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Abstract Morpho-physiological and biochemical respon-

ses of Arabidopsis thaliana (accession N1438) to bicarbon-

ate-induced iron deficiency were investigated. Plants were

grown in cabinet under controlled conditions, in a nutrient

solution containing 5 lM Fe, added or not with 10 mM

NaHCO3. After 30 days, bicarbonate-treated plants dis-

played significantly lower biomass, leaf number and leaf

surface area as compared to control plants, and slight yel-

lowing of their younger leaves was observed. Potassium

(K?) content was not modified by bicarbonate treatment in

roots, whereas it was significantly diminished in shoots.

Their content in ferrous iron (Fe2?) and in leaf total chlo-

rophylls was noticeably lower than in control plants. Root

Fe(III)-chelate reductase and phosphoenolpyruvate carbox-

ylase (PEPC) activities were significantly enhanced, but leaf

ribulose 1.5-bisphosphate carboxylase (Rubisco) activity

was decreased.
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Fe(III)-chelate reductase � Iron chlorosis �
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Introduction

Iron chlorosis induced by bicarbonate is very common in

Tunisia where most soils are calcareous (Gharsalli and

Hajji 2002). In such soils, bicarbonate (HCO3
-) ions are

present at high concentrations, which make iron (Fe) not

easily available to roots (Rabhi et al. 2007). To overcome

this constraint, plants have evolved specific adaptive

mechanisms for iron acquisition, classified into two dis-

tinct ‘‘strategies’’. The response to Fe deficiency of

dicotyledonous and non-graminaceous monocotyledonous

plants involves a series of morpho-physiological and

biochemical changes (Zaharieva et al. 2004) depicted as

‘‘strategy I’’. The main morphological changes are the

increase of lateral root formation and the emergence of

root hairs and transfer cells, increasing in this way the

root surface and consequently Fe uptake (Schmidt et al.

2000). The strategy I response includes also a proton

excretion by roots, which lowers the rhizosphere pH, and

an increase in the capacity to reduce Fe3? (less soluble)

to Fe2? (more soluble) by a Fe(III)-chelate reductase

(FCR) (Kim and Guerinot 2007). The reduction step, prior

to Fe2? uptake, has been shown to be critical for Fe

uptake from Fe-deficient soil (Kim and Guerinot 2007). In

addition, Fe deficiency results in an accumulation of

organic acids in roots, mainly malate and citrate (Abadı́a

et al. 2000), accompanied with an increase in activity of

phosphoenolpyruvate carboxylase (PEPC) and several

other enzymes involved in tricaboxylic acid cycle (López-

Millán et al. 2000; Rabotti et al. 1995). PEPC catalyses
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the carboxylation of phosphoenolpyruvate (PEP) to oxalo-

acetate. The latter is reduced to malate via the cytosolic

enzyme, malate dehydrogenase, then malate is transported

to mitochondria through the malate-oxaloacetate shuttle

and converted into citrate by citrate synthase (Andaluz

et al. 2002). The role of organic acid accumulation in Fe

deficiency response is mainly related to Fe transport to

shoots as Fe citrate in xylem sap (Stephan 2002). This

work was aimed at studying morpho-physiological and

biochemical changes involved in A. thaliana (accession

N1438) responses to bicarbonate-induced Fe deficiency,

in particular root PEPC and Fe(III)-chelate reductase

activities.

Materials and methods

Plant material and growth conditions

Seeds of A. thaliana N1438 were sown in pots containing a

mixture of sand and peat (1V:2V). After germination,

seedlings were grown in a growth chamber under con-

trolled conditions (Gibeaut et al. 1997): 12 h daily light,

150 lmol m-2 s-1 photon flux density; 22/18�C day/night

temperature regime, and 60/80% day/night relative

humidity regime. They were irrigated with distilled water

for 8 days then with a complete nutrient solution contain-

ing 5 lM Fe-EDTA (Gay and Hauck 1994). After 3 weeks,

they were transferred into 300 ml plastic pots and accli-

mated over 1 week. Then, two treatments were started. In

the first one, seedlings were cultivated in the same nutrient

solution and considered as control. In the second treatment,

10 mM bicarbonate was added to the medium. The med-

ium was weekly renewed and its pH buffered at 7.7 with

NaOH (1 N). The plants were harvested after 30 days of

treatment.

