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Summary 

Organic acids have been hypothesized to be important in mobilizing nutrients in 

calcareous soils, however, evidence to support this was lacking. This thesis investigates the 

effect of increasing concentrations of H-citrate, K-citrate, H-oxalate and K-oxalate on the 

solubility and uptake of P, Fe, Mn, Zn and Cu in plants growing in calcareous soils. In this 

study, the fate and capacity of organic acids as mechanisms for solubilizing mineral nutrients 

was investigated by measuring the sorption, and biodegradation reactions of citrate and oxalate 

in soil. This study has shown that the sorption reactions of oxalate and citrate in soil are rapid 

and that the degree of sorption is organic acid specific and to a lesser extent soil type specific. 

In addition, the amount of organic 'acid sorption was strongly dependent upon the cation 

balancing the organic acid anion (i. e. H+ or K+). I also demonstrated that CaCO3 is a binding 

site for oxalate and to a lesser extent citrate in soil. The biodegradation of oxalate and citrate 

was fast in soil although citrate tended to be mineralized faster. When investigating the sorption 

and desorption reactions of organic acids in calcareous soils, the sorption of oxalate was much 

greater that of citrate. The amount of organic acid desorbed from the solid phase was dependent 

on ionic strength and composition of the desorption solution. In comparison to citrate, more 

oxalate could be desorbed from the soil, depending upon the initial amount of oxalate added to 

the soil. In addition, the test soils were extracted with organic acid solutions of different 

concentrations for different time periods and the amount of Fe, Mn, Zn, Cu, P and Ca 

mobilization into solution measured. The results showed that the presence of organic acids 

significantly affects the concentration of metals and anions in soil solution. Generally, organic 

acid concentrations >1 mM were required to mobilize nutrients into solution. Citrate tended to 

be more effective than oxalate at mobilizing nutrients from the soil. In most cases the 

mobilization was not transient and elevated levels of nutrients were seen in solution for up to 6 

h after addition of the organic acids. The effects of three different organic acid application 

methods on the availability and uptake of P and micronutrients in wheat was also investigated. 

i' 



The study showed that wheat plants treated with organic acids accumulated significantly higher 

concentrations and amounts of micronutrients than the untreated control plants. Foliar 

application of organic acid without any Zn treatment proved the most effective method of 

increasing Fe uptake into wheat leaves. The effects of organic acids on the availability and 

uptake of P from the wheat rhizosphere was studied to determine the importance of organic acid 

type and concentration on 33P uptake by shoots. The results showed that elevated concentrations 

of organic acids in the rhizosphere significantly enhanced shoot 33P accumulation, while citrate 

was much less effective at stimulating 33P uptake. In the absence of microorganisms, both 

organic acids were capable of mobilizing P from the soil particularly at concentration >1 mM. 

Citrate mineralization by soil microorganisms proceeded at a higher rate than oxalate 

mineralization. 

Overall, the presence of organic acids significantly affects the concentration of metals in 

soil solution and this mobilization is dependent upon the type of organic acid, its ionic form, its 

concentration, reaction time and the type of soil. The response of wheat plants to different 

methods of organic acid addition proved variable. Organic acids did result in an increase in 

metal mobilization and plant uptake. In particular, oxalate resulted in a significant enhancement 

in plant P. This work presents evidence to show that organic acids may be important in 

nutrients acquisition in calcareous soils. 
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Chapter 1 



Introduction 

1. General introduction 

1.1. General description of the soils of Iran 

Iran can essentially be described as a coastal plain country and lies between 25° 00' and 

39° 47' N and 44° 02' and 63° 20' E. It has total land area of 1.6 x 106 km2 of which 12,000 

km2 are covered by inland water bodies. The mean altitude is over 1,200 m above sea level. The 

lowest inland point is in Chale Lut, 56 m below sea level and the highest Point is Damavand 

Mount, 5,610 in above sea level. The average annual land area under agricultural cultivation 

is about 19 x 106 ha which represents 12% of the available land area. Of these agricultural 

areas, approximately 8x 106 ha are under irrigation, 6x 106 ha are under dry farming and 

about 5x 106 ha are left fallow. Approximately 90% of the country is classified as being 

and or semi-arid. Although the average annual precipitation across the country is 

approximately 250 mm, this can range from less than 50 mm in the Central Plateau to more 

than 1,600 mm on the Caspian Coastal Plain. The annual potential evaporation of the 

country is very high, ranging from less 700 mm along the Caspian Sea shore to over 4,000 

mm in the Central Plateau and the southern part of the Khuzestan Plain, amounting to 16 

times the average annual rainfall (Moameni et al., 1999). 

Due to its topographical, climatic and particularly its lithologic diversity, Iran displays a 

rich mosaic of soils. The information extracted from 1: 1,000,000 Soil Resources and Use 

Potential Map of Iran (Banaei, 2000) reveals that the most abundant soil types include Entisols, 

Aridisols and Inceptisols, in that order of dominance. Many of the soils in the agricultural areas 

are calcareous in nature and have an alkaline reaction due to their high limestone content. In many 

parts of the country, the calcium carbonate constitutes approximately 40% of the soil by weight. 

Where visible, lime occurs in a soft powdery form or in rounded lime spots and concretions. 

However, in many areas limestone is not visible in the soils although its presence is known from 

conventional chemical testing procedures (i. e. adding acid and looking for evervescence). In line 

2 



with their high CaCO3 content, the pH values are typically above 7.5, while in localized areas the 

pH can reach values up to 10. Frequently, the organic carbon content of the soils is low to very low 

and the consequently the bulk density is typically high or very high. Bulk density values of about 

1.5 g cm 3 are common (Moameni, 2000). 

Iran is rich in evaporate deposits which were largely deposited episodically throughout 

the Phanerozoic eon (23 to 542 million years ago). The best known evaporates are the 

"Infracambrian", Hormuz salts of the southern Zagros and Persian Gulf region and their 

equivalent in Central Iran, the Permo-Triassic anhydrites of the Gulf and coastal Zagros, the 

Upper Jurassic evaporates in the Gulf region and eastern Central Iran, the lower Fars (Miocene) 

salt of the Zagros, and the Tertiary salts of the Great Kavir basin in Central Iran (Jackson et al., 

1990). Therefore, salinity is a regional problem affecting most irrigated soils in Iran at varied 

degrees of severity. The salt-affected and gypsiferous soils cover substantial areas in Central 

Plateau and Khuzestan and Southern Coastal Plains. Miscellaneous land types such as playas, 

salt flats, marshes, salt plugs and dune lands, which are the main geological sources of salts, are 

mostly located in the Central Plateau region of Iran. 

1.2. Calcareous soils 

Calcareous soils comprise about 30% of the earth's total land area (Chen and Barak, 

1982). The CaCO3 content of the upper horizons of calcareous soils varies from a small 

proportion of the soil mass up to 95% by weight in some cases (Loeppert, 1996; Marschner, 

1995). The pH of calcareous soils is controlled mainly by the level of CaCO3 in the profile and 

is often buffered between 7.5 to 8.5. The reaction of CaCO3 in calcareous soils is characterised 

by the production of OH' ions or consumption of H+ ions as indicated in the reactions below: 

CaCO3 + H2O -ºHC03 + Ca2+ + OH' (Equation 1) 

CaCO3 + H+ -ºHC03' + Ca2+ (Equation 2) 

HCO3= CO2 + OH' (Equation 3) 

This kind of reaction either produces Oll ions or consumes H+ ions which in turn 
3 



increase the soil pH particularly in areas with low rainfall input. These reactions in the surface 

horizons of many calcareous soils principally limit the solubilities and movement of many soil 

nutrients (e. g. Cue+, Mn2+, Zn2+) as well as limiting plant growth and root expansion. From the 

plant nutrition and chemical point of view, calcareous soils are those soils whose pH levels are 

controlled by the calcium carbonate present in the solid phase. 

The carbonates present are highly reactive in these soils and efficiently modulate pH 

with a large proportion of the reactive CaCO3 contained in the clay particle size fraction. None 

of the highly weathered calcareous soils contains less than 1% total Ca by weight and since 

many calcareous soils contain 50% or more calcium carbonate, their total calcium content can 

exceed 10% (Marschner, 1995). Since soil carbonate reactivity may vary considerably due to 

the variations in size, surface mineralogy, and morphology of the particles it seems more 

reasonable to use parameters such as particle size distribution and active carbonate fraction, as a 

relative measure of their reaction rates with acids, and as an effective index for measuring the 

quantity present. 

As calcareous soils largely develop in regions of low rainfall they are frequently 

irrigated to be productive. Therefore one of the main agricultural production constraints is the 

availability of water for irrigation. The quality of the irrigation water is of crucial importance 

for sustainable agricultural production on calcareous soils. Frequently, the irrigation water is the 

cause of many management problems. Almost all waters used for irrigation contain inorganic 

salts in solution. These salts may accumulate within the soil profile to such concentrations that 

they modify the soil structure, decrease the soil permeability to water, and seriously injure plant 

growth (Brady and Weil, 1999). Crusting of the surface may affect not only infiltration and soil 

aeration but also the emergence of seedlings. Cemented conditions of the subsoil layers may 

hamper root development and water movement characteristics. Calcareous also soils tend to be 

low in organic matter and available nitrogen (FAO, 2000). The low plant nutrient availabilities 

(especially of Fe, Mn, Zn, Cu, and P) are one of the major characteristics of agronomic concern 

with regard to calcareous soils, as such elements have low solubilities at high soil pH (Fig. 5; 
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Lindsay, 1979). Such limitations in nutrient availability can be a major problem for crop 

production in terms of poor growth, poor water and nutrient use efficiency and reduced yields 

unless fertilisers are used as nutrient supplements (Marschner, 1995). Recent studies indicate 

that in calcareous soils, root exudates may potentially act as effective agents for extracting a 

considerable portion of the nutrients required by crops (Ström, 1997; Jones, 1998). 

5 
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Fig. 1. Soil map of study area in the national context, Iran, Tehran. The study locations are shown 

as red dots. 



3rd party copyright material excluded from digitised thesis. 
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Fig. 2. Map of the soil orders of Iran (Banaei, 2000). 

3rd party copyright material excluded from digitised thesis. 

Please refer to the original text to see this material. 

Fig. 3. Map of the moisture-temperature regimes of Iran. 
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Fig. 5. Influence of soil pH on micronutrient solubility in soil. Adapted from Lindsay (1979). 

1.3. Root Exudates 

The rhizosphere is the zone of soil that surrounds the root. In comparison to the bulk 

soil, the rhizosphere is characterised by an intense microbial activity and growth which is 

fuelled by the release of carbon compounds from the root (root exudates; Lynch, 1990). These 

exudates are composed of many hundred individual compounds with the exact composition 

determined by the plant and its surrounding environment (Lynch, 1990). Plant roots release 

considerable amounts of organic compounds into the rhizosphere. On average, between 30 to 

60% of the net photosynthetic carbon is allocated to the roots in annual species. Of this carbon, 

an appreciable portion (4 to 70 %) is released as organic compounds into the rhizosphere 

(Lynch and Whipps, 1990). The rate of root exudation is typically greatest at the root tip where 

the microbial population density is at its lowest in comparison to other regions of the 

rhizosphere (Marschner, 1995; Schonwitz and Ziegler, 1982). With increasing distance from the 

root tip, the amount of exudation generally decreases while microbial population density 

increases in response to the root carbon deposited in the soil. Thus, the region of the greatest 

release of root exudates and highest microbial population density are spatially separated. 

This spatial separation has important implications in terms of the efficiency of nutrient 
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mobilizing mechanisms employing root exudates. 

Root exudates represent one of the most labile sources of soil organic matter and one of 

the determining factors in maintaining soil fertility and structural stability of agricultural soils 

(Marschner and Rengel, 2003). Root age and type, and the nutritional status of plants can 

significantly alter the quality and quantity of root exudates (Yang and Crowley, 2000). Nutrient 

availability in the rhizosphere is in turn affected by the structure of microbial communities in 

the soil and the activity of the biotic community (Marschner and Rengel, 2003). Root exudates 

are the high-energy substrates that support the abundant microbial community in and around the 

rhizosphere. Evidence clearly supports the possibility that plants can regulate both the quantity 

and quality of carbon substrate in the rhizosphere as exudates, and affect plant-specific 

colonisation by rhizosphere microorganisms (Nehl et al., 1996). Beside serving as a carbon 

source for microorganisms, root exudates also play an important role in nutrient release by 

complexation and desorption of poorly soluble nutrients such as phosphorus (P) and iron (Fe) 

(Römheld, 1991; Dinkelaker and Marschher, 1992; Gerke, 1994; Jones and Darrah, 1994b; 

Uren and Reisenauer, 1988). For example, increasing amounts of citrate or oxalate adsorbed 

to the soil matrix result in increasing P mobilization by ligand exchange, blockage of anion 

sorption sites and dissolution of P containing minerals such as Ca-P, Fe-P and Al-P. The 

effect of root exudate components on nutrient availability and uptake by plants and 

rhizosphere microbes is shown in Figure 6. 

Compared to the soil organic matter, root exudates represent an easily degradable 

nutrient source for microorganisms, and for this reason some microbial species proliferate 

rapidly in the rhizosphere. By utilizing root exudates for respiration, growth, and metabolism, 

the microorganisms in the rhizosphere may decrease nutrient mobilization by root exudates. 

The half-life of organic acids in agricultural soils typically ranges from 2 to 3h as they are 

rapidly degraded by soil microorganisms (Jones and Darrah, 1994b; Jones, 1999). However, 

organic acids, such as citrate, may be strongly sorbed onto. the surface of soil components, a 

reaction that reduces organic acid decomposition by soil microbial communities. 

10 
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Fig. 6. Effects of root exudate components on nutrient availability and uptake by plants and 

rhizosphere microbes. OA=organic acids; AA=amino acids including phytosiderophores, 

Phe=phenolic compounds. 

Laboratory batch studies have indicated that within 10 minutes after addition, 99% and 

83% of the added citrate becomes sorbed to Fe-Al hydroxides and kaolinite, respectively, which 

results in a significantly reduced rate of citrate mineralization (Jones and Edwards, 1998). 

Among the different proposed roles of root exudates in plant ecology, a great deal of 

interest has been generated about their capacity to improve the plant availability of some macro 

and micronutrients inside the critical depletion zone (Marschner et al., 1987; Jones and 

Edwards, 1993). In particular, organic acids contained in root exudates have often been 

implicated in the solubilization of adsorbed or precipitated cations (Jones and Edwards, 1993). 

1.3.1. Type of organic matter lost from roots - rhizodeposition 

Almost all chemical components of plants have been found. tobe lost from roots. This is 

not surprising as the plasma membrane is designed not to be inherently leaky to allow nutrient 
II 



uptake and consequently loss and uptake can occur (Farrar et al., 2003). However, due to the 

electrochemical potential gradient that exists across the membrane the uptake of nutrients 

typically occurs via active transport processes while exudates are typically lost by passive 

transport over which the plant exerts little control (Farrar et al., 2003). The chemical 

components can be classified into four different groups, depending on their mode of arrival: 

1. Water soluble exudates such as sugars, amino acids, organic acids, hormones, and vitamins 

which leak from the roots without the involvement of metabolic energy. 

2. Polymeric carbohydrate and enzymes which are actively secreted based on plant metabolic 

processes (e. g. mucilage, phosphatases). 

3. Lysates released when plant cell walls, sloughed whole cells and, with time, whole roots 

autolyze. 

4. Gases such as ethylene and CO2. 

The major components of rhizodeposition consist of low molecular weight (LMW) organic 

compounds, mucilage, and gloughed-off cells and tissues (Whipps and Lynch, 1983). The term 

rhizodeposition is used to collectively describe all the loss pathways from the plant root as 

described above (Whipps and Lynch, 1983). 

1.3.2. Low molecular weight (LMW) organic compounds 

The main compounds associated with this group includes organic acids, proteinaceous 

amino acids, sugars, phenolic substances and phytosiderophores (Cieslinski et al., 1998). Both 

the amount and the proportion of the various organic compounds of root exudates vary 

substantially with respect to plant species and cultivar variety (Vancura and Hovadik, 1965; 

Merbach and Rupple, 1999). Furthermore, the same plant cultivar grown in different soil types 

varies in the kind and amount of low molecular weight organic acids (LMWOAs) present in the 

rhizosphere (Jones, 1998; Merbach et al., 1999). The release of organic acids from plant roots 

into the rhizosphere is an integral part of various mechanisms that improve or inhibit the 

absorption of nutrient elements by the roots (Marschner, 1986; Uren and Reisenauer, 1988). 
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Organic acids are low molecular weight (LMWOAs) compounds that contain one or 

more carboxyl groups (R-COOH) and are found in all living organisms due to their central role 

in cellular metabolism (Marschner, 1995). Depending on their dissociation properties and the 

number of carboxyl groups they contain (typically 1 to 3), organic acids can carry different 

amounts of negative charge. This negative charge makes them capable of undergoing 

complexation reactions with metal cations in solution (Equation 4) or capable of replacing 

anions within the soil matrix (Equation 5). 

Malate2" + ZnSOc+ Zn-malate + SO42 (Equation 4) 

Citrate 3- + FePO4-º Fe-citrate + P043" (Equation 5) 

Therefore, organic acids participate in many of the soil reactions such as nutrient 

mobilization and uptake of cations by plants and microorganisms as well as in pedogenic 

processes such as podzolisation in acid soils. Such a role for root exudates depends to a large 

extent on the amount and type of organic acids released as well as on the soil's physicochemical 

properties. The secretion of organic acids by plant roots is now regarded as one of the common 

mechanisms involved in solubilizing relatively insoluble soil nutrients (Jones et al., 1994). The 

chemical reactions of organic acids with metals depend not only on the chemical reactivity of a 

given acid as pointed out by Cline et al. (1987), but also on the individual organic acids 

adsorption/desorption reactions, rate of diffusion, microbial biodegradation potential, as well as 

on their extent of hydrolyzation by metal oxides (Fig. 7). Thus, the chemical reactions of 

organic acids in soils depend to a large extent on the type of soils involved and can be expected 

to vary enormously depending on the plant and soil type interaction. In general, roots contain 

many types of organic acids differing in their chain lengths. The primary anion compounds of 

these acids include acetate, oxalate, succinate, fumarate, malate, citrate, isocitrate and aconitate 

(Jones et al., 1994). The amounts and type of organic acids present in plants are regulated by 

the respective plant carbon fixation processes (C3 or C4), its nutrient status, and age (Jones, 

1998). The total concentrations of plant root organic acids typically range from 10 to 20 mM 

representing 1-4% of a plant's total dry weight (Jones and Darrah, 1996). 

13 



I CO2 II Plant roots 
c 
0 
16 
X 

L 
Ö 

C) 
C 

E 

uptake Soil sorption & fixation Soil 
Microbial solution particles 
biomass 

(bacteria & fungi) excre ion 
(free acids & 

metal complexes) 

(Fe/AI oxide- 
desorption & hydroxides & clays) 
dissolution 

CD C _ fi 

Riverwater 

Fig. 7. Schematic diagram showing the major organic acid fluxes and pools in soil. Adapted 

from Jones (1998). 

As mentioned above, the composition of root exudates are quite variable, depending on 

the plant age and its physicochemical environment (Jones, 1998). The various mechanisms that 

affect the release of organic acids from plant roots have recently been reviewed (Jones, 1998). 

Based on scientific observations and diffusion theory, the release of organic acids from roots 

can always be expected to take place. The concentration of organic acids present in the root 

cytoplasm is generally 1000 times greater than that found in soil solutions (Jones and Darrah, 

1996). Despite the limitations in morphology, studies have shown that organic acids play an 

important role in various plant reactions in overcoming nutritional stress (Jones, 1998). While 

many of the organic acid roles in such reactions have been discussed, direct evidence has been 

presented only with respect to P, Al, and Fe. Up until now, most of the studies have been 

carried out with acid soils (Pohlman and McColl, 1986), while research on organic acid 

behaviour in calcareous soils is virtually non-existent. One series of interesting studies, 

however, has shown that plants typical of calcareous soils (calcicole plants) when grown in 

hydroponic culture secrete more organic acids than plants that typically grow in non-calcareous 

soils (calcifuge plants; Ström et al., 1994; Tyler and Ström, 1995; Ström, 1997). 
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1.3.3. Organic acids in plants 

Typically the total concentration of organic acids in roots is around 10-20 mM (1-4% of 

total dry weight) (Table 1; Jones and Darrah, 1994a, 1996). 

Table 1. Organic acid content of plant roots as a function of nutritional status. Organic acid 

concentrations are given in the same order as the treatments. +P or +Fe or +K and -P or -Fe or 

-K represents either P/Fe/K sufficient or P/Fe/K deficient conditions respectively. -Al and +Al 

indicates plants exposed to zero rhizotoxic levels of Al (20-200 µM), respectively. +nut 

indicates plants grown at a high nutrient supply, while -nut indicates plants grown without P 

and micronutrients. The units nmol g"1 FW root are approximately equivalent to the root 

concentration in µM. SEM indicates standard error-indicate not determined. 

Plant Location Plant content 

species 
Treatment in root 

(pol g' FW root) Reference 
Malate Citrate 

Brasica +P, -P tip 3350-21700 1100-8100 Hoffland et al. (1992) 
napus 
Brasica +P, -P base 3150-10400 2700-5450 Hoffland et al. (1992) 
napus 
Sisymbrium +P, -P tip 9700-4700 8500-6700 Hoffland et al. (1992) 

officinale 
Sisymbrium +P, -P base 2500-3600 1000-2500 Hoffland et al. (1992) 
officinale 
Sorghum +P, -P wr 930-1910 1260-1860 Schwab et al. (1983) 
bicolor 
Sorghum -Al, +Al wr 7200-18000 1500-4830 Cambraia et al. (1983) 
bicolor 
Triticum -Al, +Al tip 493-525 - Delhaize et al. (1993) 
aestivum 
Hordeum -Al, +Al wr 2686-8358 1888-1666 Foy et al. (1987) 
vulgare 
Zea mays -Al, +Al wr 145-1043 15-24 Pellet et al. (1995) 

Zea mays +nut, -nut wr 1430-2240 1090-1560 Jones and Darrah (1995) 

Zea mays -K, +K wr 23000-33000 12000-19700 Kraffczyk et al. (1984) 

P1 iseolus +Fe, -Fe wr 18000-68000 800-5100 Schwab et al. (1983) 
vulgaris 
Range 150-58000 15-19700 

Mean±SEM 10250 ±3000 4060±1000 

* wr indicates whole root system data 
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One of the primary factors determining organic acid levels in roots is their degree of 

cation-anion imbalance. In situations where roots take up an excess of cations (particularly K+), 

the negative charge required to balance this is often provided by organic acids, such as malate, 

malonate, citrate and aconitate (Chang and Robert, 1989; Osmond, 1976; Jones, 1998). Roots 

grown on NH4 have lower organic acid concentrations than those grown on N037. The form of 

nitrogen supply has the most prominent influence on the cation/anion uptake ratio. Roots grown 

on NH4+ have lower organic acid concentrations than those grown on N03 (Marschner, 1995). 

Nitrate supply is correlated more with a higher rate of HC03 net release (or H+ consumption) 

than of H+ execration, and with ammonium supply the reverse is the case (Marschner, 1995). 

In neutral or alkaline soils rhizosphere acidification in plants fed with ammonium can 

enhance mobilization of sparingly soluble calcium phosphates and thereby favor the uptake of 

phosphorus (Gahoonia et al., 1992), as well as the uptake of micronutrients such as boron 

(Reynold et al., 1987), iron, manganese and zinc (Table 2). 

Table 2. Nitrogen supply, Rhizosphere pH, and Content of mineral nutrients in shoots of Bean 

(Phaseolus vulgaris L. ) plants grown in a Luvisol (pH 6.8). Adapted from Marschner (1995). 

Contents in shoot dry matter 
Nitrogen supply Rhizosphere pH (mg g) (p g g-) 

KP Fe Mn Zn 
N03-N 7.3 13.6 1.5 130 60 34 

NH4-N 5.4 14.0 2.9 200 70 49 

One of the problems with the interpretation of root organic acid concentrations and its 

resultant effect on organic acid efflux is that rarely has the cellular compartmentation of organic 

acids in roots been investigated. The vacuole can occupy a significant proportion of root cells, 

varying from 15% at the root cap to 90% of the cellular volume 1 cm away from the apex (Patel 

et al., 1990). Although vacuolar pool may be important as a storage pool for organic acids, it is 

the concentration gradient between the cytosol and soil solution, which ultimately determines 

the rate of efflux (Jones, 1998). It is known that release of organic acids into the rhizosphere 

16 



must always be occurring. This is based upon the fact that the concentration of organic acids in 

the cytosol 0.5-10 mM is about 1000-fold greater than that present in the soil solution (0.5-10 

µM) (Table 1). In addition, a substantial electric charge gradient exists across the plasma 

membrane (-180 mV) due to the operation of ATP-driven proton pumps (H+-ATPases) and the 

large cytosolic K+ diffusion potential (Samuel et al., 1992). While the H' expelled into the 

apoplast by these H+-ATPases creates a charge gradient to facilate the uptake of cations from 

the soil, it also tends to . draw anions (e. g., citrate 3", malate2) out of the cells and into the 

external soil solution. Organic acids typically flow across the lipid bilayer at a slow rate in 

response to this electrochemical gradient (baseline exudation); however, efflux can be increased 

greatly by the opening of channels embedded in the lipid bilayer (Dennis et al., 1997). A 

schematic representation of the two main routes of efflux from living root cells is shown in 

Figure 8. 

Cytoplasm (10 mM, pH 7.1) 

Organic acids 
(e. g. malate2-, citrates-) 

+++++. ++++ -I- f 

Organic acids 

Soil Solution (0.01 mM, pH 5.5) 

ATP ADP-+P, 

ZI1ZII 
+ 

Fig. 8. Schematic representation of the two main routes of organic acid efflux from the 

cytoplasm of root cells into the soil solution. The first (1) represents the slow passive 

diffusion across the lipid bilayer, whereas the second (2) represents efflux through a plasma 

membrane channel protein. The direction of transport by both mechanisms is controlled by 

the electrochemical potential gradient (charge and concentration) across the membrane, 

which is partly generated by the H+-ATPase (3). Adapted from Jones (1998). 
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1.3.4. Organic acids from calcicole and calcifuge plants 

Most of the research carried out to date has focussed on the impact of nutrient 

deficiencies on increasing the rate of release of organic acids from roots. Plants that grow in 

calcareous soils need to use various mechanisms to mobilize rhizosphere P and Fe, which are 

considered to be the primary limiting nutrients in these soils. The calcicole plants growing in 

calcareous soils have greater capabilities than calcifuge plants (those that grow in acid soils) to 

secrete organic acids from their roots (Ström et al., 1994; Tyler and Ström, 1995; Jones, 1998). 

It is generally accepted that the types of exudates plants release into the rhizosphere play a 

significant role in the distribution of plant species in ecosystems (Ström et al., 1994; Jones, 

1998). Calcicole plants exude mostly di- and tri-carboxylic acids (e. g. citrate, malate, oxalate) 

with high mobilization efficiency/capacity for P, Fe, and Mn from calcareous soils, while 

calcifuge plants exude mostly mono carboxylic acids (e. g. acetate, lactate) which are poor in 

mobilizing P or Fe from calcareous soils (Tyler and Ström, 1995; Ström, 1997; Fig. 9). 

Q IºIs+nocatluuxylic 
D. ilextu, i. . 1. cQ Dicarboxylic 

b Trirarbo. ytic 

a 
V. sulgaris .? 1, -C. 

a 
G. iastigata ý.: '_"z-:;.. +, ' F_ s' ;s_.... }"s.. w. _a 

a 

S. mi»ur L. -r:::? !? E! iý , c,.; i.. -}___. " b 
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Fig. 9. The concentrations (mmol m'3) of mono, di and tricarboxylic acids in the soil solution 

of two calcifuge (Deschampsia flexuosa and Viscaria vulgaris) and the two calcicole 
(Gypsophila fastigata and Sanguisorba minor) species. Means ±SEM (n=10). Different 

letters indicate significant differences (P < 0.01) between sample means of the same LOA 

category. Adapted from Ström (1997). 
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However, while these plants have been shown to release more organic acids, direct 

scientific evidence that they actually cause enhanced nutrient uptake is still lacking. It is 

therefore clearly possible that other factors may be responsible for their enhanced nutrient 

acquisition in calcareous environments (e. g. better associations with mycorrhizas, longer root 

hairs, associations with P solubilizing bacteria in the rhizosphere etc). More scientific evidence 

is therefore required to ascertain the role of organic acids in enhancing nutrient acquisition in a 

calcareous rhizosphere. 

1.3.5. Release of organic acids in response to low P availability 

Phosphate availability to plants is one of the major growth limiting factors due to its low 

solubility, high valence and strong adsorption to soil particles (Marschner, 1995). As a response 

to the low P availability, organisms have evolved different strategies to increase P uptake. 

Under P deficiency, plants may increase root proliferation, in part by forming thinner 

roots, or increase the length or density of their root hairs (Fohse and Jungk, 1983), thereby 

increasing the root surface area. Many plants also release phosphatase enzymes from their roots 

to mobilize organic P in the soil (Fig. 10) or enhance their association with mycorrhizal 

symbionts. An upregulation of phosphate membrane transporter numbers and activity in root 

cells may also occur (Marschner, 1995). 
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Fig. 10. Phosphorus availability in the rhizosphere. Mo-microorganisms. Adapted from 

Marschner and Rengel (2003). 

Plants and microorganisms may also release organic compounds such as citrate, malate 

and oxalate, which increase the solubility of inorganic P by ligand exchange and dissolution of 

P-sorbing Fe and Al minerals (Banik and Dey, 1983; Gerke, 1994; Hoffland et al., 1989; Jones, 

1998; Neumann et al., 1999). Therefore, it is clear that plants possess a range of strategies for 

potentially mobilizing P in soils. However, the relative importance of these contrasting 

mechanisms in calcareous soils remains unknown. Various investigations have revealed that the 

roots of dicotyledonous plants, especially those without mycorrhizas, are capable of producing 

large quantities of organic acids in the rhizosphere in response to phosphorus deficiency (e. g. 

Brassica napus), while others (e. g. Sisymbrium officinale) and the Graminaceae (e. g. Triticum 

aeslivum and Zea mays) do not possess or express this trait (Hoffland et al., 1992; Gerke, 1994). 

It seems that malate and citrate are the principal organic acids to be released by the roots in 

. response to phosphorus deficiency (Jones, 1998) (Table 1). The influence of soil pH on P 
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availability in soil is shown in Figure 11. 
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Fig. 11. Influence of soil pH on P availability in soil. Adapted from Rehm and Schmitt (2002). 

1.3.6. Release of organic acids in response to the low availability of other nutrients 

An increase in the rate of release of organic acids from roots under other stress 

situations like potassium deficiency (Kraffczyk et al., 1984) or an overall nutrient deficiency 

(Jones and Darrah, 1995) as well as due to reaction to special kinds of nitrogen nutrition have 

been reported (Marschher, 1995). Likewise, deficiencies of Zn and Ca, associated with a 

marked loss of membrane integrity and increased membrane permeability, also result in 

increases in the rate of organic acid release (Cakmak and Marschner, 1988). Various reports 

have shown that the gradual addition of malate, citrate or oxalate to hydroponic solutions can 

cause slight increases in Zn accumulation (Evans, 1991; Chairidchai and Ritchie, 1993ab). The 

role of organic acids in solubilizing Zn and other micronutrient elements in the rhizosphere, 

however, is not currently well understood. 

There is a great deal of information indicating that soil solutions contain a considerable 

amount of stable organic acids (Jones, 1998). While some organic acids entering soil originate 

from atmospheric deposition (rainwater contains from 10 to 500 pM of organic acids in 

metropolitan areas, mostly lactate and formate; Millet et al., 1997) most organic acids enter soil 

fron root secretions, dead organic materials or microbial decomposition products (Jones, 1998). 
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Organic fertilizers such as animal manures may also contain large quantities of organic acids 

(Bolan et al., 1994). Most of the organic acids originating from plants can accumulate in 

considerable amounts in soil solution of organic surface horizons (0.1 to 100 µM), and can 

represent about 2% of the dissolved organic carbon in forested podzolic soils (Shen et al., 

1996). It seems that malic, citric and oxalic acids are the most important organic acids that are 

active in rhizosphere processes and these are also typically detectable in soil solution albeit at 

lower concentrations than monocarboxylic organic acids (Jones, 1998). 

These acids are naturally abundant in the root sap (about 2 mM) and have the potential 

to be secreted in large quantities from some plants (e. g. Lupinus albus) which solubilize 

nutrients such as P and Fe, making them more available to' plants (Gerke, 1994; Dinkelaker et 

al., 1995; Marschner and Römheld, 1996) or in some cases detoxify metals such as Al (e. g. 

malate release from Triticum aestivum; Kochian and Jones, 1997). 

1.3.7. The role of organic acids in solubilizing P and making it available to plants 

In most soils, inorganic phosphorus is present in relatively low concentrations in the soil 

solution whilst a large proportion is strongly held within or on the surface of a diverse range of 

soil minerals. Compared with the other major nutrients, phosphorus is by far the least mobile 

and available to plants in most soils (Hinsinger, 2001). Its availability is therefore a major 

factor regulating plant growth (Hinsinger, 2001). Phosphorus is second only to N, as an 

inorganic nutrient needed by plants and microorganisms. It is an essential part of cellular 

components such as RNA, DNA, ATP and phospholipids. Phosphorus is typically not an 

abundant component of the earth's crust, and long-term cultivation of soils without fertilization 

inevitably depletes the soil P reserves. Although the total amount of P in the soil may be high, it 

is mainly present in forms which are unavailable to plants. The accessibility of applied P by 

crop plants is often very low because more than 80% of added P becomes immobile and hence 

poorly available for plant uptake due to adsorption/precipitation reactions (Equation *6 and 7), or 

conversion to the organic forms (Equation 8; Schachtman et al., 1998). 
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HP042" + [Fe(OH)3],, -º[Fe(OH)3HPO4]� + 20H' (Equation 6) 

3Ca2+ + 2PO43=ºCa3(PO4)2 (Equation 7) 

In alkaline calcareous soils, P is also often precipitated as calcium phosphate, dicalcium 

or octacalcium phosphate hydroxyapatite and eventually very poorly soluble apatites (Lindsay, 

1979). Ca-phosphates have a decreasing solubility with increasing pH, except for pH values 

above 8. Direct evidence for the formation of a diverse array of Ca phosphates in the presence 

of calcite in both neutral and calcareous soils has been provided by several approaches 

including direct observation with electron microscopy (Freeman and Rowell, 1981). 

Acidification of the rhizosphere by extrusion of protons can potentially cause the dissolution of 

plant-unavailable P forms such as rock phosphate as well as Ca-P complexes in calcareous soils 

(Equation 8). Plants predominantly take up the P in the form of HZPO4 and HP042" which 

dominate at neutral pH (Marschner, 1995; Equation 9) 

Ca-P04 + 3H+-fCa2+ + H3PO4 

H3PO4 + H2PO4"-ºHP042- + P043" 

(Equation 8) 

(Equation 9) 

Phosphorus, unlike C, N, and S, does not undergo biological fluxes to and from the 

atmosphere, except in the most extreme conditions (Coyne, 1999). Most of the phosphorous in 

terrestrial environments is found in rocks and soils, and is permanently lost once it is carried 

into the oceans. Consequently, the largest reservoir of P can be found in ocean sediments. 

Phosphorus is present in the terrestrial environment in several forms and in several major pools that 

can be categorized as absorbed P (soluble), organic P, and mineral P (Coyne, 1999). 

The absorbed form of P is mainly in the form of orthophosphate or P043", although at 

the pH of most soils phosphorus is found as mono (H2PO4) and dibasic (HP042") P (Coyne, 

1999). Orthophosphate can precipitate with Cat+, Mgt+, and Fe 3+ at neutral and alkaline pH 

although the degree of precipitation depends upon the ionic strength, ionic composition and in 

particular presence of other anions in solution. The chemical composition of the main portion of 

the organic-P fraction in calcareous soils is unidentified (Coyne, 1999). However, the most 

commonly identified forms of organic P in soils are inositol phosphates and this is likely to also 
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form a major component in calcareous soils (15% to 30% of the total organic P). Phytate 

(inositol hexametaphosphate; InsP6), a purely plant-derived organic P compound and is one of 

the main P storage compounds in seeds (Coyne, 1999). As phytate it is relatively recalcitrant in 

soil in comparison to other organic-P compounds (e. g. phospholipids, ATP, glucose-6-P etc) it 

frequently accumulates (Coyne, 1999). The interactions between organic acids and inositol 

phosphates in soil are poorly understood. However, one study with unnaturally high 

concentrations of citric acid (50 mM, pH 2.3) indicated that the addition of organic acids to soil 

made phytate more bioavailable (Hayes et al., 2000). Other identifiable organic forms of 

phosphate in soil are nucleotides (2% to 5% of total) and phospholipids (1% to 2% of total) an 

again their interaction with organic acids remains unknown. 

Phosphate solubility can improve greatly in the presence of organic acids such as citrate, 

oxalate and malate which can increase soil solution phosphorus concentrations by a factor of 10 

to 1000, depending on the type of soil, its physicochemical characteristics as well as on the . 

concentrations of the organic acids in soil solution (Earl et al., 1979; Fox et al., 1990ab, Fox 

and Comerford, 1990; Gerke, 1994). It appears that the effectiveness of organic acids in 

extracting inorganic phosphorus from soils follows the general order: 

citrate > oxalate > malate > acetate 

and that the extent of phosphorus release from soils depends on the strength of the complex 

formation between the anions and either Al or Ca (Lan et al., 1995). The solubilization' of 

phosphorus by organic acids depends on several factors, including soil pH and its mineralogy 

(Bolan et al., 1994; Fox et al., 1990ab; Jones and Darrah 1994b; Lan et al., 1995). In calcareous 

soils, phosphorus can precipitate as Ca3(P04)2. 

There are at least two known mechanisms that contribute to the solubilization of mineral 

phosphorus. The first being ligand exchange whereby, for example, a citrate 3- ion directly 

replaces phosphorus on the ligand exchange surfaces, i. e., on the surface of Al(OH)3 or 

Fe(OH)3, crystals (Equation 5). The second mechanism involves the complexation of the metal 

ion in the solid phase that is the foundation of the exchange compound that binds phosphorus 
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(i. e. Ca2' in rock phosphate). 

10H2-citrate + Calo(P04)6F2-º1 OCa-citrate + 6H2P04 + 2F (Equation 10) 

However, in order to get a significant amount of phosphorus release into solution, relative to the 

background soil solution concentration, depends largely upon the relative concentration of 

organic acids in soil solution. For example, in comparison to bulk soil solution levels (1 to 100 

µM), very high concentrations of citrate, oxalate, malate, and tartrate (1 to 100 mM) are required 

to achieve significant P release (Jones and Darrah, 1994b; Jones and Darrah, 1995). 

