (Hancock 1999). Considering the
hydroponic condition in this experiment, where water was
not a limitation, leaf area was recorded up to 30 days from
the beginning of the assay. As result, the leaf area showed
higher values in the treatment with reduced iron and inoc-
ulated with A. brasilense strain REC3 (Fe(II) + REC3;
17.96 +£3.03 a; p <0.05) than in all the other treatments.
For example, without iron addition (WIA; 4.94 +3.55 d;
p <0.05) and inoculated with G. diazotrophicus strain
PALS (PALS; 5.15+0.48 d; p<0.05); in treatments
with oxidized iron (Fe(IIl); 6.31 +£2.12 d; p <0.05) and
inoculated with A. brasilense REC3 (Fe(IIl) + REC3;
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Fig. 1 Growth index (GI) of strawberry plants grown hydroponically
during 60 days. Treatments: WIA nutrient solution without iron addi-
tion; PAL5 nutrient solution without iron addition and inoculated with
Gluconacetobacter diazotrophicus PALS; REC3 nutrient solution
without iron addition and inoculated with Azospirillum brasilense
REC3; Fe(1l) complete nutrient solution, including 6.4 mM Fe-EDTA
Na, (reduced Fe); Fe(ll)+ PALS5 complete nutrient solution, includ-
ing 6.4 mM Fe-EDTA Na, and inoculated with PALS; Fe(1l)+REC3

7.39+0.69 d; p <0.05) (Fig. 2a). Representative exam-
ples of the leaves area for each of the treatments applied
are shown in Fig. 2b.

Root area and root-hairs proliferation

The analysis of the root area by the gravimetric method of
Carley and Watson (1966) showed the highest values in
plants from treatments with unavailable iron and inoculated
with G. diazotrophicus PALS by root immersion in 20 ml of
a suspension containing about 10® CFU/ml (Fe(I1I) + PALS5;
0.29+0.02 a; p<0.05) and in plants from treatments with
available iron in nutrient solution; however there was no sta-
tistical differences between uninoculated (Fe(II); 0.29 +0.02
a; p<0.05) and inoculated plants (Fe(Il) + PALS; 0.30+0.02
a; Fe(Il) + REC3; 0.30+0.02 a; p <0.05) (Fig. 3a). Uninocu-
lated plants from the treatment with nutrient solution with-
out iron addition showed the lowest root area values (WIA;
0.16 +£0.01 e; p <0.05). Nevertheless, when plants were
grown without the addition of iron in the nutrient solution,
but inoculated (PALS5 and REC3), the root area increased
(0.274 0.01 band 0.23 + 0.02 d; p <0.05). This effect was
supported by the microscopic observation of the root hairs
proliferation, showing that the treatments inoculated with G.
diazotrophicus PALS and A. brasilense REC3 had a greater
proliferation of them (Fig. 3b).

complete nutrient solution, including 6.4 mM Fe-EDTA Na, and
inoculated with REC3; Fe(Ill) nutrient solution containing 6.4 mM
Fe,(SO,); (oxidized Fe); Fe(Ill)+ PAL5 nutrient solution containing
6.4 mM Fe,(S0O,); and inoculated with PALS; Fe(Ill)+REC3 nutri-
ent solution containing 6.4 mM Fe,(SO,); and inoculated with REC3.
Data represent mean values +SD of three independent experiments.
Similar letters did not differ significantly according to the Fisher’s
least significant difference (LSD) test with a p-value <0.05

MPN of diazotrophs in strawberry plants

The MPN of diazotrophs associated with the roots at the end
of the assay are shown in Fig. 4. When iron was not added to
the nutrient solution, the MPN of diazotrophs corresponded
to log 6.56/g fresh root in plants inoculated with G. diazo-
trophicus PALS (PALS) and log 7.39/g fresh root in plants
inoculated with A. brasilense REC3 (REC3). No diazotroph
was found in plants without bacterial inoculation (WIA). In
reduced iron condition, the MPN of diazotrophs were log
7.09/g fresh root in plants inoculated with G. diazotrophicus
PALS (Fe(Il) + PALS), and log 5.57/g fresh root in plants
inoculated with A. brasilense REC3 (Fe(II) + REC3), while
no diazotroph was found in plants without bacterial inocula-
tion (Fe(II)). Finally, in oxidized iron condition, the MPN
of diazotrophs were log 5.87/g fresh root in plants inocu-
lated with G. diazotrophicus PALS (Fe(Ill) + PALS), and
log 7.01/g fresh root in plants inoculated with A. brasilense
REC3 (Fe(IIl) + REC3), while no diazotroph was found in
plants without bacterial inoculation (Fe(III)).