Chlorophyll concentration

The chlorophyll content of young leaves was determined

according to Torrecillas et al. (1984). Small discs (100 mg

FW) from young leaf lamina were incubated in 5 ml 80%

acetone in darkness at 4�C over 3 days. Then the contents

in chlorophyll a, chlorophyll b, and total chlorophylls were

determined at 649 and 665 nm (Strain and Svec 1966).

Ferrous iron and potassium contents

Cations were extracted from desiccated tissues with HCl

1 N. Bivalent iron (Fe2?) content was determined using

1-10-O-phenanthroline according to Kaytal and Sharma

(1980). Potassium was assayed by flame photometry

(Eppendorf) with butane-air flame.

Electrolyte leakage

Electrolyte leakage was determined as described by

Dionisio-Sese and Tobita (1998). Leaf samples (approxi-

mately 200 mg FW) were submerged into 10 ml distilled

water and kept at 32�C over 2 h. Then, the initial electrical

conductivity of the medium (EC1) was measured. After the

conductivity measurement, the leaf tissues were killed by

autoclaving at 121�C for 20 min to release all electrolytes,

cooled to 25�C, and then the final electrical conductivity

(EC2) was measured. The electrolyte leakage (EL) was

calculated as EL = 100 EC1/EC2.

Root Fe(III)-reductase activity

Fe(III)-chelate reductase activity was estimated as in

vivo reduction of Fe(III)–ethylenediaminetetraacetic acid

(EDTA) by intact plant roots. The formation of the red

Fe(II)-bathophenanthrolinedisulphonate (BPDS) complex

was followed by measuring its absorbance at 535 nm

(Chaney et al. 1972). The reaction was performed for

30 min with BPDS (0.3 mM) and Fe(III)–Na–EDTA

(0.1 mM) in full-strength nutrient solution, buffered with

10 mM MES–KOH (pH 5.5).

Enzyme extraction and assay

Fresh leaf or root samples were ground in a mortar with

100 mM Tris–bicine (pH 8.0) containing 1 mM EDTA, 5%

glycerol (v/v), 5 mM MgCl2, 1% mercaptoethanol (v/v),

1 mM phenylmethylsulfonyl fluoride (PMSF), and 5%

polyvinylpyrrolidone (PVP) (w/v of sample FW). After

centrifugation at 12,0009g for 20 min at 4�C, the super-

natant was collected and enzyme activities were measured

immediately.

The activities of phosphoenolpyruvate carboxylase

(PEPC; EC 4.1.1.31) and Rubisco (Rubisco E.C.4.1.1.39)

were assayed according to Ouerghi et al. (2000). PEPC

reaction mixture contained 100 mM Tris–bicine (pH 8.0),

5 mM MgCl2, 1 mM DTT, 5 mM NaHCO3, 0.2 mM

NADH, 4 mM phosphoenolpyruvate, 5 enzyme units of

malate dehydrogenase (MDH). The crude extract (100 ll)

was added to the reaction medium then the activity was

monitored at 340 nm for 15 min.

Rubisco activity was assayed in a reaction medium

containing 100 mM Tris–bicine (pH 8.0), 10 mM MgCl2,

0.2 mM EDTA, 5 mM dithiothreitol (DTT), 40 mM

NaHCO3, 4 mM ATP, 0.2 mM NADH, 0.2 mM ribulose 1,

5-biphosphate (RuBP), and one enzyme unit of 3-phos-

phoglycerate kinase (PGK) and glyceraldehyde 3-phos-

phate dehydrogenase (3-PGADH). The reaction was

initiated by adding 0.2 mM RuBP, and activity was

assayed spectrophotometrically at 340 nm for 10 min at
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30�C (Sato et al. 1980). Enzyme activities were expressed

as lmol h-1 g-1.

Statistical analysis

Means were compared using Student’s t test at P = 0.05.