In addition to solubilizing inorganic forms of phosphorus, organic acids also seem to be 

able to effectively increase the dissociation of phosphorus radicals in humic-metal complexes, 

making them more available to plants. This mechanism appears , to be different from the 'one 

involved in solubilizing inorganic phosphorus (Fox et al., 1990ab; Gerke, 1992,1993,1994; 

Lan et al., 1995). Gerke (1992) has shown that phosphorus solubilized by citrate can persist in 

soil solutions for a long time (over 10 weeks). However, it is not known to what extent this 

phosphorus remains available to plants. 

1.3.8. Microbial cycling of P 

Microbial cycling of P involves transforming P between inorganic and organic pools 

and between insoluble and soluble forms. Microorganisms have a major role in solubilization, 

immobilization, and mineralization of phosphorus. The amount of dissolved P in soil at any 

time varies between 0.1 and Ig per hectare (Troeh and Thompson, 1993). Since crops require 

10 to 30 kg of P per hectare, the ability of microorganisms to solubilize and mineralize the 

available P pools in soil is vital. Bacteria that actively solubilize P represent about 10% of the 

soil microbial population. They are primarily rhizosphere organisms such as bacillus, 

micrococcus, mycobacterium, pseudomonads, and some fungi. There are three basic 

mechanisms of solubilizing mineral P and making it more available, namely, complexation, 

iron reduction, and acidification. All three methods destabilize the minerals in which P is found. 

Organic compounds such as oxalic acid, secreted by microorganisms, can complex Cat+, Mg2+ 

25 



and Fei+, thus destabilizing the phosphate mineral and making P soluble for plants as indicated 

above (Coyne, 1999). 

Ferrous iron (Fe 2) is more soluble than ferric iron (Fe3). Consequently, when Fe 3+ 

containing minerals are reduced under anaerobic/anoxic conditions in soil they slowly dissolve 

releasing P into solution (Equations 11 and 12). 

Fe3(PO4)2-º3Fe2++2PO43" (Equation 11) 

H2S + Fe (P04)2-ºFeS + 2HP042" (Equation 12) 

The concentration of available phosphorus is greater in air-dried soil compared to 

waterlogged soils, with one exception, namely in the case of Fe-P compounds (Coyne, 1999). 

None of the other P-containing compounds can undergo the reduction that Fe cans (Equation 

11). This suggests that the reason the P becomes more available in waterlogged soils is because 

the Fe becomes reduced and thus destabilizes the mineral (Patrick and Khalid, 1974). Acid 

production by microorganisms can also dissolve minerals, as described previously, for plants 

(Jones, 1998). Thus, organic acid (e. g. produced by Thiobacilli), and carbonic acid (H2CO3) all 

release P from mineral forms. For example, before soluble P fertilizers were readily available 

(e. g. triple super phosphate), an effective means of solubilizing P was by mixing together soil, 

manure, elemental sulphur and rock phosphate. 

1.3.9. The role of organic acids in solubilizing other nutrients 

Micronutrient deficiencies affect over 2 billion people worldwide (FAO, 2000). As a 

result of the vast amount of research work on micronutrients since the beginning of the century, 

and especially since 1945, the importance of trace elements in plant nutrition and consequently 

human health is now well accepted. In the field of agronomy, in particular, trace elements play 

a major role in soil fertility. Micronutrient deficiencies are commonly associated with 

calcareous soils where the precipitated forms render many trace materials unavailable for plant 

absorption (Malakouti and Tehrani, 2005; Malakouti, 2003). 
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1.3.10. Zn cycling in soil 

Zn is released as a divalent cation due to the decomposition of Zn containing primary 

minerals. Zn anionic compounds are also produced, depending on the pH of the medium 

(Lindsay, 1991; Norvell, 1991). An alkali medium will produce carbonate hydroxides. Highly 

reducing conditions will lead to ZnS precipitates forming with available sulphur. Zn may also 

precipitate in phosphate containing media. More than 0.1% of Zn can also commonly be found 

in phosphate fertilizers. The movement of Zn may be limited by the process of surface 

adsorption on colloidal surfaces. Zn compounds like Zn hydroxides have high adsorptive 

properties. Organic materials also serve as adsorbing surfaces for Zn. Lindsay (1991) and 

Norvell (1991) suggested the following reactions between Zn and soil: 

Soil-Zn + 2H+-º Soil-2H+ + Zn2+ (Equation 13) 

This equation shows that the solubility of Zn to adsorbed soil depends very strongly on 

soil pH. Complex formation between Zn and anions present in soil solution can affect the 

concentration of Zn in the solution phase. The soluble Zn complex, ZnSO4 is more stable than 

other Zn complexes and, therefore, it can account for the major part of the total Zn content of 

the solution phase (Saeed and Fox, 1977). 

Organic substances, in addition to exchange reactions, can react with metal cations such 

as Zn to form strong organometallic complexes, thus preventing surface adsorption or 

precipitation of such metal cations. Therefore, organic substances can affect the availability of 

the metal elements. The carboxyl (R-COOH) groups play an important role in the process of 

adsorption of metal cations. These carboxyl groups can dissociate and produce negative charges: 

R-COOH-ºR-COO' + H+ (Equation 14) 

Zn deficiency is more prevalent in plants that grow in calcareous soils. Barrow (1983) 

has reported that the addition of lime to soil will result in an increase in the adsorption of Zn by 

soil. There are three mechanisms involved in the increased soil adsorption of Zn due to lime 

addition. 
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Mechanism 1: An increase in soil pH; calcium carbonate can produce OH' or use up H+ ions as 

shown in the following reactions: 

CaCO3 + H2O -ºHC03 + Ca2+ + OH" (Equation 15) 

CaC03 + H+ -ºHC03 + Ca2+ (Equation 16) 

HCO3 -ºCO2 + OH- (Equation 17) 

Such reactions that produce OH" or use up H+ will result in increases in soil pH, which 

will in turn result in an increase in the extent of Zn adsorption by soil. 

Mechanism 2: Precipitation of Zn as the solid phase Zn carbonate: Various researchers have 

reported that Zn can precipitate as Zn carbonate in calcareous soils or in soils with high pH. 

Bar-Yosef (1980) reported that Zn carbonate will form at pH values of about 8. Kallbasi et at. 

(1978) have reported that the level of soil pH necessary for the formation of Zn carbonate was 

measured to range between 8.2 and 8.3 in the soil they investigated. Formation of Zn carbonate, 

according to the following reaction, is strongly affected by pH of the medium. 

ZnCO3 + 2H+-º Zn2+ + C02(g) + H2O (Equation 18) 

Mechanism 3: Adsorption of Zn by calcium carbonate: Papadopolous et al. (1989) have 

reported an exchange mechanism between Zn and Ca contained within calcite with the 

formation of Zn,, Cal. XC03 in soils. Such chemical species can be adsorbed by adsorbing 

surfaces or may later precipitate as ZnCO3 on the surface of the soil's solid phase (Bar-Yosef, 

1980). 

Zn is known to play numerous roles in the physiology and biochemistry of higher plants 

and is one of the essential elements for plants, animals and humans, since it activates more than 

100 enzymes, enhances iron absorption, prevents cholesterol precipitation and it plays an 

important role in our immune system (Malakouti, 2003). Zn is one of the cations whose 

deficiencies are fairly widespread throughout the world, especially in the regions with 

calcareous soils (Gibson, 1994; Malakouti, 2003). Many' millions of hectares of soils used for 
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cereal production are deficient in Zn or other plant micronutrients (Moussavi-Nike, 1997). Zn 

deficiency is a global nutritional problem in crop production (Hacisalihoglu et al., 2004). Thirty 

percent of the world soils are Zn deficient, including many agricultural lands in Turkey, India, 

Australia, and Iran (Cakmak et al., 1998; Rengel, 2001; Hacisalihoglu and Kochian, 2003; 

Malakouti, 2003). Several soil factors such as alkaline pH, high CaCO3 content, poor drainage 

conditions, high sesquioxide (Fe and Al oxides) content (especially in ferralitic soils) and the 

application of heavy doses of P fertilizers are known to induce Zn deficiency in crops and, 

therefore, resulting in poor yields (Malakouti, 2003). 

Zn is only found in oxidation state II as Zn2+. However, its availability decreases with 

increasing pH (Lindsay, 1991). This decrease in availability is a result of the formation of Zn 

hydroxides at pH levels above 7.7 (e. g. ZnOH+ and Zn (OH)2), and a 100-fold decrease in Zn 

concentration will result with each unit increase in pH (Lindsay, 1991). For example, the soil 

solution concentration of Zn2+ in a normal aerated soil at pH 5 is estimated to be about 1x 104 

M, while at pH 8 this value drops to Ix 10"10 M. 

Various soil factors (for example, soil chemical composition, microbial activity, and 

root activity) control the available supply of Zn to plant roots. Current evidence from both 

plants and microorganisms indicates that Zn can be taken up into cells as the Zn 2+ ion on 

divalent cation channels similar to those used to take up Ca2+ (Hacisalihoglu and Kochian, 

2003). However, in graminaceous species which release Fe-complexing agents in the form of 

phytosiderophores (e. g. non proteincaeous amino acids such as mugineic acid), it is also 

possible that phytosiderophore-complexed Zn 2+ may also be taken up. Wheat exudes 

phytosiderophores when grown under Zn deficiency (Zhang et al., 1989; Cakmak et al., 1994; 

Walter et al., 1994; Rengel et al., 1996; Rengel, 1999) or Fe deficiency conditions (Römheld 

and Marschner, 1990). Moreover, compared to sensitive wheat genotypes, those considered 

tolerant to Zn deficiency (Walter et al., 1994; Cakmak et al., 1994; 1996; Rengel et al., 1996) as 

well as those tolerant to Fe deficiency exude relatively large amounts of phytosiderophores into 

the rooting medium to increase mobilization of Zn and Fe from sparingly soluble sources. Other 
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complexing agents may also be involved in plant Zn2+ uptake, however, the relative 

contribution of these individual mechanisms remains unknown (Marschner, 1995). The 

solubilization and mobilization of Zn in the rhizosphere can also be greatly enhanced by root 

exudates and microbial by-products. 

The pH level of many agricultural soils is high, resulting in low availability of Zn and 

Fe (Welch et al., 1991). Wheat grown in such soils often suffers from either Zn or Fe deficiency 

or both. Plants have evolved various strategies to modify Zn and Fe deficiencies. The soil 

environment surrounding their roots increases the amount of Zn available for absorption 

(Barber, 1995; Moussavi-Nik, 1997). Wheat genotypes differ in their tolerance to low soil Zn 

(Cakmak et al., 1996; Graham et al., 1996), and Fe (Marschner, 1995). Additionally, plant 

species differ extensively in their ability to take up, translocate, accumulate and use mineral 

elements (Graham et al., 1996). These differences in nutrient acquisition ability have been 

clearly demonstrated when different plants or cultivar varieties are grown in the same soil. 

1.3.11. Mn cycling in soil 

Manganese is used with plants for oxidation-reduction processes and photosynthesis 

(Marschner, 1995). It is also used to activate several enzymes which are important nitrogen 

metabolism and synthesis. While manganese toxicity can occur in highly acid soils it is 

frequently poorly available in calcareous soils (Lindsay, 1979; Marschner, 1995). Generally, 

the availability of Mn increases as soil pH decreases. At lower pH the manganous Mn2+ form 

dominates which is relatively plant available while at higher pH the manganic forms (Mn3,4-7+) 

dominate alongside hydroxide and oxide complexes/minerals which are less plant available. 

Organic acids are also involved in solubilizing Mn in the rhizosphere (Godom and Reisenauer, 

1980). The effect of Mn deficiency on releasing organic acids from roots is not yet well 

characterized but it is clear that organic acids like malate and citrate can release Mn from Mn02 

either by oxidation or complexation reactions (Jauregui and Reisenaues, 1982). Solubilization 

of Mn depends to a large extent on the pH so that at high pH levels, at which, Fe, Al and other 
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ions are solubilized by organic acids, very small amounts of this element are released (Jones 

and Darrah, 1994b; Mench and Martin, 1991). Release of iron, like Mn, depends to a large 

extent on the pH so that increasing pH levels will slow down the rates of Fe release (Jones and 

Darrah, 1996). 

1.3.12. Contribution of rhizosphere interactions to the availability of nutrients 

The rhizosphere is the zone of soil influenced by the root. The spatial extent of the 

rhizosphere may vary with soil type, plant species, age, and many other factors (Curl and 

Trueglove, 1986), but it is usually considered to extend from the root surface out into the soil 

for a few millimeters. Availability of nutrients in the rhizosphere, which is defined as the soil 

around the root that is influenced by root, is controlled by the combined effects of soil 

properties, plant characteristics, and the interactions of plant roots with microorganisms and the 

surrounding soil (Bowen and Rovira, 1991). The rhizosphere is characterized by a high 

concentration of easily degradable substrates in root exudates (Lynch and Whipps, 1990), 

which leads to proliferation of microorganisms (Fig. 12; Foster, 1986; Curl and Trueglove, 1986). 

Plant species 

Root exudates: Nutrient mobilization Carbohydrates, ", Nutritional Organic acids, 
Sorption to soil 

status Amino acids, 
Substrate for mo t.. 

Secondary metabolites 

Environment 
Composition of the microbial community 

in the rhizosphere 

Fig. 12. Schematic diagram showing the role of exudates in rhizosphere processes 

(mo=microorganism). Adapted from Marschher and Rengel (2003). 

The rhizosphere is divided into two parts, namely, the ectorhizosphere and 

endorhizosphere. The ectorhizosphere consists of the soil regions, while the endorhizosphere 

includes the epidermis and cortical cells of the roots that are involved with microorganisms 

(Lynch and Whipps, 1990). More intense microbial activity and larger microbial 'populations 
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occur in this zone than in the bulk soil, in response to the release by roots of large amounts of 

organic compounds. Microbial populations in the rhizosphere can be 10-100 times larger than 

the populations in bulk soil (Sposito and Reginato, 1992). Therefore, the rhizosphere is bathed 

in root exudates and microbial metabolites. The amount of microorganisms in the rhizosphere is 

larger because of the root exudates and the materials that are sloughed off the root surfaces. 

These materials serve as a source of energy for the growth of microorganisms (Barber, 1995). 

Microbial populations just centimeters apart in soil can be dramatically different due to 

the presence of plant roots (Barber, 1995). Microbial populations are affected by plants just as 

plants are affected by microorganisms. Microorganisms cover 5% to 10% of the root surface 

and most terrestrial plants are also infected by symbiotic mycorrhizal fungi (Barber, 1995; 

Marschner and Rengel, 2003). Despite the importance of rhizosphere processes in influencing 

nutrient availability, until recently, such processes had not received major consideration in 

modern agriculture, where the practice has been to provide nitrogen (N), phosphorus (P), and 

potassium (K) in luxurious quantities as synthetic fertilizers. 

1.4. Biodegradation 

Biodegradation can be defined as the biologically catalyzed reduction of complex 

chemicals. In the case of organic compounds, biodegradation frequently, although not 

necessarily, leads to the conversion of much of the C, N, P, S, and other elements in the original 

compound to inorganic products. Such a conversion of an organic substrate to inorganic 

products is known as mineralization (e. g. glucose in Equation 19). 

C6H1206+ 602 - 6CO2 + 6H20 (Equation 19) 

Ultimate biodegradation is a term sometimes used as a synonym for mineralization. 

Thus in the mineralization of organic C, N, P, S, or other elements, CO2 or inorganic forms of 

N (normally as NH4+), P (normally as P043-), S (normally as S04 2-) or other elements are 

released by the organisms and enter the surrounding environment. Microorganisms carry out 

biodegradation in many different types of environments. Because microorganisms are 
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frequently the major and occasionally the sole means for degradation of particular compounds, 

the absence of a microorganism from a particular environment, or its inability to function, 

frequently means that the compound disappears very slowly. If the microorganisms are the sole 

agents of destruction, the chemical will not be destroyed at all. If any of the conditions 

mentioned are not met, the chemical similarly will persist for a long time. 

During the mineralization of an organic molecule, not all of the C or other elements are 

necessarily converted to inorganic forms, as some may be incorporated into the cells of the 

active population, and some may appear as products that are typical of the conversions of 

naturally occurring organic materials (Alexander, 1973). Several conditions must be satisfied 

for biodegradation to take place in an environment. These include: 

1. An organism with the necessary enzymes to bring about the biodegradation must be present. 

The mere existence of an organism with the appropriate catabolic potential is necessary but not 

sufficient for biodegradation to occur. 

2. That organism must be present in the environment containing the chemical. Although, some 

microorganisms are present in essentially every environment near the earth's surface, particular 

environments may not contain an organism with the necessary enzymes. 

3. The chemical must be accessible to the organism having the requisite enzymes. Many 

chemicals persist even in environments containing the biodegradation species simply because 

the organism does not have access to the compound that it would otherwise metabolize. 

Inaccessibility may result from the substrate being in a different environment from the 

organism, in a solvent not miscible with water, or sorbed to solid surfaces. 

4. If the initial enzyme bringing about the degradation is extracellular, the bonds acted upon by 

that enzyme must be exposed for the catalyst to function. This is not always the case because of 

the sorption of many organic molecules. 

5. Should the enzymes catalyzing the initial degradation be intracellular, that molecule must 

penetrate the surface of the cell to the internal sites where the enzyme acts. 

6. Because the population or biomass of bacteria or fungi, acting on many synthetic 
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compounds, is initially small, conditions in the environment must be conducive to the 

proliferation of the potentially active microorganism (Alexander, 1973). 

7. Both the rate of microbial growth and the nutrient mobilization efficiency of root exudates in 

the rhizosphere are dependent on the residence time of these compounds in the soil (Ainsworth et 

al., 1994; Scheidegger and Sparks, 1996). Further research is, therefore, needed to assess the rate 

of degradation of these compounds over a wide range of soil conditions. 

Some substances appear to be non-biodegradable under all circumstances, for example, 

in the case of various synthetic polymers. Many compounds that are potentially subject to 

microbial attack are not necessarily destroyed by microorganisms. It is thus essential to 

distinguish between a molecule that is biodegradable and one that under particular 

circumstances is not biodegraded. The former term indicates a susceptibility to destruction, the 

latter describes what actually occurs in a particular set of conditions. Several conditions can be 

suggested that inhibit the biodegradation of a molecule: 

1. The concentration of toxic substances may be so high at the site that microbial proliferation 

and metabolism are precluded. 

2. One or more nutrients needed for microbial growth are at level too low to allow appreciable 

growth. 

3. The substrate itself may be at a concentration too low to allow the replication of the 

organisms containing the catabolic enzymes. 

4. The substrate may not be in a form that is readily available for the microorganisms. 

1.5. Sorption reaction 

Due to the negative charge of the organic acid carboxylic groups, the organic acids can 

get sorbed to the surfaces of the soil's solid phase at rapid rates. Surface sorption seems to 

depend to a large extent on the soil type (like in the case of phosphate sorption) but the trend of 

organic acid*sorption seems to follow the general sequence: 

phosphate > oxalate > citrate > malate > sulphate > acetate 
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(Earl et al., 1979; Jones and Darrah, 1994b; Jones et al., 1996c; Jones and Brassington, 1998). 

Surface sorption of the organic acids depends to a large extent on soil pH so that with 

decreasing pH levels in the soil solution sorption capacity increases (Karltum, 1998; Jones and 

Brassington, 1998). Even though the sorption reactions of the organic acids seem to be rapid 

and instantaneous, their sorption processes are not well understood. It also appears that the 

degree to which surface sorption takes place depends on the nature of the exchange sites (Jones 

and Brassington, 1998). 

The active surfaces involved in sorption includes clay minerals, the organic fraction (or 

humic substances) of soils, other complex carbonaceous matter or sometimes amorphous Fe or 

Al oxides or hydroxides (Luster and Manthey, 1994). The solid surfaces often act by 

adsorption, which refers to the retention of solutes originally present in solution by the surface 

of a solid material. Absorption may also be prominent in certain circumstances, this term 

referring to the retention of the solute within the mass of the solid rather than on its surfaces. 

The term sorption is used to include both adsorption and absorption processes. The zone in 

which sorption occurs represents a microenvironment immediately adjacent to the solid 

material. This microenvironment is so different from the surrounding solution and is so 

important that much attention has been given to its understanding. Certain organic molecules 

are sorbed more to the clay minerals, and others are bound largely or entirely to the organic 

matter (Luster and Manthey, 1994) Not only are many of the organic substrates sorbed, but also 

are the microorganisms involved in the biodegradation process. 

A number of factors influence the sorption of organic compounds to the solid phase. 

This includes the type and concentration of solutes in the surrounding solution, the type and 

quantity of clay minerals, the amount of organic matter in the soil or sediment, pH and 

temperature (Huang and Germida, 2002). The type of cation that is saturating the clay (e. g., 

whether the clay is saturated with Fe or Ca) and the exchange capacity and specific surface area 

of clays also are of importance (Huang and Germida, 2002). 

Many of the major processes of concern to understanding the mechanism of sorption 
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occur at the surfaces of the clay minerals and humic materials and these may have large area 

per unit of mass; for example, 'a gram of clay may have a surface area of 20 to 80 m2. The 

capacity of clays to affect biodegradation differs according to clay type. This may be related in 

many instances to the cation exchange capacity of clay type because the effect is related to the 

cationic properties of the substrate (or, for large molecules as substrates, the cationic properties 

of an extracellular enzyme). Montmorillonite, for example, frequently sorbs potential microbial 

substrates because of its high cation exchange capacity and expanding. lattice structure (Huang 

and Germida, 2002). 

1.5.1. Diminished availability of sorbed substrates 

Sorption of the organic substrates of microorganisms has an impact on their growth and 

activity (Huang and Germida, 2002). The effect varies with the specific compound, the 

mechanism that compound is bound, the strength of retention if organic cations are the 

substrates, and the capacity of the microorganisms at the site to use the sorbed compound. The 

last factor is not well understood, but it is clear that some species are able to use sorbed 

compounds whereas others can metabolize the same molecules only when they are in an 

aqueous solution. In some instances, a biodegradable compound that is sorbed becomes 

completely resistant to microbial attack (Huang and Germida, 2002). 

1.5.2. Utilization of sorbed compounds 

Although sorption often reduces the rate and extent of biodegradation, it does not 

necessarily prevent it. Many sorbed molecules can be used by microorganisms as a source of C, 

N, and probably other elements, and the compounds are thereby transformed, frequently slowly, 

but sometimes at reasonable rates. Biodegradation is evident even when the entire chemical is 

sorbed. Such mineralization occurs with compounds sorbed by clays as well as those retained 

by hydrophobic mechanisms. For example, certain amino acids or peptides that are bound to 

clays and are not spontaneously desorbed may serve as sources of C, N, or both for individual 
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species of bacteria (Dashman and Stotzky, 1986). 

Several reasons have been proposed to explain the diminished rate of biodegradation 

because of the surface sorption phenomena. The diminished transformation often results from 

the fact that the substrate becomes less available or wholly unavailable in the sorbed state 

because biodegradation requires the compound to enter the cell to be acted on by intracellular 

enzymes. The chemical bond to a solid surface is not easily transported across the outer surface 

of the cell to be catalyzed within the confines of the cell (Park et at., 2003). 

1.5.3. Effect of sorption of organic substrates on their biodegradation 

Sorption to. soil particles decreases the rates of biodegradation of a variety of 

compounds, including biogenetic molecules and larger polymeric chemicals. Small organic 

molecules are frequently degraded inside the cells after transportation into the cells. In some 

cases, they may be degraded outside of the cell by extracellular enzymes. The rate of 

biodegradation of small organic molecules was found to slow down in the presence of particles 

such as clay minerals (Jones and Edwards, 1998), aluminium hydroxides (Jones and Edwards 

1998), hydroxyapatite, or soil (e. g. Guerin, 1999). For example, the mineralization of citrate by 

soil bacteria was reduced in presence of clay minerals and iron hydroxides, depending on the 

extent of adsorption of citrate to these minerals. For several substrates, the kinetics of 

biodegradation can be best described by assuming that the adsorbed substrate was unavailable 

to microorganisms and that its utilization depends on its rate of desorption from the surface. 

However, unambiguous demonstration that adsorbed compounds are not utilized is difficult, 

because very slow rates of desorption can occur, which are difficult to measure. Furthermore, 

the presence of bacteria may facilitate desorption, e. g., by the production of surfactants. The 

availability of an adsorbed substrate to a microorganism can depend on the relative affinity of 

the substrate for the solid surface and the transport capacity of the cell. For example, a strain of 

Pseudomonas pudita utilized naphthalene : sorbed on soil or smectite, whereas a strain of 

Alkaligenes sp. could not utilize it (Guerin, 1999). In contrast to substrates of small molecular 
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mass, the adsorption of macromolecules is often quasi-non-reversible (Jones and Edwards, 

1998; Guerin, 1999). 

1.6. The role of organic acids in mineral dissolution 

Organic acids have the capacity to complex metals in solution. The degree of 

complexation, however,. depends on the particular organic acid involved, (number and 

proximity of carboxyl groups), the concentration and type of metal and the pH of the soil 

solution (Jones, 1998). Organic acids with only one carboxyl group (e. g. lactate, format and 

acetate) have very little metal complexing ability (Jones, 1998). Citrate and oxalate have a high 

affinity for trivalent metals such as Fe 3+ and it is this metal which is mobilized (and 

immobilized) most rapidly by organic acids in most soils (Jones and Kochian, 1996; Pohlman 

and McColl, 1986). The di- and tri-carboxylic organic acids can act as strong complexing 

agents with the capacity of dissolving soil minerals and of modulating the molecular size of 

organic compounds (Ritchie, 1994; Jones and Kochian, 1996). Typically, it seems that organic 

acids can increase the dissolution of soil minerals in comparison to rain water by 2- to 4-fold 

depending on the type of mineral pH, Al content as well as the type of organic acid (Pohlman 

and McColl, 1986; Lundström and Ohman, 1990; Jones and Kochian, 1996). When organic 

acids are leached down the soil profile they have the potential to enhance metal migration and 

cause significant redistribution of metal ions such as iron (Lundström, 1993,1994). It has been 

clearly shown that soil microorganisms reduce the effectiveness of the metal dissolution by 

mineralizing the organic complexing ligands as they pass down the profile (Lundström, 1993, 

1994; Lundström et al., 1995). 

1.7. The effect of soil microbial communities on organic acids 

Many researchers believe that organic acids are primarily released from the apical 

region of plant roots, a region in which the intrinsic microbial activity is low. Current evidence, 

however, indicates that microorganisms colonize the root apex at a very fast rate (Mawdsley 

38 



and Burns 1994; Wiehe et al., 1994; Browers et al., 1996). Research on the reactions of root 

exudates show that organic acids such as citrate and malate added to bulk soil at concentrations 

found in the rhizosphere will decompose at half-life rates of 2 to 3 hours depending on the soil 

type and characteristics (Jones and Darrah, 1994b; Jones et al., 1996a). 

The rate of decomposition in the organic layers of surface soils is much faster than those 

in the deeper layers where organic materials are less concentrated. Similarly, the decomposition 

of organic acids in rhizosphere is 2 to 3 times as fast as it is in the bulk soil (Jones, 

unpublished). Current evidence also suggest that organic acid metal complexes may also be 

beneficial to microorganisms as a source of nutrients (e. g. Fe-citrate) in addition to the potential 

benefits of using free organic acids for energy production (Bergsma and Koning, 1983). It also 

appears that the biodegradation of organic acids as opposed to that of compounds without 

electrical charges (like glucose) depends to a large extent on their form of adsorption to soil 

particles and to Al and Fe hydroxides which provide the greatest protective mechanism for such 

organic molecules (Boudot et al., 1989; Boudot, 1992; Jones et al., 1996a, c; Jones and 

Edwards, 1998). When citrate is adsorbed to iron and aluminium hydroxides, very little 

biodegradation takes place (Boudot, 1992; Jones and Edwards, 1998). 

It is expected that the release of organic acids into the rhizosphere not only causes the 

proliferation of bacteria therein, but also, like chemoattractants makes the motile 

microorganisms, such as the flagellates and the fungi mycelia move towards the roots. Reports 

indicate that concentrations of organic acids as low as 10 µM such as those found in the 

rhizosphere would be enough to elicit a chemotactic response by microorganisms (Barbour et 

al., 1991; Shen et al., 1996). While the soil microorganisms consume root exudates, they are 

also responsible for the production of a wide spectrum of organic acids, especially under 

nutrient deficiency conditions (Rozycki and Strzelczyk, 1986). The concentration in soil 

solution is therefore somewhat dependent upon the rates of release and consumption by the soil 

microbial community. 

The release of large amounts of oxalate by fungi and the presence of Ca-oxalate crystals 
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on the surface of fungi mycelia which live on wood and soil particles is well documented 

(Dutton and Evans, 1996; Micales, 1997). Organic acids are active in various ways in the soil 

rhizosphere. Most of these activities are assumed to be beneficial for plant growth, however, 

further work is clearly needed in this area to determine their relative importance. Considering 

the scope of scientific research, it would be necessary, first of all, to understand the 

physiological and molecular mechanisms by which organic acids are released from the roots 

and secondly to investigate the reactions of those compounds (such as adsorption, complexation 

and mineralization) with soil materials. 
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The aims of this thesis 

Organic acids are active in various ways within the rhizosphere. Recent studies, particularly' 

from Northern Europe, have indicated that in- calcareous soils, root exudates such as low molecular 

weight organic acids may potentially act as effective agents for extracting a considerable portion of 

the nutrient required by crops (Ström, 1997; Jones, 1998). The primary aim of this thesis is 

therefore to understand how organic acids react and behave in these calcareous soils and to 

investigate the potential role of organic acids in alleviating nutrient deficiency in crop plants. The 

second aim of the thesis is to evaluate the potential for amending cereal crops with organic acids to 

enhance nutrient uptake. The literature review has shown that citric and oxalic acids are the organic 

acids likely to be most active in rhizosphere processes. Consequently, this thesis focuses on these 

compounds. Their reactions and activities will be studied using radioactive, isotopically-labelled 

compounds containing 14C and 33P and through experiments in the laboratory and plant growth 

rooms which are described in subsequent chapters. 

Chapter 2: The aim is to investigate the mechanistic basis of organic acid sorption in pure CaCO3 

and three contrasting calcareous soils along side the factors that regulate their bioavailability. The 

hypotheses tested are: (I) that a surface interaction of organic acids with solid CaCO3 occurs; (fI) 

that the degree of sorption is soil-type specific; (11I) that the sorption to the solid phase is organic 

acid specific; (IV) that the amount of organic acid sorption is dependent upon the cation balancing 

the organic acid anion. 

Chapter 3: This chapter examines the sorption and desorption reactions of citrate and oxalate in 

three contrasting calcareous soils to evaluate the reversibility of organic acid sorption reactions 

with two desorption solutions. The hypotheses tested are: (1) that the amount of organic acid 
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desorption from the soil's solid phase is dependent upon the composition of the desorption 

solution; (H) that the amount of desorption is organic acid type specific. 

Chapter 4: The aim is to investigate the efficacy of different organic acid anions for removing and 

solubilizing nutrients from three calcareous soils. The hypotheses are: '(I) that the mobilization of 

metals from the solid phase is dependent upon the type of organic acid; (U) dependent upon the 

ionic form of the organic acid (i. e. balancing cation); (UI) dependent upon the type of soil; (IV) 

dependent upon the reaction time; (V) dependent upon the concentration of the organic acid. 

Chapter 5: This chapter describes the effect of various organic acid concentrations (0 to 10 mM) 

on mineral nutrient concentration and uptake by wheat plants. It tests the hypothesis that both 

organic acid type and application method significantly affect the concentration and uptake of 

mineral nutrients by wheat plants. 

Chapter 6: In this chapter, 33P is used to determine the importance of organic acid type and 

concentration on rhizosphere P mobilization and subsequent uptake by wheat roots (Triticum 

aestivum) and its translocation to shoots. It tests the hypotheses: (I) that organic acids (i. e. citrate or 

oxalate) have the potential to improve the phosphorous nutrition of wheat plants in a calcareous 

soil, (II) that the effect of organic acids. on rhizosphere P mobilization and uptake is organic acid 

type and concentration dependent. 

Chapter 7: This chapter contains a final discussion and discusses the results of the thesis in the 

context of previous studies. It also presents ideas for future studies. 
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Chapter 2 



Sorption and biodegradation reactions of organic acids in three calcareous soils 

Z. Khademia, b, M. J. Malakoutib, D. L. Jones'* 

"School ofAgricultural and Forest Sciences, University of Wales, Bangor, Gwynedd LL57 2UW, UK 

bDepartment ofAgriculture, Soil and Water Research Institute, Tarbiat Modarres University, Tehran, Iran. 

Abstract 

The presence of CaCO3 in calcareous soils reduces the availability of mineral nutrients to plants 
and therefore represents a major constraint to agricultural production in many soils worldwide. Organic 
acids represent a major component of root exudates and have been hypothesized to be important in 
mobilizing P, Zn, Fe, Mn, and Cu in the rhizosphere. The reactions of organic acids with soil (e. g. 
adsorption, desorption, precipitation and solubilization) are important in determining their fate in the 
rhizosphere. In this study, the sorption and biodegradation of citrate and oxalate was investigated in 
three calcareous soils from Iran. The results showed that the sorption reactions of oxalate and citrate in 
soil were rapid and that the degree of sorption was organic acid specific and to a lesser extent soil type 
dependent. In addition, the amount of organic acid sorption was strongly dependent upon the cation 
balancing the organic acid anion. Oxalate was sorbed more than citrate in soil and on pure CaCO3. The 
biodegradation of oxalate was fast in soil, although citrate tended to be mineralized faster. 

Keywords: Calcium carbonate; Citric acid; Mineralisation; Oxalic acid; Root exudates; Rhizosphere. 

1. Introduction 

Nutrient availability in calcareous soils represents a major constraint to agricultural 

production in many areas of the world (Marschner, 1995). Calcareous soils cover more than 

30% of the earth's land surface and represent the dominant soil type in many countries which 

rely on continued sustainable agricultural production. However, in many of these regions, there 

is an increasing need to supplement the soil crop with micronutrients in addition to NPK 

fertilizer to maintain crop yields (Rashid and Ryan, 2004). There is, therefore, a need to 

develop new plant-based strategies which permit greater micronutrient use efficiency in 

calcareous soils. This has been achieved by conventional breeding programs (Welch et al., 

2005). However, the mechanisms responsible for this increased nutrient use efficiency 

frequently remain unknown (Ström, 1997). It has been speculated that the exudation of low 

molecular weight organic acids (LMWOAs) from plant roots into the soil may be one 

mechanism for enhancing micronutrient availability to plants (Jones, 1998; Ryan et al., 2001). 

In calcareous soils the amount of freely available Ca and Mg typically exceeds the 
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cation exchange capacity of the soil, giving rise to a base saturation of 100%. Further, due to 

their relatively high solubility, reactivity and alkaline character, carbonates buffer the pH of 

most calcareous soils within the range of 7.5 to 8.5. The presence of CaCO3 therefore directly 

or indirectly affects the chemistry and plant availability of many nutrients including N, P, Mg, 

K, Mn, Zn, Cu and Fe (Marschner, 1995; Obreza et al., 1993). Nutrient management in 

calcareous soils differs from those of non-calcareous soils because of the effect of soil pH on 

soil nutrient availability and chemical reactions that affect the loss or fixation of almost all 

nutrients. For example, both native and applied P is frequently tied up in highly insoluble Ca 

and Mg phosphates, rendering the P only sparingly available for plant uptake (Asfary et al., 

2004). Fe, Zn, Mn, and Cu deficiencies are also common in soils that have high CaCO3 due to 

reduced solubility at alkaline pH values (Barber, 1995). 

Carboxylic acid anions such as citrate and oxalate are frequently released by roots in 

high concentrations under nutrient deficiency and have been implicated in the enhanced 

mobilization of P, Fe, Mn and Zn in the rhizosphere (Ryan et al., 2001; Hu-et al., 2005). This 

enhanced availability has led to speculation that this also enhances root uptake, although this 

link has not. been proven in the field. The increased mobilization of these nutrients by organic 

acids stems either from ä decrease in soil pH, the complexation of Fe, Mn and Zn by organic 

acid anions which enhances mineral dissolution and enhances their relative diffusion rate, the 

lowering of free Ca2+ concentrations (by complexation or precipitation) and ligand exchange 

which releases nutrients into solution (e. g. P; Ryan et al., 2001). The importance of these 

individual mechanisms, however, remains unknown partly because the reactions between 

organic acids and soil remain poorly characterized. 

Alongside other components of root exudates, organic acids represent a labile source of 

C for microorganisms present in the rhizosphere. By utilizing organic acids for respiration, 

growth and cell maintenance, the rhizosphere microbial community may consequently decrease 

the amount available for nutrient mobilization (Jones, 1998). The half-life of organic acids in 

non-calcareous soils typically ranges from 2 to 3h (Jones and Darrah, 1994b; Jones, 1998). 
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However, the factors that regulate their persistence in calcareous soils remains poorly 

understood. In acid soils it has been shown previously that citrate and oxalate may be strongly 

sorbed onto soil components, a process that reduces their bioavailability to soil microorganisms 

(Jones and Edwards, 1998). The effect of sorption on organic acid bioavailability in calcareous 

soils remains poorly understood partly because the nature of the sorption process in soil remains 

poorly understood. Previous studies have shown that organic acids such as oxalate and citrate 

become readily sorbed to pure Fe and Al oxide and hydroxide mineral surfaces forming mono- 

and bi-dentate ligand complexes (e. g. goethite, hematite, gibbsite; Kummert, 1980; Mesuere, 

1992). Their reactions with CaCO3 are less well known although organic acids have been 

shown to induce CaCO3 nucleation suggesting that a significant interaction does occur (Westin 

and Rasmuson, 2005). Further, indirect evidence presented by Wada et al. (2001), while 

studying CaCO3 formation by mixing CaC12 and NaHCO3, has suggested that organic acids are 

sorbed to the surface of CaCO3. The surface interaction of organic acids with CaCO3 therefore 

warrants further attention in calcareous soils (Westin and Rasmuson, 2005; Wada et al., 2001). 

The aim of this study was to investigate the mechanistic basis of organic acid sorption in 

pure CaCO3 and three contrasting calcareous soil alongside the factors that regulate their 

bioavailability. The results are then discussed in the context of sustainable agricultural 

production and rhizosphere ecology. 

2. Materials and methods 

2.1 Soil sampling 

Three, soils with contrasting CaCO3 contents were collected from different regions of 

Iran and used in the study. Soil 1 (low CaCO3 content) was a fine-loamy textured mixed, 

thermic, Typic Torrifluvent, located in Karaj (51 °02'00"E, 35°39'00"N). The site has a mean 

annual rainfall of 250 mm, mean annual air temperature of 16.5°C, slope of 0-2%, elevation of 

1150 m and is dominated by Alhagi camelorum Fisch. (Camelthorn) and Chicorium intybus L. 

