Journal of Soil Science and Plant Nutrition, 2018, 18 (3), 904-920
RESEARCH ARTICLE

Phosphorus efficiency modulates phenol metabolism in
wheat genotypes

Sofía Pontigo1, 2, Marlys Ulloa1, 2, Karina Godoy2, Nina Nikolic3, Miroslav Nikolic3, María
de la Luz Mora2, 4, Paula Cartes2, 4*
Programa de Doctorado en Ciencias de Recursos Naturales, Universidad de La Frontera, Avenida Francisco

1

Salazar 01145, P.O. Box 54-D, Temuco, Chile. 2Center of Plant-Soil Interaction and Natural Resources Biotechnology, Scientific and Technological Bioresource Nucleus (BIOREN-UFRO), Universidad de La Frontera,
Avenida Francisco Salazar 01145, P.O. Box 54-D, Temuco, Chile. 3Plant Nutrition Research Group, Institute
for Multidisciplinary Research, University of Belgrade, P.O. Box 33, Belgrade, Serbia. 4Departamento de Ciencias Químicas y Recursos Naturales, Facultad de Ingeniería y Ciencias, Universidad de La Frontera, Avenida
Francisco Salazar 01145, P.O. Box 54-D, Temuco, Chile. *Corresponding author: paula.cartes@ufrontera.cl

Abstract
The effect of phosphorus (P) supply on P uptake, plant growth, and phenols production with either antioxidant
or structural function was investigated in wheat. Ten wheat cultivars were grown hydroponically at 0, 0.01,
0.1, 0.4 mM P. After harvest, P concentration, plant growth, lipid peroxidation and total phenols concentration
were determined. Chloroplasts hydrogen peroxide (H2O2) production and lignin distribution were also analyzed.
According to the nutritional requirements of wheat, the application of both 0.1 mM P and 0.4 mM P provided
sufficient P levels. However, P concentration in wheat cultivars treated with either 0 or 0.01 mM P reached a P
deficient state. Almost all cultivars reduced shoot biomass under P shortage, which in turn led to increase root
growth and root/shoot ratio. Consequently, genotypes with contrasting P efficiency were defined. The oxidative
damage, chloroplast H2O2 production, total phenols and lignin accumulation augmented in wheat cultivars as
P supply decreased. Moreover, P-inefficient genotypes accumulated more total phenols in their tissues than Pefficient genotypes under P-deficient conditions. In fact, a clear relationship between P efficiency and phenol
metabolism was found. Additionally, based on our results, we ranked wheat cultivars according to their susceptibly to P deficiency.
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1. Introduction
Phosphorus (P) is one of the major macronutrients re-

Biosynthesis and accumulation of phenolic com-

quired for plant growth and metabolism. It is a struc-

pounds is another common, but less studied strategy of

tural constituent of nucleic acids, phospholipids and

plants to overcome various mineral stresses including

ATP, and performs essential roles in energy transfer

P deficiency (Plaxton and Carswell 1999; Dakora and

reactions, signal transduction, and the activation of

Phillips 2002; Malusà et al., 2006). These compounds

proteins (Vance et al., 2003; Shen et al., 2011). In

are plant secondary metabolites that have significant

plants, P is taken up by the roots as inorganic phos-

physiological and structural roles acting as either sig-

phate (Pi; H2PO4- and HPO42-). Phosphorus avail-

naling molecules, regulators of phytohormone trans-

ability is restricted; in the majority of soils it forms

port or agents in plant defense (Dixon et al., 2002).

insoluble complexes with cations such as iron (Fe),

Phenolic compounds are frequently reported to be

aluminium (Al) or calcium (Ca), as well as it is rap-

one of the main components of root exudates, which

idly adsorbed by mineral surfaces and organic matter

can foster the uptake of low soluble or scarcely avail-

in a pH-dependent process (Vance et al., 2003; Redel

able mineral nutrients (Dakora and Phillips 2002). In

et al., 2016; Velásquez et al., 2016).

the case of P, exuded phenolics can act as chelators

Phosphorus efficiency (i.e. efficiency of acquisi-

and/or reductants augmenting the release of fixed P

tion and internal utilization of P) is a composite

(Dakora and Phillips 2002). High phenolic exudation,

constitutive trait of plant genotypes which enables

especially of flavonoids, and changes in the enzyme

growth maintenance along the gradient of P avail-

activities of the phenylpropanoid pathway have also

ability (Gourley et al., 1993). Phosphorus efficien-

been found in roots of plants grown under P-deficien-

cy is achieved through a range of plant adaptive

cy (Plaxton and Carswell 1999; Malusà et al., 2006).