Results

Plant aspect and growth

One month after bicarbonate treatment was started, yel-

lowish green colouration of young leaves revealed

incipient chlorosis. A marked effect of bicarbonate-

induced iron deficiency was observed for shoot biomass

production, which was reduced to 68% of control

(Table 1). This response was accompanied by a diminu-

tion of total leaf area, mainly associated with a reduction

of the leaf number (Table 1). The harmful effect of

bicarbonate on biomass was less pronounced in roots than

in leaves.

Physiological effects

Shoot K? and Fe2? contents were significantly modified by

bicarbonate treatment, amounting only 30 and 42%,

respectively, of control (Fig. 1a, b). In roots, no significant

effect on K? and Fe2? contents was observed. Although

HCO3
--induced chlorosis visual symptoms were not

severe, significant reduction in chlorophyll content was

found in treated plants as compared to control plants (-37%

for chlorophyll a and -42% for chlorophyll b) (Table 2).

Physiological damage was revealed by a significant elec-

trolyte leakage in leaves of plants subjected to bicarbonate

treatment. Such a damage, that indicates a detrimental

effect of the stress on membrane integrity, was not found in

roots (Fig. 2).

Biochemical effects and responses

Root medium acidification

During the last week before harvest, the nutrient solution

pH was daily measured over 6 days (Fig. 3a). Roots of

bicarbonate-treated plants did not decrease the pH of the

medium, which, on the contrary, increased up to the third

day of measurement and then stabilized at about 8.4. In

control plants, however, roots slightly acidified the

medium.

Table 1 Growth parameters of Arabidopsis thaliana plants grown

during 1 month on a control nutrient solution (-HCO3
-) or con-

taining 10 mM of bicarbonate (?HCO3
-)

Treatments -HCO3
- ?HCO3

-

Root biomass (g) 0.04 a 0.03 b

Shoot biomass (g) 0.28 a 0.19 b

Leaf area (cm2) 87.91 a 28.88 b

Leaf number 62.2 a 32.7 b

Means (n = 10) labelled by at least one same letter are not statisti-

cally different at P \ 0.05
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Fig. 1 K? (a) and Fe2? (b) contents in shoots and roots of A. thaliana
plants grown over 1 month on a complete nutrient solution containing

(?HCO3
-) or not (-HCO3

-) 10 mM bicarbonate. Bars are means of

ten replicates ± SE. Those labelled by the same letter are not

statistically different according to Student’s test at P \ 0.05

Table 2 Chlorophyll content in the leaf of Arabidopsis thaliana
plants grown during 1 month on a control nutrient solution

(-HCO3
-) or containing 10 mM of bicarbonate (?HCO3

-)

Treatments Chlorophyll content (lg g-1 FW)

Chl a Chl b Total Chl

-HCO3
- 481.7 a 340.47 a 821.18 a

?HCO3
- 305.23 b 196.17 b 501.40 b

Means (n = 6) labelled by at least one same letter are not statistically

different at P \ 0.05
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Fig. 2 Electrolyte leakage from leaves and roots of A. thaliana plants

grown over 1 month on a complete nutrient solution containing

(?HCO3
-) or not (-HCO3

-) 10 mM bicarbonate. Bars are means of

ten replicates ± SE. Those labelled by the same letter are not

statistically different according to Student’s test at P \ 0.05
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Enzyme activity

In roots of bicarbonate-treated plants, the Fe-chelate

reductase activity was doubled as compared to control

(Fig. 3b), and that of PEPC was augmented by 38%

(Fig. 4a). In leaves, Rubisco activity was reduced to 30%

of control (Fig. 4b).

Discussion

Bicarbonate-induced iron deficiency severely inhibited

shoot growth of A. thaliana, expressed as biomass pro-

duction or as leaf number and leaf surface area. Roots,

however, were much less sensitive to the treatment than

shoots, showing no significant variation between control

and treated plants. Similar discrepancy between shoot and

root growth sensitivity to bicarbonate has been described

for olive tree (De La Guardia and Alcantara 2002). Despite

the large decrease in chlorophylls, bicarbonate-treated

plants exhibited only slight leaf chlorosis. The impact of

iron deficiency, either direct or induced by bicarbonate, on

chlorophyll formation has been reported in several studies.