(Chicory) vegetation. Soil 2 (medium CaCO3 content) was a fine textured mixed, thermic, 
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Typic Haplocambid, located in Robatkarim (51°12'20"E, 35°34'30"N). The site has a mean 

annual rainfall of 250 mm, mean annual temperature of 16.5°C, slope of 0-3%, elevation of 

1085 m and is dominated by Cynara cardunculus L. (Cardoon) and Centaurea cyanus L. 

(Cornflower) vegetation. Soil 3 (high CaCO3 content) was a fine-loamy textured, carbonatic 

thermic, Typic Haplocalcid, located in Nezamabad (51°17'00"E and 35°32'10"N). The site has 

a mean annual rainfall of 250 mm, mean annual temperature of 16.5°C, slope of 0-3%, 

elevation of 1035 m and is dominated by Malva parviflora L. (Cheeseweed) and Lolium 

perenne L. (Perennial ryegrass) vegetation. The soils were collected from the Ahk horizon (0-30 

cm) using a spade, sieved to pass 5 mm mesh and kept field moist at 10°C until required. The 

chemical and physical properties of the three soils are shown in Table 1. 

2.2. Analytical methods 

Soil pH was measured in saturated soil paste. The soil paste was prepared by saturating 

air-dried soil with deionized water, mixing it to a paste of uniform consistency; allowing it to 

stand with a cover over night and then determining the pH using a Model 691 pH meter 

(Metrohm Ltd, Herisau, Switzerland) and electrical conductivity (EC) in soil saturation extracts 

using a Model ohm-644 EC meter (Metrohm Ltd). The CaCO3 equivalent was determined by 

neutralizing the soil with HCl and back titration with NaOH (Black et al., 1965) while soil 

organic carbon (OC) was determined by loss on ignition at 550°C (Black et al., 1965). Soil 

texture was determined according to Chapman and Pratt (1961). Available P-content was 

determined with 0.5 M NaHC03 according to Olsen and Sommers (1990) with colorimetric 

determination of P according to Black et al. (1965). Available K was extracted with ammonium 

acetate and determined on a flame-photometer (Chapman and Pratt, 1961). The availability of 

Zn, Fe, Mn and Cu was determined by extraction with DTPA and analysis of the extract 

solution with a PE-AAS atomic absorption spectrophotometer (Perkin Elmer Corp., Norwalk, 

CT; Lindsay and Norvell, 1978). 

57 



Table 1. Summary of the chemical and physical properties of the three soils used in the 

experiments. The three soils differ in their CaCO3 content (i. e. low, medium and high). `ava' 

indicates plant available. 

Parameter 
Soil 1: Low 

Calcareous soil 
Soil 2: Medium Soil 3: High 

Water holding capacity (g kg") 330 460 360 
EC (dS ml) 1.0 1.2 2.9 

pH 7.88 7.81 7.58 
CaCO3 (g'kg") 89 151 212 
Organic C (g kg'') 7.0 17.9 3.2 
Clay (g kg'') 190 400 160 
Silt (g kg'') 360 430 570 
Sand (g kg'') 450 170 270 
P(ava. ) (mg kg') 5.0 74.0 3.8 
K(ava. ) (mg kg 1) 280 720 308 
Fe(ava. ) (mg kg'') 3.9 6.0 2.4 
Mn(ava. ) (mg kg") 6.9 10.1 3.1 
Zn(ava. ) (mg kg') 0.62 3.64 0.54 
CU(ava. ) (mg kg") 1.36 1.80 0.84 
Texture Loam Clay loam Clay loam 

2.3. Organic acid sorption 

The sorption reactions of the organic acid anions were evaluated using citrate and 

oxalate and the three calcareous soils described above. As plants have the potential to release 

organic acids from their roots either in the acid form (e. g. H3citrate and H2oxalate) or non-acid 

form (e. g. K3citrate and K2oxalate), we evaluated the sorption properties of both. Hereafter, 

they will be referred to as H-citrate and H-oxalate for the acid forms and K-citrate and K- 

oxalate for the non-acid forms. Briefly, 10 ml of either 14C-labelled H-citrate, K-citrate, H- 

oxalate or K-oxalate (0.1,0.25,1.. 0,2.5 and 5 mM; 0.02 kBq ml"') were shaken with 2g of soil 

for 1h on a flat bed shaker (200 rev min-'). The samples were then centrifuged (16,000 g; 5 

min) and the supernatant recovered. The amount of 14C remaining in the supernatant solution 

was determined by liquid scintillation counting (Wallac 1409 Liquid Scintillation Counter and 

Optiphase 3 scintillation fluid; EG &G Ltdi Milton Keynes, OK). 

The Freundlich equation was fitted to the experimental sorption data using a least 
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square optimization routine in MS Excel 12.0 (Microsoft Corp., Redmond, WA) where 

Cads = Kf X Cso11/n (Eqn. 1) 

and where Cads describes the amount of organic acid sorption to the solid phase (mmol kg-1), 

Cso, is the equilibrium soil solution concentration (mM), Kf is the adsorption coefficient and I In 

is the sorption constant (Gray et al., 1998). The Langmuir equation was also fitted to the 

experimental data where 

Lads = (K1 X Smax X Csol)/(1 + K, X Csoi) (Eqn. 2) 

where KI is the Langmuir constant and Smax is the maximum sorption capacity. 

A similar sorption experiment to that described above was undertaken except that the 

amount of sorption was determined with a single organic acid concentration (0.5 mM) and after 

shaking for either 0.25,0.75,1.5 or 3 h. 

2.4. Sorption of organic acids over time on three calcareous soils 

To soils, 12 g of each of the three calcareous soils were weighed out. 2.5 ml of four 

organic acid (K-oxalate, H-oxalate, K-citrate, H-citrate) with 0.5 mM concentration added to 

the soils and shaked for 15 minutes, 45 minutes, 1.5 hour and 3.0 hour. I ml of solutions were 

taken to measure blanks. Amount of isotope used in experiments was 148 kBq, amount of 

liquid waste, solid waste and organic solvent waste were ca. 0 kBq, ca. 118 kBq and ca. 30 kBq 

respectively to look at the effect of time on the sorption of the 4 organic cids to the three soils. 

2.5. Sorption of organic acids to CaCO3 

To investigate organic acid anion sorption to CaCO3, various concentrations of 14C- 

labelled H-citrate, K-citrate, H-oxalate or K-oxalate (0.25,0.5,1.0,2.5,5.0 mM; 2.5. ml; 0.07 

kBq ml") were added to 0.5 g of pure CaCO3 (>99.5% purity; <63 µm particle size; VWR Ltd, 

Poole, Dorset, UK). Following addition, the samples were shaken for 15 min (200 rev min'), 

centrifuged (14,000 g; 5 min) and the 14C remaining. in the supernatant determined by liquid 

scintillation counting. The pH of the final solution was also measured. 
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2.6. Solution phase reactions of organic acids on three calcareous soils 

To determine the potential for organic acids to precipitate with ions in soil solution, we 

extracted the soil's liquid phase by shaking 15 g of soil with 15 ml of distilled water for 1 h. 

The liquid phase was then recovered by centrifugation (8000 g, 15 min). A solution containing 

either 14C-labelled K-oxalate, H-oxalate, K-citrate or H-citrate (100 µl) was then added to 900 

pl of the soil's liquid phase and the solutions shaken. The initial organic acid concentration was 

either 0.01 or 1 mM. After 30 min, the solutions were centrifuged (18,000 g; 5 min) to remove 

any precipitate from the solution phase and the supernatant recovered for analysis and 14C 

determination as described above. Experiments with oxalate and CaC12 solutions indicated that 

centrifugation at this speed was sufficient to remove '>95% of precipitate from the solution 

phase. Solution phase speciation reactions between the organic acid anions and Ca2+ were 

modeled with the computer chemical equilibria program Geochem-PC (Parker et al., 1995). The 

model assumed a constant solution ionic strength of 0.01 M, a KCl concentration of 1 mM and 

a pH of 8.0 unless otherwise stated. Solids were allowed to precipitate in the model simulations. K+ 

was used as the balancing cation for the organic acids while Cl- was used for Cat+. 

2.7. Organic acid mineralization 

To determine the rate of organic acid mineralization in each of the three soils, -500 µ1 of 

a 14 C-labelled H-citrate or H-oxalate solution was added to 5g of field-moist soil contained in a 

60 ml polypropylene tube (Jones et al., 1996a). Following organic acid addition, a1M NaOH 

trap was added to the tubes to capture evolved 14C02, the tubes sealed and incubated at 20°C. 

The rate of organic acid mineralization was determined after 1,3,6,12 and 24 h by removal of 

the 1M NaOH trap. To recover 14CO2 trapped in the soil as Ca(H14CO3)2i 1 ml of IM HCl was 

slowly added to the soil and the 14C02 evolved captured in a1M NaOH trap over a3h period 

as described in Ström et al. (2001). The 14C in the NaOH traps was measured by liquid 

scintillation counting as described previously. 
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A single Michaelis-Menten kinetic equation was fitted to the experimental 

mineralization data using a computerized least squares optimization procedure (Sigmaplot 8.0; 

SPSS Inc., Chicago, IL) where 

V= Vmax x [C/(Km + C] (Eqn. 3) 

where V is mineralization rate (mmol kg'' soil If 1), Vmax is the maximum mineralization rate 

(mmol kg"' soil h''), Km is the affinity constant (mM) and C is substrate concentration (mM). 

The concentration-dependent production of "CO2 of citric and oxalic acid, was fitted by the 

single rectangular 2 parameter hyperbolic function. 

2.8. Statistical analysis 

Unless otherwise stated all treatments were carried out in triplicate. Statistical analysis 

(Duncan test and ANOVA followed by the Bonferroni method for significance level 

adjustments due to multiple comparisons) was performed with the computer programs 

SigmaPlot 8.0, Excel 12.0 and SAS (SPSS Inc., Chicago, IL). Results of Duncan test for 

organic acids and salts sorption on three calcareous soils are shown in Appendix (Table 1). 

3. Results 

3.1. Organic acid sorption 

The concentration dependent sorption of citrate and oxalate on to the three calcareous 

soils is shown in Figures 1 to 3. As expected, the degree of sorption to the solid phase depended 

on both the individual organic anion and to a lesser extent soil type. Within the typical range of 

soil solution oxalate concentrations (1 to 5 mM) very high amounts of sorption were observed 

in all three soils. In contrast, citrate was only weakly sorbed to the solid phase. The organic acid 

sorption capacity and equilibrium solution concentration of the three soils are presented in 

Appendix (Table 2). Overall, soil type had little observable effect on the sorption of oxalic acid 

and citric acid to the solid phase with similar sorption isotherms seen in, all three calcareous 
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soils. Generally, the strength and degree of organic acid binding to the solid phase of the three 

calcareous soils followed the order: H-oxalate > K-oxalate > H-citrate > K-citrate 

The Freundlich equation sorption parameters K and 1/n were estimated for all three soils 

(Table 2) and the results compared with those obtained by fitting a Langmuir sorption to the 

experimental results (data not presented). Overall, the experimentally derived sorption data for 

oxalate and citrate fitted well to the Freundlich equation in all three calcareous soils (rz = 0.91 ± 

0.03). In contrast the experimental sorption data gave poor fits to the Langmuir equation due to . 

the non-saturating nature of the sorption results (r2 = 0.48 ± 0.06). The sorption parameters 

showed significant variability among the organic acids and the three soils. The Freundlich 

sorption coefficient (K), which is a measure of sorption strength, decreased in the following 

order: H-oxalate > K-oxalate > H-citrate > K-citrate 

This indicates that sorption capacity is positively related to sorption strength. 

Table 2. Parameter estimates for the Freundlich equation, which describe the sorption of 
organic acids on to the three calcareous soils (high, medium and low). 

Organic acid Soil 1/n Kf r2 

H-citrate High 0.79 0.29 0.960 

K-citrate High 0.93 0.11 0.844 

H-citrate Med 1.36 0.99 0.993 

K-citrate Med 2.92 6915 0.937 

H-citrate Low 0.97 3.01 0.991 

K-citrate Low 0.96 0.22 0.823 

H-oxalate High 2.71 
. 

16625 0.939 

K-oxalate High 2.75 4287 0.945 

H-oxalate Med 3.42 114618 0.658 

K-oxalate Med 6.59 2.4 x 107 0.962 

H-oxalate Low 4.13 7.7 x 107 0.862 

K-oxalate Low 2.65 1680 0.948 
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Fig. 1. Sorption isotherms of H-citrate, H-oxalate, K-citrate and K-oxalate in the 

low calcareous soil. Values represent means ± SEM (n = 3). 
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Fig. 2. Sorption isotherms of H-citrate, H-oxalate, K-citrate and K-oxalate in the 

medium calcareous soil. Values represent means ± SEM (n = 3). 
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Fig. 3. Sorption isotherms of H-citrate, H-oxalate, K-citrate and K-oxalate in the high 

calcareous soil. Values represent means ± SEM (n = 3). 

3.2. Sorption of organic acids over time on three calcareous soils 

The results presented in Figure 4 show that the organic acids are relatively rapidly 

sorbed to the soil's solid phase. Generally, maximum sorption occurred after 30 min for both 

oxalate and citrate. While the amount of oxalate sorbed to the solid phase didn't change much 

after the initial 30 min shaking period, the amount of citrate sorbed to the solid phase tended to 

decrease after 30 min indicating a significant amount of desorption had occurred. As reported in 

the previous experiment, the amount of organic acid sorption was always significantly greater 

for oxalate than citrate. While the behaviour of K-oxalate and H-oxalate were similar, the 

behaviour of H-citrate and K-citrate changed over the 3h shaking period. In general, however, 

the sorption of H-citrate was always greater than that of K-citrate. 
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Fig. 4. The effect of equilibration time on the sorption of four organic acids (H- 

oxalate, K-oxalate, H-citrate and K-citrate) to three calcareous soils. Values represent 

means ± SEM (n = 3). 

3.3. Sorption of organic acids to pure CaCO3 

The results of this experiment showed that when the organic acids were added to pure 

CaCO3 in the 11-form the pH of the solution decreased in a dose-dependent manner (Fig. 5). At 

an added H-organic acid concentration of 5 mM the H+ concentration increased 200-fold from 
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0.25 nM to 50 nM. Although both H-oxalate and H-citrate followed a similar pattern, the 

addition of citrate caused a greater acidification of the external medium at organic acid 

concentrations >1 mM. In the case of the organic acids added in the K-form the opposite effect 

was observed with the equilibrium pH increasing with increasing organic acid concentration. At 

an added K-organic acid concentration of 5 mM the H+ concentration declined 4-fold from 0.25 

nM to 0.06 nM. Again, the pH shift was greater with K-citrate than K-oxalate at all 

concentrations apart from 5 mM. 
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Fig. 5. The change in solution pH when different concentrations of the four organic acids 

were added to pure CaCO3. Values represent means ±SEM (n = 3). 

The sorption isotherms of the organic acids with pure CaCO3 are shown in Figure 6. In 

the case of citrate, the amount of sorption to the solid phase was low in comparison to the soils 

studied previously. Further, in the case of K-citrate the amount of sorption decreased as the 

concentration increased and therefore the sorption could not be described well by either a 

Langmuir of Freundlich isotherm equation. As observed in the soils, the H-citrate was sorbed 

more strongly than K-citrate. In contrast, oxalate was sorbed much more strongly to the surface 

of the CaCO3. At an added concentration of 5 mM, H-oxalate was sorbed 40-fold more than H- 
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citrate. Similarly, K-oxalate was sorbed approximately 100-fold more than K-citrate. As 

observed in the soils, the amount of H-oxalate sorption was always significantly greater than 

the amount of K-oxalate sorption. 
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Fig. 6. Reactions of organic acids and CaCO3. Panel A shows the citrate sorption 
isotherm on CaC03 and panel B shows the oxalate sorption isotherm on CaCO3. Values 

represent means ± SEM (n = 3). Note: the y-axis scales are different. 

3.4. Solution phase reactions of organic acids on three calcareous soils 

The amount of precipitation observed after mixing the organic acids with the solution 

phase of the three calcareous soils is shown in Table 3. On average, the amount of organic acid 

precipitation in the experiments was very small and never exceeded 10% of the total organic 

acid added. Overall, there was no significant effect of soil type on the amount of organic acid 

precipitation. The type and form of organic acid also had little effect on the amount of 

precipitation. Overall more precipitation was observed at an organic acid concentration of 100 

µM in comparison to 1 µM. 

Using the chemical equilibria computer program Geochem-PC the interaction of the two 

organic acids with Ca 2+ was determined for two prescribed solution oxalate and citrate 

concentrations (1 and 100 µM). As the concentration of Ca 2+ increased in solution more of the 
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organic acids formed complexes with Ca2+ and the concentration of the free acids progressively 

decreased (Fig. 7). No precipitation of citrate was predicted to occur even at a solution Ca2+ 

concentration of 10 mM. Changing the solution pH (from 6.0 to 8.5) also had no effect on the 

amount of precipitation (data not presented). In contrast, at low oxalate concentrations no 

precipitation was predicted to occur while at a 100 pM oxalate concentration a significant 

amount of precipitation was predicted to occur when solution Ca2+ concentrations exceeded 100 

µM. This precipitation still only accounted for <25% of the total oxalate in solution, however, 

even when solution Ca2+ concentrations were 100-fold in excess of oxalate. 
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Fig. 7. Solution phase reactions of organic acids in three calcareous soils predicted with the 

chemical equilibrium speciation program Geochem-PC. Simulations were run for two organic 

acid concentrations in the presence of increasing solution Ca2+ concentrations. 
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Table 3. Amount of precipitation occurring as a result of the mixing of two concentrations (1 and 

100 µM) of four organic acids (H-citrate, H-oxalate, K-citrate, K-oxalate) with the solution phase of 

three calcareous soils. Values represent means f SEM. 

Organic Low Medium High Mean + 
acid 1 µM 100 µM 1 µM 100 µM I µM 100 µM 

SEM 

H-citrate 2.3 t 0.5 9.1 ± 2.1 3.3 ± 2.8 3.5 ±4.2 1.6 f 3.3 7.5 ± 0.9 4.6 ± 1.2 

K-citrate 3.5±0.1 1.7±0.8 2.5±2.3 1.4±1.7 2.6±2.6 0.912.9 2.1±0.4 

H-oxalate 1.5 f 2.5 0.3 f 1.1 0.4 ± 0.7 2.5 f 1.8 1.2 ± 1.3 0.6: k 0.7 1.1 ± 0.3 

K-oxalate . 0.6 ± 2.0 5.7 ± 2.2 2.0: t 1.1 5.7 t 3.4 3.0 ± 0.5 2.8 ± 2.1 3.3 ± 0.8 

Mean±SEM 2.0±0.6 4.2±2.0 2.1±0.6 3.3±0.9 2.1±0.4 3.0±1.6 

3.5. Organic acid mineralization 

The use of citrate and oxalate by the soil microorganisms appeared to be substrate 

concentration and time dependent. A single Michaelis-Menten equation was fitted to the 

experimental data to estimate the K, and Vmax parameters. The parameter values are 

summarized in Table 5. For all the organic acid concentrations employed, the rate of 

mineralization and the Km' and Vmax parameters followed the series citrate > oxalate (Fig. 10, 

Table 5). The rates of organic acid mineralization are shown in Table 4. The rates of oxalate 

biodegradation were low at all the concentrations tested in this study (Fig. 9; Table 4). This is in 

agreement with previous findings on the mineralization of organic acids reported by Ström et al. 

(2001). The rate of citrate mineralization was significantly greater than that of oxalate 

(P < 0.05; Fig. 8; Table 4). Generally, the rate of mineralization was initially very rapid and 

then the rate of mineralization decreased with increasing incubation time. The leveling off of 

14CO2 production was presumably due to the exhaustion of available substrates in the solution 

phase. After 24 h, 39% (100 µM), 54% (250 µM), 63% (500 µM), 64% (1000 µM) and 68% 

(2000 µM) of added oxalate had been degraded while 63% (100 µM), 66% (250 µM), 66.5% 

(500 µM), 67% (1000 µM) and 70% (2000 µM) of the added citrate had been mineralized 

(Table 4). 
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Fig. 8. Time dependent production of 14C02 as a function of citric acid concentration (µM). The 

curves were fitted by a single rectangular 2 parameter hyperbolic function. Values represent 

means ± SEM (n = 3). 
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Fig. 9. Time dependent production of 14C02 as a function of oxalic acid concentration (µM). 
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The curves were fitted using a single rectangular 2 parameter hyperbolic function. Values 

represent means ± SEM (n = 3). 
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Fig. 10. Concentration dependent production of 14C02 of citric and oxalic acid, fitted by 

the hyperbolic function. Values represent means ± SEM (n = 3). 

Table 4. Concentration-dependent mineralization (%) of two organic acids (citrate and oxalate) 
in the low calcareous soil. Values are means (n = 3). 

Time 100 µM 250 µM 500 µM 1000 µM 2000 µM 

(h) H-cit H-oxa H-cit H-oxa H-cit H-oxa H-cit H-oxa H-cit H-oxa 

I 25.7a 18.7ab 29.4a 20.1ab 35. Oa 21.7b 43.4a 23.8b 44.9a 32.1b 

3 30.4a 24. Oab 39. Oa 25.5b 46.7a 25.7b 53.6a 29.3b 57. Oa 43.3b 

6 41.6a 25.6b 45.4a 35.9b 48.7a 43.4a 57. Oa 47.6b 57.8a 54.1a 

12 57.7a 31.8b 58.4a 40.3b 60.8a 49.1b 62.9a 55.2ab 63.3a 58.9a 

24 63.3a 38.7b 66. Oa 53.7ab 66.6a 63.1a 65.3a 64. Oa 69.7a 68.2a 

Values within rows followed by different letters were significantly different at P<0.05. 

0 
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Table 5. Estimation of the Michaelis-Menten kinetic parameters K. and Vmax to describe the 

mineralization of two organic acids in a low calcareous soil. Values represent means ± SEM. 

Organic acid 
Michaelis-Menten kinetic parameters 

Km (mmol kg') Vma, (mmol kg' If ) 7.2 
Citrate 10.20 1.64 0.988 

Oxalate 9.81 1.34 0.971 

4. Discussion 

The interaction between anions and surface of the solid mass is critical to understanding 

organic acid behaviour in soils. Soil particles, though predominantly negatively charged, may 

also carry some positive charge. Both oxides surface and the edges of clay minerals are likely to 

be positively charged under normal conditions. Positively charged sites are limited to clay 

mineral edges and to oxides and these usually possess only a limited surface area. Similarly to 

phosphate, at a fairly high concentration of the organic acids in solution the edges of the clay 

minerals may become also negatively charged (Bolt and Bruggenwert, 1978). As mentioned 

previously, because organic acids carry high negative charge they are rapidly and often strongly 

sorbed to soil solid phase. When the organic acids (H and K forms) are sorbed on to the soil's 

solid phase (Fe-and Al- oxides/hydroxides and CaCo3) H+ or K+ will be released into solution, 

and presumably balanced by a displaced anion (e. g. Cl", S042", P043", OH'). The release of H+ 

from the organic acids will lower solution pH while a release of K+ will be associated with a 

rise in soil solution most likely due to the release of C03 from the CaCO3 and the formation of 

HC03". After 'the release of citrate from the root, the anions will equilibrate with solution 

possibly resulting in a net consumption of protons and thereby alkalinization of the rhizosphere 

(assuming the counterbalancing cation or anion during passage across the root plasma 

membrane is not H+) (Jones, 1998). 

As organic acids play a central role in root cellular metabolism and due to the inherent 

leakiness of the plasma membrane, organic acids always represent a major component of root 

exudates (Farrar and Jones, 2000). The behavior of organic acids in the rhizosphere is complex 
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(Jones, 1998). Once exuded, low molecular weight organic acids (LMWOAs) can be sorbed to 

anion exchange sites, reducing their effective nutrient mobilizing capacity (Jones et al., 1996a; 

Jones and Edwards, 1998). They may also undergo complexation reactions with a range of 

target cations (e. g. Cat+, which enhances Ca-P mineral dissolution) or non-target metals (e. g. 

Al, which does not mobilize much P; Cline et al., 1987; Jones and Darrah, 1994b). Among the 

different proposed roles of root exudates in plant ecology, a great deal of interest has been 

generated about their capacity to improve the plant availability of some macro and 

micronutrients inside the critical depletion zone (Marschner et al., 1987). 

The efficiency of these nutrient mobilization mechanisms under field conditions remains 

unknown, but it must relate to the amount of organic acids reaching the desired target site (e. g. 

Ca-P mineral). This largely depends on their sorption/precipitation reactions and the degree of 

microbial consumption. Sorption and microbial consumption lower the effective rhizosphere 

concentration (Ström et al., 2001). The results presented here clearly show that the sorption and 

biodegradation of organic acids are important in removing organic acids from the solution 

phase. In addition, our results suggest that these reactions are dependent on the properties of the 

individual carboxylic acid and those of the soil. The slopes of the organic acid sorption 

isotherms suggested that the magnitude and strength of sorption was greatest for H-oxalate and 

K-oxalate while K-citrate and H-citrate were only weakly sorbed to the soil and in much lower 

quantities. This suggests that the two organic acids may have different sorption sites in the soil. 

To categorically prove this more studies are required where experiments are undertaken to 

determine the degree of mutual competition of oxalate and citrate for sorption sites. 

The-results presented here indicate that maximum sorption occurred after 30 minutes for 

both citrate and oxalate that is supported by previous studies (Jones, 1998; Ström, 1997). The 

effect of equilibrium time on the sorption of organic acids as presented in figure 4 indicates that 

the amount of oxalate sorbed to solid phase did not change much after 30 minutes but that the 

amount of citrate -decreased after 30 minutes. As pointed out before, this indicates that citrate 

desorption has occurred. This is in agreement with the concentration-dependent sorption of 
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citrate and oxalate on calcareous soils in Figures 1-3 that shows that citrate was only weakly 

sorbed to the solid phase. 

The reaction of organic acids with soil is important in determining their fate in the 

rhizosphere. Organic acid concentrations in soils may be governed by both the rate of 

adsorption and desorption reactions as well as precipitation and solubilization reactions. Our 

results suggest that sorption and desorption reactions rather than precipitation are one of the 

principal components which control the availability of organic acids in soil. Individual organic 

acids interact differently with the soil's solid phase. To a large extent this is dependent upon the 

number and spacing of the carboxylic groups within the organic acid (van Hees et al., 2002; 

Ström et al., 2001; Jones and Brassington, 1998). Organic acids with a single charge such as 

acetate and lactate are only weakly sorbed onto the soil's solid phase while dicarboxylic acids 

such as oxalate and malate get adsorbed on the surface of soil particles more strongly. The 

greatest degree of adsorption is for tricarboxylic acids such as citrate, which are thought to 

behave similarly to phosphate in soil (Jones et al., 2003). Whether P and citrate possess the 

same sorption sites in calcareous soils remains unknown. From previous studies, the trend of 

organic acid sorption seems to follow the series phosphate > oxalate > citrate > malate > sulfate > 

acetate (Earl et al., 1979; Jones and Brassington, 1998). From this study and others it is clear 

that the sorption reactions of the organic acids are relatively rapid although the chemical nature 

of the solid phase binding processes are not well characterized (Jones and Brassington, 1998). 

More work is clearly required to ascertain organic acid binding reactions. While this study 

showed that sorption depends on the individual organic acid and soil type we also showed that 

the cation balancing the negative charge in the carboxyl groups is also extremely important in 

regulating their fate in soil. A limit to our understanding of the interaction of organic acids in 

the rhizosphere is that in most cases the chemical nature of the organic acid that is released into 

the rhizosphere is unknown (i. e. is it K-citrate, H-citrate, Na-citrate, Ca-citrate etc; Ryan et al., 

2001). However; in the case of nutrient deficiency an acidification of the rhizosphere typically 

occurs alongside the release of organic acids anions into the soil or surrounding solution 
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(Marschner, 1995). Although this may imply the release of organic acids in the H+ form, the 

plasma membrane H+-ATPase is also often upregulated under nutrient deficiency and this coupled 

response could be responsible for the observed external acidification (Ryan et al., 2001). 

In this study it was clear that both oxalate and citrate were sorbed onto the 

surface of pure CaCO3. While previous studies have indicated that organic acids can be sorbed 

to Fe(OH)3 and Al(OH)3 (Jones and Darrah, 1995) our study indicates that CaCO3 can also be 

added to the list of potential sorption surfaces in soil. However, the degree of sorption was not 

correlated with soil CaCO3 content suggesting that it may be a minor component of the sorption 

process or that the nature of the CaCO3 in the three soils was different (e. g. particle size, surface 

chemistry etc). In contrast to oxalate, citrate was poorly sorbed to CaCO3. The sorption 

isotherm results were similar to those observed for the three soils. The sorption of K-citrate was 

higher than H-citrate in medium calcareous soils. The reason for these changes in solid phase 

sorption are unclear. We do not have a good explanation for why citrate in the medium 

calcareous soil is different from the behaviour of K-citrate in the other two soils. 

Our results for CaCO3 also clearly indicate again that the counterbalancing cation is also 

important in determining the strength and amount of solid phase sorption. We hypothesize that 

the differences between the reactions of the H- and K-forms are due to the changes of soil 

solution pH. When the H-forms are added to solution they bind cations (e. g. Cat+) causing the 

release of 2H+ from the organic acid which consequently lowers solution pH. To some extent 

this release of H+ is buffered by CaCO3 and other minerals in the soil, however, we clearly 

showed that high levels of organic acid addition cause a large shift in soil pH. In contrast, the 

addition of K-forms of the organic acids tended to cause a rise in soil solution pH presumably 

due to the direct binding of H+ by the carboxyl groups (albeit minimal at the soil pH values used 

here) or more likely due to the release of C03 from the CaCO3 and the formation of HC03'. 

Changes in pH will change the solubility of minerals in soil affecting the complexation 

reactions of the organic acids in solution and therefore probably altering their affinity to the 

solid phase. These changes in solution pH with increasing organic acid concentration may also 
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help explain the non-classical isotherm shapes observed here. 

In contrast to speculation in previous studies, the results of the experiments with the 

solution phase of the three soils indicated that the organic acids did not readily precipitate with 

the solution phase very much (only a small amount of the organic acid was lost when the 

organic acids were mixed with the soil solution and then high speed centrifuged to remove 

precipitate). Therefore the sorption-precipitation reactions observed in our experiments with 

soil must be due to solid phase reactions involving either (a) the organic acids sorbing directly 

to the solid phase i. e actual sorption, or (b) the organic acids releasing very large amounts of Ca 

from the solid phase which induces precipitation, or (c) the reaction of exchangeable cations 

held on the mineral surfaces. Using the Geochem simulation model we predicted the amount of 

precipitation and complexation for two organic acid concentrations (1 and 100 µM) and Ca in 

solution. We showed that the precipitation only occurs when the Ca and oxalate concentrations 

were very high. 

This study also revealed that the biodegradation of oxalate was significantly different 

from that of citrate. The high sorption of oxalate to the soil resulted in the removal of this 

organic acid from the soil solution. We hypothesize that the sorption of oxalate in the 

calcareous soils significantly reduced its bioavailability. This is supported by Jones and 

Edwards (1998) in which citrate sorption to Fe(OH)3(5) significantly reduced its biodegradation 

potential. However, this sorption process must be reversible to some extent as a significant 

proportion of the oxalate was mineralized within a few hours (25-50% of the total added). More 

work is clearly needed to determine the rates of organic acid desorption from soil and the effect 

of this supply rate on biQavailability to the soil microbial community. After an initially rapid 

mineralization phase, the amount of organic acid mineralized gradually increased over time. 

This could reflect desorption of the organic acids from the solid phase or alternatively it could 

reflect the turnover of the oxalate-C immobilized in the microbial biomass. Again, clarity is 

required on this issue. 
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5. Conclusions 

This study has shown that the sorption reactions of oxalate and citrate in soil are rapid 

and that the degree of sorption is organic acid specific and to a lesser extent soil type specific. 

In addition, the amount of organic acid sorption was strongly dependent upon the cation 

balancing the organic acid anion. We speculate that these differences in sorption are due to pH 

changes caused by the balancing cation. We also demonstrated that CaCO3 is a binding site for 

oxalate and to a lesser extent citrate in soil. In general, oxalate was sorbed more strongly and to 

a greater extent than citrate in soil and on pure CaCO3. The biodegradation of oxalate and 

citrate was fast in soil although citrate tended to be mineralized faster, possibly due to greater 

availability in solution. 
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Appendix 

Table 1. Sorption comparison of four organic acids concentrations on three calcareous soils. 

Organic 

acid 

Concentration 

(mM) 
soil No. 

Sorption 

(mmol kg lsoil) Duncan Range Test 

0.1 High 1 0.06120 e ** 

0.25 High 2 0.06790 e ** 

H-citrate 
0.5 High 3 0.12910 d 

1.0 High 4 0.30220 C ** 

2.5 High 5 0.57940 b ** 

5.0 High 6 1.17960 a ** 

0.1 High 1 0.17536 f * 

0.25 High 2 1.06688 c * 

H- oxalate 
0.5 High 3 2.32615 d * 

1.0 High 4 4.80097 c 

2.5 High 5 12.23583 b * 

5.0 High 6 24.53219 a * 

0.1 High 1 0.05470 d ** 

0.25 High 2 0.02600 e ** 

K-citrate 
0.5 High 3 0.06380 c ** 

1.0 High 4 0.02670 e ** 

2.5 High 5 0.56380 a ** 

5.0 High 6 0.29880 b ** 

0.1 High 1 0.32115 f ** 

0.25 High 2 1.04332 e ** 

K-oxalate 
0.5 High 3 2.14552 d ** 

1.0 High 4 4.59137 c ** 

2.5 High 5 11.92092 b ** 

5.0 High 6 
" 23.31568 "a 

* 

0.1 Medium 1 0.04560 d * 

0.25 Medium 2 0.12190 c * 

H-citrate 
0.5 Medium 3 0.28290 b * 

1.0 Medium 4 0.72340 ab 

2.5 Medium 5 0.78650 a 

5.0 Medium 6 6.78430 a * 
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0.1 Medium 1 0.13400 f ** 

0.25 Medium 2 1.01581 e ** 

H-oxalate 
0.5 Medium 3 2.22781 d 

1.0 Medium 4 4.77365 c ** 

2.5 Medium 5 12.23080 b ** 

5.0 Medium 6 24.54538 a ** 

0.1 Medium 1 0.30930 f ** 

0.25 Medium 2 1.02247 e ** 

K-citrate 
0.5 Medium 3 2.21643 d ** 

1.0 Medium 4 4.61900 c ** 

2.5 Medium 5-, 11.88234 b ** 

5.0 Medium 6 23.16893 a ** 

0.1 Medium 1 0.11498 f .** 
0.25 Medium 2 0.72267 e 

K-oxalate 
0.5 Medium 3 1.92478 d ** 

1.0 Medium 4 4.28076 c ** 

2.5 Medium 5 11.76650 b ** 

5.0 Medium 6 22.55646 a ** 

0.1 Low 1 0.16350 e ** 

0.25 Low 2 0.50291 d ** 

H-citrate 
0.5 Low 3 1.05194 c ** 

1.0 Low 4 0.45592 d ** 

2.5 Low 5 4.95209 b ** 

5.0 Low 6 8.40228 a 

0.1 Low 1 0.14400 f ** 

0.25 Low 2 1.28000 e * 

H-oxalate 
0.5 Low 3 2.36400 d ** 

1.0 Low 4 4.92300 c ** 

2.5 Low 5 12.38883 b ** 

5.0 Low 6 24.74900 a ** 

K-citrate 0.1 Low 1 0.02280 c * 

0.25 Low 2 0.07340 c * 

0.5 Low 3 0.17390 c * 

1.0 Low : 4 0.06350 c * 
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2.5 Low 5 0.50960 b 

5.0 Low 6 1.64830 a 

0.1 Low 1 0.28734 f 

0.25 Low 2 0.98307 e 

K-oxalate 
0.5 Low 3 2.11080 d 

1.0 Low 4 4.38217 c 
2.5 Low 5 11.79125 b 

5.0 Low 6 21.30388 a 

Values within columns followed by different letters were significantly different at P<0.05 or P<0.01. 

*Indicates P<0.05 

**Indicates P<0.01 

ns = non significant 
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Table 2. Comparison of four organic acids sorption capacity of three calcareous soils. 

Soil 
Concentration 

M) (mm) 
Organic acid Sorption ESC " 

High 0.1 H-citrate 0.061197 **b 0.09207 **a 

Medium 0.1 H-citrate 0.045633 **c 0.08437 8**b 

Low 0.1 H-citrate 0.163500 **a 0.060730 **c 

High 0.1 H-oxalate 0.1631 **a 0.067490 n. s 

Medium 0.1 H-oxalate 0.13420 **b 0.0773200 n. s 

Low 0.1 H-oxalate 0.14421 **b 0.071160 n. s 

High 0.1 K-citrate 0.05467 **b 0.095093 *a 

Medium 
-0.1 

K-citrate 0.30930 **a 0.038140 *b 

Low 0.1 K-citrate 0.02283 **c 0.095613 *a 

High 0.1 K-oxalate 0.3211508 **a 0.0357700 **c 

Medium 0.1 K-oxalate 0.287340 **b 0.0770033 **a 

Low 0.1 K-oxalate 0.114983 **c 0.042530 **b 

High 0.25 H-citrate 0.06791 **c 0.235417 **a 

Medium 0.25 H-citrate 0.12194 **b 0.227167 **b 

Low 0.25 H-citrate 0.50291 **a 0.149417 **c 

High 0.25 H-oxalate 1.07493 **b 0.033447 **b 

Medium 0.25 H-oxalate 1.02419 **c 0.045147 **a 

Low 0.25 H-oxalate 1.12781 **a 0.025017 **c 

High 0.25 K-citrate 0.02597 **c 0.244820 **a 

Medium 0.25 K-citrate 1.02247 **a 0.045507 **c 

Low 0.25 K-citrate 0.07341 **b 0.235313 **b 

High 0.25 K-oxalate 1.04332* *a 0.041336* *c 

Medium 0.25 K-oxalate 0.72267* *c 0.105467* *a 

Low 0.25 K-oxalate 0.98307* *b 0.053387* *b 

High 0.5 H-citrate 0.12909* *c 0.474181 **a 

Medium 0.5 H-citrate 0.28291* *b 0.447218* *b 

Low 0.5 H-citrate 1.05194* *a 0.28961 **c 

High 0.5 H-oxalate 2.31029* *b 0.036947* *b 

Medium 0.5 H-oxalate 2.21267* *c 0.063250* *a 

Low 0.5 H-oxalate 2.36754* *a 0.02594*. * c 

High 0.5 K-citrate 0.06377* *c 0.48733* *a 

Medium 0.5 '' K-citrate 2.21643* *a 0.056714* *c 

Low 0.5 K-citrate 0.17390* *b 0.46522* *b 
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High 0.5 K-oxalate 2.14552* *a 0.070895* *c 
Medium 0.5 K-oxalate 1.92478* *c 0.115043* *a 
Low 0.5 K-oxalate 2.11080* *b 0.07784* *b 

High I H-citrate 0.30222 **c 0.939580 **a 
Medium 1 H-citrate 0.72337 **a 0.855327 **c 
Low 1 H-citrate 0.445592 **b 0.908817 **b 
High 1 H-oxalate 4.80093 **b 0.043790* *b 
Medium 1 H-oxalate 4.767620 **c 0.046477 **a 
Low 1 H-oxalate 4.9232433 * *a 0.015350 **c 
High 1 K-citrate 0.02671 **c 0.994660 **a 
Medium 1 K-citrate 4.61900 **a 0.076550 **b 
Low I K-citrate 0.06353 **b 0.987293 **a 
High 1 K-oxalate 4.59137 **a 0.081730 **c 
Medium 1 K-oxalate 4.38217 **b 0.143857 **a 
Low 1 K-oxalate 4.28076 **c 0.123570 **b 

High 2.5 H-citrate 0.579407 **c 2.38412* *a 
Medium 2.5 H-citrate 0.786511 **b 2.3427* *b 
Low 2.5 H-citrate 4.95208* *a 1.50966 **c 
High 2.5 H-oxalate 12.38321 **a 0.065590 **a 
Medium 2.5 H-oxalate 12.22840 **b 0.054320 **b 
Low 2.5 H-oxalate 12.41458 **a 0.023360 **c 
High 2.5 K-citrate 0.56383 **b 2.38723 **a 
Medium 2.5 K-citrate 11.8823 **a 0.12353 **b 

Low 2.5 K-citrate 0.509611 **b 2.398077 **a 
High 2.5 K-oxalate 11.92092 **a 0.115723 **b 
Medium 2.5 K-oxalate 11.766518* *b 0.14665 **a 
Low 2.5 K-oxalate 11.79125 **b 0.14175 **a 

High 5 H-citrate 1.1796 **c 4.7641 **a 
Medium 5 H-citrate 6.7874 **b 3.6431 **b 
Low 5 H-citrate 8.4023 **a 3.3196 **b 
High 5 H-oxalate 24.54511 **b 0.098340 **a 
Medium 5 H-oxalate 24.54538 **b 0.090923 **a 

Low 5 H-oxalate 24.74873 **a 0.050253 **b 

High 5 K-citrate 0.2988* *c 4.94024 **a 
Medium 5 K-citrate 23.1689 **a 0.36621 **c 
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Low 5 K-citrate 1.6483 **b 4.67034 **b 

High 5 K-oxalate 23.31568 **a 0.336863 **c 

Medium 5 K-oxalate 22.55646 b 0.488630 8**b 

Low 5 K-oxalate 21.30359 **c 0.739283 **a 

Values within columns followed by different letters were significantly different at P<0.05 or P<0.01. 