Total soluble phenolic compounds
Total soluble phenols content was evaluated up to 30 days
after the beginning of the assay according to previous

determinations in strawberry by Tortora et al. (2011); they
observed differences in the content during the first week of
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Fig.2 Leaf area of strawberry plants grown hydroponically dur-
ing 30 days. a Leaf area expressed in cm? Treatments: WIA, nutri-
ent solution without iron addition; PALS5 nutrient solution without
iron addition and inoculated with Gluconacetobacter diazotrophicus
PALS; REC3 nutrient solution without iron addition and inoculated
with Azospirillum brasilense REC3; Fe(Il) complete nutrient solu-
tion, including 6.4 mM Fe-EDTA Na, (reduced Fe); Fe(ll)+PAL5
complete nutrient solution, including 6.4 mM Fe-EDTA Na, and
inoculated with PALS; Fe(ll)+REC3 complete nutrient solution,

inoculation with A. brasilense REC3. However, this period
was also considered based on results obtained by Jin et al.
(2007) and by El-Baz et al. (2004) who evaluated the content
of total soluble phenols in red clover and cucumber plants,
respectively, in a period of about 25 days.

In this work, the total soluble phenolic compounds
showed higher values in roots than in shoots (Fig. 5). Val-
ues in roots were higher in uninoculated plants when iron
was absent in the nutrient solution (WIA; 33.22 +6.43
A; p<0.05) and in the plants grown with oxidized iron
(Fe(III); 27.05 +£2.69 B; p <0.05) than in plants grown in
nutrient solution without iron addition and inoculated with
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Fe(II) + PALS .
Fe(III) + PALS.

- ‘

Fe(I) + REC3 .

Fe(III) + REC3

including 6.4 mM Fe-EDTA Na, and inoculated with REC3; Fe(Ill)
nutrient solution containing 6.4 mM Fe,(SO,); (oxidized Fe);
Fe(Ill)+ PAL5 nutrient solution containing 6.4 mM Fe,(SO,); and
inoculated with PALS; Fe(lll)+ REC3 nutrient solution containing
6.4 mM Fe,(SO,); and inoculated with REC3. Data represent mean
values +SD of three independent experiments. Similar letters did not
differ significantly according to the Fisher’s least significant differ-
ence (LSD) test with a p-value <0.05. b Photographs of representa-
tive leaves from the different treatments. Bar=1 cm

A. brasilense REC3 and G. diazotrophicus PALS (REC3;
5.38+1.75 EF; PAL5; 3.89 + 1.15 F; p<0.05).

The total soluble phenolic compounds in shoots were
higher in uninoculated plants grown with oxidized iron
(Fe(IIl); 15.61 +£3.29 a; p<0.05) and grown without the
addition of iron (WIA; 9.85+0.81 b; p <0.05) than in unin-
oculated plants grown with reduced iron (Fe(II); 4.83 +1.52
d; p<0.05), in plants inoculated with G. diazotrophicus
PALS grown with reduced iron (Fe(Il) + PALS; 5.25 +0.72
d; p<0.05), in plants inoculated with G. diazotrophicus
PALS grown with oxidized iron (Fe(III) + PAL5; 4.71 £ 1 d;
p <0.05), and in plants inoculated with A. brasilense REC3
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Fig.3 Root area and root a
hairs proliferation. a Root area
assessed by the gravimetric
method of Carley and Wat-

son (1966). Treatments: WIA
nutrient solution without iron
addition; PALS5 nutrient solu-
tion without iron addition and
inoculated with Gluconaceto-
bacter diazotrophicus PALS;
RECS3 nutrient solution without
iron addition and inoculated
with Azospirillum brasilense
REC3; Fe(1l) complete nutrient Foteteted
solution, including 6.4 mM %
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6.4 mM Fe-EDTA Na, and
inoculated with REC3; Fe(1ll) b
nutrient solution containing