strategies generally associated with both morpho-

Moreover, phenolic exudation into the rhizosphere

logical and biochemical traits aimed to enhance the

could indirectly improve P uptake by stimulation of

acquisition of P from soil (Vance et al., 2003; Shen

microbial growth (Tsai and Phillips 1991) and pre-

et al., 2011; Balemi and Negisho 2012). Common

vention of the microbial degradation of some organic

responses of P efficient genotypes to low P avail-

compounds (e.g., phosphatases and organic acids) re-

ability include: (i) modifications to root architec-

leased by roots of nutrient deficient plants (Neumann

ture (e.g., increased root growth, lateral roots and

and Römheld 2001). So far, most of the studies have

root-hair density, formation of cluster roots; (ii)

been devoted to investigate the role of phenolics-

changes in carbon (C) metabolism and thylakoid

mediated alleviation of P deficiency in terms of root

membrane structure; (iii) formation of mycorrhi-

exudates. However, scarce attention has been paid to

zal symbiosis; (iv) enhanced expression of genes

the antioxidant ability and/or structural functions that

involved in low-P adaptation; and (v) synthesis of

these compounds could provide to plant grown under

acid phosphatase enzymes, proton release and exu-

P shortage. Some studies have reported that P-starved

dation of organic compounds (Neumann and Röm-

plants increased the accumulation of anthocyanins to

held 2001; Vance et al., 2003; Shen et al., 2011;

cope with photo-oxidative stress (Vance et al., 2003;

Niu et al., 2012).

Hernández and Munné-Bosch 2015). On the other
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hand, Eppendorfer and Eggum (1994) showed that P

days, four P levels (0, 0.01, 0.1 or 0.4 mM P; supplied

deficiency led to increase in lignin content of potato

as K2HPO4) were applied in a completely random-

tubers, but they did not give a possible explanation to

ized factorial design with three replicates per treat-

this observation.

ment. Control plants corresponded to those supplied

Phenolic compounds have also been associated with

with 0.1 mM according to nutritional requirement of

potential human health benefits derived from con-

wheat (Jones et al., 1991). During the experiment, the

suming of fruits, grains or edible plant parts. This fact

nutrient solution was replaced every 7 d, and the pH

could be particularly relevant for massively consumed

was adjusted to 6.0 with diluted HCl or NaOH and

species such as wheat (Triticum aestivum L), which is

checked daily. Plants were grown under controlled

one of a staple crop for human nutrition worldwide.

conditions at 25/20 °C day/night temperature, a 16/8

Wheat is also the most commonly cereal cultivated

h (light/dark) photoperiod, 350 μmol m−2 s−1 photo-

in Chile (ODEPA, 2016). Nevertheless, wheat yields

synthetic photon flux density and 70-80% relative hu-

commonly can be reduced since it is frequently cul-

midity. Plants were harvested 21 d after the exposure

tivated on P-deficient acid soils. In Chile, currently

to different P treatments. Shoot and root material were

there are about 70 certified wheat cultivars (SAG,

divided to subsamples; for biochemical analyses the

2017), which differ widely in yield depending on their

fresh material was stored at -20 °C or -80 °C and for

ability to tolerate P deficiency. The production of phe-

chemical analysis it was oven dried.

nolic compounds as a protection mechanism against
P deficiency stress could be an important strategy of

2.2. Plant growth and P mineral concentration

P efficient cultivars. The aim of this study was therefore to assess the effect of P supply on P uptake, plant

Subsamples of fresh material were oven dried at 65 °C

growth, and phenols production with either antioxi-

for 48 h to determine dry weight (DW) and the con-

dant or structural function in different wheat cultivars

centration of P in plant tissues. For P chemical analy-

grown under hydroponic conditions.

sis, 0.1 g of dried pulverized material were ashed at
500 °C for 8 h, and treated with 2 M hydrochloric acid
as described by Sadzawka et al. (2007); P concentra-

2. Materials and Methods

tions were spectrophotometrically determined at 466
2.1. Plant material and growth conditions

nm by the molybdo-vanadate method.

Wheat (Triticum aestivum L.) seeds of ten cultivars

2.3. Lipid peroxidation measurements

(BTP-314, Púrpura, Maxi, Ilustre Impulso, Bakán,
Fritz, Don Crac, Dollinco, Innovo) were sterilized in
2% (v/v) sodium hypochlorite for 10 min and germi-

Lipid peroxidation was assessed in fresh material by

nated on wet filter paper in the plastic plates. After 12

monitoring the thiobarbituric acid reactive substances

d of germination, seedlings were transferred into 3-L

(TBARS) following the modified method of Du and

plastic pots (28 plants per pot) filled with a continu-

Bramlage (1992). The absorbance was measured at

ously aerated basal nutrient solution proposed by Tay-

532, 600 and 440 nm to correct the interferences pro-

lor and Foy (1985). After a conditioning period of 7

duced by TBARS-sugar complexes.
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2.4. Detection of H2O2 production by flow cytometry

expressed as Relative Fluorescence Unit (RFU). Accordingly, different regions of interest in each image

Suspensions of intact chloroplasts were isolated

were selected and the RFU averages calculated.

from shoot samples using Sigma Chloroplast Isolation Kit (Sigma-Aldrich, St. Louis MO, USA). The