*Indicates P<0.05 

**Indicates P<0.01 

ns = non significant 

x Equilibrium Solution Concentration 
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Abstract 
Organic acids are believed to play a key role in many rhizosphere processes such as nutrient 

mobilization. To accurately predict the fate of organic acids (citrate, oxalate) in soil requires a good 
understanding of the desorption processes. This study was designed to examine the sorption and 
desorption reactions of citrate and oxalate (0.1 or 1.0 mM) in three contrasting calcareous soils and to 
evaluate the reversibility of organic acids sorption reaction with two desorption solutions (distilled water 
or K2HPO4). Generally, the sorption of oxalate was much greater than that of citrate. The sorption of 
oxalate was greatest at an initial concentration of 1.0 mM in comparison to that at 0.1 mM. There were 
no significant differences in the amount of citrate sorption in any of the three calcareous soils at either of 
the two concentrations employed here The amount of organic acid desorbed from the solid phase of 
three soils was clearly dependent on the composition of the desorption solution. When distilled water 
was used as a sequential desorption medium, there was initially a large release of citrate back into solution 
(18% of total added) indicating that a large amount of citrate was irreversibly sorbed. When soils were treated 
with K2HPO4i the amount desorbed was significantly less. In comparison to citrate, more oxalate could be 
desorbed from the soils. The maximum amount of oxalate desorption was 36%. We conclude that a large 
proportion of organic acids become fixed in soils and that the sorption process is largely irreversible. This has 
significant consequences for modeling the behavior of organic acids in soils. 
Keywords: Calcium carbonate; Citric acid; Mineralisation; Oxalic acid; Phosphorus; Rhizosphere 

1. Introduction 

The charged nature of soil minerals and organic particles causes the removal of anions 

and molecules from soil solution, whilst releasing others back into the soil solution. The 

mechanisms of retention are a combination of adsorption, absorption, and precipitation, and 

solid-solution mixing (Scheidegger and Sparks, 1996; Bohn et al., 2001). As these reactions 

often occur simultaneously in soil, distinguishing between the importances of the individual 

mechanisms is often difficult (Jones, 1998). The interaction of anions with soil particles varies 

from slight repulsion through to weak and to very strong attraction and retention (Bohn et al., 

2001). Consequently, strongly retained ions (e. g. phosphate) are only present in the soil solution 

at very low concentrations while in contrast, weakly held ions (e. g. sulfate) quickly reach an 

equilibrium or steady-state concentration between the soil surface and soil solution. 
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Organic acid concentrations in some soils have been hypothesized to be largely 

controlled by adsorption-desorption and precipitation reactions (Jones, 1998). Sorption is one 

of the most important chemical processes which may affect the fate of organic acids in soils 

(Scheidegger and Sparks, 1996). Adsorption can be defined as the accumulation of a substance 

or material at an interface between the solid surface and the bathing solution (Scheidegger and 

Sparks, 1996). Adsorption, surface precipitation, co-precipitation, and diffusion into crystal 

structures would all be examples of sorption, a general term that should be used when the 

retention mechanism at a surface is unknown (Scheidegger and Sparks, 1996). The adsorption 

processes of organic acids in soils remain poorly understood particularly in calcareous soils 

(Jones et al., 2003). One study in a range of acid agricultural soils, however, has indicated that 

their interaction with the solid phase is extremely rapid (Jones and Brassington, 1998). 

Sorption of an organic molecule to the solid phase may exacerbate its persistence in soil 

even if the compounds are relatively labile to the soil microbial community (Boudot, 1988; 

Scheidegger and Sparks, 1996). This was demonstrated by Jones and Edwards (1998) who 

showed that the sorption of citrate to poorly crystalline Fe(OH)3 retarded its bioavailability in 

soil. The solid surfaces often capture the solutes by adsorption, where adsorption is defined as 

the retention of solutes originally present in solution by the surface of a solid material. 

Absorption may also occur in certain circumstances, with this term being defined as the 

retention of the solute within the mass of the solid rather than on the exposed surfaces. The term 

sorption is used to collectively describe both adsorption and absorption processes. Certain 

molecules are preferentially sorbed to the soil's clay mineral fraction (e. g., organic acids, P043'), 

whilst others become largely bound to components present within soil organic matter (e. g., 

pesticides, Cue+). 

As the amount of a metal cation and anion sorbed on a surface (surface coverage) 

increases, a surface precipitate consisting of chemical species derived from both the aqueous 

solution and dissolution of the mineral, referred to as a co-precipitate, will be formed 

(Scheidegger and Sparks, 1996). There is therefore a continuum between surface complexation 
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(adsorption) and surface precipitation processes operating at the mineral surface. Under low 

surface coverage conditions, surface complexation tends to dominate. As surface coverage 

increases, nucleation occurs and results in the formation of distinct entities or aggregates on the 

surface (Scheidegger and Sparks, 1996). 

The type and quantity of solid components present in a soil represents an important factor 

controlling the rate of various sorption reactions in soil. It also regulates the sorption capacity and 

strength of sorption processes. For example, ion exchange adsorption reactions are usually more 

rapid on kaolinite clays and oxides than on vermiculite and mica surfaces. This is attributed to the 

readily available sites for adsorption in kaolinite clays (Bohn et al., 2001). 

A major issue that is rarely discussed in the literature is the rate of desorption of organic 

acids from the solid phase. Studies on the fate of organic acids in soil have mainly focused on 

the removal of organic acids from the soil solution as this directly affects the efficiency of 

rhizosphere-based nutrient acquisition or metal detoxification reactions (Ryan et al., 2001; Jones 

et al., 2003). However, desorption is also an important process and its significance should not be 

neglected particularly as this process may be extremely important in regulating a range of 

pedogenic processes (e. g. mineral weathering, decalcification, podzolization; Scheidegger and 

Sparks, 1996). It is often noted, however, that the study of desorption processes are intrinsically 

more difficult to undertake than adsorption processes. This is because desorption is less simple to 

describe mathematically and that not all of the adsorbate is desorbed, i. e., the adsorption reaction 

often appears A6 be irreversible. Such apparent irreversibility is commonly referred to as hysteresis 

or non-singularity (Verburg and Baveye, 1994). 

Most soil chemical processes are time-dependent. To fully understand the dynamic 

interaction of metals, radionuclides, pesticides, industrial chemicals, sludges and manures, and 

fertilizers with soils and to predict their fate with time, the reaction kinetics should be considered 

(Scheidegger and Sparks, 1996; Sparks, 1995). 

The kinetics of metal and organic sorption reactions on soils and soil components are often 

characterized by an initial rapid phase, followed by a slow reaction phase (Zhang and Sparks, 1990; 
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Grossl et al., 1994; Frossard et al, 2001). The rapid phase has been ascribed to retention of the 

organic chemical in a labile form that is easily desorbed. The slow sorption reaction (occurring over 

times scales of days and longer) has been attributed to diffusion into micropores of inorganic minerals 

and humic components, sites of lower reactivity, and surface precipitation (Karickhoff et al, 1979; 

Ditoro and Horzempa, 1982; Karickhoff and Morris, 1985; Sparks, 1996ab). This latter phase is a 

largely non-reversible stage (Wu and Gschwend, 1986; Steinberg et al, 1987; Ball and Robert, 199 1). 

An important factor affecting the degree of sorption of metals and organic compounds on 

natural materials is the time period that the sorbate is in contact with the sorbent (residence time) 

(Ainsworth et al., 1994). A number of studies have shown that with increased residence time, the 

non-labile portion of the organic chemical in the soil/ sediment becomes more resistant to release 

(McCall and Agin, 1985; Steinberg et al., 1987; Pavlostathis and Mathavan, 1992; Pignatello et al., 

1993). Sorption behavior of organic acids on soils has been extensively reported but to our 

knowledge, no efforts have been made to evaluate the desorption behaviour of organic acids in 

calcareous soils. The main objective of this study was therefore to examine the sorption and 

desorption reactions of organic acids in three contrasting calcareous soils and to evaluate the 

reversibility of organic acids sorption reactions. 

2. Materials and methods 

2.1. Soil sampling 

Three soils with contrasting CaCO3 contents collected from different regions of Iran 

were used in the study. Soil 1 (low CaC03 content) was a fine-loamy textured mixed, thermic, 

Typic Torrifluvent, located in Karaj (51 °02'00"E and 35°39'00"N). The site has a mean annual 

rainfall of 250 mm, mean annual air temperature of 16.5°C, slope of 0-2%, elevation of 1150 m 

and is dominated by Alhagi camelorum Fisch. (Camelthorn) and Chicorium intybus L. 

(Chicory) vegetation. Soil 2 (medium CaCO3 content) was a fine textured mixed, thermic Typic 

Haplocambid, located in Robatkarim (51°12'20"E and 35° 34' 30"N). The site has a mean 

annual rainfall of 250 mm, mean annual temperature of 16.5°C, slope of 0-3%, elevation of 
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1085 m and is dominated by Cynara cardunculus L. (Cardoon) and Centaurea cyanus L. 

(Cornflower) vegetation. Soil 3 (high CaCO3 content) was a fine-loamy textured, carbonitic, 

thermic, Typic Haplocalcid, located in Nezamabad (51°17'00"E and 35°32'10"N). The site has 

a mean annual rainfall of 250 mm, mean annual temperature of 16.5°C, slope of 0-3%, 

elevation of 1035 m and is dominated by Malva parvj fora L. (Cheeseweed) and Lolium 

perenne L. (Perennial ryegrass) vegetation. The soils were collected from the Ahk horizon (0- 

30 cm) using a spade, sieved to pass 5 mm mesh and kept field moist at 10°C until required. 

Some of chemical and physical properties of these soils are provided in Table 1. 

Table 1. Summary of the chemical and physical properties of the three, soils used in the 

experiments. The three soils differ in their CaCO3 content (i. e. low, medium and high). `ava' 

indicates plant available. 

Parameter 
Calcareous soil 

Soil 1: Low Soil 2: Medium Soil 3: High 

Water holding capacity (g kg') 330 460 360 
EC (dS m"1) 1.00 1.22 2.90 

pH 7.88 7.81 7.58 

CaCO3 (g kg'') 89 151 212 

Organic C (g kg'') 7.0 17.9 3.2 

Clay (g kg-1) 190 400 160 

Silt (g kg"') 360 430 570 

Sand (g kg-1) 450 170 270 

P (ava. ) (mg kg's) 5.0 74.0 3.8 

K (ava. ) (mg kg'') 280 720 308 

Fe (ava. ) (mg kg'') 3.9 5.9 2.4 

Mn (ava. ) (mg kg"') 6.8 10.1 3.1 

Zn (ava. ) (mg kg'') 0.6 3.6 0.54 
Cu (ava. ) (mg kg"') 1.4 1.8 0.8 
Texture Loam Clay loam Clay loam 

2.2. Analytical methods 

Soil pH was measured using a Model 691 pH meter (Metrohm Ltd, Herisau, 

Switzerland) and electrical conductivity (EC) in soil saturation extracts using a Model ohm-644 
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EC meter (Metrohm Ltd). The CaCO3 equivalent was determined by neutralizing the soil with 

HCl and back titration with NaOH (Black et al., 1965) while soil organic carbon (OC) was 

determined by loss on ignition at 550°C (Black et al., 1965). Soil texture was determined 

according to Chapman and Pratt (1961). Available P-content was determined with 0.5 M 

NaHCO3 according to Olsen and Sommers (1990) with colorimetric determination of P 

according to Black et al. (1965). Available K was extracted with ammonium acetate and 

determined on a flame-photometer (Chapman and Pratt, 1961). The availability of Zn, Fe, Mn 

and Cu was determined by extraction with DTPA and analysis of the extract solution with a PE- 

AAS atomic absorption spectrophotometer (Perkin Elmer Corp., Norwalk, CT; Lindsay and 

Norvell, 1978). 

2.3 Sorption reactions 

The concentration-dependent sorption of citric acid and oxalic acid were tested in the 3 

calcareous soils described above using two initial organic acid concentrations (0.1 and 1.0 

mM). These were chosen to reflect the concentrations typically found'in soil (Ryan et al., 2001). 

The soils were fumigated with CHC13 for 24 h before use to minimize microbial activity. 

Briefly, 25 ml of either a uniformly labeled 14C-oxalate (H+-form) solution (370 MBq mmol'') 

or 25 ml of a 14C-citrate (1850 MBq mmol'') solution were added to 5g of soil contained in a 

50 ml polypropylene tube. The tubes were then shaken for 1h on a flat bed shaker (200 rev 

min''), centrifuged at 4000 g for 15 min and' the supernatants recovered for analysis. The 

amount of 14C remaining in the supernatant solutions was determined by liquid scintillation 

counting (Wallac 1409 Liquid Scintillation Counter and Optiphase 3 scintillation fluid; EG &G 

Ltd, Milton Keynes, UK). All experiments were carried out in triplicate. 

The solid-to-solution partition coefficient (B, buffer power; Barber, 1995) was 

calculated from the experimental sorption data where 

B= Ct, /Cs01 (Eqn. 1) 
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and where Coot describes the total amount of organic acid in the soil (mmol kg'') and Csoi is the 

equilibrium soil solution concentration (mM). Ctot is derived as follows: 

Cot = (Cads X y) + (Csol X 0) (Eqn. 2) 

where Cads describes the amount of organic acid sorption to the solid phase (mmol kg"'), y is the 

soil bulk density (1.24 g cm 3) and O is the soil's volumetric water content (0.3 cm3 cm ). 

2.4. Desorption reactions 

In order to evaluate the reversibility of organic acid sorption, their desorption 

characteristics were determined in four cycles. Two desorption solutions were used for this 

experiment. Briefly, 25 ml of either distilled water or 100 mM K2HP04 were added to the solid 

residues remaining in the centrifuge tubes after removal of the supernatant (in the sorption 

experiments described above in section 2.3). The tubes were shaken for 1h on a flat bed shaker 

(200 rev min'), centrifuged at 4000 g for 15 min and the supernatants recovered for analysis. 

The amount of 14C desorbed into the supernatant solution was determined by liquid scintillation 

counting as described above. This desorption treatment was successively repeated on the same 

sample 4 times. All treatments were carried out in triplicate. 

2.5. Statistical analysis 

Statistical analysis (Duncan test and ANOVA followed by the Bonferroni method for 

significance level adjustments due to multiple comparisons) were performed with the computer 

programs SigmaPlot 8.0 (SPSS Inc., Chicago, IL), Excel 12.0 (Microsoft Corp. ) and SAS 

. (SPSS Inc. ). - 

3. Results 

3.1. Sorption of organic acids 

Clear differences existed between the amount and strength of sorption of the individual 

organic acids to the solid phase of the three calcareous soils (Table 2). Generally, the sorption 
93 



of oxalate was much greater than that of citrate (P < 0.05), however, the relative amount of 

sorption was clearly concentration dependent. In the case of citrate, the degree of sorption was 

greater at the initial starting concentration of 0.1 mM in comparison to that of 1.0 mM in all 

three soils (P < 0.01). The amount of citrate sorption was, however, very low as evidenced by 

the low buffer power values presented in Table 2. For reference, the buffer power value at 

which no sorption occurs is 0.3. There was no significant difference in the degree of citrate 

sorption in any of the three. calcareous soils at either of the two concentrations employed here 

(P > 0.05). In contrast, the sorption of oxalate was greatest at an initial concentration of 1 mM 

in comparison to that at 0.1 mM (P < 0.01). At the higher initial oxalate concentration, the 

relative amount of sorption was very high as evidenced by the buffer power value (Table 2). 

Although the overall trends in oxalate sorption were identical for the three soils, there were 

some significant differences between the three individual soils with the high calcareous soil 

having a significantly reduced sorption at the low concentration (0.1 mM; P<0.05) and the 

medium calcareous soil being significantly lower at the high concentration (1.0 mM; P<0.05). 

Table 2. Solid-to-solution organic acid partition coefficients (buffer powers) after the addition 

of either oxalate or citrate (0.1 or 1 mM) to three soils varying in their CaCO3 content (low, 

medium and high). Values represent means (n = 3). P values indicate significant differences 

between soil types (NS, P>0.05; *, P<0.05; * *, P<0.01; ***, P<0.001). 

Buffer power value 
Organic Initial conc. 

Calcareous soil P value 
acid (mM) Mean f SEM 

Low Medium High 

Citrate 0.1 1.0 0.8 1.1 1.0 ± 0.1 NS 
Citrate 1.0 0.8 0.8 0.7 0.8 ± 0.0 NS 
Oxalate 0.1 2.9 2.9 1.8 2.6 f 0.4 
Oxalate 1.0 92.9 54.2 91.4 79.5 ± 12.7 

3.2. Desorption patterns of the sorbed organic acids 

The amount of organic acid desorbed from the solid phase of the three calcareous soils 

was clearly dependent on the ionic strength and composition of the desorption solution (Fig. 1). 
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Overall, the proportion of both oxalate and citrate desorbed from the three calcareous soils was 

similar and consequently only the average values for all three soils are presented in Figure 1. In 

the case of citrate, when distilled water was used as a sequential desorption medium there was 

an initially large release of citrate back into solution (ca. 12-14% of the total sorbed), however, 

subsequent desorption steps released progressively less with each extraction. The pattern of 

desorption was largely independent of initial citrate concentration (P > 0.05). A similar citrate 

desorption pattern to that observed with distilled water was also observed when the soils were 

treated with K2HPO4 except that the amount desorbed was significantly less (P < 0.001). Again 

there were no significant differences in the desorption pattern of the two initial citrate 

concentrations (P > 0.05). Fitting of a single rectangular 2 parameter hyperbolic function to the 

experimental desorption curves shown in Figure 1 indicated that the predicted maximum 

amount of desorption was 18 ± 1% with distilled water and 12 ± 1% with K2HPO4 (r2 = 0.999) 

indicating that large amount of citrate was irreversibly sorbed. 

In comparison to citrate, significantly more oxalate could be desorbed from the soil 

although this was clearly dependent upon the initial amount of oxalate added to the soil. When 

distilled water was used as the desorption medium the pattern of recovery into the solution 

phase was generally similar to that observed for citrate in the 0.1 mM treatment. Fitting a 

hyperbolic function to the desorption data indicated that the maximum amount of oxalate 

desorption was 36 ± 1% (r2 = 0.999). In contrast, in the 1.0 mM treatment a linear pattern of 

desorption was observed (linear regression r2 = 0.999). Again there was little significant 

difference in the oxalate desorption patterns of the three soils with distilled water (P > 0.05). 

The oxalate desorption pattern with K2HPO4 was different from that observed with distilled 

water in that the amount of desorption was greater in the 1.0 mM treatment in comparison to the 

0.1 mM treatment (P < 0.01). In the 0.1 mM oxalate treatment fitting of the hyperbolic function 

to the experimental data indicated that the maximum desorption with K2HPO4 was 20 ± 1% 

(r2 = 0.999). In the 1.0 mM oxalate treatment with K2HPO4, the release of oxalate followed a 

linear pattern (r2 = 0.984) and significant differences were seen in the three soil types used with 
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the amount of desorption from the medium calcareous soil being significantly less that the other 

two soils (P < 0.05). 

3.3. Equilibrium solution concentration 

Figure 2 shows the organic acids equilibrium solution concentration (ESC) at each of 

the desorption steps for the three calcareous soils. In the presence of distilled water each 

successive significantly lowered the ESC. The rate of decline in the ESC was greater with 

citrate than with oxalate. The ESC of citrate in the presence of K2HPO4 was almost identical to 

that for distilled water. In the final desorption step the ESC of citrate had fallen to 0.4 ± 0.2 µM 

in the 0.1 mM treatment and 2.7 ± 1.8 µM in the 1.0 mM treatment irrespective of desorbant 

type. In contrast to citrate, the pattern of decline in oxalate ESC concentration was dependent 

on the initial starting concentration. In the 0.1 mM oxalate treatment there was a steady rate of 

ESC decline with each successive desorption stage. In contrast, in the 1.0 mM oxalate 

treatment, the ESC concentration remained: relatively constant. The solid-to-solution partition 

coefficients (buffer power) values at the end of the final distilled water desorption step are 

shown in Table 3. It is clear that the values have significantly increased being approximately 

42-fold greater in the 0.1 mM citrate treatment and 15-fold greater in the 1 mM citrate 

treatment. In contrast, with oxalate there was a 120-fold increase in the buffer power value in 

the 0.1 mM oxalate treatment but this increased only 2-fold in the 1 mM oxalate treatment. 

Table 3. Solid-to-solution organic acid partition coefficients (buffer powers) after the. addition 

of either oxalate or citrate (0.1 or 1 mM) to three soils varying in their CaCO3 content (low, 

medium and high) and after four successive desorption cycles with distilled water. Values 

represent means (n = 3). P values indicate significant differences between soil types (NS, P> 

0.05; *, P<0.05; **, P<0.01). 

Buffer power value 
Organic Initial conc. 

Calcareous soil P value 
acid (mM) Mean ± SEM 

Low Medium High 

Citrate 0.1 36 44 38 39 ±3 NS 
Citrate 1.0 10 7 17 11 ±3 ** 

Oxalate 0.1 517 351 114 327 ± 117 NS . 96 



Oxalate 1.0 143 117 139 133 ±8 NS 
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Fig. 1. The cumulative desorption of oxalate and citrate from three calcareous soils after four 

successive desorption steps with either distilled water (Panels A and C) or K2HPO4 (100 mM; 
Panels B and D). The initial organic acid concentration was either 0.1 or 1.0 mM. Values 

represent means for the three soils ± SEM (n = 3). The legends are the same for both panels. 
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Fig. 2. The equilibrium solution concentration (ESC) of either citrate or oxalate from three 

calcareous soils after four successive desorption steps with either distilled water (Panels A and 
C) or K2HPO4 (100 mM; Panels B and D). The initial organic acid concentration added to the 

soil was 0.1 or 1.0 mM. Values represent means for the three soils ± SEM (n-= 3). The legends 

are the same for both panels. 
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4. Discussion 

To understand how organic acids behave in soil it is important to determine how much 

of the organic acid is present in solution and how much is sorbed to the solid phase. It has 

therefore been of great interest to predict the partition of a substance between the solid and the 

liquid phase. According to Douchette (2000), a definition of soil sorption coefficients is: "soil 

sorption coefficients quantitatively describe the extent to which a chemical distributes itself 

between an environmental solid and the aqueous phase that it is in contact with at equilibrium. " 

A single sorption coefficient (Kd) essentially describes a linear relationship between the 

chemical sorbed by the solid and the 'concentration of the chemical in water. Typically, this is 

descbed as Kd = q/ceq where q is the equilibrium mass of adsorbed sorbent and ceq is the 

equilibrium mass of the substance in solution per unit volume of solution. Kd has units of 

volume per mass. 

The solid phase sorption of compound in soil is very complex and may involve many 

processes operating simultaneously. However, three major source of error for the determination 

of the partition coefficient can be identified. First, a source of error is connected to the method. 

Every method has its weak points, which can introduce an error early in the process (Baes and 

Sharp, 1983). Second, the Kd-coefficient is a ratio between two concentrations and this assumes 

that the Kd is not concentration dependent (Baes and Sharp, 1983). When the concentrations are 

low, a small error in the measurement of either soil or solution concentration may-also produce 

a large error in the results. The relative error increases rapidly with increasing Kd. A third factor 

is really a number of factors, all concerning the environment and the soil such as surface area, 

mineral surface properties and pH. All of the isotherm models may also suffer from a hysteresis 

between sorption and desorption. This means that it takes a lower concentration in the solution 

for the ion to desorb than it takes for it to sorb. The most theoretical model, which is relevant 

only at small concentrations is the constant partition coefficient model. 

Organic acids such as citrate and oxalate have been hypothesized to play a central role 

ih rhizosphere processes such' as nutrient mobilization, however, their efficiency is likely to 

100 



depend on their susceptibility to sorption/desorption and biodegradation (van Hees et al., 2003). 

Sorption is one of the most important chemical processes operating in soils, and has been one of 

the hallmarks in soil chemistry research, and because of environmental concerns, it will 

continue to be a major research emphasis. As many proposed pedogenic processes rely on the 

availability of organic acids in soil solution, removal by sorption and biodegradation processes 

may limit the efficiency of these processes. To accurately predict the fate of citrate and oxalate 

in soils requires a good mechanistic understanding of these desorption processes (Scheidegger 

and Sparks, 1996). 

Sorption of organic acids (e. g. citrate, oxalate) by soil minerals governs their mobility 

and dynamics in soil and sorption may limit their chemical activity. Organic anions may also 

compete with orthophosphate for similar sites on the surfaces of Fe and Al oxide/hydroxides 

(Fontes et al., 1992; Yuan, 1980; Hue, 1991; Frossard, 1989). Organic acids such as oxalic and 

citric acids are very effective in decreasing P sorption in some soils particularly when present at 

high concentrations. The effect is greater when the organic compound is added prior to the P 

addition (Hue, 1991). Organic acids can complex metals and prevent the reaction between 

metals and phosphates (Earl et al., 1979; Huang and Germida, 2002). Adsorption of the oxalate 

and citrate were studied in order to understand the sorption behaviour of the three soils. In our 

study, the high rate of oxalate adsorption may be due to the relatively high CaCO3 content of 

the soils (Gray et al., 1998; Strown and Sparks, 2000). A discussion of the sorption phenomena 

are presented in a previous chapter 

The results presented here clearly support the idea that the sorption process is not 

completely reversible over short timescales (i. e. hysteresis). In such cases, the adsorption and 

desorption isotherms corresponding to the forward and backward reactions do not coincide 

(Verburg and Baveye, 1994). Almost all of the sorption models suffer from hysteresis between 

sorption and desorption. These models frequently assume that anions which have been reacted 

with a soil for a long enough period are not fixed but that can be recovered slowly if a low 

enough surface activity is induced (Frossard et al., 2001). Hysteresis is often observed in both 

101 



organic chemical and metal reactions with natural materials (Frossard et al., 2001). There are a 

number of reasons that non-real hysteresis may be observed, including artifacts related to 

experimental conditions such as failure to attain an adsorption equilibrium (Sparks, 1995) and 

to prewash the sorbent (to remove fine particles, etc. ) before initiation of sorption and 

subsequent desorption studies, and also due to chemical and microbial transformations that can 

occur during a particular experiment (Scheidegger and Sparks, 1996). It appears that real 

hysteresis can occur, as affected by the type of adsorbent, and that it is also enhanced by the 

duration of the adsorption process (Scheidegger and Sparks, 1996). Hysteresis effects can be 

studied by comparing organic acid sorption isotherms with desorption isotherms for soil at 

equilibrium conditions. The amount of organic acid held by soil at equilibrium is proportional 

to the area between the sorption isotherm and the desorption isotherm for that organic acid 

indicating that some of the sorbed acid will not be released as quickly or as easily as it is 

sorbed. Hysteresis effects between the sorption and desorption of citric acid are evidenced by 

the buffer power values presented in Tables 2 and 3. The same effect was seen in all three 

calcareous soils. 

The amount of oxalate released from the three soils remained low, explaining the 

limited availability of this anion when adsorbed on soils. The low desorbability of oxalate can 

be attributed to it is high affinity for Ca, implying the formation of oxalate bonds with Ca and 

possible precipitation of insoluble Ca-oxalate. Research on the mechanisms of 

sorption/desorption reactions at soil particle will be a common theme in soil and environmental 

sciences for decades to come. For further advancement to occur in the area of 

sorption/desorption the following research is needed: Research on the mechanisms of 

sorption/desorption reactions and a better understanding of residence time effects on organic 

acids retention/release mechanisms on soils and the effect of increasing time period between 

sorption and desorption on hysteresis and desorption of organic acids. 
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5. Conclusions 

Generally, the sorption of oxalate was much greater than of citrate. In comparison to 

citrate, more oxalate could be desorbed from the soil, depending upon the initial amount of 

oxalate added to the soil. It seems that in the highly calcareous soils, K2HPO4 works better than 

distilled water in desorbing high concentration of oxalate, while with low concentration 

distilled water is more efficient in desorbing citrate and oxalate. 
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Abstract 
This study was conducted to evaluate the effects of organic acids on the concentrations of metals 

and anions in soil solution. Three soils with contrasting CaCO3 contents were extracted with organic 
acid solutions (citrate, oxalate) of different concentrations for different time periods and analyzed for Fe, 
Mn, Zn, Cu, P, and Ca. Generally, the higher the organic acid concentration of the extractant solution, 
the greater was the amount of elements extracted from the soil. Citrate tended to be more effective than 
oxalate at mobilizing elements from the soil. All the three calcareous soils showed a significant change 
after the addition of the organic acids to the soil. pH changes were organic acid concentration dependent. 

Keywords: Extraction, Citric acid; Oxalic acid, Efficiency, Calcareous soil 

1. Introduction 

One of the nutritional linked effects that organic acids have in root exudates is 

the acidification of the rhizosphere. Root exudation of high concentration of organic acid anions 

as a result of nutrient deficiency (P deficiency) may lower rhizosphere pH, making P and 

micronutrients such as Mn, Fe, and Zn more available in calcareous soils (Hoffland et al., 1989; 

Jones and Darrah, 1994; Dinkelaker et al., 1989). However, the relationship between organic 

acid exudation and rhizosphere acidification is not that simple as the extrusion of H+ would 

depend on the amounts of anions absorbed by roots relative to cations (Jones and Darrah, 1994; 

Dakora et al., 2002). When the H-forms are added to solution they bind cations (e. g. Ca) 

causing the release of 2H+ (in the case of dicarboxylates for example) from the organic acid 

which consequently lowers solution pH. In contrast, the addition of K-forms of the organic 

acids tended to cause a rise in soil solution pH presumably due to the release of C03- from the 

CaCO3 and the formation of HC03 . 

Soil is acidified due to proton release from roots. As a consequence of proton release, 

plants accumulate organic anions which may, if returned and- decomposed in the soil, neutralize 

the soil acids. Despite early work suggesting that organic acids can acidify the rhizosphere 
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(Marschner, 1995), it now appears that H+ release and organic acid release are probably two 

biochemically separate but spatially coordinated transport events. Excretion of organic anions 

may solubilize P by changing the soil pH and by displacing P from adsorption sites. Changes in 

pH may be important where the anion is excreted in large quantities in association with protons 

but in general the plant's inorganic cations -anion balance has a much larger effect on 

rhizosphere pH. 7 

Excretion of organic anions or acids from roots is thought to be one of the main 

mechanisms by which plants mobilize less readily available soil phosphates (Marschner, 1995). 

Lowering of the soil pH when organic anion is excreted in association with H+ ions may cause 

displacement of P from soil adsorption sites. However, there will only be a substantial pH 

change where very large quantities of organic anion are excreted (Kirk, 2002). In general, pH 

changes in the rhizosphere are dominated by the inorganic cation-anion balance in the plant and 

the consequent export of H+ or OH' (Kirk, 2002). 

The exudation of low molecular weight carboxylates into the rhizosphere has been 

hypothesized to play an important role in controlling metal, solubility in soil (Jones, 1998; van 

Flees et al., 2005; Jones et al., 2003). The release of organic acids from the root has been 

suggested as a general mechanism for enhancing the solubility of some metals from the 

insoluble mineral phase (Jones and Darrah, 1994a). LMWOAs are also excreted from the root 

into the soil upon exposure to a range of environmental stresses (e. g. anoxia, metal toxicity, 

drought; Ryan et al., 2001). Due to the alkaline pH of the cytoplasm (pH 7.2 to 7.5) most 

organic acids are present as fully dissociated anions in the cytoplasm. Depending upon the 

nature of the counterbalancing ion (e. g. K+, H+ etc) upon release of the organic acid anion from 

the root (e. g. [K3citrate]° or [H3citrate]°), the organic acids could potentially lower the pH of the 

rhizosphere and therefore increase the dissolution of metals and improve their availability for 

plant uptake (Jones et al., 2003; van Hees et al., 2005). This is particularly apparent for metals 

that become more soluble with decreasing pH (e. g. Fe, Zn, Mn etc). The organic acid anions 

(e. g. citrate 3", malate2", oxalate2") are also capable of forming organo-metallic complexes with 
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metal ions consequently modifying the mobility of the metals in the rhizosphere (i. e. by 

reducing their sorption potential, increasing their rate of diffusion, or dissolving the solid 

phase). 

Plant nutrient availability in soil is usually assessed by performing batch extracts 

whereby small amounts of soil (e. g. 1 to 5 g) are shaken with a relatively large volume of 

solution (e. g. 10 to 50 ml) for short periods of time (e. g. 0.5 to 3 h). The transfer of solutes to 

the aqueous phase . provides a measure of plant availability (Wang et al., 2003). Here we 

hypothesize that LMWOAs used in laboratory batch extracts in the absence of roots will 

provide a model system for investigating the behaviour of LMWOAs in the rhizosphere. We 

used this approach because of the inherent difficulties in obtaining very small representative 

volumes of soil solution from the rhizosphere and their subsequent analysis. Of the organic acid 

anions released from the root, citric acid (H-citrate) and oxalic acid (H-oxalate) are often 

released in the highest amounts and evidence suggests that they may be effective at solubilizing 

metals in calcareous soils (Ström, 1997). Both citrate and oxalate form highly stable complexes 

with metal cations in solution, though the reaction is highly pH dependent with most 

complexation occurring at low pH (Cline et al., 1987; Jones and Darrah, 1994a). Based upon 

studies in acid soils, we hypothesize that the reaction of organic acids with metals in calcareous 

soils may also be time and concentration dependent (Jones and Darrah, 1994a). The reaction of 

organic acids with metals in soil, however, can be expected to be dependent upon a range of 

soil factors including their complexation ability for different metals (i. e. stability constants), 

adsorption/desorption reactions of the metals and organic acids in soil, their respective diffusion 

rates, and the rate of microbial degradation (Cline et al., 1987; Jones and Darrah, 1994a). As pH 

is known to be a major factor regulating the metal complexation reactions of organic acids in 

solution the ionic state of the organic acids during release from the root may also be extremely 

important. Normally it is assumed that organic acids are released in the acid form (H3citrate or 

H2oxalate), however, there is also evidence to suggest that they are released in the K+ form 

(K3citrate or K2oxalate; Ryan et al., 2001). Depending upon the buffering capacity of the soil 
109 



the release of organic acids could therefore cause an acidification or alkalization of the soil. 

This may have a profound effect on their metal mobilization capacity. This reaction can also be 

expected to be highly soil type dependent. The objective of this study was therefore to 

investigate the efficacy of different organic acid anions for removing and solubilizing nutrients 

from three calcareous soils. 

2. Materials and methods 

2.1. Soil sampling 

Three soils with contrasting CaCO3 contents collected from different regions of Iran 

were used in the study. Soil 1 (low CaCO3 content) was a fine-loamy textured mixed, thermic, 

Typic Torrifluvent, located in Karaj (51° 02' 00"E and 35° 39' 00"N). The site has a mean 

annual rainfall of 250 mm, mean annual air temperature of 16.50C, slope of 0-2%, elevation of 

1150 m and is dominated by Alhagi camelorum Fisch. (Camelthorn) and Chicorium intybus L. 

(Chicory) vegetation. Soil 2 (medium CaCO3 content) was a fine textured mixed, thermic, 

Typic Haplocambid, located in Robatkarim (51° 12' 20"E and 35° 34' 30"N). The site has a 

mean annual rainfall of 250 mm, mean annual temperature of 'I 6.50C, slope of 0-3%, elevation 

of 1085 m and is dominated by Cynara cardunculus L. (Cardoon) and Centaurea cyanus L. 

(Cornflower) vegetation. Soil 3 (high CaCO3 content) was a fine-loamy textured, carbonatic 

thermic, Typic Haplocalcid, located in Nezamabad (51° 17' 00"E and 35° 32' 10"N). The site 

has a mean annual rainfall of 250 mm, mean annual temperature of 16.5°C, slope of 0-3%, 

elevation of 1035 m and is dominated by Malva parviflora L. (Cheeseweed) and Lolium 

perenne L. (Perennial ryegrass) vegetation. The soils were collected from the Ahk horizon (0-30 

cm) using a spade, sieved to pass 5 mm mesh and kept field moist at 10°C until required. Some 

of the chemical and physical properties of the soils are provided in Table 1. 