6.4 mM Fe,(SO,); (oxidized
Fe); Fe(11l) + PALS nutrient
solution containing 6.4 mM
Fe,(SO,); and inoculated with
PALS; Fe(1ll) + REC3 nutrient
solution containing 6.4 mM
Fe,(SO,); and inoculated with
REC3. Data represent mean val-
ues + SD of three independent
experiments. Similar letters did
not differ significantly accord-
ing to the Fisher’s least signifi-
cant difference (LSD) test with
a p-value <0.05. b Photographs
of representative observations
(100X) of root hairs prolifera-
tion according to the indicated
treatments. Bar =250 pm

.

Fe(IIX

grown with oxidized iron (Fe(IIl) + REC3; 5.81 +1.94 d;
p<0.05).

Greenness index and iron-content in strawberry
plants

The greenness index (expressed as SPAD values) was
recorded after 30, 40, 50 and 60 days from the beginning of
the assay. At 30 days, the SPAD values were similar among
the treatments and did not show significant differences. At
60 days, the differences of SPAD values depended on the
iron condition in the nutrient solution and whether the plants
were inoculated or not (Fig. 6). The lowest values were
obtained in leaves from plants grown without iron addition
(WIA; 19.48 £3.53 I; p<0.05), corresponding to a yellow-
green color due to the internerval chlorosis as observed

& & S % N N4
& ¢ I & K F &
\\ \\X \\\X \\X
N N \\
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Treatments

from the day 40 of growth. However, the SPAD values were
higher in plants grown without iron addition inoculated with
G. diazotrophicus PALS or A. brasilense REC3 than in unin-
oculated plants (PALS; 31.28 +4.64 G; REC3;27.49+0.72
H; p <0.05). A similar situation was observed in reduced
and oxidized iron conditions. Nevertheless, when oxidized
iron was applied (Fe(III)), the SPAD values were higher than
those observed in plants without receiving iron (WIA), and
closer than those from reduced iron condition (Fe(Il)). At 40
and 50 days, the greenness index values were similar to the
ones obtained on day 60 (data not shown).

At the end of the assay (60 days) the total iron content,
including roots and shoots, was assessed. The highest val-
ues were observed in reduced iron condition (Fe(Il)), espe-
cially when plants were inoculated with the strains PALS
and REC3 (Fe(IT) + PALS5 and Fe(IT) + REC3) (Table 2). On
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MPN (Log,,/g root FW)

Treatments

Fig.4 Most probable number of diazotrophs from strawberry roots
obtained by maceration of fresh material. Treatments: WIA nutri-
ent solution without iron addition; PAL5 nutrient solution without
iron addition and inoculated with Gluconacetobacter diazotrophicus
PALS5; REC3 nutrient solution without iron addition and inoculated
with Azospirillum brasilense REC3; Fe(Il) complete nutrient solu-
tion, including 6.4 mM Fe-EDTA Na, (reduced Fe); Fe(ll)+ PALS

the contrary, the lowest values were found when no iron was
added (WIA). Even when iron was not added to the nutrient
solution, plants had more iron in tissues when inoculated
with bacteria (PAL5 or REC3). The iron content increase
(%) due to inoculation with PALS or REC3 was higher in
treatments without iron (41.10 and 60.57%, respectively)
than in treatments with reduced iron (9.80 and 10.58%) or
with oxidized iron (2.28 and 4.38%).

Principal component analysis

The principal component analysis (PCA) showed that, fol-
lowing Kaiser’s stopping rule and Scree test, the first prin-
cipal component (PC1) explained 90.68% of the total vari-
ability and the second principal component (PC2) explained
5.99%. The broken-stick model applied considered vari-
ables with equal or greater values than 2/3 of the highest
variable value within each principal component. Therefore,
PC1 included data on growth index, root area, total iron-
content and greenness index, assessed at the end of the assay
(60 days), shown in the variables factor map (Fig. 7a). In
this analysis, all evaluated variables increases towards the
positive values of PC1 (X-axis).