2.7. Data analysis

chloroplasts were centrifuged at 2,500 × g for 5 min
at 4 °C and subsequently incubated at 37 °C with

The effect of P supply on different parameters in 10

the fluorescent probe 2′,7′-dichlorodihydrofluores-

wheat genotypes was tested using the analysis of vari-

cein diacetate (H2DCFDA) to detect intracellular

ance (ANOVA) model, after normality and homosce-

H2O2 according to the method described by Maxwell

dasticity tests. Significance of the differences among

et al. (1999) with some modifications. A positive

means was analyzed by the least significant difference

control (intact chloroplast plus 100 μM H2O2) and

(LSD) test at the 0.05 significance level. For analyzing

negative control (suspension of intact chloroplasts

the strength of linear correlation among the measured

without H2O2) were considered. The samples were

response variables in wheat, data was pooled from all

analyzed by Flow Cytometer FACS Canto II-Becton

the 4 levels of P supply in all the genotypes tested;

Dickinson-USA. The data were processed using the

significance of Pearson coefficients was assessed by

FACSDivaTM software v 6.0.

t-test. The effect of P efficiency in modulating the
concentrations of total phenols along the P supply

2.5. Determination of total phenol concentration

gradient was analyzed by ANCOVA in GRM module
(STATISTICA 6 software, StatSoft Inc., Tulsa, USA).

Total soluble phenols were determined spectrophotometrically at 765 nm using Folin-Ciocalteu reagent

3. Results

according to the method described by Slinkard and
Singleton (1977) with slight modifications. The con-

3.1. Phosphorus concentration and plant growth

centrations total phenols were calculated using chlorogenic acid as a standard.

Phosphorus concentration gradually augmented in both
shoots and roots of all wheat cultivars by increasing P

2.6. Lignin visualization assay

doses (Figure 1A-B). Under an adequate P dose (0.1
mM, which corresponded to the control treatment), the

Lignin distribution in roots, previously stained

cultivars reached an average P concentration of 4.1 ±

with 0.1% Safranin O, was examined using a Laser

0.1 g kg-1 DW in shoots (Figure 1A), with exception of

Scanning Confocal Microscopy (CLSM; FV1000

cv. Impulso that achieved the highest shoot P concen-

Olympus-Japan). Auto-fluorescence was recorded at

tration (5.6 ± 0.2 g kg-1 DW). In addition, P concentra-

excitation/emission of 488/530 nm, whereas a 543

tion ranged between 2.2 ± 0.2 g kg-1 DW and 5.2 ± 0.2 g

nm excitation laser and an emission of 590 nm were

kg-1 DW in roots of plants receiving 0.1 mM P (Figure

used to detect the Safranine staining as described by

1B). The application of the highest P dose (0.4 mM)

Sant’Anna et al. (2013). The images were processed

significantly increased P concentration in tissues of al-

using the FV10-ASW v0.200c Software; Olympus-

most all cultivars, reaching P concentrations up to 7.8 ±

Japan. The detection of safranine fluorescence was

0.2 g kg-1 DW in shoots (e.g. cv. Impulso) and about 6.7

Journal of Soil Science and Plant Nutrition, 2018, 18 (3), 904-920

Phosphorus efficiency modulates phenol metabolism in wheat genotypes

908

± 0.1 g kg-1 DW in roots (e.g. cv. Dollinco) (Figure 1).

of 0.01 mM P decreased the shoot P concentration from

In general, all wheat cultivars preferentially accumulat-

4.2 ± 0.2 g kg-1 DW to 1.2 ± 0.0 g kg-1 DW and from

ed P in the shoots irrespectively of the added P amount.

4.1 ± 0.1 g kg-1 DW to 1.3 ± 0.1 g kg-1 DW in BTP-314

However, a lower P translocation from roots to shoots

and Púrpura, respectively (Figure 1A). Nevertheless,

was observed when plants were grown without P or

cultivars such as Ilustre, Impulso and Fritz treated with

with 0.01 mM P. Accordingly, cultivars grown without

0.01 mM P achieved P concentrations above 2.0 g kg-1

-1

P reached an average P concentration of 1.3 ± 0.1 g kg

DW in shoots. Furthermore, a significant reduction of P

DW and 1.1 ± 0.1 g kg DW in shoots and roots, re-

concentration was detected in roots of BTP-314 (81%)

spectively (Figure 1). Low P concentrations were also

and Púrpura (77%) treated with 0.01 mM P compared

detected in the tissues of cultivars supplied with 0.01

to those supplied with 0.1 mM (Figure 1B).