2.2. Analytical methods 

Soil pH was measured using a Model 691 pH meter (Metrohm Ltd, Herisau, 
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Switzerland) and electrical conductivity (EC) in soil saturation extracts using a Model ohm-644 

EC meter (Metrohm Ltd). The CaC03 equivalent was determined by neutralizing the soil with 

HCl and back titration with NaOH (Black et al., 1965) while soil organic carbon (OC) was 

determined by loss on ignition at 550°C (Black et al., 1965). Soil texture was determined 

according to Chapman and Pratt (1961). Available P-content was determined with 0.5 M 

NaHCO3 according to Olsen and Sommers (1990) with colorimetric determination of P 

'according to Black et al. (1965). Available K was extracted with ammonium acetate and 

determined on a flame-photometer (Chapman and Pratt, 1961). The availability of Zn, Fe, Mn 

and Cu was determined by extraction with DTPA and analysis of the extract solution with a PE- 

AAS atomic absorption spectrophotometer (Perkin Elmer Corp., Norwalk, CT; Lindsay and 

Norvell, 1978). 

Table 1. Summary of the chemical and physical properties of the three soils used in the 

experiments. The three soils differ in their CaCO3 content (i. e. low, medium and high). `ava' 

indicates plant available. 

Parameter 
Soil 1: Low 

Calcareous soil 
Soil 2: Medium Soil 3: High 

Water holding capacity (g kg") 330 460 360 
EC (dS m"') 1.00 1.22 -2.90 
pH 7.88 7.81 7.58 
CaCO3 (g kg"') 89 151 212 
Organic C (g kg") 7.0 17.9 3.2 
Clay (g kg'') 190 400 160 
Silt (g kg'') 360 430 570 
Sand (g kg'') 450 170 270 
P (ava. ) (mg kg'') 5.0 74.0 3.8 
K (ava. ) (mg kg'') 280 720 308 
Fe (ava. ) (mg kg'') 3.9 5.9 2.4 
Mn (ava. ) (mg kg'') 6.8 10.1 3.1 
Zn (ava. ) (mg kg'') 0.6 3.6 0.54 
Cu (ava. ) (mg kg") 1.4 1.8 0.8 
Texture Loam Clay loam Clay loam 

2.3: Soil Extraction 

Air-dried soil samples (3 g) were extracted with 30 ml of organic acid solutions (citrate, 
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oxalate) of different concentrations (0.1,1 or 10 mM) for different time periods (10,60,180 

and 360 min) on an orbital shaker at 200 rev min 1. The soil extracts were then centrifuged for 

10 min and filtered through a No. 42 Whatman filter paper and analyzed for Fe, Mn, Zn, Cu, P. 

and Ca.. Extractions with distilled water was used a control. All extractions were performed in 

triplicate. 

2.4. Equilibria calculations 

A chemical equilibria model was used to predict the organic-metal complexes formed in 

soil solution. Concentrations of organic acid anion-metal complexes were calculated using the 

MINTEQA2 computer program (Allison et al., 1991). MINTEQA2 is a chemical equilibrium 

model for the calculation of metal speciation solubility equilibria etc. for natural water. This is a 

model developed by the US-EPA for predicting metal chemistry in freshwater. The chemical 

composition of the soil solution was used as the input data to the model. This data was obtained by 

saturating the soil with deionized water, mixing it to a paste of uniform consistency, standing it 

overnight, transferring it to a suction flask and the soil solution recovered for analysis. 

The concentration of Zn, Fe, Mn, Cu and Ca in the saturation extracts were -measured 

using the method described earlier (AAS atomic absorption spectrophotometer, Perkin Elmer 

Corp., Norwalk, CT; Lindsay and Norvell, 1978), HC03 
, C032", S042" and C1 in the saturation 

extracts of soil was estimated colorimetrically according to Rhoades (1982) and P, according to 

Houba et al. (1989). Chemical composition data obtained was used as the input data to the 

MINTEQA2 computer program to calculate organically complexed species of Ca, Zn, Fe, Mn and Cu 

in the splution extracts (including the free cations, Ca, Zn, Fe, Mn, Cu and their complexes with 

citrate, oxalate, Cl', S042") C032", P043" and OHS. The program was run at pH 7.88,7.81 and 7.58 for 

three soils (Table 1). 

2.5. Statistical 'analysis 

Statistical analysis (Duncan test and ANOVA followed by the Bonferroni method for 
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significance level adjustments due to multiple comparisons) was performed with the computer 

programs SigmaPlot 8.0 (SPSS Inc., Chicago, IL), Excel 12.0 (Microsoft Corp. ) and SAS 

(SPSS Inc. ). 

3. Results 

3.1. General soil properties 

The composition of the extracted solutions was soil type dependent and related to both 

extractant type and concentration. The highest solution concentration of elements was seen in the 

medium calcareous soil, possibly because this soil was heavily cultivated, where leaching of metal 

ions has been limited (Table 1). 

3.2. Effect of organic acids on soil pH 

All of the three calcareous soils showed a significant pH change after the addition of the 

organic acids to the soil. These pH shifts were organic acid concentration dependent. Upon the 

addition of K-citrate (10 mM), the soil solution pH increased by up to 0.25 units, while K-oxalate 

(10 mM) caused a greater alkalinization resulting in a pH increase of up to 1.0 pH unit (P < 0.05) 

(Fig. 1). The addition of various concentrations of H-forms of the organic acids showed no 

significant pH changes in comparison to that seen with just distilled water (P > 0.05). 
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Fig. 1. Soil pH changes in response to the addition of varying concentration of two types of 

organic acids (K-oxalate and K-citrate). Values represent means for the three calcareous soils 

± SEM (n = 3). 

3.3. Organic acid extraction of Fe, Mn, Zn and Cu from soil 

Generally, the higher the organic acid concentration of the extractant solution, the 

greater was the amount of elements extracted from the soil. In particular, high concentrations of 

citrate (10 mM) proved the most efficient solution for the mobilization of Fe from the three 

soils (P < 0.05; Fig. 2). In contrast, however, low concentrations of the organic acids (0.1 to I 

mM) did not result in significant mobilization of Fe in comparison to the soils extracted with 

water alone. The citrate induced extraction of Fe occurred faster with H-citrate than K-citrate 

but in both the increase in Fe concentration persisted for more than 6 h. In general, the amount 

of Fe extracted with oxalate was significantly less than that mobilized by citrate and was not 

significantly different from the distilled water control (P < 0.05; Fig. 2). In addition, the high 

concentrations of oxalate actually appeared to suppress Fe concentrations in solution, 

particularly in the H-oxalate treatment. 
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In the case of Mn, the addition of citrate caused a significant mobilization of this 

element (Fig. 3). In contrast to Fe, lower concentrations of citrate (1 mM) caused significant 

elevation of solution Mn concentrations. The addition of 10 mM citrate caused a 25 to 100-fold 

increase in solution Mn concentrations with the effect being much greater for H-citrate than K- 

citrate. In both cases, the addition of H- and K-citrate caused a rapid but sustained increase in 

solution Mn concentration. In contrast, the addition of oxalate caused only a small increase in 

solution Mn concentrations in comparison to the soils extracted with distilled 
. water (Fig. 3). 

Only in the case of a 0.1 mM extraction of the soil with H-oxalate was a significant increase in 

Mn observed but this was approximately 100-fold less than that observed for the maximum 

response observed for H-citrate. As occurred for Fe, high concentrations of H-oxalate actually 

suppressed the solubilization of Mn. 

In the case of Zn, the addition of low concentrations of organic acids (0.1 to 1 mM) to 

the soil did not cause any significant mobilization of Zn (P > 0.05; Fig. 4). Only in the case of 

K-citrate at a concentration of 10 mM was a significant increase in Zn concentration observed 

over that seen with the distilled water control. Further, these increases in concentration were not 

sustained over the 6h extraction period. In most instances, and particularly in the case of 

oxalate, the addition of organic acids actually caused a decrease in solution Zn concentration in 

comparison to the distilled water control. This suppression lasted for up to 6h indicating that 

the effect was not transitory. The level of suppression of solution Zn concentrations was similar 

for both H-oxalate and K-oxalate. 

In the case of Cu, the organic acids were very ineffective at mobilizing this element 

(Fig. 5). In all but one case (K-citrate, 10 mM) the concentration of Cu in solution was 

depressed by the presence of the two organic acids. The magnitude of this suppression was 

similar for both citrate and oxalate and did not show any clear concentration dependent trend. 

This suppression became apparent in the first 15 min and perpetuated for up to 6 h. Because 

there are only small soil differences between the three soil types we have decided to bulk the 

data from all the soils for the graphs. 
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Fig. 2. Amount of Fe extracted from three calcareous soils by varying concentrations- of four 

types of organic acid anion. The dotted line represents the amount of Fe extracted by distilled 

water. Values represent means for the three calcareous soils ± SEM (n = 3). 
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Fig. 3. Amount of Mn extracted from three calcareous soils by varying concentrations of four 

types of organic acid anion. The dotted line represents the amount of Mn extracted by distilled 

water. Values represent means for the three calcareous soils ± SEM (n = 3). 
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Fig. 4. Amount of Zn extracted from three calcareous soils by varying concentrations of four 

types of organic acid anion. The dotted line represents the amount of Zn extracted by distilled 

water. Values represent means for the three calcareous soils ± SEM (n = 3). 
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water. Values represent means for the three calcareous soils ± SEM (n = 3). 
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3.4. Organic acid extraction of P from soil 

A summary of the organic mediated mobilization of P from the three calcareous soils is 

shown in Figures 6 and 7. Significant amounts of P mobilization were generally only seen at 

high organic acid concentration (10 mM). Overall, oxalate was slightly more effective than 

citrate in mobilizing P, however, this was clearly soil dependent (Fig. 6). While the H-form of 

oxalate and citrate gave an immediate rise in P concentration, the K-forms took significantly 

longer to mobilize P. In the case of the K-forms, however, the elevation of P was sustained over 

the 6h extraction period, whereas when they were added in the H-form the amount of P tended 

to decline over the same 6h period. In contrast to Cu and Zn, in no situations did the addition of 

organic acids depress soil solution P concentrations. 

3.5. Organic acid extraction of Ca from soil 

The extraction of Ca from the three calcareous soils over a6h period is summarized in 

Figure 8. Briefly, the amount of Ca mobilized was independent of soil type with äll three soils 

showing extremely similar temporal and concentration-dependent trends. The amount of Ca 

mobilized by citrate was approximately 10-fold greater than that extracted with oxalate for both 

the K+ and H+ forms of the organic acid anions. In the case of citrate, only at concentrations 

ranging from 1-10 mM was significant mobilization of Ca observed with no significant 

mobilization observed at concentration of 0.1 mM. Extractions with 10 mM H-citrate increased 

the solution Ca concentration approximately 50-fold relative to that observed with distilled 

water. The reaction of H-citrate with Ca appeared to be faster than that of K-citrate; however, in 

both cases the concentration proceeded to drop towards the end of the 6h extraction period. 

In the case of oxalate, the H+ form released significantly greater quantities of Ca than 

the K+ form. Indeed, the K-oxalate actually reduced the amount of Ca in solution relative to that 

observed in the distilled water extractions. This reduction in solution Ca concentrations was 

inversely related to K-oxalate concentration. 
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3.6. Organic acid extraction efficiency 

A summary of the relative extraction efficiency of the organic acids in the three 

calcareous soils is shown in Table 2 below. It is clear from the preceding results sections that 

each of the organic acids has a specificity for metals it is capable of extracting. 

Table 2. Summary of the relative efficiency of the four types of organic acid anions at 

extracting plant nutrients from the three calcareous soils. The shaded areas indicate nutrients 

whose concentrations decrease in the presence of the organic acids. The concentration of non- 

shaded elements increases in the presence of the organic acids. 

Organic acid 
11-citrate Ca > Mn > Fe = P> Zn > Cu 

K-citrate Ca> Fe > P> Mn> Zn > ('u 

I I-oxalate Ca > P> Fe > Mn > Zn > Cu 

K-oxalate p> Mn > Fe > Ca > Zn > Cu 

3.7. Chemical equilibria modeling of organic acid-metal interactions 

A MINTEQA2 computer program (Allison et at., 1991) was used to predict the metal 

binding reactions in solution in response to the addition of either citrate or oxalate to the 

calcareous soils. Based upon the solution information presented above and in Tables I and 3, 

the speciation model showed that the organic acid were capable of Corming appreciable 

quantities of metal complexes with Zn, Cu, Fe, Mn and Ca (Tables 4 and 5). The results from 

Table 4 showed that the majority of the citrate in solution was bound to Ca in agreement with 

the experimental results. Although the results presented here indicate that citrate and oxalate are 

capable of mobilizing cations from calcareous soils, only a small amount is inv Olv, cdl in 

nMuhilii., ºtloll 01 micrunutrient such as Zn, Fe, Cu and Mn whilst large amounts are involved in 

the mobilization of ('a. 
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Table 3. Measured cation and anion concentrations in the soil solutions of the three calcareous soils. 
Solution concentration 

Soil mm µM 

Cl" S042" Ca2+ H2C03 Zn2+ Fe 2+ Mn 2+ Cu2+ P 

High CaCO3 2.4 3.6 1.8 2.0 1.4 1.4 1.5 1.6 0.3 

Medium CaCO3 2.0 1.9 1.0 4.4 1.4 1.8 1.3 1.9 1.9 

Low CaCO3 1.2 3.6 3.7 4.0 2.1 1.4 22.0 1.4 0.6 

Table 4. The total percentage of citrate binding with' different cations in soil solutions from the 

calcareous soils as predicted with the computer program MINITEQA2. Values are averages of 

the three soils ± SEM (n = 3). 

Citrate Amount of chemical species (% of total in solution) 

(MM) Cit3' H-Cite' Ca-Cit' Zn-Cif Cu-Cif Fe-Cit' Mn-Cif CaH-Cit 

0.1 3.6±1.1 0.10±0.04 93.8±1.4 0.60±0.83 0.85±0.26 0.57±0.21 0.33±0.27 0.04±0.01 

1.0 9.9±5.8 0.27±0.14 89.1±5.8 0.15± 0.01 0.15± 0.02 0.14±0.002 0.35±0.24 0.04±0.01 

10.0 77.6±8.7 1.38±0.39 1.4±0.4 0.02±0.01 0.02±0.00 0.02±0.00 0.08±0.07 0 

Table 5. The total percentage of oxalate binding with different cations in soil solutions from the 

calcareous soils as predicted with the computer program MINITEQA2. Values are averages of 

the three soils ± SEM (n = 3). 

Oxalate Amount of chemical species (% of total in solution) 

(mM) Oxa12' H-Oxal' Zn-Oxal . Cu-Oxal Fe-Oxal Mn-Oxal Ca-Oxal 

0.1 50±8 0.02±0.00 0.78±0.01 1.26±0.42 0.21±0.06 0.65±0.46 47±9 

1.0 57±10 0.02±0.00 0.19±0.02 0.30±0.04 0.10±0.02 0.39±0.31 42±10 

10.0 84±6 0.02±0.01 0.03±0.00 0.03±0.00 0.01±0.00 0.07±0.06 16±6 
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4. Discussion 

Organic acids released from plant roots into the rhizosphere can potentially participate 

in many soil reactions such as nutrient mobilization and the uptake of cations by plant roots. 

Such a role for root exudates depends to a large extent on the amount and the type of organic 

acids released as well as on the soil's physical, chemical and biological properties (Jones, 

1998). It may also depend upon the physiological status of the roots (Ryan et al., 2001). Low 

plant nutrient availability of Fe, Zn, Cu, Mn, and P is one of the major agronomic concerns 

especially with regard to calcareous soils as these elements have low solubilities at high pH 

values (Marschner, 1995). It is important that we increase micronutrient uptake into plants not 

only to increase plant growth and yields but also to enhance food nutrient quality to improve 

human health (Rashid and Ryan, 2004). Under nutrient deficiency, the secretion of organic 

acids by plants roots is now regarded as one of the common mechanisms involved in 

solubilizing relatively insoluble soil nutrients (Jones et al., 1994). 

Another nutritional effect that organic acids have when released in root exudates is the 

acidification of the rhizosphere. The relationship between organic acid exudation and 

rhizosphere acidification is not that simple as the extrusion of H+ would depend on the amounts 

of anions absorbed by roots relative to cations (Jones and Darrah, 1994). 

In the case of phosphate, solubilization by organic anions excretion from plant root, if 

excretion of the organic anion is accompanied by excretion of proton, the pH of the rhizosphere 

may decrease, and in some soils this may solubilize phosphate. However, this will be important 

only where large amounts are excreted. In general, changes in the pH of the rhizosphere are 

dominated by the inorganic cation-anion balanced in the plant and the associated export of H+ 

or OH- from the roots (Kirk, 2002). The results in figure 6 indicate that significant amounts of P 

mobilization were generally only seen at high organic acid concentration (10 mM). Generally, 

the higher the organic acid concentration of the extractant solution, the greater was the amount 

of Fe, Zn, and Cu extracted from the soil (Fig. 2,3,4 and 5). 
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Root excretion of inorganic ions (e. g. HCO3 , OH', H) is important in the mineral 

nutrition of plants. Plant uptake of anions in excess of cations often causes the roots to secrete 

HCO3 in order to maintain electrical neutrality, a process that leads to increased rhizosphere 

pH. Conversely, the uptake of cations in excess of anions causes roots to exude H+ and lower 

the rhizosphere pH. The change in pH with HC03 extrusion tends to increase nutrient supply in 

acidic soils, as happens with H+ exudation in calcareous soils. 

Except in some rather extreme cases (e. g. white lupin), most offen the organic anions 

exuded by plant roots represent rather small fluxes in comparison with fluxes of H+ and/or OH' 

/HC03 released by roots (Petersen and Bottger, 1991; Neumann et al., 1999). 

Export of organic anions from roots tend to lower the pH of the rhizosphere to the extent 

that (a) the export is accompanied by an export of protons; (b) the pKs of the conjugate acids 

are less than the rhizosphere pH, or the anions are adsorbed by the soil leaving protons in 

solution, or both; and (c) they are not metabolized by microbes, whether to CO2 or 

carbohydrates and proteins. Because the cytoplasmic pH (6-7) is maintained well above the pKs 

of the acids in question, they are present in the root cells mainly in the dissociated salt form, not 

the acid form. But, depending on the electrochemical potential gradient across the root cell 

membrane, export of the anions from the root may be a net export of H+ from the roots if the 

equivalents of organic anions exported less inorganic anions imported exceeds the equivalents 

of cations imported. 

The results presented here indicate that citrate and oxalate are capable of mobilizing 

nutrients, mostly cations from calcareous soils (Ca, P, Fe, Zn, Cu and Mn). Our results also 

indicated that high concentrations of citric acid were more effective than oxalate in mobilizing 

Ca, Fe, Mn and Zn. The plants that grow in calcareous soils (calcicole plants) have been shown 

to exude mostly di-and tri-carboxylic acids which potentially possess a high mobilization 

efficiency/capacity for P, Fe and Mn within these soils (Tyler and Ström, 1995; Ström, 1997). 

In the study presented here, the extent of mobilization of P, Fe, and Mn was remarkably large in 

comparison to the control treatment where soils were extracted with distilled water. However. 
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this study also shows the importance of the balancing cation during the excretion of organic 

acids from roots. If the cation balancing the release of the organic acid anions from the roots is 

H+ then the pH of the solution will drop significantly particularly if high amounts of organic 

acids are released. In an acid soil, the release of H3citrate or H2oxalate may not change the pH 

very much as the soil is well buffered by Al(OH)3 and Fe(OH)3 and further full dissociation of 

organic acid will not occur. However, based upon the pKa of citric acid and oxalic acid, in a 

calcareous soil the organic acids will fully dissociate into citrate 3- and 3H+ or oxalate2- and 2W 

leading to a significant increase in solution H+ and a reduction in pH. In this study, however, no 

large changes in soil pH were observed by the H+ form of the organic acids. However, if the 

root is also simultaneously excreting H+ via the plasma membrane H+-ATPase the pH may also 

drop more (Jones, 1998). In contrast, the release of organic acid anions with K+ as the counter 

ion tends to increase the pH as a small amount of H-citrate 2- and H-oxalate' may form taking 

H+ out of solution. The chemical equilibrium studies performed here, however, suggested that 

this only involves small amount of the organic acid (0.02 to 1.4% of the total added). For an 

added organic acid concentration of 10 mM this equates to a predicted H+ concentration of 0.2 

to 14 µM. The experimental increase in pH observed here when a 10 mM concentration of 

organic acids was added to the soil was 0.5 to 1.5 pH units. This equates to a very small 

decrease in H+ concentration (ca. 0.001 to 0.01 pM) indicating that complexation of H+ by the 

organic acids may be the mechanism responsible for the observed pH rise. An increase in 

solution pH will lead to less solubility of many of the nutrients in solution as was observed 

here. Overall, a drop in pH tended to cause a greater mobilization of nutrients, however, in 

certain instances the K-form of citrate in particular yielded greater extraction of the metals and 

over a more sustained period of time (e. g. Fe, P and Cu). Therefore the release of H-citrate 

would be better at mobilizing Mn while K-citrate would be better at mobilizing Cu and Zn. One 

form of organic acid anion therefore doesn't provide a perfect mobilization mechanism and at 

present there is almost no evidence showing which form of organic acid is released from the 

roots and whether the counter-ion can be manipulated by the plant depending upon its specific 
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deficiency. Further work is therefore obviously needed to determine the counter-ion released 

with the organic acids under a range of different nutrient deficiencies. 

It is clear that plants possess a range of strategies for potentially mobilizing P in soils 

(e. g. root hairs, mycorrhizas, organic acids). Plants and microorganism release organic 

compounds such as citrate and oxalate, which increase solution P concentrations by either 

ligand exchange processes or dissolution of P-containing minerals (Banik and Dey, 1983). In 

particular, organic acids contained in root exudates have often been implicated in the 

solubilization of adsorbed or precipitated cations (Jones and Edwards, 1993). Citrate and 

oxalate can increase soil solution phosphorus concentrations by a factor of 10 to 1000, 

depending on the physicochemical characteristics of the soil as well as the concentrations of 

organic acid in soil solution (Earl et al., 1979; Fox and Comerford, 1990; Gerke, 1994). In the 

present study, comparing the low concentrations of organic acids, H-citrate was the most 

effective in solubilizing P from soils, but by increasing the concentrations to 10 mM, H-oxalate 

became more efficient. Dreyer and Stillings (1997) and Jones (1998) have concluded that 

generally organic acids such as citrate and oxalate are ineffective at mobilizing soil nutrients 

unless present at high concentrations. As the actual concentrations of organic acids in the 

rhizosphere of plants growing in soil remains largely unknown, further work is needed to place 

the results presented here in context. The extent of phosphorus release from soils also depends 

on the strength of complex formation between the anions and either Al or Ca (Lan et al., 1995). 

In calcareous soils, oxalate may primarily release P held in Ca-P minerals through the 

formation and precipitation of Ca-oxalate (Ström et al., 2001). In contrast, citrate which has a 

relatively poor affinity for Cat+, but a greater affinity for Fe 3+ and A13+ may release P 

predominantly held in Fe-P and Al-P minerals (Ström et al., 2002). This is supported to some 

extent by our experimental results which showed that the amount of Fe extracted from the soils 

by citrate was similar to that of P. Unfortunately, we did not include Al in our experimental or 

model simulations and the importance of this dissolution mechanism remains unknown. The 

calcareous soils used in this study contained 89-212 g kg'' CaCO3 (Table 1). It is likely 
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therefore that a large fraction of the P contained in the soils used here is bound to Cat+. As 

oxalate has a tendency to readily precipitate in the presence of Ca2+ (Ström et al., 2001), it is 

likely that oxalate largely precipitated in our studies as Ca-oxalate. This is supported by the 

extraction data showing that citrate extracted much more Ca2+ than oxalate despite oxalate 

having a higher stability constant for Cat+. If Ca-oxalate precipitated this would not be 

recovered in our extracts as this would be lost during the separation of the solution phase for 

analysis. 

Zn availability decreases with increasing pH. This decrease in availability is a result of 

the formation of Zn hydroxide at pH levels above 7.7 [e. g. ZnOH+ and Zn(OH)2], and a 

100-fold decrease in Zn concentration will result with each unit increase in pH (Lindsay, 1991). 

Various reports have shown that the gradual addition of citrate, or oxalate to hydroponic 

solutions can cause slight increases in Zn accumulation (Evans, 1991; Chairidchai and Ritchie, 

1993ab). This, however, is not totally supported by the results presented here where H-oxalate 

failed to mobilize Zn and K-citrate gave a more sustained increase in Zn than H-citrate. The 

theory that complex formation between Zn and anions present in soil solution can affect the 

concentration of Zn in the solution phase (Lindsay, 1991) is therefore partially supported by 

this study. 

Solubilization of Mn depends to a large extent on the pH so that at high pH levels very 

small amounts of this element are released (Jones and Darrah, 1994a). In our study, high 

concentration of H-citrate significantly solubilized considerable amounts of Mn from the soils. 

It is likely that an organic acid like citrate released Mn from Mn02 either by oxidation or a 

complexation reaction (Jauregui and Reisenauer, 1982). 

5. Conclusions 

This study has shown that the presence of organic acids significantly affects the 

concentration of metals and anions in soil solution. However, the mobilization of metals from 

the solid phase was clearly dependent upon the following: 
130 



1. The type of organic acid 

2. The ionic form of the organic acid (i. e. balancing cation) 

3. The type of soil 

4. Reaction time 

5. The concentration of the organic acid 

Generally, organic acid concentrations >1 mM were required to mobilize the nutrients 

into solution. Citrate tended to be more effective than oxalate at mobilizing nutrients from the 

soil. 

In most cases the mobilization was not transient and elevated levels of nutrients were 

seen in solution for up to 6h after the addition of the organic acids. The rates of organic acid 

stimulated metal mobilization measured in laboratory experiments gave similar results to model 

simulations. Both suggested that Ca is the dominant cation mobilized by the organic acids to the 

detriment of micronutrient and P dissolution. 
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Appendix 

Table 1. Amount of nutrients extracted from the high calcareous soil by four types of organic 

acids (H-citrate, H-oxalate, K-citrate and K-oxalate) and at different extraction times (10 to 360 

min). Values represent means (n = 3). Extractions with distilled water were used as a control. 
Values followed by different letters indicates statistically significant differences at the P<0.05 

level. 

Times Ca P Fe Mn Zn Cu 
(min) mg kg' 

H-citrate 

10 5717 a 4.47 a 5.930 a 7.20 b 0.617 a 0.04 b 
60 5529 ab 0.467 b 5.35 0a 6.97 b 0.1533 b 0.067 ab 
180 5378 ab 0.167 b 4.133 b 10.57 a 0.097 c 0.077 ab 
360 5282 b 0000. c 5.7 00 a 11.40 a 0.1200 be 0.1000 a 

H-oxalate 

10 758.3 a 2.4 a 0.190 a 0.107 c 0.093 ab 0.057 b 
60 585.7 b 1.43 ab 0.180 ab 0.117 be 0.047 b 0.063 ab 
180 495.3 c 0.967 b 0.163 b 0.1433 b 0.107 a 0.077 a 
360 429.3d 0.367 c 0.120 c 0.197 a 0.130 a 0.067 ab 

K-citrate 

10 2202.7 ab 0.610 b 4.10 be 1.2 c 0.733 a 0.187 b 

60 2023 ab 0.900 b 5.37 b 1.6 be 0.400 b 0.24 Oa 
180 2556.7 a 2.033 ab 4.133 be . 2.93 b 0.600 ab 0.147 c 
360 960.33 b 2.77 a 8.03 a 4.73 a 0.300 be 0.173 be 

K-oxalate 

10 42.33 be 3.40 c 0.37 be 0.100 b 0.057 a 0.043 b 
60 40.33 c 3.57 be 0.45 b 0.100 b 0.047 b 0.03 be 

180 55.00 ab 4.93 ab 0.300c 0.100b 0.037c 0.113 a 
360 64.0 a 5.03 a---- [ 0.800 a .. 1333 a 0.027 d 0000 c 

Water 

10 73.00 d 0.40 b 2.07 a 0.06 b 0.200 b 0.023 c 
60 139.3 c 0.37 b 0.640 b 0.067 b 0.180 b 0.037 a 
180 196.0 b 0.933 a 0.257 be 0.190 a 0.297 a 0.037 a 
360 226.0 a 0.400 b 0.113 c 0.197 a 0.303 a 0.030 b 

Values within columns followed by different letters were significantly different from each other at 
P<0.05. 
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Table 2. Mobilization of elements from three calcareous soils by different concentrations of organic 

acids and times of extraction. 
(mgtkg) P (mglkg) 

Soil Con. Time Organic acid Organic acid 
(Cal. ) (mM) (Min) 

H-cit H-oxa K-cit K-oxa water H-cit H-oxa K-cit K-oxa water 

0.1 186 182 144 122 73 1.07 2.20 1.20 0.57 0.40 
High 1 1042 232 391 100 73 0.63 2.50 0.37 0.87 0.40 

10 5717 758 2203 42 73 4.67 2.40 0.61 3.40 0.40 
0.1 140. 149 154 117 100 4.13 5.13 4.27 3.20 1.77 

Med 1 10 893 232 438 103 100 4.87 6.20 3.43 4.07 1.77 
10 5282 429 960 64 226 10.53 48.50 2.77 5.03 0.40 
0.1 208 194 171 168 144 0.83 0.53 1.83 0.13 0.07 

Low 1 959 294 473 103 144 2.00 0.07 1.73 2.83 1.10 
10 6327 750 2427 56 144 11.00 2.47 2.20 2.43 0.07 

0.1 204 229 176 171 139 0.63 0.13 1.17 0.50 037 

High 1 924 282 416 127' 139 0.23 1.97 0.50 0.90 0.37 
10 5527 586 2230 55 139 0.47 1.43 0.90 3.57 0.37 
0.1 170 182 144 187 121 4.63 8.63 3.53 3.67 2.73 

Med 1 60 851 264 443 136 121 3.63 6.60 2.47 4.87 2.73 
10 5913 586 2948 75 121 10.53 38.23 10.53 14.60 2.73 
0.1 237 205 208 189 169 2.33 1.93 2.40 1.14 1.07 

Low 1 961 294 471 167 169 2.16 3.63 1.23 2.27 1.06 
10 5203 593 2554 70 169 7.97 1.77 4.87 5.67 1.07 

0.1 229 249 224 210 196 0.77 0.13 1.53 0.27 0.93 

High 1 918 255 451 151 196 ' 0.23 2.10 0.37 1.03 0.93 
10 5378 495 2557 40 196 0.17 0.97 2.03 4.93 0.93 
0.1 199 213 208 153 159 5.10 7.27 4.17 2.97 3.13 

Med 1 180 866 226 487 158 159 4.10 6.27 2.90 4.77 3.13 
10 5152 565 3163 73 159 5.30 28.80 13.77 14.57 3.13 
0.1 263 269 249 219 138 2.47 1.93 2.77 1.43 1.70 

Low 1 944 283 361 159 238 2.90 3.87 1.30- 1-2.57 1.70 
10 5211 531 2676 67 238 5.47 1.00 5.57 6.87' 1.70 

0.1 209 286 205 224 226 0.27 0.43 0.90 0.13 0.40 

High 1 879 270 447 152 226 2.00 1.50 2.00 2.00 2.00 
10 5282 429 960 64 226 0.00 0.37 2.77 5.03 0.40 
0.1 210 266 185 195 208 7.57 10.13 5.97 5.50 5.03 

Med 1 360 803 211 424 170 208 4.77 7.43 3.90 6.37 5.03 
10 5125 549 1389 109 208 4.87 21.97 13.67 18.77 5.03 
0.1 261 292 238 240 266 3.87 2.97 3.40 1.60 1.20 

Low 1 907 284 560 178 266 2.27 4.07 1.63 2.97 1.20 
10 5205 409 1106 100 266 4.73 16.70 6.97 7.70 1.20 
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Fe (mgLkg) Mn m 
Soil Con. Time Org anic aci d Org anic acid 
(Cal. ) (mM) (Min) 

H-cit H-oxa K-cit K-oxa water H-cit H-oxa K-cit K-oxa water 
0.1 2.33 2.36 4.13 1.69 2.07 0.35 0.38 0.30 0.11 0.06 

High 1 1.10 0.53 0.88 3.14 2.07 1.30 0.19 0.33 0.25 0.06 
10 5.93 0.19 4.10 0.37 2.07 7.20 0.11 1.20 0.10 0.06 
0.1 10.10 12.80 13.10 10.30 11.52 0.25 0.66 0.84 0.37 0.38 

Med 1 10 4.03 1.29 4.60 11.10 11.52 1.73 0.25 0.63 0.45 0.38 
10 5.70 0.12 8.03 0.80 0.11 11.40 0.20 4.73 0.13 0.20 

0.1 3.49 3.42 4.60 2.66 2.58 0.31 0.32 0.63 0.31 0.33 

Low 1 3.60 0.69 3.33 4.78 2.58 3.73 0.19 1.33 0.41 0.33 
10 16.63 0.14 4.37 1.13 2.58 32.50 0.12 3.30 0.27 0.33 

0.1 1.11 3.21 3.67 0.77 0.64 0.21 0.43 0.17 0.14 0.07 

High 1 0.97 0.58 1.13 1.74 0.64 1.73 0.21 0.80 0.29 0.07 

10 5.33 0.18 5.37 0.45 0.64 
. 
6.97 0.12 1.60 0.10 0.07 

0.1 8.19 12.90 8.40 7.44 7.24 0.27 0.68 0.77 0.33 0.33 

Med 1 60 3.00 1.60 4.60 10.20 7.24 1.97 0.29 0.60 0.44 0.33 
10 8.63 0.16 7.70 5.87 7.24 16.60 0.18 1.57 0.30 0.33 

0.1 2.68 7.33 2.88 2.42 1.44 0.29 0.32 0.33 0.31 0.29 

Low 1 3.37 0.63 2.80 4.70 1.44 4.70 0.14 1.60 0.34 0.29 

10 16.03 0.06 6.10 1.23 1.44 36.20 0.08 4.73 0.43 0.29 

0.1 0.68 1.12 0.69 0.23 0.26 0.14 0.67 0.32 0.16 0.19 

High 1 0.87 0.39 1.43 0.67 0.26 1.90 0.23 1.20 0.26 0.19 

10 4.13 0.16 4.13 0.30 0.26 10.60 0.14 2.93 0.10 0.19 

0.1 7.06 13.70 5.18 4.32 3.30 0.30 0.75 0.48 0.28 0.29 

Med 1 180 1.60 1.58 7.60 7.02 3.30 1.70 0.27 0.70 0.44 0.29 

10 13.30 0.18 20.70 5.33 3.30 38.80 0.20 2.23 0.33 0.29 

0.1 2.28 4.27 2.49 2.69 1.54 0.26 0.24 0.38 0.31 0.32 

Low 1 2.60 0.60 2.90 2.67 1.54 4.70 0.13 1.93 0.36 0.32 

10 13.93 0.06 12.50 2.40 1.54 38.00 0.18 7.10 0.53 0.32 

0.1 0.66 0.81 0.58 0.29 0.11 0.11 0.52 0.19 0.21 0.20 

High 1 1.43 0.16 1.93 0.12 0.11 1.93 0.14 1.33 0.24 0.20 

10 5.70 0.12 8.03 0.80 0.11 11.40 0.20 4.73 0.13 0.20 

0.1 4.96 13.90 4.96 3.62 2.96 0.28 0.61 0.47 0.32 0.29 

Med 1 360 2.03 1.29 4.10 6.73 2.96 1.30 0.20 0.77 0.26 0.29 

10 7.17 0.10 20.50 4.50 2.96 15.80 0.21 3.37 0.37 0.29 

0.1 2.53 3.18 2.14 1.60 1.16 0.30 0.59 0.41 0.25 0.29 

Low 1 2.00 0.78 2.50 
. 
2.83 1.16 4.57 0.20 2.20 0.43 ' 0.29 

10 13.97 0.24 16.90 3.00 '' 1.16 40.10 0.38 12.10 0.73 0.29 
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Znm Cum 
Soil Con. Time Org anic acid Organic acid 
(Cal. ) (mM) (Min) 

H-cit H-oxa K-cit K-oxa water H-cit H-oxa K-cit K-oxa water 
0.1 0.263 0.137 0.056 0.227 0.200 0.053 0.043 0.040 0.043 0.023 

High 1 0.103 0.140 0.263 0.103 0.200 0.047 0.066 0.040 0.050 0.233 
10 0.617 0.093 0.733 0.050 0.200 0.040 0.057 0.187 0.043 0.023 
0.1 0.300 0.217 0.220 0.273 0.357 0.133 0.170 0.070 0.090 0.303 

Med 1 10 0.190 0.170 0.280 0.273 0.357 0.053 0.113 0.067 0.053 0.303 
10 0.120 0.130 0.300 0.027 0.303 0.100 0.067 0.173 0.000 0.030 
0.1 0.273 0.137 0.190 0.237 0.347 0.053 0.107 0.083 0.060 0.310 

Low 1 0.227 0.117 0.250 0.230 0.347 0.120 0.100 0.067 0.083 0.310 
10 0.483 0.110 0.733 0.110 0.347 0.227 0.070 0.227 0.093 0.310 

0.1 0.137 0.133 0.070 0.127 0.180 0.063 0.040 0.033 0.043 0.023 
High 1 0.093 0.060 0.120 0.083 0.180 0.067 0.060 0.040 0.083 0.023 

10 0.153 0.047 0.400 0.006 0.180 0.067 0.063 0.240 0.030 0.023 
0.1 0.197 0.227 0.153 0.213 0.347 0.110 0.223 0.067 0.113 0.307 

Med 1 60 0.417 0.130 0.197 0.250 0.347 0.097 0.130 0.057 0.130 0.307 
10 0.393 0.040 0.467 0.210 0.346 0.163 0.113 0.273 0.133 0.306 
0.1 0.170 0.160 0.130 0.210 0.383 0.057 0.143 0.070 0.083 0.287 

Low 1 0.217 0.147 0.153 0.203 0.383 0.117 0.117 0.073 '0.113 0.287 
10 0.633 0.043 0.367 0.147 0.383 0.170 0.063 0.270 0.153 0.287 

0.1 0.183 0.210 0.047 0.093 0.297 0.023 0.117 0.043 0.057 0.037 
High 1 0.323 0.073 0.223 0.127 0.297 0.080 0.070 0.030 0.103 0.037 

10 0.097 0.107 0.600 0.037 0.297 0.077 0.077 0.147 0.113 0.037 
0.1 0.180 0.253 0.123 0.110 0.363 0.100 0.217 0.063 0.093 0.260 

Med 1 180 0.373 0.087 0.147 0.253 0.363 0.137 0.103 0.067 0.137 0.260 
10 0.110 0.060 0.633 0.107 0.363 0.207 0.167 0.290 0.277 0.260 
0.1 0.153 0.193 0.157 0.163 0.347 0.113 0.103 0.060 0.100 0.250 

Low 1 0.677 0.093 0.160 0.227 0.347 0.100 0.100 0.090 0.100 0.250 
10 0.100 0.040 0.467 0.170 0.347 0.207 0.070 0.287 0.200 0.250 

0.1 0.167 0.160 0.180 0.063 0.303 0.027 0.023 0.067 0.070 0.030 
High 1 0.180 0.035 0.163 0.106 0.303 0.047 4.020 0.000 0.057 0.030 

10 0.120 0.130 0.300 0.027 0.303 0.100 0.067 0.173 0.000 0.030 
0.1 0.170 0.197 0.177 0.137 0.300 0.070 0.117 0.097 0.100 0.257 

Med 1 360 0.180 0.083 0.150 0.200 0.300 0.107 0.083 0.000 0.117 0.257 
10 0.243 0.093 0.467 0.140 ' 0.300 0.130 0.093 0.250 0.197 0.257 
0.1 0.137 0.197 0.180 0.153 - 0.290 0.053 0.080 0.063 0.103 0.243 

Low 1 0.130 0.100 0.170 0.170 0.290 0.107 0.070 0.000 0.123 0.243 
10 0.233 0.030 0.200 0.187 0.290 0.160 0.110 0.280 0.140 0.243 

* Indicates P<0.05 
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Abstract 

Organic acids are believed to play a key role in many rhizosphere processes such as nutrient 
mobilization. This may benefit plants by increasing the availability of nutrients for subsequent uptake 
into the roots. Pot experiments were conducted to investigate and compare the effects of various organic 
acid application methods on mineral nutrient concentration and uptake by wheat plants. Two 
concentrations (1 and 10 mM) of two organic acids (citrate and oxalate) were either applied to the leaves 
(foliar), soil (soil) or seeds prior to planting (soaking). The organic acids were applied in two ionic 
forms (H}-form or K+-form). In some pots the soil was amended with Zn prior to planting (10 mg Zn kg" 
1) whilst the other pots remained untreated. Distilled water or KC1 (1 and 10 mM) were applied as 
control treatments. Our study showed that in most cases wheat grown in organic acid treated pots 
showed significantly higher uptake and concentrations of P, Ca and micronutrients than the control 
plants. Addition of low and high concentration of citrate and oxalate to plants as foliar application, soil 
or seed treatment resulted in a significant increase in P, Fe, Zn, Mn, and Cu accumulation as well as 
higher concentrations in the roots and leaves of the plants. When soil was supplied with Zn, the soil 
application of organic acids (10 mM) was effective in increasing Fe and Zn uptake by leaves. Addition 

of oxalate increased the uptake and concentration of P in plant tissues. In the absence of Zn, the foliar 

application of low concentrations of organic acids increased the Zn concentration of the leaves. Plant 

nutrient responses to organic acid application methods proved variable and yielded only small benefits 
to crop growth. Further research is required before these techniques can be approved for widespread use 
in agronomic practices. 