When comparing simultaneously through PCA the effect
of the different treatments on the plants” iron-nutrition,
two groups were observed in the individuals factor map
(Fig. 7b). This was plotted from PCA, according to the coor-
dinates of the variables by using the FactoMineR package of
R statistic software, and the two groups were formed by the
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complete nutrient solution, including 6.4 mM of Fe-EDTA Na,
and inoculated with PALS; Fe(ll)+REC3 complete nutrient solu-
tion, including 6.4 mM Fe-EDTA Na, and inoculated with REC3;
Fe(III) nutrient solution containing 6.4 mM Fe,(SO,); (oxidized Fe);
Fe(Ill)+ PAL5 nutrient solution containing 6.4 mM Fe,(SO,); and
inoculated with PALS; Fe(1ll)+REC3 nutrient solution containing
6.4 mM Fe,(SO,); and inoculated with REC3

proximity between individuals (treatments) considering the
PC1 (X-axis) as follows: Low component values (red trian-
gle spot shape), including plants grown in nutrient solution
without iron addition inoculated and control without inocu-
lation, and high component values (green circle spot shape),
for plants receiving reduced and oxidized iron, inoculated
and controls without bacterial inoculation. The total soluble
phenolic compounds and leaf area were not included in the
PCA because those parameters were measured at 30 days.

Discussion

Rhizosphere microorganisms, especially PGPB, play a crit-
ical role in providing plants with appropriate amounts of
micronutrients, such as iron (de-Santiago et al. 2013; Pii
et al. 2015) by mean of their siderophores as a mechanism
for plant growth promotion (Kloepper et al. 1980; Gama-
lero and Glick 2011; Siebner-Freibach et al. 2003; Verma
et al. 2011). In this work we used two PGPB able to pro-
duce siderophores: the wild type strain G. diazotrophicus
PALS (Logeshwaran et al. 2009) and the strain A. brasilense
REC3 (Pedraza et al. 2007) to test whether they were able
to increase the iron content of the strawberry plants and to
improve the total plant growth. In this approach different
features were determined, such as the growth index, the root
hairs proliferation, the greenness index and the iron con-
tent. This was also performed by considering the role of the
chemical group of siderophores.
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Fig.5 Total soluble phenolic compounds (Phenols pmol/g FW)
assessed in root and shoot of strawberry plants grown hydroponically
during 30 days. Treatments: WIA nutrient solution without iron addi-
tion; PALS, nutrient solution without iron addition and inoculated
with Gluconacetobacter diazotrophicus PALS; REC3 nutrient solu-
tion without iron addition and inoculated with Azospirillum brasi-
lense REC3; Fe(Il) complete nutrient solution, including 6.4 mM of
Fe-EDTA Na, (reduced Fe); Fe(ll)+PAL5 complete nutrient solu-
tion, including 6.4 mM of Fe-EDTA Na, and inoculated with PALS;

Growth index of strawberry plants
hydroponically grown

In terms of iron-availability, the growth index (GI) values
were improved in plants receiving reduced iron (Fe-EDTA
Na,) and in plants receiving oxidized iron (Fe,(SO,);) and
inoculated with strain PALS5. Although the data did not show
statistically significant differences between uninoculated
and inoculated plants grown with reduced iron, the GI val-
ues were higher when strain PALS and REC3 were associ-
ated with them. This fact is possible due to the enhanced
availability of iron in the nutrient solution to support the
plant growth, but without the participation of siderophores
as they are produced only when iron is limited (Miethke
and Marahiel 2007; Neilands 1995). However, some other
PGPB mechanisms may have participated in the association.