-1

mM P. In relation to the control plants, the application

P concentration (g kg-1 DW)

9.0
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0.0

0.8

LSD(0.05) = 0.12

(D)
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Figure 1. Phosphorus concentration and dry matter production in shoots (A-C) and roots (B-D), and root/shoot
ratio (E) of different wheat cultivars hydroponically grown at 0, 0.01, 0.1, 0.4 mM P. Data are means of three
replicates ± standard error. Differences among response means in each cultivar along P supply gradient were
identified using the least significant difference (LSD) test at the 0.05 significance level.
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Regarding plant growth, shoot dry weight (DW) of

(20%), whereas no changes in the shoot yield were

the wheat cultivars supplied with 0.1 mM P varied

observed in Maxi (Figure 1C).

from 1.4 ± 0.1 g pot−1 to 2.9 ± 0.1 g pot−1, with an

Different to shoot, low P levels triggered an increment

−1

average of 2.4 ± 0.1 g pot for all examined cultivars

of root growth in almost all cultivars, which reached

(Figure 1C). Additionally, the roots of wheat cultivars

an average root DW of 0.8 ± 0.1g kg-1 and 1.0 ± 0.1 g

subjected to an adequate P supply produced an aver-

kg-1 with the 0.01 mM P and 0 mM P treatments, re-

age dry biomass of 0.6 ± 0.1 g pot (Figure 1D). The

spectively (Figure 1D). Excluding cv. Innovo, all the

cultivars supplied with 0.4 mM P did not show signifi-

other wheat cultivars significantly increased the root

cant differences in DW compared with those subject-

growth under P limitation. For example, cv. BTP-314

ed to 0.1 mM P; the exception being in the cvs. BTP-

increased root DW up to 61% at 0.01 mM P and by

314, Fritz and Innovo, that slightly increased shoot

about 92% compared with the absence of P applica-

DW in 16%, 11% and 14% respectively (Figure 1C).

tion. Moreover, the root/shoot ratio increased at least

In contrast, almost all cultivars diminished the shoot

1.5-fold in cultivars grown at low P levels compared

biomass under P limitation. With 0.01 mM P applica-

to those supplied with an optimal P dose (Figure 1E).

tion, highest decrease of shoot dry weight was found

Consequently, plant growth was positively correlated

in Bakán (35%) followed by Púrpura (23%), Ilustre

with P concentration in shoots (r = 0.421, P ≤ 0.01),

(22%), Impulso (22%), Don Crac (22%) and Dollinco

but negatively related in roots (r = -0. 529, P≤ 0.01),

−1

as shown in Table 1.
Table 1. Pearson’s correlation among plant P concentration, plant growth, lipid peroxidation (TBARS) and total
phenol concentration of wheat cultivars subjected to different P treatments.

P

Dry weight

TBARS

Total phenols

Shoot
P

1.00

Dry weight

0.421**
**

TBARS

-0.720

Total phenols

**

-0.252

1.00
-0.325**

1.00

0.077

0.219*

1.00

Root
P

1.00

Dry weight

-0.529**
**

TBARS

-0.456

Total phenols

**

-0.499

1.00
0.316**
*

0.227

1.00
0.238**

1.00

Asterisks indicate significance as follows: *P ≤ 0.01, **P ≤ 0.05.
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The relative decrease of P uptake (calculated from Fig-

P uptake was by about 16% stronger in relatively P-

ure 1) when the external P supply was reduced from 0.1

inefficient cultivars (BTP-314 and Púrpura) then in rel-

mM P to 0.01 mM P was used to evaluate P efficiency of

atively P efficient cultivars (Illustre and Fritz; Table 2).

the tested genotypes (Table 2). This parameter assesses

Contrary to P-efficient cultivars, the P-inefficient ones

the capacity of a cultivar to maintain both shoot P con-

more prominently decrease shoot P concentrations un-

centrations and growth under P deficient conditions.

der P deficiency, and overall maintain lower shoot P

With the 10-fold decrease of P supply, the decrease of

levels across the gradient of P supply (Figure 2).

Table 2. Phosphorus efficiency of the tested wheat cultivars evaluated by the relative decrease of P uptake when
the external P supply is reduced from 0.1 mM to 0.01 mM. Cultivars are arranged in decreasing P efficiency.

Wheat cultivar
Ilustre

Relative decrease of P uptake (%)
55.07

Fritz

58.16

Impulso

62.64

Dollinco

63.22

Bakán

65.37

Maxi

65.91

Innovo

68.40

Don Crac

69.77

BTP-314

72.28

Púrpura

72.98

Figure 2. Differential responses of shoot P accumulation along the gradient of P supply in P-efficient (Fritz and
Ilustre) and P-inefficient (BTP-314 and Purpura) wheat genotypes. Cultivars are selected based on the data shown
in Figures 1 and 2.
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3.2. Lipid peroxidation

highest P level decreased TBARS accumulation in
the roots of cvs. Maxi and Bakán by about 25% and
30%, respectively (Figure 3B). Conversely, oxida-

peroxidation was reduced in the shoots by at least

tive damage was significantly augmented in most

18% in Púrpura, Ilustre, Bakán and Don Crac at 0.4

of the cultivars as the dose of P supply decreased

mM P supplied (Figure 3A). Likewise, addition of the

(Figure 3).