Key words: foliar, fertilizer, nutrient uptake, organic acids, Triticum aestivum, wheat 

1. Introduction 

The release of organic acid anions from roots into the rhizosphere may benefit plants by 

increasing the availability of nutrients for subsequent uptake into the roots (Ryan et al., 2001). 

These organic acid mediated nutrient mobilization processes in the soil rely on the capacity of 

organic anions to bind with cations such as A13+, Fe 3+ and Ca 2+ in the rhizosphere. The number 

of carboxyl groups largely determines the stability of these ligand-metal complexes (Bar-Yosef, 

1991; Bolan et al., 1994; Hue, 1991). Generally, tricarboxylic acids (e. g. tartrate 3-, citrate3-) 

complex metal cations more strongly than dicaboxylates (e. g. malate2-, oxalate 2-), and 
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dicarboxylates more strongly than monocarboxylates (e. g. lactate 7, acetate). Organic acid 

anions can potentially change the concentrations of micronutrients (Fe3+, Mn2+, Cu2+ and Zn2+) 

in the soil solution and increase their availability to plants (Dinkelaker et al., 1995; Dinkelaker 

et al., 1989; Jones and Darrah, 1994a). 

The availability of P and micronutrients to crop plants is typically poor in calcareous 

soils (Marschner, 1995). Plants that establish on calcareous soils (cacicoles) tend to exude 

larger quantities of organic acid anions than plants that grow mainly on more acidic soils 

(calcifuges; Ström, 1997; Ström and Olssen, 1994). One potential mechanism for enhancing 

micronutrient availability to plants is therefore the supplementation of the soil with complexing 

agents such as organic acids. This is particularly appropriate for plants that don't release large 

quantities of organic acids (e. g. cereals; Jones, 1998). If this is applied as a spray in the field, 

both the soil and aboveground parts of the crop will be exposed, however, the relative 

efficiency of root and foliar uptake of organic acid-metal complexes remains unknown. 

It is well documented that the "non-root" parts of plants have the potential to take up 

nutrients from aerial sprays applied to the leaves (e. g. Mo, Fe, Mn, Cu; Rengel, 2002; 

Fernandez and Ebert, 2005). Further, radioactive isotopes studies of nutrient partitioning have 

shown that the nutrients taken up by the leaves subsequently become redistributed within the 

plant providing an effective fertilizer delivery mechanism. In comparison to conventional 

fertilizers added to soil, foliar applications can be economical and effective because soil 

nutrient fixation is avoided, leaching losses are eliminated and the environmental impact is very 

small (Arce et al., 1992; Alvarez-Fernandez et al., 2004; Fisher et al., 2003). Foliar applications 

can also be made simultaneously with other agrochemicals reducing soil trafficking and soil 

physical degradation (Heckman et al., 1999). It has been also demonstrated that the amount of 

Zn used in a foliar spray can be 10-fold less than that used as a conventional soil fertilizer (1 kg 

Zn ha' foliar versus 10-20 kg Zn ha" soil applied; LeBlanc et al., 1997). In some cases, 

enhancement of yields by 500% have been reported in response to foliar fertilizer sprays 

making them seem like a worthwhile agronomic practice (Williams et al., 2004). Economic 
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benefits of foliar sprays become even greater if field applications are targeted to areas in a field 

where they are most needed via modem precision farming techniques (e. g. chlorotic regions of 

a field; Godsey et al., 2003; Arce et al., 1992). However, other studies have shown that foliar 

sprays containing micronutrients are not commercially viable (Bednarz et al., 1999; Mallarino 

et al., 2001), although the response is likely to be highly crop and soil specific. Another 

potential problem is that foliar sprays may also reduce the effectiveness of other agrochemicals 

(e. g. glyphosate; Bernards et al., 2005) or conversely prevent the need for pesticides by 

suppressing pathogens (e. g. foliar Mn reduces take-all; Heckman et al., 2003). Other foliar 

sprays which containing non-nutrient metals (e. g. TiC14) can also enhance the root uptake of 

micronutrients (Wojkik and Wojkik, 2001). This exemplifies the complexities of foliar sprays 

and their both direct and indirect modes of action. 

Not surprisingly, previous studies have indicated that the amount of metal uptake is 

positively correlated with the concentration of the foliar spray (Fisher et al., 2003). 

Micronutrient uptake also appears to be dependent upon the rate and agronomic timing of foliar 

spray application (Singh and Dayal, 1992; Banuls et al., 2003). One study has also shown that 

the uptake of foliar applied Fe is greater when applied to the underside of leaves in comparison 

to Fe applied to the leaf surface (Alvarez-Fernandez et al., 2004). The relative efficiency of 

nutrient uptake from foliar sprays is also very dependent upon the nature of the anionic agent 

added with the metal (Hodgkinson et al., 1996; Broschat, 2003; Fisher et al., 2003). These 

include addition as neutral salts (e. g. CuSO4, MnSO4, FeCl3) or as organo-metallic complexes 

including synthetic chelators (e. g. EDTA, HEDTA, EDDHA, DTPA, ethylaminoacetate, lignin 

sulfonate) and natural complexing agents (e. g. ascorbic acid, amino acids and citric acid; Fawzi 

et al., 1993; Alvarez-Fernandez et al., 2004; Goos and Germain, 2001; Bernards et al., 2005). In 

some cases, foliar applied wastewater solutions or leonardite (coal mineral) containing large 

concentrations of humic substances and micronutrients have also been used and shown to 

enhance Fe, Cu, Zn and Mn-uptake in rice and maize (Fernandez-Escobar et al., 1996; Tejada 

and Gonzalez, 2003,2004). When organic acids are added as complexing agents and applied as 
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foliar spray the metals may be more bioavailable, however, the results have been shown to be 

both plant and metal specific (Broschat, 2003). However, there are also some reports that the 

application of organo-metallic complexes of metals are less bioavailable than adding inorganic 

salts directly to the leaves (Mn-EDTA versus MnSO4 or Fe-DTPA versus FeSO4i Papadakis et 

al., 2005; Alvarez-Fernandez et al., 2004). Other studies have shown that the addition of 

surfactants or glycinebetaine may enhance the foliar uptake of nutrients suggesting that a 

combination of additives may enhance leaf nutrient absorption (Diaz-Zorita et al., 2001; 

Fernandez et al., 2003). Foliar sprays of inorganic micronutrients alongside co-application of 

N2-fixing bacteria (e. g. Azotobacter chroococcum and Azospirillum brasilense) have also been 

proposed as a mechanism for enhanced Zn delivery in wheat (Ebrahim and Aly, 2004). 

Although evidence suggests that weak organic acids may cross the leaf surface and enter the 

cell (Brazee et al., 2004), further work is required to establish the mechanisms involved in 

organic acid mediated nutrient delivery through the leaves. 

The above literature shows the complex nature of plant responses to foliar sprays. This 

is exemplified in a recent review by Fernandez and Ebert (2005) who concluded that while the 

application of foliar sprays is a common way of correcting micronutrient deficiency in crops, 

the response may be very variable. In some cases the plant may respond positively while in 

others either no effect or severe negative effects such as defoliation may occur (Seymour and 

Brennan, 1995; Hergert et al., 1996; Bednarz et al., 1999; Gangaiah and Prasad, 1999; Goos et al., 

2004; Broschat and Elliott, 2005; Haq and Mallarino, 2005). In many cases adding the nutrients 

directly to the soil relieves deficiency symptoms whilst foliar application fails (Alvarez et al., 

2002). This variability is partially due to our poor knowledge of the mechanisms controlling the 

penetration of metals into the leaf. Fernandez and Ebert (2005) concluded that the complex and 

multi-disciplinary character of the factors determining the effects of foliar sprays has hindered 

the development of suitable foliar fertilization strategies, applicable under variable local 

conditions and for different plant types. In another critical study, Alvarez-Fernandez et al. 

(2004) concluded that foliar sprays were ineffective in comparison to adding solutions 
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containing metal complexes directly to the soil. This result, however, is not supported by Rajput 

(1997) and Malhi et al. (2005) where soil and foliar applications of Zn and Cu to wheat were 

equally effective. The foliar spray literature is full of contradictions like this. 

Ström and co-workers have speculated that calcicole plants release more organic acid 

anions to enhance the uptake of P and micronutrients from soil, as these normally limit plant 

growth in calcareous soil environments (Strom, 1997; Strom and Olsson, 1994; Rashid et al., 

1997). Some reports have shown that the artificially raising of soil organic acid anion 

concentrations can increase their accumulation in leaves (Cieslinski et al., 1998). Metal 

complexing agents have been used in solid and nutrient solutions to increase the bioavailability 

of insoluble nutrients in plant growth media (Checkai et al., 1987; Norvell, 1991). 

A decline in supplies of organic manures and the increased use of chemical fertilizers 

has led to a decrease in the micronutrient content of many calcareous soils, with the effect of 

depressing crop yields (Sawan et al., 2001). There are some reports that the co-application of 

" organic acids and micronutrients in foliar sprays might be effective as a nutrient delivery system to 

plants (Singh and Dayal, 1992; Alvarez-Fernandez et al., 2004) although these results remain 

inconclusive (Singh and Sahu, 1993; Goatley and Schmidt, 1991). The objective of this study 

was therefore to investigate the effects of three different organic acid application methods on the 

availability and uptake of P and micronutrients in wheat. 

2. Materials and Methods 

2.1. Soil sampling 

The study used a fine-loamy textured mixed thermic, Typic Torrifluvent soil collected 

from the Karaj region of Iran (51°02'00"E and 35°39'00"N). The site has a mean annual rainfall 

of 250 mm, mean annual air temperature of 16.5°C, slope of 0-2%, elevation of 1150 in and is 

dominated by Alhagi camelorum Fisch. (Camelthorn) and Chicorium intybus L. (Chicory) 

vegetation. The soil sample was collected from the Ahk horizon (0-30 cm) using a spade, sieved 

to pass a5 mm mesh and kept field moist at 10°C until required. Some chemical and physical 
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properties of the soil are provided in Table 1. 

Table 1. Summary of the chemical and physical properties of the 

soil used in the experiments. 

Parameter 

Water holding capacity (g kg'') 330 

EC (dS ml) 1.00 

pH 7.88 

CaCO3 (g kg'') 89 

Organic C (g kg'') 7.0 

Clay (g kg'') 190 

Silt (g kg'') 360 

Sand (g kg'') 450 

P (ava. ) (mg kg'') 5.0 

K (ava. ) (mg kg'') 280 

Fe (ava. ) (mg kg"') 3.9 

Mn (ava. ) (mg kg'') 6.8 

Zn (ava. ) (mg kg'') 0.6 

Cu (ava. ) (mg kg'') 1.4 

Texture Loam 

2.2. Analytical methods 

Soil pH was measured using a Model 691 pH meter (Metrohm Ltd, Herisau, 

Switzerland) and electrical conductivity (EC) in soil saturation extracts using a Model ohm-644 

EC meter (Metrohm Ltd). The CaCO3 equivalent was determined by neutralizing the soil with 

HCI and back titration with NaOH (Black et al., 1965) while soil organic carbon (OC) was 

determined by loss on ignition at 550°C (Black et al., 1965). Soil texture was determined 

according to Chapman and Pratt (1961). Soil available-P was determined with 0.5 M NaHCO3 

according to Olsen and Sommers (1990) with colorimetric determination of P according to 

Black et al. (1965). Available K was extracted with ammonium acetate and determined on a 

flame-photometer (Chapman and Pratt, 1961). The availability of Zn, Fe, Mn and Cu was 
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determined by extraction with DTPA and analysis of the extract solution with a PE-AAS atomic 

absorption spectrophotometer (Perkin Elmer Corp., Norwalk, CT; Lindsay and Norvell, 1978). 

2.3. Experimental treatments 

Pot experiments were performed with wheat (Triticum aestivum L. ). Forty wheat seeds 

were sown in a black polyethylene pot (2.6 1 volume, 15 cm diameter) containing 2 kg of soil 

with 12 cm depth and washed gravel at the bottom to facilitate aeration and drainage. At the 

time of planting the soil of half the pots was fertilized with 10 mg Zn kg' as ZnSO4 (equivalent 

to 42 kg Zn hä 1). In addition to the soil Zn treatment, a basal dressing of N and P was added 

equally to all treatments (27 mg P kg" equivalent to 115 kg P205 ha 1 and 38 mg N kg" 

equivalent to 161 kg urea ha l). For the application of the NPK fertilizer the required amounts 

of fertilizer were dissolved in sufficient volumes of water to raise the soil moisture level to field 

capacity. To achieve a uniform distribution of fertilizer throughout the pot the soil was spread 

on a level surface and the solution sprayed onto the surface. After thorough mixing the soil was 

added to the pots. 

In the case of the organic acid soil application treatment, the required amounts (0.01-0.1 

mmol kg"' soil or 10-100 pmol kg" soil) of organic acids (20 ml pot) were applied to the 

surface of the soil and then enough water (40 to 60 ml pof) added to raise the soil moisture 

level to field capacity. For the organic acid spray application method, 20 ml of each organic 

acid solution was sprayed with a hand sprayer onto the surface of the plants in each pot. The 

surface of each pot was covered with foil sheet to prevent organic acids reaching the soil. In the 

last major treatment (seed soaking), forty seeds per pot were soaked in 100 ml of the respective 

organic acid solution for 2h prior to being planted. In order to maintain the soils at field 

capacity, water was added to the pots on a daily basis. No leaching occurred during the 

experiments. 

The experiment was set up in a climate-controlled growth. room in a randomized 

complete block design with a factorial arrangement of treatments (20/15°C-day/night rhythm, 
146 



light intensity of 600 pmol m2 s1 at canopy height). Each treatment was replicated three times. 

The plants were grown for 42 d at which point they were harvested. 

Two types of organic acids were used in the experiment (oxalate and citrate) in either 

the H} or K+ form (i. e. H3citrate, H2oxalate, K3-citrate, K2-oxalate). Two concentrations of 

these organic acids (1 and 10 mM) were applied every 7d throughout the growth period by two 

application methods (soil or foliar spray). Organic acid were only applied to the third treatment 

(seed soaking) at the start of the experiment. The wheat plants were harvested after 42 d and 

separated into shoot and roots. The roots were washed twice with tap water, and then rinsed 

with deionized water. The leaves and roots were then dried at 65°C, weighed, ground, and kept 

in sealed containers for later analysis. For metal analysis, the plant samples were subjected to 

dry digestion (1 g, 550°C, 6 h) followed by re-suspension in 5 ml of 2M HCl (Chapman and 

Pratt, 1961). 

2.4. Chemical equilibria calculations 

A chemical equilibria model was used to predict the organic acid-metal complexes 

formed in soil solution. Species of organic acid'anion-metal complexes were calculated using 

the MINTEQA2 computer program (Allison et al., 1991). MINTEQA2 is a chemical 

equilibrium model designed for the calculation of metal speciation equilibria within natural 

waters. This is a model originally developed by the US-EPA for predicting metal chemistry in 

US freshwaters. The chemical composition of the soil solution of each treatment after harvest 

was used as the input data to the MINTEQA2 model. These data were obtained by saturating 

soils (from each treatment collected at the end of the experiment) with deionized water, mixing 

it to a paste of uniform consistency, standing it overnight, transferring it to a suction flask and 

the soil solution recovered for chemical analysis. 

The concentration of Zn, Fe, Mn, Cu and Ca in the saturation extracts were measured 

using the method described earlier (AAS atomic absorption spectrophotometer, Perkin Elmer 

Corp., Norwalk, CT; Lindsay and Norvell, 1978), 11C03 , C032', S042" and Cl' in the saturation 
147 



extracts of soil was estimated colorimetrically according to Rhoades (1982) and P according to 

Houba et al. (1989). Chemical composition data obtained was used as the input data to the 

MINTEQA2 computer program to calculate organically complexed species of Ca, Zn, Fe, Mn 

and Cu in the solution extracts (including the free cations, Ca, Zn, Fe, Mn, Cu and their 

complexes with citrate, oxalate, Cl', S042-, C032-, P043- and OH). After harvest and removal of 

roots from the soil, soils of each treatment (i. e. pot) was collected, dried and chemical 

composition of the soil solution was determined by saturating the air-dried soil with deionized 

water, mixing it to a paste of uniform consistency, standing it over night, transferring it to a 

suction flask and the soil solution recovered for analysis. 

2.5. Statistical analysis 

Statistical analysis (Duncan test and ANOVA followed by the Bonferroni method for 

significance level adjustments due to multiple comparisons) was performed with the computer 

programs SigmaPlot 8.0 (SPSS Inc., Chicago, IL), Excel 12.0 (Microsoft Corp., OR) and SAS 

(SPSS Inc. ). ANOVA included separating the main effects of organic acid types and Zn 

treatments, and their interaction effect (`organic acid type' versus `Zn treatment' versus 

`application method'). 

3. Results 

3.1. Effect of organic acid applications on plant biomass 

The effect of addition of two concentrations (1 or 10 mM) of two organic acids (citrate 

and oxalate) either applied to the leaves (foliar), soil (soil) or seeds prior to planting (soaking) 

on plant dry matter are shown in Figure 1 and Table I (Appendix). The organic acids were 

applied in two ionic forms (H+-form or K-form). In some pots the soil was amended with Zn 

prior to planting (10 mg Zn kg's) whilst the other pots remained untreated. Distilled water and 

KCl (1 or 10 mM) were applied as control treatments. The results indicated that some of the 

organic acid treated pots had a marginally higher plant dry matter weight than the unamended 
148 



controls, however, no consistent trends were apparent across treatments. Generally, plants 

supplied with Zn seemed to grow better than plants in the absence of Zn, however, there were 

few notable significant differences in dry weight between organic acid treatments in 

comparison to the control treatments. This Zn response was more apparent in the roots than in 

shoot dry weight production (data not presented). 

3.2. Effect of organic acid application methods on plant nutrient content 

The effects of different organic acid application methods on mineral nutrient 

concentration and uptake by wheat shoots are shown in Figures 2 to 13 and Tables 2 to 13 

(included in the Appendix). Our study showed that wheat treated with organic acids, took up 

and accumulated significantly higher concentrations of micronutrients than the control plants. 

The results showed there are great differences in the solubilizing efficiency of organic acids on 

Zn, Mn, Fe, Cu and P. Differences in solubilizing ability were also found to differ between the 

acids (H-citrate, H-oxalate) and their salts (K-citrate and K-oxalate). 

3.2.1. Organic acid application methods and foliar nutrient concentrations 

Zn: 

The results showed that the influence of organic acid foliar application on shoot Zn 

content varied among pots but that concentrations were significantly increased in comparison to 

the controls (P < 0.05; Fig. 2 and Table 2). In soil with and without added Zn, soil application 

of low concentrations of H-oxalate gave significantly higher concentrations of Zn in wheat 

leaves (P < 0.05). Seed soaking generally had little significant effect on foliar Zn concentration. 

Cu: 

Figure 3 and Table 3 (Appendix) showed the effect of three application methods on 

plant foliar Cu concentration. Each method gave higher foliar Cu concentration than control 

plants, but foliar application of organic acids concentration (1-10 mM) supplied with Zn gave 

the highest Cu concentration, with K-citrate being the most effective ionic form. Soil and seed 
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soaking applications of citrate and oxalate had a similar effect but their impact was much less 

than that observed for the foliar application. 

Mn: 

Seed soaking application of K-citrate concentrations (1-10 mM) with added soil Zn gave 

the highest foliar concentration of Mn in comparison to the control plants. Without soil Zn 

being supplied, seed soaking with H-citrate proved the most effective organic acid treatment 

giving high concentration of Mn (P < 0.05; Fig. -4 and Table 4). 

Fe: 

Foliar application of low concentrations of two organic acids (citrate and oxalate) gave 

significantly (P < 0.05) higher Fe concentration than in the control plants (1-120, KC1). This 

effect was greatest when the soil was supplemented with Zn. Using high concentrations of the 

organic acid in their H-form in the foliar spray gave higher foliar Fe concentrations than the 

control plants (1120). In contrast, using high concentrations of organic acids in their K+-forms 

gave lower foliar Fe concentration in comparison to the control (KC1) plants. Without added 

Zn, the soil application of high concentrations of organic acids showed significantly (P < 0.05) 

higher foliar Fe concentrations than control plants and other application methöds (Fig. 5 and 

Table 5) 

P: 

Concentrations of P in wheat plants in response to the addition of two concentrations (1 

and 10 mM) of two organic'acids (citrate and oxalate) either as foliar, soil or seed treatment is 

shown in Figure 6 and Table 6. The results of our study showed that in the presence of added 

soil Zn, organic acids added in low concentrations in the foliar spray gave differences in foliar 

P concentration between treated and control pots (H20, KC1). In the foliar treatment, the H- 

forms of the organic acids gave the highest P concentrations in comparison to the K-forms. In 

contrast, in the seed soaking application, K-oxalate was most effective while in the soil 

application method, H-citrate and K-citrate were equally effective. 

Ca 
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The concentration of Ca in wheat plants in response to the addition of two 

concentrations (1 and 10 mM) of two organic acids (citrate and oxalate) either as foliar, soil or 

seed treatment is shown in Figure 7 and Table 7. The results of our study showed that the 

amount of Ca concentration with and without added Zn was higher in soil and seed soaking 

application methods with low and high concentrations of H-citrate than other treatments 

(P < 0.05). The same results were observed in the foliar treatment with low concentrations of 

K-citrate. 

3.2.2. Organic acid application methods and nutrient uptake by wheat 

Zn: 

The effects of different organic acid application methods on Zn uptake by wheat shoots 

are shown in Figure 8 and Table 8. Our study showed when the soils were supplied with Zn, the 

plants exposed to the foliar application method had accumulated significantly (P < 0.05) higher 

total amounts of Zn than the other treatments, while, with soil application without added Zn 

only citrate (H-form, K-form) increased Zn uptake in comparison to the controls. Plants 

exposed to the seed soaking method accumulated equal or lesser amounts of Zn in comparison 

to the control treatment. 

Cu: 

Generally, organic acid treated plants accumulated significantly (P < 0.05) higher total 

amounts of Cu than the control plants (Fig. 9 and Table 9). Addition of low and high 

concentration of citrate and oxalate to plant pots as foliar, soil and seed soaking methods with 

added soil Zn resulted in a significant increase in Cu accumulation in the leaves. In the absence 

of Zn treatment, soil and foliar application of high concentration K-oxalate as well as the three 

application methods of K-citrate significantly (P < 0.05) increased shoot Cu uptake. 

Mn: 

The effects of different organic acid application methods on total Mn accumulation by 

wheat shoots are shown in Figure 10 and Table 10. The results of our study showed that using 
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low and high concentration of organic acids with added soil Zn, foliar, soil and seed treatments 

of H-forms increased Mn uptake of leaves. In contrast, with low concentrations of organic acids 

without added soil Zn, only foliar, soil and seed treatments of H-citrate significantly increased 

the total Mn content of leaves (P < 0.05) 

Fe: 

The effects of different organic acid application methods on. Fe uptake by wheat shoots 

are shown in Figure 11 and Table 11. Our study showed that plants treated with organic acids 

accumulated significantly (P < 0.05) higher amounts of Fe than the control plants. Foliar 

application of low concentrations of citrate and oxalate to plants resulted in a significant 

increase in Fe accumulation in the leaves of the plants (P < 0.05). Using a high organic acid 

concentration (10 mM) added to the soil combined with a soil Zn addition proved the most 

effective way of increasing leaf Fe uptake (P < 0.05). In the absence of soil Zn addition, the 

soil application of oxalate and citrate in their H-forms and K-citrate proved the most effective 

method for increasing Fe uptake into wheat leaves. 

P: 

The results of our study showed that wheat grown in organic acid treated (foliar, soil 

and seed soaking) pots had accumulated significantly (P < 0.05) higher total amounts of P than 

the control plants (Fig. 12 and Table 12). Foliar and soil application of low concentrations of H- 

citrate, H-oxalate and K-citrate with added soil Zn significantly increased the total shoot P 

content (P < 0.05) while seed soaking with the H-form and K-forms of the organic acids had an 

equally, effect on P uptake. Without added Zn, the highest content of foliar P occurred for the 

H-forms in comparison to control (1120), while the K-forms accumulated lower amount of P in 

comparison to the control (KC1). 

Ca: 

The effects of different, organic acid application methods on Ca uptake by wheat shoots 

are shown in Figure 13 and Table 13. Our study showed that foliar application of H+-forms and 
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K+-forms with added Zn increased the total uptake of Ca more than the controls (H20, KCI). In 

contrast, in the soil application method, K-citrate and K-oxalate with or without added Zn, had 

no significant effect on Ca uptake in comparison to the control plants. In the seed soaking 

method, all treatments gave significantly higher Ca uptake than control plants (P < 0.05). 
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Fig. 1. Amount of leaf dry matter of wheat in response to the addition of two concentrations 

(I and 10 mM) of two organic acids (citrate and oxalate) either applied to the leaves (foliar), 

soil (soil) or seeds prior to planting (soaking). The organic acids were applied in two ionic 

forms (1I4 -form or K 1-form). In some pots the soil was amended with Zn prior to planting 

(10 ing Zn kg-1; Panel A; left hand side) whilst the other pots were untreated (Panel ß; right 

hand side). Distilled water and KC1 (1 and 10 mM) were applied as control treatments. 

Values represent means 1 SI: M (17 - 3). 
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Fig. 2. Foliar concentration of Zn in wheat in response to the addition of two concentrations 

(I and 10 mM) of two organic acids (citrate and oxalate) either applied to the leaves (foliar), 

soil (soil) or seeds prior to planting (soaking). The organic acids were applied in two ionic 

forms (I I'-form or K'-foram). In some pots the soil was amended with Zn prior to planting 

(10 mg Zn kg-'; Panel A; left hand side) whilst the other pots were untreated (Panel B; right 

hand side). Distilled water and KCI (1 and 10 mM) were applied as control treatments. 

Values represent means ± SEM (n = 3). 
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Fig. 3. fFoliar concentration of Cu in wheat in response to the addition of two concentrations 

(1 and 10 mM) of two organic acids (citrate and oxalate) either applied to the leaves (foliar), 

soil (soil) or seeds prior to planting (soaking). The organic acids were applied in two ionic 

forms (11'-form or K'-form). In some pots the soil was amended with Zn prior to planting 

(10 mg Zn kg-I; Panel A; left hand side) whilst the other pots were untreated (Panel B; right 

hand side). Distilled water and KCI (1 and 10 mM) were applied as control treatments. 

Values represent means ± SEM (n 3). 
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Fig. 4. Foliar concentration of Mn in wheat in response to the addition of two concentrations 

(1 and 10 mM) of two organic acids (citrate and oxalate) either applied to the leaves (foliar), 

soil (soil) or seeds prior to planting (soaking). The organic acids were applied in two ionic 

forams (II`-förm or K+-foram). In some pots the soil was amended with Zn prior to planting 

(10 mg Zn kg-º; Panel A; left hand side) whilst the other pots were untreated (Panel B; right 

hand side). Distilled water and KCI (1 and 10 rnM) were applied as control treatments. 

Values represent means ± SEM (n = 3). 
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Fig. 5. Foliar concentration of Fe in wheat in response to the addition of two concentrations 

(1 and 10 mM) of two organic acids (citrate and oxalate) either applied to the leaves (foliar), 

soil (soil) or seeds prior to planting (soaking). The organic acids were applied in two ionic 

forms (i i`-lärm or K'-form). In some pots the soil was amended with Zn prior to planting 

(10 mg Zn kg- l; Panel A; left hand side) whilst the other pots were untreated (Panel B; right 

hand side). Distilled water and KC1 (1 and 10 mM) were applied as control treatments. 

Values represent means + SEM (n =: 3). 
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Fig. 6. Foliar concentration of P in wheat in response to the addition oftwo concentrations 

(I and 10 mM) of two organic acids (citrate and oxalate) either applied to the leaves (foliar), 

soil (soil) or seeds prior to planting (soaking). The organic acids were applied in two ionic 

forms (l3'-form or K-form). In some pots the soil was amended with Zn prior to planting 

(10 mg Zn kg 1; Panel A; left hand side) whilst the other pots were untreated (Panel B; right 

hand side). Distilled water and KCI (1 and 10 mM) were applied as control treatments. 

Values represent means ± SEM (n -- 3). 
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7. Foliar concentration of Ca in wheat in response to the addition of two concentrations 

(1 and 10 mM) of two organic acids (citrate and oxalate) either applied to the leaves (foliar), 

soil (soil) or seeds prior to planting (soaking). The organic acids were applied in two ionic 

forms (H -form or W 
-form). In some pots the soil was amended with Zn prior to planting 

(10 mg Zn kg-1; Panel A; left hand side) whilst the other pots were untreated (Panel ß; right 

hand side). Distilled water and KC1 (1 and 10 mM) were applied as control treatments. 

Values represent means f SEM (n - 3). 
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Fig. 8. Amount of foliar Zn in wheat in response to the addition of two concentrations (I and 

10 mM) of two organic acids (citrate and oxalate) either applied to the leaves (foliar), soil 

(soil) or seeds prior to planting (soaking). The organic acids were applied in two ionic firms 

(11+-förm or K+-form). In some pots the soil was amended with Zn prior to planting (10 mg 

Zn kg-1; Panel A; left hand side) whilst the other pots were untreated (Panel 13; right hand 

side). Distilled water and KCI (1 and 10 mM) were applied as control treatments. Values 

represent means ± SEM (n 3). 
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Fig. 9. Amount of foliar Cu in wheat in response to the addition of two concentrations (1 and 

10 mM) of two organic acids (citrate and oxalate) either applied to the leaves (foliar), soil 

(soil) or seeds prior to planting (soaking). The organic acids were applied in two ionic forms 

(H4-form or K'-form). In some pots the soil was amended with Zn prior to planting (10 mg 

Ln kg-'; Panel A; left hand side) whilst the other pots were untreated (Panel 13, right hand 

side). Distilled water and KCI (1 and 10 mM) were applied as control treatments. Values 

represent means ± SEM (n = 3). 
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Fig. 10. Amount of foliar Mn in wheat in response to the addition of two concentrations (1 

and 10 mM) of two organic acids (citrate and oxalate) either applied to the leaves (foliar), 

soil (soil) or seeds prior to planting (soaking). The organic acids were applied in two ionic 

forms (H `-form or K+-form). In some pots the soil was amended with Zn prior to planting 

(10 mg Zn kg-1; Panel A; left hand side) whilst the other pots were untreated (Panel 13; right 

hand side). Distilled water and KCl (1 and 10 mM) were applied as control treatments. 

Values represent means } SEM (n - 3). 
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Fig. 11. Amount of foliar Fe in wheat in response to the addition of two concentrations (1 

and 10 mM) of two organic acids (citrate and oxalate) either applied to the ]caves (foliar), 

soil (soil) or seeds prior to planting (soaking). The organic acids were applied in two ionic 

forms (I I+-form or K4-form). In some pots the soil was amended with Zn prior to planting 

(10 mg Zn kg-l; Panel A; left hand side) whilst the other pots were untreated (Panel ß; right 

hand side). Distilled water and KCI (1 and 10 mM) were applied as control treatments. 

Values represent means ± SEM (n = 3). 
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Fig. 12. Amount of foliar P in wheat in response to the addition of two concentrations (1 and 

10 mM) of two organic acids (citrate and oxalate) either applied to the leaves (foliar), soil 

(soil) or seeds prior to planting (soaking). The organic acids were applied in twos ionic forms 

(II`-lärm or K'-form). In some pots the soil was amended with In prior to planting (10 mg 

Zn kg-'; Panel A; left hand side) whilst the other pots were untreated (Panel 13: right hand 

side). Distilled water and KCI (1 and 10 mM) were applied as control treatments. Values 

represent means + SEM (ii 3). 
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Fig. 13. Amount of foliar Ca in wheat in response to the addition of two concentrations (1 and 

10 mM) of two organic acids (citrate and oxalate) either applied to the leaves (foliar), soil (soil) 

or seeds prior to planting (soaking). The organic acids were applied in two ionic forms (I I'- 

form or K+-form). In some pots the soil was amended with Zn prior to planting (10 mg Z. n kg- II 

Panel A; left hand side) whilst the other pots were untreated (Panel 13; right hand side). Distilled 

water and KCI (1 and 10 mM) were applied as control treatments. Values represent means I- 

SEM (n - 3). 
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3.3. Chemical equilibria modeling of organic acid-metal interactions 

A MINTEQA2 computer program (Allison et al., 1991) was used to predict the metal 

binding reactions in solutions in response to the addition of either citrate or oxalate to the soils. 

The speciation model showed that the organic acids were capable of forming organo-metallic 

complexes with Zn, Cu, Fe, Mn and Ca (Tables 2 to 6). 

Using MINTEQA2 and soil solution chemistry data for the three organic acid 

application methods (foliar, soil and seed soaking), the addition of citrate and oxalate was 

predicted to lead to significant micronutrient and Ca complexation. Although the results 

presented here indicate that both citrate and oxalate were capable of mobilizing cations from the 

calcareous soil, only a small amount of the organic acid was involved in the mobilization of 

micronutrients (Zn, Fe, Cu and Mn) whilst large amounts were involved in the mobilization of Ca. 

Across all the citrate treatments 28 ± 8% of the total citrate remained free in solution 

(not complexed with metals), 72 ± 8% was predicted to complex with Ca with only 0.5 ± 0.2 

predicted to form complexes with micronutrients. Of the micronutrients Mn, Cu and Fe were all 

bound to a similar degree (ca. 0.12% of the total citrate associated with each of these metals) 

while the amount of organic acid mediated Zn complexation was much less (ca 0.04% of the 

total citrate associated with each of these metals). There were few notable differences in the 

degree of complexation between citrate treatment methods or the ionic- form in which citrate 

was added to the plant-soil system. 

Across' all the oxalate treatments 49 15% of the total oxalate remained free in solution 

(not complexed with metals), 51 ± 5% was predicted to complex with Ca with only 0.6 ± 0.2 

predicted to form complexes with micronutrients. Of the micronutrients Cu represented the 

highest amount of complexation (ca. 0.27% of the total oxalate associated with Cu) while the 

amount of organic acid complexes forming with Zn, Fe and Mn was similar (ca 0.10% of the 

total oxalate associated with each of these metals). There were few notable differences in the 

degree of complexation between oxalate treatment methods or the ionic form in which citrate 

was added to the plant-soil system. 
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Across all treatments, the addition of Zn fertilizer did not result in a higher amount of 

Zn-organic acid metal complexes being formed in solution as predicted with MINITEQA2 

(P > 0.05). With respect to individual organic acid -treatments, a significant increase in Zn 

complexation was only observed with K-citrate in the presence of Zn fertilizer in comparison to 

the unamended solutions (P < 0.05). 

The addition of KCI gave no significant amount of complexation with micronutrients 

with the chloride anion (Table. 6). 
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4. Discussion 

4.1. Organic acid-metal interactions 

Significant efforts have been made during recent years to determine the factors that control 

the transfer of elements from soils to plants (Culter and Rains, 1974; Cataldo et al., 1988; 

Robards and Worsfold, 1991). The mobility, bioavailability and toxicity of metals and trace 

metals largely depends on the metal's physiochemical properties (Lamy et al., 1993). Organo- 

metallic complexes (e. g. Zn-oxalate, Ca-citrate and Cu-citrate) are typically more soluble than 

inorganic precipitates [e. g. Zn(OH)2, CaCO3 and Cu(OH)2] and their solubility is directly 

related to the concentration and type of complexing ligand present in solution (Banuelos and 

Ajwa, 1999). Low molecular weight organic acids are capable of forming complexes with many 

metal cations (Stevanson and Fitch, 1994; Robert and Berthlie, 1994) thereby affecting their 

fixation (solid phase precipitation), mobility (i. e. diffusion and sorption properties) and their 

subsequent availability to plant roots. In the -continuation of our work on the role of organic 

acids in the mobilization of metals with reference to their plant accumulation, the present study 

highlights the concentrations and uptake by wheat plants in response to the addition of two 

concentrations (1-10 mM) of two organic acids (citrate and oxalate) either applied to the leaves 

(foliar), soil (soil) or seeds prior to planting (soaking), and the interaction of metals with 

organic acid resulting in the formation of labile, organically bound metals. These concentrations 

were chosen because typically the total concentration of acids in roots is around 10-20 mM 1- 

4% of total dry weight). The organic acid content of plants is governed primarily by their type 

of C fixation (CAM, C3, and C4), their nutritional status and age (Table 1; Jones and Darrah, 

1994a). One, of the primary factors determining organic acid levels in roots is their degree of 

cation-anion imbalance. In situations where roots take up an excess of cations (particularly K), 

the negative charge required to balance this is often provided by organic acids (Kirk, 2002). 