Fe(ll)+ REC3 complete nutrient solution, including 6.4 mM of
Fe-EDTA Na, and inoculated with REC3; Fe(Ill) nutrient solution
containing 6.4 mM Fe,(SO,); (oxidized Fe); Fe(Ill)+ PAL5 nutrient
solution containing 6.4 mM Fe,(SO,); and inoculated with PALS;
Fe(Ill)+REC3 nutrient solution containing 6.4 mM Fe,(SO,); and
inoculated with REC3. Data represent mean values+SD of three
independent experiments. Similar letters did not differ significantly
according to the Fisher’s least significant difference (LSD) test with
a p-value <0.05

In the case of plants receiving oxidized iron, the inoculation
with strains PALS and REC3 improved GI values compared
to uninoculated plants. This positive effect may be due to
the presence of the siderophores produced by both bacteria
to capture the oxidized iron (Fe(IIl)). Furthermore, plants
treated with PALS showed similar GI values to the unin-
oculated plants receiving reduced iron. This is supported
by the chemical group, considering that G. diazotrophicus
PALS produces hydroxamate-type siderophores, which are
hydrophilic (Logeshwaran et al. 2009; Crosa and Walsh
2002), while A. brasilense REC3 produces catechol-type
siderophores (Tortora et al. 2011), that are generally hydro-
phobic, remain associated with the cell surface, are highly
unstable and easily oxidized (Neilands 1973). The results
observed herein may respond to the characteristics of these
two chemical groups of siderophores, being more efficient
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Fig.6 Greenness index of strawberry plants grown hydroponically
during 60 days. It was recorded after 30, 40, 50 and 60 days from
the beginning of the assay (40 and 50 days not shown). Treatments:
WIA nutrient solution without iron addition; PALS5 nutrient solu-
tion without iron addition and inoculated with Gluconacetobacter
diazotrophicus PALS; REC3 nutrient solution without iron addition
and inoculated with Azospirillum brasilense REC3; Fe(Il) com-
plete nutrient solution, including 6.4 mM Fe-EDTA Na, (reduced
Fe); Fe(ll)+ PALS, complete nutrient solution, including 6.4 mM

the hydroxamate-type in iron chelation to support strawberry
plant nutrition under hydroponic growth conditions.

The lowest GI values were obtained when iron was not
added to the nutrient solution. However, it is possible to
note that plants inoculated with strains PALS or REC3 had
higher values than those without bacterial inoculation. This
may be due to the accumulated iron in plant tissues dur-
ing the in vitro growth period and to the siderophores pro-
duction, stimulated by low quantities of iron present in the
nutrient solution. These iron traces were included in sev-
eral chemical reagents (indicated on their labels) used in
the formulation of the Hoagland nutrient solution and were
less than 10 ppm. Additionally, the fact that the values of
GI of the plants grown in the presence of oxidized iron and
without inoculation (Fe(III)) overcame the values of the con-
trol plants grown in nutrient solution without iron addition
(WIA), could also be linked to the rhizosphere acidification
as a mechanism that releases protons and helps to reduce
the iron present in the solution by strawberry plants (Pii
et al. 2016; Delaporte-Quintana et al. 2017). The reduction
of the rhizosphere’s pH is an important adaptation mecha-
nism adopted by the dicotyledonous and non-grassed mono-
cotyledons (plants of Strategy I) to solubilize the scarcely
available sources of iron (Colombo et al. 2014). Considering
that strawberry belongs to this group, it is worth mentioning
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Fe-EDTA Na, and inoculated with PALS; Fe(lI)+REC3, complete
nutrient solution, including 6.4 mM of Fe-EDTA Na, and inoculated
with REC3; Fe(lll) nutrient solution containing 6.4 mM Fe,(SO,);
(oxidized Fe); Fe(Ill)+ PAL5 nutrient solution containing 6.4 mM
Fe,(SO,); and inoculated with PALS; Fe(1ll)+REC3 nutrient solu-
tion containing 6.4 mM Fe,(SO,); and inoculated with REC3. Data
represent mean values +SD of three independent experiments. Simi-
lar letters did not differ significantly according to the Fisher’s least
significant difference (LSD) test with a p-value <0.05

that other plants such as red clover and cucumber plants
also respond to iron deficiency by inducing the ferric che-
late reductase anchored in the plasma membrane of the epi-
dermal cell and also through the stimulation of the proton
pump of this membrane to increase the exudation of protons
(Robinson et al. 1999; Pii et al. 2016). Even so, the values of
the treatment with oxidized iron, without inoculation, were
slightly lower than those of the treatment with reduced iron.