Total phenols (µg CAE g-1 FW)

TBARS (nmol MDA g-1 FW)

Compared to the control treatment, the level of lipid

60

0
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Figure 3. Lipid peroxidation and total phenol concentration in shoots (A-C) and roots (B-D) of different wheat
cultivars hydroponically grown at 0, 0.01, 0.1, 0.4 mM P. Data are means of three replicates ± standard error.
Differences among response means in each cultivar along P supply gradient were identified using the least
significant difference (LSD) test at the 0.05 significance level.

Relative to the control plants supplied with 0.1 mM

lipid peroxidation and P concentration in shoots (r =

P, the highest increment of the shoot lipid peroxida-

-0.720, P ≤ 0.01) and roots (r = -0.456, P ≤ 0.01) of

tion was found in cvs. Innovo (88%), Púrpura (79%),

wheat cultivars grown under different P treatments

Dollinco (55%), Don Crac (54%) and BTP-314 (51%)

was found (Table 1).

grown without P supply (Figure 3A). In comparison
with plants treated with 0.1 mM P, shoot lipid per-

3.3. Production of H2O2 in wheat chloroplasts

oxidation of BTP-314 and Púrpura supplied with
0.01 mM P was increased up to 1.5-fold. Similarly,

Hydrogen peroxide production was tested in chloro-

TBARS accumulation considerably increased in roots

plast of the wheat cultivars subjected to different P

of almost all cultivars grown under P shortage (Fig-

treatments (Figure 4). Accordingly, the oxidation of

ure 3B). Furthermore, a negative relationship between

H2DCFDA probe rendered a progressive increase in

Journal of Soil Science and Plant Nutrition, 2018, 18 (3), 904-920

Phosphorus efficiency modulates phenol metabolism in wheat genotypes

912

chloroplast H2O2 generation in all tested wheat cul-

greater H2O2 generation in cv. Innovo (83%) followed

tivars subjected to P deficiency. Compared to the

by Dollinco (78%), Don Crac (58%), Fritz (56%),

control treatment, chloroplast H2O2 production in cv.

BTP-314 (45%), Ilustre (27%) and Purpura (21%).

Innovo supplied with 0.01 mM P was 2.0-fold higher,

Conversely, a slight reduction of the H2O2 production

whereas it was less pronounced in cvs. Dollinco and

was detected in cvs. Impulso, Bakán, Maxi, Ilustre

Don Crac (1.8-fold and 1.5-fold, respectively; Fig-

and Don Crac treated with the highest P dose com-

ure 4). Likewise, the absence of P supply triggered a

pared to those subjected to 0.1 mM P addition.

0P

0.01 P

0.1 P

0.4 P

Control

BTP-314

288 RFU

227 RFU

199 RFU

212 RFU

216 RFU

212 RFU

179 RFU

230 RFU

249 RFU

262 RFU

230 RFU

213 RFU

517 RFU

350 RFU

407 RFU

373 RFU

421 RFU

428 RFU

384 RFU

377 RFU

452 RFU

472 RFU

409 RFU

387 RFU

812 RFU

620 RFU

520 RFU

539 RFU

991 RFU

963 RFU

628 RFU

578 RFU

1305 RFU

1311 RFU

732 RFU

903 RFU

787 RFU

840 RFU

Negative

Púrpura
Positive
100uM H2O2

Fluorescence Intensity Chlorophill (RFU)

Fluorescence Intensity
CH2DCFDA (RFU)

Maxi

Control

Ilustre
Negative

Impulso
Positive
100uM H2O2
Fluorescence Intensity
CH2DCFDA (RFU)

Bakán

Fritz
Control

Negative

Positive
100uM H2O2

Don Crac

Dollinco

Fluorescence Intensity
CH2DCFDA (RFU)

Innovo

430 RFU

630 RFU

Fluorescence Intensity CH2DCFDA (RFU)

Figure 4. Dot plot showing the hydrogen peroxide (H2O2) production in chloroplasts of wheat cultivars subjected
to different P treatments. Dotted lines separate each set of samples assayed with their respective controls. For the
positive control, 100 μM H2O2 was used.
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3.4. Tissue accumulation of phenols with antioxidant
and structural functions

Furthermore, overall P efficiency of a cultivar significantly modifies the accumulation of total phenols in
wheat shoot (Figure 5A). The ANCOVA model in-

The concentration of total phenols was higher in the

dicates that the P-efficient and P-inefficient cultivars

shoots than in the roots, with tendency to increase in

have the same intercept but different slopes (Table 3).

the plant tissues under P deficiency (Figure 3C-D).

At absolute P deprivation both types have about 6310

Increments in the total phenols were more evident in

μg CAE g-1. Whereas P-efficient genotypes maintain

the wheat cultivars cultivated without P than those

this level along the gradient of P supply (P supply

supplied with 0.01 mM P. Cultivars BTP-314, Púr-

regression coefficient not significant, Table 3), it ap-

pura and Maxi grown in the absence of P augmented

pears that increased phenol accumulation is induced

the shoot total phenols concentration about 1.3-fold

by P deficiency in shoots of P-inefficient genotypes

compared to plants supplied with an adequate P dose

(Figure 5A).