The behaviour of organic acids in the rhizosphere is complex (Jones, 1998). Once exuded, 

they can be almost instantly sorbed to anion exchange sites, reducing their bioavailability and 

possibly reducing their effective nutrient mobilizing capacity (Jones et al., 1996a; Jones and 
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Edwards, 1998). Degradation of organic acids can be expected to lead to a significant 

proliferation of microorganisms in the rhizosphere as they biodegrade the organic acids. 

Therefore, the efficacy of this mechanism may be significantly affected by the microbial 

community (Strom et al., 2001). Our results presented here indicated that there was some 

increase in metal content in the tissues indicating that the organic acids had an appreciable 

effect. But the treatments caused only small increases in total plant biomass production in 

comparison to the control treatments. It is possible that the lack of growth response could be 

attributed to the concentration of organic acids being insufficient to cause a large enough 

mobilization effect, and that the organic acids became sorbed to the soil and therefore could not 

reach the rhizosphere. It is also possible that the organic acids were mineralized by the soil 

microbial community before reaching the rhizosphere. 

The overall aim was to assess whether organic acids could enhance plant metal 

accumulation. 

4.2. Seed soaking treatment 

Of the application methods tested here, seed soaking was assumed to be the least likely 

strategy to promote plant micronutrient uptake. In this treatment, the seed soaking with organic 

acids may help to mobilize micronutrients present in the seeds, albeit unlikely, and may also 

mobilize nutrients from the soil when the organic acids diffuse out of the seed into the 

surrounding soil (spermosphere). This was hypothesized to promote early growth vigour 

leading to better plant establishment. Although early growth was not measured here, it is clear 

that organic acid seed soaking gave little consistent significant benefit in terms of overall plant 

growth over the 42 d experimental period. Future strategies may involve soaking the seeds with 

a combined metal-organic acid solution (e. g. Zn-citrate, Cu-citrate). This may localize the 

metals to the place where they are most needed and in a form which they can be translocated to 

all parts of the plant. 

174 



4.3. Soil andfoliar amendment treatments 

Unlike the seed soaking, the soil and foliar organic acid amendments were applied 6 

times during the experimental period. Similarly to the seed soaking treatment, both these 

treatments caused only small increases in total plant biomass production in comparison to the 

control treatments. Therefore it is unlikely given the cost and time that these application 

methods will be adopted within agricultural systems in micronutrient deficient areas of the 

world. In the case of the foliar application, it is likely that a combined metal-organic acid co- 

application (e. g. Zn-oxalate) may have yielded bigger effects than adding organic acids alone. 

In the case of the soil applied organic acids, it could be that the amount added was insufficient 

to cause a significant effect on nutrient uptake and subsequent growth. However, the results 

presented here indicated that there was some increase in metal content in the tissues indicating 

that the organic acids had an appreciable effect. Therefore it could be that plant growth was 

limited by some other nutrient that was unaffected by organic acid addition (e. g. B). Therefore 

future experiments should include a treatment in which all the nutrients are present in abundant 

amounts (i. e. a positive control) to help identify whether the organic acids are having a 

significant effect or not in altering the plant's growth potential. It is also possible that the lack 

of growth response could be attributed to (1) the concentration of* organic acids being 

insufficient to cause a large enough mobilization effect, (2) that the organic acids mobilized 

metals away from the rhizosphere and consequently they could not be captured by the root, (3) 

that the organic acids were mineralized by the soil microbial community before reaching the 

rhizosphere, (4) that the organic acid-metal complexes could not be taken up by the roots, and 

(5) that the organic acids became sorbed to the soil and therefore could not reach the 

rhizosphere. Unfortunately, in comparison to the free acids, the behaviour of organic acid-metal 

complexes in calcareous soils is poorly understood (i. e. their relative availability to 

microorganisms, sorption etc). This could be addressed using radioisotopes of the 

micronutrients (e. g. 59Fe, 55Zn) in combination with 14C-labelled C. This. 'study also indicated 

that the complexation of micronutrients by the added organic acids was extremely low. The 
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organic acids preferentially formed complexes with Ca 2+ which is abundant in this calcareous 

soil (Table 1). While this Ca complexation may be important for releasing P from Ca-P 

minerals (Jones and Darrah, 1994) it may not be that beneficial for releasing micronutrients into 

solution. The MINITEQ2A model did not consider the precipitation of Ca-oxalate which may 

have removed even more Ca2+ from solution than predicted with the model used here. The 

model also failed to account for solid phase interactions (e. g. sorption) which may further 

reduce the concentration of organic acids in solution even more. The results presented here are 

supported by a previous study by Jones and Darrah (1994a) where most of the citrate added to 

the soil was involved in the release of Ca into solution (56% of total added) whilst only 10% 

was involved in the release of Fe and none was involved in the release of Mn. 

In an effort to distinguish between the H+ and anion effects of citrate and oxalate, this 

study was carried out with both H-forms and K-forms of citrate and oxalate and also with KCI. 

This allowed the proton and anion reactions to be examined separately. Ne conclude that 

overall, ionic form had little appreciable effect on micronutrient accumulation in the wheat 

plants. The results of a study by Ström (1997) in calcareous soils indicated that the solubilizing 

efficiency of organic acids was different with respect to Fe, Mn and P. The differences in 

solubilizing ability of the different organic acids in terms of plant growth or micronutrient 

uptake, however, were not readily apparent here. Therefore, although the release of organic 

acids into the rhizosphere has been implicated in many mechanisms for either increasing or 

decreasing the availability of nutrients to the plant (Uren and Reisenauer, 1988; Marschner, 1995; 

Jones et al., 1996a), the mechanism still remains to be adequately proven. 

Although the organic acids stimulated P uptake in the plants this did not enhance plant 

growth. Generally, citrate was better at increasing total plant P concentrations in comparison to 

oxalate although this appeared to be dependent upon the rate of Zn supply. Previous studies 

have indicated that the complexing of Ca can release P into solution from soil and rock 

phosphate (Jones and Darrah, 1994a; Ström, 1997; Dinkelaker et al., 1989). 
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According to Marschner (1995), the concentrations of Fe and Mn in soil is highly pH 

dependent and in aerated soils, the Fe and Mn concentration decreases by a factor of 100 for 

every unit increase in pH. This clearly shows the importance of lowering the pH on the solubility of 

Fe and Mn in calcareous soils (ca. pH 7.5-9.0). The impact of the organic acid additions on soil 

pH, however, appeared to have little overall effect in this study (data not presented). 

Fernandez and Elbert (2005) concluded that application of foliar spray is a common way 

of correcting micronutrients deficiency in crops. The use of organic acids for spray or seed 

soaking may provide a potential-low-cost solution for organic, low income and biological 

farmers if the technology works. The literature, however, has shown the complex nature of 

plant responses to foliar sprays and this study is no exception to this. Some reports have shown 

that artificially raising soil organic acid anion concentrations can increase metal accumulation 

in leaves (Cieslinski, 1998) in agreement with some of the results presented here. Although 

enhancing the micronutrient content within crop plants is important for human health,. farmers 

are primarily interested in yield and economic gain rather than nutritional value. As this trial 

failed to show a biomass increase this technology is unlikely to promote farmer adoption. 

4.4. Zn fertilizer addition 

Zn application to the soil significantly increased the concentration and uptake of Zn in 

the plant shoot, however, this did not cause a significant increase in plant growth indicating that 

Zn was not the only nutrient or factor limiting growth. The highest total shoot uptake and 

concentration of Zn in the soil supplied with Zn was observed with the foliar application of 

organic acids, followed by the soil application of citrate (H-form, K-form) without added Zn, 

however, these differences were small in comparison to the control. At present we do not have a 

good explanation to explain why organic acids applied to the leaves enhances uptake from the 

soil. Although Zn can be transported in the plant either as Zn 2+ or bound to organic acids 

(Alloway, 1990) there is no evidence to suggest that it is taken up from the soil as. a Zn-organic 
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acid complex. Zinc is accumulated in root tissue but is translocated to the shoot when needed 

(A1loway, 1990). 

5. Conclusions 

Organic acids (H3-citrate, H2-oxalate, K3-citrate, K2-oxalate) were used to treat what 

plants with the hope of enhancing their micronutrient and P status and subsequent growth. In 

our study foliar, soil or seed soaking methods with citrate (H-form and K-form) yielded higher 

concentration of Zn, Cu, Mn and Fe in wheat plant tissues while both organic acids enhanced P 

uptake and tissue concentration. Overall, the plant response to the different application methods 

was very variable and in no instances was a significant effect on biomass yield observed. In 

some cases the plant response positively while in the others, either no effect or negative effects 

occurred. Although evidence suggests that organic acids may cross the surface and enter the 

cell, further work is required to establish the mechanisms involved in organic acid mediated 

nutrient delivery through the leaves. In some cases soil application (adding solutions containing 

metal complexes directly to soil) was more effective than foliar application and seed soaking. 

These experiments indicated that organic acids may not provide an effective mechanism for 

enhancing micronutrient uptake into wheat. 
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Appendix 

Table 1. Effects of three organic acids application methods (soil, foliar, seed) on amount of 

wheat leaves dry matter (g). Two different concentrations of organic acids (1 and 10 mM) and 
10 mg kg'' of Zn were applied. 

O. As (1 mM) O. As (10 mM ) 

O. As -Zn +Zn -Zn +Zn 

Soil Foliar Seed Soil Foliar Seed Soil Foliar Seed Soil Foliar Seed 

H-cit 2.67a 2.76a 2.56a 2.52a 2.28b 2.29b 2.60a 2.70a 2.40b 2.07b 2.25a 1.64c 

H-oxa 2.58b 2.64b 2.81a 2.34a 2.39a 2.36a 2.21b 2.42a 2.34a 2.64a 2.16b 1.80c 

K-cit 2.32b 2.69a 2.50ab 2.33a 2.09b 2.52a 2.61a 2.68a 2.67a 2.26b 2.26b 2.45a 

K-oxa 2.40a 2.47a 2.31b 2.52a 2.43a 2.39ab 2.49a 2.37a 2.38a 2.26b 2.53a 2.19b 

KCI 2.72a 2.47b 2.46b 2.46a 2.30a 2.14b 2.65a 2.33b 2.45ab 2.52a 2.44a 2.30b 

Water 2.33a 2.32a 2.18b 2.26a 2.29a 2.17a 2.33a 2.32a 2.18b 2.26a 2.29a 2.17a 

Table 2. Effects of three organic acids application methods (soil, foliar, seed) on Zn 

concentration (mg kg's) by wheat leaves. * Two different concentrations of organic acids (1 and 

10 mM) and 10 mg kg" of Zn were applied. 
O. As (1 mM) O. As (10 mM ) 

O. As -Zn +Zn -Zn +Zn 

Soil Foliar Seed Soil Foliar Seed Soil Foliar Seed Soil Foliar Seed 

H-cit 49c 133a 88.7b 152 a 86c 108b 82b 133a 50c 75b 101a 97a 

H-oxa 155a 158a 78b 205a 142b 83c 54b 150a 55b 140b 164a 90c 

K-cit 49b 109a 55b 104a 80b 78b 78b 94a 49c 204a 86b 95b 

K-oxa 65c 251a 78b lOlc 115b 141a 51c 120a 84b 121a 101b 61c 

KCI 168a IOOc 155b 63.5c 97b 148a 158a 101b 155a 142a 91b 63c 

Water 80a 81a 84a 80a 85a 80a 80a Sla 84a 80a 85a 80a 

Values within rows followed by different letters were significantly different at P<0.05. 

185 



Table 3. Effects of three organic acids application methods (soil, foliar, seed) on Cu 

concentration (mg kg'') by wheat leaves. Two different concentrations of organic acids (1 and 
10 mM) and 10 mg kg'' of Zn were applied. 

O. As (1 mM) O. As (lO mM ) 

O. As -Zn +Zn -Zn +Zn 

Soil Foliar Seed Soil Foliar Seed Soil Foliar Seed Soil Foliar Seed 

H-cit 13.3b 16. Oa 12.2b 14.2a 14.5a 15.8a 13. Ob 16. Oa 12. Ob 15. Oa 13.9a 15. Oa 

H-oxa 15. Oa 17. Oa 11.6b 13. Oa 15. Oa 10.5b 15. Ob 22. Oa 14. Ob 15. Oa 13.4a 11.4b 

K-cit 16. Oa 17.7a 16. Oa 13. Oa 14. Oa 14.6a I8.0a 20. Oa 18. Oa 15. Oa 14.6a 14. Oa 

K-oxa 16. Oa 16. Oa 14.7a 13. Oa 14. Oa 11.5b 15.5a 16.3a 12.5b 16. Oa 12.8b 12.3b 

KCl 11.2a 13.8a 12.8a 11.0b 13. Oa 14.6a 11. Ob 13. Oa 14. Oa IO. Ob 12.3a 15. Oa 

water 10.0a 1 1. Oa 10.0a IO. Oa IO. Oa 10.0a IO. Oa 11. Oa IO. Oa IO. Oa IO. Oa IO. Oa 

Values within rows followed by different letters were significantly different at P<0.05. 

Table 4. Effects of three organic acids application methods (soil, foliar, seed) on Mn 

concentration (mg kg'') by wheat leaves. Two different concentrations of organic acids (1 and 

10 mM) and 10 mg kg's of Zn were applied 
O. As (I mM) O. As (l O mM ) 

O. As -Zn +Zn -Zn +Zn 

Soil Foliar Seed Soil Foliar Seed Soil Foliar Seed Soil Foliar Seed 

H-cit 56b 62a 62a 60b 89a 69b 58a 59a 60a 51b 54b 72a 

H-oxa 59b 64a 64a 61a 52.7b 60a 70a 65b 63b 61a 56b 60a 

K-cit 59b 60b 69a 60a 56a 44b 71a 68a 72a 51a 54a 54a 

K-oxa 55a 57a 46b' 52a 56a 54a 63a 62a 60a 53a 45b 57a 

KCI 59b 65a 62a 60a 65a 63a 59b 65a 62ab 53a 45b 59a 

water 55a 57a 55a 57a 55ab 53b 55a 57a 55a 57a 55ab 53b 

Values within rows followed by different letters were significantly ditterent at Y<0.05. 
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Table S. Effects of three organic acids application methods (soil, foliar, seed) on Fe 

concentration (mg kg) by wheat leaves. Two different concentrations of organic acids (1 and 
10 mM) and 10 mg kg's of Zn were applied. 

O. As(1 mM) O. As(10mM) 

O. As -Zn +Zn -Zn +Zn 

Soil Foliar Seed Soil. Foliar Seed Soil Foliar Seed Soil Foliar Seed 

H-cit 75b 108a 69b 123b 152a 103c 95b 108a 69c 234a 98c 110b 

H-oxa 73b 135a 67b 89c 203a 90b 146b 208a 80c 203a 88c 91b 

K-cit 97b 205a 88b 76b 94a 79b 90b 1164 93b 200a 88b 89b 

K-oxa 77b 161a 79b 73b 85a 73b 84b 100a 84b 77a 67b 59b 

KCI 67b 73b 85a 67b 73b 86a 87b 140a 86b 86a 86a 91a 

water 70a 70a 72a 74a 70a 74a 70a 70a 72a 74a 70a 74a 

Values within rows followed by different letters were significantly different at P<0.05. 

Table 6. Effects of three organic acids application methods (soil, foliar, seed) on P 

concentration (%) by wheat leaves. Two different concentrations of organic acids (I and 10 

mM) and 10 mg kg" of Zn were applied. 
O. As (1 mM) O. As (10 mM ) 

O. As -Zn +Zn -Zn +Zn 

PoilT Foliar Seed Soil Foliar Seed Soil Foliar Seed Soil Foliar Seed 

H-cit 0.33b 0.40a 0.33b 0.37a 0.40a 0.37a 0.30a 0.30a 0.33a 0.33b 0.40a 0.40a 

H-oxa 0.33b 0.40a 0.33b 0.35a 0.35a 0.35a 0.33a 0.32a 0.30a 0.37a 0.40a 0.33b 

K-cit 0.33a 0.35a 0.33a 0.33a 0.30a 0.34a 0.30b 0.40a 0.30b 0.31a 0.31a 0.30a 

K-oxa 0.40a 0.40a 0.33b 0.32b 0.34ab 0.39a 0.30a 0.35a 0.33a 0.30ab 0.33a 0.27b 

KCI 0.25b 0.26a 0.30a 0.27a 0.27a 0.30a 0.24a 0.29a 0.29a 0.27a 0.27a 0.29a 

water 0.25a 0.23a 0.23a 0.25a 0.23a 0.23a 0.25a 0.23a 0.23a 0.25a 0.23a 0.23a 

Values within rows followed by ditterent letters were significantly different at P<0.05. 
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Table 7. Effects of three organic acids application methods (soil, foliar, seed) on Ca 

concentration (%) by wheat leaves. Two different concentrations of organic acids (1 and 10 

mM) and 10 mg kg' of Zn were applied. 
O. As(1 mM) O. As(10mM) 

O. As -Zn +Zn -Zn +Zn 

Soil Foliar Seed Soil Foliar Seed Soil Foliar Seed Soil Foliar Seed 

H-cit 0.93a 0.83b 0.90a 1.10a 1.00b 1.13a 1.06a 0.85b 1.16a 1.30a 1.10c 1.20b 

H-oxa 0.91a 0.94a 0.91a 1.30a 1.10b 1.10b 0.90b 1.10a 0.90b 1.18a 1.23a 1.13b 

K-cit 0.91b 1.00a 0.93b 1.15b 1.20a 1.22a 1.00a 0.89b 0.90b 1.12b 1.20a 1.12b 

K-oxa 0.87b 0.93b 1.10a 1.20a 1.10b 1.20a 1.00b 1.13a 1.00b 1.20a 1.14b 1.10b 

KCI 1.00a 0.81b 0.85b 1.10b 1.22a 1.13b 1.00a 0.88b 0.94a 1.16a 1.20a 1.19a 

water 0.90a 0.85a 0.85a l. llb 1.23a 1.02b 0.90a 0.85a 0.85a I. llb 1.09a 1.02b 

Values within rows followed by different letters were significantly different at P<0.05. 

Table 8. Effects of three organic acids application methods (soil, foliar, seed) on Zn uptake 
(µg/pot) by wheat leaves. Two different concentrations of organic acids (1 and 10 mM) and 10 

mg kg'] of Zn were applied. 
O. As (1 mM) O. As (1 0 mM ) 

O. As -Zn +Zn -Zn +Zn 

Soil Foliar Seed Soil Foliar Seed Soil Foliar Seed Soil Foliar Seed 

H-cit 130c 370a 230b 380a 200b 250b 210b 360a 120c 160b 230a 160b 

H-oxa 400a 420a 220b 480a 340b 200c 120b 360a 130b 370a 360a 160b 

K-cit 110b 290a 140b 240a 170a 200a 200a 250a 130b 460a 190b 230b 

K-oxa 160b 620a 180b 250b 280a 340a 130b 280a 200b 270a 260a 130b 

KCl 460a 250b 380a 160b 220b 320a 420a 240b 380a 360a 220b 140b 

Water - 190a 190a 180a 180a 190a 170a 190a 190a 180a 180a 190a 170a 

Values within rows followed by different letters were significantly different at P< 005. 
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Table 9. Effects of three organic acids application methods (soil, foliar, seed) on Cu uptake 
(µg/pot) by wheat leaves. Two different concentrations of organic acids (1 and 10 mM) and 10 

mg kg's of Zn were applied. 
O. As(1 mM) O. As (10 mM) 

O. As -Zn. +Zn -Zn +Zn 

Soil Foliar Seed Soil Foliar Seed Soil Foliar Seed Soil Foliar Seed 

H-cit 36b 44a 31b 36a 33a 36a 34b 43a 29b 31a 31a 25a 

H-oxa 39b 45a 33b 30b 36a 25b 33b 53a 33b 40a 29b 21b 

K-cit 37b 48a 40b 30b 29b 37a 47b 54a 48b 34a 33a 34a 

K-oxa 38a 40a 34a 33a 34a 27a 39a 39a 30b 36a 32a 27b 

KCI 30a 34a 31a 27a 30a 31a 29a 30a 34a 25b 30a 35a 

Water 23a 26a 22a 23a 23a 22a 23a 26a 22a 23a 23a 22a 

Values within rows followed by different letters were significantly ditterent UP < U. M. 

Table 10. Effects of three organic acids application methods (soil, foliar, seed) on Mn uptake 

(µg/pot) by wheat leaves. Two different concentrations of organic acids (1 -and 10 mM) and 10 

mg kg-' of Zn were applied. 
O. As (1 mM) O. As (10 mM ) 

O. As -Zn +Zn -Zn +Zn 

Soil Foliar Seed Soil Foliar Seed Soil Foliar Seed Soil Foliar Seed 

H-cit 160a 170a 160a 150b 200a 160b 150b 160a 140c 110a 120a 120a 

H-oxa 150b 170a 180a 140a 130a 140a 150a 160a 150a 160a 120b 110b 

K-cit 140b 160a 170a 140a 120a 110b 190a. '180a 190a 120a 120a 130a 

K-oxa 130a 140a 110b 130a 140a 130a 160a 150b 140c 120a 110a 120a 

KCI 160a 160a 150a 150a 150a 130a 160a 150a 150a 130a 110b 140a 

Water 130a 130a 120a 130a 130a 120a 130a 130a 120a 130a 130a 120a 

Values within rows followed by aitterent letters were signiticantiy aitterent at 1, < u. u,. 
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Table 11. Effects of three organic acids application methods (soil, foliar, seed) on Fe uptake 

(mg/pot) by wheat leaves. Two different concentrations of organic acids (1 and 10 mM) and 10 

mg kg" of Zn were applied. 
O. As(1 mM) O. As(10mM) 

O. As -Zn +Zn -Zn +Zn 

Soil Foliar Seed Soil Foliar Seed Soil Foliar Seed Soil Foliar Seed 

H-cit 0.20b 0.30a 0.18b 0.31a 0.35a 0.24b 0.25a 0.29a 0.17b 0.48a 0.22b 0.18b 

H-oxa 0.19b 0.36a 0.19b 0.21b 0.49a 0.21b 0.32b 0.50a 0.19c 0.54a 0.19b 0.16b 

K-cit 0.23b 0.55a 0.22b 0.18a 0.20a 0.20a 0.23b 0.31a 0.25b 0.45a 0.20b 0.22b 

K-oxa 0.18b 0.40a 0.18b 0.18a 0.21a 0.17a 0.21a 0.24a 0.20a 0.17a 0.17a 0.13a 

KCl 0.18a 0.18a 0.21a 0.16a 0.17a 0.18a 0.23b 0.33a 0.21b 0.22a 0.21a 0.21a 

Water 0.16a 0.16a 0.16a 0.17a 0.16a 0.16a 0.16a 0.16a 0.16a 0.17a 0.16a 0.16a 

Values within rows followed by different letters were signiticantly different at r<U. US. 

Table 12. Effects of three organic acids application methods (soil, foliar, seed) on P uptake 

(mg/pot) by wheat leaves. Two different concentrations of organic acids (1 and 10 mM) and 10 

mg kg" of Zn were applied. 
O. As (1 mM) O. As (lO mM ) 

O. As -Zn +Zn -Zn +Zn 

Soil Foliar Seed Soil Foliar Seed Soil Foliar Seed Soil Foliar Seed 

H-cit 8.9b 11. Oa 8.5b 9.3a 9.1a 8.5b 7.8a 8.1a 8. Oa 6.9b 9. Oa 6.6b 

H-oxa 8.6b 10.6a 9.4a 8.2a 8.4a 8.3a 7.4a 7.7a 7. Oa 9.7a 8.6a 6. Ob 

K-cit 7.7b 9.4a 8.3a 7.8a 6.3b 8.6a 
. 
7.8b 10.7a 8.0b 7. Oa 7. Oa 7.4a 

K-oxa 9.6a 9.9a 7.7b 8.1b 8.3a 9.3a 7.5b 8.3a 7.9ab 6.8b 8.3a 5.9b 

KCI. 6.8a 6.4a 7.4a 5.7b 6.1a 6.4a 6.4b 6.8b 7.4a 8.8a 8. lab 7.7b 

Water 5.8a 5.4a 5.1a 5.7a 5.3a 5.1a 5.8a 5.4a 5.1a 5.7a 5.3a 5.1a 

Values within rows followed by different letters were signuicantry ainerent at 11 < u. U. ). 
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Table 13. Effects of three organic acids application methods (soil, foliar, seed) on Ca uptake 
(mg/pot) by wheat leaves. Two different concentrations of organic acids (1 and 10 mM) and 10 

mg kg' of Zn were applied. 
O. As(1 mM) O. As(10mM) 

O. As -Zn +Zn -Zn +Zn 

Soil Foliar Seed Soil Foliar Seed Soil Foliar Seed Soil Foliar Seed 

H-cit 24.8a 22.9b 23. Oa 27.7a 22.8b 25.9ab 27.6a 23.01, 27.8a 26.9a 24.8a 19.7b 

H-oxa 23.5b 24.8ab 25.6a 30.4a 26.3b 26. Ob 19.9b 26.6a 21.1b 31.2a 26.6a 20.3b 

K-cit 21.1b 26.9a 23.3ab 26.8a 25.1a 30.7b 26.1a 23.9ab 24. Oab 25.3ab 27.1a 27.4a 

K-oxa 20.9b 23. Oab 25.4a 30.2a 26.7b 28.7a 24.9ab 26.8a 23.8ab 27.1a 28.8a 24.1b 

KCI 27.2a 20. Ob 20.9b 27.1a 28.1a 24.2b 26.5a 20.5b 23. Oab 29.2a 29.3a 27.4a 

Water 2 1. Oa 19.7a 18.5a 25.1ab 28.2a 22.1a 2 1. Oa 19.7a 18.5a 25.1ab 28.2a 22.1b 

Values within rows tollowea iy aººrerent ºe[ters were sºgnmcanuy auterent at r -, u. u: ). 
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Chapter 6 



Organic acids enhance the availability and uptake of phosphorus from the wheat 

rhizosphere 

Z. Khademia"b, D. L. Jonesa*, M. J. Malakoutib 

'School ofAgricultural and Forest Sciences, University of Wales, Bangor, Gwynedd LL57 2UW, UK 

bDepartment of Agriculture, Soil and Water Research Institute, Tarbiat Modarres University, Tehran, Iran. 

Abstract 

Organic acids such as citrate and oxalate have been implicated in enhancing many rhizosphere 
processes including nutrient acquisition. This study was conducted to determine the importance of 
organic acid type and concentration on rhizosphere P mobilization and subsequent uptake by wheat roots 
(Triticum aestivum L. ) and its translocation to shoots. A single wheat plant was grown in soil- filled 
rhizosphere microcosms and allowed to pass through a KH2PO4 labeled patch of soil. Forty eight-hours 
after 3P-injection, citrate and oxalate at concentrations of I and 10 mM were injected into the 
microcosms at the same patch every day over a period of 4 days. Oxalate resulted in a several-fold 
enhancement in plant 33P accumulation, while citrate had no such effect. High rates of citrate 
mineralization were observed in comparison with oxalate. It seems that due to its rapid mineralization, 
increased 33P uptake by citrate was prevented. This study concludes that organic acids cause an increase 
in P mobilization and P uptake by wheat but that this. response is organic acid specific. 
Keywords: Citrate; Oxalate; P mobilization; Wheat; Rhizosphere. 

1. Introduction 

Phosphorus fixation on the surface of soil minerals and its precipitation as insoluble 

compounds are considered to be one of the major constraints to crop production in calcareous 

soils (Calcisols). The total worldwide extent of Calcisols (soil >15% CaCO3 by weight) has 

been estimated at 800 million hectares with the soils mainly concentrated in and or 

Mediterranean climatic areas (FAO, 2000). If calcareous soils are also taken to include 

Solonchaks (salt affected soils which are frequently high in CaCO3), then it has been estimated 

that Calcisols cover about 16% of the earth's land surface (FAO, 2000). A further 14% of the 

earth's surface is covered by soils rich in CaCO3 which are not classified as Calcisols (soil 

containing 5 to 15% CaCO3 by weight). Therefore P availability in these soils represents a 

major limitation to world food production and consequently relatively high rates of P fertilizer 

are required in order to produce profitable crops (Ibrikci et al., 2005). After addition, inorganic 

based P fertilizers (e. g. diammonium phosphate or triple super phosphate) become rapidly 
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transformed into stable minerals which are relatively unavailable to crops (e. g. Ca-P; 

Marschner, 1995). Special care and research work is therefore required to optimally match the 

type and rate of phosphorus application with crop type in addition to taking into account the 

soil's physiochemical properties (Lombi et al., 2005). In many countries, however, as a result of 

inadequate information and lack of economic incentives, as well as the fact that vast areas with 

poor standards of production and income are involved, the efficient nutrition of crops is 

difficult to resolve. Taking advantage of natural processes to solve the problem of phosphorus 

nutrition appears to have a great potential and can open up a new road to the development of 

sustainable agricultural strategies for calcareous soils (Shenoy and Kalagudi, 2005). 

Research results have indicated - that organic acids exuded from roots improve 

absorption of phosphorus by plants (Ryan et al., 2001; Ström et al., 2002). For example, plant 

species that exuded organic acids were able to absorb inorganic forms of phosphorous which 

are normally unavailable to those plants that do not exude organic acids (Randall et al., 2001; 

Hocking, 2001). Plant roots exude a variety of organic compounds including amino acids, 

organic acids, phenolics, and sugars into the rhizosphere (Delhaize, 1995). Organic acids such 

as citric, malic, malonic, oxalic, pisidic, succinic, and tartaric acids which are exuded from 

roots, are reported to improve the uptake of soil nutrients by the plant including soil 

phosphorous (Delhaize, 1995; Jones, 1998). Therefore, those plants that excrete organic acids in 

large quantities (e. g. lupin) could be inter-cropped or used in rotation with those crops which do 

not exude appreciable amounts of organic acids in order to improve the fertility of problematic 

calcareous soils. It is likely that the effectiveness of this process will depend upon the type of 

organic acid, its concentration, as well as the nutrient in question (Jones, 1998). 

The chemistry of the rhizosphere is modified by organic acids exuded from roots and 

this change affects the availability of P compounds indirectly through promoting the growth of 

microorganisms that mineralize organic forms of P (Richardson, 1994) or directly by (a) 

changing conditions in the soil solution (e. g. pH), thus increasing, : the -dissolution of sparingly 

soluble P minerals, (b) altering the surface characteristics of soil particles, (c) competing with 
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phosphate ions for adsorption sites, and (d) complexing and chelating cations that are bound to 

P (Bar-Yosef, 1991; Jones and Darrah, 1994a; Lan et al., 1995; Jones, 1998; Hocking, 2001). 

The importance of each of these mechanisms depends on the soil type and the forms of P that it 

contains. For example, an increase in the rate of exudation of an organic acid such as citrate can 

increase the concentration of soil solution P by solubilizing calcium-P (e. g. rock phosphate) due 

to a decrease in pH of the rhizosphere and by desorption reactions in calcareous soils where P 

solubility is controlled by ion-exchange equilibria involving charged clay minerals and soluble 

Ca. The effectiveness of an individual organic acid to mobilize soil P complexed with metal 

ions and to displace 
.P 

from charged surfaces depends on the number of its carboxyl groups it 

possesses (Bar-Yosef, 1991; Bolan et al., 1994; Staunaton and Leprine, 1996; Jones, 1998). 

Generally, organic acids desorb P which is adsorbed to soils in the following order of 

efficiency: tricarboxylic > dicarboxylic > monocarboxylic acid. 

The objective of this study was to understand if organic acids such as citrate and oxalate 

have the potential to improve the phosphorus nutrition of wheat plants growing in a calcareous 

soil and to examine the relative importance of organic acid type and concentration. 

2. Materials and methods 

2.1. Soil sampling 

The study used a fine-loamy textured mixed thermic, Typic Torrifluvent soil collected 

from the Karaj region of Iran (51°02'00"E and 35°39'00"N). The site has a mean annual rainfall 

of 250 mm, mean annual air temperature of 16.5°C, slope of 0-2%, elevation of 1150 in and is 

dominated by Alhagi camelorum Fisch. (Camelthorn) and Chicorium intybus L. (Chicory) 

vegetation. The soil sample was collected from the Ahk horizon (0-30 cm) using a spade, sieved 

to pass a5 mm mesh and kept field moist at l0°C until required. Some chemical and physical 

properties of the soil are provided in Table 1. 
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Table 1. Summary of the chemical and physical properties of the 

soil used in the experiments. 

Parameter 

Water holding capacity 330 

EC (dS m'1) 1.00 

pH 7.88 

CaCO3 (g kg'') 89 

Organic C (g kg'') 7.0 

Clay (g kg") 190 

Silt (g kgg') 360 

Sand (g kg-') 450 

P (ava. ) (mg kg'') 5.0 

K (ava. ) (mg kg'') 280 

Fe (ava. ) (mg kg") 3.9 

Mn (ava. ) (mg kg'') 6.8 

Zn (ava. ) (mg kg'') 0.6 

Cu (ava. ) (mg kg") 1.4 

Texture Loam 

2.2. Analytical methods 

Soil pH was measured using a Model 691 pH meter (Metrohm Ltd, . Herisau, 

Switzerland) and electrical conductivity (EC) in soil saturation extracts using a Model ohm-644 

EC meter (Metrohm Ltd). The CaCO3 equivalent was determined by neutralizing the soil with 

HCl and back-titration with NaOH (Black et al., 1965) while soil organic carbon (OC) was 

determined by loss on ignition at 550°C (Black et al., 1965). Soil texture was determined 

according to Chapman and Pratt (1961). Available P-content was determined with 0.5 M 

NaHCO3 according to Olsen and Sommers (1990) with colorimetric determination. of P 

according to Black et al. (1965). Available K was extracted with ammonium acetate and 

determined on a flame-photometer (Chapman and Pratt, 1961). 

The availability of Zn, Fe, Mn and Cu was determined by extraction with DTPA and 

analysis of the extract solution with a PE-AAS atomic absorption spectrophotometer (Perkin 
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Elmer Corp., Norwalk, CT; Lindsay and Norvell, 1978). 

2.3. Uptake of 33 P by wheat plant 

Wheat seeds (Triticum aestivum L. cultivar variety Karkheh) were soaked for 24 h in 

deionized water, and allowed to germinate on moistened filter paper for 48 h at 20°C. After 3 d, 

each plant had one main root axis and two lateral roots each about 1.5 cm long. The lateral roots 

were removed to leave the main single axis and a single plant was placed into a microcosm 

(Fig. 1). 

A. 

Whe 
seed 

Soil 

Aerat 
holes 

Nylon 
thizotut 

Soil 
IfteAhm 

B 'G. 

Fig. 1. Schematic representation of the wheat-rhizosphere microcosm design. (A) The left-hand 

panel shows the major features of the experimental design; (B) the center panel shows the pulse 

labeling of the soil with KH233P04 (5 µM); (C) the right-hand panel shows the subsequent 

injection of organic acids onto the 33P-labeled soil patch after passage of the roots. In panels (B) 

and (C) some of the features shown in (A) have been omitted for clarity. 

197 



The microcosm was constructed from a nylon tube, which was composed of a 15-cm 

long, tube of 3.5 mm diameter. The main "rhizotube" section expanding over a 0.5 cm span to a 

2 cm long, 1 cm diameter section was used to hold the seed. Holes (0.5 mm diameter) were cut 

at 1-cm intervals down the length of the main rhizotube to ensure aeration. Before the addition 

of the germinated seed, the microcosms were filled with soil to a bulk density of 1.3 g cm"3. 

After transplantation, the microcosms were placed in a growth room with day night temperature 

rhythm of 20/15'C and a 16 h photoperiod with light density of 600 µmol M-2 s 1. Microcosms 

were kept moist by a wick placed in the bottom of the rhizotube connected to a soil reservoir 

held close to field capacity and through addition of distilled water to the soil surface (1 ml d-l 

equivalent to approximately 3 mm rainfall d 1). Six days after transplantation when the main 

root axis was approximately 12 cm long and shoots 8 cm long, 200 µl of a5 pM KH233P04 

solution was injected through a hole into the soil, approximately 4 cm in the front of the main 

root axis. Lateral roots and root hairs filled the microcosm that contained the rhizosphere soil. 

The microcosms were enclosed in a large plastic bag to maintain a high relative humidity. After 

the roots had passed through the 33P-labeled soil zone (48-72 h after 33 P injection) organic acid 

solutions (400 µl) were injected into the microcosm at the same location every day over a 

period of 4 d. The injection solutions contained citrate in two ionic forms (H-citrate, K-citrate) 

and oxalate in two ionic forms (H-oxalate, K-oxalate) at concentrations of 1 or 10 mM. 

Distilled water injections (400 µl) were used as controls. After 5 days, the shoots were 

harvested, dried at 60°C, and ashed at 450°C and the 33P content determined by liquid 

scintillation counting (Wallac Optiphase 3 Scintillation Fluid and 1404 Wallac Scintillation 

Counter; EG&G, Milton Keynes UK). At least 5 replicates of each experimental treatment were 

performed. 

2.4. Availability of 33P in soil 

To determine the effect of organic acid concentration on the availability of phosphorus 

in the rhizosphere, 200 µl of a5 µM 33P sor'ution was added to 2g of microcosm rhizosphere 
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soil and left for 48 h at 18°C. Prior to 33P addition, the soil was CHC13 fumigated (48 h) to 

minimize microbial degradation of the organic acids during the extraction procedure. The soil 

was then shaken with 10 ml of citrate (H-citrate, K-citrate) and oxalate (H-oxalate, K-oxalate) 

at concentrations of 0.01,0.1,1, and 10 mM for 30 min on an orbital shaker. The soil 

suspension was then centrifuged (15000 g, 15 min) and the 33P in the supernatant solution 

determined by liquid scintillation counting. Three replicates of each treatment were determined. 

2.5. Mineralization of organic acids 

In order to determine the rate of microbial degradation 'of organic acid, 200 µl of a1 or 

10 mM, 14C-citrate or 14C-oxalate solution was added to 2.0 g of field moist rhizosphere soil 

contained in 60 ml polypropylene tube. Rhizosphere soil was obtained from wheat microcosms, 

from which all discernable roots were removed. Following organic acid addition, the soils were 

briefly shaken to ensure soil mixing and incubated in 60 ml polypropylene tubes at 18°C. The 

rate of mineralization of organic acids was determined for periods of 3,9,24, and 48 h by 

catching evolved 14CO2 in IM NaOH traps and measuring the solution radioactivity by liquid 

scintillation counting. To recover 14C02 trapped in the soil as Ca(H14C03)2, at each time point 

replicate microcosms were removed, 1M HCl slowly added to the soil and the 14C02 evolved 

captured in a1M NaOH trap over a3h period as described in Ström et al. (2001). The14C in 

the NaOH traps was measured by liquid scintillation counting as described above. Three 

replicates of each treatment were determined. 