Leaf area, root area and MPN of diazotrophs

The leaf area assessed in the assay revealed that the plants
treated with reduced iron in the nutrient solution had larger
leaves than plants exposed to other treatments. This may be
due to the role of iron in chlorophyll production and other
vital functions of the plant (Abadia and Abadia 1993).
Similar results were obtained by Valentinuzzi et al. (2015)
when comparing leaves from strawberry plants grown with
reduced iron and without iron addition. In the present work
there was not found a direct relationship between the pro-
duction of biomass, expressed as GI and the leaf area, with
respect to iron intake. Perhaps, the foliar area is not a good
parameter that reflects the contribution of iron via sidero-
phores. Although iron, as a micronutrient, participates in
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Table 2 Iron content of strawberry plants grown hydroponically dur-
ing 60 days

Treatments abbreviations Iron content (ppm) Iron content

increase

(%)*

WIA
PAL5

REC3

Fe(I)

Fe(Il) + PALS
Fe(I) + REC3
Fe(III)

Fe(II]) + PALS
Fe(Ill) + REC3

41.19+4.43 1
66.14+3.17 g
58.12+0.84 h
73.31+0.17d
81.07+0.79 a
80.50+£0.02 b
72.27+0.65
75.44+£0.93 ¢
73.92+0.78 ¢

60.57
41.10
10.58
9.80
4.38
2.28

*The iron content increase (%) was assessed comparing each treat-
ment with those without bacterial inoculation. Treatments: WIA,
nutrient solution without iron addition; PALS5 nutrient solution with-
out iron addition and inoculated with Gluconacetobacter diazo-
trophicus PALS; REC3 nutrient solution without iron addition and
inoculated with Agzospirillum brasilense REC3; Fe(ll) complete
nutrient solution, including 6.4 mM Fe-EDTA Na, (reduced Fe);
Fe(Il)+ PAL5 complete nutrient solution, including 6.4 mM Fe-
EDTA Na, and inoculated with PALS; Fe(ll)+REC3 complete
nutrient solution, including 6.4 mM Fe-EDTA Na, and inoculated
with REC3; Fe(lll) nutrient solution containing 6.4 mM Fe,(SO,);
(oxidized Fe); Fe(lll)+ PAL5 nutrient solution containing 6.4 mM
Fe,(SO,); and inoculated with PALS; Fe(lll)+REC3 nutrient solu-
tion containing 6.4 mM Fe,(SO,); and inoculated with REC3. Data
represent mean values +SD of three independent experiments. Simi-
lar letters did not differ significantly according to the Fisher’s least
significant difference (LSD) test with a p-value of 0.05. (-): treatment
without bacterial inoculation

many biochemical processes, it is not a structural element
of plants (Hopkins 1999).

When evaluating the root area, no significant differences
were observed among the treatments with reduced iron in the
nutrient solution (Fe(II); Fe(IT) + PALS; and Fe(II) + REC3).
Probably this effect was due to the hydroponic condition
used in the bioassay, which allows the roots to be in direct
contact with all the nutrients in solution, and the plants do
not require the root expansion to look for nutrients.