(Figure 3C).

Figure 5. Phosphorus efficiency modulates phenol accumulation in shoots (A) and roots (B) of genotypes with
contrasting P efficiency. Linear regression lines modeled by ANCOVA are shown. A: R2adj. = 0.13, F = 3.36, p =
0.027; B: R2adj. = 0.55, F = 29.4, p = 0.0000. P efficient cultivars: Fritz and Ilustre; P-inefficient cultivars: BTP314 and Purpura.
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Table 3. Significant coefficients of regressing total phenols concentration on P supply in wheat genotypes of
contrasting P efficiency.
Parameter

Coefficient ± s .e.

p value

-95% CL

+95% CL

Shoot
Intercept

6310.6 ± 137.5

0.00000

6033.4

6587.8

P efficiency x P supply

-1616.6 ± 666.9

0.019

-2960.8

272.4

Root
Intercept

1779.1 ± 37.1

0.00000

1704.5

1853.8

P supply

-1087.7 ± 179.7

0.00000

-1449.7

-725.7

P efficiency

137.0 ± 29.1

0.00025

78.3

195.6

s.e. – standard error of the estimated coefficient
CL – confidence limit of the estimate
P efficient genotypes: Ilustre and Fritz; P inefficient genotypes: BTP-314 and Purpura

The addition of 0.01 mM P also enhanced the con-

Figure 5B and Table 3). The model shows that roots of

centration of root phenols about 1.6-fold in cv. Im-

P-inefficient genotypes constitutively accumulate on av-

pulso and by about 1.3-fold in cvs. Dollinco, Bakán

erage about 137 μg CAE g-1 more than P-efficient geno-

and Don Crac (Figure 3D). Similarly, the root phenols

types along the experimental gradient of P supply (regres-

concentration of cvs. Púrpura, Impulso, Innovo and

sion coefficient for P efficiency, Table 3). On the other

Bakán grown without P was about 1.5-fold higher

hand, the confocal microscopy analysis showed differen-

than of those supplied with 0.1 mM P, whereas there

tial changes in the pattern of root lignin accumulation as

was only a slight increase recorded in cvs. Ilustre,

a consequence of P supply. As shown in Figure 6, lignin

Fritz and Dollinco (Figure 3D). Indeed, we found that

accumulation tended to increase as a consequence of P

the total phenols concentration of wheat plants grown

shortage. Thus, safranine staining displayed an evident

under different P treatments was negatively correlated

enhancement of the lignin accumulation in the roots of

with the P concentration in both shoots (r = -0.252,

the most studied wheat cultivars (i.e. Púrpura, BTP-314,

P ≤ 0.01) and roots (r = -0.499, P ≤ 0.01) (Table 1).

Don Crac, Innovo, Bakán, Dollinco, Impulso and Ilustre)

Regression analysis indicates the same pattern of accu-

subjected to P deficiency compared to the control. How-

mulation of total phenols in roots of P-efficient vs P-in-

ever, the deposition of lignin remained unchanged with

efficient genotypes (the same slopes, different intercept,

respect to P treatments in cvs. Maxi and Fritz.
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BTP-314

0.01 P

0.1 P

0.4 P

3151  49 RFU

2604  64 RFU

1814  37 RFU

2176  24 RFU

3800  59 RFU

3366  63 RFU

2669  37 RFU

2886  73 RFU

3287  70 RFU

2812  78 RFU

2707  21 RFU

2527  99 RFU

1908  90 RFU

2146  71 RFU

1273  66 RFU

1103  44 RFU

2036  78 RFU

1913  67 RFU

1881  65 RFU

1898  95 RFU

1143  62 RFU

1496  70 RFU

1068  36 RFU

1195  39 RFU

2496  52 RFU

3027  69 RFU

1862  92 RFU

2181  43 RFU

2621  66 RFU

2533  17 RFU

1747  74 RFU

1488  74 RFU

1150  75 RFU

1082  16 RFU

1092  17 RFU

1068  20 RFU

2613  85 RFU

1589  79 RFU

985  17 RFU

1192  35 RFU

Ilustre

Fritz

Impulso

Dollinco

Bakán

Maxi

Innovo

Don Crac

Negative
Control
543/590 nm

Púrpura

0P
306  20 RFU

Figure 6. Representative confocal images of lignin accumulation pattern in roots of wheat cultivars subjected to
different P treatments. Lignin fluorescence was collected by excitation/emission wave lengths 543 nm/590 nm by
Confocal Laser Scanning Microscope. Bar in the control image represent 300 mm.