2.6, Statistical analysis 

Statistical analysis (Duncan test and ANOVA followed by the Bonferroni method for 

significance level adjustments due to multiple comparisons) was performed with the computer 

programs SigmaPlot 8.0 (SPSS Inc, Chicago, IL), Excel 12.0 (Microsoft Corp., CA) and SAS 

(SPSS Inc. ). Statistically significant differences are presented for P<0.05, P<0.01 and 

P<0.001 levels. 
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3. Results 

3.1. Uptake of 33P by wheat plant 

On average, the wheat plants accumulated approximately 1.53 10.04% of the 33P added 

to the soil in their shoots when the soil was irrigated with distilled water (Fig. 2). The addition 

of organic acids to the soil resulted in a significant increase in the amount of 33P accumulated in 

the shoots (P < 0.001). The greatest accumulation of 33P in the wheat plants was seen in the 

plants exposed to oxalate where a 2-fold increase in 33P concentration was observed relative to 

the control plants. There was no significant difference between the amount of 33P accumulated 

in the presence of either ionic form of oxalate (H-oxalate or K-oxalate; P>0.05). The amount 

of 33P accumulated in the shoots was also significantly greater at an added oxalate concentration 

of 10 mM in comparison to additions of 1 mM (P < 0.001). In contrast, the addition of citrate 

resulted in significant lower rates of 33P accumulation in comparison to oxalate (P < 0.001). H- 

citrate caused a 50% increase in 33P accumulation in wheat shoots relative to the distilled water 

control (P < 0.001) while the addition of K-citrate only resulted in a 12% increase in shoot 33P 

accumulation (P > 0.05). In the H-citrate treatment there was no significant effect of organic 

acid concentration on shoot 33P uptake (P > 0.05). 

3.2. Availability of 33P in soil 

The amount of 33P released from the calcareous soil during extraction with oxalate or 

citrate in the absence of plants is shown in Figure 3. Only small amounts of the 33P were 

presenting solution after extraction of the soil with distilled water (0.46 ± 0.02% of the total 33P 

added to the soil). The results indicated that after incubating the soils with 33P for 48 h, shaking 

the soil samples with high concentrations of organic acids (10 mM) resulted in a significantly 

greater degree of mobilization of 33P than shaking soil with distilled water. At an added 

concentration of 10 mM, oxalate extracted significantly more 33P than citrate (P < 0.001) 

irrespective of ionic form. For both citrate and oxalate, the K+ form of the organic acids 

extracted significantly more 33P from the soil that the H+ form of the organic acids when the 
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soils were extracted with a 10 mM solution (P < 0.01). At lower concentrations of the organic acids 

few significant differences were seen in comparison to the distilled water control. One exception 

was H-oxalate which extracted significantly more 33P even at concentrations of 0.01 mM, however, 

the extraction efficiency did increase significantly with the amount of oxalate added. 

3.3. Mineralization of organic acids 

The mineralization of the two organic acids over time after addition to the soil is shown 

in Figure 4. Overall, the rate of mineralization was relatively slow in comparison to previous 

studies or organic acid biodegradation in non-calcareous soils (van Hees et al., 2002). 

Irrespective of concentration and ionic form, the rate of citrate mineralization was significantly 

greater than that of oxalate (P < 0.05). In the case of citrate, the rate of mineralization was 

significantly greater at a concentration of 1 mM than at 10 mM at all the measured times over 

the 48 h experiment (P < 0.01). In contrast, no significant concentration-dependent effect on 

mineralization was seen for oxalate. 
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Fig. 2. Uptake of 13P from the soil into wheat leaves in the absence (water) or presence of two 

organic acids (citrate and oxalate) added at two concentrations (1 or 10 mM) and in two ionic 

forms (K+ form or 11' farm). The organic acids or water were added to the soil every day for 

4d and 31P uptake measured on day 5. Values represent means ± SEM (n = 5). The dotted 

line represents the water control value for comparison. Different letters indicate significant 

differences at the P<0.05 level. 
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3. Availability of UP in the microcosm soil in the presence of four different 

concentrations (0.01-10 mM) of two organic acids (oxalate or citrate) added in two ionic 

firms (1I' or K+ form). Distilled water was used as a control and its value is shown by the 

solid line with the SEM fier this control treatment shown as the dotted line. Values represent 

means ± SEM (n = 3). Different letters indicate significant treatment differences at the 

P<0.05 level. 
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addition to soil. The organic acids were added in two ionic forms (H+ form and K+ form) and 
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4. Discussion 

4.1. Organic acid concentrations 

The results of this study revealed that organic acids solubilize significant amounts of 

soil P making the nutrient more accessible to plant roots. However, this study also revealed that 

this response was critically dependent upon organic acid concentration with concentrations > 

1 mM required to solubilize significant amounts of P. This concentration dependence of P 

mobilization is in agreement with previous studies (Pohlman and McColl, 1986; Mench and 

Martin, 1991; Jones and Darrah, 1994a; Ström, 1997). In previous studies from a range of 

natural and agricultural ecosystems, the concentrations of individual organic acids in soil 

solutions has been shown to typically range from 1 to 50 pM (Dreyer and Stillings, 1997; 

van Hees et al., 2000; Ryan et al., 2001). However, these soil solutions often reflect bulk soil 

extractions and may not accurately reflect the concentration of organic acids occurring at the 

root-soil interface (Jones, 1998). As the sampling of rhizosphere soil solution is technically 

difficult, mathematical diffusion mQdels have been used to predict the theoretical concentration 

of organic acids that may occur in the rhizosphere soil surrounding wheat plants when exposed 

to rhizotoxic levels of Al or under P deficiency conditions. Current estimates suggest that 

citrate concentrations of 1 mM are clearly possible in the rhizosphere soil solution, particularly 

in sandy soils where little sorption occurs (Jones et al., 1996a ). The amount of citrate released 

as root exudate by 13-weeks old white lupin plants was about Ig planf 1, representing about 

23% of the total plant dry weight at harvest (Dinkelaker et al, 1989). In our soil, solid phase 

sorption of oxalate and to a lesser extent citrate is known to be significant (see previous 

chapters) which may actively lower their concentration in soil solution and diffusional spread in 

the rhizosphere. However, this solid phase sorption may also be the primary mechanism for P 

release into soil solution as a result of ligand exchange of the surface of minerals (e. g. citrate 

displacing HP042- from the surface of Fe (ZX CAaXOH)3 or Al(OH)3). In the case of oxalate, P 

may also be released from various calcium phosphate minerals through the formation and 

precipitation of Ca-oxalate (Ström et al., 2001). Further work is therefore required to determine 
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if the amount of organic acid sorption rather than soil solution concentration is linked to plant P 

availability. Measurements of organic acid concentration in the wheat rhizosphere would also 

help set the concentrations used here into context. This research may be aided by the 

development of new analytical and sampling techniques designed for the rhizosphere (Sulyok et 

al., 2005; Bhupinderpal-Singh et al., 2005; Puschenreiter et al., 2005). 

4.2. Organic acids and plant P uptake 

Many authors have hypothesized that organic acids such as oxalate and citrate are the 

most commonly involved in releasing soil P to plant roots (Gardner and Boundy, 1983; Gerke, 

1992; Jones and Darrah, 1994a; Ström et al., 1994; Marschner, 1995; Ström et al., 2001). Our 

results showed that the addition of oxalate to the rhizosphere significantly enhanced plant 

uptake of P while citrate had a lesser impact on P uptake by the wheat plants. The evidence for 

oxalate exudation by wheat roots, however, is limited. One recent study has even suggested that 

wheat roots possess an apoplastic/cell wall boind oxalate oxidize that degrades oxalate leading 

to the production of H202 as a mechanism to suppress fungal pathogen invasion (Yarullina et 

al., 2005). A study by Vuletic and Sukalovic (2000) indicated that maximal activity of this 

enzyme in maize roots occurred at an external concentration of between 5 to 10 mM. Tamas et 

al. (2005) have also suggested that oxalate exudation by barley roots in the presence of 

rhizotoxic Al may actually be a mechanism to induce an oxalate oxidase peroxidative burst 

which induces apoptosis. Further work is clearly required to determine if oxalate release is 

significant under P deficiency in wheat roots and the length of time this remains in the 

rhizosphere in the presence of root oxalate oxidase. The exudation of citrate by wheat roots, in 

contrast to oxalate, is well documented (Nian et al., 2002; Zhang et al., 2003; Ryan et al., 

2001). Most of these exudation studies have been undertaken in hydroponic culture and the 

exudation of citrate under P deficiency and sufficiency conditions in soil remains unknown. 

This is clearly a knowledge gap that needs rectifying by careful experimentation. In addition, 

the ionic form that the organic acids released also deserves attention. Wheat roots are known to 
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release K2malate rather than H2malate under Al toxicity conditions (Ryan et al., 2005), however, 

the ionic state for citrate release remains unknown. It is clear from this study that for citrate this 

is significant in terms of P mobilization from the soil and subsequent uptake of 33P by the plant. 

Interestingly, H-citrate was less efficient at solubilizing P from the soil but was better at 

promoting plant P uptake. This apparent contradiction, however, might be explained by the K- 

citrate being more rapidly degraded in soil than the H form of citrate. In the case of oxalate, it is also 

clear that ionic form is important in regulating solubility and but that this has little overall effect on 

plant availability of P in the soil. 

4.3. Microbial mineralization of organic acids 

The differences in the degree of mineralization of oxalate versus citrate can potentially 

be explained in terms of their relative availability in soil solution as reported by Ström et at. 

(2001). Ström showed that citrate in the rhizosphere is more rapidly oxidized to CO2 in 

comparison to oxalate. Although not proven, the reduced mineralization of oxalate could be due 

to its precipitation as solid Ca-oxalate making it incapable of diffusing to the microbes and 

being taken up into the cell. More work is required, however, to determine the rates of solid Ca- 

oxalate dissolution and the microbial rates of Ca-oxalate mineralization versus that of free 

oxalate 2- or metal complexed oxalate (e. g. Mg-oxalate). The reaction between Ca and oxalate is 

rapid and consequently the release of P from soil mediated by oxalate should also be similarly 

rapid. The influence on the rate of organic acid reaction time in soil on subsequent P 

availability to the plants remains unknown. The reactions of the two organic acids with 

rhizosphere phosphorus compounds may be different particularly in the case of calcareous soils 

(Jones and Darrah, 1994a; Ström et al., 2001). More work is required to study the microbial 

reactions of organic acids in calcareous soils. 

5. Conclusions 

This study has shown that elevation of oxalate concentrations in the rhizosphere 
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significantly enhanced shoot 33P accumulation, while citrate was much less effective at 

stimulating plant 33P uptake. In the absence of microorganisms both organic acids were capable 

of mobilizing P from the soil particularly at concentrations >1 mM. Citrate mineralization by 

soil microorganisms proceeded at a higher rate than oxalate mineralization. This could partially 

explain the reduced mobilization of 33P in the presence of citrate in comparison to oxalate. 
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Final discussion 

In the surface horizons of many calcareous soils, the large amount of active CaCO3 

principally limits the solubility and movement of many soil nutrients (e. g. Cue+, Mn2+, Zn2) as 

well as limiting plant growth and root expansion. Low plant nutrient availabilities (especially of 

Fe, Mn, Zn, Cu, and P) are one of major characteristics of agronomic concern with regard to 

calcareous soils as these elements have very low solubilities at high pH values (Marschner, 

1995; Obreza et al., 1993). Such limitations in nutrient availabilities can be a major problem for 

crop production in terms of poor growth, poor water and nutrient use efficiency and reduced 

yields, unless fertilizers are used as nutrient supplements (Marschner, 1995). Recent studies 

indicate that in calcareous soils, root exudates such as low molecular weight organic acids may 

potentially act as effective agents for extracting a considerable portion of the nutrients required 

by crops (Ström, 1997; Jones, 1998). The aim of this thesis was therefore to investigate the 

potential role of organic acids in alleviating nutrient deficiency in crop plants. This primary aim 

of the thesis was to understand how organic acids react and behave in these soils. The second 

aim of the thesis was to evaluate the potential for amending cereal crops with organic acids to 

enhance nutrient uptake. The literature review showed that citric and oxalic acids are the most 

important organic acids that are active in rhizosphere processes. Consequently, the thesis 

focused on these compounds. 

1. Sorption and biodegradation reactions of organic acids in calcareous soils 

Due to the negative charge associated with their carboxylic groups, organic acids have 

the potential to become sorbed to the soil's solid phase (Earl et al., 1979; Jones, 1998). Previous 

studies have indicated that the degree of organic acid sorption is dependent on soil type and 

follows the anion sorption trend: phosphate > oxalate > citrate > malate > sulfate > acetate (Earl 

et al., 1979; Jones and Brassington, 1998; Jones and Darrah, 1994b; Jones et al., 1996c). The 

effect of sorption on organic acid bioavailability in calcareous soil remains poorly understood 



partly because the nature of the sorption process remains poorly characterized. Indirect 

evidence presented by Wada et al. (2001) while studying CaCO3 formation by mixing CaC12 

and NaHCO3 has suggested that organic acids can become sorbed to the surface of CaCO3, 

however, whether this artificial synthesis system reflects soil is unlikely. The surface interaction 

of organic acids with soils rich is CaCO3 therefore warranted further attention (Westin and 

Rasmuson, 2005; Wada et al., 2001). 

The sorption reactions of the organic acid anion were evaluated using citrate and oxalate 

and four matrix types (three calcareous soils and pure CaCO3) (Chapter 2). As plants have the 

potential to release organic acids from their roots either in the acid form (e. g. H3citrate and 

H2oxalate) or non-acid form (e. g. K3citrate and K2oxalate), we valuated the sorption properties 

of both. The efficiency of organic acid nutrient mobilization mechanisms remains unknown, but 

it must relate to the amount of organic acids reaching the desired target site (e. g. Ca-P mineral). 

This largely depends on their sorption/precipitation reactions and the degree of microbial 

consumption. Sorption and microbial consumption have been hypothesized to lower the 

effective rhizosphere concentration (Ström et al., 2001). 

As expected, the results (Chapter 2) clearly showed that degree of sorption to the solid 

phase depended on both the properties of the individual organic anion and to a lesser extent on 

soil type. I conclude that in accordance with Ström et al. (2001), the sorption and 

biodegradation of organic acids are important in removing organic acids from the solution 

phase. The slopes of the organic acid sorption isotherms suggest that the magnitude and 

strength of sorption was greatest for H-oxalate and K-oxalate while K-citrate and H-citrate were 

only weakly sorbed to the soil and in much lower quantities. This suggests that the two organic 

acids may have different sorption sites in the soil. To categorically prove this more studies are 

required where experiments are under taken to determine the degree of mutual competition of 

oxalate and citrate for sorption sites. 

From this study (Chapter 2) and others it is clear that the sorption reactions of the 

organic acids are relatively rapid although the chemical nature of the solid phase binding 
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processes are not well characterized (Jones and Brassington, 1998). More work is clearly 

required to ascertain the exact sites of the organic acid binding reactions. While this study 

showed that sorption depends on the individual organic acid and soil type we also showed that 

the cation balancing the negative charge in the carboxyl group is also extremely important in 

regulating their fate in soil. A limit to our understanding of the interaction of organic acids in 

the rhizosphere is that in most cases the chemical nature of the organic acid that is released into 

the rhizosphere is unknown (i. e. is it K-citrate, H-citrate, Na-citrate, Ca-citrate etc?; Ryan et al., 

2001). However, in the case of nutrient deficiency an acidification of the rhizosphere typically 

occurs alongside the release of organic acids anions into the soil or surrounding solution 

(Marschner, 1995). Although this may imply the release of organic acids is in the H+-form, the 

plasma membrane H+-ATPase is also often up-regulated under nutrient deficiency and this 

coupled response could be responsible for the observed external acidification (Ryan et al., 

2001). In this study (Chapter 2) it was clear that both oxalate and citrate were sorbed onto the 

surface of pure CaCO3. While previous studies have indicated that organic acids can be sorbed 

to Fe(OH)3 and Al(OH)3 (Jones and Darrah, 1995) our study indicates that CaC03 can also be 

added to the list of potential sorption surfaces in soil. 

However, the degree of organic acid sorption was not correlated with soil CaC03 

content suggesting that it may be a minor component of the sorption processes or that the nature 

of the CaCO3 in the three soils was different from that of the piire CaC03 used here (e. g. 

particle size, surface chemistry, etc. ). In contrast to oxalate, citrate was poorly sorbed to the 

CaC03. The sorption isotherm results were similar to these observed for the three soils. Our 

results for CaCO3 also clearly indicate again that the counter balancing cation is important in 

determining the strength and amount of solid phase sorption. We hypothesize that the 

differences between the reactions of the H-and K-forms are due to the changes of soil solution 

pH. When the H-forms are added to solution they bind cations (e. g. Cat+) causing the release of 

2H+ from the organic acid which consequently lowers solution pH.. To some extent this release 



of 2H+ is buffered by CaCO3 and other minerals in the soil. However, this thesis clearly showed 

that high levels of organic acid addition cause a large shift in soil pH. 

In contrast, the addition of K-forms of the organic acids tended to cause a rise in soil 

solution pH presumably due to the direct binding of H+ by the carboxyl groups (albeit minimal 

at the soil pH values used here) or more likely due to the release of C03 from the CaCO3 and 

the formation of HC03 . Changes in pH will change the solubility of minerals in soil affecting 

the complexation reactions of the organic acids in soluble and therefore probably altering their 

affinity to the solid phase. These changes in solution pH with increasing organic acid 

concentration may also help explain the non-classical isotherm shapes observed here. In 

contrast to speculation in previous studies, the results of the experiments with the solution 

phase of the three soils indicated that the organic acids did not readily precipitate with the 

solution phase very much (only a small amount of the organic acids was lost when the organic 

acids were mixed with soil solution and then high speed centrifuged to remove. precipitate). 

Therefore, the sorption-precipitation reactions observed in our experiments with soil must be 

due to solid phase reactions involving either (a) the organic acids sorbing directly to the solid 

phase i. e. actual sorption, or (b) the organic acids releasing very large amounts of Ca from the 

solid phase which induces precipitation. Using the Geochem simulation model we showed that 

the precipitation only occurs when the Ca and oxalate concentrations were very high-This 

study (Chapter 2) also revealed that the biodegradation rate of oxalate was significantly 

different from that of citrate. The high sorption of oxalate to the soil resulted in the removal of 

this organic acid from the soil solution. We hypothesize that the sorption of oxalate in the 

calcareous soils significantly reduced its bioavailability. This is supported by Jones and 

Edwards (1998) in which citrate sorption to Fe (OH)3 significantly reduced its biodegradation 

potential. However, this sorption process must be reversible to some extent as a significant 

proportion of the oxalate was mineralized within a few hours (25-50% of the total added). More 

work is clearly needed to determine the rate of organic acid desorption from soil and the effect 

of this supply rate on bioaväilability to the soil microbial community. 



2. Desorption reactions of organic acids in calcareous soils 

Although the sorption of organic acids appears to be almost instantaneous, the 

reversibility (desorption) of these reactions remained previously uncharacterized. A major issue 

that is rarely discussed in the literature is the rate of desorption of organic acids from the solid 

phase. Studies on the fate of organic acids in soil have mainly focused on the removal of 

organic acids from the soil solution as this directly affects the efficiency of rhizosphere based 

nutrient acquisition or metal detoxification reactions (Ryan et al., 2001; Jones et al., 2003). 

However, desorption is also an importance process and its significance should not be neglected 

particularly as this process may be important in regulating a range of pedogenic processes (e. g. 

mineral weathering, decalcification, podzolization; Scheidegger and Sparks, 1996). To evaluate 

the reversibility of organic acids sorption reactions, the sorption and desorption reactions of 

organic acids in three contrasting calcareous soils was investigated (Chapter 3). To accurately 

predict the fate of citrate and oxalate in soils requires a good mechanistic understanding of 

these desorption processes (Scheidegger and Sparks, 1996). 

The results presented here (Chapter 3) clearly support the idea that the sorption process 

is not completely reversible over short timescales (i. e. hysteresis). In such cases, the adsorption 

and desorption isotherms corresponding to the forward and back reactions do not coincide 

(Verburg and Baveye, 1994). It appears that real hysteresis can occur, as affected by the type of 

adsorbent, and that it is also enhanced by the duration of the adsorption process (Scheidegger 

and Sparks, 1996). Hysteresis effects can be studied by comparing organic acid sorption 

isotherms with desorption isotherms for soil at equilibrium conditions. Our results (Chapter 3) 

indicate that some of the sorbed acid will not be released as quickly or as easily as it is sorbed. 

The same effect was seen in all three calcareous soils. 

Research on the mechanisms of sorption/desorption reactions at soil particle will be a 

common theme in soil and environmental sciences for decades to come. For further 

advancement to occur in the area of sorption/desorption research on the mechanisms of 

sorption/desorption and a better understanding of residence time effects on organic acids 
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retention/release mechanisms on soils and also the effect of increasing time period between 

sorption and desorption on hysteresis and desorption of organic acids are needed. 

3. Organic acid mediated nutrient extraction efficiency in calcareous soils 

Due to the alkaline pH of the cytoplasm (pH 7.2 to 7.5) most organic acids are present 

as fully dissociated anions in the cytoplasm (Jones et al., 2003). Depending upon the nature of 

the counter balancing ion (i. e. K+, H+ etc. ) upon release of the organic acid anion from the root 

(e. g. [K3 citrate]° or [H3 citrate]°), the organic acids could potentially lower the pH of the 

rhizosphere and therefore, increase the dissolution of metals and improve their availability for 

plant uptake (Jones et al., 2003). Three soils with contrasting CaCO3 contents were extracted 

with organic acid solutions (citrate, oxalate; Chapter 4). Here we hypothesize that organic acids 

used in batch extracts in the absence of roots will provide a model system for investigating the 

behavior of organic acids in the rhizosphere. We used this approach because of the inherent 

difficulties in obtaining very small representative volumes of soil solution from the rhizosphere 

and their subsequent analysis. Of the organic acids released from the root, citric acid (H-citrate) 

and oxalic acid (H-oxalate) are often released in the highest amounts and evidence suggests that 

they may be effective at solubilizing metals in calcareous soils (Ström, 1997). The results 

presented here (Chapter 4) indicate that citrate and oxalate are capable of mobilizing nutrients, 

mostly cations from calcareous soils (Ca, P, Fe, Zn, Cu and Mn). 

The plants that grow in calcareous soils (calcicole plants) have been shown to exude 

mostly di and tri-carboxylic acids with high mobilization efficiency/capacity for P, Fe and Mn 

from these soils (Tyler and Ström, 1995; Ström, 1997). In the study presented here (Chapter 4), 

the extent of mobilization of P, Fe and Mn was remarkably large in comparison to the control 

treatment. However, this study has also shown the importance of the balancing cation during 

the excretion of organic acids from roots. If the cation balancing the release of the organic acids 

anions from the roots is H+ then the pH of the solution will drop significantly particularly if 

high concentrations* are released. In an acid soil, 'the release of H3citrate or H2oxalate may not 
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change the pH very much as the soil is well buffered by Al(OH)3 and Fe(OH)3 and further full 

dissociation of organic acid will not occur. However, based upon the pKa of citric acid and 

oxalic acid, in a calcareous soil the organic acids will fully dissociate into citrate 3- and 3W or 

oxalate2' and 2H+ leading to a significant increase in solution H+ and a reduction in pH. In 

contrast, the release of organic acids with KK as the counter ion tends to increase the pH as a 

small amount of H-citrate 2' and H-oxalate" may be formed taking H+ out of solution. An 

increase in solution pH will lead to less solubility of many of the nutrients in solution as was 

observed here. Overall, a drop in pH tended to cause a greater mobilization of nutrients, 

however, in certain instances the K-form of citrate in particular yielded greater extraction of the 

metals and for more sustained period of times (e. g. Fe, P and Cu). Therefore, the release of H- 

citrate would be better at mobilizing Mn while K-citrate would be better at mobilizing Cu and 

Zn. There is obviously a trade off here and at present there is almost no evidence showing 

which form of organic acid is released from the roots and whether the counter-ion can be 

manipulated by the plant depending upon its nutrient status. Further work is therefore obviously 

needed to determine the counter-ion released with the organic acids under a range of nutrient 

deficiencies. 

4. Organic acids and P-availability 

Organic acids contained in root exudates have often been implicated in the 

solubilization of absorbed or precipitated cations (Jones and Edwards, 1993). Citrate and 

oxalate can increase soil solution phosphorus concentrations by a factor of 10 to 1000, 

depending on the physiochemical characteristics of the soils as well as the concentrations of 

organic acid in soil solution (Earl et al., 1979; Fox and Comerford, 1990; Gerke, 1994). Dreyer 

and Stillings (1997) and Jones (1998) have concluded that generally organic acids such as 

citrate and oxalate are ineffective at mobilizing soil nutrients unless present at high 

concentrations. As the actual concentrations of organic acids in the rhizosphere of plants 

growing in soil remains largely unknown further work is needed to place the results presented 
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here in context. 

In calcareous soils, oxalate may primarily release P held in Ca-P minerals through the 

formation and precipitation of Ca-oxalate (Ström et al., 2001). In contrast, citrate which has a 

poor affinity for Cat+, but a greater affinity for Fe 3+ and A13+ may release P predominately held 

in Fe-P and Al-P minerals (Ström et al., 2002). The calcareous soils used in this study contained 

89-212 g kg" CaCO3. It is likely therefore, that a large fraction of the P contained in the soils 

used here is bound to Cat+. As oxalate has a tendency to readily precipitate in the presence of 

Ca2+ (Ström et al., 2001), it is likely that some of the oxalate largely precipitated in our studies 

as Ca-oxalate. This is supported by the extraction data showing that citrate extracted much 

more Ca2+ than oxalate despite oxalate having a higher stability constant for Cat+. If Ca-oxalate 

precipitated we would not recover this in our extracts as this would be lost during the separation 

of the solution phase for analysis. 

Phosphorus fixation on the surface of soil minerals and its precipitation as insoluble 

compounds are considered to be one of the major limitations to world food production and 

consequently relatively high rates of P-fertilizer are required in order to produce crops (Ibrikci 

et al., 2005). After addition, inorganic based fertilizers (e. g. diammonium phosphate or triple 

super phosphate) become rapidly transformed into stable minerals which are relatively 

unavailable to crops (e. g. Ca-P; Marschner, 1995). Taking advantage of natural processes to 

solve the problem of phosphorus nutrition appears to have a great potential and can open up a 

new road to the development of sustainable agricultural strategies for calcareous soils (Shenoy 

and Kalagudi, 2005). Research results have indicated that organic acids exuded from roots 

improve absorption of phosphorus by plants (Ryan et al., 2001; Ström et al., 2001; Ström et al., 

2002). An increase in the rate of exudation of an organic acid such as citrate can increase the 

concentration of soil solution P by solubilizing Ca-P (e. g. rock phosphate) due to a decrease in 

pH of the rhizosphere and by desorption in calcareous soils where P solubility is controlled by 

ion-exchange equilibria involving charged clay minerals and soluble Ca. 
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5. Organic acids enhance the availability and uptake of phosphorus from the wheat rhizosphere 

To understand if organic acids such as citrate and oxalate have potential to improve the 

phosphorus nutrition of wheat plants an experiment was conducted by growing plants in a 

calcareous soil to examine the relative importance of organic acid type and concentration 

(Chapter 6). The results of this study revealed that organic acids solubilize significant amounts 

of soil P making the nutrient more accessible to plant roots. However, this study also revealed 

that this response was critically dependent upon organic acid concentration with concentrations 

>1 mM required to solubilize significant amount of P. This concentration dependence of P 

mobilization is in agreement with previous studies mainly performed in acid soils (Pohlman and 

Mccoll, 1986; Mench and Martin, 1991; Jones and Darrah, 1994a; Ström, 1997). Current 

estimates suggest that citrate concentrations of 1 mM are clearly possible in the rhizosphere soil 

solution, particularly in sandy soils where little sorption occurs (Jones et al., 1996a). In our 

soils, solid phase sorption of oxalate and to lesser extent citrate is known to be significant (see 

Chapters 2 and 3) which may actively lower their concentration in soil solution and their 

diffusional spread in the rhizosphere. However, this solid phase sorption may also be the 

primary mechanism for P release into soil solution as a result of ligand exchange on the surface 

of minerals (e. g. citrate displacing HP042- from the surface of Fe(OH)3 or Al(OH)3). In the case 

of oxalate, P may also be released from various calcium phosphate minerals through the 

formation and precipitation of Ca-oxalate (Ström et al., 2001). Further work is therefore, 

required to determine if the amount of organic acid sorption rather than soil solution 

concentration is linked to plant P availability. Measurement of organic acid concentration in the 

wheat rhizosphere would also help set the concentrations used here into context. This research 

may be aided by the development of new analytical and sampling techniques designed for the 

rhizosphere (Sulyok et al., 2005; Bhupinderpal-Singh et al., 2005; Puschenreiter et al., 2005). 

6. Organic acids and plant P uptake 

Many authors have hypothesized that organic acids such as oxalate and citrate are the 
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most commonly involved in releasing soil P to plant roots (Gardner and Boundy, 1983; Gerke, 

1992; Jones and Darrah, 1994a; Ström et al., 1994; Marschner, 1995; Ström et al., 2001). Our 

results showed that the addition of oxalate to the rhizosphere significantly enhanced plant 

uptake of P while citrate had a lesser impact on P uptake by the wheat plants. The evidence for 

oxalate exudation by wheat roots, however, is limited. One recent study has even suggested that 

wheat roots possess an apoplastic/cell wall bound oxalate oxidase that degrades oxalate leading 

to the production of H202 as a mechanism to suppress fungal pathogen invasion (Yarullina 

et al., 2005). A study by Vuletic and Sükalovic (2000) indicated that maximal activity of this 

enzyme in maize roots occurred at an external concentration of between 5 to 10 mM. Tamas 

et al. (2005) have also suggested that oxalate exudation by barley roots in the presence of 

rhizotoxic Al may actually be a mechanism to induce an oxalate oxidase peroxidative burst 

which induces apoptosis. Further work is clearly required to determine if oxalate release is 

significant under P deficiency in wheat roots and the length of time this remains in the 

rhizosphere in the presence of root oxalate oxidase. The exudation of citrate by wheat roots, in 

contrast to oxalate, is well documented (Nian et al., 2002; Zhang et al., 2003; Ryan et al., 

2001). Most of these exudation studies have been undertaken in hydroponic culture and the 

exudation of citrate under P deficiency and sufficiency conditions in soil remains unknown. 

This is clearly a knowledge gap that needs rectifying by careful experimentation. In addition, 

the ionic form that the organic acids released also deserves attention. Wheat roots are known to 

release K2malate rather than HZmalate under Al toxicity conditions (Ryan et al., 2005), however, 

the ionic state for citrate release remains unknown. It is clear from this study that for citrate this 

is significant in terms of P mobilization from the soil and subsequent uptake of 33P by the plant. 

Although interestingly, H-citrate was less efficient at solubilizing P from the soil but was better 

at promoting plant P uptake. This apparent contradiction, however, might be explained by the 

K-citrate being more rapidly degraded in soil'than the H-form of citrate. The microbial study 

indicated, however, In the case of oxalate, it is also clear that ionic form is important in regulating 

solubility and but that this has little overall effect on plant availability of P in the soil. --', '' 
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7. Organic acids and Zn availability and uptake 

Zn availability decreases with increasing pH. This decrease in availability is a result of 

the formation of Zn hydroxide at pH levels above 7.7 [e. g. ZnOH+ and Zn(OH)2] (Lindsay, 

1991). Various reports have shown that the gradual addition of citrate, or oxalate to hydroponic 

solutions can cause slight increases in Zn accumulation (Evans, 1991; Charidehai and Ritchie, 

1993ab). This, however, is not totally supported by the results presented here where H-oxalate 

failed to mobilize Zn and K-citrate gave a more sustained increase in Zn than H-citrate. The 

theory that complex formation between Zn and anions present in soil solution can affect the 

concentration of Zn in the solution phase (Lindsay, 1991) is therefore partially supported by 

this study. 

An increase in Zn uptake from Zn treatment with increasing concentration of organic 

acid may be described by the tendency of Zn to interact with organic ligands resulting in the 

formation of organically bound Zn which is soluble, mobile and therefore more plant available. 

Rhizosphere metal organic acid interactions in the soil-plant system appear to be important for 

the dissolution of metals from highly soluble mineral phases of the soil (Zhang et al., 1989; 

Jones et al., 1996a). 

Significant efforts have been made during recent years to determine the factors that 

control the transfer of elements from soils to plants (Culter and Rains, 1974; Cataldo et al., 

1988; Robards and Worsfold, 1991). Some reports have shown that the artificially raising of 

soil organic acid anion concentrations can increase their accumulation in leaves (Cieslinski et 

al., 1998). Metal complexing agents have been used in solid and nutrient solutions to increase 

the bioavailability of insoluble nutrients in plant growth media (Checkai et al., 1987; Norvell, 

1991). In the continuation of our work on the role of organic acids in the mobilization of metals 

with reference to their plant accumulation, the present study highlights the concentrations and 

uptake by wheat plants in response to the addition of two concentrations (1-10 mm) of two 

organic acids (citrate and oxalate) either applied to the leaves (foliar), soil (soil) or seeds prior 

to planting (soaking), and the interaction of metals with organic acid resulting in the formation 
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of labile, organically bound metals. The overall aim was to assess whether organic acids could 

enhance plant metal accumulation (Chapter 5). 

The seed soaking with organic acids may help to mobilize micronutrients present in the 

seeds, albeit unlikely, and may also mobilize nutrients from the soil when the organic acids 

diffuse out of the seed into the surrounding soil (spermosphere). Both soil and foliar treatments 

caused only small increases in total plant biomass production in comparison to the control 

treatments. 

In the case of the foliar application, it is likely that a combined metal-organic acid co- 

application (e. g. Zn-oxalate) may have yielded bigger effects than adding organic acids alone. 

In the case of the soil applied organic acids, it could be that the amount added was insufficient 

to cause a significant effect on nutrient uptake and subsequent growth. However, the results 

presented here indicated that there was some increase in metal content in the tissues indicating 

that the organic acids had an appreciable effect. 

In an effort to distinguish between the H+ and anion effects of citrate and oxalate, this 

study was carried out with both H-forms and K-forms of citrate and oxalate and also with KCI. 

This allowed the proton and anion reactions . to be examined separately. We conclude that 

overall, ionic form had little appreciable effect on micronutrient accumulation in the wheat 

plants. The use of organic acids for spray or seed soaking may provide a potential-low-cost 

solution for organic, low income and biological farmers if the technology works. The literature, 

however, has shown the complex nature of plant responses to foliar sprays and this study is no 

exception to this. 

Zn application to the soil significantly increased the concentration and uptake of Zn in 

the plant shoot, however, this did not cause a significant increase in plant growth indicating that 

Zn was not the only nutrient or factor limiting growth. Organic acid seed soaking gave little 

consistent significant benefit in terms of overall plant growth over the 42 d experimental period. 

Future strategies may involve soaking the seeds with a combined metal-organic acid solution 

(e. g. Zn-citrate, Cu-citrate). 
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S. Organic acids and Mn availability and uptake 

Solubilization of Mn depends to a large extent on the pH so that at high pH levels very 

small amounts of this element are released (Jones and Darrah, 1994a). 

According to Marschner (1995), the concentrations of Fe and Mn in soil is highly pH 

dependent and in aerated soils, the Fe and Mn concentration decreases by a factor of 100 for 

every unit increase in pH. This clearly shows the importance of lowering the pH on the 

solubility of Fe and Mn in calcareous soils (ca. pH 7.5-9.0). The impact of the organic acid 

additions on soil pH, however, appeared to have little overall effect in this study (data not 

presented) (Chapter 5). 

9. Final Conclusion 

This thesis clearly shows that in calcareous soils the presence of organic acids affects 

the concentration of metals and anions in soil solution. Further it shows that organic acids in 

soil do cause an increase in metal mobilization and plant nutrient uptake although generally 

organic acid concentrations >1 mM are required to bring about this effect. Although in 

calcareous soils, organic acids may be important in nutrient acquisition and mobilization, the 

effectiveness of these processes is clearly dependent upon the concentration of metals in soil 

solution, the type of organic acid, its ionic form, its concentration, reaction times and type of 

soil. Solid phase sorption of oxalate and to a lesser extent citrate was rapid and significant. In 

calcareous soils, sorption and desorption reactions in addition to precipitation are one of the 

principle mechanisms controlling the availability of organic acids in solution. Here I showed 

that CaCO3 is a binding site for some organic acids and that the sorption of oxalate was 

typically much greater than for citrate. In combination with sorption, the high amount of 

exchangeable Ca in my soils caused oxalate and citrate precipitation, frequently resulting in 

acid concentrations below the required I mM mobilization limit. The results also showed that 

the organic acid induced nutrient mobilization was not transient with elevated levels of 

nutrients seen in solution for up to 6 hours after their addition. The results of my thesis 
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suggested that Ca is the dominant cation mobilized by organic acids in calcareous soils and that 

this limits the mobilization of other nutrients (e. g. micronutrients and P). Based on my results, 

if present in sufficient concentrations the organic acids can enhance plant nutrient uptake. 

10. Suggested future work 

Although this thesis has highlighted some key features of organic acid reactions in 

calcareous soils, more work is clearly needed to elucidate their behavior further. For example, 

more experiments are required to identify whether the organic acids are having a significant 

effect in altering the plant's nutrient uptake capacity in the field (i. e. not just in the laboratory). 

The role of organic acid release in mechanisms for either increasing or decreasing the 

availability of nutrients to the plant still remains to be adequately proven in calcareous soils. 

Future work is also recommended to clarify the importance of various fates of organic 

acids in the rhizosphere of calcareous soils. More work is required to better understand the 

sorption/desorption reactions of organic acids and in particular, the underlying mechanisms of 

sorption/desorption. This will help us to understand the residence time effects on organic acids 

in soil and the effect of sorption/desorption hysteresis. 

Metal accumulation has been found to vary between cultivars of wheat and it is 

hypothesized that low molecular weight organic acids produced at the soil-root interface 

(rhizosphere) may play an important role in the availability and uptake of these metals by plant 

roots. Extensive. studies are necessary to investigate the nature and quantity of LMWOAs 

present in the rhizosphere of wheat cultivars (low metal accumulator and high metal 

accumulator) grown in different soils. Metal accumulation can then be studied in the two wheat 

cultivars. 

Research findings indicate that the nutritional status of plants in high pH soils may lead 

to acidification of the soil by plant roots and that this may affect micronutrient availability. 

Consequently, more investigations are required to study the amount and composition of root 

exudates from plants differing in their nutritional status. 
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According to the findings of this study, the plant response to the different organic acid 

application methods was very variable. Future work is also therefore required to establish the 

mechanisms involved in organic acid mediated nutrient delivery through the leaves. 
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