In the nutrient solution not supplemented with iron, the
values in plants inoculated with bacteria exceeded those of
plants without inoculation, being PALS greater than REC3.
This allowed us to infer the contribution of iron via sidero-
phores, especially in PALS, stimulated by iron traces of the
nutrient solution, in addition to the possible acidification
effect of the rhizosphere. Actually, when oxidized iron was
included in the nutrient solution, high root surface values
were observed only in plants inoculated with PALS (hydrox-
amates producing bacterium). In a qualitative form, a greater
proliferation of root hairs was also observed in the treat-
ments with bacterial inoculation. This would be associated
with the capacity to produce auxins by G. diazotrophicus
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Fig. 7 Principal component analysis (PCA). a PCA according to the
variables factor map of growth index, root area, greenness index and
iron content. Treatments: WIA, nutrient solution without iron addi-
tion; PAL5 nutrient solution without iron addition and inoculated
with Gluconacetobacter diazotrophicus PALS; REC3 nutrient solu-
tion without iron addition and inoculated with Azospirillum brasi-
lense REC3; Fe(Il) complete nutrient solution, including 6.4 mM of
Fe-EDTA Na, (reduced Fe); Fe(ll)+PAL5 complete nutrient solu-
tion, including 6.4 mM Fe-EDTA Na, and inoculated with PALS;
Fe(Il)+ REC3 complete nutrient solution, including 6.4 mM Fe-
EDTA Na, and inoculated with REC3; Fe(lll), nutrient solution
containing 6.4 mM Fe,(SO,); (oxidized Fe); Fe(Ill)+ PAL5 nutrient
solution containing 6.4 mM Fe,(SO,); and inoculated with PALS;
Fe(Ill)+REC3 nutrient solution containing 6.4 mM Fe,(SO,); and
inoculated with REC3. b Simultaneous PCA of the different treat-
ments, indicated above, according to the individual factor map. The
black arrow indicates the way of increasing of the parameters showed
in the right corner. PC principal component
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PALS and A. brasilense REC3 (Fuentes-Ramirez et al. 1993;
Pedraza et al. 2004, 2010). These observations are supported
by the MPN of diazotrophs determined at the end of the
assay (positive only in inoculated plants) that allowed us
to infer that both bacterial strains were associated with the
roots of strawberry plants in hydroponics. The bacterial
association with strawberry roots in hydroponics was also
observed by scanning electron microscopy by Grillo-Puertas
et al. (2018) for strain PALS and by Guerrero-Molina et al.
(2015) for strain REC3. In the treatments where the effect
of siderophores was detected (WIA and Fe(IIl)), the MPN
was higher in the plants inoculated with REC3 than in those
inoculated with PALS. Possibly the catechols would stimu-
late the greater growth of REC3, since they are hydrophobic
and remain associated with bacteria, while the hydrophilic
hydroxamates would diffuse more in the nutrient solution.
This would also be supported by the fact that the role of
siderophores is primarily to chelate iron in the environment
and make them available to microbial cells (Bellenger et al.
2008; Braud et al. 2009a, b).

Total soluble phenolic compounds
as response to iron deficiency

The total soluble phenolic compounds, measured at 30 days
from the beginning of the assay, showed more quantity of
them in the treatment without iron addition and uninocu-
lated plants. This was sustained by the fact that under biotic
and abiotic stress, an increase in the content of phenolics
in plant tissues and in root exudates can occur, as observed
by Cesco et al. (2010) in maize, soybean, alfalfa, white
lupin, and tomato, among others. However, in plants grown
without iron supplementation in the nutrient solution, but
inoculated with G. diazotrophicus PALS or A. brasilense
RECS3, the phenolic content decreased. It has been reported
that the nutritional stress for iron could be reduced by the
siderophores secreted by the bacteria used (Logeshwaran
et al. 2009; Tortora et al. 2011) that provide them with the
iron from the traces present in the Hoagland solution. When
plants were supplemented with oxidized iron, the phenolic
content was similar than those when iron was not added to
the nutrient solution. This may be due to the unavailable iron
source, as also observed in several plant species that release
phenolics from roots under iron deficiency (Mimmo et al.
2014). However, when plants were inoculated with bacteria
in the presence of oxidized iron, the phenolics decreased
due to the participation of siderophores. In treatments with
reduced iron, an available form of this micronutrient, the
release of phenolic compounds was reduced. Even though,
when plants were inoculated with the bacteria, the total solu-
ble phenolic compounds increased. This is probably due to
the biotic interaction established between strawberry roots

@ Springer

and bacteria, which can increase the amount of phenolic
compounds, as was also observed by Cesco et al. (2010).
Furthermore, this increase was reported by Tortora et al.
(2012) in strawberry plants inoculated with A. brasilense
REC3 and grown without iron limitation; therefore, without
the participation of siderophores. It has been suggested that
phenolics could contribute to the plant iron acquisition by
(a) mediating the mobilization of root apoplastic iron; (b)
by improving iron solubility in the rhizosphere, mainly due
to their reducing and chelating properties; and (c) by their
allelopathic activity influencing the rhizosphere microbial
communities to produce siderophores and auxins (Jin et al.
2007).