3. Discussion

Hernández and Munné-Bosch 2015). Nevertheless,
to our knowledge the role of phenols production with

Several studies have indicated that P deficiency is one

either antioxidant or structural function induced by P

of the major limiting factors for crop production in

deficiency are poorly understood as yet.

many parts of the world. Considerable research ef-

In present study, wheat cultivars displayed differen-

forts has so far been devoted to analyze the constraint

tial responses to P deficiency conditions in terms of

of P deficiency on plants, but because different spe-

P concentration, plant growth, oxidative damage and

cies and genotypes can vary greatly in their adaptive

phenols accumulation (see Figures 1-6). Phosphorus

mechanisms to P stress there is no universal mecha-

concentration was steadily increased in all wheat cul-

nism that explains the nature of plant P-tolerance

tivars as the level of applied P raised from 0 to 0.4

(Gunes et al., 2006). Current evidence has shown that

mM P (Figure 1). The clear distinction between the

secondary metabolites such as phenolic compounds

genotypes of contrasting P efficiency was also ob-

play a significant role in ameliorating P deficiency in

served (Table 2, Figure 2). However, P efficiency

plants (Plaxton and Carswell 1999; Dakora and Phil-

could only partly be assessed by this experimental

lips 2002; Vance et al., 2003; Malusà et al., 2006;

design; P mobilization from sparingly soluble P frac-
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tions in soil, which is a key mechanism of efficient

2012). Reduced shoot growth under P stress leads to

P acquisition, could not be evaluated in hydroponic

diminished shoot demand of assimilates generating a

experiments. It can be assumed that the differences

preferential distribution of carbohydrates toward the

between P efficient and P inefficient genotypes would

roots (Vance et al., 2003; Balemi and Negisho 2012;

be more pronounced in soil experiments. As expected,

Kostic et al., 2015). Consequently, increased delivery

addition of both 0.1 mM P and 0.4 mM P provided

of sugars to plant roots can trigger changes in gene

sufficient P levels according to the nutritional require-

expression as well as alter the biochemistry or archi-

ments of wheat (Jones et al., 1991). However, the

tecture of roots as reported by Hammond and White

shoot P concentration in all the studied cultivars either

(2011). These adaptive responses of plants to P de-

grown without P or supplied with 0.01 mM P showed

ficiency can generate an increased root growth, thus

a P deficient level (Figure 1A; Bergmann, 1992).

improving the plant ability to take up more P when

Lower P accumulation was observed in cvs. BTP-314

this nutrient is scarce (Niu et al., 2012).

and Púrpura when grown either without P or with 0.01

The effect of P deficiency also depends on the capacity

mM P compared with those supplied with an adequate

of plants to adapt to the oxidative stress induced by P

P dose, whereas cvs. Ilustre, Impulso and Fritz exhib-

limitation. Briefly, the balance of reactive oxygen spe-

ited a higher P concentration under P shortage.

cies (ROS) production can be altered under P stress,

It is well documented in the literature that P deficiency

affecting the normal cellular metabolism through the

affects plant growth and metabolism in several plant

peroxidation of the membrane lipids, oxidation of the

species (Vance et al., 2003; Shen et al., 2011; Balemi

proteins or damage of nucleic acids and other cellu-

and Negisho 2012). According to our results, signifi-

lar components (Juszczuk et al., 2001). In our study,

cant differences in the pattern of plant growth were

the amount of TBARS was examined as an index of

found depending on the treatment and cultivar (Fig-

oxidative stress (Figures 3A-B). In agreement with

ures 1C-D). Since P deficiency alters the photosyn-

previous reports (Juszczuk et al., 2001; Chen et al.,

thesis, synthesis of carbohydrates, cell division and

2015), we found a significant increase of the lipid per-

cell elongation (Vance et al., 2003; Shen et al., 2011;

oxidation in the most wheat cultivars grown under P-

Hernández and Munné-Bosch 2015), the decrease in

deficient condition (Figures 3A-B). Cultivars Innovo,

P uptake by plants subjected to P-deprivation further

Púrpura, Dollinco, Don Crac and BTP-314 produced

decreased shoot DW in almost all the examined culti-

a higher amount of shoot TBARS under P deficiency

vars (Figure 1C).

than the other cultivars (Figure 3A), whereas the roots

On the other hand, with exception of cv. Innovo, we

of cvs. Fritz and Dollinco did not show any differ-

found an increment of root biomass when wheat culti-

ences in the lipid peroxidation among P treatments

vars were treated with low P doses (Figure 1D), lead-

(Figure 3B). Interestingly, we also found significant

ing to a greater root/ shoot ratio (Figure 1E). These

negative relationships between lipid peroxidation and

findings were supported by the positive correlation

either shoot P concentration (r = -0.720, P≤ 0.01) or

found between P concentration and shoot DW, but

shoot dry biomass (r = -0.325, P ≤ 0.01) of wheat cul-

a negative relationship between P concentration and

tivars grown under different P levels (Table 1). The

root biomass (Table 1). Higher root/shoot DW ratio is

greater shoot TBARS observed under P deprivation

a common plant response to limited P supply (Vance

(Figure 3A) coincided with an apparent increase of

et al., 2003; Balemi and Negisho 2012; Niu et al.,

chloroplasts H2O2 production in all wheat cultivars
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subjected to low P supply (Figure 4), which is in