For example, bicarbonate presence in the medium signifi-

cantly reduced chlorophyll concentration in sunflower

leaves (Gharsalli and Hajji 1992) as well as in two peach

rootstocks (Molassiotis et al. 2006). These findings are

explained by the primordial role of Fe2? on the formation

of the chlorophyll precursors q-aminolevulinic acid and

protochlorophyllide (Marschner 1995).

Significant decrease in Fe2? content occurred in shoots

of bicarbonate-treated plants, but not in roots. Probably,

iron transport from roots to shoots was limited in bicar-

bonate-treated plants, which reduced their shoot growth.

Similarly, Gharsalli and Hajji (2002) observed that iron

uptake by peach roots was not significantly decreased in the

presence of HCO3
-, but that transport towards aerial organs

was strongly inhibited. This behaviour may be explained by

iron immobilization within root apoplast (Zribi and

Gharsalli 2002). Potassium transport to shoots was also

restricted by bicarbonate treatment. According to Tagliavini

and Rombolà (2001), this cation plays a major role in Fe

assimilation under iron deficiency conditions, by increasing

root plasma membrane H?-ATPase activity. Hence, the

reduction observed in shoot growth of treated plants and in

new leaf production could be attributed to Fe and K?

shortages within shoot apex tissues and by their effect on

photosynthesis and growing capacity. Indeed, K? nutri-

tion plays an important role in the activation of many

enzymes required for photosynthetic processes. According

to Mozaffari et al. (2004), low K? nutrition decreases the

activity of such enzymes, including Rubisco. Our results

showed, indeed, that bicarbonate-induced Fe deficiency

diminished photosynthetic competence by lowering RuBP

carboxylation capacity through a reduction of leaf Rubisco

activation. In sugar beet, Winder and Nishio (1995) showed

that the rate of fully activated CO2 fixation by RuBP car-

boxylase was reduced by more than 50% in severely Fe-

deficient leaves. The decrease in Rubisco activation measured

by these authors was probably the result of a low [ATP]/

[ADP] ratio in Fe deficient leaves, which is known to inhibit

Rubisco activase (Streusand and Portis 1987). In the same

way, Arulanantham et al. (1990) reported that a 50% decline

in Rubisco activity under severe Fe deficiency was due to a

reduction of RuBP substrate levels by about 70%, which

limited photosynthesis in Fe-deficient sugar beet leaves.

Iron uptake efficiency of strategy I plants have been

largely attributed to the adaptive biochemical mechanisms

developed at root cell plasma membrane. Acidification

capacity and Fe(III)-chelate reduction by Fe-chelate

reductase have been shown to be stimulated in response to

Fe deficiency (Schmidt 2006; Zaharieva et al. 2004). We

did not observe root acidification under bicarbonate con-

straint, probably because of the bicarbonate buffer power.

However, Fe-chelate reductase activity was significantly
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Fig. 4 PEPC (a) and Rubisco (b) activities of A. thaliana plants

grown over 1 month on a complete nutrient solution containing
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-) or not (-HCO3

-) 10 mM bicarbonate. Bars are means of

three replicates ± SE. Those labelled by the same letter are not

statistically different according to Student’s test at P \ 0.05
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increased in bicarbonate-treated plants, suggesting that

A. thaliana was able to reduce and thus to absorb Fe

despite the presence of HCO3
- ions. Similar stimulation of

root Fe-chelate reductase under bicarbonate-induced Fe

deficiency has been described by Molassiotis et al. (2006)

for peach tree. Several lines of evidence support the role of

PEPC in plant response to Fe deficiency. The increased

activity of this enzyme that we observed upon bicarbonate

treatment was perhaps a response to root medium high pH

(Andaluz et al. 2002). PEPC activity appears to be a suit-

able metabolic marker of the Fe nutritional status in plants

and would poise the root cells for an efficient Fe acquisi-

tion. The activation of this enzyme has been related to

organic acid synthesis (López-Millán et al. 2000) and to

the need for cytoplasmic pH homeostasis in Fe-deficient

tissues (Rabotti et al. 1995).
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