Greenness index, iron content and principal
component analysis

To assess the symptoms of iron deficiency and iron suf-
ficiency in strawberry plants, the greenness index was
recorded after 30, 40, 50 and 60 days from the beginning
of the assay. At 60 days the lowest values were observed
in plants where iron was not applied (WIA). They showed
a pale yellow color on the leaves, indicating a symptom of
iron deficiency. A marked internerval chlorosis in young
leaves of strawberry was also observed by Kirschbaum and
Borquez (2006). It is known that the scarcity of iron causes
a decrease in the photosynthetic pigments (chlorophyll and
some carotenoids) on the leaves (Abadia and Abadia 1993).
This metal deficiency was reflected in all the evaluated
parameters herein. Symptoms of iron deficiency in straw-
berry plants appeared at 40 days from the beginning of the
assay, and are similar to those reported by Pestana et al.
(2012) and Valentinuzzi et al. (2015). The highest green-
ness values were observed in plants from treatments with
reduced iron an inoculated with bacteria (Fe(IT) + PALS
and Fe(I) + REC3), and with oxidized iron and inoculated
with strain PALS5 (Fe(III) + PALS). These values indicate
that there was no iron deficiency in these plant growing
conditions.

The iron content in the plant tissues determined at the
end of the assay resulted to be in line with those of the
greenness index. The values of iron taken as reference for
strawberry plants to indicate deficiency of this element are
between 5 and 40 ppm; conversely 50-3000 ppm indicates
iron sufficiency (Ulrich et al. 1980). Values below 50 ppm
were observed in the treatment without the addition of iron
(WIA), corresponding to the initial amount of iron in the
plants; but they were above 50 ppm when plants were inocu-
lated with G. diazotrophicus PALS and A. brasilense REC3.
In these last cases, the participation of the siderophores was
implicated. When reduced and oxidized iron was included
in the nutrient solution, values ranged from 72 to 81 ppm,



Plant Growth Regulation (2020) 91:185-199

197

being higher when plants were inoculated. However, it can
be assumed that the participation of siderophores was pos-
sible only in the presence of oxidized iron in the nutrient
solution, since when there is supplementation with reduced
iron, an easily available form of iron, the siderophores are
not produced (Neilands 1995). Besides, according to the iron
values of plants inoculated with bacteria and where the par-
ticipation of siderophores occurred (without iron and with
oxidized iron in the nutrient solution), the hydroxamates
(produced by G. diazotrophicus PALS) contributed with a
greater amount of iron than catechols (produced by A. bra-
silense REC3). The latter could be possible as catechols are
highly unstable and easily oxidized (Neilands 1973). Besides
the contribution of both strains in the iron nutrition of straw-
berry plants, mediated by the siderophores, the participation
of other processes can also be considered, such as the acidi-
fication of the rhizosphere, as previously observed for phos-
phorus nutrition in strawberry plants by Delaporte-Quintana
et al. (2017), and the secretion of phenolic compounds (Jin
et al. 2007). Additionally, the siderophores effect exerted by
G. diazotrophicus PALS and A. brasilense REC3 was not
only observed on the iron amount in strawberry plant tissues,
but also in the biomass production (growth index), root area,
and greenness index (SPAD values) after the PCA.

Conclusions

In this work we show that the siderophores produced by the
plant growth promoting bacteria G. diazotrophicus PALS
and A. brasilense REC3 can contribute to the iron nutri-
tion in strawberry plants grown in hydroponics. This was
reflected by the growth index, root area, greenness index,
and iron content in the plant tissues. It was also observed
that the participation of the hydroxamates was better than
that of the catechols in the provision of iron to the plants.

In spite of the present results were obtained under con-
trolled environmental conditions, in agriculture, the acqui-
sition of iron by PGPB’ siderophores will be influenced
by soil properties (i.e., organic matter content, pH, and
texture). It is known that the iron content of many soils is
much higher than the amount needed by crops; however,
the problem lies in the poor solubility of the ionic forms
of iron. Thus, additional studies should be carried out in
field conditions to evaluate whether G. diazotrophicus and
A. brasilense contribute, not only to the availability of iron,
but also to the development of strawberry roots to improve
the uptake of water and others soil nutrients.
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