Table 3). In this sense, Juszczuk et al. (2004) reported

agreement with the previous reports of Juszczuk et al.

an elevated concentration of anthocyanins and total

(2001) and Malusà et al. (2002). Hydrogen peroxide

phenols in P-deficient leaves of bean plants. Likewise,

is one of the most abundant ROS in plants. Depend-

Chen et al. (2013) suggested that P nutrition may con-

ing on the equilibrium between generation of H2O2

trol the synthesis of anthocyanins in the flower stalk

and its scavengers, it may cause oxidative damage or

by regulating the activities of the phenylalanine am-

functions as a cellular signaling molecule regulating

monialyase (PAL) and chalcone isomerase (CHI).

hormone signaling and several plant stress responses

Moreover, there is increasing evidence indicating that

(Juszczuk et al., 2001). Accordingly, P deficiency re-

phenolic compounds are involved in the development

tards the rate of electron transfer in the electron trans-

of resistance in plants (Shalaby and Horwitz 2015).

port systems leading to both the over-accumulation

Induction of structural phenols like lignin is another

of H2O2 and the redox changes that induce oxidative

frequent response of plants subjected to various abi-

damage (Juszczuk et al., 2001).

otic stresses (Frei, 2013). Similar to Eppendorfer and

Plants have developed an efficient enzymatic and

Eggum (1994), we detected an apparent increase of

non-enzymatic antioxidant system to counteract the

root lignin accumulation under P limitation (Figure

ROS-induced tissue injury. Among non-enzymatic

6). In fact, stronger staining intensity was observed

antioxidant, phenolic compounds form a major group

in the roots of cvs. BTP-314, Púrpura, Ilustre, Don

of plant secondary metabolites that may act as ROS

Crac, Dollinco and Innovo grown either without or

scavengers improving the tolerance to oxidative dam-

with 0.01 mM P supply indicating that a considerable

age (Plaxton and Carswell 1999; Vance et al., 2003;

increase of structural phenols in roots was generated

Hernández and Munné-Bosch, 2015). It is widely ac-

by P-deficiency stress (Figure 6). Despite the infor-

cepted that P deficiency also may lead to the accu-

mation about the influence of P supply on lignin

mulation of phenolic compounds, such as flavonoids

biosynthesis is scarce, the stress-induced lignin ac-

(Plaxton and Carswell 1999) and anthocyanins (Vance

cumulation has been reported under other mineral

et al., 2003; Hernández and Munné-Bosch, 2015). In

imbalances including toxicities of Al or boron (B)

the present study, we found that almost all examined

(Cervilla et al., 2009; Ma et al., 2012). Mineral

wheat cultivars increased their phenols concentration

toxicities can induce root lignification as a conse-

when no P or 0.01 mM P was applied (Figures 3C-D),

quence of increased H2O2 levels and the activation

as a consequence of increased oxidative damage trig-

of enzymes involved to the lignin biosynthesis (for

gered by P deficiency (Figures 3A-B). Cv. Púrpura,

review, see Frei, 2013), In addition, it has been re-

which exhibited the largest oxidative damage (Figure

ported that nitrogen (N), Ca and manganese (Mn)

3A) and considerable reduction of shoot growth (Fig-

deficiencies (for review, see Frei, 2013) also can af-

ure 1C) under P limitation, also showed a significant

fect the plant lignin levels. In turn, enhanced lignin

enhancement of phenols concentration (Figure 3C)

content it has been observed in plants grown under

likely as a strategy aimed to counteract oxidative

salinity, drought, or UV radiation (for review, see

stress. Moreover, genotypes with contrasting P effi-

Frei, 2013). Thus, further studies are needed to ad-

ciency (Figure 2) expressed different patterns of phe-

vance in the understanding of the implication of lig-

nols accumulation in both shoots and roots (Figure 5,

nin accumulation under P stress.
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Furthermore, based in our results about P uptake,

and NN thank the Serbian Ministry of Education, Sci-

plant growth, lipid peroxidation and phenols accu-

ence and Technological Development (OI-173028).

mulation (see Figures 1-6), wheat cultivars can be
ranked according to their susceptibly to P deficiency
in the following decreasing order: Púrpura ≈ BTP-314
> Don Crac > Innovo > Maxi ≈ Bakán > Dollinco >
Impulso > Fritz > Ilustre.
4. Conclusions
Overall, almost all examined wheat cultivars increased
both the oxidative damage and the root lignification
under P deficiency, whereas a differential production
of antioxidant phenols could be considered as a strategy of wheat genotypes aimed to cope with P stress.
Moreover, our evidence indicates that P efficiency of
a cultivar modulates the accumulation of total phenols
since more phenols were accumulated in tissues of Pinefficient genotypes than P-efficient genotypes under
P deficiency. In fact, a clear relationship between P
efficiency and phenol metabolism was found. These
outcomes can be useful as a base of further researches
related with improvement of grain quality and yield of
wheat plants grown on P deficient soils.
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